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 Abstract - I

Abstract

This work focuses particularly on the combined 

tecto-geomorphic and paleostress studies to decipher 

the style and orientations of tectonic stress ields 
and to detect their signatures in the present-day 

luvial landscape in the northern Alpine Foreland. 
Two adjacent study areas across the northern Alpine 

Foreland, the westernmost part of Switzerland and 
the region of Pontarlier strike-slip fault system in 

the Swiss and French Jura fold-and-thrust belt, were 
respectively selected for the detailed tecto-geomor-
phic and paleostress analyses. 

Using high resolution digital elevation model, 
the diverse geomorphic responses of luvial land-

scapes to tectonic deformations were highlighted 

in the westernmost part of Switzerland on the basis 
of a combined analysis of hypsometric curves and 
integrals, transverse topographic symmetry index, 
and channel length-gradient index. This strategy 
was additionally supported by analysis of topo-

graphic-swath proiles and geophysical and sub/
surface geological data. The obtained results not 
only show clear indications of the importance role 

of tectonics in the landscape development, which 
can’t be explained as being the results of varia-

tion in lithology and/or climate, but also provide 
convincing evidence of Cenozoic reactivation of 
some buried Mesozoic faults in the relatively deep 
subsurface. 

The presence of sharp convex upward hypso-

metric curve with high hypsometric integral value, 
a noticeable drainage migration/delection, and 
steep channel gradients with prominent knick-

points, which almost coincide in space with sudden 
variations in the depth of the subsurface geologic 
layers and in the geophysical properties, manifest 
the role of tectonic activity in the development of 
present-day landscapes in the westernmost part of 

Switzerland.

The paleostress analysis of new heterogeneous 

fault-slip datasets, together with new chronolog-

ical ield observations, through using the P-B-T-
axes and Right Dihedral methods, have allowed 
reconstruction of successive tectonic events under 
which brittle deformations occurred in the region 

of Pontarlier strike-slip fault system. These events, 
which are well correlated with those recognized in 
the other parts of European Platform, composed of a 
sequence, from oldest to youngest, of N-S-trending 
strike-slip, NW-SE-trending extensional, NW-SE-
trending compressional, and ~NW-SE-trending 
strike-slip stress deformations. They occurred prior 
to, during and after the onset of Jura folding and 
thrusting, and related to convergence and subse-

quent collision between the Adriatic microplate 

and Eurasia plate since Early Cenozoic times. The 
latest tectonic deformation event, derived from this 
study, shows similar stress style and direction to the 
present-day stress ield given by the inversions of 
earthquake focal mechanisms. 
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Résumé

Ce travail combine le domaine de la géomorphol-

ogie tectonique et l’analyse des paléocontraintes ain 
d’interpréter la nature, l’orientation et l’impact des 

champs de contraintes tectoniques sur l’évolution du 

paysage luvial au nord de l’avant-pays alpin en Su-

isse occidentale. Deux zones de recherche à proxim-

ité l’une de l’autre ont été choisies pour notre étude. 

Ces zones se situent à cheval entre le Bassin Molas-

sique et la Haute Chaîne du Jura, et plus particulière-

ment autour de la Faille de Pontarlier.

Plusieurs caractéristiques géomorphiques des pa-

ysages luviaux inluencées par les contraintes tecto-

niques ont été mis en évidence grâce à l’analyse d’un 

modèle numérique de terrain à haute résolution. Les 

paramètres analysés à partir de ce modèle sont l’inter-

prétation des courbes et intégrales hypsométriques, 

l’indice de symétrie topographique transversale et 

le rapport de longueur des lits de rivières (« channel 

length-gradient index »). 

Cette approche a été complétée par l’analyse de 

proils topographiques et l’interprétation de données 
géophysiques et géologiques de surface et du sous-

sol. 

Les résultats obtenus montrent non seulement des 

indications claires sur le rôle de la tectonique dans 

le développement du paysage qui ne peuvent être 

expliqués comme étant le seul résultat d’une varia-

tion de la lithologie et/ou du climat, mais fournissent 

également des preuves concrètes sur la réactivation 

au Cénozoïque de certaines failles mésozoïques rel-

ativement profondes. La présence d’une courbe hyp-

sométrique convexe très prononcée avec une valeur 

intégrale hypsométrique élevée, une migration/dé-

lexion de drainage notable et des gradients de lits 
de rivières abrupts avec des points d’inlexion (« 
knickpoints ») importants liés aux variations sou-

daines de la profondeur des couches géologiques et 

des propriétés géophysiques, témoignent du rôle de 

l’activité tectonique dans le développement des pay-

sages actuels de la Suisse occidentale.

Un examen détaillé des paléostructures reposant 

sur de nouvelles données de terrain a permis de 

mettre en évidence la complexité géométrique et 

cinématique des failles analysées. Les chronologies 

relatives, autant des failles que des stries observées, 

et l’analyse des contraintes par les méthodes des axes 

P-B-T et des dièdres droits (Right Dihedral), ont per-

mis de reconstituer des événements successifs de dé-

formation cassante qui se sont produits dans la région 

du système de failles décrochantes de Pontarlier. Ces 

événements, similaires à ceux reconnus dans la plate-

forme européenne, comprennent, du plus ancien au 

plus récent : un raccourcissement N-S mal déini, une 
extension NW-SE cohérente, une compression NW-
SE omniprésente et un régime de contraintes décro-

chantes NW-SE plus hétérogène.

Ces événements se sont produits avant, pendant et 

après la phase de tectonique principale du plissement 

et chevauchement de la chaîne du Jura. Ce domaine 

tectonique se développe au-dessus d’un décollement 

majeur à la base des séries Mésozoiques en réponse à 

la convergence et à la collision entre la microplaque 

de l’Adriatique et la plaque de l’Eurasie depuis le 
Crétacé supérieur. Les dernières déformations tecto-

niques, dérivées de l’analyse cinématique des don-

nées, montrent un style et une direction de contrainte 

similaires au champ de contrainte actuel donné par 

les inversions des mécanismes focaux des séismes.
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Thesis Organisation

This thesis is organized into four chapters. Chap-

ter II has published in an international peer-reviewed 

journal, while chapter III has submitted to an interna-

tional peer-reviewed journal. The co-author’s (super-

visor) contribution to the articles is speciied below.

Chapter I

Introduction

The introduction describes the research questions, 

lays out the objectives, aims, and the methods of the 

research, and provides an overview of the geological 

setting of the study area. 

Chapter II 

Tectonic controls on fluvial landscapes and 
drainage development in the westernmost part 

of Switzerland: Insights from DEM-derived 
geomorphic indices

Omar M.A. Radaideh & Jon Mosar 

Published in Tectonophysics

This chapter provides geomorphological evidence 

for the tectonic controls on the development of the 

present-day luvial landscapes in western Switzer-
land by combining analyses of drainage basins, and 

both, swath and longitudinal river proiles. Two mor-
phometric parameters were employed to highlight the 

tectonic efects on the drainage basins: hypsometric 
integral and Transverse Topographic Symmetry index. 
A new optimization strategy was applied for dein-

ing geomorphic anomalies related to tectonic activity 

along the channels of three rivers, based on a com-

bined investigation of topographic swath, the slope of 

the channel’s longitudinal proile, geological and geo-

physical (gravity and aeromagnetic) data. 

The results display not only the relationship be-

tween the evolution of drainage systems and the tec-

tonic activity, but also show possible evidence for the 

reactivation of some inherited faults. The irst author 
proposed the concept of the study, carried out all the 

diferent procedures of data analysis, wrote and sub-

mitted the manuscript. The second author supervised 

the work, provided essential logistical support, provid-

ed critical feedback on the manuscript, and helped in 

the preparation of the inal version of the manuscript.

Chapter III

Cenozoic paleostress reconstructions from 
fault-slip data along the Pontarlier strike-slip 
fault (Swiss and French Jura fold-and thrust 

belt)

Omar M.A. Radaideh & Jon Mosar 

Published in Tectonics

This chapter provides insights into the Cenozoic 

tectonic evolution of the region around the N-S orient-
ed Pontarlier strike-slip fault within the Jura foreland 
fold-and-thrust-belt. Four major tectonic episodes 
with diferent kinematics were successfully detected 
through ield observation and analysis of new fault-
slip data. These episodes prevailed since early Paleo-

gene times and took place before, during, and after 

the formation of the Miocene Jura fold-and-thrust 
belt folding and thrusting. All the research activities, 
including ield data collection, paleostress analysis, 
interpretation, writing and submitting of the paper, 

were carried out by the irst author. The second au-

thor supervised the work, provided essential logistical 

support, provided critical feedback on the manuscript, 

and assisted in the preparation of the inal version of 
the manuscript.
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Chapter IV 

Summary and conclusions

This chapter summaries the combined results and 

conclusions of the thesis and outlines future research 

perspectives.

Appendix A

Appendix A contains (1) the parameters used in the 
calculation of SL index, (2) the results of hypsometric 
and Transverse Topographic Symmetry Index (TTSI) 
analyses for seventy-four drainage catchments, and (3) 

the results of hypsometric analysis, obtained by using 

two diferent resolution DEMs (2 m and 30 m) with 
three diferent regularly spaced grids (1 km, 2 km, and 
3 km).

Appendix B

The Appendix B contains the results of paleostress 
analysis in the westernmost part of Switzerland, based 
on new fault slip data.
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1 - Introduction

1.1. Thesis objectives

Collisional mountain belt zones have long been a 

focus of extensive geological and geomorphological 

studies. The European Alps and their northern foreland 

basin, which represent a key example of these zones, 

resulted from complex tectonic processes of conver-

gence and subsequent collision between the Adria and 

European continental margins during Mesozoic and Ce-

nozoic times (Kley & Voigt, 2008; Pifner et al., 2000; 
Schmid et al., 1996). Their Alpine landscapes and rock 

formations thus retain the ingerprint records for tec-

tonic processes and deformation events. Analysis such 

records provides unique insights not only into tectonic 

styles and deformation processes but also into the link 

between tectonic processes and geomorphology. 

Although many geological and geomorphological 

aspects, such as nature and absolute timing of crust-

al deformation, erosional and depositional processes, 

distribution of crustal shear zones, and climate vari-

ables of the Alps and their northern foreland have 

indeed been clariied in many studies (Bonnet et al., 
2007; Bousquet et al., 1997; Challandes et al., 2003; 
Champagnac et al., 2012; Herwegh et al., 2017; 

Mock & Herwegh, 2017; Mosar, 1999; Pifner et 
al., 2000; Philippe, 1994; Schlunegger & Hinderer, 

2002; Schlunegger & Kissling, 2015; Wiederkehr et 

al., 2008, 2009), fundamental questions regarding the 

tectonic stress ields and their implications in the evo-

lution of the present alpine landscapes remain unan-

swered. 

The present research contributes to the better un-

derstanding of the evolution of tectonic stress ields, 
which resulted in the development of diferent patterns 
of structural features, and their impact on surface geo-

morphology by addressing two fundamental catego-

ries of questions: 

1) How much is the present-day landscape and its

evolution controlled by tectonic activity? Which of 

the structural zones were reactivated? Which of these 

zones are associated with lateral stream migrations? 

How to decouple the tectonic inluences from other 
factors (e.g., glacial and lithology) driving landscape 

evolution? 

Understanding how tectonic processes afect to-

pography is a tenacious problem, in part because of 

the various processes can have very similar imprints 

on the topography. The most obvious processes are ef-

fects of glacial erosion, contrasts in bedrock erodibili-

ty and isostatic rebound on the landscape. 

Quantitative analysis of morphometric parame-

ters (e.g., transverse topographic symmetry index, 

drainage density, channel’s bottom gradients, surface 

topographic proiles, hypsometric integral, and moun-

tain front sinuosity ratio), together with the analysis 

of geological and geophysical data, have proven to be 

useful tools in detecting and extracting tectonic signals 

from present-day landscapes (Brookield, 1998; Cox, 
1994; Cox et al., 2001; Delcaillau, 2001; Delcaillau 

et al., 1998, 2006; Gao et al., 2016; Kale et al., 2013; 
Malik & Mohanty, 2006). 

2) How did the tectonic stress ield in the detached
Alpine foreland evolve during Cenozoic times in re-

sponse to the Alpine collision? How do large-scale 

strike-slip faults and thrusting and folding responds 

to this stress evolution? Are there any signiicant de-

viations in the directions of the maximum horizontal 

stress axes in the vicinity of discrete major structures? 

Kinematic analysis of fault-slip data, together 

with relative chronology from ield observations (e.g., 
crosscutting relationships between diferent fault sets 
and overprinting relationships between diferent striae 
on the same fault plane) ofer essential constraints on 
the sequential development and the type of tectonic 

stress ield. They provide insight into the behaviour of 
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tectonic stresses and their related tectonic structures 

(e.g., Bergerat, 1987; Delvaux et al., 1997; Homberg 
et al., 2002; Lacombe et al., 1993; Madritsch et al., 
2009; Radaideh & Melichar, 2015; Rocher et al., 

2004; Saintot et al., 2011).

In order to address the questions listed above we 

integrated multiple geomorphic and fault kinematic 

approaches, which respectively rely on processing 

high-resolution digital elevation model and new fault-

slip data. The geomorphic approaches were further 

supported by geophysical and geological data to add 

important additional constraint on the causes of any 

possible geomorphic anomaly. Two key regions were 

selected to conduct this analysis: a) the western part of 

Switzerland between the cities of Fribourg and Gene-

va, including parts of the cantons of Vaud and Neuchâ-

tel, and b) the region of the Pontarlier strike-slip fault. 

a) The western part of the Swiss alpine foreland

(Figure 1.1a) represents an ideal area to assess the po-

tential links between the sub-surface structures and 

the present-day landscapes by combining analyses of 

geomorphic indices and geological/geophysical obser-

vations. This area, which is located in the transition 

zone of the Jura fold-and-thrust belt with the Molasse 

Basin, is marked by: 

(i) the presence of sharp delection in the river
courses near the fault traces;

(ii) the presence of landscapes with spatially het-

erogeneous topography that were experienced difer-
ent rates of uplift, exhumation and erosion, 

(iii) the availability of diferent kind of datasets,
including a new 3D geological subsurface model 
(Gruber, 2017; Meier, 2010), high-precision digital 

elevation model with a grid size 2 m, surface geologi-

cal (e.g., measurements of bedding dip azimuths) and 

geophysical (Bouguer gravity and aeromagnetic) data;

and (iv) the presence of several regional-scale 

zones of upper crustal faults (in the detached sed-

imentary cover) with well-known timing of faulting 

initiation and process (e.g., Frontal Alpine thrust fault 

system) that can provide important constraints on the 

timing of the luvial landscape evolution. 

b) The region of the Pontarlier strike-slip fault sys-

tem in the Swiss and French Jura Mountains (Figure 

1.1b) ofers an excellent opportunity to capture how 
tectonic stress ields and their related fault systems 
evolved during geological times, using a kinemat-

ic analyses of in situ ield-scale observations of rock 
exposures such as fault-slip data. This larger region 

consists of a system of large-scale, conjugate strike-

slip faults with mostly ~N-S and NW-SE directions, 

as well as large-scale, thrust-related folds. It also con-

tains excellent exposures of mesoscale fault planes 

with diferent geometries, orientation and deforma-

tion patterns. Many of these surfaces not only exhibit 

well-preserved slickensides, but also show well-devel-

oped diferent generations of striae on a single fault 
plane that can provide important relative timing con-

straints for the tectonic stress ield evolution. 

1.2. Methodological approach

In order to answer the aforementioned thesis ques-

tions the following approaches were employed: 

- DEM derived geomorphic indices

Several classical geomorphic indices such as hyp-

sometric curves and integrals, transverse topographic 

symmetry index, and channel’s bottom gradients, were 

analysed to deine geomorphic anomalies possibly re-

lated to tectonic activity through processing high-pre-

cision digital elevation model (DEM). An newly avail-

able 3D geological subsurface model and geophysical 
data were also integrated into this analysis in order to 

add important constraints on the origin of any possible 

geomorphic anomalies.

- Paleostress analysis

An extensive kinematic analysis of newly collect-

ed fault-slip data was performed in order to manifest 

the brittle tectonic events that have afected the study 
area. This analysis consists of successive steps, start-

ing from the acquisition of new data, data assessment 

and separation, data correction, reconstruction of prin-

cipal stress axes, and inally establishing the relative 
chronology between the detected tectonic events. 

1.3. Geographical and Geological setting

The two studied areas are located south of the cen-

tral European Platform and lie in the western Alpine 

foreland. They are located, respectively, to the south-

west and east of the Upper Rhine and Bresse graben, 
which represent a central part of the European Ceno-

zoic Rift System, and are bordered to the south by the 

imbricated Subalpine Molasse zone and the Penninic 

Prealpine klippen. 

Two major domains, which have experienced dif-

ferent degrees of deformation the youngest deforma-

tion within the Northern Alpine Foreland, exist in each 

of the study areas, namely: the Jura fold-and-thrust 

belt (JFTB) and the Molasse Basin. Both the JFTB and 
Molasse Basin are displaced to the north and north-

west over Pre-Triassic crystalline basement. 
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Figure 1.1: Shaded-relief topographic map showing the location of two studied areas: (a) map of the westernmost part of Switzerland, and (b)

map of the Pontarlier strike-slip fault zone region in the Swiss and French Jura Mountains. Digital elevation data (30 m DEMs) are provided 
by the European Environment Agency.
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The latter has a rather smooth topographic surface, 

gently dipping to the SSE to SE, and consists of the 

metamorphic and plutonic rocks that are not exposed 

in the JFTB and the Molasse Basin.

The JFTB represents a classic thin-skinned defor-
mation with an arcuate shape, developed since Late 

Miocene time over a basal Triassic evaporites décol-

lement (Burkhard, 1990; Burkhard & Sommaruga, 
1998; Philippe et al., 1996; Sommaruga, 1997, 1999, 

Sommaruga et al., 2017 and references therein). It ex-

tends for a distance of about 370 km from east of the 
city of Basel in Switzerland to near the city of  Cham-

bery to the southeast in France, where the Jura merg-

es with the Subalpine Chains. To the north the JFTB 
overrides the Upper Rhine graben and to the NW and 

W the Bresse graben. To the South the JFTB has an 
erosive contact with the Molasse Basin. Its widest sec-

tion of some 65 km is in the central part, and it tapers 

out towards both ends. 

The JFTB is mainly subdivided into the Internal 
Jura to the south and the External Jura to the north 

and northwest. The Internal Jura consists of a series of 

thrust systems and related large-scale folds with strati-

graphic throws of up to several kilometres towards 

the NW, and occasionally towards the SE along back-

thrusts. The external Jura is composed entirely of lat 
areas, separated by narrow zones of small-scale im-

brications and tear faulting (Becker, 2000; Burkhard 
& Sommaruga, 1998; Sommaruga, 1997; Sommaruga 

et al., 2017). 

The Molasse Basin is tectonically connected to the 
development of JFTB (Burkhard, 1990; Laubscher, 
1992; Mosar, 1999) and illed with wedge shaped (in 
cross-section) deposits of clastic sedimentary rocks 

with signiicant changes in thickness from several 
hundred meters in the north to more than 4 km in the 

south (Laubscher, 1992; Sommaruga et al., 2017). 

Prior to the Jura FTB folding the Molasse sediments 
reached into the present Jura Mountains where it is 

preserved nowadays on broad lat-bottomed synclines. 
In the Plateau region the Molasse Basin series are 
dominated by gently south-dipping strata, and is only 

mildly folded (e.g., Gruber, 2017; Sommaruga, 1997, 

1999, Sommaruga et al 2017). At its southern end the 

Molasse Basin grades into a narrow zone with folds, 
the Folded Molasse, also known as Subalpine Molasse 

(Pifner, 2014; Sommaruga, 1997).
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2- Tectonic controls on fluvial land-

scapes and drainage development in 
the westernmost part of Switzerland: 
insights from DEM-derived geomor-

phic indices 
(Published in Tectonophysics, https://doi.org/10.1016/j.tecto.2019.228179)

Abstract 

This work focuses particularly on the geomor-

phological evidence for the tectonic controls on the 

development of the present-day luvial landscapes in 
the westernmost part of Switzerland. The tectonic de-

formation was evaluated on the basis of a combined 

analysis of several classical geomorphic indices (hyp-

sometric curves and integrals, transverse topograph-

ic symmetry index, and channel’s bottom gradients) 

through high-precision DEM processing. A new opti-

mization strategy was applied for deining geomorphic 
anomalies related to tectonic activity along the chan-

nels of three rivers, based on a combined investigation 

of topographic swath, longitudinal proiles, geological 
and geophysical observations. The results show that the 

abnormally high values of hypsometric integrals are 

spatially occurred on the hanging walls of thrust faults, 

while abnormally low ones are spatially observed in 

the same locations of paleo-ice stream pathways. Ob-

servations obtained from transverse topographic sym-

metry index display asymmetries in the most of the 

studied drainage basins with a predominant SE direc-

tion of lateral migration. This direction is in agreement 

with the dominant dip-direction of the bedding planes 

within the study area. Abnormal changes in the chan-

nel’s bottom gradients, which almost coincide in space 

with pronounced change in the depth of the subsurface 

geologic layers and in the geophysical properties, are 

marked by distinct topographic relief in areas where 

rivers low above blind and emergent faults. Our anal-
ysis not only conirms that there is a signiicant tec-

tonic control on the evolution of drainage systems, but 

also revealed a possible evidence for the reactivation of 

some inherited faults. 

2.1. Introduction

The development of Earth’s landscapes in tectoni-

cally active areas is the result of dynamic interactions 

between tectonic processes that induce vertical and 

horizontal ground movement, and erosive processes 

that depend mainly on the lithology and climate among 

diferent factors (Armitage et al., 2011; Bishop & Shro-

der, 2000; Burbank & Anderson, 2001; Champagnac 
et al., 2012; Hartley et al., 2011; Norton et al., 2010a; 
Trauerstein et al., 2013; Vernon etal., 2009; Whipple, 
2004, 2009; Whittaker, 2012). These interactions have 
a unique ingerprint in the development and evolution 
of topographic landforms and luvial systems (Wobus 
et al., 2006). 

In other words, the landscapes contain important 

archival information of the rates and spatial distribu-

tion of deformation and erosion (Armitage et al., 2011; 
Kirby & Whipple, 2012). Quantitative analysis of such 
landscapes by using geomorphic indices can therefore 

provide valuable information about the genetic link be-

tween tectonic and erosion processes, which is an is-

sue of modern tectonic geomorphology (Mayer, 1986), 
and help recognize late Quaternary tectonic movement 
(Brookield, 1998; Delcaillau, 2001; El Hamdouni et 
al., 2007; Gao et al., 2016; Harvey et al., 2015; Hoke et 
al., 2007; Jackson et al., 1998; Keller & Printer, 2002; 
Vojtko et al., 2011).

The Central European Alps region (Figure 2.1a), 
which formed as a result of the collision between the 

European and African tectonic plates since late Creta-

ceous times (Schmid et al., 1996), is one of the most 
important key areas to study the nature of intra-plate 

compressional deformations (e.g., Kley & Voigt, 2008; 
Ziegler, 1987; Ziegler et al., 1995) and represents an 
ideal laboratory to describe feedback mechanisms be-

tween tectonic forcing and surface erosion (Champag-

nac et al., 2009; Madritsch et al., 2009; Schlunegger & 
Hinderer, 2002; Willett et al., 2006). The present-day 
landscapes of this region and its northern foreland ba-

sin were signiicantly shaped by several climatic, geo-

logical and geomorphical processes, such as glacial 

erosion, landslides, and debris lows (e.g., Fiore, 2007; 
Kelly et al., 2004; Norton et al., 2010a; Salcher et al., 
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Figure 2.1: Geodynamic settings of central and western parts of Mediterranean Basin and surrounding region. (a) Central and western parts of Med-

iterranean Basin showing the major plate boundaries, major tectonic systems, and orogenic belts. (b) The westernmost area of Switzerland and sur-
rounding regions showing the location of the studied rivers (Broye, Glane, and Veyron). (c) Topographic cross-section showing major topographic 
features along a white line A-B in (a). Digital elevation model, global hill shading image (Becker et al., 2009), and bathymetry datasets are provided 
by the European Environment Agency, e-Atlas, and EMODnet Bathymetry. ARM: Armorican Massif; BG: Bresse graben; BOM: Bohemian Massif; 
FATF: Frontal Alpine Thrust Fault system; FMC: French Massif Central; JFTB: Jura fold-and-thrust belt; IM: Iberian Massif; MB: Molasse Basin; 
NGPB: North German-Polish Basin; PF: Pontarlier fault; RHG: Upper Rhine graben.
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2014; Schlunegger & Hinderer, 2003; Schlunegger & 
Norton, 2013; Korup, 2006; Valla et al., 2011).

 While several studies have already highlighted the 
impacts of climate (Claude et al., 2019; Delunel et al., 
2014; Norton et al., 2010a&b; Schlunegger & Hin-

derer, 2003; Schlunegger & Norton, 2013), hillslope 
(Korup, 2006; Schlunegger, 2002), tectonic uplift 
(Giamboni et al., 2004; Korup & Schlunegger, 2008; 
Madritsch et al., 2009, 2010; Persaud & Pifner, 2004), 
bedrock orientation (Chittenden et al., 2013; Nunes et 
al., 2015), and bedrock erodibility (Dürst-Stucki & 
Schlunegger, 2013; Korup & Schlunegger, 2008; Küh-

ni & Pifner, 2001; Stutenbecker et al., 2015, 2016) 
on the evolution of Alpine landscapes, and/or on de-

nudation rates, no comprehensive analysis of several 

geomorphic indices has been made to clearly explore 

how the tectonic controls on luvial landscape devel-
opment. Thus, the link between tectonics and luvial 
landscapes remains rather unclear.

The availability of high-quality digital elevation 

data, together with the presence of a large variety of 

tectonic features (i.e., fault zones and fold systems) 

and the signiicant spatial variability of topography 
make the western part of Switzerland (Figure 2.1b) a 
suitable area to conduct morphotectonics analysis. A 

quite diferent approach is applied here, based mainly 
on the combined analysis of several geomorphic in-

dices of the drainage systems. Our hypothesis is that 

tectonic movements along faults cause substantial 

topographic and luvial geomorphic modiications; 
namely, lateral tilting of the ground surface, topo-

graphic rejuvenation, as well as remarkable anoma-

lies in drainage patterns (e.g., abnormal change in the 

gradients of river channel and a sudden shift in river 

channel position).

We have tested this hypothesis by using (i) hyp-

sometry (area-altitude analysis) that is an efective 
indicator to quantify uplift and erosion rates of a land-

scape (Demoulin, 2010; Hurtrez et al., 1999a, 1999b; 
Montgomery et al., 2001; Pérez-Peña et al., 2009; Ster-
nai et al., 2011; Strahler, 1952; Willgoose & Hancock, 
1998); (ii) Transverse Topographic Symmetry Index 
(TTSI) that is commonly used to identify areas of a 

possible tectonic tilting (Cox, 1994; Cox et al., 2001; 
Keller & Pinter, 2002; Tsodoulos et al., 2008); and (iii) 
longitudinal proiles based on channel’s bottom eleva-

tion and gradient that are useful to assess short-term 

tectonic activity (Chen et al., 2003; Delcaillau et al., 
2011; Demoulin, 2010; Hack, 1973; Font et al., 2010). 

