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Résumé

RESUME

L'Avant-Pays Nord-Alpin (NAF) est divisé en deux domaines : le Bassin Molassique (MB) et la Ceinture
de Plissement et de Chevauchement du Jura (FTB). Ces domaines sont détachés du socle mécanique
au-dessus d'un décollement dans les évaporites du Trias. Les chevauchements, les plis et les failles
décrochantes sont les principales structures qui se développent dans la couverture sédimentaire
détachée du Mésozoique et du Cénozoique de la région. Ces structures sont principalement liées a
|'orogenese alpine du Cénozoique et certaines d'entre elles sont héritées de la période d'extension du
Jurassique (réactivation). Des failles préexistantes dans le socle peuvent également influencer le
développement de ces structures dans le cadre de déformations épidermiques minces (« thin-
skinned ») et épaisses (« thick-skinned »). Le Bassin Genevois, en Suisse occidentale, fait partie du
Plateau Molassique au sein du Bassin Molassique et est limité au nord-ouest par la Ceinture de
Plissement et de Chevauchement du Jura (JFTB) et au sud-est par la Molasse Subalpine (SAM).

Le projet "GEothermies" du Canton de Geneve a permis de réévaluer le cadre structural et la
cinématique de la partie la plus occidentale de I'Avant-Pays Nord-Alpin, y compris les domaines de la
Haute Chaine de la Ceinture de Plissement et de Chevauchement du Jura. L'analyse s'étend donc du
Bassin Genevois aux régions voisines du Saléve vers le sud-est, au systeme de failles du Vuache et du
Bassin de Rumilly au sud, ainsi qu'aux montagnes du Jura a I'ouest. L'interprétation sismique est basée
sur des données sismiques 2D datant dés années 1960 jusqu’a des lignes récemment acquises en 2018
(plus de 150 profils sismiques 2D). Elle a été combinée avec des données de surface, e.g. des pendages
stratigraphiques, des cartes géologiques, des Modeéles Altimétriques Numériques (DEM), et surtout
avec 66 puits (dans la base de données) et diverses cartes géoréférencées provenant de la littérature.
Cette étude s'est appuyée sur cet ensemble complet de données pour créer les nouveaux résultats
géologiques et géophysiques suivants :

e Unnouveau positionnement régional affiné de la surface approchée du socle pré-Mésozoique
(nBMes), pour toute la région voisine du Bassin de Geneve. Cette carte comprend le Bassin de
Rumilly, la région de la Molasse Subalpine et, plus important encore, une partie du Jura
Interne. Ce résultat a été obtenu grace a une nouvelle méthodologie sophistiquée de
modélisation des vitesses et de conversion des profondeurs a l'aide des quatre horizons
sismiques interprétés a |'échelle régionale : Base approchée du Cénozoique (nBCen), Toit
approché du Dogger (nTDo), Toit approché du Keuper (nTKeu), Base approchée du
Mésozoique (nBMes).

e Un nouveau modeéle de profondeur affiné et a haute résolution du Bassin de Genéve. Nous
nous sommes spécifiquement concentrés sur cette zone, puisqu'elle constitue l'intérét
principal du projet "GEothermies" mené par SIG dans le Canton de Genéve. |l est basé sur les
huit horizons sismiques interprétés suivants : Base approchée du Cénozoique (nBCen), Toit
approché du Malm supérieur (nTUMa), Toit approché du Malm inférieur (nTLMa), Toit
approché du Dogger supérieur (nTDo), Toit approché du Lias supérieur (nTLi), Toit approché
du Keuper supérieur (nTKeu), Toit approché du Muschelkalk supérieur (nTMu), Base
approchée du Mésozoique de base (nBMes). Par la suite, nous avons mis en ceuvre une
méthode de conversion temps-profondeur plus détaillée et plus avancée par rapport au
modele de vitesse régional. Elle consiste en une loi de vitesse polynomiale complexe pour la

Vi
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couche Cénozoique et en des grilles de vitesses d’intervalles interpolées pour les autres
couches Mésozoiques.

Un catalogue de lignes sismiques (fichiers PDF, voir Annexes) montrant les données brutes,
I'interprétation et le modele géologique. En outre, une vingtaine de lignes sont également
présentées dans un format converti en profondeur.

Un nouveau modele cinématique ainsi qu'un nouveau modele structurel illustré dans la
nouvelle carte tectonique de la région. Ensuite, les structures identifiées ont été analysées en
relation avec I'épaisseur principale (cartes d'épaisseur) et les variations latérales de faciés
sismique. En effet, la signature sismique de dépot de chaque sous-unité a également été
étudiée et compilée dans un catalogue de faciés sismiques.

cipaux résultats structuraux et géologiques de notre interprétation sismique concernent les

zones de failles spécifiques ou les distributions de facies sismiques suivantes:

viii

Nous avons identifié des Couloirs de Failles (FC) qui agissent comme des systémes de failles
décrochantes conjuguées prolongeant les systémes de failles connus dans le FTB du Jura qui
s'étendent donc dans le bassin molassique. Ces couloirs mesurent dans le Bassin Molassique
Genevois jusqu'a 15 km de long et environ 500 m de large, et sont constitués de multiples
segments de faille de plus petite échelle non corrélés et d'extension verticale d'environ 100-
300 ms.

Deux configurations principales de failles décrochantes conjuguées peuvent étre identifiées a
|'est et a I'ouest de la Zone de Faille (FZ) du Vuache :

0 Al'est de la FZ du Vuache, nous observons des failles décrochantes déxtres orientées
E-O (par exemple les FC de Saint-Cergue, Divonne, Prévessin, Meyrin ou Aire-la-Ville)
conjuguées a des failles décrochantes sénéstres NNW-SSE (par exemple la FC du Coin
ou la FC de Mourex). Ce contexte conjugué correspond a une direction de
raccourcissement orientée NW-SE.

0 Al'ouest de la FZ du Vuache, des failles décrochantes déxtres orientées ENE-WSW se
conjuguent avec des failles décrochantes sénéstre orientées NW-SE, ce qui suggere
une direction de raccourcissement WNW-ESE.

Des failles normales listriques d'extension syn-sédimentaires ont été clairement identifiées et
interprétées, avec une activité et une croissance principales pendant la période du Jurassique
Inférieur a Moyen (en particulier pendant le Lias). Ces failles ont ensuite été légérement
inversées au cours de la compression alpine. Elles forment une zone d'extension en éventail
imbriqué qui s'est développée le long et a I'est de la zone de faille décrochante NW-SE du
Vuache. Elle englobe la FZ d'Humilly, de direction NE-SW et de vergence SE, qui est reliée
comme une branche a la faille principale du Vuache. Ce systeme de failles héritées pourait
également inclure la ceinture de failles du Saléve qui a été interprétée avec la méme activité
syn-sédimentaire d'extension du Jurassique. La FZ NE-SW de Pougny et le FC de Cercier sont
rattachées au méme systeme d'extension mais peuvent étre datées de la période d'extension
Eo-Oligocéne. D'autres branches de failles NE-SW peuvent également étre associées a la FZ du



Résumé

Vuache-Humilly-Saléve. Ceci concerne les zones de failles a I'ouest de la FZ du Vuache telles
que la FZ de Musiége ou la FZ du Gros Foug.

e Les tendances des faciés sismiques ont également été étudiées, en particulier en relation avec
les faciés de I'Eocene (Sidérolithique) et du Malm Supérieur (compléxe récifal). Les origines
sédimentaires ont été analysées en relation avec la configuration structurale a I'époque du
dépot (réle important des sommets paléo-topographiques).

En conclusion, I'Avant-Pays Nord-Alpin occidental entourant Genéve est maintenant mieux contraint
structurellement et sédimentairement avec des concepts nouveaux ou plus développés
gu'auparavant.






Abstract

ABSTRACT

The North Alpine Foreland (NAF) is divided into two domains: the Molasse Basin (MB) and the Jura
fold-and-thrust belt (FTB). These domains are detached from the mechanical basement above a
décollement in the Triassic evaporites. Thrusts, folds and strike-slip faults are the major structures
developing in the detached Mesozoic and Cenozoic sedimentary cover of the area. These structures
are mainly related to the Cenozoic Alpine orogeny and part of them are inherited from the Jurassic
extensional period (reactivation). Pre-existing faults in the basement may also influence the
development of these structures in the frame of the thin-skinned or thick-skinned deformations. The
Geneva Basin, in western Switzerland, is part of the Plateau Molasse within the Molasse Basin and is
limited to the NW by the JIFTB and to the SE by the Subalpine Molasse (SAM).

The “GEothermies” project of the Canton Geneva has provided an incentive to re-assess the structural
setting and kinematics of the westernmost portion of the North Alpine Foreland, including the Haute
Chaine domains of the Jura Fold-and-Thrust Belt. Therefore, the analysis extends from the Geneva
Basin to the neighboring regions of the Saléve to the Southeast, the Vuache fault system and the
Rumilly Basin to the South, as well as the Jura Mountains to the West. The seismic interpretation is
based on vintage surveys since 1960’ and recently acquired 2D seismic data in 2018 (more than 150
seismic 2D profiles). It was combined with surface data e.g. bedding dips, geological maps, DEM, and
especially with 66 wells (in the database) and various georeferenced maps from the literature. This
study relied on this comprehensive dataset to create the following new geological and geophysical
outputs:

e A new regional refined positioning of the near pre-Mesozoic basement surface (nBMes), for
all the neighboring area of the Geneva Basin. It includes the Rumilly Basin, the Subalpine
Molasse area and more importantly a part of the Internal Jura. This was achieved using a new
sophisticated regional velocity modelling and depth conversion methodology using the four
regionally interpreted seismic horizons, near Base Cenozoic (nBCen), near Top Dogger (nTDo),
near Top Keuper (nTKeu), near Base Mesozoic (nBMes).

o A new refined and high-resolution depth model of the Geneva Basin. We specifically focused
on this area, since it is the main interest of the “GEothermies” project run by SIG in the Canton
of Geneva. It is based on the following eight interpreted seismic horizons; near Base Cenozoic
(nBCen), near Top Upper Malm (nTUMa), near Top Lower Malm (nTLMa), near Top Dogger
(nTDo), near Top Lias (nTLi), near Top Keuper (nTKeu), near Top Muschelkalk (nTMu), near
Base Mesozoic (nBMes). Subsequently we implemented a more refined and advanced time-
to-depth conversion method in comparison to the regional velocity model. It consists of a
complex polynomial velocity law for the Cenozoic layer and of advanced interpolated interval
velocity grids for the other Mesozoic layers.

e A seismic line catalogue (PDF files, see Enclosures) showing the raw data, the interpretation

and the geological model. In addition, some 20 lines are also presented in depth converted
format.
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Abstract

A new kinematic model together with a new structural model shown in the new tectonic map
of the area. Then, the structures identified were analyzed in relation with the main thickness
(thickness maps) and seismic facies lateral variations. Indeed, the depositional seismic
signature of each sub-unit has also been investigated and compiled in a seismic facies catalog.

The main structural and geological findings of our seismic interpretation concerns the following

specific fault zones or seismic facies distribution:

We have identified fault corridors that act as conjugate strike-slip fault systems that are an
extension of the fault systems known from the Jura FTB and which thus extend into the
Molasse Basin. These corridors measure in the Geneva Molasse Basin, up to 15km length and
around 500 m wide, and are made of multiple non-correlated near vertical small-scale fault
segments of vertical extent around 100-300ms.

Two main different conjugate strike-slip fault settings can be identified east and west of the
Vuache Fault Zone:

0 East of the Vuache FZ, we observe E-W striking dextral strike-slip faults (e.g Saint-
Cergue FC, Divonne FC, Prévessin FC, Meyrin FC, or Aire-la-Ville FC) conjugated with
NNW-SSE sinistral strike-slip faults (e.g Le Coin FC, or Mourex FC). This conjugate
setting corresponds to a NW-SE oriented shortening direction.

0 West of the Vuache FZ, ENE-WSW oriented dextral strike-slip faults conjugated with
NW-SE sinistral strike-slip faults, suggesting a WNW-ESE shortening direction.

Syn-sedimentary extensional listric normal faults have been clearly identified and
interpreted, with a main activity and growth during the Early to Middle Jurassic period
(especially during the Lias). These faults have been subsequently modestly inverted during
alpine compression. They form an extensional imbricated fan zone developed along, and east
of the leading NW-SE strike-slip Vuache fault zone. It encompasses the NE-SW striking SE-
vergent Humilly FZ linked as a branch to the Vuache leading fault. These inherited fault system,
may also include the Saléve FZ belt that was interpreted with the same extensional Jurassic
syn-sedimentary activity. The NE-SW Pougny FZ and the Cercier FC are attached to the same
extensional system but possibly dated from the Eo-Oligocene extensional period. Other NE-
SW fault branches may also be associated to the Vuache-Humilly-Saléve FZ. This concerns fault
zones west of the Vuache FZ such as the Musiége FZ or the Gros Foug FBT.

Seismic facies trends have also been investigated especially in relation to the Eocene
(Siderolithic) and Upper Malm facies (recifal complex). The sedimentary origins were
analyzed in relation to the structural configuration at the depositional time (important role of
the paleo-topographical highs).

This study has made it possible to better constrain the alpine and synsedimentary structural setting

of the western Alpine foreland surrounding Geneva and develop a new tectonic and kinematic

understanding.
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Introduction

1. INTRODUCTION

1.1 Motivation, rationale

Switzerland has the great ambition to reach carbon neutrality in the next 30 years. Moreover, the
current global geopolitical situation is pushing countries to seek for energy self-sufficiency. These are
major arguments in favor of geothermal exploration. Switzerland is betting on this energy of the future,
which is local, continuous, and without CO2 emissions. Switzerland is already the world champion in
geothermal probe for individuals (highest probe density on the planet), and several very promising
projects for deep geothermal energy raised these last years in several cantons. In Canton Geneva, the
“GEothermies” project is led by the “Services Industriels de Geneve” (SIG) targets to obtain 20% of its
needs in heating with geothermal energy.

For this purpose, it is crucial to improve the knowledge of the underground. Indeed, there are several
known levels of aquifer reservoir in the sedimentary cover in the Geneva area, but more exploration
studies are still needed for a proper exploitation. All this research may benefit from the numerous data
acquired during decades (increase after World War Il) for the unsuccessful oil&gas exploration. There
are also tremendous public Swiss geological/geophysical studies achieved in relation to the nuclear
waste repository project (NAGRA, National Cooperative for the Storage of Radioactive Waste), or to
international academic project such as the GeoMol project (Allenbach et al., 2017) or the Seismic Atlas
of the Swiss Molasse Basin (Sommaruga et al., 2012).

The present project (2019-2022) is placed in this frame of improving our knowledge of the subsurface
as part of the geothermal project. The study area (Figure 1-1) extend outside the Canton Geneva (GVA)
to the southern part of the Canton Vaud (North of GVA), and to the French departments of the Jura
(west of GVA), I’Ain (West of GVA), and to the Haute-Savoie and Savoie (South of GVA). It is particularly
focused on the tectonic setting of the subsurface, since fault and fracture systems (natural) represent
major permeability vectors (water flow potentials). It was financed by the Services Industriels de
Geneve (SIG) and supported by Ad Terra Energy SA (Geneva) which gave the opportunity and the
availability to its employee (until April 2022, myself-Louis Hauvette) to achieve this study at the
University of Fribourg in Switzerland (Department of Geosciences, Earth Science unit). To be noted
that Ad Terra Energy SA was named Geneva Geoenergy SA before 2021, and both names are used in
this document depending on the year the mentioned studies were achieved (before or after 2021).
This work was supervised and co-supervised by respectively Prof. Jon Mosar and Dr. Anna Sommaruga.

1.2 Study area, hypothesis and scientific key questions

The studied area focusses on the Geneva Basin but includes the Saléve thrust anticline and the
Subalpine Molasse area to the SE, the Vuache Mountain and the adjacent Rumilly Basin to the S, as
well as the meridional parts of the JFTB to the West (Figure 1-1).

The main working hypothesis considers that the Alpine foreland, including the Molasse Basin and the
Jura Mountains, are part of a detached foreland fold-and-thrust-belt. This foreland forms a mechanical
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Figure 1-1 : Localisation of the area of investigation, extended around Canton Geneva to the Canton Vaud to the North, to
the French departments (dpt) of the Jura (W), Ain (SW), and Haute-Savoie and Savoie (S). (coordinate system: CH1303+/LV95)

wedge which is detached above Upper Triassic salt-rich evaporites and deformation inside the wedge
is mainly accommodated by thrust-related folding and strike-slip faults.

The overall foreland-directed transport direction of the wedge is towards the N-NW and the wedge-
internal, oscillating and repetitive thrust sequence is driven by wedge mechanical process linked to
erosion, friction along the décollement zone, and topography of the basal décollement.

The objectives of this work are to constrain the thrust and fold geometry as well as define near top
basement surface in order to gain a better understanding of the thrust and fold development. Using
seismic data and well data, combined with surface geological data, we will devise a new kinematic
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model. This model will rely on the interpretation of the structural geology ranging from inherited faults
to recent tectonics. Main issues relevant to achieve this goal can be formulated as follows:

. Do the main transpressional NW-SE faults supposed for the last decades, and formerly named
as Cruseilles/ Le Coin/ Arve faults from SW to NE (Gorin et al., 1993), exist and cross-cut the whole
Geneva Basin from the Saléve area to the Jura Mountains?

. Are strike-slip faults from the Jura Mountains and seen in the Haute-Chaine (mainly sinistral
NW-SE and dextral WNW-ESE), extending southward into the Geneva Basin and are they forming one
similar fault system?

. How are, the seismically interpretable faults, vertically partitioned and developed in the
Mesozoic cover? Can secondary décollement levels be determined in addition to the main Triassic
décollement level?

. To what extent is the rheology and thickness distribution in Triassic units influencing main folds
in the Basin (halokinetic movements, lateral migration of anhydrites, thrusting and duplexing in the
Keuper)? Can surface geology help constrain the deeper structures, orientations and geometries?

o Can we identify extensional faults associated with the opening of the Alpine Tethys during the
Jurassic period? Could syn-sedimentary faults have occurred during this period and be interpreted on
the seismic images by lateral seismic facies or thickness variations?

o Does the Molasse unit give indications on the kinematics of the different tectonic events
(onlapping of the Molasse reflector on top of the Top Cretaceous reflectors).

This study thus makes it possible constrain the alpine and synsedimentary structural settings in the
detached foreland fold-and-thrust belt in the Geneva are. The novelty of this work is the integrated
approach combining surface and subsurface data across the Mollasse basin into the Jura Mountains.
This makes it possible to have a more comprehensive understanding of the fault/thrust and fold
processes inside the mechanical foreland wedge. Refined seismic processing and interpretation have
yielded a more precise image of the structural setting and in finito made it possible to develop a new
tectonic and kinematic understanding.

1.3 Methodology and structuring of manuscript

The investigation is mainly based on the re-interpretation of existing seismic surveys (191 seismic
profiles in the database acquired from 1950 to 2022) and well data (66 wells). Surface data and other
geological information have been implemented in the interpretation and have made it possible to
propose a new tectonic and kinematic understanding of this part of the detached alpine foreland.

The seismic interpretation was achieved using the Kingdom software from IHS Markit, allowing to draw
all seismic horizons and fault sticks along seismic sections (seismic Basemap on Encl_MQ00). The seismic
horizon data were then gridded (to obtain 3D surfaces) and mapped using the Petrosys software and
part of these results were transferred or exported in ArcGis (ESRI) format. Several maps were also
exported into pdf format with layering of the displayed data. The main results concerns the final
structural map (Encl_MO01), the surface geological map (Encl_MO02), and the grid maps of the eight
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following horizons (Encl M05 to Encl_M59), near Base Cenozoic (nBCen), near Top Upper Malm
(nTUMa), near Top Lower Malm (nTLMa), near Top Dogger (nTDo), near Top Lias (nTLi), near Top
Keuper (nTKeu), near Top Muschelkalk (nTMu), near Base Mesozoic (nBMes).

This manuscript begins with an overview of the geological context of the area in terms of tectonic and
sedimentary history (chapter 2). It is followed by a description of the seismic and well data in the
inventory (chapter 3). The methodology of seismic interpretation (stratigraphical and structural) is
presented in the chapter 4. Examples of fault picking and a seismic facies catalog is then detailed. The
interpretation is achieved in the time domain of the seismic sections (twt) and need therefore a time-
to-depth conversion process to obtain the final depth maps. The velocity models calculated for such
tasks are then described in chapter 5. All results are detailed in the chapter 6, divided by several
structural areas, and many seismic sections are displayed. Chapter 7 summarizes the geological history
of the area (per geological units) that comes out of our interpretation. The conclusions are finally
presented in chapter 8.
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2. GEOLOGICAL CONTEXT

In this chapter, we propose an overview of the tectonic (chapter 2.1), the stratigraphic (chapter 2.2)
and the geodynamic (chapter 2.3) setting of the region of investigation.

2.1 Tectonic

2.1.1 Regional tectonic overview

The area of investigation is located in the detached North Alpine Foreland Basin (NAFB, (Laubscher,
1961)), which refers to the detached Molasse Basin including, the Plateau Molasse, the Subalpine
Molasse, and the Jura Molasse in France and Switzerland. The study area, within a radius of 40km
around the city of Geneva (Switzerland) is located in the Western North Alpine Foreland (WNAF)
(Figure 2-1). It includes in its eastern part, the Western Molasse Basin (WMB), also sometimes
presented as the Geneva Basin, and in its western and northern part, the Jura Fold-and-ThrustBelt
(JFTB). In both parts, the Mesozoic and Cenozoic cover is detached from the underlying lower Mesozoic
series (middle and lower Triassic) and the pre-Mesozoic basement units, since Mio-Pliocene alpine
compression and forms the detached NAF. Since Serravallian times thin-skinned tectonic was enabled
along the basal décollement zone located at the base of the Triassic salt-rich evaporite of the Keuper
Group. The initiation of the main décollement concurs with the transition of the Western North Alpine
Foreland Basin (WNAFB) from a classical flexural foreland basin (asymmetrical geometry) to a wedge-
top basin (Bonnet et al., 2007; DeCelles & Giles, 1996; Willett & Schlunegger, 2010). It also marks the
start of the formation of the JFTB. The existence of the décollement level has been well documented
since the works of Buxtorf (1907, 1916), and displacement has been shown to reach 30km (Affolter &
Gratier, 2004; Guellec et al., 1990; Laubscher, 1965).

The Plateau Molasse is characterized by gentle Mesozoic-Cenozoic folding limited in amplitude by the
load of the overlying Cenozoic sediments (Burkhard & Sommaruga, 1998). The anticlines of the Plateau
Molasse are frequently developed over evaporites-cored features (with possible presence of salt), with
typical elongated geometries (Sommaruga, 1995). To the NW, the Plateau Molasse is outcropping
against the Haute Chaine Jura relief along an erosive boundary. Several distinct fault systems can be
recognized in this area, such as tear faults, strike-slips, reverse and inherited normal faults. Important
ramps, frontal and lateral, are known along the Saléve Thrust (Fault Zone, FZ), the Gros Foug Thrust or
the Vuache Fault Zone (FZ). The attribution of these latter fault systems to the Plateau Molasse will be
discussed in this study. These fault systems may have been active at various times, from their time of
triggering possibly during the Jurassic to more recent tectonically active periods. In addition to the
basal décollement zone, other, secondary, décollement levels exist within the Mesozoic-Cenozoic
cover (Figure 2-2)(Clerc & Moscariello, 2020). The southeastern part of the Plateau Molasse is
bordered by the frontal Subalpine Molasse Thrust, north-east of the Vuache Fault Zone, whereas it is
overlain by the Bauges Front Thrust (Subalpine Massifs) south-west of the Vuache FZ. The Subalpine
Molasse is formed by a series of thrust sheets, probably rooted in the basal Molasse layers (clay-rich
Lower Marine Molasse UMM, (Gorin et al., 1993), see chap 2.2.2 for further stratigraphical details). It
is distributed along a narrow band (average of around 10km wide) and is located in our area of
investigation in the trailing domain, to the SE of the Saleve structure. These allochtonous
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Figure 2-1: a) Tectonic overview map of the Northern Alpine Foreland Basin (NAF), modified after Marro (2021), Schori
(2021); Sommaruga et al (2017). b) Regional cross section of the Western Alpine foreland through the GVA Basin. The dashed
black square highlights the study area, which focuses particularly on the Molasse Basin and Internal areas. AA: Aar Massif, Al:
Aiguilles Rouges Massif, BEL: Belledonne Massif, FZ: Ferrette Zone, GM: Gotthard Massif, IC: Tle Crémieu, LSZ: La Serre Zone,
MB: Mont Blanc Massif, NAF: Northern Alpine Foreland, NAFB: Northern Alpine Foreland Basin, RBTZ: Rhine Bresse Transfer
Zone, VZ: Vorfaltenzone.

thrust imbricates are dipping southeastward and pinch out underneath the Alpine nappes. Complex
folding associated with these tectonic imbricates can be observed at the surface. In the northeastern
part of the study area, northeast of the Arve valley, the Subalpine Molasse is overthrusted by the
French Préalpines Klippen (Penninic nappes), whereas to the SW, the Subalpine Molasse is bordered
by the thrusted Subalpine Massifs. Molasse type sediments can also be found inside synclines of the
Haute Chaine Jura proving that the Molasse Basin extended into the Jura FTB prior to folding and
thrusting, (Charollais et al., 2006), and are subsequently passively involved in the deformation of the
Jura FTB.
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The Jura Fold-and-Thrust belt is divided into two main parts, with different tectonic characteristics: the
Internal and the External Jura (Chauve et al., 1980; Sommaruga, 1997). The Internal Jura is the
southeastern and most deformed part of the JFTB. It is also called the High Jura or Haute-Chaine,
because the highest topographic elevations are found in this domain. Indeed, the first chain (premier
chainon) in the SE is composed of the Crét de la Neige summit culminating at 1720m.a.s.| and the
Reculet summit at 1718 m.a.s.l. The Internal Jura consists of a series of high amplitude thrust-related
folds often associated with complex strike-slip fault systems acting locally as lateral ramps. The
important thrusts may lead to the duplication of the Mesozoic sedimentary rock cover. The
morphology of the Jura FTB is actually closely related to the thickness (tectonic and stratigraphic) of
the Triassic evaporites layers (Sommaruga et al.,, 2017). The displacement of the Jura FTB
northwestward triggered NW-vergent ramps but also SE-vergent back-thrusts. Few oblique ramps are
also present within the Internal Jura. These latter faults may be kinematically linked to pre-existing
basement faults and thus influence the displacement path of the detached sedimentary cover (Schori,
2021). Note that tectonic structures, mostly tear faults or strike-slip faults similar to the Vuache FZ,
extend from the Molasse Basin into the Internal Jura. We have dedicated special attention to the
nature and distribution of these fault systems in this study.

To the NW, the Plateaux and Faisceaux units form External Jura part. The Plateaux area is relatively
undeformed and appears flat with subhorizontal bedding, whereas the Faisceaux are highly deformed
narrow stripes made of imbricated thrust systems, often offset laterally by strike-slip faults. The Jura
FTB terminates northwestward by overthrusting the autochtonous Tabular Jura (lle Crémieu), which is
associated to the eastern rift shoulder of the Bresse Graben. The latter resulted from the European
Cenozoic Rift System (ECRIS, (Chauve & Perriaux, 1974; Philippe et al., 1996)). The Avant Monts (Schori,
2021) form the outermost northwestern part of the External Jura, and are highly folded and thrusted,
and their relationship with the mechanical basement is still debated (thin-skinned or thick-skinned
tectonic, Madritsch et al., 2008).

Deep basement grabens, filled with Permo-Carboniferous continental sediments are scattered through
the WNAF and some of them are documented in deep well drillings (Schori 2021). The faults associated
with these graben systems have different directions and are responsible for creating topographic
irregularities and offsets at the top of the mechanical basement. As such, they are important inherited
structures that have been shown to preferentially induce the formation of thrusts in the detached
cover series during the formation of the Alpine foreland. This type of structures has not been further
addressed in the PhD thesis because of the great uncertainties involved in their interpretation on a 2D
seismic dataset.

2.1.2 Thin-skinned and thick-skinned tectonics

The thin-skinned tectonics are conceptionally opposed to the thick-skinned theory (Figure 2-2). As
previously mentioned, the thin-skinned concept considers a main décollement level that allows the
detachment and displacement of the above sedimentary cover and the development of structures in
the cover decoupled from the basement. The thick-skinned tectonics lead to uplifted structures in the
cover triggered by an inversion of an underneath pre-existing basement fault. The involvement of the
basement in the thrusting and folding (Sommaruga, 1995) is possible, but seismic interpretation of the
western alpine foreland has not shown clear evidence of inverted Permo-Carboniferous grabens or
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Figure 2-2 : Scheme highlighting the two opposing tectonic concepts of thin-skinned (A) and thick-skinned (B) tectonics
applied at a regional scale. Localisation of these theoretical sections (A and B) approximately along the same path of cross
section b) of Figure 2-1. The two concepts entails different hypothesis about the involvement of basement faults and dating
of the geodynamic process. The stratigraphical section on the right bottom of the figure is modified from Marro (2021) and
is based mainly on Humilly-2 well data (see location on Figure 2-4).

thrusts faults linked to underlying Paleozoic-early Triassic basement (Sommaruga, 1997). The
moderate resolution of the seismic images due mainly to the relatively important depth of Pre-
Mesozoic basement (approximatively around 2-5 km depth below topography) is complicating this kind
of analysis. Only latest technologies of 3D seismic volumes may help clarify the potential tectonic
basement involvement. It was the case, in Heuberger et al., (2016), who were able to interpret on a
3D seismic data, basements normal faults extending upward on the overlying Mesozoic sedimentary

8
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cover. However, the investigation area of this study is located in the Saint-Gallen fault zone (Eastern
Swiss Molasse Basin, ESMB) which is outside the range of the supposed “Fernshub” (“distant-push”or
thin skinned tectonic) hypothesis (Buxtorf, 1916). A recent study (Schori, 2021) has shown the
importance of inherited basement topography in the kinematic development of the the detached thin-
skinned Jura FTB, as also discussed in Burkhard and Sommaruga (1998).

2.2 Stratigraphy

The regional stratigraphical knowledge was built since decades on the combined analysis of the
numerous deep wells drilled in France and Switzerland, and the outcrops of the sedimentary cover
(mainly in the Jura Mountains). The surface stratigraphy is documented via the French and Swiss
geological maps (Swiss Geological Atlas 1:25000, GA25, and the French BRGM geological surveys
1:50000). BRGM implemented a harmonization of the maps by department, which is available in a
vectorized format on their website (BRGM, 2020). However, some discrepancies between different
maps remain on this new version. Moreover, it is not in line with the recent work on the stratigraphy
of the Geneva Basin of Brentini (2018) and Rusillon (2017), who integrated their work along with the
Swiss HARMOS stratigraphy (Swiss Committee on Stratigraphy, 2017). The stratigraphy used in this
project benefited from the collaboration with Marro (2021), who harmonized the BRGM maps of the
French departments of Ain and Jura (Egal, 2007; Nagel, 2007) with the HARMOS stratigraphy.
Therefore, several French maps from other departments (Savoie and Haute-Savoie) were
homogenized using the same methodology than Marro (Marro, 2021). The harmonized legend is
displayed on Figure 2-3, showing also the groupings of geological formation that were necessary for
compiling the stratigraphical information of the BRGM maps.

In addition to surface data, well data were interpreted by Brentini (2018) and Rusillon (2017) on all
main wellbores of the Greater Geneva Basin, in accordance with the HARMOS stratigraphy. This work
has been revised and detailed using petrophysical interpretation from log data by the consultancy
company Geneva Geo Energy, GGE (2018) on behalf of the Services Industriels de Geneve SIG (see
more details on chapter 3.3). With additional wells from the Vaud Canton, retrieved from the study of
Gruber (2017), we compiled a total of 54 homogenized well data sets in the region of investigation.
Moreover, the recent study from Schori (2021) gives a very exhaustive compilation of all wells of the
Western North Alpine Foreland, with updated interpretation of the main Mesozoic boundaries. In this
work, we used a combination of all these stratigraphical results with a particular focus on the work
from Brentini (2018) and Rusillon, (2017), and its updates from Marro (2021) for the Geneva Basin
area. Additionally, we used mainly the well lithologs from Schori (2021), in order to propose three
regional lithostratigraphic well correlations (see Figure 2-4, Figure 2-5, Figure 2-6). It consists of NE-
SW correlations, one through the Internal Jura (Figure 2-6, wells from SW to NE; La Chandeliere-1d,
Chatillon-1d, Chaleyriat-1, Charmont-1, Bonlieu-1, Toilon-1, Essavilly-101), one through the central
part of the Molasse Basin (Figure 2-5, wells from NW to SE; La Tailla-1, Savoie-107, Savoie-106,
Musiége-1, Humilly-2, Eclepens-1, Essertines-1, Treycovagnes-1), and another one through the eastern
part of Molasse Basin (Figure 2-4, wells from NW to SE; Chapery-1, Faucigny-1, Romanens-1). This gives
an overview of the thickening or thinning of the main Mesozoic units across the three different
domains. Applying a single harmonized stratigraphy to all regional wells may, however, minimize
regional lateral changes in stratigraphy from the Jura part to the Geneva Basin. Thus, Rusillon (2017)
was able to depict this evolution through the Geneva Basin, with a chronostratigraphy highlighting
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Figure 2-3 : Stratigraphic log (modified from Marro (2021)) and harmonization summary of the map legend with few grouping
units (see Encl_MO02 for surface map). This stratigraphical column is mainly based on Humilly-2 well and Haute-Chaine outcrops (Marro, 2021)
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diachronism from NW to SE in several layers. In that sense, a more detailed chronostratigraphy would
perhaps be needed for a truly accurate large-scale stratigraphy. However, in our study, the vertical
resolution inherent of seismic data compensates this possible limitation related to the regional
stratigraphy.

2.2.1 The pre-Mesozoic rock units

The pre-Mesozoic basement is made of a variety of rocks, including sedimentary series, some of which
are highly metamorphosed (Siletto et al., 1993; von Raumer & Neubauer, 1993). Parts of the Pre-
Mesozoic crystalline basement can be linked to the Variscan orogeny, which is the latest Paleozoic
deformation phase that ended during the Stephanien (Stampfli et al., 2001; von Raumer, 1998). The
closest wells of our study area (Bonlieu-1, Essavilly-101 and La Chandeliére-1D, see Figure 2-4 for
localisation) reached this unit and showed a main composition of biotite-rich gneiss, and few green
schists, as well as intrusive granite (Rusillon, 2017).

During the post-Varsican orogenic collapse and extension, Permo-Carboniferous (P-C) clastic
sediments infilled basement grabens or half grabens developing in an extensional setting. Several wells
in the region were drilled into this kind of structure such as, Chaleyriat-1, Charmont-1 (more than 500m
of P-C sediments drilled), Chatelblanc-1, Chatillon-1d, Faucigny-1, Chapery-1, La Tailla-1, Essavilly-1,
and Treycovagnes-1 (see Figure 2-4 for localisation). The origins of these sediments are continental to
possibly deltaic. They are composed mainly of brownish conglomerates in combination with fine
grained sandy to argillaceous deposits, as well as coal beds. The infilled grabens are scattered
irregularly through the NAF. Several other grabens are well known and their geometry clearly
identified, such as the Constance-Frick Trough located in northern part of Switzerland (Naef &
Madritsch, 2014). In this well-known example, the authors supposed several deposittional sequences
in relation to syn-sedimentary activity of the basement faults (laterally variable subsidence). The pre-
Alpine (Variscan) tectonics and their inheritance are key for understanding the origins and locations of
these grabens (Ballevre et al., 2018; Capuzzo & Wetzel, 2004). The boundary of this layer with the
overlying Mesozoic sediments is considered as an erosive surface — the post Hercynian erosional
peneplain. From the lithological point of view, the Permian sandstones may be difficult to differentiate
from the Triassic Buntsandstein sandstones. However, the depositional geometries associated with
this major unconformity may usually help identifying this boundary.

2.2.2 The Mesozoic and Cenozoic sedimentary cover

The following description of the Mesozoic and Cenozoic cover is based on the main regional well
analysis such as Humilly-2 (Rusillon, 2017) or Charmont-1 (Raynaud & Marmion, 1992)(see Figure 2-4
for well localization), as well as on the major outcrops of the Internal Jura of our area that were
summarized recently by Marro (2021).

Triassic

Above the Paleozoic angular unconformity, the Germanic Basin developed in the Triassic between the
Vindelician Land to the south east, with the Massif Central to the west (Figure 2-10, (Ziegler, 1990)).
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For the purpose of our study, the Triassic is divided into two main groups: The Muschelkalk Group and
the Keuper Group. The first series of the Mesozoic unit are the relatively uniform and thin layers of the
Buntsandstein (around 15m thickness in the GVA Basin, also called “grés Bigarrés”). This thickness of
this layer (Lower Triassic) is supposed to increase towards the Jura Mountains (Sommaruga et al.,
2017). It is mainly composed of coarse sandstones and conglomerates. Then the epicontinental basin
went through clear shallow marine incursions. Therefore, the Muschelkalk and Lettenkohle (Middle

Figure 2-4 : Well correlation in NE-SW direction in the Subalpine Molasse area in front of the Penninic and Helvetic nappes.
The wells are vertically positioned with nTDo as a flat reference (flattening). See the map on the right of the figure for
localization. The main fault zones and thrusts are represented along the correlation. The well data come from Schori (2021).
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Figure 2-5 Well correlation in NE-SW direction located in the center of the Molasse Basin (Figure 2-4 for localisation and
legend). The correlation is flattened along Top Buntsandstein marker (Bss), and the main fault zones and thrusts are
represented along the correlation. Core-loss are displayed by white bars.The well data come from Schori (2021).

13



Chapter 2

Figure 2-6 : Well correlation in NE-SW direction located in the Internal Jura (Figure 2-4 for localisation and legend). The
correlation is flattened along Top Buntsandstein marker (Bss), and the main fault zones and thrusts are represented along
the correlation. Note that the Cenozoic unit is barely present. The well data come from Schori (2021). Core-loss are displayed
by white bars.

Triassic) are made of alternating anhydrites and dolomites with few shales. These two formations are
thickening northeastward from an average thickness around 150m in our area to 450m of thickness in
between the cities of Fribourg and Biel (Schori, 2021). The lithology is also changing northeastward,
with the presence of salt-rich layers (Pfaffnau-1 see Gruber, (2017)). Considering the thickness of these
formations in relation to the resolution of the seismic, the Buntsandstein, the Muschelkalk and the
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Lettenkhole are merged into the Muschelkalk s.l. of this study. The overlying Upper Triassic is formed
by the Keuper Group. Two evaporitic units in the Keuper Group can be distinguished in the studied

wells. First, the basal unit is mainly made of massive halite, with intercalated gypsum/anhydrites
layers. Note that the basal décollement zone of the detached foreland is placed at the base of the salt-
rich layer in our area, whereas it is located in the salt-rich layer of the Muschelkalk s.I. (mentioned
above) northeastward of our area (Philippe, 1995; Sommaruga et al., 2017). The upper part of the
Keuper Group is characterized by a succession of dolomite and anhydrite layers, along which secondary
décollement zones may be present. The upper limit of the Keuper Group is composed of sandstones
(“gres blonds”). The thickness range of this group is evaluated between 100m up to 600m thickness
(Schori, 2021) in the studied area. Note that the amplitude of the thickness is related to tectonic
processes (duplication), therefore it does not reflect the depositional energy. The halite content of the
lower part of the Keuper Group seems to diminish southwestward, as indicated in Faucigny-1 well
(Rusillon, 2017). This fact has an impact on the role of the basal décollement layer since less salt will
change overall basal friction, which in turn changes the shape and deformation of the foreland
mechanical wedge (Deville, 2021).

Jurassic - Cretaceous

Three main depositional periods are recognized in the Jurassic times: the Lias, the Dogger and the
Malm from the older to the youngest.

The Triassic-Jurassic transition is marked by the onset of a transgression phase during the Lias. The
bioclastic formation of “Calaires gréseux a Chlamys” (Hettangian) characterize this evolution from
continental (“grés blond” of the Rhaetien) to shallow environment (early Lias). This sedimentary
sequence was triggered by the connection of the Germanic Basin with the Tethys Basin (Lemoine et
al., 1986), initiated by a major rifting phase (opening of Central Atlantic and Alpine Tethys, (Stampfli,
2000)). The Liassic is then subdivided into two subunits, with an older limestone dominated layer
deposited during transgression phase (with the main formation of the “Calcaires a Gryphées”), and
followed by a shales-dominated layer corresponding to deep marine setting (with the main formation
of “Marnes noires a nodules”). The Liassic unit ends with white limestones of the “Alternances
micacées a banc durs” overlain by the marly limestone “facies de transition” representing the
transition toward the Dogger. Note that this argillaceous layer is considered as a potential secondary
décollement level (Philippe, 1995), similarly to what was proposed in the central Jura by Rime et al.,
(2019) and Schori et al., (2015). An average thickness of the Liassic series over the area is around 170m,
and an overall thinning southwestwards is observed.

The Dogger unit is characterized by a shallower depositional environment, represented by alternating
bioclastic limestones and marly layers. The Bajocian formations of the “alternance inférieure de
calcaires fins”, the “Calcaires a entroques” and “ alternances supérieures de calcaires et marnes” are
perfect examples of this alternations. The Klingnau and Ifenthal formations are also following the same
lithological trend and testify again the fast fluctuations between shallow to more distal position in
relation to the continental platform to the North (Figure 2-10). The average thickness of the Dogger in
the GGB is closed to 250m. The depositional evolution during the Lias and the Dogger, suggests an
implication of NW-SE trending fault in the subsidence inversion of the area (Rusillon, 2017).
Northeastward of our area in the Vaud Canton, the wells Treyconvagnes-1 and Essertines-1 (Figure
2-5) show the highest thickness of cumulated Lias-Dogger layers of the western Molasse Basin. Several
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authors proposed to explain this thicknesses by a combination of differential subsidence and normal
faulting during this times (R Marchant et al., 2005; Schori, 2021; Wetzel et al., 2003).

The Upper Jurassic unit (Malm) is divided into the Upper and Lower Malm. During this entire period,
an overall regression of sea level occurred and modified the depositional environment from a deep
marine setting into a carbonate platform configuration. When present, the formation of the “pseudo
bréche de Saint Claude” (Haute Chaine, (Rusillon, 2017)) defines the Dogger-Malm transition. Then,
the Lower Malm period begins with the stratified limestone of the “Couche de Birmensdorf” (Donzeau
et al., 1997). This is marked by the formation of a topographical depression during the Oxfordian
(Rusillon, 2017). It is followed by the Villigen formation composed of marly limestones of the “Couches
d’Effingen-Geissberg” and the overlying “Calcaires lités” and “Calcaires pseudolithostratigraphique”.
The “Couches d’Effingen-Geissberg” represent a possible secondary décollement zone thanks to its
marly stratification (Clerc & Moscariello, 2020; Philippe, 1995). The first unit of the Upper Malm layers
are formed by the “Couches a Céphalopodes”, which are marly limestones similar to the Oxfordian
layers. The so-called “reef complex” corresponds to prograding patch reefs from NW to SE. It is divided
into three sub-units “Calcaires récifaux” (1), “Calcaires plaquetés” (2) and the “Calcaires de Landaize”
(3). They are interpreted to represent reef and peri-reefal deposits (1), back reef (2), and more lagoonal
(3) environments respectively. The diachronous reefal system is overlain and is completed by the
”Calcaire de Tabalcon” corresponding to a shallow marine dolomitic limestone (front reef
environment, Meyer, 2000; OCEN, 1994; Rusillon, 2017). The last formations of the Malm (“Couches
de Challey” and “Tidatiltes de Vouglans”) are part of the “Twannbach Formation” and are characterized
by bioclastic limestones pointing to a calm, subtidal and lagoonal environment. The thickness of the
entire Malm unit can reach values up to 1000m in the GVA Molasse Basin.

The Malm-Cretaceous transition is clearly defined by the “Goldberg Formation” (previously called
“Purbeckian”). This marly limestone layer often found in topographical depression marks the beginning
of the Cretaceous unit (Donzeau et al.,, 1997; Strasser et al., 2016). As in other marly layers, this
formation may host a secondary detachment (Philippe, 1995). The Cretaceous unit is very well defined
and described, due to numerous outcrops and well analysis (references therein). Certain Cretaceous
formations are more massive limestones (sometimes bioclastic), such as the “Pierre Chatel”,
“Chambotte” and “Vallorbe” and are witnesses of shallow marine (sometimes high energy), or lagoon
environment. On the other hand, the formations of “Vions”, “Vuache”, “Grand Essert”, “Gorges de
I’Orbe”, and “Perte du Rhone” are less competent marly limestones formed possibly in a shallow
marine to more open depositional environment. Philippe, (1995) proposed a possible décollement
zone in the “Perte du Rhoéne” formation, but we could also suppose another intra-Cretaceous
décollement zones in marly layers such as the “Marnes d’Hauterive”. The cyclic and stacked lithologies
of the Cretaceous unit are linked to quick depositional environment changes. In fact, the still ongoing
N-S opening of the Alpine Tethys has most likely influenced the rapid lateral variations of the different
facies (Figure 2-9, (Strasser et al., 2016; Wildi et al., 1989).

Upper Cretaceous is not outcropping in the Geneva Basin or in the neighboring Jura Haute-Chaine, and
that is why it is not represented in the main stratigraphical column of Figure 2-3. However, several
outcrops reveal Upper Cretaceous deposits in the Valserine Valley, near the city of Bellegarde, in the
Rumilly Basin, and also in oil drillings of Mont-de-Boisy-1 and Messery-1 described in Charollais et al.
(2007) (see localization in Figure 2-8). The related formation is called “Calcaires crayeux a Silex”
(Donzeau et al., 1997), and is made up of biomicrites creamy-white to yellowish chalk, dated from the
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Turonian age. Fragments of this formation of the “Calcaires crayeux a Silex” have been witnessed in
many areas of the Geneva Basin (Charollais et al., 2007), as pebbles in the Tertiary “Gompholites” at
the base of the Molasse interval, proving the early presence of Upper Cretaceous deposits before the
main later erosion during Cenozoic times (Alpine orogeny).

Cenozoic

The Cretaceous-Tertiary boundary marks the end of the Mesozoic cover and the beginning of the
Cenozoic period. It is characterized by an important hiatus from the end of the Lower Cretaceous until
the Eocene times, which is thought to be due to a major erosional period, with an estimated eroded
thickness of more than 500m (Mazurek et al., 2006). During the Eocene, the WNAFB experienced a
down-bending flexure of the lithosphere leading to the establishment of a flexural foreland basin,
subsequently followed by a transition to a “wedge-top” configuration during the Miocene with the
initiation of the main décollement level and the formation of the Jura FTB (Bonnet et al., 2007; Sinclair
et al., 1991; Willett & Schlunegger, 2010). Therefore, the Tertiary sediments deposited on top of the
strongly eroded Mesozoic cover, logically form an angular unconformity with its substratum
(Homewood et al., 1986). The Siderolithic sediments (clastic sediments from Eocene, see Figure 2-7)
are the first deposits of the Cenozoic cover. These iron-rich continental sandstones have a scattered
presence in the WNAFB, and can be observed in several wells in the basin and outcrops such as in the
Vuache (Blondel et al., 1988; Bordon & Charollais, 2009; Charollais et al., 2013; Schardt, 1891) or Saléve
(Conrad & Ducloz, 1977; Joukowsky & Favre, 1913; Mastrangelo et al., 2013)). They are locally infilling
karstic features or found along fault planes of the uppermost parts of the Mesozoic cover. They may
also have a fluviatile or aeolian origin and form stratified deposits in topographic depressions (Chablais
& Savoy, 2021). The thickness of siderolitic deposits is highly variable, but it can reach at least 140m,
such as in the recent well GEo-02 (2020 (highest thickness of this formation found in the WNAFB,
Chablais & Savoy, (2021).

Starting at the Priabonian-Rupelian times, a succession of marine transgression and regression inside
the WNAFB led to the deposits of the four formations of the Molasse sediments (Figure 2-7 and Figure
2-8); from the oldest to the youngest, the Lower Marine Molasse (UMM), the Lower Fresh-water
Molasse (USM), the Upper Marine Molasse (OMM), and the Upper Fresh-water Molasse (OSM). The
OSM was not deposited in our area of study, whereas the three others are present but with a lateral
variability. The UMM marks the onset of the filled stage of the WNAFB, mainly during the Rupelian
times. Therefore, it is present mostly in the South-East of the basin, corresponding to the highest
subsidence zone after the flexural stage of the lithosphere (starting in Eocene). In our area, it was
found in wells southeastward of the Saléve and its northwestern delimitation seems to coincide with
the frontal thrust of the allochthonous Subalpine Molasse (Deville et al., 1994; Gorin et al., 1993). In
that sens, its southwestern termination is likely situated along the Vuache FZ. It is composed of
sandstones and conglomerates (“Doriaz”) in its lower part, overlain by a marly layer (“Meletta”) and
of a sandstone-dominated succession in its upper part (“Dessert-Bonneville”) (Deville et al., 1994;
Diem, 1986). The softer intermediate part is likely playing the role of a décollement of the
allochthonous Subalpine Molasse (Gorin et al., 1993). Above the UMM layer, the USM is deposited
throughout the WNAFB with relatively high thicknesses (more than 900m in the GVA Basin). A
regression of sea level led first to the development of a fluvial environment in the WNAFB, the early
Burdigalian times. This formation is observed only in the Rumilly Molasse Basin area, west of the
Vuache Mountain ridge, and in certain synclinal valleys of the Jura FTB (for instance in La Pesse valleys,
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Figure 2-7 : Molasse vertical and lateral distribution through the Western Molasse Basin in relation to the main fault zones
and thrusts. See Figure 2-8 for localization of the section. This figure is based on Brentini (2018), Rusillon (2017) and Deville
et al. (1994).

J. Charollais et al., (2006) of the Internal Jura, see Figure 2-8). In these Jura valleys, Charollais et al.,
(2006) divide the OMM into four units. The two first are the “Marnes gris-vert de La Pesse” and the
“Marnes silteuses grises” showing a finning up sequence, with conglomerates at the base followed by
sandy marls. Then, the “Conglomérat des Coites” show another microconglomerate and pebble
sequence followed by another finer unit, the “Silt argileux”. According to Deville et al. (1994), the OMM
is constrained locally between the Jura and the Montagne d’Age frontal thrust (SW continuation of the
Saleve thrust, see Encl M02), as flexural sequences deposited in front of the pre-existing Montagne
d’Age thrust (formed at the beginning of the Burdigalian transgression). The Gros Foug FT may be
considered as a syn-sedimentary structure, developing during the OMM deposition (Deville et al.,
1994). The Vuache FZ has clearly also played a role as a barrier between the NE and SW domain during
the OMM with the Burdigalian transgression. In this area of the Molasse Basin (Rumilly Basin) the
lithological description of the OMM may be simplified with a first sandstone layer overlain by marly
sandstones (Figure 2-7; Deville et al., 1994).