The proiles constructed along the courses of three 
rivers (Broye, Glane, and Veyron, Figure 2.1b) are also 
supported by topographic-swath proiles and available 
geological and geophysical information. The strategy 

of such combinations is to add important constraints 

on the origin of any possible geomorphic anomaly and 

to see whether such anomalies can be attributed to tec-

tonic or any other potentially inluencing causes.

However, it has been proved that tectonics can’t 
always be straightforward, and other factors, partic-

ularly deferential erosional strength of the bedrock, 

glaciation, and hillslope processes, can also induce 

considerable modiications in the luvial landscapes 
(Brocklehurst & Whipple, 2001, 2004; Cox, 1994; 
Garrote et al., 2006; Hack, 1973; Korup, 2006; Ko-

rup et al., 2010; Lifton & Chase, 1992; Norton et al., 
2010a; Schlunegger, 2002; Seeber & Gornitz, 1983; 
Stutenbecker et al., 2016). Based on the above hypoth-

esis, this study aims to quantify the spatial imprints 

of tectonic deformation on the development of the 

present-day topographic landscapes and the drainage 

systems of the northern Alpine foreland in the western 

part of Switzerland. 

2.2. General geological and geographical 
setting

The Swiss Alps and northern Alpine foreland ar-

eas have been the subject of several neotectonic stud-

ies. These studies are mainly based on seismicity and 

stress indicators (e.g., Cloetingh et al., 2006; Diehl et 
al., 2018; Marschall et al., 2013; Maurer et al., 1997; 
Ustaszewski & Pifner, 2008), on geodetic observa-

tions (e.g., Cloetingh et al., 2006; Kahle et al., 1997; 
Schlatter et al., 2004; Schlunegger & Hinderer, 2003; 
Wittmann et al., 2007) and on diferent geological ar-
chives that include active faults, lake deposits, slopes, 

and caves (Becker et al., 2002, 2005; Lemeille et al., 
1999; Monecke et al., 2006). The study area, which 
covers 5136.6 km2, is located on the water divide be-

tween Rhine and Rhone river systems in the Swiss part 
of the northern Alpine foreland. It consists of the ex-

posed record of Triassic to Quaternary rocks (Figure 
2.2). 

The Jura fold-and-thrust belt (JFTB) represents a 
classic thin-skinned, fold-and-thrust belt, where a thin 

Mesozoic sedimentary cover deformed (folded and 

thrusted) above décollement by “distant push” (Af-
folter & Gratier, 2004; Burkhard, 1990; Buxtorf, 1907; 
Laubscher, 1986, 1992; Madritsch et al., 2008; Mosar, 
1999; Sommaruga, 1997, 1999). The JFTB, which has 
a crescent-like shape, is generally divided into three 

main sectors, which are from north to south: Avant-
Monts, the External Jura, and the Internal Jura (Som-

maruga, 1997, 1999). The tectonic evolution of the 
Swiss Molasse Basin is tectonically linked to the for-
mation of the JFTB (Burkhard & Sommaruga, 1998; 
Gorin et al., 1993; Mosar, 1999; Pifner et al., 1997; 
Signer & Gorin, 1995; Sommaruga, 1997, 2011). It 
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is tectonically subdivided into the Plateau Molasse 
(PM), and the imbricated Subalpine Molasse (SM).
The PM presents areas of relatively little deforma-

tion between the JFTB and the SM. It is dominated 
by low-amplitude northeast-trending folds, and sever-

al reverse and strike-slip faults with N-S, NW-SE and 
WNW-ESE trends (Sommaruga, 1997). 

The strata are characterized by lat or gentle dips in the 
areas of PM, but are progressively more tilted toward 
the SM. The latter represents a narrow deformation 

zone composed of thrust sheets of Cenozoic rocks that 
were overthrust by the Penninic Prealpine Klippen and 
Helvetic nappes (Pifner et al., 1997; Pifner, 2014). 
The Swiss Molasse basin consists essentially of four 

Figure 2.2: Simpliied geological and structural map of the study area in the westernmost part of Switzerland. (a) The area of study, which lies  on

both sides of the water divide between Rhine and Rhone river systems in the Swiss part of the northern Alpine foreland, consists of the exposed 

record of Triassic to Quaternary rocks. Geological data provided by the Swiss Federal Oice of Topography (swisstopo). Structural elements map 
was compiled by Gruber (2017). (b) General geological cross-section across the Jura fold-and-thrust belt (JFTB), the Plateau Molasse (PM), the 
Subalpine Molasse (SM), and Préalpes (PA). The location of the cross-section is marked by a dashed black line D-D` in (a). Cross-section based 
on Burkhard & Sommaruga (1998), Gruber (2017), Madritsch et al. (2008), Mosar (1999), and Rigassi & Jaccard (1995). (c) Location map of the 
study area.
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lithostratigraphic units: the Lower Marine Molasse 
and the Lower Freshwater Molasse, which together 
form the irst sedimentary sequence of Oligocene to 
early Miocene age, and the Upper Marine Molasse 
and the Upper Freshwater Molasse, which together 
form the second sedimentary sequence of Miocene 

age (Pifner et al., 1997; Schlunegger et al., 1997a, 
1997b). 

The south-eastern corner of the study area is 

marked by the Prealpes Klippen nappe, which con-

sists of several lithologies including Niesen Nappe, 
Préalpes Médianes, Zone Submédiane, Ultrahelvetic, 
Breccia Nappe, and Nappe supérieure (Matzenauer, 
2012). 

2.3. Materials and Method

2.3.1. Data collection

Two sources of data were mainly used in this 

study: elevation and potential ield (gravity and aero-

magnetic) data.  The elevation data are composed of 

high and medium resolution digital elevation models 

(DEMs). The high-precision DEM with a grid size 2 m 
(swissALTI3D) provided by the Swiss Federal Oice 
of Topography (swisstopo). The medium-precision 

ASTER Global DEM (GDEM) with a grid size ~30 m 
is a product of METI (Japanese Minister of Economy, 
Trade and Industry) and NASA (United States Nation-

al Aeronautics and Space Administration).

Ground Bouguer and aeromagnetic maps are 
published at a scale of 1:500,000 by swisstopo. The 
Bouguer data are part of an extensive gravimetric 
survey covered the whole Switzerland during the 

period 1975-1979. The survey was performed jointly 
by the Institute of Geophysics of the University of 
Lausanne (IGPL) and by the Swiss Federal Institute 
of Technology in Zurich. Almost 80% of the Molasse 
Basin was covered with a station density ranging be-

tween 1 to 3 stations per 1 km square (Klingelé, 1992). 
The theoretical gravity value was calculated using the 

International Gravity Formula of 1967. Topographic 
corrections were computed using a constant density of 

2670 kg/m3 to a depth of 167 km (Klingelé & Olivier, 
1980). 

The aeromagnetic data are part of a wide aeromag-

netic survey covering the Swiss territory between 1978 
and 1981 by the Swiss Geophysical Commission. The 
data were performed at two diferent light levels (5000 
m and 1680 m above sea level) and along north–south 
oriented light lines with a line spacing of 5000 m. The 
higher light level covered the whole Swiss territory, 
whereas the lower one covered the Molasse Basin and 
the Jura Mountains. The efect of diurnal variations, 

the efect of secular variations, instrument drift, and 
regional ield were removed from the measured data 
before constructing the total intensity magnetic anom-

aly map (Klingelé, 1992; Klingelé & Verdun, 2003).

2.3.2. Methods

Geomorphic responses to tectonic forcing have 

been examined by combining analyses of drainage 

basins, and both, swath and longitudinal river proiles 
in areas of spatially variable topography. There are 

two key aspects for our examination: irstly, to com-

pare drainage basins experiencing diferent levels of 
uplift/erosion rates and diferent lateral migration for 
their main stream trunks, and secondly, to identify any 

abrupt variations in the stream channel geometry and 

gradient along their courses. We employed three mor-
phometric parameters to highlight the tectonic efects: 

(1) Hypsometric integral to assess whether the
variation in the landscape’s topography is the result 

of the tectonic uplift, and/or other processes such as 

glacial erosion and contrasts in bedrock erodibility 

(Lifton &  Chase, 1992; Pérez-Peña et al., 2009; 
Sternai et al., 2011; Stutenbecker et al., 2016; van Der 
Beek & Bourbon, 2007), 

(2) Transverse Topographic Symmetry index
(TTSI) to quantify the possibility that lateral migra-

tion of main stream channels is induced by a tectonic 

tilting of the land surface (Cox, 1994; Cox et al., 2001; 
Garrote et al., 2006; Tsodoulos et al., 2008), and 

(3) Channel’s bottom elevation and gradient
(SL index) to detect areas of abrupt changes in river 
gradients that could possibly indicate the presence 

of tectonic control (Delcaillau et al., 2011; Peters 
& van Balen, 2007; Seeber & Gornitz, 1983). The 
analysis was combined with geological ield work 
and available geological and geophysical (gravity and 

aeromagnetic) data. 

2.3.2.1. Extraction of drainage systems

The automatic derivation of drainage systems 

(both stream networks and basins) has recently 

attracted a considerable attention (e.g., Fairield & 
Leymarie, 1991; McMaster, 2002; Palacios-Vélez & 
Cuevas-Renaud, 1986; Tarboton, 1997; Turcotte et al., 
2000). Diferent algorithms have been developed to 
extract drainage systems from a DEM by using GIS 

tools. D8 is the most popular used algorithm for au-

tomatic drainage extraction (e.g., Anders et al., 2009; 
Ariza-Villaverde et al., 2013, 2015; Liu & Zhang, 
2011; Nigel & Rughooputh, 2010; Persendt & Gomez, 
2015; Turcotte et al., 2000). 
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This algorithm is speciically relied on determining 
direction of water low from every cell in the DEM 
raster to one of its eight neighbors, either adjacent or 
diagonal, in the direction of the steepest descending 

slope (O’Callaghan & Mark, 1984; Tarboton, 1997). 
It has been implemented in ArcHydro Tools v 2.0, 
toolset for the water resource applications developed 

to operate within ArcGIS by the University of Texas 
(Maidment, 2002). 

These tools were used to extract drainage systems 

of the study area from a 2 m-resolution DEM based 
on successive processing steps, starting from illing 
the pits, then identifying low direction for each cell, 
calculating low accumulation, stream deinition and 
segmentation. The latter is an important step towards 

the precision of the drainage systems. More generally, 

attempts to apply small threshold values with high-res-

olution DEMs lead to much more detailed drainage 

networks (e.g., Ariza-Villaverde et al., 2015; Ichoku et 
al., 1996; Liu & Zhang, 2011; Poppenga et al., 2010; 
Radaideh et al., 2016; Zegen et al., 2015). 

In order to avoid any bias and/or diiculties asso-

ciated with the automatic identiication of the drainage 
networks, we decided to use a moderate threshold val-

ue of 400 m2 for the delineation of channel networks

from a 2 m-resolution DEM. Once the threshold of 
contribution area is resolved and based on the Strahler 

stream ordering (Strahler, 1952), the channel networks 
and their drainage basins are delineated within the 

study area.

2.3.2.2. Drainage catchment analysis 

A total seventy-four drainage-catchments of most-

ly higher Strahler orders (Table S1) were selected to 
quantify the causal inluences of both tectonic uplift 
and tilt activities on the drainage basin morphology. 

The catchments were selected in areas characterized 

by signiicant measurements of bedding dip azimuths 
so that the possible tectonic tilt could be well deined. 

2.3.2.2.1. Hypsometric integrals 

Recent studies have shown that hypsometric 
curves are very useful tools in geomorphic analysis, 

since they provide important indicators in regions 

experiencing intensive erosion processes (Chen et al., 
2003; Hurtrez et al., 1999a, 1999b; Luo, 2000, 2002; 
Montgomery et al., 2001; Ohmori, 1993; Sternai et al., 
2011; Willgoose & Hancock, 1998). The hypsometric 
curve describes the relative elevation distribution of a 

drainage basin and is thus a measure for the shape of 

a basin (Strahler, 1952). Determining the hypsometric 
curve for a 3rd order basin is shown in Figure 2.3a, 
where (H) and (A) represent, respectively, the max-

imum height, and the total area of the basin and (x) 

represents the surface area within the basin above a 

given line of elevation (h). 

Strahler (1952) linked the shape of the hypsometric 
curve with three stages of landscape development, 

namely: youth, maturity and old age (Figure 2.3b). 
These stages characterize weakly eroded regions with 

convex-up curves, moderately eroded regions with 

S-shaped curves, and signiicantly eroded regions
with concave-up curves. Pérez-Peña et al. (2008a)
present an ArcGIS extension (CalHypso) to automati-
cally extract hypsometric curves and calculate simple 

statistic attributes related to these curves (integral, 

skewness and kurtosis). The hypsometric integral is 

the area lying under the curve, ranging from 0 to 1. 
The hypsometric integral value is very close to zero 

in the areas experienced the highest levels of erosion, 

whereas it is very close to 1 in weakly eroded areas 
(Strahler, 1952; Keller & Pinter, 2002; Pike & Wilson, 
1971). Skewness is used to measure the asymmetry 
level of data distribution with respect to the mean. 

A skewed right distribution indicates the long tail is 

on the right and vice versa (e.g., Press et al., 1992). 
Kurtosis measures the relative peakedness or latness 
of data distribution with respect to the normal distribu-

tion (DeCarlo, 1997).

The geomorphological signiicance of the hypso-

metric skewness and hypsometric kurtosis are shown 

by Harlin (1978), where a larger positive value of 
skewness relects a greater amount of headward ero-

sion in the upper reach of a basin; and a larger value 
of kurtosis reveals a more erosion in both upper and 

lower reaches of a basin. While hypsometry can assess 
erosion and describes the distribution of elevations 

within an area, it is possibly unclear whether there is a 

causal relationship between hypsometry and geologi-

cal structures. This has led us to suggest the hypothesis 

that thrust-related fold growth creates a local relief, 

which is then eroded by rivers incision. 

We tested this hypothesis by detecting abnormally 
high values of hypsometric integral and relating them 

to existing structures, with taking into account the pos-

sible impact of other factors. The hypsometry curves 

can be used in drainage watersheds of diferent sizes 
(e.g., Giaconia et al., 2012; Girish et al., 2016; Luo, 
2000, 2002; Mahmood & Gloaguen, 2011; Omvir & 
Sarangi, 2008). Indeed the change in dimension of 
drainage catchments may play a more important inlu-

ence on hypsometry than the uplift and erosion rates. 

Because small catchments are generally showing 
convex-up hypsometric curves associated with higher 

hypsometric integral values approaching 1.0, whereas 
larger catchments are having concave-up hypsometric 

curves with much smaller values approaching zero 
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(Chen et al., 2003; Hurtrez, et al., 1999a; Willgoose & 
Hancock, 1998). 

To avoid such pitfalls related to changes in catch-

ments scale we calculated hypsometric curves not only 

for the drainage catchments but also for regular squares 

of diferent sizes through using the GIS extension Cal-
Hypso (Pérez-Peña et al., 2008a). Particular attention 
must also be paid here not only to the analysis size but 

also to the resolutions of the DEM used tocalculate 

the hypsometric curves with their attributes. In this 

context, three diferent regularly spaced grids (1 km, 2 
km, and 3 km) with two diferent resolution DEMs (2 

m and 30 m) were analysed. ArcGIS extension Haw-

th`s Analysis Tools (Beyer, 2004) was irst employed 
to create three vector grid iles with 1x1, 2x2, and 3x3 
square kilometres cells. The hypsometric curve and 

related attributes were then computed for each vector 

grid ile over both DEMs separately. The hypsometric 
integral values obtained from each case were then 

interpolated in order to obtain a continuous surface. 

In this way, we obtained regularly-spaced grids of the 

hypsometric integral values for the whole area and 

quantify the degree of similarity between the results 

that obtained by using diferent scale sizes and DEM 
resolutions.

Figure 2.3: (a) Schematic diagram illustrating the way to construct a hypsometric curve for 3rd order drainage catchment (no. 45) based on the meth-

od described by Strahler (1952). The area under the curve, described by the hypsometric integral (0.382), relecting the amount of materials hasn’t 
yet been eroded or transformed. (b) Hypsometric curves, illustrating a landscape aging cycle (adapted from Strahler, 1952).
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2.3.2.2.2. Drainage basin asymmetry

Tectonic tilting of the surface can cause a delec-

tion of the stream channel away from the midline of 

drainage basin toward one of its sides (e.g., Keller & 
Pinter, 2002; Mathew et al., 2016). The Transverse 
Topographic Symmetry Index (TTSI) and Asymmetry 

Factor (AF) are commonly used to diferentiate be-

tween symmetric and asymmetric drainage basins and 

to identify whether they had experienced by a possible 

tectonic tilting (Cox, 1994; Cox et al., 2001; Garrote et 
al., 2006; Keller & Pinter, 2002; Mahmood & Gloag-

uen, 2011; Sboras et al., 2010; Tsodoulos et al., 2008). 
The TTSI is described as a ratio (Da/Dd), where Da is 

the perpendicular distance between the trunk stream to 

the basin midline, and Dd is the perpendicular distance 

between the basin midline to the basin margin along 

the same line. 

The AF is deined as the product of ratio (Ar/T) 
multiplied by 100 (Keller & Pinter, 2002), where Ar 
is the basin area on the right-side of the trunk stream 

while facing downstream, and T is the total area of 

the drainage basin. The AF and TTSI values are, re-

spectively, close/equal to 50 and 0 if the river incises 
along the basin midline, and ≠ 50 and ≈ 1 if the river 
lows near to the basin boundary (Cox, 1994; Cox 
et al., 2001; Keller & Pinter, 2002). The absence of 
tectonic controls can often lead to develop symmetric 

basin with AF≈ 50 and TTSI≈ 0, whereas the presence 
of such controls would develop asymmetric basin with 

AF≠ 50 and 0< TTSI ≤1 (Cox, 1994; El Hamdouni 
et al., 2007; Mahmood & Gloaguen, 2011). Asym-

metric basin often occurs as a result of the tilt of the 

ground surface caused by uplifting folds and tilting 

fault blocks (Cox, 1994). Consequently, tilting of the 
ground surface generally causes the rivers to be lateral-

ly migrated toward the steepest gradient in a direction 

roughly parallel to its original course. Tectonic activity 

is not unique and other geological/geomorphological 

factors, such as paleo-slope surface, wedge-shaped 

channel (Levee) deposits, and coarse-grained alluvial 
deposits can also develop lateral channel migrations 

(Cox, 1994; Garrote et al., 2006). 

In many orogenic belts like the Zagros and Hima-

laya, where there is a signiicant interaction between 
the growth of thrust-related folds and drainage system 

development, the rivers do not only low in a direc-

tion roughly parallel to the strike of the fold axes, 

but also perpendicular to them (e.g., Burberry et al., 
2010; Delcaillau et al., 2006; Ghassemi, 2005; Lu et 
al., 2017; Ramsey et al., 2008; Tucker & Slingerland, 
1996; Walker et al., 2011). The rivers that low parallel 
to the axis of the fold respond to changes in topograph-

ic gradient associated with anticlinal growth, by either 

incise a gorge through the nose of the folds, or by 

delected out of their present courses around the tips of 
the growing folds in the direction of fold propagation 

(Burbank & Anderson, 2001; Ramsey et al., 2008). As 
the result, the rivers eventually low perpendicular to 
the fold crests with a signiicant change in their direc-

tion along the length of the fold (Ramsey et al., 2008). 
Such rivers combine information about the lateral 

migration in the upper part of their courses, which is 

inherited from the initial stages of fold growth, with 

information about the perpendicular delection, which 
is inherited when the rivers bend away from their 

initial courses in the direction of folds growth.

Therefore, determining whether ground surfaces 

have experienced tectonic tilting is not always 

straightforward. Despite possible uncertainties, an 

attempt was made to conirm the hypothesis that 
tectonic deformation associated with the growth of 

thrust-related folds cause lateral tilting of the ground 

surface in a direction parallel to the direction of maxi-

mum compressive stress. Thus, evidence on a possible 

lateral tilting of the ground surface is the presence of 

channel migration that can be highlighted by TTSI. The 

TTSI was determined in successive steps using GIS 

tools and following the method described elsewhere 

(Cox, 1994; Cox et al., 2001). Due to the undulating 
and very irregular shapes of the drainage channel, the 

main stream trunk was divided into discrete segments 

of the same length (25 m in this case). The ArcGIS’s 
Polygon to Centerline tool (Dilts, 2015) was used to 
extract a centerline for a given catchment vector layer. 

A series of transect-lines that were created orthogo-

nally to the stream’s segment-lines were divided into 

two groups; those bound by the stream and centerline 
(Da), and those bound by centerline and catchment 

boundary (Dd). The length of the groups Da and Dd, 

as well as their azimuth values were then calculated. 

Having the magnitude (the ratio of the length of 
Da to the length of Dd) and the azimuth values, we 

were able to graphically represent these data on the 

polar diagram. To determine the preferred direction 

of stream migration, the Fisher mean vector with its 
associated conidence cones were calculated using 
Stereonet v9.9.6 (Allmendinger et al., 2013; Cardozo 
& Allmendinger, 2013). To obtain further information 
about the spatial distribution of TTSI magnitudes, a 

color-coded grid bounding between catchment’s mid-

line and main-stream was created for each catchment. 

An example of calculating the TTSI for the 3rd or-

der catchment (no. 45) that formed part of the Prealps 
area in the SE corner of the study area is shown in 

Figure 2.4. The calculated TTSI vectors (Figure 2.4b 
and 2.4c) are signiicantly concentrated in the NW 
quadrant of the polar plot and have a mean vector 

(trend/magnitude) of 305.4°/ 0.20 with a small cone 
of conidence at the 95-percent level. The reliability of



Tectonic Geomorphology - 15

AF is questionable, especially when there is an appar-
ent delection of the main river channel. This can be 
explained by the catchment no. 14 (Figure 2.5) where 
its main channel is sharply delected in the northeast 
and southwest directions The calculated AF is close to 
the threshold 50 (AF= 50.3), indicating that there is no 

any signiicant migration direction for the principal 
channel, whereas the calculated TTSI indicates two 

main directions of migration with mean vector values 

(trend/magnitude) of N39°E/0.4, and N233°E/0.49. 
For this reason, the TTSI was only used in this study 
to infer any possible tectonic tilting. 

Figure 2.4: An example showing the calculation of Transverse Topographic Symmetry Index (TTSI). (a) Flow direction grid showing surface-water 
low paths of 3rd order catchment no. 45. (b) Calculated TTSI via the method explained by Cox (1994). Two thick black transect-lines (1&2) enable 
measurements of the distance between catchment midline to the trunk stream (Da) and from the catchment midline to the respective drainage margin 

(Dd). Here there are two vectors, each one composed of the magnitude (Da/Dd) and the line azimuth. Polar plot (equal-area, lower hemisphere) 
visualizing the magnitudes and azimuths of TTSI vectors obtained from transect-lines. The polar plot has TTSI magnitude ranging from 0 in centre, 
meaning that the stream lowing near the catchment midline, to 1 on the outer margin, implying that the stream lowing near vicinity of catchment 
margins. Yellow star on the polar plot (a mean Fisher vector) represents the most prominent direction of stream migration. Rose diagram plotted in 
terms of frequency against TTSI azimuth values expressing preferential directions of channel migration. (c) Color-coded grid showing the spatial 
distribution of the TTSI magnitude values. Zone with a dark-green color (TTSI close to 0) indicating no lateral migration of the stream whereas 
those with dark red (TTSI close to 1) highlighting a signiicant lateral migration of the stream. (d) Schematic showing geomorphic response of 
drainage system to tectonic deformation caused by listric faults. When the earth’s surface layers were tilted, the main stream was migrated toward 
the down-tilt direction. It is important to note here that other inluencing factors, such as variation in rock-type erodibility can also generate similar 
geomorphic responses.
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2.3.2.3. Longitudinal and Swath proiles 

To better deine the location/source of the geomor-
phic anomalies, we suggest a new stepwise approach 

by integrating analysis of several longitudinal proiles 
along the course of three rivers (Broye, Glane, and 
Le-Veyron Figure 2.1b). These rivers low perpendic-

ular to major sub/surface structural features over areas 
characterized by the presence of ubiquitous geological 

and geophysical (Bouguer gravity and aeromagnetic) 
data. The proiles have been evaluated based on two 
diferent aspects: channel loor gradient and geophys-

ical properties. This integration is also supported by 

topographic-swath proiles and new geologic model 
based on stratigraphic and structural interpretation of 

seismic lines (Gruber, 2017; Meier, 2010). Our ob-

jective behind such a combination is to add important 
constraints on the origin of any possible geomorphic 

anomaly.

2.3.2.3.1. Channel loor-gradient

The spatial changes in the channel’s bottom eleva-

tion and slope from its headwaters to its estuary are 

currently the most common indicators used to detect 

signs of Quaternary tectonic activity. Any rapid change 
in these properties causes pronounced geomorphic 

anomaly or knickpoint that represents non-steady 

state signatures in the river channel geometry. Such 

anomaly results from several factors, such as lithologic 

resistance to luvial erosion, variations in tectonic 
uplift, changes in stream discharge, changes in local 

base-level, and rock-slope failures (Bishop et al., 2005; 
Brocard & van Der Beek., 2006; Clark et al., 2004; 
Delcaillau et al., 1998; Duvall et al., 2004; Gardner, 

1983; Hack, 1973; Hayakawa & Oguchi, 2006; Korup, 
2006; Larue, 2007; Norton et al., 2010a; Ouchi, 1985; 
Rabin et al., 2015; Radaideh et al., 2016; Schluneg-

ger, 2002; Seeber & Gornitz, 1983; Stutenbecker et 
al., 2015, 2016; Whipple & Tucker, 1999). Thus, the 
shapes of the river longitudinal proiles relect the 
causal relationship between lithology, luvial erosion, 
tectonics, and base level change (Clark et al., 2004; 
Delcaillau et al., 1998; Hack, 1973; Kale et al., 2013; 
Merritts & Vincent, 1989; Wobus et al., 2006). 

The concave-up longitudinal proile indicates that 
erosion has kept pace with tectonic uplift and thus, the 

rates of uplift equal the rates of erosion. If the rate of 

luvial incision is greater than the rates of rock uplift 
and base-level fall, then the shapes of the proile tend 
to show a smooth downstream concavity due to in-

crease of sediment lux. Conversely, if the rate of uplift 
is greater than luvial incision, then the shapes of the 
proile will be convex (Seeber & Gornitz, 1983).

Several geomorphic indices have been proposed to 

detect the knickpoint locations along the river courses. 

Among them, the most commonly used indices are 

river channel steepness and river channel length-gra-

dient. The channel steepness index is a measure of 

stream-channel slope normalized to drainage area 

(Wobus et al., 2006), and follows the equation: S= 
k

sn
*A-θref, where S is the channel slope, k

sn
 is a normal-

ized steepness index, A is the upstream drainage area, 
θref is a reference concavity index. It has widely used to 

infer relative diferences in rock uplift in a variety of 
landscapes (Chittenden et al., 2013; Cyr et al., 2010; 

Figure 2.5: A critical issue about the accuracy of AF analysis that is not applied in this study. The calculated AF for the catchment no. 14 is very 
close to 50% (50.29%), indicating there is no dominant direction of migration. Whereas the calculated TTSI shows two prominent directions of 
migration, NE and SW.
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Fraefel, 2008; Gasparini & Whipple, 2014; Kirby et 
al., 2003; Kirby & Whipple, 2012; Norton et al., 2010a; 
Ouimet et al., 2009; Safran et al., 2005; Schlunegger et 
al., 2011; Snyder et al., 2000; Whipple & Gasparini, 
2014).

The channel length-gradient index (also known as 

SL index) is the product of the channel slope and chan-

nel length (Hack, 1973), and is represented as: SL= 
(∆H/∆L)*L, where ∆H is the diference in elevation 
between the ends of the segment, ∆L is the length of 
the segment, and L is the total length from the midpoint 
of the channel segment to the drainage divide (Figure 
A.1). The SL index has been widely adopted in diferent 
geodynamic settings (Chen et al., 2003; Delcaillau et 
al., 2011; El Hamdouni et al., 2007; Figueiredo, 2018; 
Font et al., 2010; Gao et al., 2016; García-Tortosa et 
al., 2007; McKeown et al., 1988; Merritts & Vincent, 
1989; Troiani et al., 2014) because (i) it is highly sen-

sitive to changes in channel slope that mainly related 

to the presence of tectonic and/or lithological controls 

on the basin coniguration (Chen et al., 2003; Hack, 
1973; Pedrera et al., 2009; Pérez-Peña et al., 2008b; 
Troiani & Seta, 2008); and (ii) the SL values can be 
statistically iltered to remove those values that mainly 
characterize each lithology unit from the whole dataset 

(Troiani et al., 2014; Troiani et al., 2017). 

In light of the above-mentioned advantages, sev-

eral longitudinal proiles based on the SL index were 
constructed to identify any signiicant anomaly in the 
study area. The SL index was calculated at equally 
spaced stream segments of 25 m using 2 m DEM.

2.3.2.3.2. Geophysical and geological observations

Gravity and aeromagnetic data can be helpful in ar-

eas where rock outcrops are typically scarce or absent. 

Analysis of those data can provide important infor-

mation about the subsurface structure of the geologic 

bodies exist beneath the respective river. Surface and 

blind faults may have distinct gravity and magnetic 

signatures, especially when they are accompanied by 

the occurrence of mineral deposits and abrupt changes 

in the density of rocks. Such signatures, which are often 

subtle and sometimes hard to distinguish from other 

causes of apparent anomalies, can be highly improved 

and recognised by applying selective enhancement il-
ters, such as horizontal gradient, total gradient, vertical 
integral and derivative (Bournas & Bake, 2001; Boyce 
& Morris, 2002; Cooper & Cowan, 2007; Elo et al., 
1989; Ferraccioli et al., 2001; Grauch & Drenth, 2009; 
Mickus & Hinojosa, 2001; Phillips, 2000). 

We used both Bouguer and residual aeromagnetic 
maps to deine possible subsurface anomalies that may 
coincide in the space with the observed geomorphic 

anomalies along the river path. We isolated the regional 
trends from Bouguer map to obtain residual anomalies, 
which correspond to the shallow structural boundaries 

(Guy et al., 2014). The regional trends, which originate 
from deep-seated sources, were calculated by apply-

ing second order polynomial itting method (e.g., Li 
& Oldenburg, 1998; Thompson, 1967; Zeng, 1989) 
using Golden Software’s Surfer 8.0 (Golden, 2002). 
The residual Bouguer and aeromagnetic maps were 
then processed and iltered using Geosoft eXecutables 
(Phillips, 2007). 

We extracted proiles from the resulting enhanced 
grids along the locations of river channels. In this way, 

a database of each river showing the values of latitude, 

longitude, distance, elevation, mean slope, gravity 

with its ilters, and aeromagnetic with its ilter was 
built. These data were inally imported into Golden 
Software’s Grapher (Golden, 2002) and used to create 
river longitudinal proiles. Moreover, we extracted 2D 
geological cross-sections along the path of the rivers 

from a new 3D geological subsurface model (Gruber, 
2017) in order to deine any possible blind faults that 
could be responsible for the occurrence of the geomor-

phic anomalies.

2.3.2.3.3. Topographic swath proile 

Swath proiles describe statistical properties (mini-
mum, mean, maximum, etc.) of elevation values lying 

within a given domain. The shape of these proiles may 
provide clues about the process patterns or any other 

transient features that have contributed to shape the 

region (Brocklehurst & Whipple, 2007). A convex-up 
shaped minimum elevation curve is typical of regions 

that experienced glacial erosion (e.g., Dortch et al., 

2011). In many landscapes, a mean elevation curve lies 
close to the minimum curve. An upward delection of 
the mean occurs when the mean approaches the maxi-

mum elevation. This delection indicates that the rates 
of hillslope lowering are unable to keep pace with the 

rate of rock uplift (Burbank & Anderson, 2011). 

The analysis of the swath proile is often based 
on rectangular window, whereas here we used irregu-

lar-shaped polygon around the whole path of river so 

that local-scale variations in topographic relief can be 

recognized anywhere on the both sides of river. Our 

objective is to detect how geomorphic anomalies along 
the river course can be robustly linked to local-scale 

diferences in topography. The swath area was outlined 
by creating a bufer polygon or corridor with a distance 
of 500 m on either side of the targeted river channels 
(1 km wide). Then a set of transects evenly spaced at 
an interval of 20 m was created perpendicular to the 
long axis of the bufer polygon. Maximum, minimum, 
mean, and standard deviation values of the altitude 
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were extracted for each individual transect-line from 

a 2 m -DEM dataset, using ArcGIS’s spatial analyst 
toolset. The local relief can, however, be deined along 
these proiles as the diference between maximum and 
minimum elevation at each point (Kühni & Pifner, 
2001).

2.3.2.4. Lithological Filter 

The SL and hypsometric indices are particularly 
sensitive to variation in lithology and rock-type erod-

ibility (Hack, 1973; Hurtrez & Lucazeau, 1999; Lifton 
& Chase, 1992). This inluence can be clearly observed 
in areas where there is a speciic lithological unit that 
is more resistant to erosion than adjacent units. Fluvial 
erosion of such lithological heterogeneities can gener-

ally result in the formation of ridges that will inevitably 

appear as knickpoints in the longitudinal proile. It can 
also cause more variability in the shape of the hypso-

metric curve, and thus hypsometric integral value, than 

the tectonic process itself. Massive, resistant rocks 

(i.e., carbonate rocks) of an erosional escarpment have 

a convex-up hypsometric curve with high hypsometric 

integral value, whereas weak rocks (i.e., weak sands 

and clays) of low relief have a concave-up hypsometric 

curve with low hypsometric integral value (Hurtrez & 
Lucazeau, 1999; Strahler, 1952). 

To get rid of lithology signals, we applied a spe-

cial ilter that is deined by Troiani et al. (2014). The 
ilter relies on statistical methods to remove those SL 
and hypsometric integral values that are dominant in 

each lithology cropping out in the study area from 

the entire dataset. More speciically, we classiied the 
lithology information, which is provided by swisstopo 

at scales of 1:25,000 and 1:500,000, into four classes 
(limestone/dolomite rocks with marl, silt/clay deposits, 

calcareous sandstone with marl, and hard sandstone/

conglomerates) according to the similarity of composi-

tion and hardness levels. We then created a histogram 
with standard box plots to visualize the frequency dis-

tribution of hypsometric integral and SL values within 
each group of lithologies, and highlight the statistical 

anomalies. Only these latter were presented in the inal 
map using the Ordinary Kriging method (e.g., Troiani 

et al., 2014) and were further assessed using additional 
geological information. 

However, the statistical examination of lithology 
efect on the hypsometric integral for a drainage basin 
is not always possible, especially in the case where the 

basin is made up of many diferent lithological units. 
For this reason, we tested the impact of lithology on 
the hypsometric integral values that are derived from a 

regularly spaced grid, rather than from a basin.

2.4. Analysis and results

Here we present the results obtained from the 
combined analysis of drainage basins and several topo-

graphic-swath, and longitudinal river proiles. 

2.4.1. Hypsometric curves and attributes

The hypsometric analysis for the selected catch-

ments of the western Switzerland shows wide range 

values of hypsometric attributes (Table A.1 in Appen-

dix A). To highlight these diferences, the hypsometric 
integral values are plotted against the hypsometric 

kurtosis and skewness values (Figure 2.6). Many 
catchments have very similar hypsometric attribute 

values, which make them cluster together more tightly 

than others (Figure 2.6). Both variables (hypsometric 
integral vs. hypsometric skewness and hypsometric 

integral vs. hypsometric kurtosis) follow the same 

distribution (Figure 2.6). On the basis of relationships 
among the values of hypsometric integral, skewness 

and kurtosis (Figure 2.6), twenty-one diferent shapes 
of the hypsometric curves were distinguished (Figure 
2.7). 

As can be seen from the graph in Figure 2.6, the 
values of hypsometric skewness and hypsometric 

kurtosis provided further information about the curve 

patterns, especially in the cases of identical values of 

hypsometric integral. For example, styles 13a & 13b 
(Figure 2.6) have apparently very similar hypsometric 
integral values but both hypsometric skewness and 

hypsometric kurtosis values for the style 13b are 
slightly increased. This is conirmed by the change in 
shape of curves from being nearly S-shape (style 13a, 
Figure 2.7) to concave upward (style 13b, Figure 2.7). 
The same observation can be made for the styles (12, 
12a and 12b, Figure 2.6), and for the styles (16a & 16b, 
Figure 2.6). Ignoring hypsometric kurtosis and hypso-

metric skewness could thus have adverse efects on the 
ability to recognize diferent patterns of hypsometric 
curves. 

Figure 2.8 shows the spatial distribution of hypso-

metric integral within the study area. Signiicant num-

bers of catchments have hypsometric integral > 0.52 
and are mostly characterised by convex hypsometric 

curves, which indicate that an important volume of 

original rock mass has not yet eroded within these 

catchments (Strahler, 1952).  On the other hand, we 
ind a considerable consistency among the results of 
the hypsometric analysis obtained when the same/

diferent DEMs and grid size were used (Figures A.2 
and A.3 in Appendix A). Thus, it can generally be sug-

gestive of no signiicant inluence of the changing in 
DEM resolution and in the size of analysis area on the 

calculation of hypsometric attributes within the study 
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Figure 2.6: A graph showing hypsometric integral as a function of the hypsometric kurtosis and skewness values. In general, the hypsometric inte-

gral decrease when the skewness and kurtosis values becomes larger. Twenty-one diferent styles of hypsometric curves can be distinguished. Each 
style is indicated by a symbol “St” with a number on the graph. Colored dots represent hypsometric integral versus hypsometric kurtosis values 
while colored crossmark represents hypsometric integral versus hypsometric skewness values.

area. Conversely, the accuracy of other morphometric 
results (e.g., SL index) is sensitive to the resolutions 
of the DEMs.

2.4.2. Drainage basin asymmetry (TTSI)

The results of Transverse Topography Symmetry 

Index (TTSI) that has been applied to 71 of the total 
74 catchments are shown in the Appendix A (Table 
A.1, Figures A.4 and A.5). However, it was diicult 
to determine the TTSI for the catchments no. 58, 
60, and 61 because there is no clear mainstream, but 
several drainage tributaries low into the basin outlet. 
Overall, TTSI values range from 0.014 (for both 
symmetric catchments no. 32 and 42) to 0.885 (for 
highly asymmetric catchment no. 5, Table A.1). For 
comparative purposes, to obtain further information 

and a more interpretable visualisation, we divided the 

TTSI results into two large groups according to their 

spatial distribution: those obtained from catchments 
located around and along the Swiss part of Pontarlier 
fault (Figures 2.9 and A.4) and those obtained from 
catchments of the central and easternmost part of the 

study area (Figures 2.10, 2.11 and A.5). TTSI values 
of the catchments 3, 8, 53, 62 and 65 of the domain-I 
(set-0, Figure 2.9a) and the catchments 21, 37, 43, 
and 46 of the domain-II (set-0 in Figure 2.10) show 
very low dispersion (TTSI equal or very close to 0) 
and without uniform migration trends, whereas most 

other catchments in both domains display clearly 

visible migration trends with medium to high scale of 

dispersion. TTSI for some catchments (no. 1, 5, 14, 
and 72) display evidence of multi-directions of lateral 
migration for their principal channels, indicated by 

diferently oriented mean vectors in the polar plots 
(set-6, Figure 2.9a) and (sets-7, -8, -9, Figure 2.10). 
Three main directions of lateral channel migrations in 

domain-I can be distinguished (Figure 2.9a). 
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Figure 2.7: Hypsometric curves for seventy-four catchments located in the westernmost part of Switzerland. Twenty-one different shapes of hypso-
metric curves discriminated based on the relationships between the values of hypsometric integral, skewness and kurtosis (Figure 2.6). The area 
under these curves (hypsometric integral, ranging from 0 to 1) portrays the volume of material left after erosion (Strahler, 1952). The hypsometric 
integral value is very close to zero in the areas experienced the highest levels of erosion, whereas it is very close to 1 in weakly eroded areas. 
The shapes of these curves are diversified, mostly convex up, S-shaped, and extremely concave up. Significant numbers of catchments have hyp-
sometric integral > 0.52 and are mostly characterised by convex hypsometric curves. Catchment no. 62 of the style 1 has the highest value of 
hypsometric integral relative to the rest of the data set with a convex-up curve, reflecting a significant amount of land material still existed at high 
altitude. Whereas catchment no. 56 of the style 17 has the lowest values of hypsometric integral with the most concave-up curve, indicating that a 
significant amount of catchment’s materials has been removed. 

Eight catchments (7, 27, 51, 52, 54, 55, 56, and 57, 
set-1 of Figure 2.9a) are characterized by medium-scale 
lateral movement for their principal drainage channels 

toward SE direction (Figure 2.9a). They have mean 
vectors (trends/magnitudes) of 129°/0.54, 151°/0.67, 
154°/0.18, 146.9°/0.33, 153°/0.35, 123°/0.42, 
133°/0.36, and 144°/0.71, with small to medium cones 
of conidence at the 95% and 99% levels (Table A.1). 
SW direction of lateral channel migration (set-2, Fig-

ure 2.9a) was found in seven catchments with mean 
TTSI magnitudes ranging from 0.246 (catchment no. 

59) to 0.572 (catchment no. 50, Table A.1). The third
set in the domain-I is characterized by NW lateral 
migration (set-3 Figure 2.9a). 

In addition to the aforementioned main trends, 

there are two other minor trends of channel migration, 

NE and ~E (sets-4 and -5 Figure 2.9a). Both NW and 
NE lateral migration are observed together in the 
catchment no. 1 (set-6, Figure 2.9a). Such a combina-

tion of diferent migration trends in the same drainage 
channel most probably indicates that the relevant 
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Figure 2.8: Catchment-scale distribution of hypsometric integral in the westernmost part of Switzerland. The numbers identify each catchment.

catchment has experienced a tectonic movement with 

two diferent directions. 

Domain-II (43 out of 74 catchments) shows four 
dominant sets of lateral channel migration (Figures 
2.10 and 2.11). The migrations of principal drainage 
channels towards SE direction are also dominant in this 

domain (Figure 2.10). It is observed alone in twelve 
catchments (set-1, Figure 2.10) and in combination 
with other migration directions in the catchments 5 
and 72 (set-9 and -8 Figure 2.10).  NW-directed lateral 
channel migration was found alone in seven catch-

ments (set-2, Figure 2.10) and in a combination with 
SE migration in the catchment 72 (set-8 Figure 2.10). 

Westward migration, which is not noted in do-

main-I, is observed in seven catchments (set-3, Figure 
2.10). Eastward migration, which is more common 
in this domain than in the domain-I, is observed in 

four catchments (set-4, Figure 2.10). In addition to 
the aforementioned main trends, there are three other 

minor trends of channel migration observed only in 

few catchments. NE migration is only observed alone 
in three catchments (set-5, Figure 2.10) and in combi-
nation with SW direction of migration in catchment 
no. 14 (set-7, Figure 2.10). 

Unlike domain-I, SW- migration is less common 
and only observed alone in two catchments (set-7, 
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Figure 2.9: Mean vectors of TTSI (Transverse Topography Symmetry Index) for the drainage catchments of the westernmost part of the Switzerland 
(Domain-I). (a) Polar plots (equal-area, lower hemisphere) showing the preferred direction of the principal channel migration in each catchment. 
Set-0 (TTSI magnitudes ≈ 0) indicates there is no preferred direction of the principal channel migration (symmetric catchments). The principal 
channels of the most catchments have migrated uniformly toward SE and SW directions, set-1 and set-2, respectively. Keys for polar plot are the 
same as those in Figure A.4 in the Appendix A. (b) Map showing color-coded distribution of TTSI magnitude values. Anomalous zone with dark 
red colour (TTSI magnitude ≈ 1) implying that stream lowing nearby the catchment margin, whereas those of dark green (TTSI magnitude ≈ 0) 
indicating that stream lowing nearby the catchment midline. TTSI analysis are not applied to the catchments no. 58, 60 and 61 because they have 
no clear principal channels, but rather several drainage tributaries lowing into their outlets. PF: Pontarlier fault; JFTB: Jura fold-and-thrust belt; 
PM: Plateau Molasse.

Figure 2.10), and in combination with SE direction 
of migration in catchment 5 (set-9, Figure 2.10). 
South-directed lateral channel migration (set-6, Figure 
2.10), which is not also noted in domain-I, is observed 
only in two catchments (36, and 74, Figure 2.10).

2.4.3. Topographical, geophysical and longitudinal 
proiles 

The investigated parts of the Broye, Glane, and 
Veyron rivers vary in length from 20.6 km to 44.5 
km, and in the altitude diference (between upstream 
and downstream) from 885.9 m (Glane river) to 444.3 
m (Broye river). Their topographical, longitudinal, 
and geophysical proiles show variable gradients and 
anomalies along their entire courses. Here it is import-
ant to bear in mind that small-scale spatial variation in 
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Figure 2.10: Mean vectors of TTSI (Transverse Topography Symmetry Index) for the drainage catchments of the westernmost part of the Switzer-
land (Domain-II). Polar plots (equal-area, lower hemisphere) showing the preferred direction of the principal channel migration in each catchment 
(see Figure 2.11 for the locations of catchments). Set-0 (TTSI magnitudes ≈ 0) indicates there is no preferred direction of the principal channel mi-
gration (symmetric catchments). Most of the catchments showing a signiicant migration for their principal channels toward SE and NW directions 
(set-1 and set-2, respectively). Keys for polar plot are the same as those in Figure A.4 in the Appendix A.

the channel gradients, and topographical and geophys-

ical characteristics was not taken into account because 

it could result from the inaccuracy or unavailability of 

the data.

The studied part of the Broye river extends 44.5 
km from the south, near Palézieux-village in the 
Swiss Prealps, to the northeast in the vicinity of the 
city of Payerne, and crosses many major fault systems 
(Figure 2.12). A swath proile shows signiicantly 
higher values in the mean and maximum altitudes on 

the upstream side (southern side) of the river (Figure 
2.12a). Although the mean and maximum altitude 
curves show roughly the same rate of change (increase 

or decrease) along the entire strip, ive distinct positive 
topographic anomalies can be recognized (labelled 

B0–B4, Figure 2.12a). Fluvial incision variations in a 
given swath can be indicated by the standard deviation 

(e.g., Riquelme et al., 2002), which is the most robust 
measure of these variations (Evans, 1998). 

Thus, the highest rate of luvial incision is observed 
between proile distances of ~12 to ~25 km (Figure 
2.12a). The analysis of longitudinal proile shows three 
main SL anomalies (B0, B1and B2 in Figure 2.12b), 
which show a direct correlation with the location of 

the topographic anomalies (B0, B1and B2 in Figure 
2.12a). The highest value of SL (~1300 m) is observed 
at proile distance ~11.5 km (Figure 2.12a). From the 
middle towards the end of the proile (distance >21 
km, Figure 2.12b), the river was channelized and 
regulated which was not considered here in terms of 
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Figure 2.11: Map showing color-coded distribution of TTSI magnitude values for the drainage catchments of the westernmost part of the Switzer-
land (Domain-II). Most of the catchments showing a signiicant migration for their principal channels toward SE and NW directions (set-1 and set-
2, Figure 2.10). Anomalous zone with dark red colour (TTSI magnitude ≈ 1) implying that stream lowing nearby the catchment margin, whereas 
those of dark green (TTSI magnitude ≈ 0) indicating that stream lowing nearby the catchment midline. JFTB: Jura fold-and-thrust belt; PA: Prealps; 
PM: Plateau Molasse; SM: Subalpine Molasse.
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the SL assessment. A distinct change in the curves of 
the gravity ilters and horizontal gradients of magnetic 
data at proile distances between ~5 to ~20 km (Figure 
2.12c and 2.12d) occurs in approximately the same 
positions of the aforementioned anomalies, B1 and B2 
(Figure 2.12a and 2.12b). 

Pre-Cenozoic rocks beneath this river, which are 
relatively deformed and dip down to the south, occur 

at a signiicant depth (Figure 2.12e) and are buried 
beneath the thick Cenozoic sedimentary rocks (Gru-

ber, 2017). In general, toward the south in upstream 
direction (a distance <20 km), there is a clear increase 
in the Cenozoic thickness (Figure 2.12e) as well as in 
the residual magnetic gradients (black curve, Figure 
2.12d).

The Glane river extends about 37 km from its 
conluent (Neirigue stream) in the southeast, near 
the town of Vuisternens-devant-Romont, to its outlet 
into the Sarine river. The swath topographic proile 
(Figure 2.13a) shows that the maximum and average 
altitude curves are changing at nearly the same rate, 

and reveals several pronounced positive relief zones 

(labelled by G0, G1, G2, G3, and G4, Figure 2.13a). 
The highest values of standard deviation (highest rates 

of incision) are observed in three zones namely, G1, 
G3, and G4, where the diferences between maximum 
and minimum altitudes are highest. The highest SL 
gradients are noted at two zones (G3 and G4, Figure 
2.13b).

Small, but noticeable, changes in the irst vertical 
gradients of the Bouguer gravity at a proile distance 
< 12 km (Figure 2.13c) are noted in the same place of 
the previously determined anomalies, namely G0 and 
G1 zones (Figure 2.13a and 2.13c). Relatively high re-

sidual Bouguer values were observed between proile 
distances 27 - 34 km (G3, Figure 2.13c), where the 
residual magnetic gradients are gradually increasing 

(Figure 2.13d) and the thickness of Cenozoic rock is 
relatively decreasing (Figure 2.13e).

A dramatic decrease in residual magnetic values 

(Figure 2.13d) is observed at proile distance < 6 km, 
and coincides with a decrease in the altitude of the 

bottom of the river channel (Figure 2.13e). The geo-

logic cross section along the river consists of ~2000 
to ~2800 m thick Cenozoic sediments covering layers 
of Mesozoic age (Figure 2.13e). Alternate patterns of 
high and low residual Bouguer values characterize the 
proile along the river (Figure 2.13c) and are relatively 
parallel to the subsurface geometry of the Mesozoic 

strata (Figure 2.13e).

The studied part of the Veyron river extends 20.56 
km from its conluent (Malagne stream) in the west, 

near the town of Montricher, to the northeast in the 

vicinity of the town of la Sarraz (Figure 2.14). Its 
swath proile shows three distinct topographic anom-

alies, located in the upper, central and lower parts of 

the proile (V0, V1 and V2, Figure 2.14a). The lower 
part of the proile, however, shows the highest rate of 
incision, as the standard deviation reaches 20 (Figure 
2.14a). 

Two pronounced SL anomaly zones can be identi-
ied in the central and lower parts of the river course 
(V1 and V2, Figure 2.14b). The most prominent one 
(V2 Figure 2.14b) is characterized by a sharp break 
in the elevation curve with the highest SL value 
(~3000m). A conspicuous change in the ilter curves 
of the gravity and magnetic at the central part of the 

proile (~6 - ~14 km, Figure 2.14c and 2.14d) is noted 
at the same location of the zone V1 (Figure 2.14a and 
2.14b). Cretaceous rocks under the studied part of the 
river course, occur at shallow depth and crop out in 

a small portion at the upper and lower section of the 

river course (Figure 2.14e).

2.5. Discussion 

We discuss the results of GIS-based quantitative 
geomorphic analysis and the level of evidence they 

provide to highlight the efects of tectonic deformation 
on the development of luvial landscape in the west-
ernmost part of Switzerland. 

2.5.1. Tectonic controls on hypsometry

The results achieved by considering interrela-

tionships among hypsometric attributes (integral, 

skewness and kurtosis), presented as graph (Figure 
2.6), clearly highlight the importance of the hypso-

metric method for classiication and characterization 
of landscape evolution patterns. According to these 

attributes, signiicant diferences in the shape of the 
hypsometric curves, and thus luvial landscapes, were 
observed (Figure 2.7), which cannot be fully noticed 
with the integral values alone. 

These variations relect a relatively high level of 
evolutionary diversity in the study area that is usually 

attributed to the isolated or combined impacts of 

tectonic uplift, lithology, and glacial erosion (e.g., 

Hurtrez & Lucazeau, 1999; Lifton & Chase, 1992; 
Schlunegger & Norton, 2013; Sternai et al., 2011; 
Stutenbecker et al., 2016). Knowledge about the ef-
fects of the lithology and glacial erosion is therefore 

essential for evaluating tectonic role. The lithology 

efect was statistically segregated (Figure 2.15) using 
a special ilter, described in section 2.3.2.4. 