The most recent layers of the Cenozoic cover consist of fluvio-glacial deposits from the Quaternary.
The two successive glaciations of the Riss and the Wiirm are associated with two moraine sequences,
the basal “Moraine rissienne”, and the youngest “Moraine wiirmienne”. The fluvio-glacial sandur
sediments of the “Alluvion anciens” separate these two layers (Fiore, 2007; Fiore et al., 2011; Lathion
& Hauvette, 2020; Vernet & Horn, 1971).
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Figure 2-8 : Molasse geological map (without Quaternary deposits) through the Western Molasse Basin. The black line
corresponds to the surface trace of the section of Figure 2-7. Note that the Vuache FZ is the northern limit of the presence of
the OMM deposits in the western Molasse Basin. However few valley of the Jura host also OMM sediments (Charollais et al.,
2006). The UMM is present only in relation to the Subalpine Massif FT. (coordinate system: CH1303+/LV95)

with the deposit of the first USM formation, a poundingues of the “Gompholite” unit (Charollais et al.,
2007). The latter is distributed across the basin and is considered as strongly diachronous. It was
followed by the setting up of a lacustrine environment, with the limestone layers of the “Calcaires
d’eau douce inférieurs”. Then, the three next formations of the “Marnes et Grés bariolés”, the “Gres
et marnes gris a gypse” and the “Molasse Aquitanienne” are three marly sandstone layers with the
intermediate one formed by an alternance between lacustrine and evaporitic environments (presence
of dolomite, gypsum and anhydrite; Rusillon, 2017). Finally, in the studied region, the Molasse unit
ends with the Upper Marine Molasse (OMM), characterized by a transgression which started during
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2.3 Geodynamics and tectonic evolution

The following chapter summarizes the large-scale geo-history of the area of investigation in relation to
the depositional and subsequently tectonic setting of the region (Figure 2-9). Three main tectonic
phases marked the geological history of the area; the post-Variscan times and the Permo-
Carboniferous continental grabens; the Mesozoic era (Triassic-Jurassic-Cretaceous) with an overall
extensional setting and epicontinental depositional environment forming in a rim-basin context with
respect to the Alpine Tethys development further to the SE; the Cenozoic era and the Alpine Orogeny
that led to the Molasse Basin deposits and the onset and formation of the north Alpine foreland fold-
and-thrust belt including the Molasse Basin and the Jura FTB.

Figure 2-9 : Geodynamic summary of the Greater Geneva Basin, in relation to stratigraphy (left part, of the figure, modified
from Brentini (2018) and Rusillon (2017). The regional context and plate tectonic is shown in the middle of the figure
(modified from Schori (2021)) and local tectonic (Greater Geneva Basin (GGB) and the Vuache-Saléve FZ explained on
following chapters) on the right (arrows represent the tectonic vectors for each main phase).
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2.3.1 The Late Paleozoic evolution

The pre-Mesozoic crystalline basement of the WNAF is made of highly deformed metamorphic and
plutonic rocks that resulted from the Variscan and prior orogenies. The Variscan orogeny, dated from
mid-Devonian to Late Carboniferous times (Stampfli et al., 2001), ended with the complex collision and
accretion of the Laurentia and Gondwana continents (Ziegler, 1990), to form the megacontinent
Pangea (Stampfli & Borel, 2002). This period is associated with several main fault/shear zone
orientations; the sinistral NNE-SSW Rhenish trend, the dextral NW-SE Hercynian, and the NE-SW to
ENE-WSW sinistral Erzgebirgian (Schori, 2021).

This compressional phase was followed by an extensional and collapse tectonic period during the Late
Carboniefrous (Stephanian), and early Permian, which culminated with break-up of Pangea
(Schaltegger, 1997). During this period transtensional Permo-Carboniferous troughs, oriented in NE-
SW to ENE-WSW (Erzgebirgian) (von Raumer, 1998) were developed. The internal structures of the
Permo-Carboniferous infilled grabens are relatively complex (Madritsch et al., 2018), with polyphase
transtensional and transpressional tectonics (Diebold et al., 1991), imbricated along the different
basement fault orientations. The most detailed example in the WNAFB is the Constance-Frick Through
in northern Switzerland which developed a E-W striking half graben, with several kilometers of infilled
sediments (Naef & Madritsch, 2014). The Permo-Triassic boundary is subsequently characterized by a
major erosional unconformity (Signer & Gorin, 1995; Sommaruga, 1999), due to the peneplanation of
the entire Late Paleozoic realm, including the Permo-Carboniferous troughs (Bourquin et al., 2011). In
the GGB, the orientations of the Permo-Carboniferous troughs are poorly known, but possibly oriented
in NE-SW orientation (Signer & Gorin, 1995).

2.3.2 The Mesozoic evolution

Following the post-Varisan extensional phase, and the peneplanation of the area, a transgression
phase in the Germanic Basin developed with a relatively low subsidence rate in the WNAF ((Gruber,
2017); Figure 2-11). The shallow Triassic basin that thus developed is also named the Burgundy Trough,
whose orientation is linked to inherited early Permian extension (NNE-SSW overall orientation, (Schori,
2021; Ziegler, 1992)). In the Late Triassic, the Germanic Basin, which was previously separated from
the Tethys Basin to the South, by the Vindelician land, evolved into an epicontinental evaporitic
configuration. The Tethys Basin was still in a marine environment setting, while a restricted
environment of the Germanic Basin led to the deposit of a high thickness of evaporites (Ziegler, 1990).

During the Lower Jurassic, a rifting phase occurred in relation with the opening of the Central Atlantic
and the Alpine Tethys oceans (Channell & Kozur, 1997; Stampfli et al., 2001). The latter is bordered by
the Alemannic land, a topographical high east of the Helvetic and Briangconnais domains, developed in
a NE-SW orientation in the SW continuation of the Vindelician land (Lemoine & Triimpy, 1987). Modest
normal faulting from Lower to Middle Jurassic developed in the actual location of the WNAFB in the
far-field of the Alpine Tethys rifting, and differential tectonic subsidence is observed all around the
Alemannic land (Figure 2-11). A pervasive thinning and faulting is documented by hydrothermal veins
(Allenbach & Wetzel, 2006), or from seismic interpretation (facies and syn-sedimentary thickness
variations) according to studies from Burkhard & Sommaruga, (1998) in the Helvetic domain of the
Tethys Basin, and from Marchant et al., (2005) for the Rhodanian Basin area. During this rifting period,
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Figure 2-10: Paleogeographic map of Miocene, Eocene-Oligocene, Lower Cretaceous and Upper Jurassic. This figure is
extracted from Gruber (2017), originally redrawn from Ziegler et al., (1998). The study area is located around Geneva.
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Figure 2-11: Paleogeographic map of Middle Jurassic, Upper Triassic and Middle Triassic. This figure is extracted from Gruber
(2017), originally redrawn from Ziegler et al., (1998). The study area is located around the city of Geneva.
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certain faults bordering the Permo-Carboniferous troughs are likely reactivated in ENE-WSW
(Erzgebirdian) and in NW-SE (Hercynian) and in NNE-SSW striking orientation trends (Ziegler & Dézes,
2007). This tendency may also continue during the Upper Jurassic period, at least during the Oxfordian
(Figure 2-10), as suggested from the interpretation of subsidence curves from Wetzel et al. (2003).

In addition, normal syn-sedimentary faulting rooting in the Triassic evaporites may also occur in the
Mesozoic cover only. These may or may not have an indirect link with inherited basement faults
(Gruber, 2017; Rusillon, 2017).

2.3.3 The Cenozoic evolution

The extensional tectonics changed into a compressional phase with the first Alpine orogenic event that
started during the Upper Cretaceous period. The African and European plates began to collide with a
compression oriented N to NNE (Bergerat, 1987), and a subduction of the ocean crust of the Piemont
Ocean towards the SE. It progressively closed the Alpine Tethys (Stampfli et al., 1998), and finally, in a
continental collision, triggered basement imbrication and uplift of the External Crystalline Massifs
(ECM), followed by a partial erosion of the Mesozoic cover (Bourgeois et al., 2007; Debrand-Passard et
al., 1984).

First, during the Cretaceous and early Eocene (Figure 2-9, Figure 2-10), the compressional phase of the
early Alpine Orogeny was oriented N-S to NNE-SSW. This has led to the inversion of Pre-Mesozoic
grabens and therefore the uplift of the related troughs, mostly along the ENE orientation
(Erzgebirgian). We can also suppose a reverse faulting of the inherited Variscan strike-slip zones (NNE-
SSW or NW-SE). The partial erosion of the Mesozoic cover during this phase is also evidence for
intraplate buckling, and long wavelength flexural folding of the lithosphere. The latter flexural large-
scale folding of the lithosphere is even extended towards the North of the Paris Basin, as documented
by similar increase of subsidence rate observed at that time between the Paris Basin and the Lower
Rhone valley (Bourgeois et al., 2007; Dézes et al., 2004; Schori, 2021).

A second period from the early Eocene until mid-Miocene, concerns the foreland flexural down-
bending of the European lithosphere, in relation to its subduction and loading by the orogenic wedge.
This tectonic event marks the onset of the foreland basin configuration (from a Flysh-type basin
(Homewood & Lateltin, 1988) in Paleocene - early Eocene) with the classical succession of depozones
westward of the Alpine front, with foredeep (flexural subsidence), forebulge (flexural uplift), and back-
bulge (DeCelles & Giles, 1996). The Alpine foreland basin is supposed to have been initiated around
55Ma, in N-S to NNE-SSW striking orientation passing through northern Corsica, where related Eocene
deposits were found (Ford et al., 2006). Then, the foredeep front migrated northward following the
Alpine compression, and reached the Helvetic shelf in Late Eocene (Burkhard & Sommaruga, 1998).
Finally, at around mid Serravalian (13Ma), the flexural down-bending is supposed to have stopped with
the foredeep boundary located along the actual front of the Internal Jura (Pfiffner et al., 2002).
Uncertainties remain concerning the dating of these tectonic events, due to a lack of constrain data
(sediments lack). The actual foredeep of the northern Alpine foreland is estimated around a 5.5km
Cenozoic sediment thickness in front of the Alpine frontal thrust. The flexural mechanism is associated
to extensional deformation, with extensional fractures in the forebulge (Bradley & Kidd, 1991), and
normal faulting with important offset in the foredeep area (loading vertical compression), likely
parallel to the western NAFB in NE-SW striking orientation (Bachmann & Miiller, 1992; Nachtmann &
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Wagner, 1987)). The latter may either be new crustal features or reactivated inherited faults (DeCelles
& Giles, 1996). Considering the Alpine migration of the foredeep, the main extensional phase in the
Molasse Basin, is estimated from Late Eocene to Oligocene (Burkhard & Sommaruga, 1998; Ziegler &
Dézes, 2007).

Moreover, during this period, from late Eocene to Oligocene, the European Cenozoic Rift System
(ECRIS) was active, leading to the opening of the Upper Rhine Graben (URG) and the Bresse Graben
(BG) (see Figure 2-1 for localisation; (Berger et al., 2005)). The latter consists in a reactivation in
extension and transtension of Variscan and post-Variscan inherited structures (Dézes et al., 2004). This
event is coeval, during the Oligocene times, with the still ongoing Alpine Orogeny in a general
compressional setting. A part of the Cenozoic Molasse sediments were then incorporated into the
Alpine wedge, leading to the formation of the Subalpine Molasse thrusting.

The third period concerns the compressional phase that started from the early Miocene and that may
still be active. After the Cenozoic rifting phase (ECRIS, late Eocene-Oligocene), from Burdigalian times
(17Ma) on, the continent-continent (European-Adriatic) collision induced new long-wavelength elastic
lithospheric folds (up to 250 kilometers). This process may explain the 1000m uplift of the lithosphere
in the southern part of the URG (Bourgeois et al., 2007; Schori, 2021). Of these lithospheric-scale folds,
the closest to our area of investigation is the Burgundy-Swabian Jura Anticline (BSJA). With the
constant Alpine compression, this folding is supposed to continue and even to have evolved recently
into basement faulting. Indeed, thick-skinned tectonics was interpreted on seismic data (Madritsch et
al., 2008; Ustaszewski & Schmid, 2006), and even dated in the northeastern Jura from the Pliocene,
using mineral dating by Egli et al., (2017).

The last main tectonic phase, from middle Miocene to beginning of Pliocene, is then overlapping the
previous one. Indeed, it is also related to the Alpine compression, but it concerns in this case the
formation of the thin-skinned Jura Fold and Thrust Belt. Indeed, during this period, the western NAF
was detached from the mechanically more rigid substratum including the basement rocks s.I. and the
sandstones of the Lower Triassic along the Midlle-Upper Triassic basal décollement level in evaporites
(Burkhard & Sommaruga, 1998; Laubscher, 1961). The Molasse Basin was then translated several tens
of kilometers (maximum 25-30km) northwestward (Affolter & Gratier, 2004; Schori, 2021), in a thin-
skinned tectonic style (“Fernschub” or “distant push” after (Buxtorf, 1916)) that supposedly stopped
in the very early Pliocene (around 4Ma (Becker, 2000)). This large-scale decoupling is related to the
jump of the Alpine thrust front by some 100km northwestward, in the context of a mechanical wedge.
The detachment initiated in Seravallian times, in response (accommodation) to the basement
imbrication associated with the exhumation of the External Crystalline Massifs (“Fernschub”
hypothesis). This intense deformation phase has triggered all the well-known fold and thrust structures
of the JFTB, but it is also recognized in the western NAFB, which evolved into a “wedge-top»
configuration. It includes the reactivation of inherited normal or strike-slip faults in the sedimentary
cover (Homberg et al., 1999; Radaideh & Mosar, 2021; Schori, 2021). During the transport, it has also
created new structures in line with the stress field orientation such as, strike-slips, reverse faults and
low-amplitude folding (Ibele, 2011; Sommaruga, 1999). For more details about the deformation style
of this period, including evaporites-related structures, please refer to chapter 6.1.
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2.3.4 Recent tectonic activity and present-day stress

We have seenin the previous chapter, that thick-skinned tectonic, with reactivation of basement faults
is likely happening presently in the Alpine orogen especially on the outer skirt of the orogenic wedge
in the Jura FTB. Some seismicity measurements in the western NAF are indeed, located below the
detached sedimentary cover in the basement, along the northern and southern edges of the JFTB
(Deichmann et al., 2000; Madritsch et al., 2008). In our area, Antunes et al., (2020) has shown recently
that the latest earthquakes around Geneva are in pure strike-slip mode, located not far from the
Vuache FZ and are possibly rooted in the basement (at around 7+/-2km depth below surface).

Much of the seismic activity is however, measured inside the detached Mesozoic-Cenozoic cover,
mostly concerning strike-slip systems. For instances, in the Fribourg area with the study from
(Vouillamoz et al., 2017), or again in the Vuache FZ (Thouvenot et al., 1998) in relation to the
earthquake of Magnitude 5.3 of 1996. Similarly recent studies on seismicity were able to document
thrusting events in the detached and deformed sedimentary cover of the Jura along shallow dipping
thrusts (Deichmann et al., 2010).

The current tectonic activity supports the idea of an instability of the Alpine orogenic wedge proposed
by Mosar (1999) based on wedge modeling. The resulting current overall strike-slip mode (in overall
NW-SE Sh max orientation) allows actually to accommodate the compression and rotation of the
Alpine foreland (Baize et al., 2011; Gorin et al., 1993; Rabin et al., 2018). Moreover, a possible current
combination of thin-skinned and thick-skinned tectonic may be present in the western NAF (Guellec et
al., 1990; Mosar, 1999; Philippe et al., 1996; Schori, 2021).
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3. DATA INVENTORY — SEISMIC AND WELL DATA

The data inventory of the study area consists of a compilation of geophysical and geological data
implemented in GIS softwares (ArcMAP and Petrosys) and in the Kingdom software (IHS). The resulting
database represents all the input and knowledge data necessary for the progress of this study. Three
main types of data have been collected: seismic data, well data and surface data. See Appendices and
Enclosures for complete database details.

Concerning seismic data, except for 2D lines located in the Jura Mountains that were entrusted to the
project by the UNIFR, SIG company (based in Geneva) has provided all others 2D lines. Previous seismic
interpretation studies carried out on behalf of SIG (Clerc, 2016; Paolacci, 2012) had resulted in a first
set of substantial and well organized seismic databases, that were then transferred for the purposes
of this study. The latest database (Clerc, 2016) contained complete seismic datasets from Switzerland
as well as from France, thanks to a close collaboration between the SIG/UNIGE (Switzerland) and the
BRGM (France). As part of the international GEOMOL project led by Swisstopo in Switzerland
(Allenbach et al., 2017), this collaboration was made possible. An agreement between UNIFR and the
former company Celtique Energie Petroleum Ltd (based in UK) defined the access to the seismic data
in the Jura part of our our investigation (surveys 80JU-81JU-83JU, see Table 3-1). The north-east part
of the Canton of Geneva is adjacent to the Canton of Vaud, whose seismic data are handled by the
“Musée Cantonal de Géologie”. SIG via GEOMOL project took care of data sharing between the two
Swiss Cantons (surveys 76-VD and 77VD, see Table 3-1). See App_01&02 for complete seismic data
tables.

Since 2016, SIG has mandated GGE Company (based in Geneva) for several geophysical and geological
studies, including a normalization (Hauvette, 2017) and a valorization through re-processing of the
seismic data. In afirst step, the normalization consisted mostly 1) in tying seismic 2D lines to a common
datum plane (500 or 1125 m a.s.l, see chap 3.2.6), 2) applying a unified nomenclature to all seismic
data types (processing versions, see chap 3.2.8) and 3) applying simple amplitude, frequency and dips
filtering in order to ease the seismic interpretation (see chap 3.2.8). This step concerned all seismic
data in France and in Switzerland. In a second step, the valorization of the seismic data was a more
complex process that involved the re-processing of all seismic data located in Switzerland and few
seismic lines in France, for those where raw data (acquisition data) were available (see 3.2.7).

Regarding well data, the collaboration between SIG and the BRGM via GEOMOL project has led to an
exhaustive database that contains all original well reports and logs (Brentini, 2018; Rusillon, 2017). SIG
has also mandated GGE for several studies in the petrophysics domain. The results of these studies
(GGE, 2018) were available for this work. See App_03 for complete well data tables.

Surface data used for this study stem from public geological maps, digital elevation maps, and maps
published in scientific literature. All data will be displayed in this study according to the more recent
Swiss coordinate system CH1903+/LV95.
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3.1 Historical context from oil and gas to geothermal exploration data

The interest in oil exploration in Switzerland developed mostly after World War Il, along with the
increase of consumption (cars and heating) with the aim of reducing the imported amount. It has led
to the drilling of 37 deep wells and the acquisition of around one thousand 2D seismic reflections lines
(around more than 15000 km total length) during the last century (Sommaruga et al., 2012). Despite
interesting oil and gas shows (Molasse in the Geneva area, Eclepens-Yverdon, or Aarau-Oftringen
area), no commercially exploitable reservoirs have been revealed (Leu, 2012). It may be explained in a
not favorable petroleum system, especially due to a lack of consistent traps, and to relatively low
reservoirs quality (porosity and permeability, Gorin (1989), Rusillon (2017)). However, these
limitations may also be related to several other factors, including a relatively moderate exploration
budget spent by oil and gas companies since the beginning of exploration compared to neighboring
countries such as Germany (Frey & Lahusen, 1994). This implies that many seismic sections are
outdated in addition to their moderate density. In that sense, several areas in Switzerland may be
considered as “under-explored”, with highly scattered or not deep enough wells (potential traps below
the Keuper unit). This means that the potential of Switzerland in oil and gas production may still be
revised in an optimistic way with a greater financial investment for exploration (more data available).

More recently, along with climate change and ecological issues, new society challenges have raised,
including the future exit of nuclear energy production or the expected neutral CO2 situation. However,
the exploration for local fossil fuel could still represent a relatively environmentally friendly solution
for a smooth energy transition toward more renewable energies. In that sense, since 2005, two third
of the Swiss Molasse Basin and the Jura Mountains are still ruled under eighteen exploration permits
managed by seven companie consortium. These different projects are now focused on looking for
plays, such as shallow conventional oil and gas in the Mesozoic-Paleozoic section of the Jura Fold belt
and in the northern rim of the Molasse Basin (SEAG, PEQOS, Celtique Energy (not longer active)), or
shallow heavy oil in the Cenozoic unit of the Geneva area (Tethys Qil), or deep conventional and
unconventional tight gas plays in the southern part of the Molasse Basin (Petrosvibri, SEAG, GVM).
Most of these projects are inactive, waiting maybe for the hypothetical future political discussions
around shale gas potential assessment. The latest oil and gas well was drilled in Noville (Noville-1, east
of Lake Geneva) in 2011 targeting tight gas in Paleozoic clastic rocks (the results of this drilling will soon
become public following the legislation of the Canton de Vaud that authorizes only 10 years of data
privacy). This inactivity of the oil and gas exploration is making room for a more promising energy
solution: geothermal energy.

Concerning the specific case of the Geneva Basin, neighboring France and Canton of Vaud have also to
be considered. Seismic acquisition in the Molasse basin near the GGB started with oil exploration
(PREPA, ESSOREP, RAP, BP-France) in France in the 1950’s until the 1980’s. In the Canton of Vaud,
several oil companies (SNPA, BEB SAHL, PREPA, and SHELL) have explored the subsurface during the
last decades. Nevertheless, it was already for geothermal exploration that the state of Geneva
managed the acquisition of the “GG87” seismic survey in 1987. Thereafter, “les services industriels de
Geneve” (SIG) took the lead of the subsurface investigation of the Geneva underground for gas and
geothermal energy, and started the acquisition of the “90” seismic survey in 1990 (see Table 3-1),
followed by the drilling of the first deep exploration well in the Canton Thénex-01, in 1993 (see Table
3-2). Since the 2010’s SIG is very proactive in developing the knowledge around the geothermal
potential of the GGB. In that sense, forty seismic lines (total length of 358km) were acquired in
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collaboration with local contractors Geo2X-Galliego and Geoexperts. During these decades, UNIGE has
played a key role in compiling knowledge derived from these seismic lines (e.g. Clerc & Moscariello,
2020; Gorin et al., 1993; Paolacci, 2012; Signer, 1992 and references therein).

3.2 2D Seismic reflection profiles

3.2.1 Principles of seismic reflection (onshore acquisition)

Seismic reflection data are obtained by imaging the subsurface using near vertical artificially generated
seismic waves to detect impedance contrasts. In our case of onshore (land) configuration, seismic
waves are sent from topographical surface downwards with the help of several kinds of energy sources
such as vibrator trucks, dynamites or weigh drops (Figure 3-2). Then, interfaces of sufficient accoustic
impedance change in the subsurface allow to reflect the seismic information upward, recorded back
to the surface via geophones (detectors). The accoustic impedance represents the opposition that a
medium (material, or rock) present to a seismic wave going through it. It is caracterized by the velocity
of the seismic wave through the medium (rock) multiplied by the density of the medium. In that case,
a sharp seismic reflection would be generated for instance from an interface of a clear change of
lithology, such as passing from a soft sand to a massive limestone (Figure 3-1).

The first resulting image is usually in the time domain (vertical scale), or two-way-traveltime (TWT)
domain that corresponds, to the time that the seismic wave takes to go downwards until the reflection
point, then upwards to reach the geophone. It is possible to convert a seismic section from the time
domain to the depth domain (from seconds to meters) using a velocity model, see chapter 5.1. The
horizontal scale of a seismic image is in meters.

The seismic reflection method provides the highest resolution images of the deep subsurface (several
km). As explained by Mooney et al., (2002), there are two reasons for this. The first reason is that this
method uses densely recorded data from closely spaced shots (5m-40m in our study, see App_01) and
seismic recorders (geophones; 2.5m-30m in our study). The second reason is that the seismic reflection
method uses high frequency seismic energy (8—80 Hz for a classic vibrator linear Up-sweep, example
of survey “18SIG” relatively similar to the other surveys of this study) which resolves features as thin
as 10-15 m at shallow depth (0-500m), and as 20-30m at great depth (500m-3km, SEG Wiki (2018)).
The resolution is much higher than refraction imaging, which is more adapted to velocity modeling of
shallow targets (0-500m depth, (Frei, 2019)). The seismic reflection image is obtained after a specific
data processing that allow displaying acoustic impedance contrast as vertical amplitude trace wiggles
(Figure 3-2).
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Figure 3-1: Seismic reflection principle: a seismic wave is reflected at a sufficient acoustic impedance contrast (redrawn from
Simm & Bacon (2014).

Figure 3-2: Seismic acquisition scheme and resulting amplitude trace wiggles from four folds (redrawn and modified from
Simm & Bacon (2014)).

30



Data inventory — seismic and well Data

3.2.2 Seismic data resolution and quality types

The type of energy source, and the acquisition scheme/ geometry have a direct control on image
resolution, image quality, and depth of penetration (Yordkayhun et al., 2009). Vertical resolution is
controlled by the frequency band of the source (Figure 3-3), whereas target depth and acquisition
parameters also influence the spatial resolution (Figure 3-1 and Figure 3-4).
Therefore, before a seismic acquisition, choices must be made in terms of:

- Energy power, quantified by the energy density (energy per unit volume) which is proportional
to the square of the amplitude within the same medium (Sheriff, 1975; Telford et al., 1990).
This means that, the more the energy power is high, the more the amplitude of the reflections
will be high.

- Frequency broad bandwidth, characterized by the dominant frequency of the signal. Seismic
attenuation, due to absorption increases exponentially with increasing frequency of the
seismic signal. This means that, it is possible to obtain a good seismic image at great depth,
only if the dominant frequency of the source signal is limited.

- Acquisition scheme, defined by the spacing distance between two sources, and between two
receivers. The denser (small spacing distance) it is, the higher the resolution will be at shallow
depth (Figure 3-6).

Amplitude depends also on geological factors (subsurface, such as reflector curvature and rugosity
(Figure 3-4), but they will not be detailed on this report.

Figure 3-3: The vertical seismic resolution of a seismic reflection image is defined by the Rayleigh’s limit that explained that

in order to identify two distinct seismic events, they should be separated by the quarter of the wavelength A/4 (modified
after SEG Wiki (2018)).
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Figure 3-4 : Signal attenuation is increasing with increasing of the dominant frequency. This figure is modified from Sheriff,
(1975).

As a reminder, three main types of energy sources exist for land acquisition; vibrator trucks, dynamite
and accelerated weight drops (Figure 3-5 and Figure 3-10). Dynamite (explosives) method has on the
one hand, the advantage to be high energy and high bandwidth seismic sources, but on the other hand,
it is a financially expensive method with complex permitting operations. These are the main reasons
why this method, that was often used before the 1970’s, has been progressively replaced by
alternatives, such as vibrators or weight drops. The type of seismic source is described for each line of
the project in Table 3-1. We can observe on our dataset that dynamite data and vibrator data have
quite similar resolutions, even though dynamite data seem to have greater depth penetration (Figure
3-5). As for weight drop data, it allows imaging high resolutions reflections at shallow depth that the
two other methods can not produce. These observations are in line with the three main parameters
that control the seismic resolution as described above. Weight drop data generates high frequency
and relative low energy signals that limits the depth penetration as well as the amplitude value of the
signal. Nevertheless, the dense receiver and source spacing gives as a result, high-resolution image at
shallow depth. On the opposite, the two other methods described have high resolution and amplitude
at great depth, due to high energy and low frequency energy source; but they have limited resolution
at shallow depth because of relatively large acquisition bin spacing.

The length of the seismic profiles has a significance in terms of ratio about the number of full fold
traces against the cost of the acquisition. As a reminder, a fold (glossary.oilfield.slb.com) is the
measure of the redundancy of common midpoint seismic data, equal to the number of offset receivers
that record a given data point or in a given bin and are added during stacking to produce a single trace.
Typical values of fold for modern seismic data range from 60 to 240 for 2D seismic data, and 10 to 120
for 3D seismic data. The fold of 2D seismic data can be calculated by dividing the number of
seismometer groups by twice the number of group intervals between shotpoints.

Indeed, if we consider two seismic lines from the same survey 18SIG_003 and 18CPG_001, the first
one having a length twice bigger than the second, as displayed on the Figure 3-7, line 18SIG_003 will
have eight times more full fold traces than line 18CPG_001. Even so, these two lines had a very similar
cost (only use of several more geophones for the longer line).
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Figure 3-5: Influence of the seismic source type on seismic resolution. Dynamite and Vibrator data have a high resolution
(quality type 1) in the TWT interval [0.4-1.2], and limited resolution (quality 2) in the shallow part [0.4-1.2]. Dynamite data is
the only of the three methods that highlights seismic reflections (quality 2) in the very deep part [1.4-1.2], whereas Weight
drop method is the only method that highlight continuous reflections in the shallow part [0-0.4]. See Figure 3-13 for
localisation of the sections. See respectively Encl 76, Encl 22, and Encl 16 for detailed seismic interpretation of lines SJ1U4,
18SIG_004 and 15SIG_016. Seismic quality is here analysed vertically to show the influence of seismic sources on the vertical
resolution and wave penetration, whereas Figure 3-8 present the overall seismic quality types (average of the quality types
on the whole sections, from shallow to deep parts).

Consequently, acquisition parameters should be adapted to the target depth and resolution. As it is
always complicated or even sometimes not possible to have a high resolution at all depth,
compromises on the choice of these parameters are usually necessary. As many parameters are
involved in the definition of the resolution of a seismic section, it has been decided to use a simple
classification of the quality of each seismic data, divided into three groups. The definition of the three
quality types (concept following the study of Sommaruga et al. (2012)) is based on visual characteristics
of the seismic section, therefore it is a subjective attribution. It allows appreciating the interpretability
of a profile, which is the ease to follow a seismic reflection laterally (lateral continuity) during the
interpretation process of seismic horizons (Figure 3-8 and Figure 3-9):

- Quality type 1: it corresponds to the best quality type. Such seismic sections, contain an overall
good lateral continuity, and therefore a high signal to noise ratio, that enable to pick very easily
most of the seismic horizons of the Mesozoic layers. A simple criterion to classify a section in
this category is when the autopicking tool can be applied to interpret several seismic horizons.

- Quality type 2: it represents intermediate quality type. The seismic section possesses now
seismic noise perturbating the signal, and the automatic picking tool (the Kingdom software)
cannot be applied for interpreting seismic horizons. Interpreted horizons segments may be
linked manually in order to obtain continuous interpretation through the section. However, all
Mesozoic horizons can be interpreted.

- Quality type 3: it concerns very noisy, low resolution seismic lines, that are very difficult to
interpret. The continuity of seismic reflections is poor, and only few Mesozoic seismic horizons
are able to be interpreted.
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Figure 3-6: Highlight of the influence on seismic resolution and depth penetration of the following parameters; acquisition,
bin spacing on the target depth, frequency bandwidth of the signal, and the energy power of the input signal coming for both
cases from a the vibrator method. Left image: High frequency and low energy force from the source will increase the
amplitude attenuation and depth penetration (black arrow). However, this configuration added to a dense acquisition
spacing, allow a high resolution of the shallow part [0-0.4s] (white arrows). Right image: Lower frequency and higher energy
force increase the resolution of the image ate greater depth (black arrow), however the larger acquisition bin spacing reduces
the resolution at shallower depth [0-0.4s] (white arrows). See Figure 3-13 for localisation of the sections. See Encl 31 for
detailed seismic interpretation of line 18SIG_014.

A seismic survey can be defined as a group of seismic profiles that were acquired during the same
acquisition campaign using very similar acquisition and processing parameters. Each seismic survey,
will then have by definition a specific resolution, following what has been explained in the above
paragraphs. The main acquisition and processing parameters are sum up in Table 3-1, and allow to
make the link with the actual resolutions of each survey. Here is a description of the column’s titles of
some of the parameters present in the table:

- Stackdata (S, see Table 3-1) corresponds to the first raw result of seismic processing. Migration

(M, see Table 3-1) is the main next step tool used in seismic processing to get an accurate
picture of underground layers, with a lateral and vertical repositioning of all seismic events at
their right locations (see 3.2.7).

- Sample interval in seconds corresponds to the TWT interval in between each amplitude value
along seismic trace composing a seismic profile.

- The datum plane defines the elevation in meters corresponding to the vertical origin of the
time domain of a seismic section (see chap 3.2.6).
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Figure 3-7: Fold coverage of seismic 2D profiles from acquisition in the GGB in 2018. Line 18SIG_003 (A) is approximatively
twice longer than line 18CPG_001 (B). The acquisition parameters of this survey result in a full fold coverage of 136 traces
after the first 272 first traces on each side of the profile. On line 18SIG_003 around 800 traces in the middle part of the profile
are full fold traces against only around 100 full fold traces for line 18CPG_001. It shows the advantage of acquiring as long as
possible 2D profiles, as for very similar costs seismic line 18SIG_003 is twice longer than line 18CPG_001 and will have around
8 times more full fold traces. See Figure 3-13 for localisation of the sections. See respectively Encl 21 and Encl 33 for detailed
seismic interpretation of lines 185IG_003 and 18CPG_001.

35



Chapter 3

- Thereplacement velocity is the interval velocity (in m/s, constant value per survey) that is used
during seismic processing in between the datum plane and the smoothed topographical
surface in the time domain (used during the static correction process).

- Phase shift, in degrees, is the rotation of the phase applied on the whole seismic section. A
phase shift of 180 degree corresponds to an inversion of the polarity (sens in which the seismic
wiggle is drawn in the seismic profile)

- Energy source is the type of machine used to send seismic signals through the subsurface
during seismic acquisition.

- Quality type is a value between 1-3 that describes the resolution of the seismic profile and the
interpretability of it. 1 being the best quality type (Figure 3-8).

Seismic line names of one seismic survey begin with the same or similar prefix (survey name) followed
by numerical suffix, that differentiates each individual seismic line. For the specific case of 14-15-16-
17-18-20SIG survey lines, a specific nomenclature (Hauvette, 2017) has been applied on the numerical
suffix. The first digit of the suffix is either 1 for seismic sections acquired with a focus on Quaternary
layers (also the case for lines with suffix finishing wit the letter Q), or 0 for seismic lines acquired for a
subsequent interpretation of the whole Mesozoic layers pile.

Figure 3-8: Seismic quality classes, 1-2 or 3, respectively on image from left to right. Quality type 1 correspond to seismic
images with an overall very good lateral continuity of the reflections in the entire Mesozoic layer. One seismic line can be
classified in this quality type 1 if several horizons in the Mesozoic cover can be interpreted using an automatic picking tool
(The Kingdom Software). Quality type 2 defines seismic lines that contains a moderate lateral continuity of its seismic
reflections. Horizons of the Mesozoic cover may be interpreted in most parts of the seismic line, mostly using a manual picking
mode. Quality type 3: seismic lines of this class are very difficult to interpret because of the high noise presence that allow
interpreting only partly the horizons. Horizons segments are then sometimes linked together by pure deduction. Note that
for the three quality types it does not take into account the resolution of the Cenozoic and Paleozoic layers, as no horizons
are picked in these intervals. See Figure 3-13 for localisation of the sections. See respectively Encl 21, Encl 12, and Encl 59 for
detailed seismic interpretation of lines 18SIG_003, 15SIG_007 and 2CC1.

36



Data inventory — seismic and well Data

3.2.3 Seismic profiles from Canton Geneva

The seismic acquisition inside the Canton Geneva began several decades after the surrounding areas.
This can be explained by the fact that, no oil and gas exploration was run inside this Canton. In 1987,
the state of Canton Geneva ordered the acquisition by CGG ("General Geophysical company” based in
France, Massy) of seven seismic lines (“GG87” survey, 37km length) in order to find a location for a
potential geothermal drillhole. This survey was acquired using vibrators (sources) and processed under
a common datum plane of 300m a.s.l and with a replacement velocity of 3000m/s. UNIGE took care of
the initial seismic interpretation (Gorin, 1989; Signer & Gorin, 1995). Unfortunately, the original raw

Figure 3-9: Regional map with seismic profiles localisation and division according to their related quality types. Quality type
1: Good quality. Quality type 2: Intermediate quality. Quality type 3: noisy quality. See also Figure 3-8 for examples in section.
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Figure 3-10: Seismic basemap in relation to seismic acquisition energy sources. (coordinate system: CH1303+/LV95). See,
Table 3-1 for surveys descriptions and Figure 3-5 for explanations on impacts of seismic source types on seismic image quality.

acquisition data (on tapes) were never found again by SIG or UNIGE during the update of the seismic
database. Therefore no reprocessing of the data could be done, but only a digitalization of scans of the
paper profiles was achieved. However, these seismic data are of quality type 2 (close to a quality

typel).

The second seismic acquisition campaign conducted by Schlumberger (geophysics company, USA),
between the villages of Onex and Avully, occurred in 1990, with the same geothermal objective than
survey “GG87”, but was led by SIG. The resulting survey “90” (Figure 3-11 and Figure 3-13), which used
vibrators as source type, is composed of six seismic 2D lines (38km length), processed originally under
common datum plane of 300m a.s.| with a replacement velocity of 2500m/s. This survey was originally
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Figure 3-11: Seismic basemap with profiles sorted by survey names.

interpreted by UNIGE (Gorin et al., 1993). The survey belongs to the dataset that was reprocessed in
2017. The ”"90” survey is set up along the common datum plane 500m a.s.l and replacement velocity
3000m/s defined for this project (except for seismic lines located in the Jura, see chap 3.2.6).
Therefore, the original processing parameters of this survey will not be detailed in the rest of the thesis,
as it was replaced by a more recent reprocessing from 2017.

The third phase of land seismic acquisition of deep subsurface geothermal exploration, led by SIG,
started again with a more sustained rhythm from 2010 to 2020. This impulse in seismic acquisition has
been possible thanks to the close collaboration between SIG and the swiss geophysical company Geo2X
SA that was in charge of acquiring the following described seismic lines. Two lines from survey “THO”
(8km length, quality type 2) were acquired in 2010 with vibrator truck near Thénex-1 well, followed in
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Figure 3-12: Seismic basemap with profiles names and trace numbers. The localisation of figures are highlighted in red.
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Figure 3-13: Seismic basemap with profiles names and trace numbers. The localisation of figures are highlighted in red. For
legend and abbreviation, see Figure 3-12. See the App_01&02 for complete data tables.
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Figure 3-14: Seismic basemap with profiles names and trace numbers. The localisation of figures are highlighted in red. For
legend, see Figure 3-12. See the App_01&02 for complete data tables.

2014 by one seismic line in Chancy with a minivibrator, classified in the quality type 3 (Figure 3-11 and
Figure 3-13). This line 14SIG_001 mostly aimed at imaging the shallow subsurface (Quaternary layer).
In the same perspective, 5 lines in 2015 (25.5km, survey “15S1G WD”) and 6 lines in 2016 (12.5km,
survey 16SIG) were computed with the help of weight drops (WD) energy source. These profiles have
an interesting resolution for the shallow Cenozoic interval, but are defined by the quality type 3,
considering the poor resolution and continuity of the seismic reflectors in the Mesozoic series part.
During the same year 2015, an acquisition targeting the deep subsurface with vibrators (V) resulted in
8 seismic lines (30km length, survey “15SIG V”) distributed in the whole Canton Geneva (quality type
2). In 2017, one very short seismic line (0.5km, 17SIG_001) was acquired in the Meyrin area (district
around GEo-01 well) with a minivibrator, aimed at calibrating well GEo-01 (2017, see Table 3-2) located
in the middle of this small seismic line. It corresponds to a quality type 3, because of the shallow depth
penetration, mainly due to the very short geometry of the line. In 2018, a large seismic campaign
resulted in 15 seismic lines scattered through the Canton or in France, but very close to the Swiss
border. These survey “18SIG” (90km length) has a high resolution (quality type 1) thanks to powerful
energy source (20T two vibrator trucks) and adapted acquisition parameters. Indeed, dense source
and receiver intervals have resulted in a 6m CMP (Common-Mid-Point, see Figure 3-2) spacing to image
the near-surface geology, 0-300 ms. This survey “18SIG” constitutes the main new input data, which
enable us to propose a new structural interpretation of the GGB. In 2020, 4 seismic lines (quality type
2) were obtained by vibrator method, 3 lines in the Meyrin area, 20SIG_001, 20SIG_002 and
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Table 3-1: Description of acquisition and processing parameters per surveys for this study.
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20UNIGE_001 (organized by UNIGE in collaboration with SIG), and one line in France near the city of
Beaumont 20SIG_003. This latter is not located in Switzerland, but mentioned in this part as it belongs
to the same survey “20SIG”. The contractor company RTS has processed these seismic lines from 2020,
whereas the other seismic lines mentioned before have been reprocessed/processed by
GGE/Petrologic.

3.2.4 Seismic profiles from France and from Canton Vaud

Seismic lines in France are linked to the oil and gas exploration. The oldest survey of our dataset “1CC-
CC1-AC1” dated from 1957, are located mostly in the NE of our area of interest around the well
Messery-1 and few lines around Humily-1 well (Table 3-2, Figure 3-11, Figure 3-13 and Figure 3-28).
Even so they were acquired using explosives (powerful energy source), they have a very poor
resolution (quality type 3). Seismic surveys “SJ1V-SJ1U” acquired in 1970 (7 lines, 48km length) NW of
Geneva Canton around well Gex-1 (in the Molasse Basin), have a reasonable resolution (quality type
2). Near the border of the two countries, seismic survey “82GEX” (9 seismic lines, quality type 2) has
surely helped placing wells GEX in the early 80’s. Both seismic surveys “HR” and “83BV” cover the
Bornes Plateau area between the Saléve and the Subalpine Massifs. Survey “HR” acquired in 1967-68
has the highest number of lines of our database (38 lines) for a total length of more than 500 km of
seismic data. It has been classified in the quality type 2 because the majority of the profiles have an
intermediate resolution; however, some of them have been individually placed in the quality type 3
dataset. In 1988 and 1990 the two seismic surveys respectively “88SVO” and “90SVO” (8 lines each)
were computed and placed as a grid scattered in the Rumilly Basin and few near Humilly wells. They
have a good resolution (quality type 1-2). As part of academic projects, such as the ECORS (Bois et al.,
1986) or ALPS project (Schmid & Kissling, 2000), regional seismic lines were computed by gathering
several seismic lines. The resulting “EW” and “NS” surveys have each two very long lines that are
divided into several segments. These seismic surveys are of particular interest for the understanding
of the regional stratigraphic and structural configuration of the studied areas. In the Geneva Basin,
lines EW02 and NSO3 are particularly well placed to support the seismic interpretation. Finally, several
seismic profiles are located in the Jura part of the study area, forming the surveys “80JU-81JU-83JU",
and allow obtaining significant subsurface information north of the Geneva Basin, which is crucial for
proposing a regional structural cross-section. They have a quality type 2, however it has to be noted
that these profiles go through significant thrust structures below which the resolution necessarily
decrease. Hence, quality type of those lines takes into account the overall resolution of the profiles.

As for the seismic data from the Canton of Vaud, seven surveys (“72NY”, “76-VD”) in our database are
dated from the 1970’s, and represent 11 seismic lines for a total length of 150km. Their quality type is
between type 2 and 3. Three seismic lines (77-VD-03&04 and VD-P77AB001) have been acquired on
the Lake of Geneva (airgun energy source), and are focused on shallow layers (Quaternary lake
deposits, quality type 3).

3.2.5 Seismic Profiles Depth Converted (SPDC)

All seismic profiles of the database described in the above paragraphs are processed in the time
domain (vertical scale in seconds). A specific workflow has been developed in this study in order to
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convert from the time to the depth domain (vertical scale in meters) a selection of seismic profiles
among the entire datasets. As the time to depth process is a time-consuming work, it was chosen to
apply it only on relevant seismic profiles. For more clarity this selection of seismic lines is named in the
study as the Seismic Profiles Depth Converted (SPDC). The choice of the selected seismic lines SPDC
was done in collaboration with other members of the tectonic working group of the UNIFR (A. Marro,
S. Borderie, A. Sommaruga and J. Mosar), in a way to choose as many as possible seismic lines oriented
NW-SE, parallel to the proposed cross sections elaborated by Marro (2021) (see Figure 6-54) and thus
parallel to the transport direction in the Alpine foreland. Several seismic lines, oriented NE-SW or E-W
were also necessary for the study in order to fully characterize the lithological layer sequence or the
tectonic structures, especially in the Internal Jura, in the Saléve region, and in the Molasse Basin of our
study area in the vicinity of the Jura first chain. The final depth converted seismic lines are intended to
constrain:

- The structural interpretation of the Mesozoic cover in the Internal Jura part NW to the Geneva
Basin (in collaboration with A. Marro). Here the seismic lines helped identify the geometry of
the main thrusts and back-thrusts;

- The depth of the various horizons in the upper most NW part of the Geneva Basin and the
depth of the near Base Mesozoic horizon in the Jura part were crucial inputs for the forward
modeling process of a NW-SE cross-section performed by A. Marro in the Move software.

- The depth model of the near Base Mesozoic horizon in the whole area (from Subalpine
Molasse region to the Jura). It has allowed evaluating the dipping angles of this surface in order
to contruct new kinematic and balanced cross sections and to investigate the state of stress in
the Alpine forleand (in collaboration with S. Borderie).

A total of 44 seismic reflection profiles with a total length of more than 500km, located between the
Subalpine Massifs and the Internal Jura have been integrated in the database and depth converted in
this study (Figure 3-15). One specific line of the list is a combined seismic lines named EW02_W which
is an “arbitrary line” (term used in the Kingdom software), and which means that it is a combination of
several parts of various seismic lines. This line is built in great majority with line EW02 (83km out of
89km total length), but slightly deviated in the Saleve area, going through very small parts of lines
88SV09, 885V06, and HR530 (6km long for the three small parts). The composition in traces of this
arbitrary line is the following: line EWO02 (trace range 1-4284 and 4542-5832), line 885V09 (trace range
4285-4349), line 885V06 (trace range 4350-4525), and line HR530 (trace range 4526-4541). This was
achieved, in order to avoid artefacts located in this part of seismic line EW02, due to the high lateral
velocity contrast created by the Saléve structure.

This selection of depth converted profiles (SPDC) can be subdivided into five groups, in relation to their
datum plane, their velocity model, and their geographical location (see chapter 5 and Figure 5-3). The
group SPDC1 corresponds to the dataset of the Jura Mountains seismic lines with datum 1125 m a.s.|
(along with a replacement velocity of 4500m/s). Groups SPDC2 and SPDC3 respectively correspond to
the datasets of lines in the Geneva Molasse Basin and in the Subalpine Molasse, both using the datum
plane 500 m a.s.| and replacement velocity 3000 m/s. Group SPDC1 and SPDC2 both use only velocity
data from well Hu-02 for the subsurface velocity model, whereas the group SPDC3 velocity model is
based on velocity information from well FAY-1. SPDC4 and SPDC5 are respectively located in the
Rumilly Basin (velocities from well CHY-1) and in the southern part of the Jura of our study area
(velocities from LCD-1). The velocity modeling around the depth conversion is detailed in chapter 5.
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Figure 3-15: Seismic basemap of groups of Seismic Profiles Depth Converted (SPDC) among the entire seismic dataset.

3.2.6 Datum plane and misfit correction

As explained in 3.2.3 and 3.2.4, the seismic dataset consists of several distinct surveys acquired from
different periods from the 1950’s to nowadays, and processed by different companies. This
heterogeneity of seismic surveys in terms of processing and acquisition involves vertical adjustments
of each survey in order to consider common datum planes for a correct seismic interpretation.

The first step is to consider common datum plane and replacement velocity. In fact, two datum planes
were set up; one at 1125 m a.s.| (along with a replacement velocity of Vrepl=4500m/s) for seismic lines
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Figure 3-16 : NW-SE cross section going along seismic profile 80-JU-01 (left of the image), and seismic line 185I1G_003 (on the
right). We can observe the difference of the topographical elevation between the Jura part (left) with the Geneva Basin (on
the right). It explains the difference in the seismic datum planes defined for the project (origin of vertical scale in TWT (s))
from 1125 m.a.s.l in the Jura to 500 m.a.s.l in the Geneva Basin. It allows to have datum planes above the topography and
use a replacement velocity in between. See Figure 3-12 and Figure 3-13 for localisation of the sections. See respectively Encl
37 and Encl 21 for detailed seismic interpretation of lines 81-JU-06/80-JU-01 and 18SIG_003.

Figure 3-17: Theoretical formula used for a first rough (100ms precision) bulk shift applied on seismic lines that need
adjustments; those who have not been processed with the same defined datum plane and replacement velocity than those
of this project. This formula does not take into account the replacement velocity of the seismic profile to adjust, hence a
manual supplementary bulk shift needs to be applied.
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Figure 3-18 : Example of seismic profile GG87-03 (left of each figure), that was processed with the datum plane 300m a.s.|
and Vrepl=3000m/s, and need to be adjusted for the defined datum plane plane 500m a.s.| and Vrepl=3000m/s. Seismic
profile 18SIG_010 (right of each figure) is used as a reference profile for the tie, as it was processed for the defined datum
plane and Vrepl for the project. The first step is to shift the seismic profile using the theoretical calculated value, that bring a
first rough value for the tie. The second step corresponds to a manual shifting of the profile GG87-03 based on a visual
adjustment to correlate identical seismic reflection together from each profile. See respectively Encl 67 and Encl 28 for
detailed seismic interpretation of lines GG87-03 and 18SIG_010.

located in the Jura Mountains, and a second datum at 500m a.s.| (along with a replacement velocity of
Vrepl=3000m/s) for all the rest of the seismic lines (Geneva Basin, the Subalpine Molasse part, Rumilly
basin part, see Table 3-1). The replacement velocity is a value of interval velocity used during seismic
processing in the layer between the datum plane (origin of the time domain scale of a seismic section)
and a near topographical horizon, in order to produce static corrections (vertical shift in seismic to
bring a specific point into alignment with some common elevation feature (Marsden, 1993)). The
datum plane (also called Seismic Reference Datum: SRD) corresponds to the origin of TWT (TWT=0s)
on a seismic section in the time domain. This flat surface (SRD), in the depth domain, is usually placed
above the topography in order to ease the processing but also to avoid velocity artefacts in the shallow
geology. Considering the average elevation of the topography in the Geneva Basin (400-550 m a.s.l)
and in the Jura Mountains (550-1300 m a.s.l) in our study area, it was necessary to use two different
datums (Figure 3-16).

In a second step, once the seismic datum planes and replacement velocities are defined for each
survey, it is necessary to adjust vertically all seismic lines that were not processed with these two same
defined criteria. The best but complex solution to achieve this, would be to change and adapt the
whole static corrections (seismic pre-stack processing step), which means correcting vertically and
individually each trace of the seismic lines considering the topography/ datum plane/ replacement
velocity and weathering shallow layer. Otherwise, the vertical bulk shift method is the easiest and time
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Figure 3-19: Specific case where the theoretical formula for first rough bulk shift can not work; when the datum plane of the
seismic line to adjust is the same than the defined datum plane, but with a highly different Vrepl. Here datum plane 500m
a.s.| but Vrepl (4000m/s) for SJ1U4 against 3000m/s for the defined Vrepl as 18SIG_004. A manual shift is then necessary. See
Figure 3-13 for localisation of the sections. See respectively Encl 22 and Encl 76 for detailed seismic interpretation of lines
18SIG_004 and SJ1U4.

saving post-processing solution for such adjustments, with a precision estimated around 10ms. A first
value of bulk shift can be theoretically calculated, using a simple formula that takes into account the
defined datum plane (=new SRD) and replacement velocity (Vrepl) with the datum plane that was used
during the processing (=old SRD) of the seismic section (Figure 3-17). This formula’s main limitation is
that it does not consider the replacement velocity of the processed seismic lines, which gives an
evaluated 0.1s precision to this first rough theoretical bulk shift method. This lack of precision entails
the necessity to apply an extra manual bulk shift based on visual criteria. It consists of taking as
references, all seismic lines that were processed along with the defined datum plane and replacement
velocity (respectively 500 m a.s.| for and 3000m/s for most of the lines). These reference lines don’t
need further adjustments as they are already corrected by nature during their seismic processing.

Then, all intersecting seismic lines that need adjustments, are bulk shifted until most of identical
seismic reflections on both lines around the intersection are aligned together (Figure 3-18 and Figure
3-19). This process is then achieved iteratively on the next intersecting seismic lines that need an
adjustment, following a closed loop if possible.
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Figure 3-20: Example of remaining misfit between two perpendicular seismic profiles (9001 and 9006), that were both
processed under the same defined datum plane (500m a.s.| and replacement velocity 300m/s). We can observe that on the
stack version of both lines, seismic reflections are perfectly fitting together on each side of the intersection (A), with a
precision less than 2ms. On the migrated version (B), the precision of the match between seismic reflections on both sides of
the intersection is increased by 10ms. It comes from the migration tool that moves laterally the image points differently on
both lines, and creates this misfit. See Figure 3-13 for localisation of the sections. See respectively Encl 01 and Encl 05 for
detailed seismic interpretation of lines 9001 and 9005.
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Even after datum planes and misfit corrections applied on all the studied seismic profiles, a remaining
misfit can be estimated around 10ms. This misfit seems to be accentuated on migrated versions of
seismic lines, compared to stack versions (Figure 3-20). It can be explained by the fact that the
migration operator tool is a 2D (XZ) tool that is applied individually on each seismic lines, depending
on each velocity model.

3.2.7 Seismic data processing

In 2017, the main assessment made on the seismic database of the GGB of SIG was that each survey
were very heterogeneous and not optimized in terms of processing quality, and vertical adjustments.
We have seen on the previous part 3.2.6 that even with appropriate datum and misfit corrections, a
non negligeable uncertainty remains, around 25ms. A common reprocessing applied on all available
lines, was the obvious solution to reduce this uncertainty about datum and misfits, but also to
homogenize and normalize the seismic images. This would clearly ease the subsequent seismic
interpretation, by facilitating the geological correlation of seismic facies or structures from one line to
another.

For that, DMT-Petrologic (geophysics/processing company based in Hannover, Germany) with the
supervision of GGE (Geophysics-Geology consultancy company based in Geneva) has achieved a
reprocessing in 2017 using the same imaging computation sequence for a selection of seismic lines. It
concerns all seismic lines inside the Canton of Geneva, except GG87 lines, because no raw seismic
tapes could be retrieved (see Table 3-1 for seismic surveys concerned). As a seismic processing always
need to be adapted to a targeted depth interval, the Mesozoic unit was chosen as the main focus of
this imaging work. However, several seismic profiles, that were acquired with appropriate parameters
for shallow imaging (dense source-receivers grid, see 3.2.2) were also reprocessed with a specific focus
on the Quaternary and shallow gas in the Molasse interval. Hence, three seismic lines batches were
produced with success, notably increasing the resolution for each of the target, in comparison with the
original processing (Figure 3-21 and Figure 3-22). Several processing steps have particularly
contributed to the improvement of the resolution; - the latest processing algorithm like CRS stacking
(Mann et al., 2007) which integrate in the stacking step, neighboring CMP gathers to increase of the
reflectivity contrasts ; - shallow layer tomography and statics corrections (Frei, 2019; Marsden, 1993).
PostSTM algorithm (post stack migration tool in the time domain) has proved to be the most efficient
migration tool, even if PreSTM (pre stack migration tool in the time domain) was also tested, but did
not show significant improvements (Cui & Margrave, 2014). The seismic processing is a mathematical
task applied on wave physics, which often lack of geological input. That is why this work was done
under the supervision of GGE company, so that iterative tests could have been done using geological
expertise of GGE, as a complement to the more mathematical part from the processing operator. For
concrete examples, advice was given by GGE to DMT-Petrologic to correct velocity anomalies creating
wrong geological structures, not in line with the geological settings, or to correct the over-artificial
reflector continuity that was hiding geological facies changes or small-scale faults. Concerning another
target of imaging, some shallow gas anomalies were also noticed on several seismic profiles (see
chapter 4.1.11), matching well hydrocarbon indications. The specific imaging of this is better
highlighting the anomalies detected.
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Regarding the data types of the whole database (type of data processing products), stack (named
B8 Stack) and/or migration data (named D8 PoSTM or D8 PreSTM) are available (see 3.2.8 for
nomenclature), depending on each survey (Table 3-1). In general, migration data is preferred for the
interpretation, as it corresponds to the most elaborated data (among other process; removal of
diffraction hyperbolas (Figure 3-24) and more correct lateral and vertical placements of the image
points). However, when available, stack data were often used in addition to migration data, because it
may own sometimes a better geological grain very useful for seismic facies analysis (Figure 3-23).

Figure 3-21: Seismic line 9001, before (top) and after (bottom) reprocessing (2018 by Petrologic). On profile 9001, seismic
reflections, have an increased vertical resolution, with a better geological grain (facies) of the image. See Figure 3-13 for
localisation of the sections. See Encl 01 for detailed seismic interpretation of line 9001.
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Figure 3-22: Seismic line 15SIG_008, before (top) and after (bottom) reprocessing of 2018 (by Petrologic). On profile
15SIG_008 we can observe that the reprocessing has increased the lateral resolution with a better continuity of seismic
reflections. See Figure 3-13 for localisation of the sections. See Encl 13 for detailed seismic interpretation of line 155IG_008.
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Figure 3-23 : Seismic line 18SIG_010 stack version (B8_stack_t) on bottom and migrated data on top (D8_PoSTM_t). The stack
version may have in some part a better geological grain useful for seismic facies interpretation. It can be explained by the fact
that migrated algorithm is increasing artificially (and sometimes in excess) the continuity of the reflectors. The yellow arrows
are pointing clear clinoform features very sharply imaged on the stack version, in comparison with the migrated data that
smooth and increase slightly the continuity of the seismic reflectors. See Figure 3-13 for localisation of the sections. See Encl
29 for detailed seismic interpretation of line 18SIG_011.
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Figure 3-24: Seismic lines 885V08 stack version (B8_stack_t) on top and migrated data on bottom (D8_PoSTM_t). The stack
version contains clearly, on this line, diffraction hyperbolas that are compensated or fully removed on the migration version.
Diffraction is created by small scale changes in the seismic reflectivity, such as faults, fractures, channels and rough edges of
salt bodies (Bashir et al., 2020). Diffraction hyperbolas on the stack version could lead to a wrong interpretation of the seismic
feature. It may appear at first sight on the stack version that shallow thrust are present on the section (yellow arrows / around
near Base Cenozoic horizon), but we can see on the migrated version that it looks more like sedimentary infill (Siderolithic
channel?, see chapter 4.1.10) on top of an erosional surface. See Figure 3-14 for localisation of the sections. See Encl 52 for
detailed seismic interpretation of line 88SV0OO08.
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3.2.8 Post-processing filtered seismic data and data nomenclature.

A post processing filter is a fast and efficient way to improve or normalize the image quality of seismic
section without going through a long and costly complete new seismic processing.

The frequency range of seismic lines of the database is heterogeneous due to various processing. In
order to facilitate the comparison and correlation between seismic lines, it is better to have as many
as possible similar frequency ranges for all lines. Hence, we have applied band pass frequency filtering
(1-18-60-65Hz) to all available seismic lines that had not been reprocessed (reprocessing of Petrologic
in 2018 created also a similar filtered version). This filter consists in removing low frequencies
(progressively <18Hz) that may remove otherwise the details of higher frequency ranges. It removes
also very high frequencies that correspond usually to ambient noise signal (Figure 3-25).

In the same idea of normalizing as much as possible available seismic data, the AGC tool (Automatic
Gain Control) that allow to balance the amplitude along each seismic trace with a time gliding window
length of 400ms. In fact, a mean value of amplitude is calculated inside this time window and then a
scale factor allows normalizing the amplitude to a constant value, usually equal to 1. This filter yields
higher amplitudes in areas of weak amplitude value (usually noisy areas), which improves the quality
of the image for an easier interpretation (Figure 3-25)

Another post processing very efficient filter to improve artificially the continuity of the reflections is
the dip steered median filter. It was used and applied on all available seismic lines before the
reprocessing of numerous seismic sections done in 2017, as explained in part 3.2.7. Technically, it first
calculates the dip angle in between identical neighboring seismic reflections throughout the whole
seismic section (Figure 3-26). Then it filters all seismic signals that are out of a defined dip angle range
(dip angle >70°). It is an edge preserving smoothing filter that enhances laterally continuous events
and removes random noise. It isimportant to keep in mind that these kinds of filtered data may contain
artefacts due to the smoothing of the reflections. It is used as a secondary and complementary data
type version.

A specific and precise nomenclature has been elaborated in order to characterize all various seismic
data processing versions. Here are the major ones:

- B8_Stack_t: Stack version in time domain

- B9 _Stack f_t: Stack version filtered in frequency and AGC in time domain

- B10_Stack_t: Stack version + dip filter in time domain

- B11_Stack_f_t: Stack version filtered in frequency and AGC + dip filter in time domain

- D8 PoSTM_t: Post stack migrated data in time domain

- D9 _PoSTM_t: Post stack migrated data + filter in frequency and AGC in time domain

- D8_PrSTM_t: Pre stack migrated data in time domain

- D9 _PrSTM_t: Pre stack migrated data + filter in frequency and AGC in time domain

- DB8_d: Stack or migrated data converted into depth domain with velocity model 1 (see chapter
5)

All the mentioned seismic data are loaded and clearly sorted in the Kingdom software interpretation
project. A combined use of all different versions and data has been done during the interpretation
process.
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Figure 3-25: Seismic section GG87-02 available processing migrated version D8_PoSTM (top), compared to the same data
with an additional frequency and AGC filtering (bottom). We can see on the filtered version that noise is very slightly
attenuated (very high frequency range filtered), and that the amplitude is better balanced throughout the whole section. As
a consequence in the zone pointed by the yellow arrow, the reflections are slightly clearer. See Figure 3-13 for localisation of
the sections. See Encl 66 for detailed seismic interpretation of line GG88-02. nBQ = near Base Quaternary horizon, and Topo
= Topographical horizon.
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Figure 3-26: Seismic section GG87-01 available processing data (top) compared with the same data with an additional dip
steered median filter applied on it (bottom). The filtered data has clearly more continuous reflections, and ambient noise has
been very much attenuated. This data is used only as a secondary data, to ease in some specific cases the horizon
interpretation. But it is important to keep in mind that this kind of data may bring also artefacts created by these artificial
filtering. See Figure 3-13 for localisation of the sections. See Encl 65 for detailed seismic interpretation of line GG87-01.
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3.2.9 Incoming 3D seismic (2022)

For several years, SIG has prepared the acquisition of a 3D seismic survey over a major part of the
Geneva Canton. When writing the manuscript of this work, this seismic 3D data was not available, as
it was acquired from September 2021 until end of 2021, hence it was not intended to be incorporated
to this study (DT de Geneve & SIG, 2022).

Although the actual density of 2D seismic data is quite high, the uncertainty related to the correlation
of fault indications or seismic facies from one line to another remains relatively high. It is mainly due
to the singular spatial distribution of 2D seismic lines (not a regular perpendicular grid) and the
heterogeneous quality and geometry of the data. A 3D seismic acquisition is the best method for
reducing considerably these uncertainties related to spatial geological correlation. In fact, the
resolution of seismic sections of a 3D survey (inline or crossline) remains approximatively the same
than for 2D seismic section, but it is the quantity of data, which is tremendously higher. It should allow
picking up small-scale lateral heterogeneities or discontinuities with a high reliability. For instance, it
may help identifying coral reef lateral extensions of the Upper Malm unit, or it should give the exact
geometry of all main faults in the Geneva Canton.

Similar to 2D seismic, the 3D acquisition grid scheme needs to be adapted to the depth of the target
levels (Figure 3-27, (Ashton et al., 1994; Vermeer, 2003)). As the Mesozoic cover is developed as a
monoclinal structure dipping SE under the Geneva basin, a larger acquisition grid of 240mx240m
(source-receivers spacing) is considered in the SE part of the survey (deeper target), compared to a
160mx160m bin size in the NW part of the survey (shallower target). Moreover, seismic acquisition
inside the city center of Geneva is a great challenge due to the high constraints on roads.

Figure 3-27: On the left part, the proposed 3D seismic survey design (which in the end was chosen slightly differently from
the extent of the polygon presented), notional parameters. On the right part the very dense acquisition grid that will tackle
all the subsequent surface issues (DT de Genéve & SIG, 2022).
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3.3 Well data

In Switzerland and in neighboring France, the drilling of deep wells (App_03, Table 3-2 and Figure 3-28)
was closely linked to oil and gas exploration (see 3.1). Several companies have followed each other
throughout the decades starting from the 1950’s, to explore the subsurface of the area of the study.
They all placed their wells according to the seismic acquisition and interpretation they had previously
completed. For example, Messery-1 and Mont-de-Boisy-1 were drilled northeast of the GGB
respectively in 1958 and 1959 in relation with the seismic campaign “1CC-CC1-AC1” acquired in 1957.
Similarly, the seven GEX-1->7 wells from 1959 (oil purpose) have followed the seismic acquisition of
survey “82GEX” in 1982. As explained in 3.1, the oil and gas exploration concerns only the French area

Figure 3-28: Basemap of all deep wells in Switzerland (red points) and in France (blue points).
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Table 3-2: Table listing and summary of well information considered in this study. Source: from SIG, GGE database and
literature (Gruber, 2017; Schori, 2021). Ref type = elevation reference type (start of depth measurment) between GL= Ground
Level, KB = Kelly Bushing (usually few meters above GL), TD = Total Depth. See the App_03 for the excel table and see Figure
3-28 for localization of the wells on map.

and The Canton Vaud. The Canton Geneva has only drilled geothermal wells, such as Th6nex-1 in 1993
(based on GG87 survey), or GEo-01&02 in 2017 and 2019. In both oil and gas or geothermal cases, the
depth of the drillings are adapted to specific reservoirs targets. Hence the total depths of the wells in
the database are quite heterogenous from Cretaceous layer to Paleozoic unit. As our shallowest
modeled horizon surface that needs a well tie is near Base Cenozoic, only wells that have reached at
least the Cretaceous layer, will be considered (51 wells). Only two wells inside the GGB have reached
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the Paleozoic Unit (HU-2 and FAY-1), against ten other wells of the database located outside the GGB
have also recorded the whole Mesozoic unit. The spatial distribution of the wells is not homogeneous
throughout the area of the study. As reservoirs traps sought consisted mainly in fold anticlines, wells
were principally gathered on main tectonic structures of the Molasse Basin (inside our study area).
Few wells are in the Jura part of our area of investigion (ex: CHT-1, LCD-1, BLU-1) but also very near to
the Prealps (FAY-1) or to the Subalpine massif (La Balme-1 or Brizon-1). These gives crucial constraints
points on all edges of our area’s polygon.

All basic well information are gathered inside Table 3-2, and are represented on map of Figure 3-28.
The main uses of formerly drilled wells in a seismic interpretation study consists in:

- Tying the interpreted seismic horizon surfaces in depth domain (corresponding to
approximations of stratigraphic main boundaries) to their corresponding well formation tops.

- Obtaining time/depth relationships from specific measurements made along boreholes such
as checkshots or VSP (vertical seismic profiles). This information is necessary to display well
data (in depth domain for the vertical axis, in meters) into seismic section (most of them only
in the time domain as vertical axis, in seconds). It also constitutes the major input for time to
depth conversion of the seismic interpretation or seismic profiles.

- Analyzing geological information about the stratigraphy or the tectonic settings of the area.
This information may be subsequently linked with seismic facies or structural seismic result of
interpretation.

- Studying the petrophysical properties and fluid occurrences of reservoirs (if drilled) through
well logs or tests, and possibly linking them to seismic specific features or anomalies.

A large part of well data were made available by SIG, after the gathering that was mainly achieved
during the GEOMOL project (Robin Allenbach et al., n.d.; Brentini, 2018; Clerc & Moscariello, 2020;
Rusillon, 2017). All original useful reports (scanned) were classified by well in the database transferred
by SIG. In addition to that, a substantial work was performed by GGE for well petrophysical studies
(GGE, 2018), whose results and data were fully available for this study (mainly well log data and result
of their interpretation).

3.3.1 Welllog data

GGE has compiled, processed, and interpreted most of the petrophysical data of the wells of our
database. Hence, all well logs measurements gathered from GGE have been incorporated into the
database of the projects and implemented into the Kingdom software Suite from HIS (version 2020).

On the one hand, the seismic profiles have the advantage to be 2D spatial data that allow easily
correlating spatially the seismic interpretation results. On the other hand, they are characterized by a
relatively low resolution (around 25m vertical resolution at 2000m depth below topography).
Moreover, they cannot give any information about petrophysical properties, such as porosity or
permeability. On the contrary, drillholes cores have very high resolution (<0.1m) but very limited
coverage (cores are often extracted only on few tens of meters). This comparison of resolutions allows
introducing the log data that lie just in between seismic data and cuttings or core data in terms of
resolution and coverage. We can estimate the coverage of the log data to less than 1 meter, for the
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extent of major logs that usually cover the majority of the drilled interval. In the Geneva area, logging
acquisitions strongly vary depending on wells and sections. For instance, in GEo-1, the following static
conventional logs were recorded (Figure 3-29):

- Caliper Geometric properties of the borehole (diameter, deviation, azimuth)

- Natural radioactivity of the rock (uranium, thorium and potassium content) = Gamma Ray (GR)
- Formation conductivity (RES, induction)

- Spontaneous potential (SP)

- Slowness of acoustic waves in the formation (DTC, part of neutron density separation logs NDS)
- Bulk density (RHOB, part of neutron density separation logs NDS) & photoelectrical factor

- Neutron hydrogen index (NPHI, part of neutron density separation logs NDS)

- Acoustic and optical image logs.

- Photoelectric Factor (PEF and CRIIO)

- Deep and shallow Dual Laterolog measurements (RD and RS)

Except from the sonic and density logs, these types of data, are not directly used in this study, however
they were all imported into the Kingdom software during the same import process. Therefore, they
will not be more detailed. The database is then complete for perhaps further studies.

Figure 3-29: Example of well logs display achieved by GGE (Martinuzzi & Sallier, 2018) on a certain interval run in GEo-01
(2018). Yellow stars correspond to increase in gamma ray values (GR), interpreted as increase in clay content (VOL WCTCLAY).
Reduction of effective matrix porosity (PHIE) is also interpreted over the same interval. PHI = pososity, K = permeability

GGE has also worked on generating composites logs (calculated, not measured) in order to fill gaps of
measurements of log data that can occur in some well sections. They used regional knowledge and
geological concepts in order compute them, which gives a complete set of well logs for the majority of
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the wells in our database. These complete logs are essential to perform well log correlations through
wells in the whole GGB. These are keys for understanding the regional geology, and predict the special
changes in rock properties, which cannot be done with seismic data only. The main outcome of this
work from GGE that is of our direct interest in this study, is the well formation tops collection for each
well that were obtained after high precision well logs correlation (Figure 3-30) (GGE, 2018).

The most important logs for our seismic interpretation study are the sonic (DT in ps/ft) and the density
(RHOB in g/c3) logs. It will be explained in more details in the chapter related to seismic to well tie (see
chapter 4.1), but they are essential for synthetic seismogram calculation in relation with calibration of
seismic profiles. These data are not always available for all wells.

Figure 3-30 : Well log correlation example of the main deep wells around the Geneva area. GGE has generated composite
logs for all wells with Mesozoic penetrations to help current and future work. RHOB = ublk rock density, GR = Gamma Ray,
DT = sonic log, Oxf = Oxfordian, Mesoz = Mesozoic, Paleoz = Paleozoic.

3.3.2 Image well log data

GGE has also achieved studies related to borehole imagery (BHI) which is a specific log acquisition that
gives very high vertical resolution optical and acoustic images of resistivity log (Figure 3-31). It provides
detailed structural interpretation and gives key information on nature, orientation and scale of fracture
sets and also possible compartments (see example of such interpretation in Lofi et al. (2012) and
Wenning et al. (2017)).

As for classic log data description (3.3.1), this petrophysical data are not directly used for our study of
seismic interpretation. Nevertheless, the final results of the image log data analysis run by the
petrophysical team of GGE, were used and integrated in our structural settings study. Indeed, after an
image quality control, GGE can produce a structural interpretation with the following results: a) Beds
and regional structure like shale intervals and determine dominant regional dips; b) Faults and
unconformities identification (generation of cumulative dip and azimuth vector plots); c) Identify
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Figure 3-31 : Example of image logs along well GEo-01 well, showing fracture and bedding indications. Display of BHI
(BoreHole Image log) are unrolled (360°) and oriented image of the borehole wall. ABI = Acoustic Borehole Image, OBI =
Optical Borehole Image.

Figure 3-32 : Fractures analysis run along GEo-01 well. Upper hemisphere of a Schmidt stereonet showing the orientations
and dips of the fracture planes interpreted in GEo-1. The rose diagrams represent the strike orientation of the fracture planes.
The dominant orientation of the fracture plane (strike direction is N-S to NE-SW. Two main orientations of the mineralized
fracture planes (strike direction): NE-SW, parallel to the non-mineralized fracture zone, ENE-WSW probably related to a
second set of fractures.
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fractures and fractures typing (open, closed, healed, etc.). These observations give also consequently
the maximum horizontal stress orientation.

The resulting beddings and fractures interpreted with this methodology can then be plotted and
classified considering their morphology (continuity, filling, displacement, dissolution, etc.) (Figure
3-32). The orientation and the depth of the visible fractures can be combined with the seismic
interpretation to obtain a full integrated study on different scales.

3.4 Surface data

Surface data consists in all the observations or measurements made at the topographical level such as:

- Stratigraphy surface field mapping (map 50k BRGM, or 25k Swiss geocover, (Guillaume et al.,
1972; Swisstopo, 2012))

- Structural surface field mapping (dip measures, fault indications, lineaments,
geomorphological features, (Charollais et al., 2013; Clerc & Moscariello, 2020; Donzeau et al.,
1998; Dupuy, 2006; Mastrangelo et al., 2013; Morend, 2000; Vernet et al., 1974).

- Digital elevation models (DEM) from satellite data (resolution of 5m for the French data (IGN,
2001), and 0.5m for the Swiss data in the Canton of Geneva (DT, 2013; Swisstopo, 2013).

All these data are integrated into the workflow as important additional inputs for the structural
investigation and understanding of the GGB (see part 6). The surface data have been collected into
the ArcGlIS database.

3.4.1 Previous work

Many field measurements and geological observations were conducted in previous years in our area
of investigation mainly by the UNIGE or from French geological offices that have led to numerous
publications (Favre, 2018). Only few of the latest works of the last decades were fully integrated in our
database. Thus, several maps from the literature were georeferenced and saved as Geotiff images in
the ArcGIS database originating from articles or reports from (Charollais et al., 2007; Clerc &
Moscariello, 2020; Donzeau et al., 1998; Dupuy, 2006; Mastrangelo et al., 2013; Morend, 2000; Vernet
et al., 1974).

3.4.2 New surface tectonic map

Our new surface tectonic map (Encl_MO02) integrates, in the ArcGIS database, all previously
mentioned data adapted or modified for our study:

- Stratigraphical mapping layer including an update and harmonization of the stratigraphical
data coming from heterogeneous inputs (French maps from 74, 73, 01 departments, Swiss
maps from canton of Geneva and Vaud. The harmonization is based on (Brentini, 2018;
Rusillon, 2017). The stratigraphical spatial distribution of the Molasse sediments under the
Quaternary deposits is proposed in this study, based on (Charollais et al., 2006, 2007) and our
own interpolation of Molasse information from outcrops and well data.
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Structural layers, such as dips data from several sources (no measurements have been
collected in the field for this study), fault/lineaments indications made by digitalizing
lineaments observed on the DEM or in the literature. The Jura part NW of the Geneva Basin
structural information comes also from collaborations at the UNIFR with colleagues of the
tectonic groups that were also involved in the study of this part of the Jura Mountains (Marro,
2021; Schori, 2021).

The dips of the bedding were interpolated in this study throughout our area and saved as
shapefiles. This work has allowed to draw our proposed fold axis of the Molasse unit, linked
also sometimes with Mesozoic bedding information.
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4. SEISMIC INTERPRETATION: METHODOLOGY

The seismic interpretation was performed on computer station from the UNIFR using the Kingdom
software from IHS Markit, with the license package Geophysics-Geology (Advanced). A project was
created in version 2020 of the software (named “01_Kingdom_Geneva_LH_PhD_Final.tks”) and set up
with the Swiss coordinate system CH1903+/LV95. All seismic and well data were imported into the
dedicated project as SEGY format, and well data as ascii or las format. Georeferenced maps (from
ArcMap or Petrosys softwares) have also been integrated into the Kingdom project as Geotiff files.

A conventional methodology was carried out for seismic interpretation (Figure 4-1). After the
calibration of seismic profiles using well data, seismic horizons are associated to specific seismic
reflections. Then they can be interpreted (picked) in relation with fault sticks along each seismic line.
This interpretation will follow stratigraphic and structural defined concepts. As already mentioned in
part 3.2.5, a disadvantage of 2D seismic profiles concerns misfits in between intersecting 2D sections.
The residual misfits entail necessarily horizon misties that can be corrected by a post-interpretation
method. Each step owns a certain range of uncertainty related to the vertical scale (TWT(s) or
depth(m)), that can be estimated in order to evaluate an overall uncertainty of the seismic
interpretation process.

4.1 Calibration of seismic profiles

4.1.1 Seismic to well tie

The seismic to well tie aims at associating a specific seismic reflection to an approximation of a
stratigraphic boundary. As a reminder, a seismic reflection corresponds to a contrast of acoustic
impedance (velocity-density factor, see chapter 3.2.1), and is characterized by an amplitude value, a
frequency and a phase along a seismic trace wiggle (Figure 4-2).

Few definitions for clarification of the terminology used about seismic image in this work
(https://glossary.oilfield.slb.com):

A trace is the seismic data recorded for one channel. A trace is a recording of the subsurface response
to seismic energy passing from the source, through subsurface layers, and back to the receiver.

A wiggle trace is a common seismic display that shows trace amplitude versus time as an oscillating
line about a null point.

Amplitude (A) is the difference between the maximum displacement of a wave and the point of no
displacement, or the null point. The common symbol for amplitude is a.

Acoustic impedance (Al) is the product of density and seismic velocity, which varies among different
rock layers, commonly symbolized by Z. The difference in acoustic impedance between rock layers
affects the reflection coefficient.

A sonic log is a display of traveltime of acoustic waves versus depth in a well, or acoustic logs display
velocity (usually in ps/ft orin m/s).
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Figure 4-1 : Flow chart of each methodological steps followed in this study.
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Figure 4-2 : A and B: a seismic wave signal is characterized by a amplitude value, a frequency (inverse of period) and a phase.
C: a polarity convention is needed for associating an acoustic impedance contrast with a related seismic signal. In our case,
the European convention (SEG negative standard polarity) zero phase has been defined for the polarity of seismic profiles
(modified after Cox et al., (2020)).

An amplitude peak or trough correspond respectively to a positive and a negative maximum of
amplitude. A zero+ and zero— are both associated to zero crossing amplitude (value of 0 amplitude)
respectively from a peak to a trough and from a trough to a peak.

The polarity conventions clarify the association between a seismic reflection and an acoustic
impedance contrast, in relation to the amplitude (sign) and the phase of the signal. Indeed, the polarity
of the raw seismic data may vary according to acquisition parameters (types of source/recorder), and
processing procedures. However, before acquisition a procedure of testing geophone could help
understand the polarity response. Moreover, during seismic processing, the polarity of the data can
be guessed by looking at the polarity of first breaks of the direct downgoing P wave near zero offset
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Figure 4-3 : Seismic to well tie workflow scheme. The acoustic impedance curve is the product of sonic and density logs. A
reflectivity series is obtained by a simple derivation of the acoustic impedance curve, and when convolved with a defined
seismic wavelet, it is possible to obtain a synthetic seismogram (trace) from well log data. This synthetic trace is then
compared with a seismic trace extracted from the closest seismic profile to the well. Note that the reflection coefficient (RC)
is calculated at each acoustic impedance (Al) contrast with the simple formula displayed in the middle of the figure (modified
after Cox et al., (2020)).

on common-receiver gathers (Brown et al., 2000). This verification remains uncertain, since it is applied
on land data, and noisy responses may often interfere with the first break signal. On the contrary
marine acquisition data gives usually very clear polarity results from first break picking due to the very
sharp reflection between seawater and first sediments. In our case (land), the reprocessing of a major
part of the seismic profiles located inside the Canton Geneva in 2017 has led to the conclusion that all
these reprocessed lines follow the European polarity convention (written in the headers of the seismic
profiles). This means that an increase of acoustic impedance downward corresponds to a negative
amplitude (red reflection with our seismic colorbar, see Figure 4-2 and Figure 4-3). After this
reprocessing from 2017, the rest of the dataset (not reprocessed data) was at that time compared with
the reprocessed seismic lines that had a defined polarity. By following loops of comparison from one
line to another intersecting 2D profiles, it has been observed and concluded that the rest of the seismic
data will be treated in relation to the European polarity convention. Only few seismic lines had to be
phase rotated (by 180°, applied by myself in the Kingdom software) to be in line with the polarity of
the other profiles (see Table 3-1). Seismic data acquired in 2018 by SIG (survey 18SIG) have been
processed in the SEG standard polarity (inverse of European polarity). In order to remain consistent in
terms of polarity of the whole dataset, the seismic survey 18SIG profiles have been phase rotated by
180° to match the define polarity.

The seismic processing allows to give a first estimate of the polarity of the seismic profiles, that will be
confirmed or not during the seismic to well tie. This latest process consists of comparing a synthetic
seismogram generated from digital logs acquired along the borehole, with an actual seismic trace from
the closest seismic profile to the well (Figure 4-3 and Figure 4-5). Seismic data are usually first
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Table 4-1 : Listing of wells that have been well tied according to the avaibility of sonic, density logs and checkshots/VSP data.
Green boxes show wells with data, whereas orange boxes wells without data.

Figure 4-4 : VSP and Checkshots are methods of borehole seismic imaging (left) were geophones are recording along the
borehole the seismic signal, which is the opposite of surface seismic that acquire data from topographical surface (right).
Figure inspired from Mokhtari & Pourhossein (2003).

processed in the time domain (vertical scale in two-way travel time, TWT (s)); whereas well data are
all recorded in the depth domain (meters). A time to depth relationship is hence needed for comparing
the well data (synthetic seismogram in depth domain) with the seismic data (nearest seismic trace
from the well in time domain). The comparison is often carried out in the time domain. As the seismic
profiles are already adjusted vertically, it is the seismic seismogram trace in time domain that will be
shifted, stretched and squeezed relatively to the seismic trace (Cox et al., 2020). This corresponds in
fact to a modification of the time to depth relationship. The tie between the two will be obtained when
most of major seismic reflections are aligned together and resulting in the highest correlation
coefficient as possible (Figure 4-3 and Figure 4-5).
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Figure 4-5 : Example of seismic to well tie results of well Humilly-2, achieved with comparison with the closest seismic line
from the well, 88SVO07. The software is automatically calculating a positive and a negative convolution synthetic
seismograms. In order to follow our defined European polarity convention (SEG negative), the negative convolved synthetic
trace is compared to the seismic trace from line 88SVO07. Synthetic seismogram can also be displayed in the Kingdom
software as raster log (right image), which means that it will have the same appearance as the seismic profile. See Encl 38&85
for detailed seismic interpretation of line 88SVO07. See Figure 4-7 for location of well and seismic line.
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Calculation of a synthetic seismogram from well log data, requires at least a sonic log to begin the
process. As it is a velocity information, a simple mathematical integration of it gives a first time/depth
relationship. Then, if a density log is available (if not, a constant value is taken, such as 2500 kg/m3
which is a generic value), it is multiplied with the sonic log to produce an acoustic impedance log in the
depth domain, which allows producing a reflectivity log. This latter highlights each acousticimpedance
contrast, and when it is convolved with a seismic wavelet (approximation of the same seismic source
signal than the one used during acquisition of the seismic profile), it gives as a result a synthetic
seismogram. The wavelet may be adapted in shape and frequency content (proposed in the Kingdom
software) along with frequency filters applied on the synthetic seismogram, to obtain comparable
characteristics (frequency, amplitude and phase) between the two traces to be compared. In order to
check again the polarity of the seismic profile, two synthetic seismograms with opposite polarity (seg
positive and negative) are computed. They are both compared with the actual seismic trace, and the
one that gives the highest correlation coefficient is kept and hence inform about the actual seismic
polarity (see Figure 4-5, for HU-2 well, the very high visual correlation between the two shows clearly
a negative resulting polarity).

A synthetic trace will be calculated only along the sonic log intervals, that is why the digital well logs
should cover as much as possible depth intervals to allow a reliable seismic to well tie. It should at least
reach the first main seismic horizon to adjust, for instance in our study area only wells that have a sonic
log that goes beyond near Base Cenozoic will be considered (Table 4-1).

The use of sonic log is not the only way to run a seismic to well tie. Other geophysical measurements,
such as checkshots or Vertical Seismic Profiles (VSP) are perfectly adapted to such tasks. Both methods
consist in seismic acquisition, but unlike surface seismic acquisition, they use geophones along the
boreholes instead of at the surface (Figure 4-4). The VSP method has greatly evolved during the last
decades to produce nowadays high-resolution seismic images along the borehole in time and depth
domain (calibrated with synthetic seismogram). This technique brings a substantial additional
constrain to the calibration of the subsurface model. However, during most of well drillings of our
project, the VSP technology was not yet available. Checkshots were at that time acquired, that follow
approximately the same principle of acquisition along the borehole than VSP but gives as a result only
interval velocity information along with a deducted time-depth relationship (Table 4-1). Unlike VSP
method, which is achieved along with a precise calibration between the VSP, the synthetics
seismogram and the closest seismic image, the checkshot method is obviously less accurate.
Checkshots usually has the main role of easing the seismic to well tie by bringing a first estimate of the
time to depth law.

In our study, we have considered 16 wells that have reached at least Base Cenozoic series and have
sufficient data to carry out the time-depth adjustment of the seismic horizon (Table 5-3). For deep
seismic horizons, each of the main four areas (Jura, Rumilly Basin, Subalpine Molasse area and Geneva
Basin) contain at least one well with the total depth below Base Mesozoic and that allow an accurate
a seismic to well tie (Table 4-1 and Figure 5-3):

The Geneva Basin has the well Humilly-2 that gives a precise tie of the complete Mesozoic cover as
well as a confirmation of the seismic polarity statement previously mentioned (Figure 4-5). The
comparison between reprocessed (from 2018) seismic line 885V07 that crosses the well with the
generated synthetic seismogram lets us conclude that the European polarity will be the only polarity
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convention used in this study, as the negative synthetic seismogram gave a higher correlation
coefficient than the positive one. In the Geneva Basin, all other wells give only tie information until at
best Top Lower Malm series, but they are all consistent with the results of the calibration of well
Humilly-2. Uncertainties related to these adjustments will be described in more details in 4.4.

In the Subalpine Molasse part, well Faucigny-1 is the reference well of the area that has also reached
the Paleozoic units, and contains relevant geological information. This well highlights the fact that the
thickness and velocities of the Mesozoic sub-units in this region are quite different from Humilly-2 well.
A seismic to well correlation was possible with seismic line HR545 and 83BV10 and is nearly as accurate
as in Humilly-2 (App_04_to_07 and Encl_47).

In the Rumilly Basin it is well Chapery-1 drilled until Paleozoic unit that let the possibility to adjust the
geology of the area, which is relatively different from the Geneva Basin and Subalpine Molasse areas
in terms of thickness of the Mesozoic sub-units. Well La Tailla-1 has reached Base Mesozoic but it does
not own a continuous record of the whole Mesozoic cover, as it is crossed by several faults.

Several deep wells have been drilled in the Jura Mountains area, but only well La Chandeliére-1d is not
faulted and allows calibrating the full continuous Mesozoic rock column in this area. However, all wells
of this part of the study process high quality sonic logs for accurate synthetic seismogram processing.
Well Charmont-1 could not be adjusted in relation to its nearest seismic line EW02, which has a too
poor resolution in this area for a proper calibration. Nevertheless, the synthetic seismogram of this
well was projected into farer seismic profiles that are in a similar geological and tectonic context such
as line 81-JU-06.

4.1.2 Seismic horizon definition

A seismic horizon is picked along a specific seismic reflection, which corresponds to a significant change
of acoustic impedance (Al, dependent of petrophysical properties of the rocks). It is usually not

Abbreviations Seismic horizon / Seismic Stratigraphic unit
TWT grid Reflectivity
DP/SRD “Datum plane (500m a.s.l.)"

Topo “Topography ”
nBQ near Base Quaternary = i, '
InCen Intra Cenozoic (near Top Focene) Cenozoic
nBCen near Base Cenozoic Trough (-)

Cretaceous
nTUMa near Top Upper Malm Trough ()

Upper Malm
nTLMa near Top Lower Malm Peak ()

T h(2) Lower Malm

nTDo near Top Dogger rougn (-

Dogger
nTLi near Top Lias Peak (£)

Lias
nTKeu near Top Keuper Peak (+)

Keuper
nTMu near Top Muschelkalk Trough ()

_ Muschelkalk & Buntsandstein

nBMes near Base Mesozoic Peak (+)
InPal Intra Paleozoic e Pre-Mesozoic Basement

Figure 4-6 : Seismic horizon correspondence with seismic reflectivity and stratigraphic units.
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complicated to link a seismic reflection to a well-known stratigraphical boundary (or the nearest
approximation of it), on the condition that it corresponds to a sufficient lithological (therefore
petrophysical) contrast. The stronger this petrophysical contrast, the easier will be the interpretation.
Indeed, it is always easier to follow a very strong amplitude reflection than the opposite. The lateral
continuity of this contrast is also crucial in helping the interpretation process. For instance, an erosive
surface may be more difficult to pick than a regular “layer cake” stratigraphical surface because the
characteristic of the seismic reflection will constantly evolve laterally in relation to the modification of
the acoustic impedance contrast.

Eight major stratigraphical boundaries (Figure 4-6) have been targeted for dividing the interpretation
of the Mesozoic cover (same boundaries selected than in Gruber (2017) and Sommaruga et al., (2012)).
These geological limits correspond in fact to the main changes of depositional ages, and most of them
are fortunately marked by significant lithological contrast. The interpretation of these geological
boundaries is associated to seismic horizons (and therefore to seismic reflections). The uncertainty
around the calibration between the two requires to add the prefix “near” before the naming of each
of these eight seismic horizons.

Three other seismic horizons, visible along seismic sections, are treated differently. Firstly, the
topographical line displayed on seismic profiles is not a seismic interpreted horizon. It comes simply
from the topographical grid (3D surface) converted from depth to time using the replacement
velocities. Then, the “near Base Quaternary” horizon may be displayed on several seismic profiles but
in fact it is the intersection of the profiles with the grid (3D surface) of this boundary created during a
project run by GESDEC in collaboration with GGE in 2020 (Lathion & Hauvette, 2020). This horizon has
not been interpreted during this work and is simply displayed (converted into TWT with
Vint=3000m/s), mainly in order to quality check the possible artefacts that Quaternary channels may
produce on the seismic image below. Indeed, this layer of low velocity may create push down effects
(due to high lateral velocity variations) or signal absorption that decreases the resolution of deeper
reflections (Sheriff, 1975). Finally, prominent Intra Paleozoic reflections have been highlighted, but no
continuous and systematic interpretation has been achieved on our seismic dataset.

The seismic to well tie procedure explained in 4.1.1 gives as a result for each well the link between
each seismic horizon and a corresponding seismic reflection. The characteristics of the seismic
reflections (peak (+), trough (-) , zero+ or zero-) associated with the eight main seismic horizons are
summarized in Figure 4-6.

It is important to keep in mind that these characteristics, taken from the seismic to well tie procedure,
may vary from one well to another. Indeed, lateral changes of the lithological contrast of each
boundary may occur. Seismic to well tie is a local calibration, whereas lithologic/sedimentologic
properties necessarily evolve laterally at regional scale. A second reason of the differences in the
reflection events of one seismic horizon on several wells comes from the uncertainty related to the
seismic to well tie procedure. This uncertainty is dependent on several factors, but the major ones may
be the resolution and quality of the well log data and the petrophysical interpretation produced as a
result. If the stratigraphical boundary is not placed at the right depth, consistently between all wells
based on the accurate identification of the same petrophysical signature event, the seismic horizon
will then be placed inevitably along different seismic events depending on wells. In our case, we have
a regional petrophysical study that has been carried out by GGE on behalf of SIG (GGE, 2018), and that
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should have interpreted consistently the major stratigraphical boundaries along a majority of the wells
of our database. However, several well log data have vertical intervals of data gaps and sometimes
through one or more main stratigraphic boundaries. That is why some of the seismic horizons are not
defined in terms of reflectivity for some wells. For all these geological (lateral variation of the seismic
facies) and technical (uncertainties) reasons, we have observed that certain seismic horizons have
different seismic reflectivity characteristics depending on wells. For consistency and simplicity of the
seismic interpretation, a convention of picking is established and precises one unique reflectivity event
for each of the eight seismic horizons for all areas.

4.2 Interpretation of seismic profiles

The seismic interpretation of a profile consists in picking three kinds of features. First, seismic horizon
picking allow the vertical subdivision of the sedimentary cover. Then, seismic facies analysis may
suggest lateral stratigraphic distribution within each subunit. Finally, the fault segment picking reflects
the structural configuration of the interpreted profile.

The next part 4.1.3 describes the methodology of the first two aspects of seismic horizons and facies
interpretations. A seismic stratigraphic catalogue will then be presented to summarize the related
seismic interpretation. In the part 4.1.13, it will be the structural interpretation methodology that will
be similarly explained.

4.1.3 Stratigraphic interpretation: methodology

Once the nearest seismic line from one well is tied, the interpretation of seismic horizons can be easily
propagated from one line to another. In order to interpret the eight main seismic horizons through all
the seismic dataset, the methodology entails starting from the main deep wells of each areas (4.1.1
and ) and then propagate the interpretation following loop (Figure 4-7), once the following conditions
are maintained:

- thereis a lateral continuity between seismic lines (intersecting each other)
- thereis a sufficient resolution and continuity of the seismic reflections in between profiles.

Otherwise, if these conditions are not observed, the method of correlation polygon may be used along
with the regional geological knowledge of the area. It consists in extracting a rectangle portion of one
calibrated seismic profile (with its interpreted seismic horizons) and overlay it on top of another profile
that needs a calibration (Figure 4-8). It is essential to extract a vertical column as long as possible in
order to be able to compare as many as possible seismic reflections together. Hence, in order to use
properly this method, we may set the condition of extracting a stratigraphically continuous column
containing at least three of the main seismic horizons and be able to calibrate them. The calibration is
finished once enough identical seismic reflections are laterally aligning between the correlation
polygon and the seismic profile to calibrate. It can also be particularly useful on a single profile in case
of major fault perturbating the whole Mesozoic unit, seismic horizons can then be propagating from
one side to another of the fault, using this method.
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Figure 4-7 : Map with schematic loops of the propagation of seismic horizon picking starting from deep wells and expanded
through all the seismic dataset. Note that location of seismic profiles from figures of this chapter is indicated on this map (red
lines).

The resolution of seismic profiles plays an important role in the interpretation process. The
methodology of seismic horizon picking depends on the classification of the quality of the section
defined in part 3.2.2. Indeed, along seismic profiles of best quality type 1, the autotracker (automatic)
picking tool (Kingdom software) was often used. It consists in defining a vertical TWT guide window in
which the picking will be propagated automatically along a defined seismic event. This data driven
interpretation allows to have an accurate interpretation that follows exactly the amplitude oscillation
of the seismic reflection. However, it is important to qualitatively check this automatic interpretation,
and adapt manually the picking if necessary. These manual corrections may be needed for instance on
locally noisy areas or on the edges of the profiles where the resolution necessarily decreases due to
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Figure 4-8 : The interpretation of seismic horizons can be propagated from a calibrated seismic profile (on the right, line
18SIG_003), into a not calibrated seismic profile (on the left, 80-JU-01) using the method of polygon correlation that consist
in extracting a portion of one profile (with its interpretation of the horizons) and overlay it on top of the other profile. It is
particularly useful in the case of isolated seismic profiles, not intersecting another profile. See respectively Encl 37 and Encl
21 for detailed seismic interpretation of lines 81-JU-06/80-JU-01 and 18SIG_003. See Figure 4-7 for location of seismic lines.
This figure is modified from L. Hauvette et al. (2021).

less fold coverage and/or migration artefacts. For seismic profiles of quality type 2, the autopicking is
used approximatively in half of the sections against half of manual picking. Concerning seismic profiles
of quality type 3, the manual picking is fully required.

In some cases, it may help the interpretation of seismic horizons along one seismic profile to consider
jointly the different versions of processing seismic data. The characteristics of the seismic reflections
might vary slightly between two data types. For instance, artefacts from migration of data such as
migration smileys may mislead the interpretation or conversely diffraction hyperbolas may affect
wrongly the judgment of the interpreter (see chapter 3.2.7 and Figure 3-24).
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It is noted that the range of two-way-time (TWT) of the seismic horizons to interpret has an influence
also on the interpretation. The very shallow interval (<0.2s) is usually poorly imaged due to a lack of
fold coverage (Figure 3-6), therefore the uncertainty linked with the interpretation is very much higher.
It is the case for near Base Cenozoic layers in the Molasse Basin in the vicinity of the major thrusts (Jura
first high chain or near the Saléve Mountains), or also the case of other Mesozoic series seismic
horizons close to the topographical surface in the Jura part.

In the Paleozoic part of the sections, no continuous horizons have been picked as there is not a
continuous stratigraphic regional boundary to interpret. Grabens developed in the crystalline
basement are filled with clastic deposits from Paleozoic times. These sediments may be interpreted as
locally oblique, semi-continuous high amplitude reflections (Gruber, 2017). A correlation of these
reflections is very difficult to achieve, hence they are only drawn individually and referred as “Intra
Paleozoic” (InPal) reflections.

When the interpretation of seismic horizons becomes difficult to run due to weaker resolution (quality
types 2 or 3) or because of the reflection events (contrast of acoustic impedance) that simply have a
less pronounced amplitude appearance, the use of the seismic facies for each unit may be of great
support. A seismic facies is a group of seismic reflections with specific reflection signatures related to
the continuity and geometry of the reflections and their frequency, phase, amplitude, and polarity
content (Roksandic, 1978). Analyzing seismic facies can then help understand the stratigraphic
deposition of an entire sub-unit in comparison to units above and below, and hence support the
interpretation of its boundaries (seismic horizons). For instance if it is accepted that a unit is composed
of cross bedding dips and is deposited and overlapped by subparallel layering deposits, its top and base
seismic horizons (angular unconformity) will then be easily deduced from the obvious contrast of
seismic facies between these units (Figure 4-9).
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Figure 4-9 : Schematic principle of seismic facies helping for seismic horizon interpretation.

In addition to helping the seismic horizon picking, the facies analysis has many other interesting
purposes aimed at predicting lithology, fluid content, petrophysical properties (porosity...), type of
stratification or identifying specific geological bodies (Roksandic, 1978). In our case, it will improve the
overall geological knowledge of the Mesozoic deposits, in relation to the structural history of the area.
One particular useful application of this analysis is the identification of reefal seismic reflection
patterns within the Upper Malm unit (Hauvette, 2020), which is a very interesting potential geothermal
target in the Geneva Basin (identified highly porous reservoir (Brentini, 2018; Rusillon, 2017). Another
major focus of this seismic facies study is the mapping of the highly variability of thickness of the
Triassic unit, and especially the identification of the pure salt bodies that are key for understanding a
majority of the main folded and faulted structures within the Molasse Basin. A third facies has been
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raising many geological questions for decades in the Geneva Basin; it is the Eocene deposits of the
Siderolithic that may correspond to continental fluviatile deposits lying on top of the erosive surface
(nBCen) of the Cretaceous unit (Conrad & Ducloz, 1977). During the recent drilling of the Geo-02 well
(Chablais & Savoy, 2021), an unexpected thickness of 140m of Eocene deposits was observed instead
of the max 40m of generally accepted thickness in the Geneva Basin (Brentini, 2018; Rusillon, 2017).
Seismic facies analysis may then give the beginning of an answer. A classification of the seismic facies
per sub-units will be described in detail in the next parts from 4.1.4 to 4.1.12.

A seismic facies may be described with several criteria related to various characteristics of the seismic
image. This study will only take into account visual-based seismic information. Indeed, 2D seismic
profile does not allow following modern workflow that classify seismic facies automatically using
algorithms such as clustering or machine learning. Our qualitative criteria used for seismic facies
identification are the following:

- Amplitude: high, moderate or low amplitude value of seismic reflections relatively to the
amplitude range value of the analysed seismic profile (Figure 4-2).

- Frequency: high, moderate or low frequency content of a seismic reflection. In a practical
manner, it corresponds to the TWT(s) “thickness” (vertical extent) of the seismic reflection,
and therefore may provide information for instance about bed thickness (Figure 4-2).

- Continuity: continuous, semi continuous, discontinuous, chaotic. The continuity criteria may
relate to the depositional or structural settings of the seismic facies. However, it may also be
linked to the resolution of the image (Figure 3-8).

- Internal geometry: Sigmoid, oblique, shingled, subparallel, parallel-even, divergent, mounded,
deformed, chaotic, reflection free and Hummocky (Figure 4-10). These various types inform
about the depositional processes.

- Termination patterns: onlaps, toplaps, downlap, and erosional (Figure 4-10). This also gives

information about the geological and kinematic relationship with neighbouring seismic facies
units.