According to the composition of the host lithol-
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Figure 2.12: Topographical, geophysical, and longitudinal proiles of the entire 44.5-km length of the Broye river in the westernmost of Switzer-
land. (a) One-km wide swath proile showing a conspicuous relief approximately on the middle part of river. (b) Longitudinal proile based on the 
channel’s bottom elevation and gradient (SL index). (c) and (d) Uniltered and iltered residual gravity and aeromagnetic anomaly proiles along the 
river path, respectively. (e) Geological cross-section along the river, extracted from a 3D geological model (Gruber, 2017), showing a signiicant 
decrease in the thickness of Cenozoic rocks from being ~3000 m at the upper section of river to less than 1200 m near the river mouth. Black and 
red coloured lines represent faults interpreted by Gruber (2017) and Meier (2010), respectively. Abbreviations are the same as in Figure 2.23a.
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Figure 2.13: Topographical, geophysical, and longitudinal proiles of the entire 37-km length of the Glane river in the westernmost of Switzerland. 
(a) One-km wide topographic swath proile displaying more than three distinct reliefs along both sides of the river (labeled by G1 – G4). The highest 
rates of luvial incision occur in the G1, G3 and G4 zones. (b) Longitudinal proile based on the channel’s bottom elevation and gradient (SL index). 
(c) and (d) Uniltered and iltered residual gravity and aeromagnetic anomaly proiles along the river path, respectively. (e) Geological cross-section 
along the river, extracted from a 3D geological model based on the interpretation of seismic relection data (Gruber, 2017), showing that Mesozoic 
sequences occur at great depth beneath a thick Cenozoic rocks. Black dashed/solid lines represent proposed/certain faults (Ibele, 2011; Weidmann 
et al., 2002). Abbreviation is the same as in Figure 2.23b.
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Figure 2.14: Topographical, geophysical, and longitudinal proiles of the entire 20.6-km length of the Veyron river in the westernmost of Switzer-
land. (a) One-km wide swath proile, showing three distinct positive reliefs along both sides of the river (labelled by V0, V1, and V2). (b) Longitu-

dinal proile based on the channel’s bottom elevation and gradient (SL index). (c) and (d) Uniltered and iltered residual gravity and aeromagnetic 
anomaly proiles along the river path, respectively. (e) Geological cross-section along the river, extracted from a 3D geological model (Gruber, 
2017), showing that Cretaceous rock crops out in a small portion at both upper and lower parts of the proile. Red line represents a normal fault as 
suggested by Meier (2010).
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ogy, the hypsometric integral values were classiied 
into four diferent groups. Summary statistics for 
each group are separately shown in Figure 2.15a. 
Although there are some anomalous observations, 

the hypsometric integral values in all the classes are 

roughly clustered around their mean values of ~0.5 
and follow quite closely a normal distribution, indicat-

ing that the lithology exerted an important inluence 
on the distribution of hypsometric integral values. 

Figure 2.15: Hypsometric integral values versus lithology. a) Box plots and frequency histograms (lithological-iltering) showing the normal and 
abnormal values of the hypsometric integral for each host rock lithology. Most of the hypsometric integral values in all lithological units are roughly 

clustered around their mean values of ~0.5, highlighting the signiicant impact of lithology on the hypsometry. b) Spatial distribution of abnormal 
hypsometric integral values (labelled H-1, H-2, H-3, and L), superimposed on a simpliied sub/surface tectonic elements of the westernmost of 
Switzerland. 

The anomalous observations, which have unusu-

ally high and low hypsometric integral values, are 

sparse and irregularly distributed in the study area 

(labeled H-1, H-2, H-3, and L in Figure 2.15b). These 
abnormalities can’t be explained as being the results 

of variation in lithology, but rather as the results of 

glacial erosion or tectonic processes. Pleistocene gla-

cial erosion had signiicantly inluenced the landscape 
evolution of the Swiss Alps and the northern Alpine
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foreland (e.g., Norton et al., 2010a; Salcher et al., 
2014; Schlunegger & Norton, 2013; Stutenbecker et 
al., 2016; Valla et al., 2011; van Der Beek & Bourbon, 
2007). It left behind unique topographical imprints, 
which are noticeably diferent from those achieved 
by luvial erosion process, such as hanging valleys, 
moraine ridges, glacial cirques, and glacially pol-

ished rocks (e.g., Fiebig & Preusser, 2008; Ivy-Ochs 
et al., 2006; Kelly et al., 2004; Wirsig et al., 2016).

The extent of ice during the last glacial maximum 

(LGM) in the Swiss Alps and in the northern Alpine 
foreland (around 24,000 years ago) was reconstructed 
by a group of researchers (e.g., Florineth, 1998; Flo-

rineth & Schlüchter, 1998; Kelly et al., 2004), which 
was then updated in a recent map covering the entire 

Switzerland by (Bini et al., 2009). The extent of LGM 
(Figure 2.16) displays almost none or very limited 
inluence of ice on the areas where the unusually 
high values of hypsometric integral (H-1 and H-3) 
are developed, and therefore the latter can be directly 

attributed to tectonic activity. In this context, we inter-

preted anomaly H-1 (Figure 2.15b) as a result from the

growth of the anticlines in response to slip movements 

along thrust faults. This agrees with our hypothesis 

that thrust-related fold growth creates a local relief, 

which is then eroded by rivers incision. The H-3 
anomaly (Figure 2.15b) occurrs on the hanging wall 
of the Frontal Alpine thrust fault system (FATF), 
suggesting that the tectonic movement along FATF 
is most probably responsible for increasing the 

hypsometric integral values. Conversely, high values 
of hypsometric integral (H-2) occur in the area that 
was covered by a ~1 km thick LGM ice sheet (Figure 
2.15b and 2.16), where glacial erosional features were 
identiied using the swisstopo LiDAR data. Thick 
glaciers that have high ice discharges often induce a 

signiicant landscape modiication through increas-

ing the amount and intensity of glacial erosion and 

consequently a reduction in the value of hypsometry 

(Brocklehurst & Whipple, 2004). This suggests that 
the anomaly H-2 is not caused by the glacial erosion 
but by tectonic efects. Comparison of the location of 
anomaly H-2 with subsurface tectonic map suggests 
(Figure 2.15b) that it is caused by reactivation of 
pre-existing thrust fault. The unusually low values of

Figure 2.16: Ice thickness distribution during the last glacial maximum (LGM, 24,000 years ago) covered large parts of the study area (Bini et al., 
2009). The locations of unusually high values of the hypsometric integral are labelled by H-1, H-2 and H-3.
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hypsometric integral (L in Figure 2.15b), which are 
roughly developed in the same locations of paleo-ice 

stream pathways, where the depth to bedrock increases, 

are most probably due to the intensive glacial erosion. 

Variations in bedrock surface elevation beneath the 
Quaternary cover can provide essential information 
for the identiication of erosional processes during 
past glaciations (Dürst-Stucki & Schlunegger, 2013). 
However, hypsometric technique alone cannot ofer 
conclusive evidence on the process that is responsi-

ble for the land surface modiications because many 
processes can have very similar imprints on the topog-

raphy. 

2.5.2. Tectonic controls on the lateral channel 
migration

Our indings obtained from the analysis of TTSI 
indicate that most of the studied catchments of the 

study area are asymmetric and characterized by uni-

form patterns of lateral channel migration (Figures 
2.9, 2.10, and 2.11). Remarkably, both the domains 
show a great similarity in the prevailing directions of 

channel migration toward SE and NW (sets-1&-3 
of Figure 2.9a and sets-1&-2 of Figure 2.10). They 
difer, however, in the presence of other main trends 
of channel migration towards SW within the domain-I 
(sets-2 Figure 2.9a) and towards ~W and ~E within the 
domain-II (sets-3&-4 of Figure 2.10). 

Growing body of research demonstrates that the 

lateral migration of river would be useful to infer the 

direction of tectonic tilting if the other inluencing fac-

tors, e.g., lithology and glacial erosion, remain neutral 

(Alves et al., 2018; Cox, 1994; Ibanez et al., 2014; Sal-
vany, 2004). Thus, a common problem that faces us is 
to discriminate between channel migrations driven by 

tectonics or by the lithological variations and glacial 

erosion. The abundant presence of glacial erosional 

features, such as roches moutonées and drumlins, in 
many parts of the study area makes it extremely dif-

icult to diferentiate between the inluence of glacial 
and tectonic processes. Furthermore, the efect of 
lithology can’t be neglected, especially in many drain-

age catchments, where the spatial variations in their 

underlying rock properties appear to be non-uniform 

(e.g., catchment no. 41, 42, and 45 Figure 2.17). 

Figure 2.17: Catchment outlines superimposed on the main lithological units of the study area. Many drainage catchments are characterized by 
variation in their underlying bedrock composition. Lithological information as well as the measurements of the bedding planes obtained from swis-

stopo. JFTB, Jura fold-and-thrust belt; PM, Plateau Molasse, SM, Subalpine Molasse; PA, Préalpes.
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Despite the diiculties in assessing the impacts of 
lithology and glacial erosion on the luvial landscapes, 
most of the bedding planes within both domains are 

slightly dipping toward SE and NW directions (Figure 
2.18). The latter are in agreement with the dominant 
directions of channel migration shown in Figure 2.9a 
(sets-1&-3) and Figure 2.10 (sets-1&-2). 

This fact generally supports indings from previous 
studies (Chittenden et al., 2013; Nunes et al., 2015) 
that imply that landscape properties in many basins 

within the Central European Alps are highly controlled 
by the tectonic architecture of the underlying bedrock. 

It could also support our hypothesis that tectonic pro-

cesses have caused lateral tilting of the ground surface 

in a direction parallel to the direction of maximum 

compressive stress. Such behaviour of lateral ground 

tilting dates back to any time after the beginning of 

deformation in the Jura Mountains and Molasse Basin 
(Miocene time).

2.5.3. Fault-induced uplift, stream migration and 
delection

Possible tectonic control can be observed in the 
drainage system located in the vicinity of known 

structures. A irst example is given by the catchments 
(no. 23, 26, 35, 44, 67, 68, 69, 71, 72 and 74, Figure 
2.19) that are located immediately in the south (hang-

ing wall) and north (footwall) sides of Frontal Alpine 
thrust fault system (FATF). The catchments (no. 35, 
44, 69, 71, and 74, Figure 2.19) located immediately in 
the hanging wall of the FATF display SE- to S-directed 
migration for their principal streams (Figure 2.19) 
coinciding almost with high hypsometric integral 

values, whereas most of those located immediately in 

the footwall of the FATF (no. 23, 67, 68, and 70) show 
almost NW migration for their principal streams (Fig-

ure 2.19) with medium to relatively high hypsometric 
integral values.

Secondary tributaries within each wall also vary in 

their length. In the hanging-wall catchments (no. 35, 
44, 69, 71, and 74), the tributaries in the north bank 
are longer than those in the south bank (Figure 2.19), 
whereas in the footwall catchments (no. 23, 67, 68, 
and 70), the tributaries in the south and southeast 
bank are longer than those in the north and northwest 

bank (Figure 2.19). These facts, however, are the most 
likely result from tectonic tilting and uplifting caused 

by the FATF (see Figure 2.20a for more explanation). 

In more detail, the thrusting movement along the 

FATF has uplifted and tilted the hanging-wall toward 
the S and SE, where the catchments (no. 35, 44, 69, 71, 
and 74) are located (Figures 2.19 and 2.20a), and asso-

ciated with NW- tilted footwall, where the catchments 

(no. 23, 67, 68, and 70) are located (Figures 2.19 and 
2.20a). The less-eroded catchment no. 72, located in 
the hanging and foot walls of the FATF (Figure 2.19), 
shows NW- and SE-directed migration for the upper 
and lower parts of its main channel, respectively. 

This pattern of migration can be explained by 

the intervention of the FATF that caused NW-tilted 
footwall and SE-tilted hanging-wall, where the upper 

and the lower parts of the catchment are, respectively, 

located. The upper part of the catchment no. 26 shows 
SE-directed migration for its main channel (Figure 
2.19) that is most likely as a result of tectonic tilting 
caused by the intervention of FATF. Since the initia-

tion of thrusting and folding in the Subalpine Molasse 

occurred during the Miocene times (Burkhard, 1990; 
Mock et al., 2019; Ortner et al., 2015; Pifner, 2014; 
von Hagke et al., 2012), the maximum age limit for the 
channel migrations here dates back to the late Miocene 

or early Pliocene times. 

Another example of possible structural control on 

drainage systems is shown by the catchments (no. 14, 
15, and 30) in the close vicinity of Essertines fault 
(EF, Figure 2.21a). The catchments (15 and 30, Figure 
2.21a), which located on opposite sides of the Esser-
tines fault, respectively show west- and east-ward 

lateral movements for their principal channels (Figure 
2.21b) with high hypsometric integral values (Figure 
2.21c). This could be due to oblique-slip movement 
along the Essertines fault with a dominant sinistral 

strike-slip component, which is presumably accom-

panied with ground-surface tilt. According to the 

stratigraphic position of the afected rocks (Aquitanian 
Lower Freshwater Molasse unit), the maximum age of 
this deformation dates back to middle/late Miocene 

time. 

A remarkable drainage delection within the catch-

ment no. 14 (Figure 2.21a) is further evidence that 
supports the role of the Essertines fault in the develop-

ment the drainage catchments. Due to the intervention 

of NNE-SSW-striking Essertines fault, the main 
channel low of the catchment no. 14 (Figure 2.21a) 
was sharply delected ~4.5 km toward NE direction 
against the regional NW gradient (see Figure 2.20b for 
further explanation). The delection of river courses in 
the place where faults interact can generally provide 

compelling evidence for the role of tectonics in luvial 
landscape development (Leeder & Jackson, 1993; 
Malik & Mohanty, 2006; Selvakumar & Ramasamy, 
2014). Therefore, the occurrence of drainage delec-

tion and the presence of the lateral channel migration, 

together with convex-up to S-shaped hypsometric 

curves (high hypsometric integral) may shed light on 

the tectonic activities along the Essertines fault that 

took place at any time after middle Miocene. 
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Figure 2.18: Kamb contour diagrams (Equal-Area, lower hemisphere) of dip direction of the bedding planes and poles to bedding planes, displaying 
that the exposed beds in the catchments of both domains show gentle to moderate dips mostly toward SE and NW. These directions are in agreement 
with the dominant directions of the lateral stream migration (sets-1&-3 of Figure 2.9a and sets-1&-2 of Figure 2.10). The measurements of the 
bedding planes obtained from swisstopo. JFTB, Jura fold-and-thrust belt; PM, Plateau Molasse, SM, Subalpine Molasse; PA, Préalpes.
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Figure 2.19: Possible inluence of thrusting movement along Frontal Alpine thrust fault system (FATF) on the development of drainage system. 
Background image showing the locations of the FATF and the studied catchments. Insert map showing the geographical location of the FATF and 
surrounding areas. Polar diagram (equal-area, lower hemisphere) resulting from the TTSI analysis for each catchment. The yellow-star in the polar 
graph represents the preferred direction of the principal channel migration for each catchment. Keys for polar plot are the same as those in Figure 
A.4 in the Appendix A. The color-coding grid represents a range of TTSI magnitude values from 0 (no migration) to 1 (maximum migration). Black 
arrows represent the lateral migration directions, whereas blue arrows indicate the water low directions.
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Figure 2.20: Schematic cartoons showing a possible interpretation for the observations presented in Figures 2.19 and 2.21. It is worth mentioning 
here that there is uncertainty in when and how both the lateral channels migration and the main-channel low delection were occurred. (a) Sche-

matic showing possibly how the principal channels of the catchments in the hanging- and foot-walls of the Frontal Alpine thrust fault system (FATF, 
Figure 2.19) have responded to the tectonic movement by moving away from the catchment’s midlines toward the catchment’s margins. The length 
of tributaries on one side of the catchment increased after the thrusting movement relative to those on the other side. (b) Schematic showing the 

possible tectonic scenario for the delection of the main-channel low of the less eroded catchment no. 14 (Figure 2.21). The main-channel low was 
sharply delected toward NE direction against the regional slope, probably in response to oblique-slip movement along the fault plane.
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Figure 2.21: Possible efects of tectonic activity along Essertines fault (EF) on the development of drainage systems. (a) Flow direction grid show-

ing three catchments located immediately in the vicinity of EF. (b) Direction of lateral channel migration indicated by polar plot and color-coding 
grid. Keys for polar plot are the same as those in Figure A.4 in the Appendix A. The color-coding grid represents a range of TTSI magnitude values 
from 0 (no migration) to 1 (maximum migration). (c) Hypsometric curves for the given catchments. Possible oblique-slip movement along EF 
induced uplift, caused lateral migration for the principal channels of the catchments 15 and 30, and delected the mainstream low of the catchment 
14 against the general slope direction (see Figure 20b for further explanation). EA, Essertines-Chêne-Pâquier Anticline; EcF, Echallens Fault; EF, 
Essertines fault; MPF, Menthue-Prahins Fault; SF, La Sarraz Fault. 
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2.5.4. Reactivation of Mesozoic structures during 
Mio-Quaternary times

Credible evaluative arguments about the reacti-
vation of inherited faults may convince in the places 

where the location of anomalies in the river longitudi-

nal proiles coincide with the locations of sub/surface 
faults, distinct changes in geophysical gradients, 

and signiicant topographic relief. Anomalies in the 
river longitudinal proiles, especially those related 
to SL index, are widely used as useful indicators to 
assess short-term tectonic activity (Chen et al., 2003; 
Delcaillau et al., 2011; Demoulin, 2010; Hack, 1973; 
Font et al., 2010; Ul-Hadi et al., 2012). 

Nonetheless, tectonic activity is not unique and 
other efects, particularly erodibility contrasts between 
diferent lithological units and slope instability (land-

slide damming), can also cause perturbations along the 

river course (Crittenden et al., 2013; Chen et al., 2003; 
El Hamdouni et al., 2010; Goldrick & Bishop, 2006; 
Hack, 1973; Harkins et al., 2005; Korup, 2006; Korup 
et al., 2006; Korup et al., 2010; Miller, 1991; Seeber 
& Gornitz, 1983; Schlunegger, 2002; Stutenbecker 
et al., 2015, 2016; Troiani et al., 2014). Therefore, to 
segregate the imprint of tectonics on the present-day 

luvial landscape and assess our hypothesis that tec-

tonic deformation causes a proportional increase in the 

river channel gradients, the lithology and landslides 

efects should be taken into consideration.

The Broye, Glane, and Le-Veyron rivers low 
over four diferent bedrock lithologies, namely the 
well-consolidated sandstones, calcareous sandstone 

with marl interbeds, limestone–marl alterations, and 
silt/clay deposits (Figure 2.22). Although there are 
common (recurrent) values of SL for each bedrock 
lithology, there are some others showing considerable 

variability and spread (Figure 2.22a). These statistical 
outliers are detected in all lithologic units except lime-

stone–marl alterations (Figure 2.22a) and found in 
zones B0, B1, B2, G1, G2, G3, G4, V1 and V2 (Figure 
2.22b).

Figure 2.23 shows the spatial distribution of 
abnormal SL values (remaining SL anomalies after 
lithological ilter in Figure 2.22) with respect to other 
known geological features. Many of the remaining 

SL anomalies that are observed in the areas of lateral 
changes in lithologic composition (indicated by black 

stars in Figure 2.23), are most likely the result of 
local contrasts in bedrock erodibility. The rest of the 

remaining SL anomalies (indicated by red asterisks in 
Figure 2.23) can directly be linked to landslide and/or 
tectonic processes. However, it is hard, if not impos-

sible, to distinguish SL anomalies caused by landslide 
from those caused by tectonics since the latter, which 

is often accompanied with occurrence of several 

geological phenomena such as tilting and shaking of 

the ground surface, can easily induce gravitational 

slope failures couple with landslide activities (e.g., 

Chittenden et al., 2013; Gori et al., 2013; Jibson, 1996; 
Korup, 2006; Korup et al., 2006; Li et al., 2014; Nunes 
et al., 2015; Ouimet, 2009). 

With the availability of high-resolution airborne 
LiDAR DEM data (swisstopo’s swissALTI), the iden-

tiication of the spatial location of landslides is now 
possible. The abnormal distribution of SL within zone 
B0 (red stars in Figure 2.23a) is developed in areas 
of gentle to moderate tilted strata (Figure 2.24a) that 
were inluenced by the thrusting motion along FATF 
system, and struck by multiple earthquakes (Figure 
2.23a).

No landslides were observed in these areas using 
LiDAR DEM data. Therefore, such abnormalities 
most likely resulted from the tectonic activities along 

the FATF. The abnormal distribution of SL within 
zone B2 (red star in Figure 2.23a) is associated with 
a distinctive topographic change and a deeply incised 

valley (at proile distance ~15 km, Figure 2.12a). It 
also coincides in the space with a prominent change in 

the thickness of Cenozoic deposits (at proile distance 
~15 km Figure 2.12e) with a remarkable change in 
the geophysical properties (Figure 2.12c and 2.12d), 
and is not spatially associated with landslides. These 

observations may suggest that there is an interaction 

between luvial landscape and tectonic reactivation of 
subsurface thrust fault, which is lurking in the immedi-

ate vicinity of river segment (yellow asterisk in Figure 
2.23a). This interaction could also be supported by the 
occurrence of several earthquakes in the vicinity of 

zone B2 (red star in Figure 2.23a).

The abnormal distribution of SL in zone G1 (Figure 
2.23b) are developed in the area where the Glane river 
is draining over pre-Cenozoic thrust fault (Gruber, 
2017). Therefore it may occur as a result of tectonic 
reactivation of subsurface fault, which coincides in 

space with several faults cutting the middle Miocene 

deposits (Figure 2.24c), during late Miocene to Qua-

ternary times. The extreme SL values along zone G3 
(Figure 2.23b) have taken place in an area where no 
obvious landslide was observed. This area is charac-

terized by unusual high values of the hypsometric inte-

gral (H-2 in Figure 2.15b), by a signiicant decrease in 
the depth of the Mesozoic rocks (Figure 2.13e), and by 
relatively high Bouguer gravity values (Figure 2.13c) 
that do not increase gradually as residual aeromagnetic 

values. Standard deviation values increase signiicant-
ly for a few kilometres across this zone before they 

begin decreasing again (Figure 2.13a), indicating that 
the valley section becomes noticeably more incised.



38 - Chapter 2

Figure 2.22: Statistical characterization of SL values for each bedrock lithology beneath the studied parts of Broye, Glane, and Veyron rivers. (a) 
Frequency histograms and box-plots (lithological-iltering) showing the normal and abnormal values of SL for each host rock lithology. (b) Longi-
tudinal proiles based on the channel’s bottom elevation and gradient (SL index) showing threshold limit between normal and abnormal values of 
SL. Only abnormal values were taken into consideration and represented in the Figure 2.23.

These observations suggest that the extreme values 

of SL could be the result of the tectonic uplift caused 
by reactivation of pre-existing thrust fault. In the 

lowest part of the Glane river near the conluence with 
the Sarine River, extreme SL values are noted within

a deep incised valley (zone G4 in Figure 2.23b) 
where no landslide mass was identiied. These values 
could therefore be the result of tectonic activity. The 

abnormalities of SL values within zone V1 (red star 
in Figure 2.23c), which are noted over deeply-rooted
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Figure 2.23: Residual SL anomalies after the lithological-iltering for the studied parts of (a) Broye, (b) Glane, and (c) Veryon rivers. The black-col-
ored stars indicate the SL anomalies associated with local contrasts in bedrock erodibility, while red-colored stars indicate the SL anomalies related 
to tectonic processes. Earthquake epicenters obtained from IRIS - Incorporated Research Institutions for Seismology (https://www.iris.edu/hq/). SF: 
La Sarraz Fault; CA: Corserey Anticline; EcF: Ecublens strike-slip Fault; LaF: La-Lance strike-slip Fault; VMF: Vuacherens-Moudon Fault; FATF: 
Frontal Alpine Thrust Fault; MaF: La Mausson strike-slip Fault.



40 - Chapter 2

Figure 2.24: Field photos showing spatial variations in channel bottom gradients of several rivers in the westernmost of Switzerland and evidence 
of late Miocene/early Pliocene tectonic faulting. (a) and (b) Upstream portion of the Broye river showing a change in its channel-loor gradient 
(marked by yellow arrows), located in zone B0 (at proile distance ~3 km, Figure 2.22b) and in zone B1 (at proile distance ~11.5 km, Figure 2.22b), 
respectively. (c) and (d) Several NW-SE-trending faults with diferent dip angles (marked by red arrows) cutting Neogene Molasse sedimentary 
deposits on the left bank of the Glane river (zone G1 at proile distance ~10 km, Figure 2.22b) and on the right bank of the Veyron river (zone V1 at 
proile distance ~10.5 km, Figure 2.22b) while facing downstream, respectively. The maximum age of these faults dates back to the late Miocene/
early Pliocene. Downstream portion of the Veyron river showing (e) a steep channel with a prominent waterfall and (f) a deeply incised valley with 
a depth of more than 10 meters within Cretaceous sedimentary bedrock, located in zone V2 at proile distance ~19 km (Figure 2.22b).
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Mesozoic fault (Meier, 2010), are associated with a 
considerable variations in the river incision (proile 
distance between ~8 to ~14 km, Figure 2.14a) and 
coincide in the space with a remarkable change in the 

thickness of Cenozoic deposits (Figure 2.14e) and in 
the geophysical properties (Figures 2.14c and 2.14d). 

This suggests that they are most likely caused by 

subsurface fault reactivation, regardless of its original 

type, which coincides in space with several faults 

cutting the middle Miocene deposits (Figure 2.24d) 
and occurrence of a number of earthquakes (Figure 
2.23c). The reactivation of some pre-existing faults 
in the Swiss Molasse Basin has been documented by 
recent studies (e.g., Mock & Herwegh, 2017).

2.6. Conclusions

This work represents one of very few avenues for 

documenting and assessing the impact of tectonic 

activity on the development of luvial landscapes 
in the westernmost of Switzerland. Our analysis is 

mainly based on the combined use of several classical 

geomorphic indices, including Hypsometric curves, 
Transverse Topographic Symmetry Index (TTSI), and 

channel’s bottom gradients (SL index).

Lithology ilter approach through statistical anal-
yses enables us to highlight several abnormalities in 

the spatial distribution of hypsometric integral and SL 
that have not been previously deined. Extremely high 
hypsometric integral values spatially correspond with 

the hanging walls of the thrust faults, supporting reju-

venation of the landscape resulting from fault-driven 

uplift. Whereas, the extremely low hypsometric 
integral values spatially correspond with the paleo-ice 

stream pathways, highlighting the signiicant role of 
glacial erosion in shaping the landscape.

The abnormal spatial distribution of SL values, 
supported by the available geological and geophysical 

data, not only enables us to mark out the inluence 
of tectonic on the landscape development, but also 

gives us possible clues about the reactivation of some 

inherited faults. In particular, high topographic relief, 

high values of luvial incision, high anomalous values 
of SL, and high anomalous values of hypsometric 
integral that almost coincide in space with remarkable 

changing in the depth of the subsurface geologic layers 

and in the geophysical properties, are exactly observed 

in the areas where the river lows above blind and 
emergent faults. These changes support the idea that 

the reactivation of some inherited fault zones played a 

crucial role in the development of present-day drain-

age systems. Furthermore, the observations obtained 
from TTSI analysis also provide important clues about 

the role of tectonic on the modiication of luvial land-

scape, despite the great uncertainty posed by the im-

pacts of lithology variation and glacial erosion during 

the last glacial cycle. In more detail, we ind a general 
positive correlation between the preferred directions 

of channel migration and dominant dip azimuths of 

bedding planes within the area of study towards SW 
and NW, relecting possible land-surface tilted due to 
tectonic forcing.