As explained in chapter 3.2, the seismic dataset of this study is heterogeneous; since each seismic
survey has been acquired and processed differently. Therefore, the resolution and the seismic
reflectivity content is inevitably varying from one survey to another. This concerns all the criteria
defining a seismic facies, as discussed in the above paragraph. The quality type of the seismic profiles
is obviously the major criteria to estimate the capacity of a seismic image to highlight a seismic facies.
In that sense, only the best quality profiles of type 1 and 2 were selected to run such tasks (Figure 3-9).
Noisy seismic parts of sections are avoided during the seismic facies analysis, or always taken into
account in the uncertainty evaluation. It is noted that this kind of analysis is usually carried out on 3D
seismic surveys, that have most of the time a higher resolution than 2D seismic, and because seismic
facies may easily be mapped or laterally correlated. Therefore, in our case this analysis applied on 2D
seismic sections does not intend to bring clear answers about the lateral seismic facies development
or about the exact geometries of their associated depositional environments. Rather, it was possible
to propose a seismic facies catalog for the entire sedimentary cover that present the basic concepts
and first applications around this kind of study.
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Figure 4-10: Types of geometrical bedform (top, modified from Ramsayer (1979)) and termination patterns (bottom,
modified from (Chopra & Marfurt, 2005 and Vail, 1987) for seismic facies analysis.

Seismic attributes are particularly suitable for supporting the seismic facies analysis. The Kingdom
software proposes a set of seismic attribute (IHS Markit, 2017) very easily calculated from a seismic
section (instantaneously). A seismic attribute is a quantitative measure of a seismic characteristic of
interest (Chopra & Marfurt, 2005). It is a quantity extracted or derived from seismic data that may
enhance information in order to highlight specific geological features. For our study, only three types
of seismic attributes were used (Figure 4-12), especially for characterizing carbonate platform seismic
facies of the Upper Malm unit (Hauvette, 2020):

Pseudo relief seismic attribute is derived from the amplitude seismic by applying RMS calculation in
addition to Hilbert transform (Chopra & Marfurt, 2008). It brings a sort of relief to high amplitude
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Figure 4-11 : Seismic profile 18SIG_003 uninterpreted (top) and interpreted (bottom) along with seismic facies analysis. See
Encl 21 for detailed seismic interpretation of line 18SIG_003. See Figure 4-7 for location of seismic line.
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Figure 4-12 : Example of seismic attributes that help for the seismic facies analysis. The four left images are different versions
of attributes displays without any interpretation of profile 18SIG_003 (see polygon extraction on Figure 4-11). A: amplitude,
B: Paraphase attribute, C: Pseudo relief attribute, D: Running sum or pseudo-impedance attribute. The four right images are
the same data as left but with the seismic facies interpretation on top of them. Geometries of seismic facies are highlighted
with black lines. Arrows are indicating terminations, and a tentative interpretation of the depositional environments has been
proposed. This will be detailed in more details in the next parts. Note that the figures are flattened along nTDo seismic horizon
to analysis the seismic facies nearly parallel to the stratification of the Malm. See Encl 21 for detailed seismic interpretation
of line 18SIG_003. See Figure 4-7 for location of seismic line.

contrast reflections and may emphasize geological features such as faults, channels and bright spots
(Figure 4-12).

Paraphase seismic attribute shows the instantaneous phase and removes the reflective background
component in between change of phase. It appears to be a very useful attribute for interpreting the
geometry and the termination of a seismic facies (Medina et al., 2018) (Figure 4-12).

Running Sum or pseudo-impedance attribute (Subrahmanyam & Rao, 2008) provides an approximation
to acoustic impedance. The algorithm applies a simple formula on the amplitude that approximates an
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integration of the trace with a half-sample time shift. On the contrary to full seismic inversion, there is
a lack of the of the low frequency trend. However, it may give an idea about the impedance
(velocity*density) trends, which is very interesting for a seismic facies analysis (acoustic impedance
inform about the lithologies) (Figure 4-12).

The tool of flattening was often used as well. It consists in taking a seismic horizon as a temporary new
flat datum. This tool gives the possibility to observe or interpret a seismic profile parallel to a seismic
horizon; therefore, it removes any structural trend. This is particularly adapted for stratigraphical
interpretation (Figure 4-12).

In the following parts from 4.1.4 to 4.1.12 each Mesozoic sub-unit is described in detail in terms of
seismic facies according to the criteria defined above. This catalogue is a descriptive overview of the
seismic characteristics of each stratigraphical unit. It can be seen as a tool for the next seismic
interpretation studies. The discussion and conclusion that come out of these descriptions are
presented in chapters 6 and 7. The naming of the seismic facies is composed of the abbreviation of the
stratigraphic unit (refer to the stratigraphic column on Figure 2-3) followed by a numbering of seismic
facies (SF).

4.1.4 Paleozoic interval

The domains of the Paleozoic units that can be interpreted on the seismic profiles are comprised
between the near Base Mesozoic horizon down to the end of the profiles. Considering the depth
penetration of seismic data, approximately 7,5km of thickness of the Paleozoic units can be imaged in
the best case. Indeed, on seismic profile HR530 (Encl_70), which is a good representation of the
deepest seismic reflection imaging, we can see that in a range of approximately 3s TWT below near
Base Mesozoic it is still possible to indentify seismic reflections. Taking into account the average
velocity of 5000m/s for this interval (Gruber, 2012; Sommaruga et al., 2012), this 3s TWT range
corresponds to a 7,5km depth range. This Pre-Mesozoic interval may be divided into two subunits, the
crystalline basement and the Permo-Carboniferous through deposits. The latter is composed of deltaic
siliciclastic deposits infilling half-grabens (or grabens) developed in the basement (Rusillon, 2017;
Signer & Gorin, 1995). This continental deposit contains in some parts organic matter rich layers which
create high amplitude reflections corresponding to seismic facies PC.SF2 (Table 4-2). The rest of the
deposits is represented by seismic facies PC.SF1 with low amplitude and marked by erosional
truncation along near Base Mesozoic (nBMes) and by onlaps and dowlaps along the faulted top
basement. The crystalline basement is represented by chaotic low reflectivity seismic facies Ba.SF1
(Figure 4-11).

The near Base Mesozoic (nBMes) horizon in the Geneva Basin can be identified fairly easily as a peak
with relatively high amplitude and low frequency, as it is an erosional surface (toplaps below and
concordance on top). Indeed, the transition between the sandstone dominated facies of Permo-
Carboniferous age with the Triassic evaporites may produce a high acoustic impedance contrast. It is
not clear if the Triassic Buntsandstein siliciclastic unit that has a regular thickness in the GGB around
15m (Rusillon, 2017), which is below the seismic resolution, may be present just below the near Base
Mesozoic seismic horizon.
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Table 4-2 : Seismic facies description of the Pre-Mesozoic unit. Sedimentological interpretation is based on Brentini (2018)
and Rusillon (2017). See respectively Encl 70 and Encl 19 for detailed seismic interpretation of lines HR530 and 18SIG_001.

A more complex facies distribution of the Permo-Carboniferous deposits had been proposed by Naef
& Madritsch (2014) and Nagra (2014) among others, with three types of infill (upper, middle and lower
Sub-units) in northern Switzerland. Since in our area, the two main wells Humilly-2 and Faucigny-1
(Figure 4-7) have barely penetrated the Permo-Carboniferous unit, it was not possible to calibrate such
complex Paleozoic facies distributions. It would have been too much subjective to attempt such
interpretation of this unit. In addition, the seismic resolution of our dataset does not allow to interpret
with enough certainty the top of the basement or even continuous layering of the clastic deposit on
top, therefore only Intra-Paleozoic (InPal) segments of reflections have been picked. This makes it
possible to obtain a general insight into the location of the main half grabens or grabens structures,
when observing interpreted seismic sections of this study.

4.1.5 Triassic interval

The near Top Muschelkalk (nTMu) seismic horizon is placed in between the evaporites (gypsum and
halite) of the Upper Triassic Unit (Keuper) and the dolomites of the Middle Triassic Unit (Lettenkohle).
Itis represented by a trough based on Humilly-2 seismic to well tie. The thickness of the Middle Triassic
unit is relatively constant over our area (around 135m (Brentini, 2018; Rusillon, 2017), even so it is
supposed to increase northeastward (Figure 2-5), according to the thickness maps from (Sommaruga
etal., 2017). Therefore, the Muschelkalk seismic interval appears as a regular doublet of low frequency
and high amplitude reflections (Mu.SF1, Table 4-3). This strong Muschelkalk internal impedance
contrast may be produced by contact between the Muschelkalk anhydrite layers overlain by the
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Table 4-3 : Seismic facies description of the Muschelkalk unit. Sedimentological interpretation is based on Brentini (2018) and
Rusillon (2017). See Encl 20 for detailed seismic interpretation of line 18SIG_002.

Table 4-4 : Seismic facies classification of the Keuper unit. Sedimentological interpretation is based on Brentini (2018) and
Rusillon (2017). See respectively Encl 21, Encl 38&85, and Encl 20 for detailed seismic interpretation of lines 18SIG_003,
88SV007 and 18SIG_002.

dolomites of the Lettenkohle (see stratigraphic column on Figure 2-3). This unit is in concordance with
top and base seismic horizons.

The near Top Keuper (nTKeu) marks the transition from the evaporite alternations (dolomites,
anhydrites and shales) to the siliciclastic Rhaetien layers (sandstone and clay unit) (Clerc, 2016; Gorin
et al., 1993; Paolacci, 2012). The contrast corresponds to a very strong peak clearly visible on most
lines and seismic to well ties. In terms of seismic facies, the gypsum and halite deposits may be
detected by pillow mound-like shapes with internal “transparent” texture (Keu.SF3, Table 4-4), when
it may have been subject to halokinetic movements or lateral migrations in relation to deformation.
Otherwise, if it was deposited in a conformable layering, overlain by the anhydrite-dolomite
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alternations it would be associated to seismic facies Keu.SF1 (Table 4-4). The main décollement level
is placed at the bottom of the Keuper unit, as a consequence a major part of compressive structures
(thrusts) have termination just on top of near Top Muschelkalk horizon. Several intra-Triassic thrusts
(not developed above near Top Keuper) forming duplexes in some cases are interpreted in our area,
as proposed Sommaruga et al.,, (2012). The resulting “deformed” seismic facies around these
structures is represented by Keu.SF2 (Table 4-4). The thickness of the overall Triassic unit is increasing
northward (Schori, 2021), in the Jura direction, corresponding to the most deformed areas
(duplications of Triassic layers, see Figure 6-7).

4.1.6 Liassic interval

The near Top Lias (nTLi) corresponds to a high amplitude peak from our seismic horizon convention
(Figure 4-2 and Figure 4-6), which depicts the boundary between the Toarcien shaly interval and the
limestone layering of the Aalenien-Bajocien (Dogger) series. The Lias beds interval may be vertically
divided into two parts roughly equal in thickness. The lower part is a limestone dominated unit
embodied by seismic facies Li.SF2 (Table 4-5) showing usually either two or four high amplitude
reflections, depending on the frequency content of the seismic profile. The upper part is a shale
dominated layer with alternations of limestones deposits. The related seismic facies is often displayed
as a succession of seismic reflections moderate in frequency and amplitude (Li.SF1, Table 4-5). The
overall Lias Unit is highly varying in thickness throughout the area of study. These variations seem to
be linked in some cases to the main NW-SE and E-W strike-slip faults (syn-sedimentary faulting) or to
major normal faulting oriented NE-SW (observed in the Humilly area, see chapter 6.4.1). Several
seismic profiles seem to confirm the trend given by the Humilly-2 well and the correlation with the
Haute-Chaine (Brentini, 2018; Rusillon, 2017), which suggests that thickness variations of the Lias Unit
are mostly coming from the lower limestone dominated unit (Figure 4-13).

Table 4-5 : Seismic facies description of the Lias unit. Sedimentological interpretation is based on Brentini (2018) and Rusillon
(2017). See Encl 38 & 85 for detailed seismic interpretation of line 88SV0O07.
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Figure 4-13 : Division of the Lias unit into two seismic facies that one may correspond to a more shaly interval (upper part)
and the other one to a limestone dominated part (lower part).This latter seems to be the most varying in thickness of the
two, in relation to main strike slips faults systems (Clerc & Moscariello, 2020; Rusillon, 2017). See Encl 39 for detailed seismic
interpretation of line 82GEX02. See Figure 4-7 for location of seismic line.
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4.1.7 Dogger interval

The near Top Dogger (nTDo) is represented as a trough seismic reflection according to Humilly-2
seismic to well tie (Figure 4-5) and is pointing to a contrast between the Oxfordian marls and the
overlying bioclastic limestones of the Callovian. The Dogger interval is a highly limestone dominated
unit with several marly alternations that yield a moderate amplitude and frequency, parallel seismic
facies (Do.SF1, Table 4-6). The reflections are mainly onlaping the near Top Lias horizon along NE-SW
lineaments in relation to the orientation of the sedimentary basin. However, major faults may also play
a role in the thickness changes of the unit (Rusillon, 2017; Signer & Gorin, 1995).

Table 4-6 : Seismic facies description of the Dogger unit. Sedimentological interpretation is based on Brentini (2018) and
Rusillon (2017). See Encl 02 for detailed seismic interpretation of line 9002.

4.1.8 Lower Malm interval

The near Top Lower Malm (nTLMa) was attributed to the transition between the Oxfordian marls
(“Couches d’Effingen-Geissberg”) and the overlying massive limestones of the Upper Malm Unit. The
marly facies of the Lower Malm Unit are visible on the seismic profiles as a thin continuous layering of
seismic reflections (high frequency, high to moderate amplitude, LMa.SF1, see Table 4-7). The near
Top Lower Malm Unit may be confused in some areas with relatively similar seismic facies of the
overlying “Calcaires lités”. Few downlaps have been witnessed of the thin bedding of this layer in
relation to its base seismic horizon (near Top Dogger).

Table 4-7 : Seismic facies description of the Lower Malm unit. Sedimentological interpretation is based on Brentini (2018) and
Rusillon (2017). See Encl 21 for detailed seismic interpretation of line 18SIG_003. See Table 4-11 for stratigraphic details.
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4.1.9 Upper Malm interval

The near Top Upper Malm (nTUMa) is certainly the most difficult seismic horizon to interpret, as it
separates similar lithological layers of the Tithonian limestones and dolomites and the Berriasian
limestones. However, the overall seismic facies contrast between Cretaceous deposits with Upper
Malm deposits still gives an approximate positioning of this interface. Indeed, some parts of the
“complexe récifal” may have a relatively lower amplitude of seismic reflections than the Cretaceous
unit that has more consistently higher amplitude (Table 4-8 and Table 4-9).

We can divide vertically and laterally the Upper Malm Unit by several types of seismic facies. First the
seismic facies UMa.SF4 (Table 4-8) has a “transparent” texture (low amplitude and frequency), and is
located approximately from the “Calcaire lités” (that may look like LMa.SF1 as explained in 4.1.8) until
the base of the “Complexe récifal” (see stratigraphic column on Figure 2-3). This texture may be
explained by the massive nature of the limestones that define this part. The overlying layers are
represented by three seismic facies that may vary laterally across this layer, in relation to their
depositional environment along the carbonate platform (Figure 4-14). The polarity of the sedimentary
basin remains NW-SE respectively for the proximal and distal parts. As this unit is marked by a major
marine regression with a progradation of the sequences towards SE, we may expect seismic facies with

Table 4-8 : Seismic facies classification of the Upper Malm unit. Sedimentological interpretation is based on Brentini (2018)
and Rusillon (2017). See Encl 21 for detailed seismic interpretation of line 18SIG_003. See Table 4-11 for stratigraphic details.
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clinoform geometries dipping in this direction. The seismic facies classification of this unit is rather
more conceptual than a proven and accurate demonstration. Indeed, only few wells give complete
information about this layer (Thénex-1 and Humilly-2) and allow calibration of the seismic facies. Even
for these two latter cited wells, the calibration of the seismic facies is difficult to achieve. An attempt
of seismic facies interpretation was nevertheless realized, very much inspired by the detailed work of
Paumard et al., (2017), which gives very meaningful examples of reefal depositional environment
interpretation. Even so, our seismic facies related to the “Complexe récifal” is not accurately
interpreted, it may foster thoughts for facilitating the future interpretation that will be done on the
incoming 3D volume. In that sense, UMa.SF1 (Table 4-8) is characterized by high amplitude continuous
and parallel seismic facies and may represent dolomitic lithologies corresponding to lagoon (inner
platform) deposits (Figure 4-14). Seismic facies UMa.SF2 (Table 4-8) with a mound shape geometry
and destructured internal seismic reflections may depict a reef platform margin or patch reef. As for
depositional slope environment of carbonate platforms, we may define it seismically with seismic
facies UMa.SF3 (Table 4-8). It is described as continuous to semi-continuous relatively high in
amplitude and frequency with sigmoidal clinoforms for its geometry. As it has been detailed and
proposed, in Meyer (2000); OCEN (1994); Rusillon (2017), we give in Figure 4-14 the approximative
association of depositional environments related to carbonate platform with the stratigraphical
formations present in the GGB. It is noted that patch reefs developed preferentially on inherited
structural highs (Rusillon, 2017), therefore faults may give indications about the location of these
sedimentary features (see chapter 6.4.2).

Figure 4-14 : Scheme of the depositional environments associated to the formations of the “complexe récifale” of the
Kimmeridgian unit in the Fm des Ethiollets (HARMOS), inspired from the detailed work of Paumard, 2018 that gives clear
seismic facies classification for each part of a reefal carbonate platform. See Figure 2-3 and Table 4-11 for complete
stratigraphy.
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4.1.10 Cretaceous and Eocene interval

The near Base Cenozoic (nBCen) seismic horizon corresponds to the transition between the
siliciclastics from the Cenozoic unit and the massive limestones of the Cretaceous unit (Table 4-9). It is
a complex boundary, as it the result of the significant erosion of the Mesozoic cover in addition to the
complicated Cenozoic deposits on top of it. First, it means that this horizon is marked by a non regular
geometry (truncation) usually of the Urgonian Unit. However, it may be expected that the erosion has
reached underlying formations (GEo-02 well has encountered directly the “Grand Essert” Formation
while reaching the Cretaceous unit). Secondly, the Cenozoic deposits in contact with the Cretaceous
unit may be variable, as it may be either (1) sandstones of the Siderolithic or (2) poudingue of the
Gompholite unit or (3) the “Calcaires d’eau douce inférieurs” unit or (4) directly the “Marnes et gres
bariolés”. Therefore, the impedance contrast of the Cretaceous-Tertiary unconformity may be highly
heterogeneous, depending on the different possibilities of lithological contacts. In all cases, the
corresponding seismic reflection should theoretically be a trough (cf seismic to well tie of Humilly-2 on
Figure 4-5 and seismic polarity convention on Figure 4-2) as all Cenozoic deposits should have a smaller
acoustic impedance value than the massive limestones of the Urgonian Unit (even for underlying
formations in case of more important erosion of the Cretaceous unit). The strength of the amplitude
and the frequency content of the near Base Cenozoic (nBCen) seismic horizon may nevertheless be
variable. The surprising results of recent drilling of GEo-02 well (Chablais & Savoy, 2021) have allowed
adding another interpretation related to this seismic horizon (Figure 4-15 and Figure 4-16). Indeed, as
previously mentioned in this paragraph, the well has not reached the Urgonian limestones at this
boundary but directly penetrated the underlying “Grand Essert” formation. If we consider the mean
thicknesses of the Cretaceous formations over the Geneva Basin (Table 4-11), we can estimate the gap
of the Cretaceous unit missing to around 147m of thickness. The drilling has witnessed a surprising
140m thickness of sandstones of the Siderolithic unit instead of the Cretaceous limestones, whereas
these Eocene deposits were estimated before the drilling to a maximum of 40m thickness in the area.
Therefore, a deep infill of possibly 140m thickness of Siderolithic in a topographic depression is very
likely. The depression may have a tectonic and/or erosional origin, and the Siderolithic sandstones
could be fluviatile deposits (Figure 4-16), as suggested by Conrad & Ducloz, (1977) and Weidmann (
1984). It also cannot be excluded that it consists in an accumulation of wind dune deposits (Chablais &
Savoy, 2021). Such deposits were often supposed to be present, mostly in karsts or along fault planes
(Serneels, 1993). These two cases are also possibilities that could replace the others hypothesis, but it
has been decided to give a higher probability to the idea of a strong erosional event at nBCen horizon
level creating large (several km) and deep (possibly 140m depth) depressions infilled by fluvial
Siderolithic deposits (Figure 4-16). Indeed, the seismic to well tie of GEo-02 well using a VSP corridor
stack (powerful calibration tool), suggests now a deeper seismic reflection of nBCen seismic horizon
than it was proposed before the drilling (Figure 4-15). This seismic reflection is no longer the first high
amplitude reflection underlying the low amplitude discontinuous seismic facies of the Molasse
sediments (Cen.SF1, see 4.1.11), but would correspond to the very high amplitude and low frequency
trough from one to three reflection loops below. This new definition of nBCen seismic horizon seems
more coherent with the erosional truncation geometry that characterizes it, which is particularly well
represented on seismic profile 18SIG_011 (Figure 4-15 and Figure 4-16). The interval including one to
three seismic reflection loops above it would correspond to the Eocene deposits (Eoc.SF1, see Table
4-10). The new main interpretation about nBCen seismic horizon mentioned above is then supported
by the seismic to well tie of GEo-02,
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Table 4-9 : Seismic facies description of the Cretaceous unit. Sedimentological interpretation is based on Brentini (2018) and
Rusillon (2017). See respectively Encl 13 and Encl 01 for detailed seismic interpretation of lines 155IG_008 and 9001. See
Table 4-11 for stratigraphic details.

Table 4-10 : Seismic facies description of the Siderolitic (Eocene) formation. Sedimentological interpretation is based on
Brentini (2018) and Rusillon (2017). See Encl 29 for detailed seismic interpretation of line 18SIG_011.

but also, by the erosional geometry of the newly defined seismic reflection and finally by the
characteristics of the seismic facies attributed to the Eocene fluviatile deposits. This seismic facies
Eoc.SF1 consists in relatively high amplitude and high frequency seismic reflections with hummocky to
subparallel geometries, which are typical seismic characteristic of fluviatile deposits (Gong et al., 2013;
Morend, 2000). Seismic profile 18SIG_011 is showing a nice representation of this seismic facies
geometry, with possible seismic features corresponding to laterally stacked channels (Figure 4-16).

These new information increases nevertheless the uncertainty related to nBCen seismic horizon, by at
least the maximum thickness in between the new nBCen seismic horizon and the approximation of the
supposed top horizon of the Eocene deposits. When they are continuous enough, the seismic
reflection at the top of seismic facies Eoc.SF1 (Table 4-10) was picked and named as “Intra Cenozoic”
horizon, or InCen. As we have only few information about the relationship between the erosion of
Cretaceous interval and the Siderolithic deposits, it is still possible that this horizon InCen could
corresponds to nBCen seismic horizon, and that the presence of Siderolithic deposits in Geo-02 is
explained by either an infill of a Karst feature or a fault plane. The most probable scenario remains the
case of a stratiform deposition of the Siderolithic on top of highly eroded Cretaceous unit (Figure 4-16).
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Figure 4-15 : Seismic (line 9006) to well tie of well GEo-02 with the use of a corridor stack (top section) that support the
hypothesis of a major unconformity along nBCen seismic horizon with large (km) and deep infill of sandstones of the
Siderolithic deposits (possibly 140m thickness, bottom section). Hence, seismic facies Eoc.SF1 is proposed for characterizing
this possible fluviatile deposits. With this new information about the possibly thick Eocene layer, the uncertainty around
nBCen has increased and correspond now to the difference of depth between the two possibilities around nBCen. See Encl
06 for detailed seismic interpretation of line 9006. See Figure 4-7 for location of seismic line.
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Figure 4-16 : Seismic profiles 18SIG_011 uninterpreted (A: top left) and interpreted (B: top right). The new information (Geo-
02) about the Siderolithic formation allow reconsidering the positioning of near Base Cenozoic seismic horizon. The
corresponding seismic horizon initially interpreted before the drilling was picked along the first high amplitude seismic
reflection below the low amplitude and discontinuous seismic facies of the Molasse unit. However, according to seismic to
well tie of GEo-02 that made use of a VSP corridor stack (Figure 4-15) for accurate results, we can consider nBCen seismic
horizon three loops of seismic reflections below the previous interpretation. Moreover, on both profiles 185IG_011 and 9006
(Figure 4-15) the newly interpreted nBCen seismic horizon has clearly a geometry of erosional truncation. Both sections may
contain geometries of laterally stacked channels inside seismic facies Eoc.SF1. Below the seismic section are conceptual
geological models of the Siderolithic deposition (C, D and E), based on seismic interpretation of seismic profiles 18SIG_011
and 9006 jointly with geological and geophysical results of drilling GEo-02. A: The most probable case (D) assumes an
important erosion of nBCen horizon (possibly up to 140m thickness of erosion, as observed in GEo-02 well) with an infill of
approximately the same thickness of Siderolithic deposits. This could be the case at least in the area around GEo-02 well. C:
Another possibility could be that the Siderolithic unit observed in the GEo-02 well corresponds to an infill of a karstic feature
such as a doline. E: Another considered scenario would be that GEo-02 well was drilled inside a fault plane (target of the
drilling) with an infill of Siderolithic deposits. See Encl 29 for detailed seismic interpretation of line 18SIG_011. See Figure 4-7
for location of seismic line.
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Table 4-11 (above) and associated stratigraphic column (below): This table taken from Chablais & Savoy (2021) compiles the
thickness values of each formation that have been reached by well GEo-02, in comparison to surrounding wells in the GGB.
We can see the thickness gap of the Urgonian formation in addition to a part of the Grand Essert formation. This gap
corresponds exactly to the thickness of the overlying sandstones of the Siderolithic. An erosion of such thickness of the
Cretaceous unit may be supposed with an infill on top of it of the same thickness of Eocene fluviatile deposits. The presence
of a karst doline or a fault plane infill may also be possibilities (Figure 4-16). On bottom of the image is the lithological column
of the Upper Malm, Cretaceous and Lower Cenozoic units (black horizontal arrows represent likely décollement zones). LEP
wells are a serie of wells drilled in the west of the GVA Basin, among with L112, L132 and L135 wells (see Table 3-2 and Figure
3-28 for localization and details about these wells).

Away from GEo-02 well, the nBCen horizon may also be overlain by the lowest part of the Molasse
formation, which may vary throughout the Geneva Basin from the “Gompholite”, to the “Calcaires
d’eau douce inférieurs” or directly the “Marnes et Gres bariolés” (see Figure 2-7 for stratigraphy of
Cenozoic unit). The two first candidates for the formation in contact with nBCen seismic horizon owns
a maximum potential thickness of 30m for the “Calcaires d’eau douce inférieurs” and 50m for the
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“Gompholite” formation (Table 4-11 from Chablais & Savoy (2021)). This implies that a thin layer of
approximately 30ms in the time domain may be present and contrasting with the Cretaceous unit
below and with the “Marnes et Grées bariolés” above. We estimate that is not possible to distinguish
these layers with the potential Eocene deposits, as they are too thin and should have the same pinch
out geometry (thinning with onlap terminations) on top of nBCen seismic horizon. In consequence, the
previously mentioned Intra Molasse reflection (InMol) can be drawn on the interpreted seismic profile
and could also correspond to a near seismic horizon of the top of these two other formations.

4.1.11 Cenozoic and post- Eocene intervals

The Cenozoic interval is overlain by Quaternary deposits in major part from the Geneva Basin, except
for few Molasse outcroppings in some topographically elevated areas. Where Quaternary layers are
present, the near Base Quaternary (nBQua) marks the erosional truncation of the Molasse sediments
during the glacial ages. This surface has not been the subject of this study, therefore it has not been
interpreted. However, it was interesting to know the approximate location of thick glacial valleys to
evaluate possible imaging artefact present on the underlying layers (velocity push down effect, see
Figure 3-6). Therefore, we have used a grid of nBQua (Figure 4-18) produced by Lathion & Hauvette
(2020), and converted into the time domain with constant velocity of 3000m/s (=Vrepl). On our seismic
dataset, which was not processed adequately for focusing the Quaternary layer (see Figure 3-6), the
nBCen seismic horizon corresponds roughly to a high amplitude peak and low frequency seismic
reflection. The Molasse seismic reflections, when they are visible, are toplaping logically nBQua
horizon.

The rest of the overlying Molasse sediments is represented by seismic facies Cen.SF1 (Table 4-12) that
is composed of moderate to low amplitude semi-continuous to discontinuous seismic reflections. The
Molasse part was not the subject of this study, moreover the resolution of the seismic dataset does
not allow a proper interpretation of this layer, hence a simple seismic facies classification of this unit
has been proposed. For a more detailed classification, we can suggest the reading of the thesis of
Morend (2000) who analyzed this unit in the western Swiss Molasse Basin.

Figure 4-17 : Conceptual scheme explaining the principle of hydrocarbon migration from Carboniferous coal bearing layers to
fluviatile sandstones reservoir in the Molasse interval. Figure modified from Hauvette et al. (2018).
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Table 4-12 : Seismic facies description of the Molasse formations. See respectively Encl 29 and Encl 14 for detailed seismic
interpretation of lines 185I1G_011 and 15SIG_010.

An additional distinction has been made about the seismic facies of the Molasse unit concerning bright
spots that are amplitude anomalies (very high) and may be associated with gas pocket infill inside
sandstone channels of the Molasse unit (Hauvette et al., 2018; Gorin et al., 1995; Morend, 2000). The
migration of the hydrocarbon originates from the Carboniferous coal bearing layers to the fluviatile
reservoir of the Molasse, possibly through faults or fractures corridors (Figure 4-17, Table 4-12).

4.1.12 Quaternary interval

Quaternary infill of glacial erosional valleys may be visible on certain seismic profiles, even though the
seismic processing of our seismic dataset was not achieved with a specific focusing on this (see Figure
3-6). Indeed, it would be required for detailed interpretation of internal seismic facies of this layer.
However, we can attribute seismic facies Qua.SF1 (Table 4-13) to the overall infill of the Quaternary
channels, which appears usually as a low amplitude and low frequency seismic facies (“transparent”
texture).

Table 4-13: Seismic facies description of the Quaternary unit. See Encl 31 for detailed seismic interpretation of line
18S1G_014.
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Figure 4-18 : near Base Quaternary elevation grid (Lathion & Hauvette, 2020).

4.1.13 Structural interpretation

Given the differences in seismic line quality, spatial resolution (density of lines), processing issues and
a complex structural context, it was necessary to define a systematic way for the interpretation of
these lines to obtain a structural concept that is homogeneous throughout the area of investigation,
with the same level of detail (“precision”) and relevance. The interpretation of the seismic lines in
terms of structural features is thus guided by the following main concepts (Figure 4-19, Figure 4-20):

- Décollement zone: the Mesozoic cover series are detached from the undeformed underlying
basement s.l.. The décollement horizon is defined as a surface located near the bottom of a
broader zone of deformation (décollement “zone”) associated with the Triassic evaporites of
the Keuper Group for this area (Affolter & Gratier, 2004; Guellec et al., 1990; Philippe, 1995;
Sommaruga et al., 2017). Thus, implicitly, the Muschelkalk Group and Buntsandstein Series are
not detached and can be considered as part of the mechanical basement or basement s.I..
Numerous smaller reverse/thrust faults (or duplexes) were interpreted in the Triassic
evaporite zone to account for thickness changes and the changes in dip of the seismic horizons.
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Main folds affecting Mesozoic and Cenozoic layers are defined by changing dip domains,
where bedding has a different inclination. The dip domains are separated by major dip change
lines. These surfaces, represent axial surfaces, and can be recognized and shown on seismic
lines, and partially also on existing surface maps where enough dip data of the Mesozoic series,
and the Cenozoic Molasse layers are recorded.

Steep to subvertical faults s.l. are ubiquitous features and can be observed on seismic lines.
They are considered discrete discontinuities when an obvious offset of layers (continuous
reflections on seismic lines) can be recognized. Faults are, however, difficult to correlate, both
in one seismic line (top to bottom) and across several lines. Reflections which are not
continuous show in many cases small offsets, due either to the seismic line quality or to the
nature of the faulting process. Thus, in clay-rich layers such as the Lias and Dogger units, faults
may not be expressed on the seismic lines unlike in more competent interlayered limestone
series. It may therefore be difficult to assess the presence of a fault. We observe and define
only relevant faults of modest extent and define fault sets, often conjugated. In addition, faults
are frequently arranged in broader zones. Therefore, rather than drawing single large faults
we decided to define fault corridors (the width of which may range from decameters to several
hundred of meters (up to 500m) where we observed a higher density (more than 3 faults on
average) of faults and which can be correlated across seismic lines. We prefer the term fault
corridor to fault zone which refers to a narrow zone with an individual fault or fault set. Fault
corridors may host brittle and/or plastic-cataclastic deformation processes depending on the
rheology of the layers affected. Fault corridors have been systematically represented on
seismic profiles by two external boundaries that stop vertically downward near nTKeu seismic
horizon. Indeed, these faults appear not to cut the basal décollement and root in the ductile
Triassic evapoirte rich layers. A rough estimate of the length of the fault corridors interpreted
can be given by the two occurences in the Meyrin area (see chapter 6.3.1), which have an
approximate lateral extent of 13-15km long. Faults inside the fault corridors have an apparent
60-70° dip on the interpreted 2D seismic lines. The real dips must, therefore, be higher by
probably 10-20°, depending on the angle between seismic lines and the azimuth of the fault
corridors. Fault corridors appears often on strike seismic sections as a chaotic seismic facies
with an overall “transparent” appearance (relatively low amplitude zone). Further descriptions
about interpreted faul corridors in this study are given on chap 6.

Concerning the vertical offsets of the faults observed, it is possible to estimate it around 20ms,
as an average between the numerous faults interpreted.

Reverse faults were difficult to demonstrate and arise from an interpretation of the bedding
dips, hence the inclination changes of continuous seismic reflections and the kinematic
understanding of the structures interpreted. Reverse faults are thus associated with large-
scale folds (fault-bend folds and fault-propagation folds), imbrication and duplication of layers
(seismic horizons). Major thrust faults with larger offset are observed in the Jura area and, in
the Saléve mountain area and in the Gros Foug area.

Inherited normal faults (listric). Listric synsedimentary normal faults can be identified by a
combination of an offset of seismic reflections and a change of thickness of lithostratigraphic
units along and across the fault. Offsets of reflections along the fault may show both normal
and reverse movement. This is diagnostic of inversion along an inherited normal fault (Figure
4-20). An additional criterion is the progressive curving and flattening of these faults in the
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vicinity of the detachment level which is pointing to a listric normal fault geometry typical of
extensional synsedimentary settings.

Figure 4-19 : Sketch of major structural concepts used in structural interpretation of the seismic lines, based on 18SIG_003.

Figure 4-20 : Simplified sketch of structural features interpreted on seismic lines in the study area, based on section GG88-2.
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4.3 Horizon mistie correction

As already mentioned in part 3.2.6, a disadvantage of 2D seismic profiles concerns misfits in between
intersecting 2D sections. These misfits have been corrected as much as possible during the preparation
of the data, using the simple methodology of vertically bulk shifting each seismic profile when
necessary. This was achieved in order to have a maximum of identical seismic reflections aligned
together at the intersection of profiles. However residual misfits always remain, hence the usefulness
of the mistie correction. The intersections of seismic lines and respective “corrections” for associated
measures are an integral part of geophysical measures. To assess the offsets of interpretation across
a seismic line grid, misties (offsets values) can be calculated and subsequently corrected. The
procedure to minimize errors has been accomplished in two steps as follows (Figure 4-21):

- Afirst a constant shift applied on each interpreted horizon that minimizes the mistie between
the lines.

Figure 4-21 : Mistie corrections example on seismic line 18SIG_003, intersecting line SJ1U6 along the black dashed line on the
left, and line 15SIG_008 along the black dashed line on the right. The mistie correction represent only few milliseconds,
usually 2-8ms corrections (black arrows).

104



Seismic interpretation: methodology

- Then local corrections are made on seismic horizons around still existing mistie points (1000m
taper distance) created by small local distortions.

Seismic profile misfits and misties of seismic horizons at intersecting sections are mainly caused by the
limitation of seismic processing velocity modeling in the time domain. Indeed, processing velocity
analysis may influence the dipping angle of the reflections, or artefacts such as pull up or push down
effects. Therefore, we can suppose that, when horizon mistie corrections are needed between two
intersecting lines, it may improve in fact the reality of the interpreted geological structures along
sections. Indeed, it compensates the lack of precision of the processing velocity modeling of one profile
compared to the other one.

This process of horizon mistie correction has allowed decreasing all misties values greater than 0.02s
before the correction to residual mistie values less than 0.02s. A great majority of the residual mistie
values are even less than 0.01s. These remaining misties can be discarded, as they are less than the
resolution of the seismic lines.

4.4 Uncertainty of the seismic interpretation in the Geneva Basin

The accuracy of the interpretation process depends on several factors. First, each data used during the
seismic interpretation (wells, seismic, GIS) owns inherent uncertainties, due to their quality varying
laterally and vertically. The density of the data (spatial distribution) has also a significant role to play
in the uncertainty evaluation. Then, each step achieved by the interpreter will also include possible
errors (seismic to well tie, horizon picking), that are very complex to quantify with precision. Indeed,
by definition an interpretation may be biased by the subjectivity of the operator/interpreter.
Therefore, it is very difficult to quantify and assign a unique and global uncertainty value to the final
results. It could be possible to assess such a summary value locally in the frame of a preparation of a
well drilling, but it is not feasible for a regional evaluation. The lateral and vertical variability of
uncertainty is too large for such task.

However, we propose to attribute a rough uncertainty range to each possible source of error involved
in the interpretation process. It can give some keys to estimate the total uncertainty. The order of
magnitude given in the following paragraphs and in Table 4-14 and Table 4-15 may be applied
thereafter locally for future well planning in the area. We give examples of uncertainties measured
along certain profiles (the most representative profiles are named on Table 4-14).

The uncertainty related to seismic data is described in part 3.2. By definition of the seismic reflection
data, the vertical resolution is given partly by the Rayleigh’s limit (see part 3.3.2 and Figure 3-3) and it
can be rounded to the TWT range of 5-8ms (10-15m) for the first 0-500m below topography and of 8-
12ms (20-30m) for deeper seismic reflections. Any seismic interpretation can thus not produce results
with an evaluated uncertainty below this range. The following uncertainties may then be added to this
range value. It corresponds to an average range value but in fact, the acquisition parameters may
increase this range, mainly depending on the strength and the frequency content of the energy source
used.

Seismic processing entails several uncertainties:

- A geometry of the line along the topography is calculated in the first steps of the processing.
It consists in placing regularly along a relatively smoothed line at surface the traces that will
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constitute the seismic profile. The smoothing of the line is a simplification made in order to
attenuate crooked geometries that come from a complex acquisition scheme. This causes
lateral uncertainties that can be measured along particularly affected profiles. It is the case for
instance of seismic line 18SIG_001 on which we observe traces located 250m away from
source or receiver points. Hence, a large average lateral uncertainty range of 20m-300m.

- Static corrections intend to adjust all traces vertically to the main datum plane. This includes
velocity modeling of the shallow interval. Seismic lines 18SIG_014 and 18SIG_014Q are two
independently acquired profiles along a common outline (Figure 3-6). Two completely
different static solutions were used for these two sections, one to highlight the Mesozoic units
and the other one for the Quaternary interval. It is a good extreme example, to allow
evaluating the static uncertainty with the average value measured along this profile of 45m:s.
It corresponds to the TWT difference at near Base Cenozoic level of the same seismic reflection
visible on both profiles.

- During seismic processing, a velocity modeling is achieved and applied during stacking and
migration processes. The calculation of these velocity models is driven by manual picking of
the operator that may create vertical shifts of the seismic image points. Seismic profile
885V007 has two very different versions of processing (GGE-Petrologic 2017) that were
produced as part of an iterative process to improve the imaging. The main difference between
these two versions concerns the velocity model applied during the time processing. Near the
Saléve Thrust the velocity may be difficult to assess accurately. We can measure along this line
the TWT difference generated between the two versions around 25ms (Figure 4-22). As itis an
extreme case it gives a realistic uncertainty value to this processing step.

- The migration process allows improving the lateral and vertical positioning of the image points
of a seismic profile. In the same way, and again along seismic line 885V007 (extreme case in
front of the Saléve mountain) the uncertainty related to the migration versus stack versions
can be estimated by measuring the lateral and vertical TWT difference between the two. This
gives an uncertainty of 15ms vertically in time domain and 100m laterally. This uncertainty
may be particularly important in laterally highly variable velocity areas (fault area, salt pillow,
etc.).

- Asexplainedin 4.1, itis complicated to know the exact polarity of seismic data. Therefore, the
related uncertainty corresponds to the time difference between a peak and the following
trough reflection. Considering the lower frequency of the interpreted seismic horizons (near
Top Muschelkalk horizon), the time difference does not exceed 15ms.

In part 3.2.6, we have seen the issue linked to datum plane and misfit correction that affect seismic
profiles that have not been processed under the same combination of datum plane and replacement
velocities defined for this present study (see Figure 3-18). A theoretical vertical adjustment was applied
on the profiles that needed a correction, followed by an additional manual bulk shifting to optimize
the adjustment. This technique has proven to be relatively efficient in terms of misfit corrections, as
the resulting remaining misfits at profile intersections range between 0.01s to 0.06s (range of horizon
mistie values before correction). After the horizon mistie correction the residual horizon mistie values
are less than 0.02s (uncertainty related to mistie correction). However, this needs to be distinguished
from the adjustments of profiles in relation with the defined datum plane of this study. We have
decided to assess the corresponding uncertainty of the latter, by considering an average value
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Figure 4-22 : Seismic profile 88SVO07 (traces range 375-525) with two versions of time migrated data produced using two
different processing velocity modeling (by the processing center Petrologic in 2018). In this area in front of the Saléve
Mountain it may be difficult to assess accurate velocities. This extreme case highlights well the uncertainty related to seismic
processing. The yellow and red arrows are pointing at the same image point but with different vertical positioning. See Encl
38&85 for detailed seismic interpretation of line 88SV0O07. See Figure 4-7 for location of seismic line.

107



Chapter 4

Figure 4-23 : Uncertainties related to the seismic horizon identification according to the strength of their signal signature. The
uncertainties is estimated based on the number of reflections loops of possible error above and below each seismic horizon.
See Encl 01 for detailed seismic interpretation of line 9001. See Figure 4-7 for location of seismic line.

of the difference between the theoretical approximated first adjustments with the final adjustment
(with the manual bulk shifts). This gives a value of 100ms, which is dedicated to seismic lines away
from well tied profiles and from sections calibrated during processing to the defined datum plane of
this study.

The uncertainty concerning the horizon picking can be divided into three parts. First, when interpreting
a seismic horizon, one need to identify the right reflection. Away from control points (wells or
outcrops), the calibration of profiles may include errors when propagating the interpretation from line
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Table 4-14 : Evaluation of uncertainties related to each possible source of errors involved in the interpretation process.

Table 4-15 : Estimation of the uncertainties related to the interpretation of each seismic horizon away from seismically
calibrated wells. This type of uncertainty is increasing with the distance to control points (calibrated wells, outcrops), but
depends also with the vertical identification of the correct seismic reflections that should corresponds to each of these
boundaries. Taking into account the strength of each seismic reflection observed at seismic to well tie locations (strength of
the amplitude value), and the number of calibrated points in the Geneva Basin (wells), it allows evaluating uncertainty values.

to (intersecting) line. A quality check is done during the interpretation considering the signal signature
of each seismic boundary. Unfortunately, some seismic horizons have weaker reflection characteristics
such as the near Upper Malm Unit that is hardly distinguishable on many profiles (see part 4.2). It
means that the identification of the adequate seismic reflection depends on the properties of each
seismic horizon. In that sense, an uncertainty value is given to each boundary in relation with the
strength of its associated seismic reflection in combined with the number of control well points (Figure
4-23 and Table 4-15). The defined criterion of calculation is the following:

- nBCen uncertainty corresponds to the Eocene thickness observed at GEo-02 (140m), as
discussed in 4.2.1.7.

- a weak reflection signature may introduce a possible error of 2 reflection loops above and
below the interpreted seismic horizons (nTUMa and nTLMa nTMu)

109



Chapter 4

- Astrong reflection signal may introduce a possible error of 1 reflection loop above and below
the interpreted seismic horizon (nTDo, nTLi, and nBMes).

Once a seismic reflection is selected to pick a seismic horizon, one needs to be able to follow accurately
the seismic reflection. This will depend directly on the quality type of the interpreted seismic profile.
A visual analysis on each type of data has led to the estimation of an additional uncertainty of 10ms,
30ms and 100ms for respectively quality types 1, 2 and 3.

Around major fault structures in the Geneva Basin, such as the Cologny Fault zone, a lateral positioning
error may be present. Therefore, the seismic horizon picking may be placed in this “corridor” zone on
the wrong side of the fault. In this case, the related vertical uncertainty is equal to the fault throw of
the fault. The Cologny fault zone having one of the major fault throws visible on seismic profile
18SIG_001 in the Geneva Basin, we can use it to define the upper value of the average uncertainty
range of 200ms for horizon picking in highly deformed area.

As mentioned in part 4.1.2, the uncertainty proper to stratigraphic identification of well tops
(petrophysics), is estimated between 1-5m (same estimation than Sommaruga et al., (2012)). Following
the same source, the seismic to well tie uncertainty may reach 150ms for wells of limited quality data.

Last but not least, an uncertainty particularly interesting for this study concerns the subjectivity of
structural interpretation (Bond et al., 2007). Each seismic interpreter may produce results biased by
his knowledge and the geological concepts that he may be inclined to apply and possibly by a forcing
during the interpretation. In our case, the two major opposed structural concepts of thin-skinned and
thick-skinned tectonics have been applied by several interpreters at different times on the same data
(Figure 4-24). For instance of seismic profile GG87-02, a major near vertical fault was interpreted (G.
E. Gorin et al., 1982) crossing the whole Mesozoic cover and reaching the Paleozoic unit (thick-skinned
tectonic). The authors had also interpreted several flower structures. These two types of structures
are also interpreted on all the other profiles of the Geneva Basin by Gorin (1989); Gorin et al. (1993);
and Signer & Gorin (1995).

In a different interpretation and with a different structural style, Sommaruga et al., (2012) interpreted
the same central vertical fault on the same seismic section GG87-02, to stopp in the Muschelkalk Unit.
No offset of nBMes is drawn, hence the thin-skinned tectonic concept is respected. Another specific
characteristic to the interpretation of Sommaruga et al., (2012) is the interpretation of intra-Triassic
duplexes occuring along the main décollement level (above nTMu horizon). This example of variability
of interpretation of seismic section GG87-02 highlights very well the human biased seismic
interpretation. The present study has the advantage that several seismic interpretations have been
proposed in the past. Therefore, it was possible to learn from these different structural solutions and
keep the best of each model, in consideration also of all the additional knowledge from more recent
studies and from the literature brought since these interpretations. In that sense, based on the
available seismic lines and surface map data, it was locally possible to propose alternative scenarios
for a structural model. We therefore made a selection of the most suitable models based on a serie of
external criteria (Figure 4-25):

- Consistency with the regional kinematic and tectonic model;

- Apply the principle of parsimony and opt for the “simplest” solution;
- Interpret fault zones (fault corridors) rather than large single faults;
- Use thickness changes of interpreted layers to define structures.
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Figure 4-24: Example of variability of seismic interpretation of seismic profile GG87-02, that may be biased by the
conditioning of the interpretation knowledge and geological concepts that each interpreter may be tempted to apply,
sometimes by forcing interpretation. See Encl 66 for detailed seismic interpretation of line GG87-02. See Figure 4-7 for
location of seismic line.
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Figure 4-25 : Structural concepts in seismic interpretation: alternative solution are evaluated against different criteria. See
Encl 66 for detailed seismic interpretation of line GG87-02. See Figure 4-7 for location of seismic line.
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5. MODELLING AND 3D GEOLOGICAL MODEL

The resulting seismic horizons interpreted in the “time” (more precisely in TWT) domain are converted
into the depth domain using specific time/depth relationships extracted from well data. During the
process of time/depth conversion a selection of seismic profiles are also converted into the depth
domain. Final maps correspond to the spatial interpolation of the horizons in the time and in the depth
domain (gridding), in relation to main interpreted faults. These different processes of time/depth
conversion, gridding and mapping are necessarily associated with artefacts and uncertainties that will
be discussed in the parts 5.1.5 and 5.2.4.

5.1 Time to depth conversion

5.1.1 Methodology

The seismic interpretation is achieved in our case along seismic profiles processed in the time domain
(chap 4, and see flowchart of Figure 4-1). It results in 2D seismic horizons and fault sticks in twt,
whereas the main objectives of the study are to obtain:

- 3D depth grids (maps) at different stratigraphical levels (8 boundaries: nBCen, nTUMa, nTLMa,
nTDo, nTLi, nTKeu, nTMu and nBMes).
These grids or maps, computed in relation to faults will represent the main tool for the
geothermal exploration. Indeed, the main criteria for placing a geothermal well are the
presence of faults (high permeability), and the depth of the different stratigraphical
boundaries.

- 2D Seismic Profiles Depth Converted (SPDC).
This allows to quality check the time to depth conversion process, and to better understand
the possible artefact that it can produce. This may also highlight limitation of seismic section
in the time domain, but the main utility is to be able to have depth visualization of seismic data
into a 3D depth model project in software such as Move, Petrel or OpenDTECT.

The elaboration of the targeted products justify the necessity to convert from the time domain into
the depth domain the results and seismic profiles obtained from the interpretation. For this task,
velocity models are needed, as they represent the only link between the two types of vertical scales
(from TWT to depth, Figure 5-1). We have used three different velocity models to reach our goals
(Figure 5-2). Each of them has a specified resolution that depends on the area it was applied to, and
on the types and resolution of the targeted products. Indeed, the first regional velocity model 1 has an
intermediate complexity and resolution that suits the objectives of obtaining large scale structural and
stratigraphical trends. The velocity model 2 is centered around the Geneva Basin, where a highest
resolution is needed for the geothermal exploration in this area. A third very simple model 3 was also
used, only for quality checking and comparison purposes. This latter has not produced any final results
for this study, only intermediate products.
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TWT (s) Depth (m)
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TWT 2 (s) Depth 2 (m)
v v

Figure 5-1 : Scheme of the relationship between time and depth domain given by the definition of interval velocity. Vint =
interval velocity, TWT = Two Way Time.

An important remark is that the time depth conversion process was applied on 2D interpreted seismic
horizons, and not on 3D grids (surface). The resulting 2D depth horizons are gridded in a second step
(5.2.2). This procedure is supposed to be more efficient than converting directly 3D TWT grid into depth
(detailed in 5.2.2).

The velocity modeling and depth conversion were performed on « the dynamic depth conversion and
map update » module of Kingdom 2020 software. This tool uses constant interval velocities in between
interpreted horizons, to build the velocity model that will be used as input for the time to depth
conversion. This allows creating multi-layer velocity models for each of the seismic lines. It has been
achieved for the so-called regional model 1, with one different velocity function per group of seismic
lines. The module of Kingdom software also proposes to use velocity grid as conversion tool. This give
the opportunity to create more complex and precise velocity model, which was the case of the model
2 centered around the Geneva Basin. In order to have a comparable basis for evaluating the benefit of
this model 1 and 2, a very much simpler model 3 (only one interval velocity below topography) was
generated and only applied on certain profiles. This comparison also allows evaluating the
uncertainties related to this time to depth conversion method.

Figure 5-2 : Time to depth conversion flowchart. See Figure 5-3 and Figure 5-5 for localization of the three velocity models.
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5.1.2 Regional velocity model 1

The main goal of this regional velocity model is to obtain an overview of the structural and stratigraphic
setting of the Geneva Basin and its surrounding areas. This was achieved as part of a team project
within the tectonic group of the UNIFR. Indeed, a selection of seismic profiles (SPDC 1, 2 and 3, see
Figure 5-3 for location) to convert into depth was prepared to support the structural investigation of
the Jura part in the master thesis of Adeline Marro (Marro, 2021), and to support the study of Sandra
Borderie concerning the stress configuration of the whole area. For these purposes, it was necessary
to consider seismic profiles in the Jura part NW of the Geneva Basin (SPDC1), in the Geneva Basin or
the “plateau molassique” (SPDC2), as well as profiles southeast of the Saleve in the Subalpine Molasse

Figure 5-3 : Map of the lateral distribution of regional velocity (model 1) throughout the regional area in relation to the main
deep wells from which the velocity models are extracted. SPDC means Seismic Profiles Depth Converted. For well and velocity
information see Table 4-1 and Table 5-1. SPDC 1/ 2 areas are both colored orange, as they share the same well velocity data.
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Table 5-1 : Table summarizing the vertical distribution of the regional velocity model 1 divided per areas and groups of profiles
(SPDC 1-5) that are depth converted using these models.

part (SPDC3). These three areas cover a NW-SE trending region passing through the Geneva Basin and
encompassing the main structural domains of the study area. Two other areas have been added to the
study to extend the analysis west of the Vuache fault. Therefore, seismic profiles were selected in the
Rumilly Basin (SPDC 4), but also in the meridional Jura part (SPDC 5).

Each of the five groups of selected Seismic Profiles Depth Converted (SPDC) are located in distinct
structural and stratigraphic setting. Indeed, they are all separated by major fault systems that often
mark the position of major changes in the stratigraphy linked to changes in the depositional
environment. For instance, across the Vuache fault important thickness variations on several Mesozoic
or Cenozoic layers can be observed. The Saléve Mountain separates the Geneva Basin to the Subalpine
Molasse part, which are two areas of distinct stratigraphy. This inherent segmentation of our study
area into five areas requires necessarily adapted velocity modeling for each part (Figure 5-3). Four
deep wells that have reached the Paleozoic units and are tied to seismic give velocity information for
each of the areas. However, in the area of the Jura FTB just NW of the Geneva Basin (SPDC1) the
velocity data were obtained from the well Humilly-2 located in the Geneva Basin. It was done this way,
because these two areas are adjacent, and Humilly-2 well was the closest drilling tied to seismic and
having accurate velocity information. The well Charmont-1 located in the mentioned area was not
adjusted to its closest seismic profile (too low resolution of closest line EW02), hence it could not
provide enough confidence in its velocity curve. Moreover, this well is crossed by a major backthrust
in the Jura FTB, and it is usually preferable to derive the velocity modeling from an undisturbed
Mesozoic column (not the case of well CHT-1).

For this regional velocity model 1, velocity information will not be interpolated laterally into interval
velocity grids, but the interval velocity values of each of the four wells will be propagated as constant
values along seismic profiles inside each of the delimited areas (Figure 5-3). It is the most logical way
to spread laterally the well velocity data in our case. Major faults are segmenting these five
stratigraphically different regions and only one well is present per area (except for SPDC1). For the
case of seismic lines crossing two areas, the profiles have both SPDC naming. Then the velocity model
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of both areas will be respectively attributed on the section on both sides of the faults dividing the two
areas.

The velocity modeling of the different areas is based on four wells that penetrated the whole Mesozoic
cover without any major stratigraphic duplication due to major deformation. Only the Triassic unit
shows internal structures triggering tectonic thickening, but these do not affect the velocity of the unit.
In terms of velocity modeling, the distribution is the following (Figure 5-3 and Table 5-1):

- The Geneva Basin (SPDC 2) and the Jura part (SPDC1) are represented by the well Humilly-2 (HU-2),
- The Subalpine Molasse part (SPDC3) is represented by the well Faucigny-1 (FAY-1),

- The Rumilly Basin (SPDC4) is represented by the well Chapery-1 (CHY-1),

- The Jura Meridional (SPDC5) is represented by the well La Chandeliére-1d (LCD-1d).

Eight Mesozoic horizons are interpreted along seismic reflection lines in the Molasse Basin (see part
4.1.2). However only four horizons were integrated into the workflow of regional velocity model 1 and
time to depth conversion: near Base Cenozoic, near Top Dogger, near Top Keuper and near Base
Mesozoic. This involves five layers of constant interval velocity that are integrated into the model 1:
Replacement velocity layer/ Cenozoic and layer/ Cretaceous+Malm/ Dogger+Lias/ Triassic/ Paleozoic.
This multi-layer velocity model 1 was applied to each of the seismic datasets (Table 5-1), but the values
of velocities in the model differs from each of the five groups of datasets SPDC (Figure 5-3). For group
SPDC 1 and part of SPDC 5, the SRD 1125 m a.s.| and the replacement velocity of 4500 m/s were set
up, whereas group SPDC 2, SPDC 3, SPDC 4 and part of SPDC5 datasets have been adjusted to SRD 500
m a.s.| along with a replacement velocity of 3000m/s (Figure 5-3).

The Mesozoic layers have quite limited thickness variations compared to the Cenozoic unit layer;
hence, they may be easily associated with constant interval velocity unlike the Cenozoic layer that has
a non-negligeable gradient of velocity. These assumptions about velocities are confirmed by well data
(Table 5-3 and Figure 5-7). In order to take into account the important thickness change in the Cenozoic
series (Sommaruga et al., 2012), the velocity of the Cenozoic layer has been adjusted manually by
adding a second intra Cenozoic layer in order to match as much as possible this velocity gradient (Table
5-1 and Figure 5-12). Quaternary sediments are included in the Cenozoic layer during seismic
processing (static corrections) in terms of velocity association (that is why it this layer is not
represented in Table 5-1). This was especially relevant in the Molasse Basin with the seismic lines of
groups SPDC 2, SPDC 3 and SPDC 4. Pre-Mesozoic constant velocity of 5000m/s was chosen in
accordance with the methodology of Sommaruga et al. (2012).

The main advantage and innovation of the method developed in this time to depth conversion
workflow, is that the duplications of layers are taken into account in the modeling process. This has
required to adapt the workflow in the Kingdom software. The conventional way of using this depth
conversion tool, proposes only to configure “layer cake” velocity models, which means that each
horizon can have only one depth or TWT vertical positioning value at each lateral location point. Our
adapted method consists of creating a submodel for each of the duplicated thrust structures (Figure
5-4). This technique allows obtaining more realistic depth converted sections, by avoiding fault shadow
artefacts (Figure 5-4 and Figure 5-11). The outputs of the regional velocity model 1:

- 4 seismic horizons converted into depth (near Base Cenozoic, near Top Dogger, near Top
Keuper and near Base Mesozoic) along numerous seismic profiles in the 5 areas,
- A selection of seismic profiles converted into depth (SPDC 1-2-3-4-5, see Figure 5-3).
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Figure 5-4 : Velocity model building of seismic section 81-JU-06 (trace range 100-500 see Figure 5-5 for localisation of the part
of the line). This line belongs to SPDC1 (located in the Jura part, see Figure 5-3). The four seismic horizons are picked, near
Base Cenozoic, near Top Dogger, near Top Keuper, and near Base Mesozoic. Several structural duplications are present, and
handled in the velocity modeling 1, but not in the conventional modeling of velocities in the Kingdom software. Each section
of this figure is highlighting the picking of each velocity boundary from the deeper layers (top left figure) to the shallower
units (bottom right), using the faults sticks and the topography, in order to allow the modelling of the duplication (see location
of the section in Figure 5-5). See Encl 37 for detailed seismic interpretation of line 81-JU-06.

5.1.3 Geneva Basin velocity model 2

This second velocity model is intended for converting into depth the eight main seismic horizons in the
Geneva Basin with the highest precision as possible (Figure 5-6). For that, all wells available inside the
area that own velocity information were gathered into the velocity model 2. However, the velocity
modeling was achieved differently for nBCen horizon than for the seven following Mesozoic horizons.
Indeed, for nBCen seismic horizon, a polynomial law (Z=f(TWT)) was calculated from velocity
information (apparent velocity) extracted for 16 wells located inside the area and that reached at least
nBCen level (Table 5-3, Figure 5-5 and Figure 5-7). The extracted apparent velocity information
corresponds to actual depth of the formation top (nBCen) from the wellbore divided by the TWT value
extracted from the final TWT grid at the intersection with the well. Note that the formation top depth
is actually related to the SRD as reference level for calculation, in order to be in line with the twt values
also calculated from this datum. This fact would give very similar results than if the calculation were
made from the ground level, since the thickness between the topographical surface and the SRD is
relatively constant and thin (both surfaces are approximatively around +500m m a.s.l). This kind of
velocity allows considering all 16 wells of the area containing at least a nBCen formation top depth
value. Indeed, if we would use only wells that have been tied to seismic, the number of velocity
information would be much less (5 wells only), and therefore the accuracy of velocity modeling would
decrease. After having collected the 16 (TWT,; depth(Z)) pairs data, a tendency curve was produced to
fit as best as possible the raw data (Figure 5-7). The best result was obtained using a 6th degree
polynomial function that gives a correlation coefficient R*2 of 0.9989, which proves the accuracy of
the modelized curve. The resulting velocity curve begins around 2500m/s near the topographical
surface and velocity increases relatively linearly until reaching an approximate asymptote of 4000m/s
from around 1000m depth below SRD. The velocity function is modeling very coherent values,
considering the modeled Cenozoic layer which is mainly constituted of marly sandstones (Morend,
2000; Signer & Gorin, 1995)) from the Molasse USM formation. The linearly increasing first part of the
curve represents the progressive compaction of the layer with depth. The second part, with a more
constant value, corresponds either to the maximum compacted marly sandstones part of the Molasse,
or to the higher velocity layer such as the limestones of the “Calcaires d’eau douce inférieurs” or the
Siderolithic deposits (velocity around 4000m/s attested by GEo-02 VSP data). The polynomial velocity
curve was then directly used to convert the TWT grid into a depth grid. In this process, each TWT grid
point value will be associated to a unique resulting velocity value. The higher the TWT value is, the
higher will be the resulting velocity value. It means that the velocity grid, is dependent on the structural
configuration of the interpreted TWT grid. This approach is very realistic in terms of velocity modeling,
in comparison to other technique such as the classical interpolation/extrapolation of interval velocity
from well data. Indeed, for the latter, outside the area near the input well data, velocity is independent
of local structures (highs or lows) in relation to the surface to convert into depth (Figure 5-8). The
technique of velocity modeling (polynomial function) was only applied to convert into depth the nBCen
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Figure 5-5 : Map showing the polygon in which grids are computed after depth conversion of seismic horizons using velocity
model 2 inside the Geneva Basin. The main wells ,from which the velocity model 2 is extracted, are represented on this map
in relation to their deepest seismic horizon reached by the drillings. Location of sections of several figures of this chapter are
represented along red lines.

seismic horizon, because a sufficient number of wells reaching this horizon was available (16 wells).
However, for the following deeper horizons, the number of available well data was not enough to
accurately model a velocity tendency curve. Moreover, the Cenozoic layer is known to have a relatively
important velocity gradient (2500-4000m/s velocity range) in addition to a highly variable thickness
through the basin (0-2500m thickness range). The method used for this horizon was then specifically
adapted, whereas the seven following Mesozoic intervals are varying more gently in thicknesses and
are thus less affected by compaction than the Cenozoic layer. In that sense, a classical
interpolation/extrapolation of interval velocity for the seven Mesozoic units was judged to be the most
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Figure 5-6 : Velocity model 2 applied on seismic profile 185IG_003, in which 9 interval velocity layers are set up. Each layer is
modeled with laterally varying velocities according to available well data and interval velocities from Vaud Canton (Marchant,
2016). We can observe well that velocity is increasing in SE direction, which is consistent with the structural and stratigarphical
regional trend (see location of the section in Figure 5-5). See Encl 21 for detailed seismic interpretation of line 18SIG_003.
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Table 5-2 : Table summarizing the vertical distribution of the velocity model 2 in the Geneva Basin in relation to the main
inputs.

appropriate tool for velocity modeling (Table 5-2 and Figure 5-5). To increase the number of input data
for the interval velocity gridding, control points from outside the GVA area (but in the vicinity) were
used and integrated into the process. Indeed, the well Fauigny-1 that contains a complete Mesozoic
column and related interval velocities was considered, as well as the interval velocity information from
the GEOMOL project of the Canton de Vaud (Marchant, 2016). For the latter values, the velocity grids
of the neighboring canton project were cut in the northern part of our area and directly incorporated
in the gridding process in combination with the other well data. This allowed to better constrain the
regional trends.

The interval velocities used are the result of the seismic to well tie procedure of the various wells (see
4.1). The classical algorithm of minimum curvature was used for gridding the interval velocities values
of the different wells. The geometry of the resulting grid was adapted to the density of data with a
relatively large bin size of 200mx200m. The final velocity grids are shown in Encl_M53 to Encl_M59.

We can observe on the interval velocity grids that the regional structural and stratigraphical trend is
respected. The Mesozoic cover is dipping regionally towards SE direction, and compaction is increasing
in the same direction, and therefore also the velocity trends. These velocity tendencies may also be
related to the overall sedimentary basin orientation of each unit (see paleogeographical maps (Figure
2-11). Indeed, it usually influences the thickness trends and even the lithological trends (for
diachronous deposits for instance), and therefore this can be highlighted by the interval velocity lateral
variations.

For the Pre-Mesozoic interval, no direct velocity information are given by wells in the region of the
study. We considered a constant velocity of 5000 m/s for this part, as proposed by Sommaruga et al.
(2012) and confirmed by measurements made by Hefny et al. (2020) based on Humilly-2 data. All Pre-
Mesozoic lineaments interpreted are depth converted using this velocity.

123



Chapter 5

Figure 5-7 : Velocity modeling of the Cenozoic unit (from SRD). The 6t degree polynomial function (dashed blue line) is
chosen as the tendency curve modeling the 16 Well data (T,Z) pairs (top image) that reached nBCen horizon. This function is
then used for converting the nBCen seismic horizon from Time to depth domains. On bottom image is the resulting velocity
curve in blue overlying the well velocity data.
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Figure 5-8 : Example of velocity grid of the polynomial law for nBCen (top image), and interval velocity grid for nUMa (bottom).
See enclosures from Encl M53 to Encl M59 for all velocity maps used for Geneva velocity model 2.
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Table 5-3 : Table of velocity information of well data in the Geneva Basin related to nBCen horizon and calculated for Velocity
Model 2. These data are compared to the velocity information given by the polynomial function 6t degree (Figure 5-7) used
for modeling at best as possible the well data.

5.1.4 Velocity model 3 test

The velocity model 3 test is applied only within the dataset group SPDC1 (Figure 5-3 and Figure 5-5),
and consists in building the first replacement velocity layer with 4500 m/s along with the datum of
1125 m a.s.l, in exactly the same way as for model 1 for this layer (Figure 5-4). In the seismic section,
below the topography, a constant interval velocity of 5000 m/s is attributed, which represents a quite
realistic compromise for modeling any Mesozoic layers in the Molasse Basin or in the Jura FTB
(Sommaruga, 1999; Sommaruga et al., 2012). This model is named “test” because it was only a model
used in order to produce intermediate products. The resulting depth-converted section

Table 5-4 : Table summarizing the vertical distribution of the velocity model 3 in the Jura part (SPDC1, see Figure 5-3 for
localization). One constant velocity of 5000m/s is used below topography. See Figure 5-5 for localization.
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using this very simple model, gives an interesting comparative basis for evaluating the uncertainties
related to other velocity models such as velocity model 1 (Figure 5-10).

5.1.5 Discussion about the velocity models and uncertainties

An interesting comparison point between the regional model 1 and model test 3 results consists in
analyzing the resulting elevation of near Base Mesozoic horizon in depth of the two models. It has been
observed that a maximum of 200 meters (approximation) may be present between the two types of
results (Figure 5-10) in the Jura FTB part at around 3000 meters below topography. This value gives
then an idea for quantifying the uncertainty about this time depth conversion method, or more
precisely about the possible increase of precision of the resulting depth horizons from our model 1.

Figure 5-9 : Uncertainty estimation linked to the velocity modeling and to the time to depth conversion process.

We can verify this uncertainty value by a calculation. In Figure 5-9, we have computed the standard
deviation of interval velocity between the different areas for each sub layer of regional velocity model
1. This gives a mean of standard deviation of interval velocity (in between all sub layers and sub regions
of regional velocity 1) of 500 m/s. The four wells are separated by a distance of more than. This means
that away from wells (for instance in between wells at 12,5km distance from one well), the velocity of
each modeled layer could be potentially overestimated or underestimated by 500 m/s. If we consider
depth values as multiple of 1000m/s (depth A in table of Figure 5-9), we can calculate the equivalent
TWT values of these depths with the simple formula of the velocity (Figure 5-1), taking into account
the mean velocity of 5000 m/s below topography. Then we can calculate back the equivalent depth
with the same velocity (5000 m/s) added up with the standard deviation velocity mean value of 500
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m/s. The difference between the two depth types (depth A and depth B) gives the uncertainty value
of time to depth conversion using our velocity modelling method. This uncertainty increases with
depth, which is logically inherent from the velocity formula (Figure 5-1). Away from wells and at the
depths of 1000m and 4000 m below surface the time to depth conversion may contain vertical errors
of respectively 100m and 400m (Figure 5-9).

Figure 5-10 : Comparison between velocity model 1 et 3 and their resulting depth conversion. At near Base Mesozoic level, a
maximum of 200 meters depth difference can be measured between two models (50m average difference) (see location of
the section in Figure 5-5). See Encl 37 for detailed seismic interpretation of lines 81-JU-06&80JU-01.
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Figure 5-11 : Comparison between our modeling technique (down) that takes into account geological duplications into the
modeling workflow with the conventional “layer cake” technique (above). The latter generates fault shadows artefact into
nBMes seismic horizon (see location of the section in Figure 5-5). See Encl 37 for detailed seismic interpretation of line 81-
JU-06.

The use of four seismic horizons to build the velocity model 1, compared with the use of eight seismic
horizons (velocity model 2) will generate very similar results, due to the fact that the overall interval
velocity of the Mesozoic layers will be nearly the same in both cases (depending only on slight lateral
thickness variations of each layer). The maximum depth difference uncertainty between the two time
to depth methods (Model 1 and Model 2) can be estimated around 5-10m.

In general, sections in depth domain avoid artefacts, such as “pull up” or “push down” effects. These
artefacts in time domain are due to major lateral velocity heterogeneities and to structures, which
generate a bending upward or downward of all seismic reflections below these major heterogeneities
(Li & Mitra, 2020). Major thrusts, such as the Saléeve Mountain, create exactly this kind of velocity
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Figure 5-12a : Our modeling technique and resulting time to depth conversion allows removing pull-up effect below high
lateral velocity variations. Here is the example of the Saléve area with seismic section EW02_W (see location of the section
in Figure 5-5). A: twt uninterpreted section, B: twt interpreted section, C: twt velocity modelling section (regional velocity
model 1, see 5.1.2). See Encl 61 for detailed seismic interpretation of line EW02_W_SAM.
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Figure 5-12b: Our modeling technique and resulting time to depth conversion allows removing pull-up effect below high
lateral velocity variations. Here is the example of the Saléve area with seismic section EW02_W (see location of the section
in Figure 5-5). D: depth velocity modeling section (regional velocity model 1, see 5.1.2), E: depth converted seismic section
with above velocity model (regional velocity model 1, see 5.1.2). See Encl 61 for detailed seismic interpretation of line
EW02_W_SAM.

heterogeneity, hence a resulting pull up effect. Our methodology for time depth conversion gives
results that seem to compensate very well this artefact (Figure 5-12). Another advantage of our
workflow of model 1, is that the duplications of layers are integrated into the modeling. This allows to
convert into depth compressional tectonic structures with accuracy by removing fault shadow
artefacts (Figure 5-11). The explanations given in this chapter is mentioning mainly the time to depth
conversion of seismic horizons. However, fault sticks were also converted into depth following the
same methodology, also in the “dynamic depth conversion and map update” tool of the Kingdom
software.

Some suggestions for improvements of our methodology may be proposed this way:

- Additional layering of the velocity model may be computed (especially for model 1),
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- The relevance of the constant velocity modeling of each layer may be revised (especially for
model 1). If needed, interval velocity maps varying laterally may be used. Seismic processing
velocities may also be incorporated into the modelling. The velocities derived from the coming
3D seismic processing in the Geneva Basin may be of a particular interest (for model 1 or 2),

- Concerning the particular case of the Cenozoic layer, the next well drilling reaching near Base
Cenozoic in the Geneva Basin may bring crucial velocity information that could help improving
the velocity law of the Cenozoic layer,

- More well velocity information may be incorporated into model 1 (such as Charmont-1 for
model 1) even if they have duplications (not continuous Mesozoic column), and even if their
seismic to well tie is not optimum.

These actions would have the effect of decreasing the dispersion related to the velocity modeling,
hence reducing the related uncertainty.

5.2 Gridding methods

Gridding consists in interpolating together the 2D seismic horizon values (TWT in seconds or depth in
meters) along seismic profiles in order to create 3D surfaces. These surfaces are called grids because
the interpolation is achieved along a regular cellular (square) grid, in which one value (depth (m) or
TWT (s)) is attributed to each cell. The bin size of the computed grids reflects the resolution of the
resulting model and should be adapted to the input data resolution. Considering the scattering of the
interpreted seismic profiles, we have chosen a bin size of 50m for all computed grids. This calculation
of the grids was done in Petrosys software which is a software fully dedicated to gridding and mapping.
We have used the classical algorithm of minimum curvature for gridding which is known for optimizing
the interpolation (Figure 5-13). An intermediate smoothing of the grids was also added for a better
visualization. Faults can be integrated into the gridding using “faults polygons” (considered as barriers)
which correspond to fault traces at the intersection between faults surfaces and the grids. The width
of these fault polygons represents either the lateral offset of the seismic horizon induced by a normal
faulting, or the lateral positioning uncertainty of the fault trace for any fault. No gridding is computed
inside fault polygons. By default, the fault polygons were drawn with a width of around 50 meters. In
some areas fault corridors have been identified and include numerous small-scale faults that could not
be correlated in between seismic profiles (see 4.1.13). These fault corridors may have length of more
than 10km and width of 500m. As they don’t correspond to sharp structural boundaries compared
with fault polygons, fault corridors (also polygons) are taken into account in the gridding process
(contours stop at their edges), but the inside of the corridors is gridded (Figure 5-13). After the gridding
process, contours can be added, and consists in isovalue lines (elevation) that allow characterizing the
structural configuration of the 3D seismic horizons grid.

5.2.1 TWT grids

The input data for TWT gridding are the seismic horizons in TWT domain after mistie correction (see
part 4.3). They are produced in relation to fault polygons and fault corridors (Figure 5-13). Manual
corrections were locally applied on the computed grids, by smoothing certain contours in Petrosys
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Figure 5-13 : Mapping example of twt gridding (nBCen) with (bottom) and without (top) fault polygons and fault corridors.
See Encl from Encl M20 to Encl M35 for complete TWT grid results.
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software followed by a second gridding with the manually adjusted contours as input data. The
resulting grids don’t go through any further adjustments according to well data or outcrops line, as
these corrections make sense only in the depth domain (see Figure 4-1 for localization of the TWT grids
in the project flowchart and see from Encl M20 to Encl M35 for final TWT grid results).

These results may be interesting for the structural analysis as they represent the raw interpretation
data (only few adjustments) in comparison to the depth grids. For this task, it may be interesting to
analyze the major change of directions of the contours that characterizes actually the major dip
change, and possibly major tectonic directions. In the methodological workflow (see flowchart of
Figure 4-1) the gridding in TWT domain has no further steps, the TWT grids will then not be used as
input for further calculation such as the depth gridding.

Time (TWT) “thickness” grids (“Isochrone”) may be produced between two grids, by subtracting the
deepest grid from the one above. It gives the possibility to observe vertical variations in time between
two seismic horizons on the resulting isochrone map.

5.2.2 Depth grids

Depth grid results are compiled in enclosures from Encl M04 to Encl M19. See Figure 4-1 and Figure
5-2 for position of depth grids in the flow chart of the project.

In several parts such as in the Jura, Vuache, or Saleve areas, the Mesozoic cover is partly outcropping.
It has been possible to extract in ArcMAP from the topographical surface (SRTM), elevation values
along the outcropping lines of the corresponding seismic horizons. This concerns the seismic horizons
nBCen, nTUMa and nTDo, for which the depth modeling will need to take into account these
outcropping elevation values.

To obtain depth grids, two main approaches are possible. The first method (approach A in Figure 5-14)
consists in first computing TWT grids that are then converted into depth grids using a time to depth
algorithm, such as the technique of interval velocity grid. The resulting 3D depth grid needs usually
adjustments to control points such as well tops and/ or outcrops line elevations. The second approach
(method B in Figure 5-14) consists in implementing the gridding step in a different order in relation to
the time to depth process. First, the 2D seismic horizons (interpretation along seismic profiles in TWT)
are converted into depth using a velocity modeling along each seismic sections (see part 5.1). The
resulting 2D depth horizons are then gridded simultaneously with the control points (well tops depth
and outcrops line elevations). The main difference between the two methods is that in the method B,
the seismic horizons are taken as hard data, in a way that the final 3D grid will match closely the 2D
seismic horizons in depth domain along the 2D depth converted seismic profiles. Only the smoothing
of the gridding and the secondary well adjustments could generate small differences (few milliseconds)
between the two. By contrast, the final depth grids resulting from approach A, could possibly be
different than the depth converted data before adjustment to control points (outcrops line for
instance) along 2D seismic profiles (Figure 5-14). Therefore, it has been decided to follow the approach
B, so that the final depth grids would fit better the depth converted seismic profiles. Moreover, we
think also that this approach produces more realistic results as it is less artificially modified by the
gridding adjustments to control points.
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After this process, a final supplementary well-tie is achieved. It involves slightly modifying the 3D grid
(minimum curvature algorithm) within a distance of 2km around wells, so that it reduces at best the
vertical discrepancies between well tops and the corresponding near seismic horizon (<5m residual
discrepancies).

The regional velocity model 1 resulted in four 3D seismic horizons grids (nBCen, nTDo, nTKeu, nBMes),
whereas the velocity model 2 located in the Geneva Basin has allowed producing eight 3D seismic
horizon grids (nBCen, nTUMa, nTLa, nTDo, nTLi, nTKeu, nTMu, and nBMes).

Figure 5-14 : Two possible approaches to transform 2D seismic horizon in TWT into 3D depth grids. We have used approach
B for more realistic results that respect better the seismic interpretation picking geometries. Indeed, on approach A the final
3D grids could be modified on during the final adjustment to topographical lines and then mismatch the depth converted
seismic profiles. See Figure 5-13 for grid display, which corresponds to interpolation of seismic horizon (ribbon data along
interpreted seismic lines) in lateral direction resulting in 3D surface.

5.2.3 Interval thickness grids

Interval thickness grids are compiled in enclosures from Encl M36 to Encl M52.

The eight 3D seismic horizons grids produced in the Geneva Basin offer the possibility to compute

I”

vertical thickness grids (isochore). They represent “vertical” thickness (Figure 5-15) since they are
computed from the subtraction of two seismic horizon grids. This differs from the “stratigraphic”
thickness (isopach thickness) in areas of dipping bedding (Figure 5-15). Therefore, the isochore

thickness maps may show decrease of values along the crest of folds (anticlines or synclines) compared
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to the flanks. Nevertheless, it is possible to observe the major regional thickness changes of
stratigraphic intervals that are higher than the “artificial” vertical thickness variations due to folding.

The thickness grids were still calculated in Petrosys software with the same parameters than the TWT
or depth gridding.

Horizontal horizon:
Isochore thickness
=Isopach thickness

/ |

Isopach calculation:
Stratigraphic thickness=Cos(a)*(Base-Top)

Top

SsaudIYy 13

a = layer dip

Base

Figure 5-15 : Sketch defining the notion of isochore and isopach thickness. In our study, only isochore thickness maps are
obtained after the seismic interpretation which differs from isopach thickness which represents the stratigraphic thickness
(perpendicular to the bedding).

5.2.4 Uncertainty of griding

The uncertainty of final depth grids owns the cumulative uncertainties of all previous steps that have
already been addressed in previous paragraphs. We can particularly mention again the following
uncertainties related to (see part 4.4):

- Seismic data and its misfits and datum plane adjustments,
- Seismic interpretation,

- Well data,

- Time to depth conversion.

Concerning the uncertainty of the final step of the gridding process, this corresponds in fact to the
resolution of the grids, or to its bin size. Therefore, the gridding process is introducing a 50m lateral
uncertainty, and for the vertical uncertainty we may consider that it is included into the uncertainty of
the time to depth conversion that has been detailed in 5.1.5. Indeed, this previously mentioned
uncertainty takes into account the notion of an increase of it away from wells.

136



Seismic interpretation results

6. SEISMIC INTERPRETATION RESULTS

This chapter summarizes the seismic interpretation results of this study. Firstly, the structural
configuration of the investigated area, divided into five structural domains, is discussed. Each domain
is characterized by one major specific structural feature that differentiates it from neighboring
domains. These differences mostly concern the tectonic setting of the detached Mesozoic cover and
that has deformed independently from the mechanically more rigid underlying mechanical basement
s.l. The essential role of the evaporite-rich Triassic layers will be introduced as a preamble. The results
will be addressed along with tectonic maps and cross sections. Secondly, selected, relevant
stratigraphic observations will be discussed, e.g. main thickness variations and relevant seismic facies.
This chapter will present a selection of local maps and seismic sections, but the complete set of results
are available in Enclosures.

For each structural area, fault zones and main folds will be described in detail in the following. Fault
zones and corridors are characterized by their name, location, type, geometry (lateral and vertical
length, orientation), vertical and horizontal displacement, indication of syn-sedimentary activity. Age
constrains will be discussed whenever possible. Folds will be described and the kinematic link to
faulting and thrusting assessed. In order to guarantee a proper reading of the following parts, the main
definitions and nomenclatures related to fault and fold characteristics are briefly discussed in part 6.1.

6.1 Structural styles

Hereafter a selection of the most common structural features, relevant for our work, is briefly
introduced.

Nomenclature linked to folds and folding (Figure 6-1): A fold is a curved or bent planar structure of
bedding plane, foliation, or cleavage, formed due to deformation (Saklani, 2008). An Anticline is a fold
with older rocks in its core, and a syncline is a fold with younger rocks in its core (Fleuty, 1964).

Fold axis is defined as the nearest approximation to the line which, moved parallel to itself in space,
generates the form of the fold (Donath & Parker, 1964). Axial surface (or axial surface plane, if it is
planar) is the virtual surface, which passes through the hinge lines of the successive folded surfaces
composing a fold. Implicitly the axial surface separates zones with different bedding inclination, called
dip domains. Fold axis may plunge and form periclinal lateral closure associated with the fold
termination. Folds may further be characterized by their asymmetry in limb length and inclination.
Thus, the vergence (McClay, 1987) indicates the direction of movement that occurred during
deformation. The concept of vergence of movement may be applied to asymmetric folds. Fold also
may be open and broad to tight and isoclinal.

Frequently folds are associated with faulting and thrusting such as in fault-bend folds or fault-
propagation folds (Mosar & Suppe, 1992). Folds may also be associated with salt flowage and/or result
from duplexing in underlying horizons such as the Triassic evaporite series. Thus, the following main
types of folds can be recognized (Figure 6-4):

® Monoclines: regularly dipping bedding panels.
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® Fault-bend folds (FBF) (A in Figure 6-4): the classic fault-fold system where a fold develops
over a tectonic ramp at the transition between two flats (upper and lower flats). Several fault-
bend folds may develop in a multiple ramp-flat system. Fault-bend folds have to terminate
towards the surface either by breaking through to the surface and being exposed to erosion,
or by transforming displacement into a fold such as in fault-propagation folds.

® Fault-propagation folds (FPF) (B in Figure 6-4): in this model an anticline and syncline develop
simultaneously over the propagating thrust ramp. The propagating ramp terminates at the
lower tip of the syncline. A fault-propagation fold may evolve with the ramp breaking through,
either the anticlinal or synclinal limb. The fold geometry is constrained by the ramp angle,
which typically is around 30° but may be shallower or steeper. Fault-propagation folds show
a strong asymmetry in their overall built, with a backlimb often parallel to the ramp and a
steep forelimb indicative of the transport direction. A typical example of such a structure is
the Saléve thrust and fold in our study area. A special type of thrust and fold propagation are
tri-shear folds. The tri-shear concept is similar to the fault propagation fold in that a syncline
and anticline develop at the tip of a propagating ramp and over the ramp, respectively.
However, in the tri-shear model the fold geometry is not constrained by the ramp and ramp
angle, which allows for more complex geometries.

® Folds with direct contact to the décollement horizon and without connection to thrusts
ramping upward through the sedimentary pile:

0 Folds with evaporite pillows filling (F in Figure 6-4): such folds are linked to the
development of evaporite pillows (gentle antiforms) and may be due to evaporite
flowage and/or development of tectonic duplexes (Sommaruga, 1997, 1999). The
geometry of the fold developing over this type of structure is not directly linked to the
décollement geometry but rather to the pillow geometry.

0 Detachment folds (C in Figure 6-4): detachment folds are located within an incompetent
or at the boundary with a competent unit. The fold forms in the competent layers and
can be understood as due to lateral compression and vertical fold development.
Detachment folds are not directly related to any specific faults/thrust geometry. (see also
Mitra (2003)). Lift-off faults and Box folds are similar to detachment folds, of which they
may be considered as a special case. Lift-off and box folds are rather symmetric. Box folds
are special cases of lift-off folds and exhibit a typical box-shaped geometry of limbs and
flat top. Box folds typically are known from the eastern Jura FTB.

Main fracture/fault types observed in our area of investigation include:

Normal faults (Figure 6-3): normal faults may have different origins. They may be due e.g. to a syn-
sedimentary extensional setting as in our study area and may be planar or listric shaped. Similarly,
reverse faults may come as steeply dipping faults and/or more shallow dipping faults. Thrust faults are
among the dominating tectonic features in our area of investigation. They include the main
décollement level as well as thrusts related to the fold development. Steeper ramps develop in the
mechanically stronger levels and may connect thrust flats. Frontal ramps are defined to be
perpendicular to the transport direction (often derived from the trend of the fold axis); whereas lateral
or oblique ramps are at a different angle to the transport direction. Lateral ramps (oblique ramps sensu
stricto) occur on numerous thrust and reverse fault terminations or at the transition from strike-slip
faults to thrust zones, or along inclined strike-slip faults. They have gently to steep inclinations. This
type of oblique convergence leads to the formation of transpressional zones, often with
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Figure 6-1 : Fold definitions of axial plane, plunge direction and angle, and fold dip angle. Here is an example of a syncline
followed by an anticline.

Figure 6-2 : Riedle faults system along a larger dextral strike faut zone (principal displacement zone). Riedle -shears (R) are
necessarily present in this system, and often conjugated with P-shear (synthetic). The antithetic system R’ and P’ are
conjugated shears symmetrical to R and P with respect to the main compression direction (blue arrows).
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Figure 6-3 : Growth fault and reactivation: A: formation of the syn-sedimentary listric normal fault system. B: reactivation in
inverse of the same listric fault. C: Thrust fault development on top of the listric fault system of A (same vergence). D: Thrust
development on top of the listric fault (from image A) but with opposite vergence. Figure modified from Jackson & Hudec

(2017b) and Pace et al. (2014).
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Figure 6-4 : Fault related folds types and associated fold geometries. Note that these cases may be compared to the geology
of our study area with the following association of layers (from bottom to top): dark grey = mechanical basement, white =
Keuper more ductile layer with major décollement layer at its base, midlle/light greys above sedimentary cover. Figure
modified from Medwedeff (1992) and Mitra (1986).
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obliquely oriented folds and thrusts of smaller order. Lateral ramps are also frequently found in lateral
transfer zones and associated with tear/transfer faults (lateral (vertical) ramps sensu stricto).

Strike-slip fault (Figure 6-2): subvertical to vertical fault in which the displacement is in the horizontal
plane, parallel to the strike of the fault (Peacock et al., 2016). Strike-slip faults are widespread in
compression tectonics of brittle solid rocks. They are ideally formed at an angle of around 30° (with
small material-specific variations) to the main stress direction. In an Andersonian state of stress, as
given in the rather shallow Alpine detached foreland fold-and-thrust belt, the main stress direction is
approximately horizontal and the intermediate stress orientation, given by the lithostatic overburden
only, is vertical. Strike-slip faults and tear faults, though two distinct terms will be used in the following
as synonymes. Strike-slip systems may be formed by several major faults strings defining a broad zone
of deformation. This type of broad zone is defined in this work as fault corridor. It hosts a family of
faults which represent the brittle behaviour inside the fault. The fault corridor may develop as a Riedel
shear system (Dauvis et al., 2000).

Growth fault (listric fault, Figure 6-3) according to Brun & Mauduit (2008) : Type of normal fault with
an upward concave movement surface that transforms steeply plunging displacements at the surface
to nearly horizontal ones at depth. Growth fault/rollover systems are extremely common structures of
thin-skinned extensional systems resulting from gravity gliding above salt. A growth fault has a limited
lifetime during which it controls the deposition of new layers and their downward displacement and
rotation in a synsedimentary extensional setting.

Reactivation (Figure 6-3): renewed displacement on a fault that has undergone a prolonged period of
inactivity. The different displacement events may or may not be of the same sense (Peacock et al.,
2016). We define Inversion as a reactivation of a fault in opposite direction of fault throw. Thus, locally
steep (around 60° dip) listric shaped reverse faults can be documented (seismic lines). Which can be
interpreted to be inverted, inherited synsedimentary normal faults. Alternatively, the steep faults may
result from a younger deformation process of Eocene to Oligocene age (rifting, foreland flexuring), that
have subsequently been inverted or that have preserved on original offset along a fault that is steeply
inclined.

6.2 The Triassic, basal décollement zone and mechanical basement

This chapter addresses the basal décollement zone in Triassic evaporite-rich units and its structural
development in connection with the configuration of the mechanical basement. The Mesozoic-
Cenozoic series are detached above the main décollement horizon and deformed and transported in
a mechanical tapered wedge (Sommaruga et al.,, 2017). The displacement is explained by the
“Fernschub” hypothesis initially proposed by Buxtorf (1916), which introduces the notion of “distant
push” of the Alpes. This distant push originates in the antiformal stacking of the External Crystalline
Massifs that subsequently led to the displacement of the foreland sedimentary cover on top of the
mechanical basement and the formation of the Alpine detached foreland including the Jura Fold and
Thrust Belt (Burkhard & Sommaruga, 1997)(Figure 6-5). The amplitude of the structures in the foreland
basin part is lower than in the JFTB due to the larger load of the Tertiary sediments inhibiting the
deformation of the cover (Sommaruga et al., 2017; Sommaruga et al., 2012). This tectonic phase also
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includes the transition from a flexural foreland basin to a “wedge top” configuration. The large-scale
decoupling and implicit thin-skinned deformation of the Jura FTB has been supported by numerous
studies, based on outcrop and subsurface investigations (e.g. Laubscher, 1961), but also using balanced
cross-sections (Burkhard, 1990; Burkhard & Sommaruga, 1998; Rime et al., 2019; Schori, 2021; Marro
et al.,, 2023), as well as retro deformation analysis (Affolter & Gratier, 2004). All these studies
underscore the documented existence of a décollement horizon, and the necessity of a shortening and
a displacement in a detached cover. The geometry of near top basement, the position of the main
décollement and the link between the Triassic evaporite thickness, and the deformation was supported
by seismic interpretation and borehole data in Sommaruga (1997) and Sommaruga et al., (2017).

Figure 6-5 : Fernschub or distant push concept from the external Crystalline Massifs in the SE and detachment of the foreland
basin and the Jura Mountains in the NW (modified after (lbele, 2011)). This shows the two main hypotheses regarding the
possible link between faults in the mechanical basement and in the sedimentary cover.

Minor involvement of the basement s.l. in a late stage of the orogenic evolution has been discussed
in, Madritsch et al. (2009), Malzer et al. (1983), Mosar (1999), and Schori (2021), but are not relevant
for the bulk of displacement and deformation in the thrust belt development. However, inherited
basement topography is an important feature that can be linked to the initiation and formation of
thrusts in the detached cover (e.g. thrust mills of H. P. Laubscher, 1986; Schori, 2021). In that sense, if
a structure in the sedimentary cover is located on top of a pre-Mesozoic fault seen on seismic data,
two scenarios are then considered:

O Both structures in the Pre-Mesozoic and in the Mesozoic-Cenozoic layers are linked: In such a case,
where the deformation is in situ, the implication is that its development post-dates the
emplacement of the foreland FTB. It means that it would have occurred after the Miocene Alpine
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compression and the major displacement of the detached sedimentary cover that led to the
formation of the Jura FTB (after Serravallian (Mock & Herwegh, 2017)). This may thus involve an
active structures in the basement and the cover; which can be attributed to mild inversion (Mosar,
1999; Naef & Madritsch, 2014).

O Both structures in the Pre-Mesozoic and in the Mesozoic-Cenozoic layers are not linked. The
superposition of the two independent structures may be considered fortuitous and due to the
relatively regular lateral distribution of the supposed/expected basement faults (roughly around 5-
10 km spacing between faults (Schori, 2021)) and the displacement/spacing on major structures in
the detached cover series, with a magnitude of around 10km northwestward in the center of the
Jura Mountains and around 25-30km in the Molasse Basin). This coincidence does not mean that
this structure in the cover cannot be related with different basement structures. It is possible, and
even likely, that structures in the detached cover have been initially triggered in relation to a
basement faulting before or during the Miocene compression (Laubscher, 1965; Laubscher, 1986;
Schori, 2021). Indeed, top basement is an irregular surface with possible offsets along graben
bounding faults of inherited Permo-Carboniferous grabens that may lead to stepping down or up
the basal décollement, and therefore initiate tectonic structures during the distant-push
(Sommaruga et al., 2017, Laubscher 1986: thrust mills). In that case, applying retro-deformation of
the Miocene displacement would be needed to locate the initial possible triggering Pre-Mesozoic
fault location. Schori (2021) has demonstrated in analogue laboratory modeling that basement
faults with greater vertical offset than 400m, are initiating oblique ramps and associated fold, the
specific geometry of which can, subsequently, be clearly identified in the Jura FTB. Alternatively,
such basement steps may also trigger recent to present deformation, in a way post-dating the main
tectonic events of the Jura FTB (e.g. in the Rhenisch Jura). This cannot be excluded, and reflects on
the sequence of deformation in the foreland, and has been discussed and suggested in recent works
(see Rabin, 2016; Radaideh & Mosar, 2021).

Also, the detailed inspection and interpretation of our seismic database does not show any major
throughgoing structures from cover to basement across the main décollement horizon. Therefore, we
favor scenarios of the second type, where the Jura FTP and the whole Alpine foreland is detached along
a major décollement level in Triassic evaporites and propagates to the foreland over inherited
basement topography.

The main structural concept being stated, we will discuss in the following its application in our
investigation area. A key issue with the detachment and wedge concept is the presence of a laterally
continuous and highly viscous layer (or alternatively very low friction and/or high fluid pressure),
separating the two decoupled layers; the basal décollement horizon. In the Alpine foreland this
décollement level has been demonstrated to be a highly viscous salt-rich evaporite layer in the Triassic
series (Sommaruga et al.,, 2017 and ref. therein). This horizon can be identified in well cores, on
outcrops or even on seismic data as a highly deformed layered zone (Jordan, 1992; Sommaruga, 1999).
The vertical position within the Triassic units may vary laterally across the Alpine foreland. Sommaruga
et al., (2017) and Gruber (2017) have mapped, at the scale of the Alpine foreland, the different sub-
units of the Triassic layer and have concluded that the main deformation zone is located in the
Muschelkalk Group in the E-NE part of the alpine foreland, whereas it is located in the Keuper Group
in the W-SW Part (the approximate N-S transition line going through Vevey-Moudon-Estavayer-le-Lac
in Switzerland, see maps on page 99 of Gruber (2017) for localization).
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Figure 6-6 : Lithological log of the Triassic unit in our study area, and supposed identification of the basal décollement zone
at the base of the halite layer just above near Top Muschelkalk horizon. Figure modified from Marro, 2021.

The well data, such as Humilly-2, in our study area confirm the presence of a thick evaporite-rich layer
in the Keuper Group (100-400m), compared to a lower thickness of the Muschelkalk Group (less than
120m (Rusillon, 2017), see Figure 6-6). The lower Triassic consists of the modest Buntsandstein unit
(around 15m). Our seismic interpretation, and the resulting mapping of the different seismic horizons,
shows the detailed lateral thickness distribution of the entire Triassic Unit (Figure 6-7) and its sub-units
in our area. We observe that the Muschelkalk Group can be interpreted with a relatively constant
thickness through the GVA Basin, whereas the Keuper Group and thus the entire Triassic Unit is
thinning southwestward. This assessment considers that the thickness of the Triassic layers above the
basal décollement zone are higher in the more deformed areas, due to duplications of layers
(thrusting) or halokinetic movements caused by the faulting. Indeed, the original depositional
thickness of the Triassic layer is in fact relatively homogeneous laterally, around 200m for the Keuper
and Muschelkalk Groups each (Sommaruga et al., 2017). In that sense, if we remove the local increases
of thickness below structures such as the Vuache FZ or the Gros Foug FZ, the overall Triassic unit is
indeed thinning southwestward. The thicker Triassic layers are located in the NE part of the
investigation area in the Canton Vaud, which is coherent with results from Gruber (2017), Schori,
(2021) and Sommaruga et al., (2017) who place the center of the deformation and therefore the
greatest Middle and Upper Triassic unit thicknesses in the center of the arc-shaped Jura FTB (just north
of the city of Nyon in between St-Cergue FZ and Pontarlier FZ).

In terms of lithology, the Lower to Middle Triassic units (composing the approximated near
Muschelkalk seismic unit), are mainly made of dolomite and anhydrite (evaporite, see Figure 6-6). Two
parts are recognized in the Keuper Group; the lower one with massive halite and gypsum/anhydrite
layers is overlain by a sub-unit formed of alternating dolomite, anhydrite and argillaceous layers similar
to the Muschelkalk Group (Brentini, 2018; Rusillon, 2017). Ductile salt layers of the lower part of the
Keuper Group are here a perfect candidate to act as the basal décollement zone. The well Humilly-2 is
showing a thickness of massive halite of around 150m, despite the fact that regionally this salt content
is decreasing southwestwards (see cross sections of Figure 2-4, Figure 2-5 and Figure 2-6). In addition,
in well Humilly-2, deformation has been described in several tectonised levels inside the Keuper Group
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Figure 6-7 : Regional thickness map of the entire Triassic unit. High thickness areas are pointed out by black arrows, which
correspond in most cases to structural thickening (highly deformed sedimentary cover). There is an overall increase of the
entire Triassic unit northeastward. Note that localization of sections of Figure 6-8 and Figure 6-9 are represented as blue lines.

(S.N.P.A, 1969), suggesting that the deformation is partitioned along secondary décollement levels
within the lower part of the Keuper Group (Figure 6-6).

Similar observations also apply to the Jura part of our study with a relatively high thickness of the
Keuper Group noticed in the Bonlieu-1 well (378m) or Toilon-1 well (more than 465m), while it is clearly
decreasing southwestwards with only 122m measured in La-Chandeliere-1d. The location of the basal
décollement level in the Jura FTB part is also positioned near the base of the Keuper Group, just below
the salt layers.

In order to better assess the subsurface structures, seismic interpretation remains an important tool,
in particular to determine the position of the basal décollement zone. Massive halite can be recognized
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Figure 6-8 : The two top images represents the pop-up Cologny FZ on line 18SIG_001 (AA’), and bottom images shows the
intra Triassic duplexes formed at the base of the Ornex Anticline on line 185IG_004 (BB’). Localization on Figure 6-7. See
respectively Encl 19 and Encl 22 for detailed seismic interpretation of lines 18SIG_001 and 18SIG_004. Legend on Figure 6-9.
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Figure 6-9 : Seismic interpretation of the Humilly FZ (growth fault) on line EW02 (CC’). Localization on Figure 6-7. See Encl 60
for detailed seismic interpretation of line EW02.
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by a typical “transparent seismic facies” (see chapter 4.1.5, and section A in Figure 6-8), that may form
salt pillow shapes, often present locally near fault zones, and which may amplify the fault-related
folding. The convex salt pillows are usually correlated with an increase of Triassic thickness which is
often creating gentle anticlines in the Mesozoic cover (evaporite related pillow/anticline or
detachment fold). We may suppose halokinetic processes (salt flow) in relation to the development of
thrusts, duplexes, fishtails structures, or listric normal faults. The presence of onlaps on top of the
structure allows an understanding of the kinematics and timing of the salt flow (Figure 6-9).

Several deformation styles with an involvement of Triassic evaporite-rich series are thus identified in
our study area, such as thrusting or listric extension/inverted faults (Figure 6-9). Thrusts rooting in the
basal décollement zone are observed on seismic sections; oblique reflectors fading and bending
horizontally close to the suspected basal décollement zone near Top Muschelkalk Group seismic
horizon are diagnostic of such zones. Vertically stacked reflectors within the Triassic Unit are
interpreted to be imbricates separated by thrusts, forming intra-Triassic duplexes (section B in Figure
6-8). They consist of a system of ramp-related anticlines, with linked floor and roof thrusts (Shankar
Mitra, 1986). We have also interpreted fishtail structures (B in Figure 6-8), which are thrusting faults
with a lower part rooted along one décollement level and an upper part (linked to the lower part)
composed of a thrust with opposite vergence (in comparison to the lower part) and detached along
another shallower décollement level.

Locally, the intra-Triassic unit duplexes and thrusts may be linked to larger thrusts/reverse faults that
affect the whole detached Mesozoic-Cenozoic cover to form large-scale structures (section A in Figure
6-8). Thus, it was possible to identify and interpret inherited, original listric, normal faults, with a gently
rollover geometry associated with thickness changes in the underlying evaporite horizons. Thickness
changes were linked to salt flow associated with the original extensional setting ((Jackson & Hudec,
2017c), see Figure 6-9). In Humilly FZ, this kind of structure has been clearly identified on several
seismic sections, and salt flow is thought to have occurred within the Triassic layer likely, on both sides
of the listric fault. This process has increased the concave-up fault-bend-folding and the amplitude of
the rollover anticline in the hangingwall part of the fault. These faults have then, subsequently suffered
inversion during the alpine deformation and detachment of the cover series.