We can conclude that the analysis of the geo-

morphic indices combined with the geological and 

geophysical clues provides new and valuable insights 

to assess the efects of tectonics on the development 
of luvial landscape in the area characterized by poor 
rock exposures. 
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3- Cenozoic paleostress reconstruc-

tions from fault-slip data along the 
Pontarlier strike-slip fault (Swiss and 
French Jura fold-and-thrust belt)

(Published in Tectonics, https://doi.org/10.1029/2021TC006758)

Abstract 

We present insights into the Cenozoic tectonic evo-

lution of the region around the Pontarlier strike-slip 

fault zone within the Jura foreland fold-and-thrust belt 

through analysis of new fault-slip data. A preliminary 

separation of heterogeneous fault-slip data into homo-

geneous subsets and bedding-tilt correction of tilted 

fault-slip dataset/subset was performed before deter-

mining the paleostress axes orientations. The results 

provide evidence of multiphase deformation history 

consisting of four successive paleostress events that 

prevailed since early Paleogene times and took place 

before, during, and after the formation of the Miocene 

Jura folding deformation. Their relative chronology 

is mainly inferred from our observations of crosscut-

ting and overprinting relationships, and additionally 

supported by comparison with the results of previous 

studies from adjacent areas. The oldest event recorded 

represents a strike-slip faulting deformation with 

~N-S-trending compression. It was then followed by 

a slightly inconsistent NW-SE-trending extension that 

is mainly expressed by NE-SW-striking normal faults 

and probably formed in response to the down-bending 

of the European foreland lithosphere slab under the 

vertical load of the Alpine orogenic wedge. An entire-

ly new tectonic setting then followed the extensional 

deformation and was dominated by two compressional 

events resulted from Alpine collision processes in the 

frame of an outward growing orogenic wedge and 

governed by the dynamics of a narrow tapered wedge 

in the Jura fold-and-thrust belt. The irst event is char-
acterized by a slightly inconsistent NW-SE-trending 

compression and deined mainly by distinct NE-SW-
striking thrust faults. The second event is characterized 

by a strike-slip faulting deformation with non-uniform 

NW-SE-trending compression. 

3.1. Introduction

The convergence and early collision between the 

Adriatic and Eurasian tectonic plates since the late 

Cretaceous has led to the development of the Alpine 

orogeny along the southern border of the European 

platform and has given rise to a complex pattern of 

strain partitioning across the northern Alpine foreland 

(e.g., Kley & Voigt, 2008; Milnes & Pifner, 1980; 
Schmid et al., 1996; Ziegler, 1987; Ziegler et al., 1995). 
This orogenic process is associated with the formation 

of a thin-skinned fold-and-thrust belt in the northern 

outer parts of Alpine orogen, lexural bending and 
folding of the subducting European lithosphere, inver-

sion of inherited extensional basins, and widespread 

reactivation of pre-existing crustal discontinuities as 

well as creation of new ones (Bourgeois et al., 2007; 
Dèzes et al., 2004; Handy et al., 2010; Kley & Voigt, 
2008; Lacombe & Mouthereau, 2002; Mosar, 1999; 
Schlunegger & Kissling, 2015; Ziegler et al., 1995).

The distinctive tectonic features, which resulted 

from these geodynamic mechanisms in the northern 

Alpine foreland area include, but are not limited to, 

the European Cenozoic Rift System and the Jura fold-

and-thrust belt (JFTB). The European Cenozoic rift 
system, extends over a distance of 1100 km, consists 
of several segments, and initiated during late Eocene 

to Oligocene extension (Bergerat, 1987; Dèzes et al., 
2004; Ziegler 1992). The N-S- to NNE-SSW-oriented 
Upper Rhine and the Bresse grabens are the central 

parts of this rift system (Figure 3.1a) and are connected 
through the so-called intracontinental Rhine–Bresse 

Transfer zone (Illies, 1977; Laubscher, 1972; Lacombe 
et al., 1993; Madritsch, 2008, and references therein).

The arcuate Jura fold-and-thrust belt predominant-

ly represents the outermost, thin-skinned deformation 

of the Alpine orogeny and overrides the meridional 

and eastern parts of the Upper Rhine and the Bresse 

grabens, respectively (Laubscher, 1961). It initiated 
in late Miocene times (Becker, 2000; Burkhard, 1990; 
Burkhard & Sommaruga, 1998; Homberg et al., 1999; 
2002; Laubscher, 1972, 1992; Mosar, 1999; Philippe, 
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Figure 3.1: General tectonic map of Europe and the Central and Western Mediterranean region. (a) Topographic and bathymetric shaded relief 
highlighs the major shelves, basins, orogenic belts and tectonic features. (b) Location map of the study area at the southern tip of the Rhine–Bresse 
Transfer zone (RBT), showing the major strike-slip fault systems (green lines), as well as epicentres and focal mechanism solutions of the main 
earthquakes. (c) Topographic cross-section showing the change of elevation along the dashed red line A-B in (b). Multi-resolution digital elevation 
data provided through the U.S. Geological Survey portal (GMTED2010 model), the Swiss Federal Oice of Topography (swisstopo), and the 
French National Institute of Geographical and forest Information (IGN). Bathymetry from the EMODnet-Bathymetry portal.
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1994; Sommaruga, 1999) and is characterized by the 
existence of numerous thrust-related folds and large-

scale strike-slip fault zones with diferent lengths and 
orientations (Figure 3.1b). One of the most outstanding 
zones is ~N-S-striking Pontarlier sinistral strike-slip 

fault system, which extends over 80 km across the 

Jura fold-and-thrust belt from Lake Geneva in south-

western Switzerland (Figure 3.1b) to near the city of 
Pontarlier in the French part of the Jura Mountains 

(Aubert, 1959; Laubscher, 1965, 1972).

The development and evolution of the Jura fold-

and-thrust belt and the aforementioned grabens with 

their transform zone was  controlled by reactivation 

of pre-existing inherited late Paleozoic and Mesozoic 

fault systems, and the extent of the Triassic evaporite 

layers hosting the main decollement level (Giamboni 
et al., 2004; Illies, 1977; Lacombe et al., 1993; La-

combe & Bellahsen, 2016; Lacombe & Mouthereau, 
2002; Laubscher, 1961, 1972, 1987, 1992; Madritsch, 
2008; Schumacher, 2002; Sommaruga et al .2017; 
Ustaszewski & Schmid, 2006; Ziegler, 1992).

Several studies have highlighted (i) the nature of 
the crustal deformation mechanisms and crustal evo-

lution of the Jura mountains region and surrounding 

areas (Burkhard & Sommaruga, 1998; Herwegh et al., 
2017, 2019; Lacombe & Bellahsen, 2016; Laubscher 
1961, 1972, 1992; Mock & Herwegh, 2017; Mosar, 
1999; Pifner, 1982; Philippe, 1994; Schlunegger & 
Kissling, 2015; Schmid & Kissling, 2000), (ii) the 
present-day stress ield and the current geodynamic 
settings (Becker, 1999, 2000; Delacou et al., 2004; 
Grenerczy et al., 2005; Kastrup et al., 2004), and 
(iii) the relationships between tectonics and surface
processes (Bonnet et al., 2007; Champagnac et
al., 2012; Pifner et al., 2002; Radaideh & Mosar,
2019; Schlunegger, 1999; Schlunegger et al., 1997a;
Schlunegger & Hinderer, 2002). 

In addition to above, numerous studies have also 

described the evolution of paleostress ields and the 
style of brittle faulting deformation in the Jura moun-

tains region and its adjacent parts of the European 

platform (e.g., Bergerat, 1987; Bergerat & Geyssant, 
1983; Homberg et al., 1997, 2002, 2004; Lacombe & 
Angelier, 1993; Lacombe et al., 1990a, 1990b, 1993; 
Larroque & Laurent, 1988; Letouzey, 1986; Letouzey 
& Tremolieres, 1980; Madritsch, 2015; Madritsch 
et al., 2009; Rocher et al., 2003, 2004; Villemin & 
Bergerat, 1987), and have revealed a complex defor-
mational history, consisting of several superimposed 

faulting events. 

Homberg et al. (2002), for example, have docu-

mented three main faulting events (Eocene strike-slip 

stress regime with N-S trending σ1, Oligocene E-W to

NW-SE extension, and Late Miocene compressional/

strike-slip stress regime with a fan-shaped distribution 

of σ1) and a minor NE-SW extension.

Despite these unquestionable evidences of multi-

ple events of tectonic deformation, it is still unclear 

(i) whether there are signiicant spatial variations in
the orientations of the horizontal principal stress axes 

along the Pontarlier strike-slip fault and its vicinity 

during diferent events of deformation, and (ii) wheth-

er these variations resulted from variable amounts of 

block rotations and/or the reactivation of inherited 

structures and/or any other potentially inluencing 
causes. Surface restoration models of the whole Jura 

fold-and-thrust belt, including the Pontarlier strike-slip 

fault region (Afolter, 2003; Afolter & Gratier, 2004; 
Philippe, 1995; Philippe et al., 1996), show generally 
a modest amount of clockwise and anticlockwise 

rotation (~15°–20° or less) around the vertical-axis 
(Laubscher, 1965). 

In this context, the region of the Pontarlier strike-

slip fault has been rotated clockwise (~12° or less) 
around a vertical-axis. These models consider the 

Pontarlier strike-slip fault and other major strike-slip 

faults (e.g., La Lance, and Morez faults; Figure 3.1b) 
as pre-existing inherited structures that were subse-

quently translated and rotated above the décollement 

level, but without deformation of their rectilinear shape 

(in agreement with the ideas of Laubscher, 1965), and 
can thus be considered as main boundaries separating 

distinct blocks.

In this paper, we aim to address the issues listed 

above by analysing a new fault-slip data from 57 
diferent sites of Mesozoic rocks that non-uniformly 
distributed along the area of the Pontarlier strike-

slip fault, where several strike-slip fault zones and 

thrust-related folding played an important role. We 

irstly separated a heterogeneous dataset from each in-

dividual site into smaller homogeneous subsets based 

on the relative tectonic chronology data and kinematic 

compatibility criteria. 

For each homogeneous set or subset of fault-slip 

data, we constructed the kinematic axes P, B, and T 

through using the P-B-T-axes method (Marrett & All-

mendinger, 1990; Sperner et al., 1993; Turner, 1953). 
Then, a consistency check was carried out using Im-

proved Right Dihedron method (Angelier & Mechler, 

1977) to validate the results of the P-B-T-axes method. 
Geometrical relationships between the tilted strata 
and their related faults were given a special attention. 

Thus, we corrected the orientations of faults and their 

associated striae, which formed prior to signiicant 
tilting of host strata, before the construction of the 

kinematic axes. 
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We then established the relative chronology be-

tween the detected stress states based on an interpreta-

tion of our ield observations (overprinting fault striae 
and crosscutting fault relationships) and identiied 
the brittle deformation events that prevailed during, 

prior to, and after the development of Jura folding 

and thrusting. Then, we graphically represented the 

results on the most recent restoration model of the 

Jura Mountains (Afolter & Gratier, 2004) to help re-

solving uncertainties in the changes of principal stress 

orientations associated with variable amounts of block 

rotations around vertical-axes in the detached and 

deformed cover series. Finally, we compared the re-

sults with those from surrounding areas and discussed 

them in the light of the regional tectonic development. 

3.2. GEOLOGICAL AND GEOGRAPHICAL 

SETTING

The region of investigation, which covers an area 

of 3010.9 km2,  is part of the Northern Alpine foreland 

and crosses the Jura fold-and-thrust belt (JFTB) and 
the Molasse Basin in western Switzerland and eastern 

France (Figures 3.1b and 3.2a). It lies on either side 
of the Pontarlier fault between latitudes 46′27′15ʺ 
N and 47°10′58ʺ N and longitudes 6°09′12ʺ E and 
6°38′15ʺ E (Figures 3.1b, 3.2a and 3.3). The JFTB has 
an arcuate shape with a length of around 300 km, a 

maximum width of around 75 km, and the main fold 
and thrust structures striking from a N-S orientation at 

its southwestern tip to an E-W orientation at its east-

ern termination (Heim, 1915; Laubscher 1961, 1972; 
Philippe et al., 1996; Sommaruga, 1997).

 The development of the JFTB is due to the acti-

vation of a main décollement level (Buxtorf, 1907) in 
the middle and late Triassic evaporites. Deformation 

is strongly portioned and concentrates in highly de-

formed salt-rich and clay-rich series (Sommaruga et 

al., 2017). The initiation of the décollement and the 
associated thin-skinned deformation in the whole fore-

land, including the JFTB, can be linked to a “distant 

push”, known as “Fernschub hypothesis” (Buxtorf, 

1907; Buxtorf, 1916; Laubscher, 1997). This push is 
due to the exhumation, stacking and multi-stage de-

formation history of the External Crystalline Massifs 

of the western Alps (Bellahsen et al., 2014; Burkhard, 
1990; Burkhard & Sommaruga, 1998; Herwegh et al., 
2017, 2019; Laubscher, 1997; Sommaruga et al., 2017; 
Wehrens et al., 2017), and shortening in the Subalpine 
Molasse (e.g., von Hagke et al., 2012, 2014). 

The foreland is thus detached above a mechani-

cally rigid basement s.l., made of lowermost Triassic 

and Paleozoic sedimentary rocks as well as igneous 

and metamorphic rocks (e.g., Sommaruga et al. 2017).
The main deformation phase of the JFTB is consid-

ered to have occurred in late Miocene-Pliocene times 

(Becker, 2000; Burkhard, 1990; Laubscher, 1986, 
1992; Mosar, 1999; Philippe et al., 1996; Sommaruga, 
1997, 1999, Sommaruga et al., 2017). Pre-existing pa-

leotopography, possibly linked with inherited normal 

faults from previous late Variscan tectonic events, may 

have served as favourable nucleation points dubbed 

“thrust-mills” by Laubscher (1986) for the creation of 
frontal, as well as, oblique ramps and the development 

of fold-thrust systems (Laubscher, 1961, 1972, 1986, 
1992; Madritsch et al., 2008, 2018; Malz et al., 2016; 
Ustaszewski & Schmid, 2006).

Though most of the deformation in the JFTB 

is linked to the thin-skinned development, recent 

deformation post-dating the main stage of the Jura 

folding and thrusting, possibly since 4 Ma, has been 

linked to reactivation of inherited basement faults, 

hence suggesting a thick-skinned style of deformation 

(Giamboni et al., 2004; Lacombe & Bellahsen, 2016; 
Lacombe & Mouthereau, 2002; Madritsch et al., 2008, 

2010; Meyer et al., 1994; Mosar, 1999; Ustaszewski 
& Schmid, 2006). Although the latter is corroborated 
by seismicity in the basement (Baer et al., 2005; Diehl 
et al., 2015), it cannot be excluded that thin-skinned 
deformation continues to the present as indicated by 

the occurrence of signiicant seismic activity in the 
detached cover series of the whole alpine foreland 

(e.g. Abednego et al., 2017; Courbelex et al., 1999; 
Thouvenot et al., 1998; Vouillamoz et al., 2016, 2017).

Larger basement inversions involved in the devel-

opment of the main structures have been discussed (e.g. 

Aubert, 1959; Guellec et al., 1990; Pifner, 2006), but 
lack conclusive evidence, and are impossible to recon-

cile with displacements of the detached and deformed 

cover of up to 30 km for the JFTB (Afolter & Gratier, 
2004; Afolter et al., 2008; Burkhard & Sommaruga, 
1998; Buxtorf, 1916; Laubscher, 1961; Mugnier et al., 
1990; Mugnier & Vialon, 1984; Philippe et al., 1996).
The extent of the JFTB is conditioned by and linked to 

the distribution of Triassic evaporites (Sommaruga et 

al. 2017). The highest evaporite thicknesses are con-

centrated in the central segment of the Haute Chaine. 

The main décollement is mainly located in the upper 

Triassic series of the Keuper Group west of a N-S line 
through the south-eastern end of Lake Neuchâtel, and 

in the Muschelkalk Group evaporites of the middle 
Triassic farther east.

Below a threshold thickness of evaporites (around 

150 m), the foreland is no longer detached. This 
coincides with the present lateral extent of the JFTB. 

The detached sedimentary cover rocks are mainly 

composed of limestone, dolomite, shale, marl, and 

evaporites of Mesozoic-Cenozoic age, and locally, 

in synclines, Molasse-type deposits of Cenozoic age. 
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Figure 3.2: General geological and structural features of the northwestern Alps and their foreland region. (a) Tectonic map of the northwestern 
Alps and their foreland region (modiied after Sommaruga et al., 2017). (b) General geological cross-section along a dashed black line A-A′ in 
(a). Cross-section based on Burkhard & Sommaruga (1998), Gruber (2017), Madritsch et al. (2008), Mosar (1999), and Rigassi & Jaccard (1995).
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The series have a maximum thickness of less than 1.5 
km in the northern Jura and reaching more than 3 km 

in the south (Sommaruga, 1997).

Structurally, the Jura Mountains are divided into 

the Internal Jura, the External Jura, and the Tabular 

Jura (Sommaruga, 1997, 1999). The Internal Jura, also 
known as the Haute Chaîne, with its typical numer-

ous thrusts, ramp-related folds and box-style folds is 

the most deformed domain. The External Jura, also 

known as the Plateau Jura, is characterised mainly 

by the presence of relatively undeformed tabular/

plateau zones separated by narrow zones, with tight 

faulted anticlines, the Faisceaux (Philippe et al., 1996; 
Sommaruga 1997, 1999), and subsurface thrust ramps. 
The undeformed Tabular Jura, which is not exposed in 

the study area, is located to the north of the JFTB, and 

south of the Black-Forest and Vosges Basement Mas-

sifs, and consists of subhorizontal layers that are not 

detached (Madritsch and Hammer, 2012; Sommaruga, 
1997; Sommaruga et al., 2017).

The Molasse Basin is a large-scale Cenozoic 

foreland basin located at the northern front of the 

Alps, and is extending from near the city of Grenoble 
(France) in the west to the Bohemian Massif (Czech 
Republic) in the east (Figure 3.1a). In Switzerland, 
the western - central Molasse Basin is a part of the 

Alpine foreland fold-and-thrust belt. It evolved from 

a lexural foreland basin into a detached wedge-top 
basin with the initiation of the detachment of the fore-

land and the development of the Jura Mountains since 

late Miocene, and possibly earlier (Sommaruga et al., 

2017). It is tectonically subdivided into the weakly 
deformed Plateau Molasse and the folded and thrusted 

Subalpine Molasse, which is not exposed in the study 

area (Gorin et al., 1993; Mosar, 1999; Pifner et al., 
1997; Sommaruga, 1997). The Oligocene-Miocene 
molasses-type sediments of the basin are generally 

divided into four lithostratigraphical units, namely: 
the Lower Marine Molasse, the Lower Freshwater 

Molasse, the Upper Marine Molasse and the Upper 

Freshwater Molasse (Burkhard & Sommaruga, 1998; 
Pifner et al., 1997; Schlunegger et al., 1997a, 1997b). 

The Pontarlier fault zone is one of the most prom-

inent strike-slip faults, located in the western part of 

the Jura fold-and-thrust belt. It extends approximately 

80 kilometres from the Cenozoic sediments of the 

Molasse Basin near Lake Geneva in western Swit-
zerland into the Mesozoic sedimentary series of the 

Jura Mountains, several kilometres north of the town 

of Pontarlier in eastern France. Surface geology and 

structural maps, as well as, seismic relection surveys 
show that the Pontarlier strike-slip fault forms a zone 

made of several fault strings, which locally form fault 

splays, but also act as lateral ramps in a transpres-

sive setting (Gruber 2017; Sommaruga et al., 2012; 
Sommaruga et al., 2017). Overall, the fault zone is 
oriented N-S to NNW-SSE with a sinistral sense of 

movement. Furthermore, observations derived from 

seismic-relection proiles (Gruber 2017, Sommaruga 
et al., 2012) demonstrate that the Pontarlier fault is 
restricted to the detached foreland cover and evolves 

together with the fold-and-thrust belt. Associated 

deformation products such as breccia, stylolithes and 

cataclastic fault rocks indicate deformation processes 

in the brittle domain of the upper crust.

The fault zone is composed of two segments of dif-

ferent lengths and slightly diferent trends (Figure 3.3). 
The northern segment has a length of 50km with a N-S 
trend, while the southern one has a length of 20km with 

a NNW-SSE trend (Figure 3.3). The southern segment 
is ofset to the west by more than 2km, and forms a 
steeply east-dipping lateral ramp with short oblique 

N-S trending folds. This segment is connected to the 

conjugate NW-SE oriented La Sarraz fault system 

(Figure 3.3c) via a frontal, 7km long thrust segment 
north of the Dent de Vaulion summit (Aubert, 1959), 
thus forming a regional indenter-shaped structure.

The southern central segment develops a splay-

fault pattern on the western side and several short 

lens-shaped segments form further north. The north-

ern termination of the Pontarlier fault zone occurs 

at the transition Haute Chaine Jura and Plateau Jura 

and shows splays on the western side of the fault tip. 

Splays and lenses suggest a general NW-SE oriented 

transpressional deformation. N10E-oriented faults 
further to the NE belong to the fault and fracture zones 

associated with the Rhine Graben system. The fault 
grades into a series of NE-SW trending thrust zones 

on its northeastern side.  Fold and thrust structures 

on both sides of the fault show a distinct and mostly 

independent development. Numerous folds and thrusts 

bend towards the fault zone, forming steep lateral 

ramps and suggesting coeval development of these 

two structures (see also Laubscher, 1965).

The main fault development occurs during the late 

Miocene/early Pliocene (Laubscher, 1977; Homberg 
et al., 2004), which coincides with the main develop-

ment of the JFTB. The structural diferences across the 
fault point to a pre-existing feature and suggest that 

the fault may even have be an inherited paleotectonic, 

synsedimentary fault separating two diferent deposi-
tional zones. 

3.3. Materials and methods

An extensive structural analysis of newly collected 

fault-slip data has been performed in order to decipher 

and characterize the brittle tectonic events that have 
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Figure 3.3: Generalized geological map of area around the Pontarlier strike-slip fault system. The geological information, which superimposed on 
the hillshade image, was compiled by Nguyen (2019), based on 1:25,000 and 1:50,000 scale geological map sheets. The latter are, respectively, ed-

ited by the swisstopo and the French geological survey (BRGM). Numbers and white dots indicated on the map refer to the locations of the fault-slip 
measurement sites. (a), (b), and (c) on the right side are detailed maps. SF, La Sarraz Fault; JFTB, Jura fold-and-thrust belt, PM: Plateau Molasse.
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afected the study area. This analysis involves several 
successive steps including: data collection in the 
ield, data separation, data correction, determining the 
principal stress directions, establishing the relative 

chronology, and inally characterizing the tectonic 
events.

3.3.1. Data acquisition and ield observation

The brittle tectonic analysis presented here is based 

on measurements of mesoscale fault-slip data that were 

gathered on both the eastern and the western sides of 

the ~80 km-long N-S strike-slip Pontarlier fault zone. 

A total of 1205 fault-slip data were measured from 
57 diferent localities of carbonate rocks that range in 
age from middle Jurassic (Dogger) to late Cretaceous 
(Figure 3.3). These sites were mainly located along 
road/railway cuts, active/abandoned quarries and trails 

along existing clifs. Data sets for each site consist of 
a minimum of 7 and maximum of 74 fault-slip data. 
The measured fault-slip datum, which was compiled 

according to the information given by Hippolyte et 

al. (2012) and Sperner & Zweigel (2010), typically 
consists of dip and dip direction of the fault plane, the 

trend and plunge of slickenside, and sense of move-

ment (sinistral, dextral, reverse, or normal).

Fault slip senses were determined based on reliable 

and clear kinematic indicators on the fault surfaces 

(see e.g., Doblas, 1998; Lee, 1991; Petit, 1987 for 
discussion). The most abundant indicators were accre-

tionary mineral steps (mostly calcite) and slickolites 
(Figures 3.4a and 3.4b). Lunate or crescent fractures 
were only occasionally observed. Wherever available, 

the shear movement direction was determined based 

on many reliable shear indicators on the same plane to 

increase the certainty and avoid any possible pitfalls. 

Faults with unknown shear sense indicators were 

excluded from our analysis and hence we acquired 

robust quality and highly reliable data. Dip direction 

and dip angle of bedding planes were also recorded 

at many sites to help constrain the possibility of fault 

tilt. In addition, overprinting relationships between 

diferent striae on the same fault plane (Figure 3.4c) 
and crosscutting relationships between diferent fault 
sets, though rare in the study area, were carefully doc-

umented to establish a relative chronology of brittle 

faulting events. However, relative faulting chronology 

is not always a straightforward task, and can lead to 

signiicant mistakes (e.g., Hippolyte et al., 2012).

 Sinistral NW-SE to NE-SW (N40°W to N20°E) 
and dextral ~E-W to NW-SE (N100°W to N50°W) 
striking strike-slip faults (Figure 3.4g) are the dom-

inant fault directions found in the study area. These 

faults are steep to vertically dipping (mostly between 

70° and 90°) with subhorizontal (slightly dipping 
≤20°) slickenside striae. Thrust and normal faults are 
generally less common and characterized by a distinct 

NE-SW orientation (Figure 3.4g) with mostly gently 
dipping (15° to 45°) and mostly steeply dipping (50° 
to 70°) slickenside striations, respectively.

3.3.2. Paleostress Reconstruction

A variety of approaches has been applied to de-

termine the reduced stress tensor from ield measure-

ments of fault-slip data (e.g., Angelier, 1979, 1984; 
Lisle, 1988; Michael, 1984; Reches, 1987; Sperner et 
al., 1993; Will & Powell, 1991). The reduced stress 
tensor consists of four parameters; the orientations 

of the three principal stress axes σ1, σ2, σ3 (greatest, 

intermediate and least compressive principal stresses, 

respectively) and the shape of the stress ellipsoid Ф = 
(σ2 − σ3) / (σ1 − σ3) with 0 ≤ Ф ≤ 1 (Angelier, 1984; 
Delvaux & Sperner, 2003; Lacombe, 2012). The ma-

jority of these approaches are commonly based on the 

assumption that slip on a plane occurs parallel to the 

direction of the maximum resolved shear stress (Bott, 

1959; Wallace, 1951; see Lacombe, 2012 for a critical 
discussion of assumptions underlying inversion of 

fault-slip data for stress determinations and inherent 

limitations). These methods are best applied to the 
sampled faults that have independently formed within 

a single or homogeneous stress tensor. A critical issue 

arises when these approaches are directly used to 

deal with very common heterogeneous data sets, i.e. 

fault-slip measurements originating from changes in 

the tectonic stress ield (Shan et al., 2004; Yamaji, 
2000). The latter can lead to both newly formed faults 
with diferent orientations and reactivation of earlier 
ones (e.g., Bartholomew et al., 2002; Kim et al., 2001; 
Nixon et al., 2014). 

Any attempt to deal with such dynamically mixed 

data sets without separation into homogeneous subsets 

would eventually result in a spurious stress tensor that 

represents a compromise among the stress states relat-

ed to diferent superimposed tectonic episodes (e.g., 
Nemcok & Lisle, 1995). Therefore, it is necessary to 
separate heterogeneous datasets into homogeneous 

sub-sets based on both kinematic and chronologic con-

sistency, for which each subset relects one particular 
deformation event (e.g., Cortés et al., 2005; Delvaux 
& Sperner, 2003; Homberg et al., 2002; Madritsch et 

al., 2008; Ortner et al., 2002; Radaideh & Melichar, 

2015; Saintot & Angelier, 2002; Saintot et al., 2011).