The mechanical basement, over which the Mesozoic-Cenozoic cover is detached (Figure 6-6),
transported and deformed is considered to be insitu. It is composed of two parts (see Figure 2-9
geodynamic explanations):

- the pre-Mesozoic units associated with the crystalline basement. This basement is composed of

pre-variscan deformed and metamorphosed rocks, igneous series of late variscan age and older
and faulted (grabens or half-grabens) and filled with Permo-Carboniferous sediments (trough
infill), and

- the Mesozoic series below the basal décollement zone, which correspond to the units below the
near Top Muschelkalk seismic horizon and thus include the Buntsandstein-Muschelkalk-
Lettenkohle layers.

We thus define the mechanical basement or basement s.I. as all the units beneath the décollement
level (Figure 6-6). Based on seismic interpretation, we can assume that the top of the mechanical
basement surface can be approximatively correlated with the position of nBMes seismic horizon, and
which, in this work, has been interpreted on a regional scale (unlike nTMu horizon which was
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interpreted only in the GVA Basin area)(see also Marro et al., 2023). It was thus possible to propose a
new refined grid of the nBMes seismic horizon. This surface shows a measured dip angle around 3.25°
towards the South-East below the Western Molasse Basin, and some 1.7° below the neighboring
Internal Jura (Figure 6-10).

Figure 6-10 Simplified wedge geometry of the western Alpine foreland in the Geneva region. Shown are the newly defined
detachment horizon (derived from the near to basement seismic line interpretation and new depth conversions of this
project). Topography is an average swath profile (10 km wide) from the Jura Mountains across the Geneva area, the Saléve
and into the subalpine chains. Topography and décollement dips are in ®angle. Figure from Borderie et al. (2022), as part of
common team project of tectonic group at the UNIFR. Localization of the section on Figure 6-7.

Thus, the first high chain of the Jura FTB reflects a major change of dip of the mechanical basement.
Even if this surface is considered as an overall “smoothed” horizon that allows the decoupling with the
cover, several slight irregularities in its top basement topography are thought to be present. Indeed,
the existence of Permo-Carboniferous troughs has been proven and testified by several deep wells in
the entire Alpine foreland, such as Treycovagnes-1 (475m thickness of PC sediments), or in our studied
area in Charmont-1 (498m of PC thickness), or Faucigny-1 (363m of PC thickness) (see also Schori
(2021) for detailed discussion, and Figure 2.4 for localization of the wells). These remarkable geological
structures have also been investigated on seismic data (Heuberger et al., 2016; Naef & Madritsch,
2014), and their NE-SW dominant orientations have been identified (at least in the NE part of the Swiss
Molasse Basin) by many studies using a combination of different sources such as gravimetry, well data,
seismic data (Altwegg, 2015; Meier, 2010). In our investigation area, Signer & Gorin, (1995) had
proposed the existence of NE-SW oriented Permo-Carboniferous half-grabens; below the High Chain
of the Jura FTB and below the Saléve Chain. More recently, Schori (2021) proposed, in addition to the
above mentioned orientation, the existence of NW-SE oriented basement normal fault (below the
Vuache Fault zone and below the GVA Basin), based on results from analogue modelling and lineament
restoration using retro-deformation in relation to the formation of ramps (oblique) in the JFTB. Our
seismic interpretation provides indications of seismic facies corresponding to Permo-Carboniferous
sediments, as well as, possible location of basement faults. Although these results of seismic
interpretation of the mechanical basement remain highly uncertain (due mainly to the resolution of
seismic data), it is supporting the interpretation and statement concerning the basement fault mapped
out by Schori (2021), whose final map is used in our study (see chapter 7). We have used the
irregularities of the top mechanical basement to deduce the location of the basement faults (up to
400m fault throw). These faults are likely inherited from the Variscan orogeny and post-Variscan
extensional setting, with the following orientations, NW-SE, NNE-SSW, ENE-WNW (Schori, 2021). The
ramp triggering effect of this top basement offsets is thus very likely in this study.

6.3 Tectonic interpretation

The zone of investigation has been divided into five structural areas illustrating each a newly observed
or confirmed tectonic concept. Each of these five tectonic styles/features are explained according to
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Figure 6-11 : Simplified tectonic map showing the main analyzed structural domains, described in detail in the text. See Encl
MO1 for detailed structural map.

their geometry and kinematical evolution. The transition between the different areas may not be clear
cut and structural specificities of one area may overlap slightly with adjacent areas. It is to be noted
that certain areas may show common structural features with other areas, and that the division
presented hereafter of five polygons was proposed in order to facilitate the summarizing of the
structural setting of the whole area. The more regional tectonic setting and kinematic development of
the region will be discussed in a subsequent chapter 7.

The identified structural domains are separated by some of the major, overarching structural features
in our region of investigation; e.g. the Jura FTB, the Vuache fault and the Saléve mountain (see Figure
6-11, Encl M0O1 and Encl M02):
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e The Geneva-Nyon area or the northern part of the Geneva Molasse Basin (chapter 6.3.1) is
dominated by ESE-WNW and NNW-SSE conjugated strike-slip fault zones. This fault system is
similar to the one observed in the Jura FTB.

e The Humilly-Vuache area or the southern part of the Geneva Molasse Basin (chapter 6.3.2) is
mainly composed of a former Jurassic extensional fault systems, with NE-SW oriented normal
faults terminating against the NW-SE Vuache fault; which also exhibits syn-sedimentary
tectonics. This fault system has been reactivated during the alpine deformation, and is slightly
affected by the same strike-slip system than observed in the northern part of the Geneva
Molasse Basin described above.

e The Saléve and Subalpine Molasse (SAM) area (chapter 6.3.3) includes the whole Saléve ramp
related fold (Mt Saléve - Mt Mandallaz and Mt d’Age), which has also been associated with a
synsedimentary growth fault initiated during the Jurassic period and subsequently inverted. It
comprises also the Molasse Basin part between this major structure and the Alpine Nappes,
and is characterized by the Subalpine Molasse thrusts.

e The Rumilly Molasse Basin (RUM) area (chapter 6.3.4) located to the west of the Vuache fault,
is marked by compressive structures such as thrusts and back thrusts with a N-S orientation,
as well as conjugated strike-slip faults, mainly with a NW-SE direction.

e The Jura area (chapter 6.3.5) forms a fold and thrust belt, to the north of the Geneva and
Rumilly Basins, and is also affected by conjugated strike-slip systems similar to those
mentioned before in the other areas (Figure 6-11). The main specificity of this area is the
formation of large fault related folds, yielding a distinct topography, the Jura Mountains (see
also Marro, 2021)

6.3.1 Geneva — Nyon area / North part of GVA Molasse Basin

The Geneva — Nyon area / North part of GVA Molasse Basin is a structural area mainly dominated by
conjugated strike-slip faults more or less with a ESE-WNW / SSE-NNW striking direction, that are
interpreted to be initiated by the Miocene NW-SE compression leading to the foreland detachment.
Since this work focuses on the seismically interpreted structures inside the Molasse Basin, the Jura
faults will be mentioned but will not be fully described if they were not interpreted on seismic sections.
A more detailed interpretation can be found in Marro (2021) and Marro et al. (2023). Several wells
were drilled in the Nyon area, such as Messery-1, or Grilly wells, that only reached nBCen horizon,
provide crucial tying points for the mapping of this horizon. For convenience of display and description,
they will be presented (maps and sections) in a north/south order (Figure 6-12).

Nyon area

The Nyon area is composed of three strike-slip fault corridors (FC), which extend into clearly
outcropping strike-slip zones in the Haute Chaine of the Jura FTB to the NW (Figure 6-12). One can
discriminate the E-W oriented Saint Cergue FC, the WNW-ESE oriented Divonne FC with its likely
eastern prolongation into the more E-W oriented Messery FC, and the NW-SE oriented Mourex FC. An
additional NE-SW striking thrust fault (Chesserex FZ) is completing the structural setting in between
Saint Cergue FC and Divonne FC. The E-W oriented Prévessin FC to the S, will be described in the
following with the Geneva area. All the major fault corridors, as well as the thrust faults are interpreted
hereafter to root in the basal décollement zone.
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The Saint Cergue FC is a dextral strike slip-fault that has been observed in outcrops in the Jura FTB,
and has a measured horizontal offset of around 1km, decreasing eastwards (Arn et al., 2005). This
fault corridor has also been interpreted (or at least represented) by several authors on seismic data
and often named in their studies as the St. Cergue-Luins strike-slip fault zone (Arn & Conrad, 2005;
Dupuy, 2006; Marchant, 2016; Paolacci, 2012). This fault zone can be interpreted on seismic sections
(see section E on Figure 6-14 and localization on Figure 6-12) as a large 2km wide strike-slip fault
corridor, with a near vertical central fault (interpretation similar to the one from the GEOMOL project
of the Vaud Canton from Marchant (2016)) surrounded by irregularly spaced smaller scale faults
and/or a network of fractures (not represented at the scale of a seismic section). This fault corridor
appears on strike seismic sections as a chaotic seismic facies with an overall “transparent” appearance
(2km large), but with smaller scale offsets of seismic reflections suggesting the existence of smaller
scale faults. Although the resolution of the seismic data in this area is of intermediate quality, the large
fault corridor appearance is depicting the actual deformation style described above. The fault corridor
itself is interpreted here to root in the basal décollement zone. This structurally remarkable feature is
showing a moderate vertical offset with the NE side rising up compared to the SW compartment. The
eastern extent of the fault corridor has been stopped near border of Geneva Lake, since no seismic
line inside the lake was able to confirm the continuation eastward of the fault (seismic lines acquired
on the lake usually show a poor deep resolution).

The Divonne FC is a dextral WNW-ESE striking, steeply SSW dipping strike-slip fault corridor, with a
width up to 500m width, and up to 10km length. Across Lake Geneva in France, another strike-slip fault
corridor, the Messery FC has been identified in the exact continuation southeastwards of Divonne FC
(see map of Figure 6-12 and section D in Figure 6-14). The two fault corridors strings appear to have
an opposite vertical (modest) offset, which may be related to gentle plunges (up or down by 1-5°) of
the transport direction. The lack of deep seismic data in Lake Geneva does not allow confirming the
continuous link between the two fault systems. A more complex picture with multiple smaller blocks,
separated by vertical faults has been proposed by Vernet et al., (1974), based on seismic interpretation
(shallow seismic data), beneath Lake Geneva. Globally they corroborate our interpretation but are not
integrated into this work because of very different nature of the seismic interpretation.

The Mourex FC has a similar geometry as the Divonne FC, but a more NNW-SSE orientation and a
sinitral strike-slip component. The Mourex and Divonne FC form a conjuguated fault system, leading
to the development of the pop-up like Mourex-Mussy Anticline in the (NW oriented) compressional
corner, located SE of their intersection just at the boundary between the Jura Haute Chaine and the
Molasse Basin (see map of Figure 6-12 and section C in Figure 6-13). The consequent thickening of the
Triassic layer beneath this pop-up structure implies the presence of highly ductile evaporite layers,
such as salt pillows. The Mourex-Mussy anticline is oriented NE-SW with a NW vergence. Thus the
Mourex FC shows a modest reverse component in its NW segment whereas further to the SE this
component appears to be slightly normal (see map of Figure 6-12 and section B of Figure 6-13).

The three major FC described here are important regional structures, as they represent perfect
examples of the continuation of clearly visible conjugated strike-slip systems in the Jura FTB (outcrops)
into the Molasse Basin part. The extension of these faults in the Molasse Basin has already been
suggested by several authors (Clerc & Moscariello, 2020; Marchant, 2016; Rigassi, 1957; Signer &
Gorin, 1995), although the faults are not exactly traced the same way as proposed in this work. In the
Jura FTB part, near the Nyon area, it is possible to interpret numerous smaller-scale conjugate fault
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Figure 6-12 : Maps of structural interpretation results of the Nyon area. It includes the Saint Cergues FC, the Chesserez FZ,
the Divonne FC, the Mourex-FC and the Messerey FC. These structures are described in detail in the text of part 6.3.1. See
Table 3-2 for well abbreviations. Sections of Figure 6-13 and Figure 6-14 are represented on structural map B as blue lines.
Coordinate system : CH1903+/LV95. Geological map A si based on Marro (2021).
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systems, but only the higher resolution of a 3D seismic survey could allow to consider interpreting this
kind of faulting/fracturing inside the Molasse Basin.

Figure 6-13 : Seismic interpretation (twt) of the Chesserex FZ on seismic line VD-P730016 (top image and section AA’), the
Mourex FC on seismic line SJ1V2 (middle image and section BB’), the Divonne FC (and again the Mourex FC on seismic line
82GEX07 (bottom image and section CC’). See Figure 6-12 for localization of the sections. See respectively Encl 83, Encl 79,
and Encl 42 for detailed seismic interpretation of lines VD-P730016, SJ1V2 and 82GEX07.
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Figure 6-14 : Seismic interpretation (twt) of the Messery FC on seismic line 2CC1 (top image and section DD’), the Saint Cergue
FC on seismic line Xi-74VD52-74SADH6 (bottom image and section EE”). See Figure 6-12 for localization of the sections. See
respectively Encl 59 and Encl 84 for detailed seismic interpretation of lines 2CC1 and line Xi-74VD52-74SADH6.

The Chesserex Fault Zone is located between the Saint Cergue FC and the Divonne FC, NW of well
313_G, and is a NE-SW striking thrust fault, with a top-to-the-NW thrust direction (see map of Figure
6-12 and section A in Figure 6-13). Clear oblique strong amplitude seismic reflections can be identified
and associated with the fault plane that has been rooted in a shallower décollement level than the
basal décollement level, in fact in the Effingen marls of the Lower Malm unit. The Chesserex FZ is a
blind thrust forming a fault-propagation fold associated to the Chesserex Anticline, that was drilled by
well 313_G, which confirms the shallow presence of nBCen horizon. In addition to the shallow thrust
splay, the deeper part of this structures is related with imbricates formed in the Triassic series and
leading to a local tectonic thickening. The recent study from Marchant (2016), in the frame of the
GEOMOL project (applied for the Vaud Canton and swisstopo), is drawing another ESE-WNW strike-
slip fault similar to the Saint Cergue FC and the Divonne FC, just between the two latter, and called the
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Bonmont-Yvoire fault. However, we were not able to recognize this in our seismic interpretation study;
instead, we identified the Chesserex Fault Zone.

In the area around Mont de Boisy, SE of Lake Geneva, the outcropping Molasse series, in combination
with seismic interpretation, are providing information to confirm the presence of the Mont-de-Boisy
Anticline with a NE-SW striking orientation. This anticline is located just SE of the Subalpine Molasse
frontal thrust. This latter thrust surface is visible on seismic profiles as a clear, oblique and bent, strong
seismic reflection that appear to be rooted in a near base Cenozoic décollement level. The thrusted
Molasse pinches out underneath the Alpine nappes, and thrusting could involve both USM and UMM
deposits (Gorin et al., 1993). In addition, other thrusts carrying the UMM at the front of the Subalpine
Massifs have been clearly interpreted based on outcrops (Charollais, 1986)(see tectonic map on
Encl_MO01).

Geneva area

The southern part of the Geneva-Nyon area is formed by the Geneva area sensu stricto (Figure 6-15).
It is a complex structural area characterized by several E-W oriented strike-slip fault corridors
(Prévessin FC, Meyrin FC, Aire-la-Ville FC), several NW-SE oriented strike-slip fault corridors (le Coin
FC) and more discrete fault zones (Arve FZ, Cruseilles FZ, Allondon FZ), a ENE-WSW backthrusting
Cologny FZ, a shallow NE-SW oriented thrust fault in the Presinge FZ, and a NE-SW graben fault
corridor, the Bernex FC. In following we will discuss these different structures and possible kinematic
links.

In the northern part of the Geneva area, the E-W striking Prévessin fault corridor is a right lateral
strike-slip fault zone with a width of more than 750m and a length of more than 12km (Figure 6-15 and
section A and B in Figure 6-17). Its northern part is characterized by shallower Mesozoic units due to a
thickened Triassic unit. This creates an apparent normal component across the steeply south dipping
fault corridor. This fault system shows several main fault segments (2-3 main fault sticks of around 0.2
second apparent vertical extent interpreted on each seismic section crossing the corridor)
accommodating the deformation in addition to smaller scale faults/fractures. The faults represent the
brittle expression that is probably associated to a more plastic/brittle behaviour in the evaporite-rich
layers of the Triassic. In addition, the differences in lithostratigraphic rheology favor/inhibit the
development of clear discrete brittle faults. Thus, for instance the very massive limestones of the
Upper Malm unit behaved very differently to the deformation (brittle behavior) than the very marly
layers of the Lower Malm (Effingen unit) or of the Dogger or Lias units (more diffuse and ductile
behavior) where a clearcut fault is more unlikely to develop. The various fault segments cannot be
correlated between each seismic line intersecting the tectonic structure, and the high complexity of
this system cannot be fully captured by few interpreted fault correlations. Therefore, it is important to
consider the overall fault corridor geometry (correlated between sections) more than smaller-scale
individual structures (not correlated). Concerning the lateral extent of this fault system, faults and
structural lineaments with the same orientation have been observed in the continuation of the
corridor westward in the Jura Haute Chaine (Marro, 2021). Also, this FC may be seen as conjugated
with the Mourex FC at its eastern termination. This latter fact could create a triangular shaped uplifted
structural area west of the intersection of the two fault corridors, following a similar configuration than
the Mourex-Mussy anticline area (Figure 6-20).

It is important to note that all mentioned fault corridor boundaries are represented on seismic profiles
by two external boundaries that stop vertically downward near nTKeu seismic horizon. Although the
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Keuper Unit should play a role in the structural setting of the strike-slip fault corridors, the ductile
behavior of this layer and the associated thrusting structures cannot be incorporated in these
boundaries. Indeed, the intra-Triassic thrust faults are too different to the steep strike-slip fault
segments interpreted on the overlying Mesozoic layers.

In the overall triangle area (on map view) located in between Mourex FC, Prévessin FC and the Jura
Haute Chaine, we have interpreted two NE-SW gentle folds; the Ornex and Versonnex Anticlines,
which are typical evaporite related structures with intra-Triassic duplexes and possible salt
pillow/anticline increasing Triassic thickness in the NE-SW direction and correlated with a Mesozoic-
Cenozoic anticlines on top of them (Figure 6-7 and section B in Figure 6-8). The same concept is applied
on major dip change axis displayed on seismic profiles. The Meyrin fault corridor has a very similar
structural configuration to the Prévessin FC (Figure 6-15). It is also a wide (500m width) and long
(around 10km long) ESE-WNW strike-slip fault corridor and is located just 5km to the south of the
Prévessin FC (Figure 6-15) to which it is parallel. This structure is following the same structural
principles of a fault corridor (diffuse deformation) described on the above paragraph (or see chap
4.1.13). For reminder, they have been defined to avoid tracing excessively long single faults that cannot
be confirmed and correlated laterally. Fault corridors have been identified and correlated across
several seismic lines. The section F (Figure 6-18, see location on Figure 6-15) and section G (Figure 6-19,
see location on Figure 6-15) are intersecting the Meyrin fault corridor just around GEo-01 well location
that was drilled in 2018 (Chablais & Savoy, 2019). The fractures/faults analysis of this well
(Koumrouyan, 2019; Martinuzzi & Sallier, 2018), based on petrophysical logging measurements, is
highlighting N-S to NNE-SSW fracturation (Figure 6-21). Strike-slip fault corridors are thus complex fault
systems associated with many kinds of subsidiary structures in the damage zone around the main strike
slip faults (Jackson & Hudec, 2017d; Massironi & Kim, 2015). The slip is mostly horizontal, but it may
also be oblique leading to segmented straight or gently curved faults. The strain may vary along the
length with alternating transpression or transtension configuration, leading to switches of the uplifted
side of the fault along it, due to gentle changes in dip of the transport direction. We consider that the
seismic interpretation is indicating the orientation and the geometry of the overall fault corridors,
although the internal structural configuration cannot be directly deduced. The image log information
of GEo-01 suggests the following interpretation (1D analysis at well location, Figure 6-21):

- The N-S to NNE-SSW striking discontinuous open fractures could be related to antithetic
Riedel shears.
- The fold axis is oriented along NE-SW, confirmed by the seismic interpretation in this area.

It is all the more difficult to understand the secondary faulting and fracturing of the Meyrin FC since
the analysis of the contouring of the gridding and mapping of the Mesozoic seismic horizons is
indicating that GEo-01 well is placed in a transition area in relation to the uplifted parts of the faults.
Indeed, eastward of GEo-01 well, the northern block of the fault appears uplifted in comparison to the
southern block, whereas westward of GEo-01 well the trend is switched with the southern block
uplifted in relation to the northern block. Several seismic profiles located on both sides of GEo-1, are
confirming this configuration. Seismic line 20UNIGE_001 (West of GEo-01, see section on Figure 6-19
and map on Figure 6-15) is showing a north-vergent reverse fault, while 20SIG_002 (East of GEo-01)
display the Meyrin FC as an overall apparent normal fault system dipping South. Along GEo-01 well,
the fault corridor appears on seismic profiles GG87-02 NW-SE oriented) with an overall transtensive
system, whereas on seismic line 1551G_008 (NE-SW oriented) it has an apparent overall transpressive
configuration. This confirms the ambivalent structural location of GEo-01 well along the Meyrin FC.
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Figure 6-15 : Maps of structural interpretation results of the GVA Molasse Basin area. It includes the Mourex FC, the Prévessin
FC, the Meyrin FC, the Aire-la-Ville FC, the Bernex FC, the Allondon FZ, the Le Coin FC, the Cologny FZ, and the Présinge FZ.
These structures are described in details in the text of part 6.3.1. See Table 3-2 for well abbreviations. Sections of Figure 6-16,
Figure 6-17, Figure 6-18, and Figure 6-19 are represented on structural map B as blue lines. CS: CH1903+/LV95. Geological
map A si based on Marro (2021).
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Figure 6-16 : Seismic interpretation (twt) of the Prévessin FC and the Mourex FC on seismic line 18SIG_002 (top image and
section AA’), the Prévessin FC on seismic line SJ1U6 (bottom image and section BB”’). See Figure 6-15 for localization of the
sections. See respectively Encl 20 and Encl 77 for detailed seismic interpretation of lines 18SIG_02 and SJ1U6.
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Figure 6-17 : Seismic interpretation (twt) of the Cologny FZ on seismic line THO2 (top image and section CC’), the Présinge FZ
and Cologny FZ on seismic line GG87-07 (middle image and section DD”’), and the Allondon FZ on seismic line 9001 (bottom
image and section EE’). See Figure 6-15 for localization of the sections. See respectively Encl 82, Encl 69, and Encl 01 for
detailed seismic interpretation of lines TH02, GG87-07 and 9001.
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Figure 6-19 : Seismic interpretation (twt) of the Meyrin FC, the Aire-la-Ville FC, and the Bernex FC on seismic lines (from NW
to SE) 82GEX06, 20UNIGE_001 and 9006 (section GG’). See Figure 6-15 for localization of the sections. See Encl 06 for detailed
seismic interpretation of the lines of this figure.
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Figure 6-20 : kinematic scheme of uplifted triangles (or bend zone) structural areas (red areas) in relation to conjugate strike-
slip fault systems.
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In the westward continuation of the Meyrin FC, fault or structural lineaments in the Jura High Chain
are present in the same orientation than the fault corridor that provide additional confidence to the
interpreted tectonic structure. Towards the eastern part of Meyrin FC, no seismic data is available until
2D seismic profile 18SIG_002 bordering the SW part of Lake of Geneva. This lack of data does not allow
linking the fault with the Cologny FZ, although this correlation is likely present according to the
mapping of Mesozoic seismic horizons (vertical offset visible on the contouring along this likely fault
continuation).

The Aire-la-Ville FC is another replica of the E-W striking fault corridors described above (Meyrin FC,
Prévessin FC, Divonne FC and Saint-Cergue FC). It is located just 4km south of the Meyrin FC, and has
the particularity of being interpreted with a larger width (more than 1km) than the two other northern
fault corridors (section F on Figure 6-18 and section G on Figure 6-19, see location on Figure 6-15). It is
following the Rhéne River along a length of around 7km and is likely to stop laterally against the
Allondon FZ (NW-SE strike-slip fault system, described below) in its western part and could not be
continued towards its eastern part due to an insufficient number of seismic profiles in the area inside
the city of Geneva. The “Z” shape (on map view) of the corridor with a northward shift of the eastern
part of the structure may be due to a NW-SE sinistral strike-slip fault, not identified on the current
interpretation. A link with Le Coin FC or Cologny FZ is not excluded but is elusive. The geometry and
even the presence of this fault corridor remains quite speculative, as only one seismic profile is
continuously crossing it (the Rhone River being a logical obstacle to seismic acquisition). Moreover, in
this context, the other segments of seismic images displaying the supposed fault corridor consist of
extremities of seismic profiles that usually are of limited resolution in comparison to centers of the
profiles (see part 3.2.2). However, the seismic representations of this area are characterized by the
same seismic facies typical of fault corridors, with “transparent” texture, discontinuous oblique
reflectors, and vertical offset of seismic horizons or main dip changes along the lateral boundaries of
the corridors. The strike-slip fault system appears with an overall very steep dipping-north normal
faulting configuration, with several small-scale fault segments (0.1-0.3 second of apparent vertical
extent) in the most competent layers such as the massive limestones of the Upper Jurassic unit.

The Cologny Fault Zone (FZ) is a structural variation of the E-W (approximated orientation) strike-slip
faults presented in the above paragraphs. It appears as an ENE-SSW striking SE-vergent reverse fault
bending toward a striking NE-SW trend in its upper most northern part. However, its orientation and
the possible continuation westward into the Meyrin FC, are strong kinematic arguments in favor of
incorporating this fault zone into an overall E-W strike-slip regime. In that sense, it would consist of a
restraining bend uplift or to a pop-up structure (see maps on Figure 6-20 and Figure 6-15, and section
A of Figure 6-8, section A of Figure 6-16, and sections C and D on Figure 6-17). It is considered as a fault
zone (FZ) and not as a fault corridor, because it has been interpreted as two en-echelon oblique reverse
faults with clear, sharp and high fault throw (around 0.2 seconds) on the intersected seismic profiles.
There is a north-vergent reverse fault facing and associated to the Cologny Fault zone, but it was not
possible to map the trace of this complementary fault zone that gives a pop-up style along seismic
profile 18SIG_001 (see A of Figure 6-8). Additional seismic data in the lake of Geneva and in the Cologny
area would be necessary in order to identify the exact geometry of the entire Cologny structure (north
and south-vergent faults). The main Cologny south vergent reversed fault is clearly rooted along the
basal décollement zone passing on top of what looks like an evaporite-rich (probably salted) pillow.
This suggests a lateral migration of the ductile Triassic layers towards the center of the Cologny
anticline (evaporite-related fold).
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Figure 6-21 : GEo-01 fracture identification on petrophysical logging measurements (top images). GEo-01 is located in the
center of the Meyrin Fault Corridor (map on bottom part), and shows antithetic Riedel fractures in N-S to NNE-SSW
orientation. It confirms the fold orientation in NE-SW orientation.

This interpretation of the Cologny FZ is a new structural approach in this area, proposing this
orientation and fault presence. Previous authors had noticed and mapped a NE-SW Cologny anticline
parallel to the Lake Geneva (“Cologny-Vandoeuvres-Choullex” hill for Signer & Gorin (1995), or just
“Cologny” Anticline for Rigassi (1957), and in addition to that Morend (2000) had mapped the USM
distribution with new dip data of the outcropping Molasse in the Cologny area in line with our
interpretation of this Mesozoic-Cenozoic structure (ENE-WSW strike). More recently Clerc &
Moscariello, (2020) have supposed an E-W structural “convergence zone” (of around 5 km wide and
30km long) going from the Jura High Chain toward the area near the northern outcropping extremity
of the Saléve FT. This structural strip passing just south over the Meyrin FZ and the Cologny FZ, is
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dividing (according to Clerc & Moscariello (2020)) the structural setting into two parts, with to the
north of this strip, a dominant overall E-W right lateral strike-slip trend, and to the south of the strip,
a dominant left lateral NW-SE strike-slip trend. The interesting point of this latter citation is that our
entire structural framework proposed and described above in our study (north to this “convergence
zone” of Clerc & Moscariello (2020)) is in agreement with the interpretation of this author. Indeed, the
overall E-W structural orientation is dominating this area in our study (with several fault corridors
drawn), even if the exact fault scheme and the number of interpreted faults are different in Clerc &
Moscariello (2020).

If we consider the area in between the four parallel E-W Prévessin, Meyrin, Aire-la-Ville FC and the
Cologny FZ, as deformed zones in between large-scale strike-slip fault corridors, we can kinematically
and mechanically assume the presence of large-scale passive en échelon folds in the Mesozoic-
Cenozoic cover with a trend around 45° to the shear direction. Indeed, simple shear and buckling
during compression deforms the layered overburden above evaporite-rich (and salt-rich) Triassic unit,
to form kind of en-echelon wrench folds that can be later stretched and rotated by continued shear to
orientations of 20 to 30 degrees to the shear direction (Jackson & Hudec, 2017d). In that sense, NE-
SW striking gentle to open folds are developed in between the E-W strike slip fault corridors, such as
the Choully Anticline, Saint-Genis Syncline, CERN Anticline, Ornex Anticline, Chambésy Anticline,
Cologny Anticline, Vernier Anticline and Thénex Syncline (see map of Figure 6-15). These folds are
mainly the result from a combination of deformation by flowage and tectonic imbrication (duplexes)
within the Triassic Unit (above the basal décollement level) as explained several paragraphs above
concerning both Versonnex and Ornex anticlines (see also link between folds and Triassic thickness on
Figure 6-7). In general, and as a reminder, folds axis have been drawn on the final tectonic map by
combining the results of seismic interpretation using the main dip change axis (presented along each
seismic profiles concerned), with the surface data analysis using principally the dip data (outcrops of
the Molasse formation) and DEM lineaments.

The Le Coin FC is a NNW-SSE oriented strike-slip fault laterally offsetting the Saléve FZ with a left lateral
displacement (map of Figure 6-15, and section F in Figure 6-18). The outcrops of this fault in the Mont
Saléve are detailed by Joukowsky & Favre (1913). It has been described structurally by Signer & Gorin
(1995), as a wrench fault zone continuing towards NW into the Geneva area up to the Jura FTB, as a
flower structure, and aligned along a supposed basement fault. Our seismic interpretation, confirms
its continuation northwestward from its outcrop in the Saléve FT. However, we rather considered it as
a fault corridor following the same principles as the other fault corridors interpreted, such as a wide
(up to 500m) strike slip zone with a complex internal, smaller-scale fault distribution. Evidence on
seimic profiles of this corridor are clear, with a notable dip change of the layered Mesozoic-Cenozoic
cover from one side to another of the corridor, as well as the discontinuous and strong amplitude
reflections inside it, that underline the complex internal faulting. The central main internal fault has
been correlated and its trace represented on the tectonic map. Moreover, the continuation of this
fault in the Geneva area has been revised in relation to the available data that delimit it until the Arve
River. A possible link of this fault with one of the northern E-W fault corridors (Cologny FZ or Meyrin
or Aire-la-Ville FC) is likely. The kinematics of this fault system remains uncertain, but it appears to
initiate as a lateral ramp near the Saléve Thrust and than continues as a tear fault into the Geneva
Basin. One crucial observation about this fault corridor is that the Lias unit is showing a slight thinning
in the NE part of the fault in comparison to the SW part (around 20ms of twt vertical apparent variation,
see section F in Figure 6-18). Two hypotheses can be proposed about this thickness variation. Firstly, a
stratigraphic thinning during deposition according to the fact that the thinning is relatively gradual and
following a suspected thinning trend of this layer (transition from platform to basinal settings
southeastward (Signer & Gorin, 1995; Ziegler, 1990)). A second hypothesis would be that it is related
to a tectonic syn-sedimentary activity meaning that this fault is a re-activated inherited fault dated
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from at least the Lower Jurassic period. The second hypothesis is less probable mainly because the
fault does not seem to extend vertically along the entire Lias unit and from the fact that it does not
have the similar shape as the other Liassic extensional faults observed in our studied area (see the
Humilly area, in chap 6.3.2). If the second hypothesis was proven to be verified in future studies, it
should be analyzed in relation to the Saleve middle to Lower Jurassic structural inheritance that will be
discussed in following parts (see 6.3.3 and chapter 7). As for the Triassic unit, an internal structure has
been interpreted near Le Coin FC justifying a local thickening. Signer & Gorin, (1995) have interpreted
in their study, a NW-SE basement faulting and a Permo-Carboniferous graben infill just below Le Coin
fault. Our interpretation suggests also the presence of Permo-Carboniferous seismic facies in this area,
that would likely correspond to the NNW-SSE normal basement fault proposed by Schori (2021) based
on lineament restoration and located just 2km west of Le Coin FC (see Encl_MO1 structural map).
However, no direct connection between basement structures and cover structures can be interpreted.

In the area around Le Coin FC, we can furthermore observe that the Mesozoic horizons are dipping
northeastward (with a NNW-SSE strike, parallel to Le Coin FC and Allondon and Cruseilles FZ, see map
of Figure 6-15), with the same plunging orientation as the Saléve ridge. Since the sedimentary cover is
dipping southeastward in the majority of the Swiss Molasse Basin, this observation could be an
argument in favor of the structural analysis of Clerc & Moscariello (2020) who see in the southern part
of the so-called E-W “Convergence Zone” (extending from the Jura High Chain to the Saléve ridge,
passing south of the axis Meyrin-Cologny), a dominant trend of NW-SE strike-slip faulting.

In addition to the Le Coin FC, the Saléve ridge is crossed by several other NNW-SSE strike-slip fault
system (see map of Figure 6-15), including the suspected Arve FZ (Clerc & Moscariello, 2020; Signer &
Gorin, 1995). This fault could not be interpreted clearly along seismic profiles, due to a lack of
subsurface data in this area, in that sense it is rather a conceptual fault than an observed one. Its
presence is supposed and mainly deduced from the regularity of the lateral distribution of NW-SE
strike-slip fault along the Saléve ridge (approximately every 10km). Its structural role is also justifying
its presence. Indeed, this fault is marking the northeastward termination (lateral ramp?) of the Saléve
ridge but is also laterally offsetting (sinistral movement), by approximately 2km, the Subalpine Molasse
Front Thrust.

The Cruseilles FZ is similar in its configuration to Le Coin FC and Arve FZ (NNW-SSE striking), but is
clearly shifting in a sinistral strike-slip movement the Saléve ridge with a higher offset than the two
others faults. The outcropping fault is showing up to 4 km lateral offset from the Mandalaz FT to the
Saleve FT (see Figure 6-23). The continuation of this fault northwestward is also more conceptual than
proven by seismic interpretation. Indeed, only modest fault throw is visible on seismic profiles crossing
the fault segments just above the Saléve Front Thrust, but being a strike-slip fault, it should not
necessarily show vertical apparent fault throw. Geomorphological lineaments observed on the DEM
images helped tracing this segmented strike-slip fault. Near Humilly-2 well, seismic interpretation is
however indicating in a clearer way a vertical offset with an uplifted eastern part of the fault segments.
This structural setting of the Cruseilles FZ is accommodating the deformation by several 3-5km fault
segments organized in lateral relay setting. North of well Gex-6, the fault system is continuing and
relayed by the Allondon FZ (see section E in Figure 6-17). The resolution/quality of the interpreted
seismic images intersecting the Allondon FZ is poor (quality type 2 in lateral extremities of 2D lines),
but they are nevertheless representing these faults with relatively shallow vertical extent (down to
Lower Malm), with still an uplifted eastern part of the faults. The northern segment of the Allondon FZ
is not proven by seismic interpretation, but the very strong geomorphological incision of the Allondon
in this specific NNW-SSE direction might be an interesting argument to support this hypothesis. The
mapping of seismic horizons allows confirming the kinematically logical uplifted triangle zone in the
southeastern part of the intersection between the Allondon FZ and the Meyrin FC (Figure 6-20).
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The above description discusses the several conjuguate strike-slip fault systems (NNW-SSE and ESE-
WNW striking), which are developed in the same way in the entire area Geneva area (eastward from
Cruseilles-Allondon axis) as in the Canton Vaud area. They were very likely generated in the same
structural setting and strain field. However, the intensity of the deformation seems to increase
northward with higher uplifts (vertical fault throw component of the strike slips fault corridors), and
higher Triassic thicknesses observed in the Nyon area than in the Geneva area.

Two structures developed in the Geneva area differ from the strike-slip systems described above. The
Présinge FZ which is located east of the Cologny FZ (see map of Figure 6-15) is a hypothetical NE-SW
striking reverse fault (thrust) possibly rooted in the Lower Malm Unit (Effingen marls). Its
interpretation remains relatively uncertain, taking into account the minor fault throw observed
(around 30ms), and the limited number and lengths of seismic lines used to identify it (see section D
of Figure 6-17). This fault is oriented and placed in the continuation of the Saléve FT with a slight NW
lateral shift, and can be seen as the termination to the NE of the Saleve FT, shifted laterally by the Arve
FZ. The well Thonex-1 was drilled in 1993 (Jenny et al., 1995; OCEN, 1994) less than 5km south-west of
the Présinge FZ and appears to be located in a structurally calm area (in the Thénex Syncline area) with
no fault on its path observed on seismic profiles.

The second non-strike-slip FZ in the Geneva area is the Bernex FC (see section F of Figure 6-1818 and
section of Figure 6-19), which has a NE-SW structural graben appearance in the Mesozoic part on
several seismic lines. The seismic expression of the hangingwall is a chaotic and “transparent” facies
with an apparent vertical offset of approximately 20-30ms along nBCen horizon. A great uncertainty
remains around the presence of this fault, since a thick Quaternary channel (more than 100m
thickness) is overlying just along the interpreted structure (Lathion & Hauvette, 2020). The above
Quaternary valley is attenuating the seismic signal during acquisition and therefore may decrease the
resolution of the underlying seismic reflections (see part 3.2.2). Nevertheless, we favor the idea of a
fault system. The surface geomorphology may be described by the two NE-SW axis known as “Bernex-
Configny hill” and “Sillon du Petit Lac” (Signer & Gorin, 1995). In the context of the program
GEothermie 2020, the well GEo-02 was drilled in 2020 (Chablais & Savoy, 2021), and was targeting the
NW part of this supposed graben, that may have been reached near nBCen seismic horizon (uncertain
structural interpretation based on logging). The faulting and fracturing distribution inside this fault
corridor remains unclear and very difficult to interpret on seismic data (chaotic seismic facies). This
explains the attribution of the fault type “fault corridor” to this zone. Nevertheless, the main outputs
of the fracture analysis along this well is a set of fractures in the Upper Mesozoic unit striking NNE-
SSW dipping WNW and an ovalisation (see definition in Beghoul (2004)) in N-S to NNE-SSW directions
which indicate an approximation of the maximal horizontal shear direction in WNW-ESE (Chablais &
Savoy, 2021). These results are not bringing any strong arguments for confirming any exact fault
geometries. Concerning the kinematics, the characteristics of this fault with its particular orientation
and mechanism suggest that it is not a strike-slip fault and that it has a different origin and dating.
Several facts can be discussed; the apparent normal component of this fault corridor, the orientation
(NE-SW) and the fact that no Mesozoic syn-sedimentary activity seem to have occurred, but but rather
an Eocene syn-sedimentary activity is probable (high infill of Siderolithic deposits (140m) over the
hangingwall of this fault). These arguments seem to coincide with the flexural period of the Alpine
foreland Basin, due to a bending of the European lithosphere in the subduction process during the
Eocene/Oligocene times. This kind of fault system has been observed NE of Lake of Geneva by Gruber
(2017). Another lead has also been investigated, and concerns the fact that this fault corridor is located
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in the NE continuation of the Humilly FZ, and geomorphological lineaments may suggest a possible link
between both fault systems. This second assumption is ruled out as there is not enough evidences to
prove it. The high thickness of Siderolithic deposits (140m) mentioned above and observed in this well
will be recalled in part 6.4.3.

Outside the latter described fault zones or corridors, several individual fault indications have been
interpreted along the numerous seismic profiles available in the Canton Geneva. Unfortunately, no
correlation of these fault sticks could be achieved. These indications are still marked on seismic
horizons maps (see Encl_MO5 to Encl_M35).

6.3.2 Humilly - Vuache area / Southern part of the Geneva Molasse Basin

This structural area is comprised between the Allondon-Cruseilles FZ axis to the east and the Vuache
FZ axis to the west (Figure 6-23). In the northern part, the Challex FZ striking in a E-W direction is a
strike-slip fault that is part of the dominant conjugate strike-slip system disecting the whole Geneva-
Vaud area and discussed in detail in the above part. The Challex FZ has been interpreted as a very steep
fault with a slight uplift of the northern part. Two other shallower (Cretaceous-Malm refletor extent)
fault sticks have been also been interpreted on seismic sections just south of the main Challex fault
zone, but could not be correlated. Another structural alternative was appraised and would imply
replacing the strike-slip fault interpretation by a normal fault zone dipping SE and following the
orientation and the axial trace of the CERN syncline. Only new additional seismic data can help resolve
this uncertainty. The second option could be included in the dominant NE-SW normal faulting
interpretation of the Humilly-Vuache area, described in the next paragraph.

The Pougny FZ is bordering the Rhone River in a NE-SW orientation. It is composed of two main normal
faults dipping SE with up to 50ms fault throw applies on all Mesozoic layers above the basal
décollement level (see map of Figure 6-23 and sections A of Figure 6-24). No syn-sedimentary activity
has been detected in this fault zone, unlike the Humilly FZ described in the next paragraph. In the
westward continuation of this fault zone are very similar indications of faulting near the Mount
Vuache, along seismic profile 82GEX_01 (see western border of section B in Figure 6-25). A link
between these two traces is very likely and would form a structural branch of the large-scale normal
Vuache-Humilly fault system. The density of the seismic lines in our database is not sufficient to
ascertain an extension eastward of this fault zone, but if we take into account the important fault
throws of these faults, a fault scaling fault length vs. offset would surely support an extension towards
the Allondon FZ.

In the center we find one of the most remarkable structures in the Greater Geneva Basin, the Humilly
FZ . The geometry, type, and history of this fault register information on its geological evolution that
are not common in the region. It can be demonstrated, based on the seismic interpretation that this
NE-SW striking listric normal fault can be linked to synsedimentary activity during the Lower Jurassic
periods (growth fault) (see map of Figure 6-23 and sections A and B in respectively Figure 6-24 and
Figure 6-25). Indeed, bedding shows a rollover geometry (smooth decreasing of the dip of the fault
downwards) and the fault has a listric geometry rooting in the basal décollement level. In addition,
thickening of the Liassic unit is visible along the hangingwall of the fault. There is a major dip change
axis facing the fault southeastward, and both (the fault and the major dip change axis) delimit the
rollover anticline (Humilly Anticline). Offsets along the fault are taken as indicator for an inversion in
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Figure 6-22 : Scheme for geometrical understanding of the backlimb of ramps laterally shifted by a tear fault (see Vuache FZ
— Mt d’Age FT — Mandallaz FT on map Figure 6-23 and section D of Figure 6-27 & Figure 6-28).

compression of the originally extensional growth fault. The well Humilly-2 and Humilly-1 were drilled
during the 1950ties for oil exploration, and were targeting possible structural oil traps along this
Humilly Anticline. Humilly-1 has reached only the nBCen horizon, but Humilly-2 penetrated Permo-
Carboniferous sediments beneath the basal décollement zone and is an invaluable source of geological
information. This well also represents the reference data for all petrophysical and geophysical studies
since decades in this area. In our case, it allows tying all Mesozoic seismic horizons in the hangingwall
of this fault, and it particularly indicates the presence of a thick salt layer (around 120m thickness) in
the evaporite layers of the Keuper Group. This information helped to understand the location of the
basal décollement layer, but also corroborates the possibility of salt flow mechanisms in the
extensional rollover evolution. Indeed, the Humilly Anticline has now a compressional shape, but it
was initiated during the extensional phase (Jurassic). It possibly happened in relation with salt flow and
a migration towards both sides of the fault, specifically towards the center of this anticline (Humilly)
forming a salt pillow/antcline (Jackson & Hudec, 2017c). On section B of Figure 6-25, we can notice the
NW continuation of a branch of the Cruseilles FZ crossing in segments the Humilly FZ (see also Figure
6-23). Geomorphological lineaments oriented parallel to the Humilly FZ/Anticline, in addition to the
surface (and subsurface) dip data support the idea that the entire Humily structure likely continues
southwest by joining the Vuache FZ and the Minzier Anticline. This fault zone is interpreted to be
actually part (as a lateral branch) of the large-scale Vuache-Humilly extensional fault system (active in
Jurassic times and inverted later during Alpine compression, see Figure 6-30).

The Humilly FZ was interpreted in a similar way by Gorin et al. (1993), with an extensional mechanism
and a thickening of the Lias unit, but with the main difference is that these authors root the fault into
the mechanical basement. However, as mentioned prior, no evidence of such a throughgoing fault can
be observed on seismic lines; in addition, the regional thin-skinned tectonic (Miocene) concept and
balanced cross sections show the inconsistency of such a model. In more recent studies (Clerc &
Moscariello, 2020; Paolacci, 2012), this remarkable structure was not fully explored/considered (or in
a very different interpretation style).
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Figure 6-23 : Maps of structural interpretation results of the Humilly - Vuache area. It includes the Pougny FZ, the Humilly FZ,
the Cercier FC, the Cruseilles FZ, and the Vuache FZ. These structures are described in details in the text of part 6.3.2. See
Table 3-2 for well abbreviations. Sections of Figure 6-24, Figure 6-25, Figure 6-26, Figure 6-27, Figure 6-28 and Figure 6-29 are
represented on structural map B as blue lines. CS: CH1903+/LV95. Geological map A si based on Marro (2021).
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The Cercier FZ consists of a narrow normal fault corridor developed south-east of the Humilly FZ and
with a parallel strike orientation in NE-SW in its southern part and bending to reach a more NNE-SSW
orientation in its northern part. The horizontal trace is in fact following the same curvature (parallel)
than the Mandalaz FT, further to the S (see Figure 6-23). We can observe a Triassic evaporite anticline
made of intra-Triassic NW-vergent duplexes (or successive thrusts), forming a Mesozoic-Cenozoic
anticline on top of it: the Cercier Anticline (see section E of Figure 6-29). Thus, this structure has a
compressive Miocene component. In addition, and by similarity with the Humilly FZ, the Cercier FC
may also have an extensional inheritance, although clear syn-sedimentary-activity cannot be resolved
on the seismic lines. On a regional scale, we suggest that this fault corridor may have been triggered
simultaneous to the Humilly FZ during the Lower Jurassic times, and has be reactivated and slightly
reshaped in compression during the Alpine distant-push (Figure 6-30).

The Vuache FZ forms the western boundary of the Geneva Basin, and with its 11km length striking
NW-SE from Annecy (France) to the Lons-Le-Saunier area (external Jura FTB) allows linking the
Subalpine Massifs and the thrusts and folds of Jura FTB (Chauve et al., 1980). This remarkable tear fault
system has played a major role in the structural evolution of the region. It has a clear geomorphological
signature, with a first meridional NW-SE segment extending from the Lake of Annecy to the Rocher de
Léaz. The fault thus cuts the Saléve ridge with a left lateral offset; lateral shift of the northern Mandalaz
FT with respect to the more southerly located Mt d’Age FT, and forms the northern termination of
Musiege Anticline (Figure 6-23). The second, northern segment of the Vuache fault system (north of
the Rocher de Léaz) is divided into two branches: the NW-SE Léaz-Sandezanne FZ in the continuation
of the southern segment, and the NNW-SSE Vuache-Forens-Les Bouchons FZ (VFB) in the northern
part. A structural triangle zone stands out from the zone, in between the two latter branches and is
bordered in the north by the Monnetier backthrust. This triangular zone, called the relais de faille de
Léaz-Champfromier, is a shear transfer zone with transpressional structures (Donzeau et al., 1998).
The eastern branch of this zone is considered to be a lateral ramp merging northward with the Crét
Chalam Thrust and the Reculet Thrust. Meyer (2000) analyzed the structural configuration of this
transpressional zone, and proposed a development in two phases of successive opposite-vergence
thrusting, hiding a common thrusted volume. This may explain the local uplift of the area. The Jura
part of this fault is examined in more details by Marro (2021) and Marro et al. (2023), whereas in our
study, we focused more on the part of the Vuache FZ located towards the Molasse Basin. North of the
Musiége FZ (in the Rumilly Basin), the Vuache FZ appears as SW-vergent reverse (thrusting) strike-slip
fault system. This outcropping (Mesozoic) part is geologically described in detail by Charollais et al.
(2013), but also from a structural and kinematic point of view by Blondel (1988). The latter proposed
a deformation in four stages, with a start of the deformation during the Eocene (N-S compression
phase) and re-activations during the Oligocene (E-W extension), Miocene inf (NE-SW shortening),
Miocene sup (shortening NW-SE). This proposed kinematic evolution will be fully revised in our study,
by proposing among other, an older tectonic inheritance from the Lower Jurassic. Indeed, based on
our seismic interpretation of the blind part of the fault (fault not outcropping, recovered by Quaternary
sediments), south of the Musiege FZ, we can observe that the Vuache FZ is composed of one main NW-
SE fault surface dipping NE with a vertical extent across the Mesozoic-Cenozoic layers above the basal
décollement zone (see map of Figure 6-23 and sections C and D of respectively Figure 6-26 and Figure
6-27&Figure 6-28). In the area in between the Mont Musiége and the Mt d’Age — Mandallaz FT, the
Vuache FZ has an apparent overall reversed offset. On the other hand, we clearly can identify a syn-
sedimentary activity of the fault during the Liassic period, with a higher thickness of the Dogger-Liassic
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Figure 6-24 : Seismic interpretation (twt) of the Pougny FC, the Humilly FZ, and the Cercier FC on seismic line EW02 (section
AA’). See Figure 6-23 for localization of the sections. See Encl 60 for detailed seismic interpretation of line EW02.
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Figure 6-25 : Seismic interpretation (twt) of the Pougny FC, the Humilly FZ, the Cruseilles FZ, and the Cercier FC on seismic
line (from NW to SE) 82GEX01 and 88SVOOQ7 (section BB’). See Figure 6-23 for localization of the sections. See Encl 38 for
detailed seismic interpretation of the lines of this figure.
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Figure 6-26 : Seismic interpretation (in twt on top two images and the depth velocity model 1 on bottom image) of the Vuache
FZ and the Versonnex FZ on seismic line 885VO08 (section CC’). See Figure 6-23 for localization of the sections. See Encl 52
for detailed seismic interpretation of line 88SV008. In the Paleozoic part below the Vuache FFZ, the resolution of the seismic
data does not allow locating with enough certainty a basement fault (as calculated by Schori (2021). Note also that a velocity
modeling and time-to-depth conversion issue and therefore a misleading geometry of the nBMes seismic horizon in the depth
domain may not be excluded.
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Figure 6-27 : Seismic interpretation (in twt) of the Vuache FZ on seismic line NS04_part1 (section DD’). See Figure 6-23 for
localization of the sections. See Encl 73 for detailed seismic interpretation of line NS04_part1.

180



Seismic interpretation results

Figure 6-28 : Seismic interpretation (depth velocity model 1) of the Vuache FZ on seismic line NSO4_part1 (section DD’). See
Figure 6-23 for localization of the sections. See Encl 73 for detailed seismic interpretation of line NSO4_part1.
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Figure 6-29 : Seismic interpretation (in twt) of the Cercier FC on seismic line EW03_part3 (section EE’). See Figure 6-23 for
localization of the sections. See Encl 64 for detailed seismic interpretation of line EW03_part3.

intervals (regional model including both) on the northern part of the fault (hangingwall). We can also
observe that the Triassic evaporite unit has a variable thickness across the fault, meaning that it has
influenced and co-evolved with fault kinematics, probably by salt flow or evaporite imbrications. The
Vuache FZ has actually a similar configuration as the Humilly FZ. Both are extensional faults from the
Jurassic period and affect the entire vertical extent of Mesozoic reflectors, and were re-activated, and
inverted later on during Alpine compression. Moreover, they have intra-Triassic structures in relation
to the development of the major overlying fault system. Finally, their perpendicular orientations and
their likely merging supports the idea of a large-scale common extensional en-echelon fault system,
with lateral NE-SW lateral branches (Pougny FZ - Humilly FZ — Cercier FC) merging into the main fault,
the Vuache FZ. We can also notice a normal component of the Vuache FZ south of Mandallaz FT
(section D of Figure 6-27 and Figure 6-28). This structural difference in comparison to the area north
of the Mandallaz FT (reversed fault), comes from the fact that the left-lateral movement of this tear
fault implies that on a perpendicular section, the backlimb of the Mt-d’Age in the Southwestern part
of the Vuache FZ appears uplifted in comparison to the norteastern part (Figure 6-22).

Thus, we interprete the Vuache FZ together with the Pougny, Humilly, Cercier FZ and probably the
Mandalaz Thrust as an inherited mixed strike-slip-inverted normal fault system. This fault system
originated a transtensional synsedimentary strike-slip system with minor halfgraben development
(Figure 6-30). The Vuache FZ thus originated as the main lateral boundary with a normal and strike-slip
displacement. The other faults originated as steep normal faults laterally branching into the bounding
Vuache Fault Zone. The system originated in Liassic times and roots in the Triassic evaporite
décollement. The whole system was, subsequently inverted during the Alpine compression (Figure
6-30).

In the Pre-Mesozoic units, a vertical offset of some 300-400m can be interpreted below the Vuache FZ
(see Figure 6-26). According to Schori (2021), the corresponding NW-SE basement fault present below
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Figure 6-30a: Structural mapping scheme of the Humilly-Vuache fault system, as an extensional imbricated fan during Lower
Jurassic period (bottom image) and as an inverted system during later compression (top image). Next sections as blue lines.
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Figure 6-30b: Structural scheme section (NW-SE) of the Humilly-Vuache fault system, as an extensional imbricated fan during
Lower Jurassic period (left image) and as an inverted system during later compression (right image). See localization of section
AA’ on Figure 6-30a.
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Figure 6-30c : Structural scheme section (SW-NE) of the Humilly-Vuache fault system, as an extensional imbricated fan during
Lower Jurassic period (top image) and as an inverted system during later compression (bottom image). See localization of
section BB’ on Figure 6-30a.

the Vuache has induced the presence of another lateral ramp thrust and fold structure (not included
in our study — Schori et al., 2021) now located several kilometers northwestward of the present-day
location of the Vuache Fault due to the general transport of the Jura FTB. Indeed, during the thin-
skinned tectonic and the formation of the JFTB, irregularities in the basement may initiate lateral
ramps in the Mesozoic-Cenozoic cover that are subsequently displaced (km away from basement fault)
during the tectonic process.

Along the same line, the present day basement fault below the Vuache FZ cannot be related to the
overlying Vuache structure in the cover as noticed by De la Taille (2018) who moreover concluded of a
lateral offset of 1,5km southwestward between the Vuache FZ in the cover and the non-related near
basement fault. The latter is moreover nowadays visible with a downward step southwestward. Even
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if a velocity artefact might be present (push-down effect leading to this apparent downward step), it
is more likely that this vertical offset of Base Mesozoic corresponds to a possible reversed re-activation
of this latter fault happened after or in a late phase of the formation of the Jura. Schori (2021) and
Schori et al. (2021) restored the possible triggering basement fault (offsetting vertically the mechanical
basement up to 400m) that is supposed to have allowed the onset of the lateral ramping of the Vuache
FZ, and located it few kilometers west of the Le Coin FZ in NNW-SSE striking orientation (see chapter
7 and Figure 7-1). Slight indications on seismic profiles in this area may support this idea. Nevertheless,
since we propose in our study another origin of the Vuache FZ, with a Lower Jurassic initiation, this
restored basement lineament becomes unnecessary (see also discussion in Chapter 7).

6.3.3 Saléve and Subalpine Molasse area

The Saléve Mountain forms a prominent topographic ridge separating the Geneva and Rumilly Basins
northwestward, with the Subalpine Molasse area in south (area in front of the Subalpine Massifs and
Bauges FT). It consists of an imposing ridge culminating at 1379m a.s.l., stretching in a NE-SW direction
for more than 40km long, between the Montagne d’Age in the SW and Arve River valley in the NE
(Figure 6-31). This major topographical structure of the Western Swiss Molasse Bassin is the result of
a remarkable NW-vergent ramp and fault propagation fold, that brings Cretaceous/Upper Malm layers
to the surface. The entire ridge is segmented into three main parts by NNW-SSE and NW-SE strike-slip
faults. From South to North, it is composed of the Mt d’Age FT (and Anticline), the Mandalaz FT (and
Anticline), and the Saléve FT (and Anticline) separated respectively by the NW-SE Vuache FZ, the NNW-
SSE Cruseilles FZ, and the Le Coin FZ. The extreme northern part of the structure is thought to
terminate against the NNW-SSE Arve FZ. A possible continuation into the Presinge thrust cannot be
excluded (described in 6.3.1, Figure 6-15). For simplicity, in the following paragraphs, the term “Saleve”
is used to refer to the entire structure (the three parts of Mt d’Age - Mandalaz - Saléve FT and
anticlines).

On top of the Mesozoic cover, Siderolithic deposits are often observed within or on top of karstified
and fractured Cretaceous series. In the region north of Le Coin FZ, an angular discordance (around 20°)
between the stratified Siderolithic deposits and the Cretaceous layers is observed and measured
(Mastrangelo et al., 2013). This possibly indicates an existing structuration (uplift) of the Saléve (prior
to the Eocene deposits), as proposed by Blondel et al. (1988) in the Vuache FZ. However, Mastrangelo
et al. (2013) propose to explain this foredeep unconformity by a flow of the Siderolithic deposits into
the Cretaceous karstic features, after their initial deposit (or during the erosional karst formation). This
argument means that the uplift of the Saléve Mountain may in fact have occurred after the Eocene,
likely during the Alpine compression (Miocene). This idea is more in line with our tectonic concepts
applied on this area.

Our seismic interpretation confirms that the frontal ramp of the the whole Saleve structure roots in
the basal décollement. Oblique reflectors ending downward on top of the Muschelkalk unit are clearly
visible. A debate remains to know if the Saléve structure belongs to the Subalpine Massifs (Beck et al.,
1998) or the JFTB (Philippe, 1995). We consider that the thin-skinned tectonic principles applied on
this structure to be the same as for the JFTB.

The density of our seismic database allows obtaining a full geometry of the fault plane (Mt d’Age-
Mandalaz-Saléve FT) along sections perpendicular to the frontal thrusts (see map of Figure 6-31 and
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sections AA’ of Figure 6-32, BB’ of Figure 6-33 and Figure 6-34 and DD’ of Figure 6-36), but also with
oblique seismic lines such as seismic line HR530 running almost parallel to the anticlinal structure. The
main new observation about this structure concerns the Lower and Middle Jurassic layers (both layers
grouped in the regional model) thickening on the hangingwall of the thrust, consistently interpreted
on several seismic profiles. We suggest that the main thickening occurred during the Liassic period, in
a similar manner as was demonstrated for the Humilly-Vuache FZ (GVA model giving more vertical
details). The Triassic layer is also varying in thickness from one side to the other of the fault. On the
footwall part, we have a significant Triassic structure with a pillow geometry that could be the result
of either halokinetic flowage or tectonic imbrications within the Triassic. This highlights in fact two
stratigraphical possibilities concerning the setting of the the Jurassic (Lower and Middle) layer
thickening and its structural relationship to the later thrusting (Figure 6-37). First, like in Humilly FZ, an
extensional growth fault installed during Lower Jurassic involving a salt flow process, with a movement
away from the fault plane on both sides. This could imply an uplift of the footwall part and an
accentuation of the hangingwall rollover anticline. Subsequently, the same fault plane is inverted to
form the frontal thrust, well visible on the surface. Alternatively, a salt pillow in the Keuper Group may
have been set up and welded prior to deposition of the Jurassic layers in the current position of the
footwall of the fault. This would subsequently have influenced the thickness of the Liassic and/or
Dogger units with an increase of thickness as the sequestered salt pillow is thinning progressively. Later
on, the thrusting may onset on the extremity of the welded salt pillow (or anticline) that will continue
to be evacuated towards its center (Jackson & Hudec, 2017a). We consider this second possibility as
less probable and retain the option including the development of a Jurassic extensional fault, which
better explains the significantly higher thickness of Jurassic (Lower and Middle) in the hangingwall of
the fault.

Seismic interpretation also reveals the possible presence of a secondary décollement level rooted in
the shally Liassic layer, allowing an imbrication (second ramp thrust) forming locally a duplex-like
structure. This imbricate can be recognized well on near strike-line (HR530, Encl.70) and on sections
perpendicular to the Saléve structure (Figure 6-32, Figure 6-33 and Figure 6-34). The imbricate
terminates in the SW near the Cruseilles FZ and extends all the way to the NE up to the Arve Valley.
The related fault plane is attached in its upper part top the main Saleve thrust. This interpretation is
considered as uncertain and therefore annotated as conceptual tectonic on all seismic sections.

The time-depth conversion process of the seismic sections and the resulting depth visualization, gave
the possibility to compensate the limitations of the time imaging that may be biaised by velocity
artefacts. Indeed, a very high velocity gradient is present just northwestward of the frontal thrust,
between the low velocity of the Cenozoic sediments in the Molasse Basin (3000-4000 m/s) and the
higher velocity of the outcropping Mesozoic unit (5000-6000 m/s). This creates a significant pull-up
effect of all thrusted layers below the Saléve belt in the time domain (0,1-0,2s). In the depth domain,
our resulting images show a relatively smoothed nBMes seismic horizon and accentuate a pillow-
shaped anticline of the Triassic layers, increasing in thickness in the footwall part of the fault. The
seismic resolution is relatively poor in the Pre-Mesozoic part, and it is then very difficult to interpret
Permo-Carboniferous seismic reflections (InPal), below the Saléve. No apparent vertical offset of
nBMes seismic horizon is visible, and it thus remains difficult to confirm or infirm the presence of a
Permo-Carboniferous graben located just front of the ridge, as was suggested in the past by Signer &
Gorin (1995). However, we notice slight topographical variations of nBMes in the opposite orientation,
west of Le Coin FC (see HR530 seismic interpretation). This would be approximatively in line with the
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Figure 6-31 : Maps of structural interpretation results of the Saléve and Subalpine Molasse area. It includes the Saléve FT, the
Mandalaz FT and the Mt d’Age FT. These structures are described in details in the text of part 6.3.3. See Table 3-2 for well
abbreviations. Sections of Figure 6-32, Figure 6-33, Figure 6-34, Figure 6-35, Figure 6-36 are represented on structural map B
as blue lines. Coordinate system: CH1903+/LV95. Geological map A is based on Marro (2021).
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basement structures suspected by Schori (2021) (lineament restauration), consisting in NNW-SSE
downward step linked to a fault dipping ENE located west of Le Coin FC (see Encl_MO1 structural map).

An important tying point for the seismic interpretation and mapping in the southeastern termination
of the backlimb of the Saléve structure are the two wells Saléve-1 and Saléve-2 (common surface
location), with the latter reaching nBCen horizon. These wells are, incidentally, located just in between
the two suspected basement faults from Schori (2021). The well information also show that the
Molasse deposits of the UMM (Lower Marine Molasse unit) are resting against the nBCen horizon
(Deville et al., 1994). By comparison with regional wells, especially those located inside the GVA Basin,
we can then confirm the approximate correlation between the termination northwestward of this
lower Molasse unit UMM from Rupelian (older than USM from Chattian-Aquitenian) against the
backlimb of the Saleve structure (near the surface trace of the Subalpine Molasse Front Thrust, (Gorin
et al.,, 1993)). The Subalpine Molasse FT is interpreted using seismic indicators (oblique seismic
reflections along the fault trace) visible on several cross sections. This frontal thrust of Subalpine
Molasse in the Cenozoic series is laterally segmented and shifted by the major sinistral NNW-SSE strike-
slip system of the Arve FZ, Le Coin FC, and Cruseilles FZ. To the SW, the Subalpine Molasse stops near
or against the Vuache FZ. The upper most part of the Cenozoic layer is considered to be decoupled
from underlying Mesozoic layers (by the Subalpine Molasse trusting). In that sense, the folds
interpreted with surface dip data concern Cenozoic series only (Charollais, 1986). They are interpreted
as part of the Subalpine Molasse FT. These structures cannot be extended confidently northeastward
into the Arve valley because of the significant footprint of the Arve glacier that took this path during
the Quaternary (Charollais et al., 1998). The presence of the UMM Molasse against the meridional limb
of the Saleve ridge and its absence in the GVA Basin, supports the proposition of a pre-existing basin
boundary (Saléve fault system). Indeed, such a normal fault (Saléve Jurassic fault system) may have
been re-activated during the Oligocene flexure of the Basin.

In the vincinity of the Prealpine Units, the well Faucigny-1 was drilled in 1969 reaching Permo-
Carboniferous sediments. The well is an important velocity guidance for the local area. Thus, we can
notice a thinner Keuper unit in comparison to the Muschelkalk unit, when getting closer to the
Prealpine Units. The well is surrounded and even crossed in its upper most part by frontal thrusts
coming from the neighboring allochthonous massifs (see map of Figure 6-31 and section C of Figure
6-35).

To the west of the Vuache FZ, the Mt d’Age FT shows a significant displacement of the sedimentary
cover, and a noticeable uplift of the Mesozoic-Cenozoic units above a thick Triassic unit (map of Figure
6-31 and section D of Figure 6-36). Indeed, we have interpreted more than 1500m of Triassic series
thickness due to multiple thrusting of complex imbrications. The prominent anticline in th Mt d’Age
continues with a N-S orientation to the south in parallel to the Mt d’Age FT. In absence of conclusive
evidence, we have stopped this thrust in the Molasse Basin. Other authors such as Deville et al., (1994)
extend the thrust to the south up to the Subalpine Chains, where it is cut obliquely by the Bauges FT
(Semnoz). As pointed out by Deville et al. (1994), the area in between the Mt d’Age FT, the Vuache FZ
and the Bauges FT is overlain by Molasse sediments from the Chattian-Aquitanian (USM), unlike in the
Rumilly Molasse Basin area where younger Marine Molasse sediments of the OMM (Burdigalian) are
deposited. This triangle area represents thus a distinct paleogeography with the beginning of the
Burdigalian transgression (or late Oligocene-early Miocene (Beck et al., 1998)).
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Figure 6-32 : Seismic interpretation (in twt for the two upper images and depth velocity model 1 in bottom image) of the
Saléve FT on seismic line EW02_W (arbitrary line mainly composed of line 88SV006 and EWO02, section AA’). See Figure 6-31
for localization of the section. See Encl 61 for detailed seismic interpretation of line EW02_W_SAM.
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Figure 6-33 : Seismic interpretation (in twt) of the Saléve FT on seismic line HR536 (section BB’). See Figure 6-31 for
localization of the section. See Encl 47 for detailed seismic interpretation of the lines of this figure.

192



Seismic interpretation results

Figure 6-34 : Seismic interpretation (depth velocity model 1) of the Saléve FT on seismic line HR536 (section BB’). See Figure
6-31 for localization of the section. See Encl 47 for detailed seismic interpretation of the lines of this figure.
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Figure 6-35 : Seismic interpretation (in twt for the two upper images and depth velocity model 1 in bottom image) of the
Prealpine units FT on seismic line 83BV09 (section CC’). See Figure 6-31 for localization of the section. See Encl 46 for detailed
seismic interpretation of line 83BV09.

194



Seismic interpretation results

Figure 6-36 : Seismic interpretation (in twt for the two upper images and depth velocity model 1 in bottom image) of the Mt
d’Age FT on seismic line 88SV003 (section DD’). See Figure 6-31 for localization of the section. See Encl 49 for detailed seismic
interpretation of line 88SV0OO03.
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Figure 6-37-a : Structural mapping scheme of the Saléve fault system (extended SE with Mt d’Age and Mandalaz structures),
as an extensional growth fault during Lower Jurassic period (bottom image) and as an inverted system during later
compression (top image). Next section as blue lines. Note that the “?” on bottom image show a conceptual fault location.
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Figure 6-37b : Structural scheme section AA’ (NW-SE) of the Saléve fault system, as an extensional growth fault during Lower
Jurassic period (left image) and as an inverted system during later compression (right). See localization on Figure 6-37a.
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6.3.4 Rumilly Molasse Basin area

The Rumilly Molasse Basin area is part of the Savoy Tertiary Molasse Basin as described by (Deville,
2021; Deville et al., 1994), and extends from the Geneva area to the Chambéry area between the
Bauges FT at the edge of the Chaines Subalpines and the Jura Mountains FTB. We will focus on the
northern part, the Rumilly Molasse Basin, between the Vuache FZ in the north to the Culoz FZ in the
south. The area between the Mt d’Age and the Bauges FT (see previous discussion) can be
distinguished from the western part of the Rumilly Molasse Basin by the presence of different age
Molasse deposits. Thus, the OMM (Upper Marine Molasse) is found only in the Rumilly Molasse Basin
westward of the Mt d’Age FT, whereas USM (Lower Freshwater Molasse) is deposited eastwards only
(see part 2.3.3, Figure 2-7).

Aside from the Mt d’Age, the most prominent structure of the area are the Gros Foug FT and the
associated fault-propagation style anticline forming an important N-S oriented topographic ridge. The
structure is formed by a N-S striking, west-vergent frontal ramp. In its central segment between the
Culoz FZ to the Droisy FZ (18km length), Cretaceous and Malm units are outcropping on a wide band
(3km) that allows obtaining the exact geometry of the main anticline and give access to lineaments
and fracturation information on outcrops. In addition, several seismic profiles are crossing the fault
zone in perpendicular and longitudinal directions (see map of Figure 6-38 and sections A and D of
respectively Figure 6-39 and Figure 6-42&Figure 6-43). The Droizy FZ in its northern part acts as a tear
fault north of which the main thrust and anticline change their kinematic (Figure 6-38). We have
interpreted a W-vergent duplex thrust system rooted along the basal décollement zone. These faults
in the Mesozoic series are facing an intra-Triassic series E-vergent thrust or imbrications, justifying the
high Triassic series thickness. A slight back thrusting may be present along the backlimb of the
uppermost main ramp. Two wells, SV-106 and SV-107 (respectively Keuper and Dogger formations at
TD) drilled along the crest of the anticline give control points to support this interpretation. The
advanced time-depth conversion of the seismic profiles further contributes to the geometrical
consistency of the interpreted structure. Prior studies have proposed alternative interpretation
considering the Gros Foug fault as one simple ramp rooting in the Triassic décollement level (Beck et
al., 1998; Deville et al., 1994; Kalifi et al., 2021; Philippe, 1995). In our study, we refined the
interpretation of the high Triassic thickness below the main structure and observed that it does not
involve significant vertical offset of the basement. This follows a similar structural interpretation
proposed by Clerc & Moscariello, (2020); Meyer, (2000); Paolacci, (2012). Our depth model
nevertheless highlights a change of dipping of nBMes reflectors along the Gros Foug ridge, along with
a relatively flat topography westward of the Gros Foug and east-dipping by approximatively 6°. We can
wonder if a N-S basement fault step dipping eastward, located at this change of angle could be present,
thus marking the transition from the Plateau Molasse to the Internal Jura FTB. Such a fault is proposed
in the basement modeling of Schori (2021). Concerning the age of formation of the anticline, Deville
et al., (1994) have estimated the onset of the décollement during the Burdigalian to Langhian, taking
into account thrusted Tertiary deposits in the footwall.

The Droisiy FZ is a WNW-ESE strike-slip fault bordering the Gros Foug structure, as a tear fault to the
north. Affolter & Gratier, (2004) have considered this fault zone as a major regional strike-slip fault. It
can be subdivided, into several segments, with the main part continuing westward into the Jura
Mountains, crossing and offsetting several regional thrusts, such as the Gd. Colombier FT. It has an
apparent sinistral movement along the majority of the fault zone, except in the part bordering the Gros
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Foug FT. Indeed, in this area, the northern part of the Droisy FZ is composed of a block verging
southeastward (backward), which leads to an inversion of the Droisy FZ kinematics into a dextral
configuration. The strike-slip fault roots into the basal décollement zone in a complex interaction with
an east-vergent imbricate system in the lower Mesozoic units (Triassic and Lower-Middle Jurassic
units) in this area (see map of Figure 6-38 and section D of Figure 6-42&Figure 6-43). The fault system
is however developed with a near vertical configuration further northwestward. The southeastward
termination of the fault is difficult to assess but it is likely disappearing shortly eastward of the
intersection with the Gros Foug FBT.

As already alluded, N of the Droisy FZ the Gros Foug stucture is expressed mainly by an eastward
vergence in connection with a back-thrust oriented NNE-SSW and located in the exact continuation
northeastward of the Gros Foug. Its most uplifted part (of the Mt des Princes Anticline) is clearly
situated against the Droisy FZ, and could not be prolongated further northward due to a lack of
evidence (not enough seismic profiles), but there is a possible link with the Léaz-Sandezanne fault
(Deville et al., 1994). Surface lineaments in the back limb of the structure confirm the logical NNE-SSW
orientation of the structure that may be connected to the Vuache FZ. Seismic profiles in this area that
are of high resolution, show clear indications for an Intra-Triassic series west-vergent thrusting facing
the main Mesozoic series east-vergent Gros Foug FBT (see section B of Figure 6-40). The Frangy
Syncline is slightly crooked by the influence of the Musiége FZ. It is to be noted that the Gros Foug FT
and FBT are not necessarily part of a common large-scale faulting mechanism. It is true that they have
approximately common axial traces, but the orientation is not exactly the same (N-S and NNE-SSW)
and they have opposite vergence and thus different kinematics.

The Musiége FZ is a NNE-SSW pop-up structure developed along a main NE-SW SE-vergent reversed
fault. The structure is attached to the Vuache FZ where the outcropping Cretaceous layers were
mapped in detail by Charollais et al. (2013). This outcropping area was drilled by well Musieges-1 that
reached the Dogger unit, but was unusable for seismic to well tie, not being located along any seismic
profile. The Musiége Anticline appears as very similar system as the Gros Foug FBT (similar geometry,
and fault angles, see section B of Figure 6-40). The difference lies in the serie of back reversed faulting
of the Musiége FZ, which testify of a higher compressional rate (coming surely from the connection
with the Vuache FZ). We have not noticed any indications of syn-sedimentary activity along these two
fault zones. However, it could have been different if more data in this area was available, including
well calibrations. Our methodology of seismic interpretation may have biased the results. Indeed,
when we interpret such a fault zone without well calibration on both sides of the fault, we logically
tend to correlate similar thicknesses in the hangingwall and in the footwall (conservative approach). It
means that we cannot exclude a synsedimentary activity of certain faults. In this case, the two faults
of the Gros Foug FBT and the Musiége FZ seem to be both attached to the Vuache FZ and are dipping
westward. These various arguments lead us to imagine a structural possibility that would include them
into the large-scale Vuache-Humilly-Saléve extensional system. There is no proof of syn-sedimentary
activity of these faults during the Liassic period (like in the Vuache-Humilly-Saleve FZ), but if it happens
to be the case, they would belong to a laterally hidden strike-slip as described theoretically by Hu et
al., (2019) (see Figure 6-44). The time-depth conversion process of the last two structures yielded very
interesting results. Seismic profiles of this zone have a high resolution, especially for the nBMes seismic
horizon level. The very strong push down effect along the Frangy Syncline was completely attenuated
highlighting a more realistic topography of the nBMes seismic horizon. It resulted in a near straight
seismic horizon in depth domain, removing any possibility of basement step in this sector (see section
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Figure 6-38 : Maps of structural interpretation results of the Rumilly Molasse Basin area. It includes the Bellegarde FZ, the
Gros Foug FT and FBT, the Droisy FZ the Versonnex FZ and the Musiége FZ. These structures are described in detail in the text
of part 6.3.4. See Table 3-2 for well abbreviations. Sections of Figure 6-39, Figure 6-40, Figure 6-41, Figure 6-42, and Figure
6-43 are represented on structural map B as blue lines. Coordinate system : CH1903+/LV95. Geological map A si based on
Marro (2021).
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B of Figure 6-40). Northwestward of the Gros foug FBT, the Challonges syncline is located at the
termination of the backlimb of the Mt des Princes Anticline. We can notice the presence of a suspected
NNE-SSW normal basement fault (from Schori (2021)) superimposed on the Challonges syncline (see
map B on Figure 6-38).

The Bellegarde FZ is a NNE-SSW oriented, compressive structure characterized by very modest vertical
offset. It is marking the transition of the Molasse Basin with the Internal Jura part, northwest of the
Challonges Syncline (see section C of Figure 6-41). The compressive part of this fault zone is overlying
a normal faulting in the Jurassic layers. We can note also a slight change of dip of nBMes seismic
horizon below the fault zone.

The Versonnex FZ is composed of two normal fault segments, and one compressive fault. The fault
system is rooted along the basal décollement zone. The kinematics of the fault show an original normal
component (likely in Jurassic) that it was reactivated in reverse mode during the Alpine compression.
Itis located in the continuation southwestward of the Musiéges FZ, suggesting a possible link between
the two fault zones.

Upper Cretaceous sediments are outcropping in the area of study only in the Valserine-Bellegarde area
(see part 2.2.2). Moreover, Donzeau et al. (1997) also observed reworked Upper Cretaceous sediments
in early Cenozoic deposits on the oriental side of the Vuache Mountain. From these observations, the
heterogenous erosion of this layer, support the idea that an early structuration and uplift of the
foreland Basin was more pronounced in the GVA Basin (Est of the Vuache Mountain) (that led to a
bigger erosion bulge) than in the Bellegarde-Rumilly Basin where it has been more preserved (Scolari,
1956; Charollais et al., 2013).
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Figure 6-39 : Seismic interpretation (in twt for the two upper images and depth velocity model 1 in bottom image) of the Gros
Foug FT and the Versonnex FZ on seismic line 885V003 (section AA’). See Figure 6-38 for localization of the section. See Encl
49 for detailed seismic interpretation of line 885V003.
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Figure 6-40 : Seismic interpretation (in twt for the two upper images and depth velocity model 1 in bottom image) of the Gros
Foug FBT and the Musiege FZ on seismic line 885V004 (section BB’). See Figure 6-38 for localization of the section. See Encl
50 for detailed seismic interpretation of line 88SV004.
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Figure 6-41 : Seismic interpretation (in twt for the two upper images and depth velocity model 1 in bottom image) of the
Bellegarde FZ on seismic line 90SVOO0S5 (section CC’). See Figure 6-38 for localization of the section. See Encl 55 for detailed
seismic interpretation of line 90SVOO05.
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Figure 6-42 : Seismic interpretation (in twt) of the Gros Foug FT/ FBT and the Droisy FZ on seismic line NSO03_part 3 (section
DD’). See Figure 6-38 for localization of the section. See Encl 71 for detailed seismic interpretation of line NSO3_part3.
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Figure 6-43 : Seismic interpretation (depth velocity model 1) of the Gros Foug FT/ FBT and the Droisy FZ on seismic line
NSO3_part 3 (section DD’). See Figure 6-38 for localization of the section. See Encl 71 for detailed seismic interpretation.
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Figure 6-44 : Structural mapping scheme of the Humilly-Vuache-Saléve fault system, as a laterally adjustable hidden strike-
slip during Lower Jurassic period (bottom image) and as an inverted system during later compression (top image). Next
sections as blue lines. Note that this structure is a combination of structures seen on Figure 6-37 and Figure 6-30.
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6.3.5 The Jura area

The seismic and structural interpretation of the Jura area may be summarized with three main regional
NW-SE sections: the northern section A of Figure 6-46 and Figure 6-47, the intermediate combined
sections B and C of respectively Figure 6-48 and Figure 6-49 and Figure 6-50 and Figure 6-51 and the
southern section D of Figure 6-52 and Figure 6-53 (see localization map of Figure 6-45. The sections
presented in this chapter are based exclusively on seismic and well data, in line with information from
the literature and in agreement with geological surface data (maps). The interpretations are inspired
and controlled by the near cross sections from Affolter & Gratier (2004); Guellec et al. (1990); Philippe
(1995) (section 22', see Figure 6-45); Schori (2021); Wildi & Huggenberger (1993). The section A was
interpreted in collaboration with A. Marro (2021) and Marro et al. (2023) whose work provides a more
detailed structural analysis of this area.

This chapter gives an insight of the internal part of the Jura FTB, delimited westward by the Oyonnax
structures FT/FBT and eastward by the Reculet and Crét de la Neige FT along the Geneva Basin, and by
the Grand Colombier and Crét du NG FT along the Rumilly Molasse Basin (see Figure 6-45). The internal
Jura or Haute Chaine is, in our region, the eastern or innermost part of the arc-shaped Jura FTB, and is
therefore composed of a succession of ramp-flat thrusts and associated imbricates and folds, forming
a series of anticlines and synclines parallel of the thrust faults (thrust-related folds), and formed of
outcropping Cretaceous to Jurassic rocks. These structures are developed with an overall N-S
orientation south of the Léaz-Sandezanne FZ (see Figure 6-45), and with a more NNE-SSW (to NE-SW)
east of the northern continuation of the Vuache FZ. Our study confirms that all major thrusts root in
the basal décollement zone (Triassic evaporites).

The seismic interpretation could not resolve the structural detail of local, secondary folding, and
focusses on the large-scale structural configuration. Although, Molasse type sediments are found in
some valleys (approximately 300m thickness in La Pesse, (Charollais et al., 2006)), usually along
synclines in front of main thrusts faults (helping constrain the onset of the tectonic events), these thin,
near surface layers cannot be imaged and characterized on seismic lines. We only consider seismic
horizons of Mesozoic series in the interpretation of the profiles.

The two orientations of the thrusts and folds cited above indicate the two main shortening
(compressional) orientations; E-W orientation for the area South of Léaz-Sandezanne FZ and NNW-SSE
(to NW-SE) for the part east of the Vuache FZ. The transition between these two zones occurs across
the transpressional triangle zone of Léaz-Champfronier already described along with the Vuache FZ
analysis (6.3.2).

Associated with the thrusts are two main conjugate strike-slip systems, with N of the Vuache FZ axis,
numerous sinistral NNW-SSE oriented strike-slips conjugated with dextral ESE-WNW strike-slips. South
of the Léaz-Sandezanne FZ, we observe a counter-clockwise rotated system with sinistral NW-SE
oriented strike-slip conjugated with NE-SW oriented dextral strike-slips (see Figure 6-45). Certain faults
have more vertical offsets than others, and may appear in some cases as oblique ramps (Schori, 2021).
We can notice that these strike-slip fault systems are nearly identical of the neighbouring systems
interpreted on the Molasse Basin part. It confirms the idea that the Internal Jura area has a structural
continuity with the Molasse Basin.
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Figure 6-45 : Maps of structural interpretation results of the Jura area. It includes a succession of thrusts and backthrust from
the Haute-Chaine area in the SE to the Oyonnax FT in the NW. These structures are described in details in the text of part
6.3.5. See Table 3-2 for well abbreviations. Sections of Figure 6-52, are represented on structural map B as blue lines.
Coordinate system : CH1903+/LV95. Geological map A si based on Marro (2021).
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Figure 6-46: Seismic interpretation (twt) of the Northern Jura on lines 81-JU-06&01 (section AA’, see Figure 6-45 and Encl 37).
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Figure 6-47 : Seismic interpretation (depth) of the Northern Jura area on lines 81-JU-06, 80-JU-01 (section AA’, Figure 6-45).
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Figure 6-48: Seismic interpretation (twt) of the Central Jura area on lines EW02_W (section BB’, see Figure 6-45 and Encl 62).
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Figure 6-49: Seismic interpretation (depth) of the Central Jura area (South) on lines EW02_W (section BB’, see Figure 6-45 ).
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Figure 6-50: Seismic interpretation (twt) of the Central Jura area on lines EW02_W (section CC’, see Figure 6-45 and Encl 62).
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Figure 6-51: Seismic interpretation (depth) of the Central Jura area (North) on lines EW02_W (section CC’, see Figure 6-45).
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Figure 6-52 : Seismic interpretation (twt) of the Southern Jura on line EW03_part2 (section DD’, see Figure 6-45). See Encl 63.
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Figure 6-53: Seismic interpretation (depth) of the Southern Jura on seismic line EW03_part2 (section DD’, see Figure 6-45).
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Another main objective of the expansion of the seismic interpretation into the Jura, was to obtain a
new and coherent regional map of the nBMes seismic horizon (Figure 6-45). The velocity modeling and
time-to-depth conversion methodology of our study provides the opportunity to increase the
resolution of such a map, in comparison to previous studies. Indeed, it allows getting rid of velocity
artefacts (pull-up and push-down effects), and it models the velocities of the layers in a more realistic
manner than a “layer-cake” model (see part 5.1.5). These technical improvements are relevant when
assessing the structural configuration of the basement. It provides at least the main basement highs
and lows and the related dipping angles of the top of the mechanical basement.

The Sections A of Figure 6-46 and Figure 6-47 are presenting the Internal Jura part bordering the
Geneva Basin. There is a data gap between seismic data inside the Geneva Basin and inside the Internal
Jura (Figure 4-8). Therefore, it was not possible to directly correlate the results of interpretation of
both parts. However, the correlation polygon method was used to link the two areas (see part 4.2.1).
Moreover, the seismic interpretation of this section A was used as input for the elaboration of the
balanced cross-section of Marro (2021) and Marro et al. (2023)(Figure 6-54), in order to achieve a
continuous structural model from the Basin to the Jura. According to this work, the high topographic
position of the Crét de la Neige and Crét au Merle anticlines is explained by a possible imbrication of a
ramp flat geometry involving a secondary décollement level at the Dogger-Lias boundary (“facies de
transition”). The fault-bend folding principles of Suppe (1983) were used to explain the angle of the
Reculet thrust in relation to the angle of the underlying hidden ramp of the Crét de Chalam Thrust. The
geometry of the Reculet thrust obtained with this method, is then in line with the interpreted back
thrusting (or top to the south movement) on the back-limb of this major thrust towards the Geneva
Basin (on seismic profiles, (Paolacci, 2012; Signer & Gorin, 1995)). It is to be noted, that Intra-Paleozoic
seismic reflections associated to Permo-Carboniferous units can be interpreted on seismic profiles at
the NW extremity of the Geneva Basin and the presence of a Permo-Carboniferous half graben,
developed along a NE-SW oriented, and SE dipping normal basement fault (uncertain) can be
proposed. The Crét Chalam frontal thrust is preceding an imbrication of numerous secondary thrusts,
linked to the disharmonic folds in the Dogger units along the Crét Chalam anticline. The high dip angles
of the bedding measured in the backlimb of the Crét du Merle anticline is justified on the model of
Marro, (2021) by an underlying imbrication (following principles of Suppe, (1983)). This part
corresponds to the start of our seismic interpreted section A of Figure 6-46 & Figure 6-47. It was
possible to locate the ending of the Crét Challam Thrust on the southeastern part of the seismic profile.
Then we can see with higher certainty, the detachment of the underlying thrust above the Dogger Unit,
proposed to be inside the Effingen-Geissberg marls. This underlying flat ramp belongs in fact to the
Tacon frontal thrust rooted along the basal décollement zone (Marro, 2021; Marro et al., 2023). The
detachment of the Tacon flat ramp may be linked with a secondary underlying backthrust, located
below the Crét au Merle and that is relatively obvious on the seismic image. The flat Tacon Thrust was
also clear to interpret on seismic; the thrust is supposed to be positioned above the marly Goldberg
formation at Cretaceous-Jurassic boundary (Marro, 2021). The following structure northwestward, is
the Bienne FT overlapping a complete Mesozoic series, that was tied (correlation polygon method)
with a projection of Charmont-1 well. A NW-SE strike-slip fault is interpreted just below the surface
signature of the Bienne Thrust. It is dipping NE, crossing the entire Mesozoic cover and showing
thickening of the Triassic series likely due to Intra-Keuper Group imbrications in its vincinity. The
domain west of this fault appears uplifted due to the lateral sinistral movement shifting the related
folding. This strike-slip fault belongs to the large Vuache-Léaz-Sandezanne transpressional system (see
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map of Figure 6-45). The next structure to the NW is the Nantua-Oyonnax structure also shown in the
cross-section of Marro (2021) and Marro et al. (2023) (Figure 6-54). This major NNE-SSW oriented
structure contributes to an important topographic uplift (500-1000m vertical offset) and is composed
of the frontal thrust of Oyonnax and the regionally important backtrust of Nantua. Several secondary
faults (compressional and strike-slip) are surrounding this remarkable fault system. This development
and geometry of this structure is in agreement with analogue modeling results of Schori (2021), which
highlight very similar pop-up thrusting structures in wedge-propagation systems. Indeed, the
northwestward tilting of the uplifted triangle block is typical of such structural settings. In addition,
this classical pop-up configuration does not require any basement step to be triggered (Schori, 2021,
Schori et al., 2021).

Figure 6-54 : Final Cross-section of Marro (2021) and Marro et al. (2023), with the western part (west of the Crét Challam FT)
constrained by the seismic interpretation of this study (section A of Figure 6-46 & Figure 6-47). See localization of this section
11’ on Figure 6-45.

USM and OMM deposits are outcropping in the two main valleys of the Valserine and La Pessse
synclines in the Haute Chaine Jura (Charollais et al., 2006; Wildi et al., 1991), although it is not relevant
for seismic interpretation, it suggests that the Crét Chalam Thrust must have developed after the OMM
(Upper Marine Molasse) age (Langhian, 16-14Ma (Charollais et al., 2006)). In addition, the altitude of
these valleys, which is higher than the Molasse deposits in the Geneva Molasse Basin, can be explained
by thrust imbrications (Marro, 2021; Marro et al., 2023; Schori, 2021), or alternatively linked to uplift
of the basement. Philippe (1995), thus suggested the presence of an inverted half-graben developed
along normal basement fault dipping SE, below the Crét Challam structure. It is not excluded that the
Permo-Carboniferous seismic facies observed at the NW extremity of the Geneva Molasse Basin could
be associated with such a graben structure. Therefore, we suppose a normal basement fault dipping
with the classical angle of 60° southward below the backlimb of the Reculet Thrust, with an estimated
180m vertical offset of the mechanical basement. We can also notice a change of dipping angle of
nBMes seismic horizons along the basement fault. It is dipping SE with an average angle of 2.7 degrees
in basin part of the sectio and decreasing to 1.3 degrees below the Internal Jura.
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The Sections B/C of respectively Figure 6-48 and Figure 6-49, and Figure 6-50 and Figure 6-51 (see map
of Figure 6-45), is an excerpt from the NW-SE oriented ECORS profile (Guellec et al., 1990), intended
to image the deep structures from the Western Alps to the Bresse Graben, crossing the Vuache FZ in
the Geneva Basin. The section links the deep wells Hu-02 in the Geneva Basin with Charmont-1 well in
the internal Jura area. The seismic interpretation of the Mesozoic layers is based on the work from
Philippe (1995)(Figure 6-55). The seismic resolution is relatively poor (mountainous environment for
acquisition), however, the image allows identifying the geometry and curvature of the seismic
reflections of the main Mesozoic series. The first structure SE of section B is the SW continuation of
the Reculet FT inside the transpressional Vuache FZ. The Crét d’Eau FZ corresponds to a subdivision of
the main Reculet Thrust into two ramps with a pop-up structure developed on the southeastern flank
of the crest. In the footwall of the fault, the NW dipping Mesozoic layers are indicating the presence
of back-thrust, probably internal of the Triassic unit. Philippe (1995) proposed a continuation upward
thus forming a fish tail structure (Figure 6-55) which is an elegant and probable solution considering
the several secondary detachment levels of the Mesozoic cover. This entire structure better fits the
complex structural configuration of the transpressional triangle zone (Léaz-Champfronier), than the
simpler fault-bend fold interpretation of Guellec et al. (1990). Indeed, the doubly verging structure,
with a frontward and backward thrust conceals a triangular volume as proposed in the interpretation
of the Vuache FZ by Meyer (2000). The next structure to the NW is a large-scale pop-up thrust structure
(10km width), in between the de Monnetier FBT and the Echallon-Puthod FT. The entire uplifted block
is tilted NW, with a secondary pop-up ramp (Cruchon FZ) along the upward extremity of the De
Monnetier FBT. The latter is justifying the high elevation of the Cruchon Syncline (see Figure 6-55). The
main evaporites-rich Triassic décollement zone is used for detachment of these faults. The sections
B/C is crossing the continuation southwestward of Nantua-Oyonnax structure described on section A.
However, the vertical amplitude, offsets, and NW tilting of the pop-up ramp are amplified in this area.
Moreover, it is preceding another serie of two other frontal ramps that can be interpreted as a large-
scale imbricated pop-up system. Geometrical similarities with modeled compressional systems from
Schori (2021), suggest that this type of structures resulting from a detachment initiating over an
upward step in the basement. The mechanical basement was relatively difficult to identify along this
seismic profile and its interpretation and the identification of related faults and Permo-Carboniferous
infill remain highly speculative. We can, nevertheless, observe a change of dip of this surface between
the Molasse Basin and the Internal Jura parts, as well as a basement high SE of the Oyonnax FBT (Figure
6-45). The large-scale analysis of this profile B/C, is highlighting a topographic and structural uplift of
the mechanical basement in between the Reculet FT and the Oyonnax FBT. Philippe (1995) explained
this topographical anomaly by invertion of a Permo-Carboniferous graben with the bordering
basement fault below the Reculet FT and the Oyonnax structure Figure 6-55. Guellec et al. (1990)
proposes two hyphothesis either with a recent thick-skinned thrusting of the basement, or a horst that
may be as is insitu or could be also reactivated along its normal faults. Schori (2021) supports the idea
of a horst configuration with the southeastern flank that may have trigerred an oblique ramp structure
subsequently transported during deformation and presently observed further NW of the Reculet-
Vuache area. Based on modelling from Marro (2021) and Marro et al. (2023) along section A, we know
that a basement step, linked with a normal fault offset towards the SE between the internal Jura FTB
and the Molasse Basin is a viable kinematic solution to explain the anomalous uplift of the internal
Jura area. Moreover, our time-depth conversions, especially of near top basement surface (Figure
6-45) corroborate the presence of the basement uplift, and a horst configuration seems the most
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Figure 6-55 : Cross-section from Philippe (1995), passing along sections B/C of this study, see Figure 6-45 for localization. Note
the structural solution proposed in the basement with two reactivated basement faults bordering half grabens. In our study,
we are more in favor of the structural solution of Schori (2021) that supposes a horst structure. See localization of this section
22’ on Figure 6-45.

Figure 6-56 : Cross-section from Philippe (1995), passing along section D of this study, see Figure 6-45 for localization. The
Berentin FT was not identified on our seismic data (EW03_part2, Figure 6-52 and Figure 6-53). See localization of this section
33’ on Figure 6-45.

reasonable. As pointed out by Schori (2021), and already alluded to prior, the basement steps do not
imply, nor need a recent reactivation, but may be developed before the Jura FTB formation.

The Section D of Figure 6-52 & Figure 6-53 starts from the Rumilly Molasse Basin and crosses the
internal Jura FTB parallel to the two other sections in NW-SE orientation. In the SE part of section D,
the internal Jura FTB is made of a series of stacked ramps and associated folds. The first one is the
Grand Colombier FT, which may have a small-scale pop-up with a back-thrust near the crest, but which
could not be resolved on the seismic line, and therefore we here “only” show a classical fault-bend
fold shape. We have noticed larger back-thrusting along the SE termination of the backlimb of this
Grand Colombier FT, where the seismic image begins to be fuzzy. The next major structure to the NW
is the Retord FT also detached along the basal décollement zone. The seismic response along the fault
plane is relatively clear. As for the the Berentin FT (related to Berentin anticline), even if it was not so
obvious as for the other main thrusts, it has been identified the same way as Affolter & Gratier (2004)
and Philippe (1995) have drawn it on their cross-section (Figure 6-56). The Planachat FT is the
southwestern continuation of the Echallon FT and of the La Bienne FT, and has a configuration of a
fault-bend fault. In the area between this westward propagating thrust and the Oyonnax backthrust,
Cretaceous rocks are outcropping on top of an undeformed horizontal, complete Mesozoic series. The
well La Chandeliére-1D, drilled in this zone, is a crucial tying point, which provides a tie in time and in
the depth domain of the seismic horizons, as well as velocity information for the velocity model
building. In addition, in this zone the near Base of the Mesozoic horizon is showing the same positive
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topographical anomaly than observed along strike in the other section. The basement high area
between the Oyonnax FBT and the Grand Colombier FT may be explained by a regional horst, with
vertical offsets forming inherited basement steps.

6.4 Main Stratigraphical observations

During the seismic interpretation, we were also able to re-assess the stratigraphy of different layers,
based on horizon interpretation, seismic facies analysis and by creation of thickness and depth maps.

It has to be remembered, that a high thickness area may be related to either an increase of the
depositional rate during the period of the analyzed interval and hence a thicker sediment package or
to a later tectonic activity that led to duplication of the layer or flowage if evaporite (salt)-rich layers
are involved. Also in areas of dipping layers, where the vertical thickness measured after seismic
interpretation may differ from the stratigraphic thickness, which is measured perpendicular to the
strata dip (usually lower, see part 5.2.3).

6.4.1 The Liassic and Dogger intervals

Note that the Triassic stratigraphical observations are presented in previous chapter 6.2.

In the regional analysis (velocity model 1, see 5.1.2), we have merged the near Liassic and the Dogger
seismic intervals for practical reasons (for further description of seismic horizons and facies of nTDo
and nTLi, see 4.1.6 and 4.1.7). These two units can be considered to pertain to the same paleotectonic
and basin evolution event associated with the period of rifting initiation and rifting during the opening
of the Alpine Tethys. Both the regional results (velocity model 1, see 5.1.2) and the more detailed, local
analysis (Geneva Basin velocity model 2, see 5.1.3) suggest an increased activity (syn-sedimentary
paleotectonic structures) particularly during the Liassic period in our area of study.

In the Greater GVA basin, the Liassic unit corresponds to marly carbonates and shales, whereas the
Dogger unit is showing alternating bioclastic carbonates and muddier facies (Rusillon, 2017). This
highlights the depositional trend, with a Liassic deepening eastward of the NE-SW striking basin in our
area of study, followed by a shallower environment along the carbonate platform during the Dogger.
The main depocenter zone of the Liassic unit of the western Molasse Basin lies in between Pontarlier-
Oyonnax-Geneva-Fribourg (Figure 6-57, (Schori, 2021)). On the other hand, the Dogger unit has its
highest thicknesses around Nyon or Pontarlier. In that sense, the higher thickness heterogeneity of our
grouped Liassic-Dogger interval in our area of study are actually more influenced by the Liassic layer
than by the Dogger layer. Schori (2021) noticed substantial tectonic thickening along major strike-slip
faults such as the Pontarlier FZ, La Lance FZ (Vaud), but also along the Vuache FZ. As he assumes a Mio-
Pliocene origin of these faults, he then supposes that the high thickness values of the Liassic Unit are
linked to tectonic duplications rather than sedimentary processes. However, our seismic interpretation
is showing a Liassic-Dogger syn-sedimentary tectonic activity east of the Vuache FZ and in the Saléve
area (growth faults, see 6.3.2 and 6.3.3). This goes along with Rusillon (2017) who pointed out the
likely sedimentary trend influenced by syn-tectonic activity during the Liassic-Dogger times along the
NW-SE trending fault lineaments in the Greater GVA Basin. Our Liassic-Dogger regional thickness map
is highlighting this activity (Figure 6-58) with higher thicknesses of the Lias-Dogger units in the
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hangingwall of the interpreted large-scale extensional faults from Liassic-Dogger (Vuache-Humilly-
Saleve FZ, see 6.3.2 and 6.3.3). These fault zones are prone to later reactivation, and may have an
impact on diachronous depositional trends, such as for the Upper Malm reefal complexe (see 6.4.2).

Figure 6-57 : Regional Isopach (from well data) of the Lias unit from Schori (2021). High thicknesses are located in between
Pontarlier-Oyonnax-Geneva-Fribourg. The Vuache FZ is clearly playing an important role in the deposition of this unit (higher
thicknesses on the NE part of the fault). These observations are in line with our seismic interpretation results that suppose
an extensional origin (Lias-Dogger) of the Vuache FZ with synsedimentary activity during that period (growth fault).
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Figure 6-58: Regional thickness map of the Lias-Dogger units resulting from our seismic interpretation work. Higher
thicknesses are visible along the Vuache-Humilly-Saléve structure, linked to syn-sedimentary extensional activity during the
Liassic-Dogger interval (see 6.3.2 and 6.3.3). The high thicknesses observed along the Gros Foug and Montagne d’Age are
linked to tectonic duplications. For further description of seismic horizons of nTDo and nTLi and seismic facies of Dogger and
Lias intervals, see 4.1.6 and 4.1.7. See Figure 6-30 for localisazion of sections AA’ and BB’, and Figure 6-37 for localisazion of
sections A”’A’”’ (called AA’ on Figure 6-37).
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6.4.2 The Malm reef complex

The results of our investigation on the Malm reef complex is specifically detailed in this part, because
it represents a promising geothermal reservoir (high porosity-permeability properties, (Meyer, 2000;
Moscariello et al., 2020; Rusillon, 2017)).