Several diferent approaches and computer pro-

grams have been developed for a fully automatic sep-

aration of diferent stress states from heterogeneous 
fault-slip data without a preliminary sorting of the 

raw data (e.g., Etchecopar et al., 1981; Hardcastle & 
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Figure 3.4: Field observations in the close vicinity of the Pontarlier fault. (a) Sub-horizontal striae with pronounced calcite steps on a ~E-W-striking 
fault plane (site 7, Figure 3.3 for location) showing a dextral movement. (b) Sub-horizontal slickolite striae grooves on a ~N-S striking fault plane 
(site 39, Figure 3.3) showing a sinistral movement. Red coloured arrows indicate the direction of movement. (c) Reactivation of a ~E-W striking 
fault plane with two successive striae (L1&L2, site 25, Figure 3.3). (d) A sub-vertical NW-SE dextral strike-slip fault with prominent sub-horizontal 
striae (site 25, Figure 3.3). (e) Curved striae on a subvertical NE-SW fault plane resulted from a fault block rotation under persisting stress regime 
(site 56, Figure 3.3). (f) Large outcrop of Jurassic limestones (up to 10 m thick, sites 13-14, Figure 3.3) with gently inclined bedding planes. Low-

er-hemisphere equal-area projection on the lower right corner of (a-f), showing the orientations of fault surfaces with their associated striae and bed-

ding planes. (g) Frequency-weighted rose diagrams showing strike azimuths of the fault planes, measured in the study area. n, total number of faults.
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Hills, 1991; Melichar & Kernstockova, 2010; Nem-

cok & Lisle, 1995; Otsubo et al., 2006; Shan et al., 
2004; Yamaji, 2000; Žalohar & Vrabec, 2007). Such 
approaches are not always reasonable and can produce 

spurious results (Liesa & Lisle, 2004). To overcome 
diiculties related to analysing stresses from hetero-

geneous fault-slip data, a procedure that includes a 

preliminary separation of data sets from each locality 

into coherent sub-sets based on the relative tectonic 

chronology data and kinematic compatibility criteria 

was applied here prior to determination of paleostress 

axes.

In this regard, both TectonicsFP V.1.7.7, written by 
F. Reiter & P. Acs (Ortner et al., 2002) and Win-Tensor 
(Delvaux & Sperner, 2003) computer programs were 
used for fault kinematic/dynamic analysis, processing, 

and visualization. These programs have a semi–auto-

matic procedure that can help determine those fault-

slip data forming a homogeneous group and therefore 

need to be manually separated.  As a preliminary step, 

we checked the raw measurement datasets to make 

sure that all striae lie accurately on their respective 

fault planes. 

In general, the uncertainty in the measurements, 

which is mostly generated from uneven fault planes 

and inaccuracy in the compass ieldwork, causes 
geometric misits between fault planes and their as-

sociated striae (Delvaux & Sperner, 2003; Sperner & 

Zweigel, 2010). In that case, the lower misit values 
(<20°) were corrected through TectonicsFP by chang-

ing the orientations of the striae while keeping the 

orientations of the fault planes unchanged. The out-

liers (measurements with too high misit values) were 
discarded from further analysis (Sperner & Zweigel, 
2010). 

A kinematic analysis of the dataset was then 

performed using the P-B-T-axes method (Marrett 

& Allmendinger, 1990; Sperner et al., 1993; Turner, 
1953) that is incorporated in TectonicsFP software. 
The method, which is based on the Mohr-Coulomb 

criterion, graphically constructs the compressional 

(P), neutral (B) and extensional (T) kinematic axes for 
each individual fault-slip datum. Both P- and T-axes 

lie in a plane that is normal to the fault plane and 

parallel to the slip line, while the B-axis lies within the 

fault plane, perpendicular to the slip line (e.g., Twiss 

& Unruh, 1998). 

An angular value of θ =30° between the fault 
plane and the P-axis was chosen for the calculation of 

kinematic axes. This value is empirically derived from 

rock-mechanical laboratory experiments on fracture 

formation (e.g., Byerlee, 1968; Hubbert, 1951), and 
is widely used in the brittle deformation studies (e.g., 

Kipata et al., 2013; Matzenauer, 2012; Reicherter & 
Peters, 2005; Sippel et al., 2008, 2009; Viola et al., 
2009).

In general, faults with the same kinematic axes 

tend to group together to form well-deined clusters 
on stereonets. The number of such clusters indicates a 

minimum number of homogeneous subsets for a given 

population of fault-slip data. Therefore, the P-B-T-

axes analysis permits the rapid identiication of kine-

matically consistent subsets of faults within a given 

dataset that can then be separated and independently 

analysed (e.g., Bartel et al., 2014; Delvaux & Sperner, 
2003; Kipata et al., 2013; Lacombe, 2012; Madritsch 
& Hammer, 2012; Sippel et al., 2008; Ustaszewski & 
Schmid, 2006; Viola et al., 2009). For each cluster, 
the mean vector of P-, B-, and T-axes with its 95% 
conidence cone and concentration parameter that 
ranges between 0% (uniform distribution) and 100% 
(parallel fabrics) was calculated using TectonicsFP 
software and projected inally onto a lower hemisphere 
equal-area plot, together with the respective fault-slip 

data, using Stereonet program (Allmendinger et al., 

2012; Cardozo & Allmendinger, 2012). 

In addition to the P-B-T-axes method, the Im-

proved Right Dihedron method, optimised in the 

Win-Tensor program and originally developed by An-

gelier & Mechler (1977), was also performed for each 
homogeneous subset in order to check the consistency 

of the indings. The method graphically determines 
compressional and extensional quadrants for each 

measured fault-striae pair depending on the orienta-

tions of the fault plane and the slicken-line, as well as 

the sense of movement. It not only permits to the irst 
estimation of the directions of the three principal stress 

axes (σ1>σ2>σ3), but also the stress ratio Ф (Delvaux 
& Sperner, 2003). A lowchart illustrating the proce-

dure of separating heterogeneous fault-slip data into 

homogeneous subsets to determine the optimum stress 

tensor is shown in Figure 3.5. 

The application of the P-B-T-axes method to the 

entire fault-slip dataset (26 fault-slip pairs) collected 
from site 12 (Figure 3.5a) results in two diferently 
oriented clusters of P-, B-, and T- axes, namely S-I and 

N-I (Figure 3.5b). These clusters are also indicated by 
applying a numerical analysis of the Multiple Inverse 

Method (Yamaji, 2000) that is implemented in MIM 
software package (Figure 3.6). The presence of such 
multiple clusters relects heterogeneity of the dataset 
that cannot be explained by a single stress tensor. 

Based on kinematic consistencies, two main subsets of 

consistent faults can be discriminated from the entire 

fault-slip dataset of site 12.

Subset-1 consists of NNW to ~W-striking, subver-
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Figure 3.5: Flowchart illustrating the procedure of separating a heterogeneous data set into kinematically homogeneous subsets to determine the 
stress tensors. (a) Summary stereogram of the whole fault-slip data collected from site 12.  The latter is characterized by nearly horizontal bedding 
planes, thus back-tilting is not necessary. (b) Construction of compressional (P), neutral (B), and extensional (T) kinematic axes for the entire popu-

lation of fault-slip data by applying a fracture angle of θ=30°. Each fault-slip datum is represented by a symbol triplet (circle, square, and triangle). 
As can be seen from the distribution of P-, B-, and T-axes, the raw data exhibit distinct kinematic heterogeneity (two main clusters) because of two 
successive tectonic events. The raw data were therefore sorted and separated into two homogeneous subsets. From these subsets, the P-, B-, and 

T-axes were determined and the right dihedral analysis was performed. The dataset of site 12 can be explained by two stress regimes: (c) a strike-
slip regime with a NW-SE directed compression (paleostress tensor S-I), and (d) a NW-SE directed extensional regime (paleostress tensor N-I). 
(e) The rest of data is kinematically incompatible with subsets 1&2, and has not been given further consideration. Determination of a stress tensor 
using undivided, heterogeneous fault-slip data will ultimately yield a hybrid stress tensor between diferent stress tensors that belong to several 
superimposed tectonic events. n: Total number of data.
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tical faults with subhorizontal lineations that mostly 

show right-lateral strike-slip displacement (Figure 

3.5c), while subset-2 consists of NE-striking, moder-
ately dipping normal faults with steeply plunging lin-

eations (Figure 3.5d). For each homogeneous subset, 
the right dihedral analysis was performed and the P-, 

B-, and T-axes was determined.

 Almost the same consistency of results in terms 

of the orientation of the stress and kinematic axes was 

found when adopting the dynamic (right dihedral) and 
kinematic (P-, B-, and T-axes) methods (Figures 3.5c 
and 3.5d). In this context, the entire measurements 
collected from site 12 are explained by two events of 
deformation corresponding to (1) a strike-slip regime 
with a NW-SE directed, sub/horizontal compression 

(paleostress tensor S-I, Figure 3.5c), and (2) a NW-SE 
directed extensional regime (paleostress tensor N-I, 

Figure 3.5d).Only a limited number of faults (Figure 
3.5e), which is kinematically incompatible with the 
previous subsets and not enough to carry out further 

analysis, was excluded. These faults are striking in 

NE-SW and ~E-W directions and characterized by 

sinistral strike-slip and normal movements, respec-

tively (F1, F2, and F3 Figure 3.5e). There are two 
possible interpretations for the existence of a NE-SW 

striking sinistral fault (F1, Figure 3.5e): 

• it may be developed under a strike-slip regime

with a N-S horizontal compression (paleostress

tensor S-II, as will be hereafter described).

• it may be resulted from a localized perturbation in

the direction of maximum compression axes (σ1)
that belong to the paleostress tensor S-I, as will be

hereafter shown.

Other ~E-W striking normal faults (F2 and F3, 

Figure 3.5e) are consequence of a NNE-SSW directed 
extension that has been detected in the Jura fold-and-

thrust belt and in other parts of the European platform 

(Homberg et al., 2002; Lacombe et al., 1990a, 1990b; 
Madritsch et al., 2009; Rocher et al., 2004).

3.3.3. Back Tilting  

Paleostress analysis, using fault-slip data formed in 

a pre/during collisional tectonic environment, may en-

counter critical ambiguity. The ambiguity arises when 

faults have undergone subsequent tectonic tilting/

folding and/or tectonic block rotation in the horizontal 

plane that would cause changes in their initial posi-

tions and ultimately lead to wrong determination of 

the principal stress axes. In such cases the faults should 

be corrected by tilting back and/or by rotating back 

into their initial positions where bedding was in the 

horizontal position and unrotated before paleostress 

analysis (Chang et al., 2003; Homberg et al., 2002; 

Lacombe et al., 2006; Lamarche et al., 2002; Yam-

aji et al., 2005). In contrast, no correction is needed 

Figure 3.6: A comparison of results obtained by two diferent methods of paleostress analysis: P-B-T-axes method (TectonicsFP software, Ortner et 
al., 2002) and Multiple Inverse Method (MIM software, Yamaji, 2000). Both methods show almost the same consistency in the orientation of two 
clusters (S-I and N-I) when processing the same dataset of site 12. Cluster S-I is characterized by sub-horizontal NW-SE directed P-/σ1-axes and 

sub-horizontal NE-SW directed T-/σ3-axes, whereas the cluster N-I is characterized by sub-vertical P-/σ1-axes and sub-horizontal NW-SE directed 

T-/σ3-axes. n: Total number of data. Keys for stereoplot (lower hemisphere, Schmidt equal-area stereonet) are the same as those in Figure 3.5.
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if the faults formed after the tilting/rotation of strata 

(e.g., Chang et al., 2003; Lacombe et al., 2006). 
Essential information about the amount of fault 

tilt/rotation is needed when the fault developed 

simultaneously during the progressive tilting of 

layers. In such a case, it is rather impossible to pre-

cisely determine the paleostress axes orientations 

due to the diiculty in obtaining this information. 

Numerous studies rely on the Andersonian’s crite-

rion (Anderson, 1951) to identify the fault-slip sub/sets 
that pre- or post-dated folding, especially in a strike-

slip setting (Amrouch et al., 2010; Chang et al., 2003; 
Choi et al., 2001; Homberg et al., 2002; Lacombe et 
al., 2006; Lee & Angelier, 2000; Madritsch et al., 2008; 
Madritsch & Hammer, 2012; Navabpour et al., 2016; 
Saintot & Angelier, 2002; Sippel et al., 2009). Thus, 
one principal stress axis must be nearly/vertical to the 

Earth’s surface while the other two axes must be in sub/

horizontal directions, parallel to the Earth’s surface. 

If none of the three principal stresses is oriented sub/

vertically and the other two axes lie within the inclined 

bedding plane, the stress ield is a pre-folding event and 
often described as oblique or non-Andersonian state. 

In such a case, the relevant fault sets had experi-

enced tilting with the bedding after their formation 

and thus needs to be tilted back into their original 

positions. This geometric criterion typically applies 

to “near” surface conditions (shallow depth of some 

3-4km) and has been successfully used to determine 
the relative chronology between faulting and folding 

in many diferent locations across the Jura foreland 
fold-and-thrust belt (Homberg et al., 2002; Madritsch 

et al., 2008; Madritsch & Hammer, 2012). The tilled 
and rotated fault-slip data is usually corrected by (1) 
tilting back with a similar amount of bedding dip (e.g., 

Homberg et al., 2002; Lacombe et al., 2006; Sperner 
& Zweigel 2010), and (2) rotating in horizontal plane 
with an angle obtained from paleomagnetic analysis 

(e.g., Chang et al., 2003). The paleomagnetic analysis 
of the middle Jurassic oolitic beds from the Swiss and 

French Jura Mountains show strong evidence that no 

signiicant block rotation occurred over the whole Jura 
arc (Gehring et al., 1991). 

Therefore, kinematic/dynamic analysis of the 

present-day fault-slip data measured from the Jura 

Mountains, with fully taking into account (1) the 
possibly efect of tectonic tilting and (2) the possible 
heterogeneity of data as already mentioned, truly 

relects the principal stress orientations (Homberg et 
al., 1999; 2002; 2004). In this regard, the back-rotating 
restoration in horizontal plane is thus not necessary, 

since no major horizontal block rotation has occurred 

in the study area. Application of the Anderson’s crite-

rion to fault-slip data obtained from highly tilted and 

folded sedimentary layers, made it possible not just to 

identify the faults that developed prior to the folding, 

but also to correct them to their initial positions when 

the sedimentary layers were horizontal.

The polyphase fault-slip data of site 7 can appar-
ently be separated into two homogeneous subsets 

x and y (Figure 3.7a), based on the relative tectonic 
chronology data (superimposed striations on fault 

surfaces) and kinematic compatibility criteria. Subset 
y includes sub/vertical strike-slip faults with sub/

horizontal striae (Figure 3.7a) that were formed after 
the tilting event, as indicated by the sub/vertical 

and sub/horizontal stress axes (typical Andersonian 

coniguration), and thus back-tilting is not necessary. 
In contrast, the current data of subset x (Figure 3.7a) 
include subvertical faults with steeply plunging striae 

displaying an oblique stress state (non-Andersonian 

coniguration); none of the respective principal stress 
axes is sub/vertical and the other two axes lie within 

the bedding plane (Figure 3.7a).

Such a geometrical relationship means that one 

principal axis of the stress was sub/vertical, and the 

other two axes were sub/horizontal before tilting 

(Homberg et al., 2002; Lacombe et al., 2006). There-

fore, the current data of subset x were back-tilted be-

fore performing stress axes calculations, by an amount 

equal to the bedding dip through using KUT software 

(Tomita & Yamaji, 2003) and are presented in their 
initial geometry (Figure 3.7a). 

Interestingly, the present-day geometry of subset 

(x) yields an Andersonian coniguration after the 
back-tilting procedure. Paleostress reconstruction 

from the data of subset y (Figure 3.7a) indicates NW-
SE-trending strike-slip stress regime (paleostress ten-

sor S-I), whereas those derived from the corrected data 
of subset x (Figure 3.7a) indicates NW-SE-trending 
compressional stress regime (paleostress tensor R-I). 
According to Ustaszewski & Schmid (2006) general 
orientation of the paleostress tensor R-I relects the 
stresses at the initiation of folding.  Additional support 

for the aforementioned chronology comes from the 

presence of two consecutive striae (sets L1 and L2) on 
a NE-SW-striking fault plane (Figure 3.7c), which is 
cropping out in the same site. Such consecutive striae 

relect successive faulting events and their related 
stress regimes (Lacombe et al., 2006).

The set (L1), originally formed under the paleost-
ress tensor R-I, is overprinted by a younger set (L2) 
that incises into L1 and formed under the paleostress 
tensor S-I. According to the strike and dip angle of 

bedding plane (N82°E and dips 72°SW, Figure 3.7b) 
and the crosscutting relationships (Figure 3.7c), the 
NE-SW-striking fault (Figure 3.7c) was originally a 
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Figure 3.7: Paleostress reconstruction based on fault-slip data from site 7 (see Figure 3.3 for site location) with respect to the dip direction and dip 
angle of the bedding before and after back-tilting to horizontal situation. (a) Separation of heterogeneous fault populations (present-day geometry) 
into two homogeneous groups (subsets x and y) based on both superimposed striations on fault surfaces and kinematic compatibility. The pres-

ent-day geometry of subset x yields a highly plunging kinematic axes (non-Andersonian coniguration), revealing a pre-tilting pattern of faulting.  
The other subset y reveals no signs of tectonic tilting (Andersonian coniguration), and was produced by the paleostress tensor S-I. By back-tilting 
the sub-vertical strata (b) to their initial horizontal positions, the sub-vertical faults with steeply-plunging striae (subset x) become low-angle 
east-southeast-dipping thrust faults with moderately to gently plunging striae. Before back-tilting correction, the sub-vertical faults (subset x) are 
diicult to analyse, but after back-tilting, they yield an Andersonian paleostress tensor R-I. (c) NE-SW striking sub-vertical fault plane displaying 
two sets of successive striae, L1 then L2. These striations were respectively formed under the paleostress tensors R-I and S-I. The fault datum is 
marked by a thick illuminated line in the stereoplots of (a). (d) Schemes showing the formation and evolution of a low-angle fault plane under two 
diferent tectonic events: (d-i to d-ii) Initiation of thrust fault with its associated striae L1 under NW-SE compression related to the paleostress 
tensor R-I, (d-iii) tilting the whole system (strata and fault) due to progressive compression and presence of a subsurface frontal ramp, and (d-iv) 
reactivation of the pre-existing thrust fault as dextral strike-slip fault under NW-SE compression related to the paleostress tensor S-I that generated 

the striae L2. Stereoplots in the upper-right corner of (b&c) show the orientation of bedding plane and fault surface with its associated striae.
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N-S-striking thrust fault (Figure 3.7d-ii). After initial 
activity, the whole body of rocks (fault and strata) was 
tilted due to progressive movement of the thrust sheet 

and the presence of a frontal ramp (Figure 3.7d-iii) 
and inally the fault was reactivated as right-lateral 
fault (Figure 3.7d-iv). 

3.4. Results of fault-slip analysis

Analysis of 1205 fault-slip data collected from 
57 sites of Mesozoic carbonate rocks allowed us to 
determine 81 local stress states. These stress states are 
graphically displayed in the Appendix B (Figures B.1, 
B.2, B.3, and B.4) and their corresponding characteris-

tic attributes, together with the accurate GPS location 
(latitude and longitude) are briely described in the 
supporting information (Table B.1 in the Appendix B). 
As shown in the Table B.1, there altogether 21 sites 
display evidence of at least two events of faulting 

deformation. Moreover, the results obtained from the 

P-B-T-axes method are mostly coherent with those 

achieved by the Right Dihedra method. 

Four diferent groups of faulting deformation (two 
strike-slip, one reverse, and one normal) can be dis-

tinguished based on similarity of principal stress axis 

orientations. These groups include (from the most to 

less prevalent):

1. a strike-slip stress regime with a mean NW-SE 
directed, sub/horizontal compression (paleostress 

tensor S-I; Figure B.1 in the Appendix B);

2. a NW-SE directed compressional stress regime 

(paleostress tensor R-I; Figure B.2 in the Appendix 

B);

3. a NW-SE directed extensional stress regime (pale-

ostress tensor N-I; Figure B.3 in the Appendix B); 
and

4. a strike-slip stress regime with a NNE-SSW direct-

ed, sub/horizontal compression (paleostress tensor 

S-II; Figure B.4 in the Appendix B). 

Their relative chronology was established based on 

ield observations, as described hereafter. For the sake 
of simplicity and detecting any consistent trends, the 

stress axes of each of the aforementioned groups (pre-

sented in Figures B.1, B.2, B.3, and B.4, in the Appen-

dix B) are plotted on two stereonets (Figure 3.8), one 
for the results of PBT calculations and another for the 

results of Right Dihedra calculations. In addition, the 

relevant fault-slip data of each group were plotted as 

rose diagrams using TectonicsFP (Ortner et al., 2002) 
and Grapher (Golden, 2002) computer programs. 

3.4.1. Strike-slip stress states (paleostress tensors     
S-I & S-II)

The dominant stress states identiied in the all 
studied sites belong to strike-slip stress regime with 

subvertical B-/σ2-axes and subhorizontal P-/σ1- and 

T-/σ3-axes. They were observed in 40 ield sites out 
of a total of 57, either alone, as a main event or in 
combination with other stress regimes (Table B.1 in 
the Appendix B). The detected strike-slip stress states 
reveal two distinct categories according to the orienta-

tion of the compressional axes (P and σ1) and the ield 
observations. 

The irst category (paleostress tensor S-I), which 
is the most signiicant paleostress tensor detected 
throughout the entire study area, is deined by 40 stress 
states (49.4% of the total calculated stress states) and 
was observed at 40 sites (Table B.1 and Figure B.1 
in the Appendix B). It is characterised by a mean 
NW-SE directed compression and a mean NE-SW 

directed extension (Figure 3.8a). The directions of the 
P- and T-axes vary, respectively, in the range N10°W 
to N80°W and in the range N 10°E to N 80°E (Figures 
3.8a). These ranges of P- and T-axes are respectively 
consistent with the ranges of σ1- and σ3-axes that were 

obtained from the Right Dihedra method, as shown in 

the composite diagrams (Stereoplots, and their over-

lapping rose diagrams, Figure 3.8a). 

The compressional P-axes cluster tightly together 

in two directions (N10°W to N40°W and N50°W to 
N80°W), as presented by the rose diagram (Figure 
3.8a), while the compressional σ1-axes (Right Di-

hedra method) display more azimuthal variations, 
but are mostly concentrated between N40°W and 
N70°W direction (Figure 3.8a). The mean vector 
has a compressional P-axis of 138.3°/0.3°, which is 
in a good agreement with the mean direction of the 

compressional σ1-axes (136°/1.5°) determined from 
the Right Dihedra method (Table 3.1). The respective 
stress ratios (Ф) show a moderate variability, ranging 
between Ф = 0.21 and Ф = 0.73 with a mean value of 
0.49 (Table 3.1). A stress ratio around 0.5 relects a 
pure strike-slip tectonic regime (Delvaux et al., 1997). 
The associated shear patterns expose a conjugate set 

of subvertical fault planes with dominant N30°W 
to N10°E sinistral and dominant N80°W to N50°W 
dextral displacements (Figure 3.8a). 

Another category of strike-slip stress states (pale-

ostress tensor S-II, here) was only detected at a limited 
number of sites together with the paleostress tensor S-I 

(sites 34, 35, and 54; Table B.1 and Figure B.4 in the 
Appendix B). It is characterised by N-S to NNE-SSW 
directed compression and E-W to ESW-WNW directed 

extension (Figure 3.8d). The calculated mean tensor 
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Figure 3.8: Calculated stress states and characteristics of their relevant fault-slip data. These stress states broadly fall into four groups: (a) strike-slip 
stress states with a mean NW-SE directed compression (paleostress tensor S-I); (b) a NW-SE directed compressional stress states (paleostress tensor 
R-I); (c) a NW-SE directed extensional stress states (paleostress tensor N-I); and (d) strike-slip stress states with NNE-SSW directed compression 
(paleostress tensor S-II). Each of the aforementioned groups summarizes the detailed results presented in the in the Appendix B (Figures B.1, B.2, 
B.3 and B.4). The lower-hemisphere equal-area stereonets and their overlapping rose diagrams show the compression (P, σ1) and extension (T, σ3) 
axis directions. For each group, (1) the mean vector of stress axes (Table 3.1) was calculated via cluster analysis in the Spheristat software and is 
shown as yellow-coloured stars, (2) all relevant fault-slip data are shown as frequency-weighted rose diagrams (the right column).
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has P- and σ1-axes of 006.7°/0.7° and 012.5°/9.4°, 
respectively (Table 3.1). 

The respective stress ratios (Ф) vary between 0.2≤Ф 
≤0.58 with a mean value of Ф = 0.43, also relecting 
a pure strike-slip tectonic regime. Although there are 

few faults having diferent strikes, this deformation 
is generally deined by a set of conjugate, subvertical 
strike-slip fault planes with N20°W to N50°W dextral 
and N20°E to N60°E sinistral displacements (Figure 
3.8d). However, both groups (paleostress tensors S-I 
& S-II) were determined from fault-slip data that 
preserved within the Dogger, late Malm, and late 

Cretaceous formations (Table B.1 in the Appendix B).

3.4.2. Compressional stress states (paleostress 

tensor R-I)

The compressional stress regime with subvertical 

T-/σ3-axes and subhorizontal P-/σ1- and B-/σ2-axes 

(Figure B.2 in the Appendix B) is the second import-
ant paleostress tensor that detected in our study area 

and is deined by 22 stress states (27.16 % of the total 
calculated stress states; Table B.1 in the Appendix B). 
It is characterized by sub-horizontal NW-SE-directed 

compression and mostly associated with medium 

stress ratios (0.38≤Ф ≤0.7; Table B.1 in the Appendix 
B) with a mean value of 0.53 (Table 3.1) that indicates 
a pure compressive tectonic regime. The directions 

of compressional P- and σ1-axes vary in small range 

(N20°W to N60°W) across the whole study area 
around the mean vector of 319.4°/2.1° and 320.5°/7.9°, 
respectively (Figures 3.8b). The associated shear pat-
terns are mostly marked by NE-SW-striking, low to 

moderate-angle fault planes with a reverse component 

of displacement (Figure 3.8b). 

3.4.3. Extensional stress states (paleostress tensor 

N-I)

The extensional stress regime with subvertical P-/σ1-

axes and subhorizontal B-/σ2- and T-/σ3-axes (Figure 

B.3 in the Appendix B) is less common compared to 
the aforementioned tensors S-I and R-I. It is represent-

ed by 16 stress states (19.75% of the total calculated 
stress states) and observed at 16 sites (Table B.1 in the 
Appendix B). It shows slightly inconsistent NW-SE 
oriented extensional T-/σ3-axes, in the range N10°W 
to N60°W (Figures 3.8c). The calculated mean vector 
has extensional T- and σ3-axes of 321.8°/1.1° and 
323.3°/0.1°, respectively (Table 3.1). The respective 
stress ratios (Ф) show a moderate variability (0.33≤Ф 
≤0.73; Table B.1 in the Appendix B) with a mean 
value of 0.54, indicating a pure extensional regime. It 
is deined by a system of NE-SW-striking, high-angle 
fault planes with normal slip component (Figure 3.8c). 
These faults trend oblique to the regional strike of the 

central European graben system. 

3.5. Discussion

A comprehensive kinematic and dynamic analysis 

of fault-slip data, collected from 57 outcrops of Meso-

zoic rocks around the Pontarlier strike-slip fault zone, 

allows the characterisation of four diferent groups of 
paleostress tensors (two strike-slip, one reverse, and 

one normal). Establishing the relative chronological 
relationships among these groups provides the next 

step towards determining successive temporal changes 

in the paleostress ields. 

Determining the chronology represents a signii-

cant challenge for the paleostress analysis (Sperner & 

Zweigel, 2010). It is often determined based on the 
stratigraphic age of the faulted rocks, the crosscutting 

relationships between diferent fault planes and the 
overprinting relationships between the successive stri-

ae on the same fault plane. Since the youngest rocks in 

our study area afected by the paleostress tensors S-I, 
S-II, R-I, N-I are of similar late Cretaceous age, the 

potential oldest age for these tensors can be established 

(early Paleogene), but no paleostress chronology based 

T n
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(M)

σ1 
(S)

σ2 
(M)

σ2 
(S)

σ3 
(M)

σ3 
(S)

Ф
(M*)

Ф
(S)

S-I 40
138.3
/00.3

0.02
222.3

/89.3
0.03

47.9
/01.4

0.02
136

/01.5
0.03

332.8

/87.9
0.05

225.4
/00

0.05 0.49 0.12

R-I 22
319.4
/ 02.1

0.05
49.6

/ 02.8
0.02

191.9
/ 86.5

0.05
320.5
/ 07.9

0.11
50.6

/ 02.5
0.02

155.9
/ 82.1

0.11 0.53 0.08

N-I 16
69.1

/ 87.9
0.03

232.7
/ 02.8

0.01
321.8
/ 01.1

0.02
270.7
/ 89.2

0.02
53.4

/ 00.9
0.01

323.3

/ 00.1
0.01 0.54 0.11

S-II 3
6.7/ 
00.7

0.01
281.6
/ 87.8

0.01
097.0 
/ 01.7

0.01
12.5

/ 09.4
0.04

141.7
/ 82.9

0.01
102

/ 00.3
0 0.43 0.17

Table 3.1: Basic statistical characteristics of the detected stress states. T: paleostress tensor; n: number of stress states; P, B, and T: kinematic axes; 
σ1, σ2, and σ3: the major principal stress axes; Ф: the stress ratio [Ф = (σ2 _ σ3) / (σ1 _ σ3)]; M: mean vector (azimuth/plunge) in degrees calculated 
using cluster analysis tool in Spheristat software (Stesky & Pearce, 1995); S: standard deviation; M*: mean value computed for the stress ratio Ф.
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on stratigraphic age can be constructed. Therefore, 

overprinting and crosscutting relationships are the 

main criteria used here to establish a relative chronol-

ogy of brittle deformation and to reconstruct the 

paleostress evolution of the study area. Despite the 

scarcity of such chronological criteria, from one site to 

another, it was possible to establish a relative chronol-

ogy between Several fault planes at sites 7, 45 and 
48 bear two generations of slickenside striae (e.g., a 

fault plane in site 48, Figure 3.9a). Thus, we could not 
only determine two successive compressional tectonic 

events, but also establish their relative chronology. 

The oldest event in these sites was the NW-SE 

directed compressional stress regime (paleostress 

tensor R-I, Figure 3.9b), followed by the strike-slip 
stress regime with a NW-SE directed compression 

(paleostress tensor S-I, Figure 3.9b). This chronology 
is supported by the presence of several strike-slip 

faults crosscutting and ofsetting several low-angle 
thrust faults at the sites 54 and 55 (Figure 3.3 for site 
location), indicating that the thrust-related to the pale-

ostress tensor R-I occurred before the strike-slip faults 

that related to the paleostress tensor S-I. Furthermore, 

at the same sites (54 and 55), several normal faults 
related to the paleostress tensor N-I are dissected by 

low-angle thrust faults that developed under the pale-

ostress tensor R-I. At site 20 (along the main branch of 

the Pontarlier fault zone, Figure 3.3 for site location), 
~N-S-striking sinistral strike-slip faults that developed 

under the paleostress tensor S-I crosscut NE-SW-strik-

ing normal faults that developed under the paleostress 

tensor N-I (Figure 3.10). The same observation can 
also be made at site 57 (Figure 3.3 for site location). 

Two consecutive generations of striae on several 

fault planes at sites 34 and 35 reveal that the paleostress 
tensor S-I has been active after the paleostress tensor 

S-II. Therefore, the paleostress tensor S-I obviously 

post-dates the paleostress tensors R-I, N-I, and S-II. 

Crosscutting relationship between low-angle thrust 

faults and strike-slip faults at site 54 (Figure 3.3 for 
site location) clearly indicate that the paleostress ten-

sor R-I occurred after the paleostress tensor S-II. Thus, 

our relative chronology begins with both the normal 

and strike-slip stress regimes (paleostress tensors N-I 

and S-II), subsequently changes to the compressional 
stress regime (paleostress tensor R-I) and inally to the 
strike-slip stress regime (paleostress tensor S-I). 

A reliable direct relative chronology between 

paleostress tensors N-I and S-II was in fact not pos-

sible in our analysis due to the absence of clear and 

convincing evidence from crosscutting or overprinting 

relationships. Therefore, their relative chronology 

was deciphered based on the previous observations 

detected in/around the study area (e.g., Homberg et al., 

2002; Lacombe et al., 1990a, 1990b, 1993; Madritsch 
et al., 2009; Rocher et al., 2003, 2004). These observa-

tions indicate that the paleostress tensor S-II occurred 

before the paleostress tensor N-I.

The overview of relative chronology indicates that 

the study area was afected by the following sequence 
of four distinct tectonic events (mostly compressive 

regimes) since early Paleogene times (from the oldest 
to the youngest):

1. a strike-slip faulting deformation related to the 

paleostress tensor S-II;

2. an extensional faulting deformation related to the 

paleostress tensor N-I;

3. a reverse/thrust faulting deformation related to the 

paleostress tensor R-I; and

4. a strike-slip faulting deformation related to the 

paleostress tensor S-I. 

These events it well with those detected in/around 
the study area and in the adjacent parts of the Euro-

pean platform in other studies (e.g., Bergerat, 1987; 
Bergerat & Geyssant, 1983; Homberg et al., 2002; 
Lacombe et al., 1990a, 1990b, 1993; Lacombe & Ob-

ert, 2000; Madritsch et al., 2009; Rocher et al., 2003, 
2004; Villemin & Bergerat 1987; see Figure 3.11). The 
tectonic evolution of these events has been discussed 

in the light of the development of the Jura fold-and-

thrust belt, because they may have occurred before, 

during and after the thrusting and folding. In addition, 

the pre- and syn-folding stress orientations have been 

restored into their original azimuth angles before the 

initiation of thrusting and folding by using the most 

recent and internally consistent restoration model of 

Afolter & Gratier (2004). 

3.5.1. Pre-folding tectonic events

Several sets of strike-slip and normal faults that 

developed respectively by the paleostress tensors S-II 

and N-I were found to be dissected by NNE-SSW-

striking thrust faults (sites 54 and 55; see Figure 3.3 
for site locations). This indicates that these fault sets 
formed prior to the initiation of thrusting and folding 

in the North Alpine foreland. The paleostress tensor 

S-II is weakly documented in our study area (only 

observed at three localities in the central and northern 

parts of the area of the Pontarlier fault zone, Figure 

3.12a) due to the fact that there are not enough con-

vincing evidences from  ield observations to separate 
the preliminary fault measurements into coherent sub-

sets prior to stress calculation. 
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Figure 3.9: Relative chronology of superimposed striae on a fault plane (site 48, see Figure 3.3 for site location). (a) ~N-S-striking, sub-vertical fault 
plane shows two successive striations: older L1 overprinted by younger L2. Stereonet in the upper right corner of (a) showing the measured fault 
plane and its associated striations. (b) Separation of heterogeneous fault-slip data, collected from site 48, into two homogeneous subsets (L1 and L2) 
based on the relative chronology of the superimposed striae on fault planes and kinematic compatibility. The subset (L1) shows a non-Andersonian 
coniguration, thus back-tilting is necessary. Whereas the subset (L2) shows no signs of tectonic tilting (Andersonian coniguration). The subsets 
L1 and L2 were, respectively, developed under a NW-SE compressional thrust stress regime (paleostress tensor R-I) and a NW-SE compressional 
strike-slip stress regime (paleostress tensor S-I). (c) Moderately SW-dipping limestone strata (40° dip) of lower Malm age. Stereonet in the upper 
right corner of (c) showing the orientation of the measured bedding plane. (d) Schemes at the bottom showing how the thrust fault formed and 
evolved under diferent tectonic events: (d-i to d-ii) initiation of thrust deformation under NW-SE-directed compression in a reverse/thrust stress 
regime, (d-iii) the whole system (strata and fault) was tilted due to progressive compression and presence of a subsurface frontal ramp, (d-iv) the 
pre-existing fault was reactivated as a sinistral strike-slip fault under NW-SE-directed compression in a strike-slip stress regime. Keys for stereoplot 

(lower hemisphere, Schmidt equal-area stereonet) are the same as those in Figures 3.5 and 3.7.
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Figure 3.10: Crosscutting relationships of diferent fault sets (site 20, see Figure 3.3 for site location). (a) ~N-S sinistral strike-slip fault (F2) cross-

cuts and dissects NE-SW normal fault (F1). Both faults cut across (b) the gently SW-dipping limestone strata of late Cretaceous age. As bedding 
plane is sub-horizontal or gently inclined, back-tilting is not necessary. (c) NW-SE extensional stress regime (paleostress tensor N-I) that developed 
NE-SW-striking normal faults, obviously predated a NW-SE compressional strike-slip stress regime (paleostress tensor S-I) that mainly developed 
the set of ~N-S-striking left-lateral strike-slip faults. Keys for stereoplot are shown in Figures 3.5 and 3.7.

This stress regime is also poorly recognized in the 

south of the Upper Rhine graben (Larroque & Laurent, 

1988). The directions of compression and extension 
related to this paleostress tensor are spatially consistent 

across the three sites, which are located in the close vi-

cinity of the central and northern parts of the Pontarlier 

fault zone. They are rather uniform after (present-day 

state, Figure 3.12d) and prior to (restored state, Figure 
3.12e) the thin-skinned deformation of the Jura. How-

ever, it is worth mentioning that the limited number of
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Figure 3.11: Comparison between the results of the current study and previous studies that conducted in/around the study area and in the diferent 
parts of the European platform.

stress states related to this regime does not permit us to 

precisely determine whether there are any signiicant 
spatial variations in the directions of compression 

across the area of the Pontarlier fault zone. 

A similar paleostress tensor has already been de-

scribed in the Rhine–Bresse Transfer zone (Lacombe 

et al., 1990a, 1993; Madritsch, 2008; Madritsch et al., 
2009; Rocher et al., 2003), in the Upper Rhine graben 
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Figure 3.12: Strike-slip stress regime with N-S to NNE-SSW directed compression (paleostress tensor S-II) that occurred prior to the formation 
of the Miocene Jura fold-and-thrust belt (probably late Eocene in age). (a) Simpliied structural map of the study area showing the directions of 
compression and extension in their present-day state. This map is divided into several tectonic blocks (red lines) according to the restoration model 
of Afolter & Gratier (2004), and overlaid on a high-resolution DEM-derived hillshade relief. Green- and yellow-coloured zones for forward- and 
back-thrusts, respectively (Afolter & Gratier, 2004). (b) Map-view restoration of the Jura fold-and-thrust belt in the study area (based on the model 
of Afolter & Gratier, 2004) showing the directions of compression and extension in their original state before being horizontally rotated and trans-

lated (prior to the Jura folding and thrusting). The numbers and white dots indicate the locations of the fault-slip measurement sites according to 
Table B.1 in the Appendix B. (c) Stereoplots showing the reconstruction of  the paleostress tensor S-II at three sites, before and after the horizontal 
block rotations. (d) and (e) Stereoplots of the kinematic axes for the paleostress tensor S-II in present-day and restored states, respectively.
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area (Larroque & Laurent, 1988; Villemin & Bergerat, 
1987), in the vicinity of Paris Basin (Lacombe & Ob-

ert, 2000; Rocher et al., 2004), in the Burgundy area of 
France (Lacombe et al., 1990b), at the western Border 
fault zone (Franconian fault) of the Bohemian Massif 
(Bergerat & Geyssant, 1983; Peterek et al., 1997), in 
southernmost France (Lacombe et al., 1992; Rocher et 
al., 1998, 2000), throughout the Jura fold-and-thrust 
belt (Homberg et al., 2002; Ustaszewski & Schmid, 

2006), and in other parts of the European Platform 
(Bergerat, 1987; Letouzey, 1986; Letouzey & Trem-

olieres, 1980; Navabpour et al., 2016; Parrish et al., 
2018; Sippel et al., 2008; Figure 3.13a).

Most of the previous authors relate this regime to 

the Eocene age (Figure 3.11). Rocher et al. (2003), for 
example, assigned this compression to the Eocene be-

cause the Oligocene sedimentary rocks do not exhibit 

the relevant fault-slip data. Regionally, this tectonic 

regime is considered as one of the main episodes of 

shortening that afected the entire Mediterranean 
Sea region, as well as the whole European platform 

during Eocene times (Bergerat, 1987; Letouzey, 
1986; Letouzey & Tremolieres, 1980). It resulted in 
the development of local sinistral pull-apart basins 

(Schumacher, 2002) and prominent strike-slip fault 
systems (Bergerat, 1985, 1987; Rocher et al., 2003; 
Villemin & Bergerat, 1987) that were reactivated by 
subsequent stress regimes (Madritsch et al., 2009). 

Among the most conspicuous of these systems 

deines the so-called “German-Czech triangle”. The 
latter is bounded to the east, near the western border of 

Bohemian Massif, by NW-SE-striking Pfahl and Fran-

conian faults with a dextral strike-slip motion (Figure 

3.13a), and to the west, along the axis of the future 
west European Rift System, by NNE-SSW-striking 

sinistral strike-slip faults (Bergerat, 1985, 1987). Its 
development is interpreted as a tectonic event accom-

panying the Africa-Eurasia convergence during late 

Eocene time (e.g., Lacombe et al., 1993; Larroque & 
Laurent, 1988), and the Pyrenean collision between 
the European and Iberian plates (e.g., Bergerat, 1987; 
Dumont et al., 2012; Lacombe et al., 1992; Lacombe 
& Obert, 2000; Parrish et al., 2018; Rocher et al., 
1998, 2000, 2003, 2004). 

Accordingly, we believe that the paleostress tensor 

S-II most probably resulted from the northward con-

vergence of the Adriatic microplate with the Eurasian 

plate during late Eocene times (Schmid and Kissling, 

2000; Figures 13a and 14b). During this period, con-

vergence rates between Adriatic and Europe gradually 

increased (Rothwell Group, 2016; Figure 14b).

In contrast to the paleostress tensor S-II, the pale-

ostress tensor N-I is more clearly deined in our area of 

investigation and characterized by an overall NW-SE 

extensional direction. This extension is perpendicular 

to the general strike of late Oligocene – early Miocene 

basaltic dykes that are integral parts of the European 

Rift System (Navabpour et al., 2016), and is responsi-
ble for the abundant occurrence of normal faults with 

numerous tension gashes in the close vicinity of the 

Saone graben (Lacombe et al., 1990b). 

The extensional paleostress tensor N-I consists 

mostly of a series of steeply-dipping, northeast-strik-

ing normal fault systems (Figure 3.8c). Such faults 
were locally observed especially at sites located in the 

northern part of the study area (10 out of a total of 
16 sites, where a prominent extensional deformation 
was observed, Figure 3.15a). Although the directions 
of extension appear uniform across the area before and 

after the thin-skinned deformation of the Jura (Figures 

3.15a and 3.15b), there are noticeable small difer-
ences. The latter are mostly concentrated in the sites 

that are located in the close vicinity of the southern 

segment of the Pontarlier fault zone (sites 27, 51, and 
57; Figure 3.15b), and probably relect the inluence of 
local deformation.

In more detail, they could be caused by local slip 

movement along the southern segment of the Pon-

tarlier fault zone and the conjugate La Sarraz fault 

that occurred prior to the Jura folding and thrusting. 

This further corroborates the interpretation that the 

Pontarlier fault zone is a major inherited paleotectonic 

structure. Similar past movements that induced stress 

variations along the Pontarlier fault zone were also 

discussed by Homberg et al. (2004) who combined 
paleostress analysis of fault-slip data and a numerical 

modelling approach.

Studies conducted in/around the study area and 

in the adjacent parts of the European platform have 

reported ~E-W and NW-SE directed extension (Fig-

ures 3.11 and 3.13b) and linked it to the opening of 
the Cenozoic European Rift System (Bergerat, 1987; 
Hippolyte et al., 1993; Homberg et al., 2002; Lacombe 
& Angelier, 1993; Lacombe et al., 1990a, 1990b, 1993; 
Lacombe & Obert, 2000; Larroque & Laurent, 1988; 
Lopes Cardozo & Behrmann, 2006; Madritsch, 2008; 
Madritsch et al., 2009; Madritsch & Hammer, 2012; 
Navabpour et al., 2016; Peterek et al., 1997; Rocher et 
al., 2000, 2003, 2004; Schumacher, 2002; Smeraglia 

et al., 2020; Villemin & Bergerat 1987; Ustaszewski 
et al., 2005). 

The ~E-W and NW-SE directed extensions are 

respectively dominant in most of the European Rift 

System and in the Rhine–Bresse (Saone) Transfer 
zone (e.g., Bergerat, 1987; Lacombe et al., 1993; 
Madritsch et al., 2009), whereas local perturbations of 
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Figure 3.13: Palaeotectonic scenarios of the Central European region during the diferent stages of the convergent movements of the European plate 
and Adriatic micro-plate. (a) Middle Eocene, (b) Late Oligocene, (c) Early middle Miocene, and (d) Pliocene-Quaternary (modiied after Dèzes 
et al., 2004). The letter A indicates the directions of paleostress from this study. The other directions are obtained from the following sources: Be: 
Bergerat, 1987; Ho: Homberg et al., 2002; L: Lacombe et al., 1992; LA: Lacombe & Angelier, 1993; La: Lacombe et al., 1993; LL: Larroque & 
Laurent, 1988; Lo: Lacombe & Obert, 2000; Ma: Madritsch et al., 2009; Na: Navabpour et al., 2016; P: Peterek et al., 1997; R: Rocher et al., 2003; 
Ro: Rocher et al., 2004; V: Villemin & Bergerat, 1987; U: Ustaszewski et al., 2005. JFTB: Jura fold-and-thrust belt.
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the directions of extension, from ~E-W to NW-SE, are 

observed in the External Jura (Homberg et al., 2002; 

Lacombe & Angelier, 1993). 

As previously stated, determining a reliable relative 

chronology between paleostress tensors N-I and S-II 

was mainly based on the previous studies (Bergerat, 

1987; Homberg et al., 2002; Lacombe et al., 1990a, 
1990b, 1993; Lacombe & Obert, 2000; Larroque & 
Laurent, 1988; Madritsch et al., 2009; Rocher et al., 
2003, 2004). These studies have documented that the 
E-W to NW-SE extension occurred during late Eocene 

to Oligocene times following an initial N-S compres-

sional strike-slip regime.

Lacombe et al. (1993), for example, suggested an 
Oligocene age for this direction of extension based on 

the youngest Oligocene rocks, which preserved the 

relevant normal faults in the Saone and Upper Rhine 

grabens. Similar observations were reported from the 

southernmost termination of the Upper Rhine graben 

(Ustaszewski et al., 2005), where sediments as young 
as Chattian age are afected by this extension direction. 
While a permutation between σ1- and σ2-axes is sug-

gested to explain the transition between the N-S com-

pressional strike-slip regime and the E-W extensional 

stress regime in the European platform (Bergerat, 

1987; Larroque & Laurent, 1988; Schumacher, 2002), 
reactivation of inherited basement faults is proposed 

to explain the occurrence of NW-SE extension in area 

of the Rhine–Bresse Transfer zone. 

Lacombe et al. (1993) attribute the large-scale 
perturbations of σ3 from E-W direction in most of 

the European Rift system to a clear NW-SE direction 

within the Rhine–Bresse Transfer zone to the reactiva-

tion of late Paleozoic basement faults of the transform 

zone under E-W extension during the formation of 

the Cenozoic European Cenozoic Rift System. This 

type of reactivation of inherited Paleozoic structures 

during the Eocene–Oligocene tectonic evolution of 

the Rhine–Bresse Transfer zone and adjacent areas 

is corroborated by several studies (Laubscher, 1987; 
Madritsch et al., 2009; Schumacher, 2002; Ustaszews-

ki et al., 2005). 

A recent study by Madritsch et al (2009), based on 
the combined analysis of surface structural data and 

seismic relection proiles, shows that reactivation of 
late Paleozoic basement structures in the area of the 

Rhine–Bresse Transfer zone occurred mainly under an 

extensional stress regime, as documented by the pres-

ence of distinctive lexures in the Mesozoic cover. This 
reactivation led to the formation of two prominent sets 

of Cenozoic normal faults striking ENE-WSW and 

NNE-SSW. The ENE-WSW-oriented normal faults 

are characterized by more gently dipping planes and 

greater vertical ofsets with much more pronounced 
lexures than the NNE-SSW-striking ones (Madritsch 
et al., 2009). In general, the ENE-WSW to NE-SW 
normal faults, which are oriented highly oblique to the 

dominant strike of the Upper Rhine and Bresse gra-

bens, are much more common in our study area than 

the graben-parallel NNE-SSW normal faults (Figure 

3.8c). 

In the light of the arguments given above and 

similarly to what has been observed, the paleostress 

tensor N-I most probably relects a local stress ield 
resulting from the reactivation of inherited, normal 

basement faults, in response to E-W extension during 

late Eocene to Oligocene times. This period is char-

acterized by the NNW motion of Adriatic micro-plate 

with respect to the Europe and by a progressive in-

crease in convergence rates until the earliest Miocene 

(Burdigalian) time (Figure 3.14c). 

An alternative explanation for the presence of 

these normal faults is that they could have resulted 

from the bending of the central European continental 

lithospheric under the weight of the Alpine orogenic 

wedge, as would be the case with a roll-back of the 

European lithosphere (e.g., Schlunegger & Kissling, 

2015). This bending may have induced a NW-SE di-
rected extensional stress regime that led to the forma-

tion of ~NE-SW normal faults, and therefore caused 

a permutation of the main stress axis that prevailed in 

the Alpine foreland area. 

The development of the Alpine foreland basin has 

been interpreted by Cenozoic lexural bending of the 
subducting European lithosphere in response to the 

crustal loading of the orogenic wedge, and was ac-

companied by the occurrence of extensional faulting 

within the upper crust (Bourgeois et al., 2007; Bur-
khard & Sommargua, 1998; Ford & Lickorish, 2004; 
Schlunegger & Kissling, 2015). 

3.5.2. Syn- and post-folding tectonic events

The next tectonic event identiied conidently in 
our analysis is characterized by the compressional 

paleostress tensor R-I. It is mostly deined by low-an-

gle thrust faults that were not only detected in the 

internal part of the Jura Mountains, but also within 

the external part of the Jura Mountains (Figure 3.16a). 
These faults clearly dissect the normal and strike-slip 

faults of the previously described paleostress tensors 

N-I and S-II (at the sites 54 and 55, see Figure 3.3 for 
site locations). This indicates that the tectonic setting 
of the study area changed from an extensional stress 

regime to a compressional stress regime. A similar 

transition is also reported across northern Switzerland 

(Laubscher, 1987).
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Figure 3.14: Cenozoic paleostress evolution and the rate/azimuth of movement of the Adriatic micro-plate. (a) Geologic time scale from Walker 
et al. (2018). (b) Synthetic tectonic succession inferred from our analysis of fault-slip data together with the relative chronological evidences 
(overprinting and crosscutting relationships). The red and blue coloured arrows indicate the direction of compression (σ1) and extension (σ3), 
respectively. (b) Rates and directions of the Adriatic microplate motion at a particular point (yellow star in the maps a, b, c, and d, Figure 3.13) 
with respect to the ixed Eurasian Plate, obtained using Rothwell’s PaleoGIS software (Rothwell Group, 2016). N-I, R-I, S-I, and S-II: Paleostress 
tensors detected in this study.

The directions of compression related to this pa-

leostress tensor slightly difer across the entire study 
area within a relatively wide range: 300°-340° (pres-

ent-day state; Figures 3.16a and 3.16d) and 290°-335° 
(restored state; Figures 3.16b and 3.16e). They match 
a NW-SE trending far-ield compression in the vicinity 
of the northern segment of the Pontarlier fault (Figures 

3.16b), while they deviate from this general direction

in the southern segment of the Pontarlier fault (Figures 

3.16b). 

This spatial non-uniformity, which has been also 

reported by Homberg et al. (2004), most likely relects 
a past slip event along the southern segment of the 

Pontarlier fault prior to or during the initiation of 

thrusting and folding. This possibly suggests that slip 
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Figure 3.15: NW-SE trending extensional stress regime (paleostress tensor N-I) that occurred prior to the formation of the Miocene Jura fold-and-
thrust belt (probably Oligocene in age). (a) Simpliied structural map of the study area showing the directions of extension in their present-day 
state. This map is divided into several tectonic blocks (red lines) according to the restoration model of Afolter & Gratier (2004), and overlaid on 
a high-resolution DEM-derived hillshade relief. Green- and yellow-coloured zones for forward- and back-thrusts, respectively (Afolter & Gratier, 
2004). (b) Map-view restoration of the Jura fold-and-thrust belt in the study area (based on the model of Afolter & Gratier, 2004) showing the 
directions of extension in their original state before being horizontally rotated and translated (prior to the Jura folding and thrusting). The numbers 
and white dots indicate the locations of the fault-slip measurement sites according to Table B.1 in the Appendix B. (c) Example of stereoplots show-

ing the reconstruction of extensional stress states based on fault-slip data from four sites, before and after the horizontal block rotations. (d) and 
(e) Stereoplots of the kinematic axes for the entire extensional stress states (paleostress tensor N-I) in present-day and restored states, respectively.
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initiated on the southern segment of the fault before 

migrated northward, corroborating a suggestion by 

Homberg et al., (2004). A similar compressional 
paleostress tensor was also reported by other studies 

in/around the study area (Homberg et al., 1997, 2002; 
Madritsch et al., 2009; Madritsch & Hammer, 2012; 
Smeraglia et al., 2020; Ustaszewski & Schmid, 2006).