Figure 6-59 : Seismic interpretation of line 18SIG_007 located in the Humilly area (see structural results on part 6.3.2 and
localization on Figure 6-62). Seismic facies of the Upper Malm unit are drawn on this section, and highlighting the favorable
development of reefal complex (UMa.SF2) along paleo-topographical highs (here on the footwall of the Jurassic extensional
Humilly FZ, or on the associated rollover Humilly anticline). See Encl 25 for detailed seismic interpretation of line 18SIG_007.
For further description of seismic horizons of nTLMa and nTMa and seismic facies of Malm interval, see 4.1.8 and 4.1.9.
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Reef complexes are part of the Upper Malm Unit, more specifically from the Kimmeridgian/Tithonian
age. They are part of an overall regressive trend of the Upper Jurassic that starts with the deep marine
environment of the Oxfordian and ends with continental deposits at the beginning of the Cretaceous.
The main reef complexes belong to the “Ethiolet Formation” according to the recent HARMOS
classification (Brentini, 2018; Rusillon, 2017)). This Formation consists of diachronous deposits
developed on a large, shallow carbonate platform (coral-microbial patch reef system, Rusillon (2017).
We attempted to associate a seismic facies to this type of complex, (UMa.SF2, see 4.1.9) with a mound-
shape geometry and low amplitude/frequency texture (Paumard et al., 2017). This approximation
consists of linking geophysical data (seismic facies) with a lithological interpretation (bioconstructed
limestone), and a sedimentological interpretation (reefal depositional environment). As very few wells
control this interpretation, there is therefore a very high uncertainty attached to this interpretation.
In order to help the identification of reefal seismic facies, we use the surrounding seismic facies that
the sedimentology proposes. In that sense, we tried to interpret UMa.SF1 (see 4.1.9) seismic facies
that corresponds theoretically to a lagoon environment, and UMa.SF3 matching a slope of carbonate
platform environment. The succession of these three seismic facies allows characterizing the entire
sedimentological context.

The Carbonate platform is supposed to be oriented along an axis striking NE-SW with a deepening of
the basin southeastward. The Jura Haute Chaine appears as a sedimentary boundary dividing a more
proximal environment in the NW to a more distal position in the Greater Geneva Basin (GGB). The
isopach map of the Upper Malm of Schori (2021) is clearly supporting this trend, with the highest
thicknesses of the unit inside the GGB following the Haute-Chaine of the Jura (Figure 6-61). Meyer
(2000) and Rusillon (2017) agree on the fact that the patch reefs developed initially on inherited
structural highs, such as footwall of normal faulting (Figure 6-59). Therefore, the understanding of the
structural configuration at the time of the deposition may help identify favorable patch reef growth
areas. Conversely, the identification of patch reefs and the trends of deposition may provide
information about the topography and structural highs during the Upper Malm units, and therefore
could bring details about possible tectonic inheritance. We have interpreted most of the seismic lines
of the GVA basin, regarding the seismic facies of the Upper Malm (Hauvette, 2020). To do so, we have
used seismic attributes (pseudo-relief, paraphase, and running sum, see 4.2.1 for details) for additional
support of the interpretation. Indeed, it may help to characterize the geometry and the texture of the
seismic facies. Two concepts are confirmed by our interpretation. First, it has been observed that the
basin is oriented NE-SW, with a deepening of the system southeastward. Indeed, our final thickness
map of the Upper Malm (Figure 6-62) is following this trend, with a large band of higher thickness
located in the middle of the basin in the same orientation. This band may correspond to the highest
depocenter axis of the carbonate platform. The polarity is in line with the theory, with the classical
succession of seismic facies UMa.SF1 (lagoon), UMa.SF2 (reef), UMa.SF3 (slope of carbonate platform),
developed mainly from NW to SE (Figure 6-60). This orientation of the basin is also confirmed by the
clear presence of progradation sigmoids dipping southeastward (Figure 6-60). The second main result
concerns the structural inheritance of the sedimentary trend of the growth of the patch reefs. We have
observed in several locations, that reef indications may be developed preferentially in relation to the
footwall of the normal faults present at the time of the deposition. Indeed, the region was in an
extensional rifting phase during the entire Jurassic period. We have seen in previous parts, the
identification of a large-scale extensional system initiated during the Liassic period; the Humilly-
Vuache-Saléve FZ. We have particularly analyzed the Humilly structure. The Humilly rollover anticline
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Figure 6-60 : Seismic interpretation of line 18SIG_003 (localization on Figure 6-62). Seismic facies of the Upper Malm unit are
drawn on this section, and highlighting a classical succesion of "lagoon-reef-slope" related seismic facies from NW to SE. See
Encl 21 for detailed seismic interpretation of line 18SIG_003.
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Figure 6-61 : Regional Isopach of the Upper Malm Unit from Schori (2021), based on well data. It confirms the position of the
depositional basin during the Upper Malm period with deeper depositional rate in the Greater Geneva Basin with an overall
NE-SW striking orientation (polarity with proximal NW pole and distal SE pole).

is drilled by Humilly-2 (Hu-2) well in which reef structures have been interpreted in the Kimmeridgian
series (Rusillon, 2017) (see Figure 6-59). Alongside this observation, the seismic facies corresponding
to a reef (UMa.SF2) is interpreted around the Hu-2 reefal indices, but also along the footwall of the
normal growth fault (Figure 6-59). Moreover, the regional paleogeographical mapping from Meyer
(2000) proposed a bending of the basin along the Vuache FZ, attributing therefore to this fault zone a
structural inheritance in relation to the development of the carbonate platform. In that sense we can
conclude that reefal barriers or patch reefs may developed preferentially along the strike orientations
of the interpreted extensional large-scale system of the Vuache-Humilly-Saléve FZ. The footwall part
of these normal faults and the faulted rollover anticlines represents favorable inherited highs for the
growth of reefal structures.
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Figure 6-62 : Malm thickness map resulting from the seismic interpretation inside the Geneva Molasse Basin (Geneva Molasse
Basin Velocity Model 2). It confirms the overall NNE-SSW striking orientation of the sedimentary Upper Malm basin (polarity
with proximal NW pole and distal SE pole). Localization of Figure 6-59 and Figure 6-60 are represented as blue lines.
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6.4.3 The Mesozoic-Cenozoic boundary and the Siderolithic deposits

A major geodynamic change occurs at the transition Cretaceous-Tertiary. Indeed the European
platform, including the broader Jura realm is witnessing the arrival of the orogenic wedge and is
progressively subjected to flexural bending of the lithosphere under the influence of the orogenic load.
The sedimentary and erosional changes of this transition are recorded in the “Siderolithic series” dated
from the Eocene period. The deposits are unevenly spread, and very varying in thickness. They often
lie on the erosional surface on top of the Cretaceous series, inside karst systems, along fault planes or
in topographical depressions (Serneels, 1993). However, a stratiform deposition has also been
observed, and therefore a fluviatile origin is suggested by several authors (Conrad & Ducloz, 1977;
Weidmann, 1984). Wind dune deposition is also a possible hypothesis (Chablais & Savoy, 2021; Conrad
& Ducloz, 1977). The discovery of the unexpected high thickness of 140m of these sediments in the
recent well GEo-02 in 2017 (Chablais & Savoy, 2021), in the center of the GVA basin, has relaunched
an interest in the geological understanding of this layer.

As discussed, paleotopography may be strongly linked to inherited structures such as faults, possibly
inverted or/and newly formed. Thus, during the late Eocene, the Siderolithic erosional “event” can be
assessed in the frame of extensional faulting due to flexural bending of the Alpine foreland (Gruber,
2017; Schori, 2021), which may create, locally, important surface variations and offsets. Moreover, the
flexural bending of the lithosphere may reactivate inherited extensional structures (Jurassic). The
faults may be subject to intense karst dissolution processes during this period and therefore form
privileged depositional traps for Siderolithic sediments.

Thanks to the surprising occurrence of the Siderolithic in well GEo-02 (140m thickness), we were able
to identify on neighboring profiles a potential seismic facies (Eoc.SF1, see 4.1.10) corresponding to
these Eocene deposits. It consists of oblique to hummocky geometries of seismic reflections with high
to moderate amplitude and frequency appearance. This seismic facies is typical of fluviatile deposits
(Ge et al., 2018; Moscardelli et al., 2012), and represents stacked channels on top of eroded valleys.
We have used this signature to interpret several seismic profiles in three areas, where potentially a
certain thickness of Siderolithic (up to around 150m thickness) is expected (see map of Figure 6-63 and
seismic interpretation on Figure 6-64 and Figure 6-65). The first area is comprised in between the
“Allondon FZ - Cruseilles FZ"” axis, the “Meyrin FC - Cologny FZ” axis and the Saléve FT. The
interpretation of seismic facies Eoc.SF1 was propagated from well GEo-02 Siderolithic indices and
stopped against the three main structural axes mentioned above. This delimitation remains relatively
arbitrary, as there is not enough systematic drilling occurrences to constrain more accurately this
boundary. Indeed, several wells (GEX CD-2-3-4-5-6, Hu-02, Th-01) outside our central seismic facies
area, have encountered Siderolithic sandstones at the Cretaceous-Cenozoic boundary, but very often
with thicknesses below the seismic resolution (less than 25m). We have mapped areas of the presence
of substantial thicknesses of seismic facies Eoc.SF1 (up to 150m). Inside this central zone, it seems that
a series of fluviatile channels are developed in the NE-SW direction as section A of Figure 6-64 is
highlighting. These sedimentary features are parallel to the Bernex FC that probably influenced the
paleotopography and therefore the transport of the sandstones. The second area is located north of
Mourex FC (see section C of Figure 6-64), where a very strong truncation of Cretaceous layers is
interpreted. A logical depression then appears above the truncation that stops southwestward against
the Mourex FC. There is no drilling to confirm this interpretation, which is therefore very speculative.
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Figure 6-63 : Orange dashed lines: Areas of interpreted seismic facies related potentially to the Siderolithic deposits. The
thickness in meters of this interpreted interval (in between nBCen and InCen seismic horizons) is shown inside the three
polygons. In the central area, channels are visible along NE-SW orientation). Localization of sections of Figure 6-64 is
represented as blue lines.
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Figure 6-64 : Siderolithic seismic interpretation, with represented seismic facies Eoc.SF1 deposited on top of nBCen seismic
horizon. On top is section A in the center of the GVA Molasse Basin. In the middle images is section B located in the Rumilly
Molasse Basin. On bottom images is section Cin the north part of our study area. Note the termination patterns of the seismic
facies that correspond to fluviatile deposits. See respectively Encl 29, Encl 52, and Encl 15 for detailed seismic interpretation
of lines 18SIG_011, 885V0O08 and 15SIG_013. See Figure 6-63 for localization of the three sections AA’, BB’ and CC'. See Figure
6-65, for zoomed interpretation of these sections.
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Figure 6-65: Siderolithic seismic interpretation in zoomed areas of lines 18SIG_011, 885V0O08 and 15SIG_013, exctracted from
Figure 6-64. For legend and annotations, refer to Figure 6-64. See Figure 6-63 for localization of the three sections.
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In that sense, the relationship between this seismic facies of this area and the Mourex FC cannot be
explained.

The last area of interpreted Eoc.SF1 seismic facies is located in the Rumilly basin south of the Vuache
FZ and NW of the Mt d’Age FT (see section B of Figure 6-64). We see very clearly there, the strongly
eroded Cretaceous layer, filled by this Eocene seismic facies units. The top of it the system appears
sealed by monoclinal straight Molasse seismic reflections. This infill is developed against the Versonnex
FZ striking NE-SW with normal component dipping SE. There is no drilling to confirm this hypothesis,
but the image being of high resolution, we can deduce the likely pre-existence of this fault zone in
relation to the Eocene deposits. This would date this fault to either Jurassic extensional period or to
the flexural bending of the lithosphere during the Eocene times.

These results do not preclude the possibility of finding Siderolithic series outside our areas of specific
investigation. It does not insure either a Siderolithic presence, as there is a high uncertainty attached
to such seismic facies interpretation. These results should be considered as a first prospective
investigation to be expanded and refined.
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7. GEOLOGICAL HISTORY

Our study of the subsurface tectonics and stratigraphy made it possible to unravel new information
and clarify known information for the pre-Mesozoic, the Mesozoic and the Cenozoic periods of the
geological evolution of the area of investigation. Especially five tectonic events/structures (labelled (1);
(2); (3); (4) and (5) hereafter and represented on maps of Figure 7-2, except for (1) that cannot be
displayed) will be discussed in the following in light of the newly interpreted kinematic setting in the
frame of their geological history. Please refer to “the Geodynamic summary of the Greater Geneva
Basin” on Figure 2-9 for visual chronology of stratigraphy and tectonic.

7.1 Late Paleozoic

In late Paleozoic times large half grabens, infilled with Permo-Carboniferous clastic sediments, have
been known to be present below the Western Molasse Basin and the Jura FTB. They have been locally
drilled such as, Chatelblanc-1, La Tailla-1, Essavilly-101, and Treycovagnes-1, (see Schori (2021), and
Figure 2-4 for localization) and are well documented from seismic surveys in northern Switzerland
(such as the Constance-Frick Trough, see Madritsch et al. (2018); Naef & Madritsch (2014)). Similar
grabens are also outcropping in the External Crystalline Massifs such as e.g. in the Rhone valley the Sa
Ivan-Dorénaz half-graben (Capuzzo & Wetzel, 2004)). The Permo-Carboniferous terrestrial sediments
are also found on the graben shoulders and beyond. In our study area such basins have been revealed
by deep wells in such as, Chaleyriat-1, Charmont-1 (more than 500m of P-C sediments drilled),
Chatillon-1d, Faucigny-1, Chapery-1, see Figure 2-4, Figure 2-5 and Figure 2-6). However, the directions
and locations of the bordering normal faults of these grabens have always remained uncertain (Gorin
et al., 1993; Signer & Gorin, 1995). The quality and/or resolution of the seismic data available does not
allow to propose a much improved image, but the following observations can nevertheless be
ascertained (1); A change of the dipping angle of the near Base Mesozoic horizon is observed from
3.25° SE in the Molasse Basin to 1.7° SE in the internal Jura part alongside the Reculet FT (Figure 6-10);
as well as below the first chain of the Meridional Jura FTB part to the SW, at the boundary with the
Rumilly Basin in an approximatively NE-SW to NNE-SSW strike direction.

This, well documented major dip change of the mechanical basement at the transition of the Geneva
Molasse Basin and the Jura FTB is possibly related to the presence of a half graben with P-C sediments
infill developed along the NE-SW striking SE-dipping normal basement fault underlying the present
backlimb of the Reculet FT (Marro, 2021; Signer & Gorin, 1995), see Figure 6-54. This change in dip
appears to occur everywhere at the transition between Jura FTB and Molasse Basin and has locally
been interpreted as a step linked to inherited faults (Schori (2021); Marro et al. (2023)).

Concerning the main dip change of the Rumilly Basin — Internal Jura transition, we follow the
hypothesis of Guellec et al., (1990) proposing a horst structure in the basement with bordering faults
oriented NE-SW to NNE-SSW, between the first chain of the Internal Jura to the SE, and the location of
the Oyonnax FBT (Frontal Back Thrust) to the NW (Figure 6-45). The presence of gneiss in the pre-
Mesozoic unit found in the well La Chandeliére-1D located in the uplifted area (Figure 2-6, Figure 6-52
and Figure 6-53), supports this idea of a major basement horst structure. The western shoulder of the
horst may be associated with Permo-Carboniferous sediments, as attested by the well Charmont-1
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(more than 500m P-C deposits) (see also Schori, 2021). In this zone, the northwestern shoulder may in
fact be associated with a northwestward-vergent inverted half graben as imagined by Philippe (1995).

Even if it is partly attenuated in the depth domain after time-depth conversion (Figure 6-38 and Figure
6-39), another gentle basement high appears to be present below the Gros Foug Mountain, as
underscored by a dip change and therefore a possible N-S to NNE-SSW normal basement fault on the
eastern side of the structure (Schori, 2021).

Also, the depth of the near top Basement is clearly stepping down from a high position in the Geneva
Basin to a lower position in the Rumilly Basin area across a NW-SE line parallel to the Present day
Vuache FZ. This vertical offset in the mechanical basement below the Vuache FZ should, however, not
be directly related to the overlying Mesozoic structural setting. Indeed, the latter is supposed to have
been initiated in the Jurassic period as an extensional, syndepositional fault system (Figure 6-23, Figure
6-26 and Figure 7-1) and has subsequently been transported (and deformed) by some 25 kilometers
northwestward during the Miocene compression. Indeed, Schori (2021), based on analogue modelling
demonstrates that the thrust geometries to the N-NW of the Vuache FZ (25km distance) are diagnostic
of thrusts developed over an oblique basement ramp or step when initially formed, thus making it
possible to assess the position of the original basement structure initiating this fault and fold complex
(Schori et al. 2021).

Thus, variations of the basement topography suggest the presence of Pre-Mesozoic normal faults,
which can be interpreted as post-Variscan tensional half graben and horst structures. However, the
suggested basement faults mentioned above, that don’t have neighboring wells showing P-C evidence,
were not necessarily formed in the Paleozoic times. Indeed, they can also be triggered for example
during the Eo-Oligocene down-bending lithospheric flexure, during rift opening of the ECRIS system or
during Jurassic syn-rift extension related graben formation/reactivation.

Similar steps in the basement that could have been interpreted from time seismic lines beneath the
Mont Saleve crest (pull-up effect questioned already by (Guellec et al., 1990)), in fact shows a flat near
top basement surface when depth converted with our process (Figure 5-12 and Figure 6-32).

7.2 Triassic

Following the wide spread erosional event at the end of the Paleozoic era which led to the formation
of the post-variscan erosional surface and the deposition of lower Triassic marine and near shore
marine sandstones, the middle and upper Triassic series are characterized by important evaporite
deposits which contain various amounts of pure salt (S.N.P.A, 1969; Schori, 2021). These layers play a
key role in the tectonic and mechanical development of the detachment and the deformation of the
detached Alpine foreland. Their rheological properties allow them to host the main décollement;
especially the pure salt layers which accommodate the main deformation (Sommaruga et al., 2017,
and references therein). Although the main décollement should be considered as a broad zone with
distributed zones of higher strain and a succession of thrust surfaces (Sommaruga et al., 2017), for
reasons of simplicity we position the main décollement surface at the base of the Keuper Group
(chapter 6.2 and Figure 6-6). The present thickness of this Keuper Group layer changes across the study
area, forming local lens-shape zones. This thickness increase is most likely linked to salt flowage and/or
formation of tectonic duplexes during the Miocene compressional evolution of the foreland (Figure
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6-8, Figure 6-9 see also Sommaruga (1997)). Locally, thickening of the evaporitic levels can be observed
in association with inverted extensional structures related to syndepositional normal faulting in
Jurassic times (Figure 6-30). In our area, the highest Triassic thickness observed is located in the Jura
Mountains (Figure 2-4, Figure 2-5 and Figure 2-6), where an intense deformation occurred.

7.3 Jurassic

During the Jurassic period, syn-sedimentary extensional structures developed in the epicontinental
depositional environment of our study area. They can be linked to wide-spread extension associated
with the opening and rifting of the Alpine Tethys to the S-SE. These normal, listric faults show very
steep dips as seen on the seismic surveys (up to 60 degrees in the uppermost part of the faults, Figure
6-30).

A detailed analysis of seismic facies made it possible to propose links with syn-depositional tectonics.
The seismic facies analysis helped collecting stratigraphical information. Thus, the Lias layer thickness
is varying more than all other Jurassic layers, suggesting a stronger tectonic activity responsible of the
lateral thickness changes (see. Part 6.3.2). The NW-SE striking Vuache FZ is likely to have played a major
role as a barrier mostly during the Lias period (chapter 6.4.1). Thickness maps derived from seismic
interpretation (see Encl_M36 to Encl_M52 and chapters 6.4.1 and 6.4.2), show a depositional trend
along an overall NE-SW striking axis during the entire Jurassic period. This is also suggested by ‘onlaps’
(seismic geometrical features) of Dogger Group layers in northwestward direction and thickness
variations indicating an overall trend for a proximal-distal axis in a NW-SE directions.

Following the end of the Alpine Tethys opening phase during the Late Dogger, an overall regression of
the Malm unit, and particularly the reef complex unit of the Kimmeridgian can be characterized by
seismic facies analysis (chapter 6.4.2). Using a tentative association of seismic facies with depositional
environments as proposed by (Paumard et al., 2017), we have interpreted from NW to SE, a classic
succession of depositional environments of a reefal carbonate platform with a lagoon-reef-slope
transition in the Meyrin area (Figure 6-60). Seismic facies corresponding to a reefal barrier or isolated
patch reefs appear in favorable positions along the footwall of normal faults, like in the Humilly FZ
(Figure 6-59). The Jurassic-Dogger normal faults thus create a topographic high in the footwall of the
fault yielding a suitable elevated position, possibly favoring the development of reefal complexes. The
Vuache FZ having also at that period a normal structural component, linked to the Humilly FZ, could
thus be an ideal location to host the development of reefal complexes in its footwall, which is in line
with outcrops of this formation in the northern part of the Vuache FZ (Meyer, 2000; Rusillon, 2017).

Our study thus, revealed a large-scale (40km long laterally) pull apart extensional fault system in the
Humilly-Vuache area (2). This structural system possibly stretches the entire foredeep zone (possibly
40km long in NW-SE), along a 15km-20km band along the Vuache FZ. This structural setting is
characterized by an extensional imbricated fan (Hu et al., 2019), (see Figure 6-30) associated with a
main bounding fault perpendicular to the imbricates. In the Humilly area a NE-SW normal fault dipping
SE is very clearly recognized with syn-sedimentary activity/offset mostly during the Liassic and slightly
during the Dogger (see Figure 6-30). Higher thicknesses of these layers are observed in the hangingwall
of the listric structure, which reaches the base Keuper level. Parallel faults with similar geometry are
also present in the Pougny FZ (but without thickening of Lias-Dogger units but slightly during the Malm,
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Figure 7-1 : Vuache-Humilly-Saléve structural system evolution from its extensional Jurassic origins (foreground) to its actual
state after the Miocene deformation (transparent background). The displacement vectors (black dashed arrows) are taken

from (Schori, 2021).
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see Figure 6-23). These fault zones are interpreted to be all linked to a greater leading NW-SE fault,
the Vuache FZ, which shows also synsedimentary activity. The Saléve FZ also shows the same syn-
sedimentary tectonic activity/offset during the Liassic-Dogger period (chapter 6.3.3). As a
consequence, (3) the Saléve FZ, like the Humilly FZ and the Pougny FZ are proposed to be an inherited
Jurassic extensional faults, that were reactivated as steep reverse fault (thrusts) during the Miocene.
An analogue structure (at a different scale) of the Humilly-Vuache-Saléve FZ could be the Dead Sea
strike slip pull apart basin (Smit et al., 2008). The retrodeformation of the Miocene compression is
transposing the Vuache FZ 18-25km to the SE near to the present position of the Le Coin FZ along a
potential NW-SE normal pre-Mesozoic basement normal fault that could have played a role in
triggering the system (Figure 7-1). This normal fault is difficult to be confirmed it by seismic
interpretation (see chapter 6) but we suppose it is likely present. Similar, normal faults are thought to
be present in the Rumilly Basin as well with NE-SW strike directions. In that sense, a hypothesis is that
the Musiége FZ, the Gros Foug FBT, are in fact part of the large-scale extensional Jurassic Vuache-
Humilly-Saléve FZ, but dipping NW (opposite dipping orientation than the Humilly FZ) (chapter 6.3.4).
In that case, the fault system would then have a configuration of a “laterally adjustable hidden strike-
slip” (Hu et al., 2019), around the leading dextral Vuache FZ (Figure 6-44).

7.4 Cretaceous to Eocene

The upper-most part of the Cretaceous series is marked by important thickness variations due to a
strong early Tertiary erosion. This remarkable, well-known unconformity is well identified on the
seismic sections with a strong amplitude contrast. In our area of study, well drillings have shown in
many cases, unforeseen Siderolithic clastic deposits (Eocene) on top of the Lower Cretaceous layers,
filling the eroded spaces along near Base Cenozoic horizon. These Eocene Siderolithic subaerial
deposits are diagnostic of the Eocene continental erosive conditions. These deposits are frequently
found in fracture or karstic systems. It is thus, possible to identify seismic facies geometries
corresponding to karst and eroded valleys or base of channels that could correspond to these Eocene
deposits, specifically in the Bernex area around GEo-02 well that met a surprising 140m thickness of
that formation ((Chablais & Savoy, 2021), see part 6.4.3). According to our interpretation, this layer
may have fluvial origins with deposit in large eroded valleys (Conrad & Ducloz, 1977; Weidmann, 1984).
Elsewhere in our study area, and in absence of the Eocene Siderolithic deposits, the Lower freshwater
Molasse units overlay the Mesozoic units in an unconformable contact. The preservation of Upper
Cretaceous sediments in local spots (Valserine and Bellegarde area) and the reworking of these
sediments into early Cenozoic deposits, in the rest of the basin (especially East of the Vuache
Mountains (Charollais et al., 2007) indicates a highly probable paleogeomorphology present at the end
of the Upper Cretaceous period. This fact supports the idea of a pre-Cenozoic structuration of the
foreland basin in the area of study and therefore of the existence of the Jurassic tectonic structures
developed around the Vuache FZ, presented in the above paragraph.

7.5 Late Eocene to Oligocene

During Late Eocene to Oligocene, the flexural bending of the European lithosphere induced a NE-SW
trending foreland basin with a wedge shape geometry, with depositional onlaps towards the north and
deepening towards the south (Homewood & Lateltin, 1988). Normal faulting of the Mesozoic and
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Cenozoic units has been recognized in an overall extensional setting due to bending (Gruber, 2017;
Schori, 2021 and references therein). These steep faults may form as structures, showing no related
thickness variations in the Mesozoic cover, possibly as seen in the case of Pougny FZ (part 6.3.2) or
Bellegarde FZ (part 6.3.4). Structures such as the Musiége FZ or Gros Foug FBT (part 6.3.4), which also
do not show apparent Jurassic thickness variations, could also be inherited normal faults formed during
this extensional period (Late Eocene to Oligocene). Alternatively, this extensional event may have
reactivated inherited normal faults formed during syn-depositional extensional tectonics in the
Jurassic times (e.g. Humilly FZ, Vuache FZ, Saléve FT, (parts 6.3.2, and 6.3.3).

To the SE, tectonic imbrication of the Subalpine Molasse thrusting started during Middle Oligocene
(Burkhard, 1990; Bonnet et al., 2007). This incorporation of the Molasse layers into the Alpine wedge
has continued during the Miocene and even into Pliocene times (Cederbom et al., 2011). The
associated NE-SW oriented frontal thrust (with overall northwestward vergence) is located in our
model in front of the Mont-de-Boisy (northeastward) area and in the back of the present-day location
of the Saléve FZ (southeastward, see part 6.3.3). The décollement level of this structure is present
inside the Lower Marine Molasse UMM (clay-rich, Gorin et al. (1993), and see Figure 2-7). Several folds
have been described in relation with this Cenozoic structural imbricates, including the Mont-de-Boisy
anticline in front of the Prealpine Klippen units, and others in front of the thrusted Subalpine Massifs.
Its southern termination is positioned near the Vuache FZ. South of Vuache FZ we have the boundary
zone between the Bauges Massif (with its frontal Bauges Thrust). In this allochtonous units Molasse
sediments are found with piggy-back synclines of the Subalpine Massifs. The northern termination of
the Subalpine Molasse imbricates is following the Prealpine Units and continues northeastward along
the Penninic and Helvetic nappes frontal thrusts (Ortner et al., 2023). This frontal Subalpine Molasse
Thrust is shifted by several NW-SE strike slips faults, particularly by the Arve FZ in the northern
termination of the Saléve FZ area, probably of Miocene age. It suggests that the formation of the
Subalpine Molasse unit is predating the subsequent Miocene deformation (Jura fold-and-thrust belt
development).

7.6 Eo-Oligocene rifting of ECRIS

The European Cenozoic Rift System (ECRIS) is a major tectonic event that led to the formation of the
Bresse Graben (BG, 50km wide, strike NNE-SSW oriented) just W of the Jura FTB and the Rhine Graben
at the edge of the northern Jura FTB (Schori, 2021). It may have started during Eocene but was mainly
active during Oligocene period (Madritsch, 2008) and ceased in Chattian (Ring & Gerdes, 2016). The
Bresse Graben (Figure 2-1) as the Rhine Graben are rift segments that were formed by reactivation in
extension of inherited Variscan and post-Variscan faults. Thus, this rifting evant has, as in the case of
flexural bending, reactivated numerous inherited faults as normal faults and contributed to create
important offsets in the basement and the overlying Mesozoic sedimentary cover prior to the
formation of the detachment of the foreland fold-and-thrust belt. During this period, the Alpine
compression was generally in a NW direction in relation to the subduction of the Valais Ocean and
collision of the Adria with Europe (Bourgeois et al., 2007; Bergerat, 1987; and Radaideh & Mosar,
2021).
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7.7 From Middle Miocene to the present day

During the middle Miocene, the Mesozoic and Cenozoic sedimentary cover was decoupled from the
mechanical basement along the main décollement level located at the base of the Keuper Group in the
evaporites-salt-rich layers in our area (Figure 6-6). The Alpine compression, specifically the exhumation
and emplacement of the External Crystalline Massifs (Bellahsen et al., 2014; Burkhard, 1999;
Sommaruga, 1999, and ref therein) and the shortening associated to this, made it possible that the
whole cover could be transported by as much as 30 kilometers from its autochthone homeland to its
present position (retrodeformation by Affolter & Gratier, (2004) and Schori et al. (2021), and see Figure
7-1). During this major tectonic event the flexural Northern Alpine Foreland Basin developed into a
“wedge top” basin (Bonnet et al., 2007; DeCelles & Giles, 1996; Willett & Schlunegger, 2010), which
involved the Jura FTB formation (Laubscher, 1961, Figure 6-5). In the Molasse Basin, as well as in the
Jura FTB, this deformation phase can be associated, in addition to fold and thrust formation, with the
formation of a conjugated strike-slip fault system, but also with the reactivation of inherited normal
faults in reverse or in strike-slip mode.

In the Western Alpine Molasse Basin, the impact of the Miocene compression and convergence is well
visible with spectacular outcrops such as in the Greater Geneva Molasse Basin, the Saléve FT (Frontal
Thrust) forming a prominent topographic ridge whose development is linked to a ramp-related fold
propagation. In the Rumilly Molasse Basin, the Gros Foug FT and FBT (Frontal Back Thrust) developed
during the same deformation event. The orientations of the latter structures along with Jura folding
and thrusting indicate the general shortening and transport direction. Two main areas (4) and (5),
separated by the transpressional, inherited Vuache FZ, can be discriminated by the orientation, not
only of the folds and thrusts, but also by the conjugate strike-slip faults (Figure 7-2). As discussed prior
the Vuache FZ is part of an inherited, and subsequently transported and inverted normal
synsedimentary fault system, with an important alpine tectonic sinistral strike-slip component. Its
orientation is thus an inherited orientation, that may be linked to an original feature (fault) in the
basement, but which is clearly different from the orientation of the equally sinistral strike-slip fault
zones observed in the Molasse Basin and the Jura FTB and which are linked to the tectonic
development inside the mechanical wedge of the alpine foreland FTB.

On the eastern side of the Vuache FZ, from the Subalpine Massifs FT to the Jura, a general NW-SE
shortening, and a NW-directed transport direction can be deduced based on fold orientation
(perpendicular to transport direction), the major thrust orientation and the conjugate strike-slip faults
(Figure 7-2). Indeed, it involves an E-W (to ESE-WNW) dextral strike slip system conjugated with a N-S
(to NNW-SSE) sinistral system in this area (4). These fault systems are especially prominent in the Jura
FTB. Our new interpretation from seismic surveys shows that these structures are also present inside
the Molasse Basin. From the seismic signature it was possible to define fault corridors rather than
single distinct faults (or narrow fault zones), especially for the E-W oriented zones such as the Aire-la-
Ville FC, Meyrin FC, Prévessin FC. The NNW-SSE faults, e.g. Mourex FC, show a more discrete or narrow
corridor signature. The Le Coin FC is an exception to this. The corridors of deformation show variable
offsets and intensity of faulting inside them, from diffuse small-scale fracturation (Meyrin FC, Prévessin
FC) to more pronounced faulting and block segmentation (central fault crossing major part of the
Mesozoic cover) surrounded by small scale fracturation (Mourex FC, Divonne FC for instance).
Geomorphological lineaments helped identify the orientations of Miocene structures, although these
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Figure 7-2 : Main blocks and kinematic strains from Middle Miocene compression (blocks delimited by colored polygons). (A)
highlights the Humilly-Vuache system. (B) shows various kinematic NW-SE “Corridor” blocks developed in sinistral
configuration. (C) presents the main nappe divisions striking N-S to NE-SW. (D) shows the subdivision into two main parts of
compressional shear, with the transpressional triangle of the Vuache FZ in the middle.

surface data are often biased by glacial Quaternary erosion and infill. Several prominent surface
lineaments brought consistency to our seismic structural interpretation. Especially two major E-W
oriented steps in topography of the GGB (Mont de Sion and another one 5km to the N) are important
regional geomorphic features that strongly suggest the presence of additional E-W oriented faults. The
morphologically different evolution of the river parttern in these two blocks also suggests Quaternary
to recent activity.
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Thus, from a thrust tectonic perspective, the Geneva Basin and Jura Haute Chaine form a series of
tectonic nappes with a NW transport direction (Figure 7-2). The strike-slip faults form a conjugate
system that spans the Jura FTB and the Molasse Basin and shows a NW-SE direction of shortening. In
this context, two main regional corridors can be recognized: the St. Cergue FC and the Cruseilles-
Allondon FZ.

On the western side of the Vuache FZ from the Bauges FT to the Jura Mountains a rotated strain/stress
field can be interpreted (5). In this area an E-W transport direction is deduced from the orientation of
the thrusts and associated folds. The conjugated fault system also has a different orientation, with NE-
SW oriented dextral strike-slip faults conjugated with a NW-SE (to WNW-ESE) sinistral strike-slip faults.
They thus constrain an E-W direction of shortening spanning the Molasse Basin and Jura FTB. The
Droisy FZ in this area plays an important role with a clear sinistral component in the Jura part (in line
with its orientation) and as a lateral dextral ramp separating the Gros Foug FT with the Gros Foug FBT
with opposite thrusting directions. The Musiége FZ may have a normal fault inheritance and
reactivation as reverse faulting (pop-up) during the Miocene.

In addition to the displacement and deformation associated with the main décollement level,
shallower thrusting along various secondary décollement levels in mechanically weak Mesozoic layers,
e.g. in the Lower Malm unit (Effingen marls) or in the Cretaceous levels (“Marnes d’Hauterive”), can
be expected. In our study area they correspond to local reverse faulting of rather modest extent, unlike
the large regional and more deeply rooted thrusts giving rise to the main tectonic. Indeed, only the
main décollement zone in the Triassic series and the Subalpine Molasse décollement in the Rupelian
soft layers are proven to be of regional relevance and are thus integrated into the Alpine wedge
configuration. Along the main Triassic décollement level, we have observed interesting structures such
as intra-Triassic thrusting and duplexes (below low amplitude folds of Ornex and Cercier), or
halokinetic activity on the first salt layers of the Keuper (chap 6.2). The latter may have an important
role in the development of main thrusts or in the reactivation in compression of former normal listric
fault (e.g. rollover structure of the Humilly FZ, see chap 6.3.2).

The most current tectonic activity may be measured using GPS technology (displacement rate), or
using the seismicity that gives orientations and type of faulting (Antunes et al., 2020).
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8. CONCLUSIONS

In this project, we have investigated the tectonics and lithostratigraphy of the larger Geneva Basin
area, including the Haute Chaine domains of the Jura fold-and-thrust belt, based on surface and
subsurface data such as seismic lines (more than 150 seismic 2D profiles, around 2000 km total length)
and well data. We have analyzed the structural links between the Geneva Basin with the neighboring
region of the Saléve to the South, the Vuache fault system and the Rumilly Basin to the West, as well
as the Jura Mountains to the North and North-West. The objective was to re-assess the structural
setting and kinematics of the westernmost portion of the Western Alpine Molasse Basin in the frame
of the detached Alpine foreland. The work combines existing data with new processing and
interpretation of seismic data. The seismic interpretation work was combined with surface data e.g.
bedding dips, geological maps, DEM, and especially with 66 wells (in the database) and various
georeferenced maps from the literature. A proper compilation and preparation of the data was
necessary to prepare the work, which led to a complete geodatabase for the area of interest,
implemented and dispatched in standard softwares projects: Kingdom Software (IHS Markit), ArcMap
(Esri), and in Petrosys software.

This study relied on this large comprehensive dataset to generate the following new geological and
geophysical outputs:

e A new regional refined positioning of the near pre-Mesozoic basement surface (nBMes), for
all the neighboring area of the Geneva Basin. It includes the Rumilly Basin, the Subalpine
Molasse area and more importantly a part of the Internal Jura. This made it possible, for the
first time, to present a coherent depth model with correlations throughout the whole area of
investigation and across the major regional tectonic boundaries such as the Saleve thrust, the
Vuache Fault zone and the Jura - Molasse Basin boundary.

This was achieved using a new more sophisticated regional velocity modelling and depth
conversion methodology. The velocity model is divided vertically using the four interpreted
seismic horizons, near Base Cenozoic (nBCen), near Top Dogger (nTDo), near Top Keuper
(nTKeu), near Base Mesozoic (nBMes). Laterally, four regional deep wells with an entire
Mesozoic column (LCD-1D, HU-2, CHY-1 and FAY-1) made it possible to produce a velocity
distribution of the model into four regional sectors. The main vertical subunits being filled with
constant interval velocities varying between the four sectors. One of the main specificities of
this modeling is the incorporation of the layer duplications in areas of important thrusting,
which was achieved by adapting manually the workflow of the Kingdom software.

The time-to-depth conversion allowed us to obtain seismic profiles in depth domain in
addition to the classical depth maps. This provides an efficient way of analyzing the present
structural depth and geometries of the subsurface seismic horizons with the potentially
disturbed geometries in the time domain. The approach assesses and considers artefacts
inherent to the time domain, such as pull-up or push-down effects. The technique was
especially interesting to constrain the regional morphology and inclinations of the near base
Mesozoic seismic horizon. In most of the cases, push down effects were largely compensated
and a relatively straight near base Mesozoic surface was obtained. It was thus possible to
produce a new regional model of near base Mesozoic (coincident with near top basement). It
was also possible to propose uncertainties in depth that range from 100 to 400 m depending
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on the depth of the considered seismic reflectors, at depth of 1000 to 4000 m, respectively.
As a consequence of our new depth conversion, it was possible to demonstrate that several
basement highs or lows that were interpreted in the time domain do not exist anymore in the
depth domain of our model. This velocity correction has shown particularly striking results
below the Saléve Mountain or the Musiege FZ or the Gros Foug FBT, with nearly “flat” near
Base Mesozoic horizons (in depth domain). The average dip angle of near base Mesozoic can
now be measured to be around 3.25° towards the South-East below the Western Molasse
Basin, and some 1.7° below the neighboring Internal Jura.

Remaining highs and lows along the nBMes depth model may be related to underlying tectonic
horst and graben structures. Such fault-related structures in the mechanical basement
underlying the detached Mesozoic cover can be recognized but remain difficult to resolve in
detail. In agreement with Schori (2021), we suggests the presence of NNE-SSW trending
normal basement faults in the Internal Jura part and near its transition to the Molasse Basin
associated with steps in the topography of the near basement surface. Another set of
basement faults striking NW-SE and crossing the middle of the Geneva Basin, and near the
Vuache FZ may be considered. These faults are either be inherited pre-Mesozoic faults, linked
to post Variscan extension or alternatively be reactivated inherited faults or newly formed
faults resulting from the flexural down-bending of the western Northern Alpine Foreland
(WNAF) or ECRIS rifting from late Eocene to Oligocene. In addition, these faults may have
influenced syn-sedimentary faults in the sedimentary cover (Vuache FZ) during the extensional
period of the Jurassic rifting related to the opening of the Alpine Tethys in the far SE.

A new refined and high-resolution depth model of the Geneva Basin. We specifically focused
on this area, since one of the main objectives of the study was to obtain new insight into the
structural setting, as part of the “GEothermies”project by SIG in the Geneva Canton.

We have thus optimized the seismic interpretation and time-to-depth workflow, according to
the available data. We put great attention into accurately interpreting eight Mesozoic seismic
horizons, which illustrate the subsurface configuration of the main stratigraphical boundaries
inside the Geneva Basin: near Base Cenozoic (nBCen), near Top Upper Malm (nTUMa), near
Top Lower Malm (nTLMa), near Top Dogger (nTDo), near Top Lias (nTLi), near Top Keuper
(nTKeu), near Top Muschelkalk (nTMu), near Base Mesozoic (nBMes). Subsequently we
implemented a more refined and advanced time-to-depth conversion method in comparison
to the regional velocity model. It consists of a complex polynomial velocity law for the Cenozoic
layer and of advanced interpolated interval velocity grids for the other Mesozoic layers. It was
possible to elaborate this more refined model, because of the availability of a higher number
of well data inside this limited zone. In addition to the refined identification of
lithostratigraphic horizons, it was also possible to define major folds, faults and fault zones in
depth.

A seismic line catalogue. In addition to the interpretations made in software packages
(database accessible in Kingdom Suite format) a series of some 94 interpreted seismic lines
were presented in graphical format (PDF files, see Enclosures) showing the raw data, the
interpretation and the geological model. In addition, some 20 lines are also presented in depth
converted format.

A new tectonic map of the area and thickness/depth maps providing a new structural model
resulting in a new kinematic model. In this approach, we have systematically correlated the
seismic interpretation with surface data, e.g. dip data from outcropping Molasse strata to
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implement a structural model consistant with the subsurface data. This helped constrain
positioning of bedding dip domains and thus locate fold axial surfaces. Known fault zones and
geomorphological surface lineaments were also used to define and assess structural trends of
major and minor fault zones. Geomorphic lineament mapping helped contrain subsurface
interpretation and vice versa. Special attention was given to Quaternary geological deposits
and the glacial erosions that could mislead the tectonic interpretation. The resulting new
tectonic map highlights the geometry and orientations of the main tectonic structures in the
detached and deformed sedimentary cover of the area.

Structures identified in the subsurface confirm the locus from the borehole information
concerning the main décollement level in the salt rich Keuper Group evaporites. The structures
identified were analyzed in relation with the main lithostratigraphic thickness (thickness
maps) and lateral seismic facies variations. Indeed, the depositional seismic signature of each
sub-unit has also been investigated and compiled in a seismic facies catalog. The orientations
of the structures and geological observations allowed to constrain a new interpretation of the
tectonic chronology and geological history of the area. The interpretations and geometric
relationships in the maps made it possible to elaborate a new kinematic understanding of the
investigated region.

Thus using the main structural and geological findings of our seismic interpretation it was possible to
unravel the kinematic and sedimentological-tectonic evolution of the whole area:

e Based on new interpretation of the seismic data it was possible to clearly identify syn-

sedimentary extensional listric normal faults. The interpretation is based on lateral changes
in lithostratigraphic thickness, fault geometry and locally evaporite distribution. Their main
syn-depositional activity and growth are interpreted to be during the Early to Middle Jurassic
period (especially during the Lias). They are arranged in an extensional imbricated fan zone,
with a succession of several such syn-depositional normal faults, developed along, and east of
the main leading NW-SE strike-slip Vuache Fault Zone. This latter fault zone forms the
dominant structure and also act as inherited normal fault. The extensional fan encompasses
the NE-SW striking SE-vergent Humilly FZ, and we also included the Pougny FZ and the Cercier
FC, despite more tenous evidence syn-sedimentary activity in the Jurassic layers (alternatively,
they may have triggered during the Eo-Oligocene extensionnal period - down-bending flexure
of the lithosphere in the western NAFB and/or ECRIS rifting). All theses faults are branching off
the main Vuache FZ and have subsequently been modestly inverted during alpine
compression. Farther to the S-SE these inherited fault systems, may also include the Saléve FZ.
Indeed, this structure has been interpreted in the same extensional Jurassic syn-sedimentary
activity.
Other NE-SW fault branches may also be associated to the Vuache-Humilly-Saléve FZ such as
the Musiege FZ or the Gros Foug FBT west of the Vuache FZ. In this scenario a broader syn-
sedimentary extesional fault system can be envisaged around one major main, large
extensional strike-slip fault (Vuache FZ) creating an important extensional inheritance.

e In combination with the emergence of inherited extensional tectonics, seismic facies trends
have also been investigated especially in relation to the Eocene (Siderolithic) deposits and
Upper Malm facies (reefal complex). Concerning the Malm layer, the overall NE-SW striking
orientation of the basin with a polarity NW-proximal and SE-distal is confirmed by
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progradation sigmoids in this direction identied on seismic lines. The classical lateral
succession of depositional environments: lagoon-reef-slope (from NW to SE -carbonate-
platform) associated to seismic facies in the Kimmeridgian unit was also tentatively observed.
We suspect the role of the previously mentioned extensional imbricated fan in the lateral
depositional trend of this reefal units. Indeed, the Vuache-Humilly FZ inherited from Lower-
Middle Jurassic times may have influence the reef deposits, with NE-SW or NW-SE paleo-
topographical highs along the footwalls of the fault systems. Indeed, the the highstanding
footwall compartment may provide the necessary relatively elevated topography feature to
allow reef complexes to be installed.

Following the same idea, the Siderolithic deposits (Eocene), probably with fluvial origins,
following the high erosion in Cretaceous times, may have developed favorably in lows
inherited from syndepostional tectonics in Mesozoic times. In that sense, a NE-SW trend
(seismic facies) is observed in the middle of the Molasse Basin. Further modeling and drilling
evidence are needed to improve this analysis.

One of the main results in the structural analysis was the identification of fault corridors. These
corridors measure in the Geneva Molasse Basin, up to 15km length and are around 500m wide,
and are made of multiple non-correlated near vertical small-scale fault segments of vertical
extent around 100-300ms. They cross the entire Mesozoic cover with higher deformation in
brittle intervals such as the Upper Malm or Cretaceous massive limestones layers, leading to
segmented fault strings. Broad corridors can be shown to be mostly oriented E-W whereas
more narrow fault zones are predominantly oriented more N-S. In addition to lateral
movements, vertical shifts or uplifts from one side to another of the corridors are often
observed.

From a kinematic perspective these fault systems act as conjugate strike-slip fault systems.
They are a continuation and extension of the fault systems known from the Jura FTB; and thus
are interpreted to extend into the Molasse Basin. The fault corridors root in the main
décollement level and are kinematically linked to the thrust (nappe) and fold development
inside the orogenic wedge. They locally develop tranpressive/transtensive and pop-up like
structures.

Two main distinct conjugate fault settings can be identified east and west of the Vuache Fault
Zone:

O East of the Vuache FZ, we observe E-W striking dextral strike-slip faults (e.g Saint-
Cergue FC, Divonne FC, Prévessin FC, Meyrin FC, or Aire-la-Ville FC) conjugated with
NNW-SSE sinistral strike-slip faults (e.g Le Coin FC, or Mourex FC). This conjugate
setting corresponds to a NW-SE oriented shortening direction. This can be correlated
with the general NE-SW fold and thrust direction in this area.

0 West of the Vuache FZ, ENE-WSW oriented dextral strike-slip faults conjuguated with
NW-SE sinistrall strike-slip faults, suggesting a WNW-ESE shortening direction.

When inspecting the orientations of these faults it can be shown that the Vuache Fault Zone
does not correspond to either of these systems since it has a different more NW-SE thus
differing from the two conjugate sets. This distinct orientation points to a different kinematic
setting and tectonic origin, which is in line with our interpretation that the Vuache Fault Zone
as an inherited Mesozoic paleotectonic boundary that has been reactivated during transport
towards the foreland in the frame of the formation of the Alpine foreland fold-and-thrust belt.
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The refined, new interpretation of the seismic data has made it possible to acquire a more
detailed understanding of the structural evolution and the relevance of inherited structures in
the area of investagtion between the southern Jura FTB to the Saléve ramp-fold and the
Chaines Subalpines in the south. The hypothesis of a detached alpine foreland fold-and-thrust
belt has been solidified and a refined near top basement interpretation made it possible to
confidently locate the main decollement at the base of the Keuper Group evaportites, with an
accuracy of 100-400m, as well as change in dip across the transition Jura FTB-Molasses Basin.
Borehole data confirm that the décollement is in fact a broad zone with distributed levels with
higher strain. Thickness variations in the evaporite layers are shown to be either initial
(depositional or linked to syn-sedimentary extensional faulting and salt flowage) and/or due
to alpine tectonic deformation during and following detachment of the sedimentary cover (salt
pillows, duplexes and flowage). The syn-depositional tectonics have for the first time been
clearly demonstrated in the Geneva Basin and show listric normal faults with lithostatigraphic
thickness changes across the falt typical of extensional syn-sedimentary half-graben formation
rooting in the basal décollement level, of which the Humilly Fault Zone is a typical example.
These faults have subsequently been inverted during alpine compression. On a regional scale
it was possible to propose a new concept for the structural setting of the Vauche FZ. This
unique large-scale strike-slip fault is considered an inherited structure that has been
transported some 25km and reactivated in a transpressional mode during alpine compression.
Originally this FZ is a synsedimentary steep normal fault zone associated with normal listric,
extensional faults at a high angle and forms a regionally large-scale barrier. The formation of
this fault system is associated with the extensional tectonic setting due to the opening of the
Alpine Tethys to the south. The important fault-induced topography (footwall are standing
high) explains e.g. the preferential distribution of reefs on bathymetric highs during the Malm
period. This inherited barrier is later also responsible for the difference in sedimentation in the
Rumilly and Genava Basins during the Cenozoic.

Alpine tectonics have strongly reshaped the flexural foreland basin and led to the formation
of major ramp-related folds and imbricates, especially well developed in the Saléve FT and in
the Haute Chaine Jura FTB. More modest gentle folds are recognized in the Molasse Basin of
the Geneva area. These structures develop in the frame of a mechanical wedge propagationg
NW and W-ward towards the Alpine foreland over a very week decollement in the salt-rich
evaporites.

Recent studies on the geometry of the near top mechanical basement and the importance of
inherited faults in the substratum make it possible to reframe numerous structures observed
in the present detached and deformed cover. As suggested already by Laubscher in the
1960ties and 80ties, basement topography in the form of basement steps may trigger the
formation of tectonic structures in the cover. This has been convincingly demonstrated in the
compressional domain, but we herein propose that fault systems such as the Vuache inherited
normal syn-depositional FZ can be associated with inherited basement faults (steps, of change
in basement surface dip). Thus, unfolding the Jura FTB allows us to propose a paleorestoration
and locate the possibly basement faults that initiated the synsedimentary faults.

This does not preclude the possibility of formation of other faults, mostly extensional, prior to
the fold-and-thrust development during alpine compression. Thus, faults may be linked to
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flexural bending and/or to the ECRIS rift development in early Cenozoic times. In addition to
the thrust tectonics and the formation of nappe like structures and thrust (ramp) related folds,
we also documented the pervasive formation of a vertical fault network forming broad fault
corridors, kinematically linked in a conjugate setting and forming locally transpressive and
transtensive structures. The fault systems are inside the detached cover, rooting in the basal
décollement and affect both the Jura FTB and the Molasse Basin domains. They show the
regional shortening in agreement with the fold and thrust orientation changing from a NW-SE
orientation east of the Vuache FZ and a more E-W orientation west of it.

Our work made it possible to unravel new structural details and make new structural interpretation
and propose a new tectonic map and 3D model of the larger Geneva area. It has helped acquire a new
tectonic understanding of the detached foreland fold-and-thrust belt around Geneva and propose a
new kinematic model for its development.
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