The paleostress tensor R-I is generally oriented 

perpendicular to the strike of the Jura fold-and-thrust 

belt in the studied area, suggesting that it is responsi-

ble for the initiation of thrusting, thrust-related folding 

and shortening in the Jura Mountains. Although the 

maximum age limit is still a matter of controversy, 

there is a general consensus that the main folding and 

thrusting of the Jura started in late Miocene (Serra-

vallian/Tortonian) times (Becker, 2000; Burkhard, 
1990; Ford & Lickorish, 2004; Hindle & Burkhard, 
1999; Laubscher, 1987, 1992; Philippe et al., 1996). 
The youngest age of deformation of the Jura fold-and-

thrust belt remains also unclear. Laubscher (1992) 
proposes a probable end of the folding and thrusting 

activity of the Jura fold-and-thrust belt prior to the 

early Pliocene, whereas Becker (2000) concludes that 
the folding and thrusting ceased some 4 Ma ago (early 

Pliocene).

More recently, evidences from relection seismic 
proiles have shown that a transition from thin-
skinned to thick-skinned deformation beneath the Jura 

fold-and-thrust belt and the Molasse Basin occurred 

after early Pliocene (Lacombe & Bellahsen, 2016; 
Lacombe & Mouthereau, 2002; Madritsch et al., 2008; 

Mosar, 1999; Ustaszewski & Schmid, 2006). Tecto-

no-geomorphic and focal mechanism analysis has 

provided additional and unambiguous evidences cor-

roborating the continuation of both thin-skinned and 

thick-skinned deformation during Plio-Quaternary up 
to the present times (Giamboni et al., 2004; Lacombe 
& Mouthereau, 2002; Lopes Cardozo & Granet, 2003; 
Ustaszewski & Schmid, 2007a, 2007b).

Despite current uncertainties in the time brackets, 

we can argue that our paleostress tensor R-I correlates 

with the main tectonic event leading to the develop-

ment of the Jura fold-and-thrust belt. The initiation of 

this process has been linked to the Fernschub long-dis-

tance push hypothesis (Buxtorf, 1916; Laubscher, 
1961, 1997; Sommaruga et al., 2017), and is driven 
by large-scale orogenic processes inside the orogenic 

wedge (Davis and Engelder 1985; Bonnet et al., 2007, 
2008). This initiation was simultaneously associated 
with a change in the motion direction of the Adriatic 

microplate and with a rapid decrease in convergence 

rates between Adriatic and Europe during the early 

to mid-Miocene (Dèzes et al., 2004; Rosenbaum et 

al., 2002; Figure 3.14c). The paleostress tensor S-I (a 

strike-slip stress regime with a mean NW-SE directed 

compression) was observed almost everywhere in our 
studied sites (Figure 3.17), and deined by a signiicant 
number of conjugate, sub-vertical strike-slip faults 

(Figure 3.8a) that are striking obliquely to the strike of 
the Jura fold-and-thrust belt in the studied area.

Several of these faults were found to clearly dissect 

the thrust faults of the paleostress tensor R-I (sites 54 
and 55, see Figure 3.3 for site locations). Therefore, the 
paleostress tensor S-I relates to the youngest tectonic 

event in our chronology and must have occurred any 

time after the initiation of thrusting and folding (after 

Serravallian/Tortonian times). It reactivated pre-ex-

isting faults, inherited from the previous deformation 

events, as observed in the outcrop-scale of diferent 
sets of striae occurring on the same fault plane (for 

example, see Figures 3.7c and 3.9a). This provides 
additional evidence and support for the chronology 

of tectonic events that have successively afected the 
Rhine–Bresse (Saone) Transfer zone and the Burgun-

dy platform (Lacombe et al., 1990b, 1993).

Studies conducted in/around the study area and in 

the adjacent parts of the European platform (Figures 

3.11 and 3.13d) concluded to a similar compressional 
strike-slip stress regime (Bergerat, 1987; Homberg 
et al., 1997, 2002, 2004; Ibele, 2011; Lacombe et 
al., 1990a, 1990b, 1993; Lacombe & Obert, 2000; 
Lopes Cardozo & Behrmann, 2006; Madritsch, 
2008; Madritsch et al., 2009; Madritsch & Hammer, 
2012; Rocher et al., 2003, 2004; Sippel et al., 2008; 
Smeraglia et al., 2020; Ustaszewski & Schmid, 2006; 
Villemin & Bergerat, 1987), and generally related it to 
the Alpine collision processes since late Miocene/Plio-

cene times, as we do. From a regional point of view, 

this Mio-Pliocene stress regime is characterized by a 

fan-shaped pattern of compression (E-W to NE-SW 

directed σ1) along the strike of the Jura fold-and-thrust 
belt and in the foreland area immediately adjacent to 

the Alpine Arc (Bergerat, 1987; Homberg et al., 1999, 
2002).

Unlike the paleostress tensors R-I and N-I, the 

paleostress tensor S-I in our study area shows a greater 

spread in the orientations of compression (Figure 3.17), 
which vary between N280°W and N350°W (Figures 
3.8a and 3.17c). Homberg et al. (2004) also reported a 
substantial perturbation around the Pontarlier fault (1) 
in the directions of Late Miocene compression based 

on the analysis of fault-slip data, and (2) in the theoret-
ical static stress distribution inferred from a numerical 

modelling approach. Based on the close agreement 

between the real and the theoretical stress ields, they 
conclude that the perturbation in the directions of Late 

Miocene compression is caused by a slip event along 

the whole Pontarlier fault after folding of the cover.
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Figure 3.16: NW-SE trending compressional stress states with thrusting kinematics (paleostress tensor R-I). These stress states are responsible for 
the initiation of thrusting and shortening in the Jura area during Miocene time. (a) Simpliied structural map of the study area showing the directions 
of compression in their present-day state. This map is divided into several tectonic blocks (red lines) according to the restoration model of Afolter 
& Gratier (2004), and overlaid on a high-resolution DEM-derived hillshade relief. Green- and yellow-coloured zones for forward- and back-thrusts, 
respectively (Afolter & Gratier, 2004). (b) Map-view restoration of the Jura fold-and-thrust belt in the study area (based on the model of Afolter 
& Gratier, 2004) showing the directions of compression in their original state before being horizontally rotated and translated. The numbers and 
white dots indicate the locations of the fault-slip measurement sites according to Table B.1 in the Appendix B. (c) Example of stereoplots showing 
the reconstruction of compressional stress states based on fault-slip data from four sites, before and after the horizontal block rotations. (d) and (e) 
Stereoplots of the kinematic axes for the entire compressional stress states in present-day and restored states, respectively.
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Figure 3.17: Strike-slip stress states with a mean NW-SE directed compression (paleostress tensor S-I) occurred after the formation of the Miocene 
Jura fold-and-thrust belt. (a) Color-coded topography and shaded relief map of the study area showing the major tectonic elements and the direc-

tions of compression and extension. The numbers and white dots indicate the locations of the fault-slip measurement sites according to Table B.1 
in the Appendix B. (b) Example of stereoplots showing the reconstruction of strike-slip stress states based on fault-slip data from four sites. (c) 
Stereoplot of the kinematic axes for the entire strike-slip stress states (paleostress tensor S-I).
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Similarly, the spatial deviations in the compres-

sional axis orientations (paleostress tensor S-I) is 
attributed to the slip movement along the Pontarlier 

fault that occurred after the Jura folding and thrusting 

and caused reactivation of inherited faults. In addition, 

pre-existing faults generate a major anisotropy that 

may locally lead to deviating the stress ield especially 
when the frictional conditions are changed to permit 

the slip (Schmitt, 2020).

Because the paleostress tensor S-I is the youngest 

tectonic event detected in this study, particular at-

tention was given to a comparison with the state and 

orientation of present-day tectonic stress ield in the 
Alpine foreland and Central and Western Europe. The 

present-day stress ield derived from focal mechanism 
solutions of the main earthquakes (Baer et al., 2005, 
2007; Diehl et al., 2015; ISC, 2019; Kastrup et al., 
2004) shows a predominantly strike-slip regime with 
a mostly NW-SE maximum horizontal compressional 

direction (Figure 3.1b); only a few focal mechanisms 
indicate reverse and oblique faulting regime (Figure 

3.1b). Borehole breakout analysis of several wells 
distributed in the vicinity of the study area also indi-

cates that the present-day maximum horizontal stress 

orientation is NW-SE (Reinecker et al., 2009). These 
facts may suggest that the paleostress tensor S-I is the 

same as the present-day stress ield.

Alternatively, paleostress tensors S-I and R-I, 

which are both well recorded in this study with a NW-

SE-trending compressional axis (σ1), could probably 
belong to the same compressional tectonic event rather 

than two independent tectonic events. This main event 

has intermediate stress ratios (Ф) with a mean value 
(M*) of 0.52 (see Table 3.1) and may characterize with 
a permutation between the σ2- and σ3-axes, while the 

orientation of σ1 remains constant. Such perturbation 

and interchange between strike-slip and reverse/thrust 

faulting is documented in diferent areas of the Jura 
fold-and-thrust belt (Homberg et al., 2002; Ustaszews-

ki & Schmid, 2006). 

3.6. Conclusions 

This study presents the results of an extensive pa-

leostress analysis of new fault-slip data from diferent 
outcrops of Mesozoic rocks that lie on either side of 

the Pontarlier fault zone within the detached Swiss 

and French parts of the Jura foreland fold-and-thrust 

belt and the adjacent Molasse Basin. Two diferent 
pre-processing steps were taken into account before 

determining the orientations of paleostress axes. First, 

heterogeneous fault-slip data sets that formed under 

diferent tectonic phases were preliminarily separated 
into homogeneous subsets based on the relative tec-

tonic chronology data and kinematic compatibility 

criteria. Second, the fault-slip data sets/subsets that 

have undergone tectonic tilting/folding during de-

formation were tilted back into their initial positions 

where bedding was horizontal.

Using the well-established approaches of paleost-

ress analysis (P-B-T-axes and the improved Right-Di-

hedral methods) and ield observations, we recognized 
a polyphase tectonic history consisting of four suc-

cessive tectonic events; each of which has a distinct 

kinematic style and produced diferent fault patterns 
through time and space. These events occurred before, 

during, and after the formation of the Jura fold-and-

thrust belt. The development of these events relates 

to the plate tectonic evolution between the European 

plate and the Adriatic micro-plate since the early 

Cenezoic. Their relative chronology was reconstruct-

ed mainly based on in situ ield observations inferred 
from crosscutting relationships between diferent fault 
patterns and overprinting criteria between diferently 
oriented striations on the same fault plane. 

The relative chronology was additionally support-

ed by the Andersonian fault criteria for fault systems 

evolving at shallow depth and in a shallow taper con-

text. We further compared our indings with the results 
from previous studies in/around the study area. The 

geological ages of faulted rocks do not provide direct 

constraints on the relative timing of the detected pale-

ostress events, since the youngest rocks that afected 
by these events are of late Cretaceous age. 

The irst tectonic event detected in our analysis 
is a strike-slip faulting regime with a ~N-S trending 

compression (paleostress tensor S-II). It resulted in the 
formation of conjugate sets of NW-striking dextral and 

NE-striking sinistral strike-slip faults, and most proba-

bly related to the late Eocene northward motion of the 

Adriatic microplate with respect to a ixed European 
foreland. The paleostress tensor S-II was then replaced 

by the main extensional tectonic regime (paleostress 

tensor N-I) with a ~NW-SE-trending σ3, leading to the 

development of a series of distinct NE-SW-striking 

normal faults. It is probably of Oligocene age and may 

have formed in response to lexural down-bending of 
the European foreland under the weight of the N-NW-

ward progressing Alpine orogenic wedge.

This extension was followed by a compressional 

tectonic regime (paleostress tensor R-I here) that is 
mainly deined by NE-SW-striking thrust faults and 
most likely related to the Alpine collision between the 

Eurasian plate and Adriatic microplate. In the vicinity 

of the southern segment of the Pontarlier fault zone, 

the extension and compression orientations of the 

aforementioned two events (the paleostress tensors 

N-I and R-I, respectively) slightly deviate from those 
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found in the vicinity of the middle and northern 

segments. This deviation is most likely due to the 

past movements along the southern segment of the 

Pontarlier fault zone prior to or during the initiation of 

thrusting and folding.

The thrust/reverse faulting regime was subse-

quently followed by a post-folding strike-slip faulting 

regime (paleostress tensor S-I) with a mean NW-SE 
trending compression which relates to the youngest de-

formation event throughout the study area. It is mainly 

deined by conjugate pairs of N30°W- to N10°E-strik-

ing sinistral and N80°W- to N50°W-striking dextral 
strike-slip faults, and is linked to the Alpine collision, 

probably during the late Miocene and possibly young-

er. The associated directions of compression show a 

substantial perturbation around the Pontarlier fault 

zone within a large range from N10°W to N80°W. 
This perturbation is attributed to the movement along 

the whole Pontarlier fault zone that took place after 

the folding and thrusting and caused reactivation of 

pre-existing faults.

The present-day stress ield inverted from earth-

quake focal mechanisms and borehole breakouts 

mostly shows the same characteristics (orientations 

and faulting style) of the youngest paleostress event, 
most likely suggesting that the latter is still active. Our 

results directly conirm earlier observations on the de-

viation of the paleostress axes orientations around the 

Pontarlier fault zone. In addition, they show a complex 

polyphase tectonic evolution of the study area and 

exhibit reasonably good agreement with the recon-

struction of Cenozoic paleostress events described 

in/around the study area. Thus, we can conclude 

that combining paleostress analysis with the relative 

chronological ield observations provides a robust way 
for unravelling the complex tectonic evolution of the 

fault systems.
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4- Conclusions & Recommendations 

4.1. Conclusions 

An extensive investigation of tecto-geomorphic 

indices and paleostress directions has been employed 

to understand the Cenozoic tectonic framework and to 

quantify the spatial signatures of tectonic activity on 

the development of the present-day landscapes in two 

adjacent overlapping areas across the northern Alpine 

Foreland, the westernmost part of Switzerland and the 

region of Pontarlier strike-slip fault zone in the Swiss 

and French Jura fold-and-thrust belt. 

The tecto-morphological study was conducted in 

the westernmost part of Switzerland based on the anal-

ysis of drainage basins, and longitudinal river proiles 
through high-precision DEM processing. The analysis 

of drainage basins was carried out using two classical 

geomorphic indices (hypsometric curves and their 

integral values and transverse topographic symmetry 

index) in order to quantify the occurrence of tectonic 

uplift and lateral tectonic tilting of a land surface. 

The analysis of longitudinal proiles was evaluated 
using channel length-gradient index in order to detect 

the location of geomorphic anomalies (knickpoints) 

along the course of three rivers (Broye, Glane, and 

Le-Veyron). This index was additionally supported 

by analysis of multiple data sets, including topo-

graphic-swath proiles, geophysical properties and 
new geological model derived from stratigraphic and 

structural interpretation of seismic lines, in order to 

add important constraints on the cause of any possible 

geomorphic anomaly along the river path. 

The paleostress analysis was carried out on both 

sides of the Pontarlier fault based on new fault-slip 

datasets through using both the P-B-T-axes and the 

improved Right-Dihedral methods. Determination of 

paleostress axes orientations were performed after tak-

ing into the account the heterogeneity in the fault-slip 

dataset and probable changes in the dip direction and 

dip angle of fault planes and their related slip linea-

tions under the efect of tectonic tilting and folding.   

A comprehensive scheme of tecto-morphologic 

analysis using diferent datasets not only allow high-

lighting the spatial signatures of tectonic activity in 

the development of present-day landscapes, but also 

provides convincing clues about the reactivation of 

some inherited faults. The analysis of hypsometric 

and transverse topographic symmetry indices shows 

geomorphic anomalies related to tectonic activity, 

despite the signiicant impact of erodibility contrasts 
between diferent lithological units and glacial erosion 
during the last glacial cycle. 

The abnormal spatial distribution of hypsometric 

integral values is noted in areas of thrust deforma-

tion, suggesting a rejuvenation of the landscape by 

thrust-driven uplift. Observations from transverse 

topographic symmetry index show great similarity be-

tween the directions of lateral channel migration and 

dominant dip azimuths of bedding planes towards SW 

and NW, implying the tectonic ground tilting control 

of drainage architecture. 

Longitudinal proiles of the investigated parts 
of the Broye, Glane, and Veyron rivers also show 

remarkable geomorphic anomalies (knickpoints) that 

can’t be explained as being the results of variation in 

lithology and slope instability, but rather as the results 

of tectonic processes. The location of these anomalies 

is observed in the areas where the river lows above 
blind and emergent faults. These areas are character-

ized by high topographic relief with considerable vari-

ations in the river incision and coincide in the space 

with a prominent change in the depth of the Mesozoic 

rocks and with a remarkable change in the geophysical 

properties.

Paleostress investigations from heterogeneous 

fault-slip data suggest that the Pontarlier fault zone 
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region was afected by four diferent stress events 
related to convergence and subsequent collision be-

tween the Adriatic microplate and Eurasia plate. The 

youngest rocks afected by these four events are Late 
Cretaceous in age, indicating that all of these events 

prevailed at least until the end of the Cretaceous times 

and consequently no relative chronology through 

stratigraphy can be constructed. These events, which 

have been relatively ordered based on the overprinting 

and crosscutting relationships, occurred before, during 

and after the Jura thrusting and folding and resulted 

in the creation of new complex fault patterns as well 

as in the reactivation of pre-existing ones. They are 

summarized as follows, from oldest to youngest:

(1) Weakly–recorded pure strike-slip stress event 

with sub/vertical σ2-axes and with NW-SE-

trending sub/horizontal compressional (σ1) 
axes. Deformation pattern associated with this 

event was conjugate set of strike-slip faults with 

N20°W- to N50°W-striking dextral and N20°E- to 

N70°E-striking sinistral displacements.

(2) Pure normal stress event with sub/vertical σ1-axes 

and with NW-SE-trending sub/horizontal ex-

tensional (σ3) axes (σ3 azimuth 300°-340°). It is 

responsible for the formation of a series of steep-

ly-dipping, NE-SW-striking normal fault systems.

(3) Pure reverse stress event with sub/vertical σ3-axes 

and with NW-SE-trending sub/horizontal com-

pressional (σ1) axes (σ1 azimuth 300°-340°) during 

the early to mid-Miocene times. Deformation 

pattern associated with this event was NE-SW-

striking, low-angle thrust faults-related to folding.

(4) Best-recorded pure strike-slip stress event with 

sub/vertical σ2-axes and with a mean of NW-SE-

trending sub/horizontal compressional (σ1) axis 

(σ1 azimuth 280°-350°) during Mio-Pliocene 

times. It resulted in the formation/reactivation 

of a conjugate set of strike-slip fault planes with 

N20°W- to N30°E-striking sinistral and N80°W- 

to N50°W-striking dextral displacements. It is in 

close agreement with the style and orientation of 

the present-day stress ield derived from the inver-
sions of earthquake focal mechanisms around the 

study area.

The pure normal and reverse faulting events show, 

respectively, high consistency in the directions of ex-

tensional (σ3) and compressional (σ1) axes throughout 

the region of the Pontarlier fault zone, whereas the 

youngest pure strike-slip stress event shows relatively 

great perturbation in the direction of compressional 

(σ1) axes. This implies that the perturbation has caused 

by the inluence of pre-existing faults, rather than by 

systematic block rotation in the horizontal plane. 

The main conclusions of this study are briely 
listed as below:

- The reactivation of inherited fault zones not only 

played an important role in the development of 

present-day drainage systems, but also in the local 

distribution of stress ield. 

- Combining geomorphic indices derived from 

GIS analysis of high-resolution DEM with sub/

surface geological and geophysical (gravity and 

aeromagnetic) data provided a reliable approach 

for understanding of how landscapes evolved in 

response to tectonic processes. 

- Lithological ilter based on statistical analyses 
helps in the distinction between geomorphic 

anomalies (abnormalities in the spatial distribu-

tion of hypsometric integral and slope gradient 

values) related to tectonic activity from those 

related to lithology variations.  

- Investigating the relationship among the values 

of hypsometric integral, skewness and kurtosis 

provided more speciic diferences about the 
shape of the hypsometric curves, and thus luvial 
landscapes, particularly in the cases of identical 

values of hypsometric integral.

- Using the hypsometric approach alone didn’t ofer 
reliable evidence about the signature of tectonic 

processes in the present-day landscapes because 

many other processes can have very similar im-

prints on the landscape evolution.

- Transverse topographic symmetry and the chan-

nel length-gradient indices a quick-look tool for 

initial identifying possible lateral ground tilting 

and landscape modiications resulted from tecton-

ic activity in a region experienced glacial erosion 

and characterized by spatial variations in the 

lithology.

- Paleostress analysis using fault-slip data and ield 
chronological information (crosscutting and over-

printing relationships) provides robust tool for 

detecting the style and orientation of stress ields 
over the geological timescale.

- The paleostress analysis of new heterogeneous 

fault-slip data from the region of Pontarlier fault 

zone indicates a polyphase brittle tectonic evo-

lution consisting of four successive paleostress 

events since ealy Paleogene times, in the absence 

of any chrono-stratigraphically constrains. 
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- Field geochronological data (crosscutting between 

diferent fault planes and overprinting criteria be-

tween multiple generations of striae on the same 

fault plane), geometric (Anderson’s criterion) and 

kinematic (cluster analysis criteria) compatibility 

provide important constrains on the orientation 

and relative timing of the stress axes and ofer a 
robust control on the separating of heterogeneous 

fault-slip data into homogeneous subsets. 

- The wide range of orientations for the compres-

sional (σ1) axes (σ1 azimuth 280°-350°) of the 

youngest strike-slip event supports the occurrence 

of local stress variations.

4.2. Recommendations

Although the use of geomorphic indices and pale-

ostress approach has capable of successfully detecting 

the tectonic deformation events and their impacts on 

the development of present-day landscapes, there is a 

great ambiguity/uncertainty about the timing of onset 

and termination of these deformations and their sig-

natures on the landscapes. To address this ambiguity/

uncertainty, future research should include the abso-

lute dating of fault movements and analyse and dating 

of luvial terraces that provide valuable information 
on rates of rock uplift and river incision and record 

progressive fault displacement over timescale. 

The directions for future research could also in-

clude the following aspects:

- Constructing paleostress events from calcite twin 

analysis in order to check whether the expected 

results are all consistent with the results of this 

study, derived from analysis of fault-slip data.  

- Performing additional paleostress analysis around 

other strike-slip fault systems in the Jura fold-

and-thrust belt to check if there is signiicant per-
turbations in the stress axes orientations caused 

by stress partitioning and/or block rotation, to 

minimize the discrepancy level between results 

obtained by diferent paleostress studies across 
the European platform, and to obtain a reliable 

tectonic scenario explaining actual evolution of 

the stress ields over the time. 

- Further integrating of diferent types of geomor-
phic indices (e.g., drainage basin shape index, 

valley-loor width to valley height index, and 
mountain front sinuosity index) in order to achieve 

more valid and reliable information about the  

geomorphological features left by neo/tectonic 

activity. 
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Figure A.1: A scheme showing the parameters used in the calculation of SL index (after Hack, 1973). ∆H is the diference in elevation between the 
ends of the segment, ∆L is the length of the segment, and L is the total length from the drainage divide to the midpoint of the segment.
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Figure A.2: Main statistics of the hypsometric attributes (frequency-histograms) obtained by using two diferent resolution DEMs (2 m and 30 m) 
with three diferent regularly spaced grids (1 km, 2 km, and 3 km). In all six cases, the statistical distribution of the hypsometric integral values 
follows the same pattern with a mean average very close to 0.5. The same observation can be highlighted for the hypsometric skewness and hypso-

metric kurtosis values with a mean average very close to 0.5 and 2.3, respectively.
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Figure A.3: Spatial distribution of the hypsometric integral obtained by using two diferent resolution DEMs (2 m and 30 m) with three diferent 
regularly spaced grids (1 km, 2 km, and 3 km). In all six cases, there is signiicant similarities in the spatial distributions of hypsometric integral 
values when the same/diferent DEMs and grid size were used.
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Figure A.4: (Continued on the following page)..........
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Figure A.4: (Pages 107 - 108) Lower-hemisphere, equal-area plots (Schmidt’s projection) showing vector values (azimuth/magnitude) of Trans-

verse Topographic Symmetry Index (TTSI) analysis for twenty-nine drainage catchments in the westernmost part of Switzerland (Domain-I). 
Vectors that agree in terms of the magnitudes and azimuths tend to clusters together in speciic groups. The groups with relatively high magnitude 
values of TTSI indicate a possible number of delections for the stream. Fisher mean vector with its associated 95% and 99% cones of conidence 
as well as precision parameter (k) was calculated for each cluster using Stereonet v9.9.6. The level of conidence however describes precisely how 
well the mean is deined. Well-constrained clusters with well-deined mean vector are associated with small radius of conidence cones and high 
precision parameter (Borradaile, 2003). Red number on the upper-left corner of the polar plot indicates the name of catchment. The box in the 
upper right represents keys to read stereonet (Schmidt’s projection, lower hemisphere). Azimuth values of TTSI (0° to 360°) are indicated along the 
outermost great circle of the plot, whereas TTSI magnitude (0 to 1) is indicated along the x and y axes. The TTSI magnitude is close/equal to 0 if 
the river incises along the basin midline, and close/equal to 1 if the river lows near to the basin boundary.
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Figure A.5: (Continued on the following page)..........
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Figure A.5: (Pages 109 - 110) Lower-hemisphere, equal-area plots showing vector values (azimuth/magnitude) of Transverse Topographic Symme-

try Index (TTSI) analysis for forty-three drainage catchments in the westernmost part of Switzerland (Domain-II). Red number on the upper-left 
corner of the polar plot indicates the name of catchment. Keys for stereoplot are shown in Figure A.4.
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Name Domain CO A
Hypsometric attributes TTSI Analysis

HI HS HK N Az M Lmd α95 α99 K

1 I 3rd 29.31 0.499 0.325 2.039
256 318.1 0.404 NW 1.8 2.2 25.7
384 350.7 0.053 ─── 0.7 0.8 111.5
278 38.5 0.42 NE 2.3 2.8 14.8

2 I 3rd 11.39 0.658 0.193 1.921
211 26 0.12 ─── 2.4 2.9 17.9

208 74.5 0.654 ~E 2.3 2.8 19.6
3 I 3rd 32.94 0.433 0.526 2.195 185 322.3 0.019 ─── 2 2.4 28.7

4 I 4th 28.25 0.63 0.359 2.094
149 78.3 0.871 ~E 3.2 4 14.1

172 208 0.039 ─── 1 1.2 116.8

5 II 4th 30.79 0.497 0.348 2.033
230 168.4 0.108 ─── 1.7 2.1 32.2

84 136.1 0.884 SE 3 3.7 27.7

86 215.6 0.762 SW 3.5 4.3 20.5

6 I 3rd 21.13 0.494 0.695 2.758
182 210.4 0.138 ─── 2 2.4 29.4

219 37.4 0.52 NE 3.3 4.2 9.1

7 I 4th 28.87 0.433 0.721 2.623
547 141.5 0.1 ─── 1.1 1.3 32.1

71 129 0.543 SE 2.3 2.9 54
8 I 3rd 29.65 0.448 0.585 2.285 210 107.9 0.13 ─── 2 2.5 25.1
9 I 3rd 20.28 0.526 0.579 2.417 509 234.4 0.249 SW 1.5 1.9 18.4

10 I 3rd 28.36 0.591 0.216 1.943
326 211 0.463 SW 1.8 2.2 20.7
304 213.5 0.072 ─── 0.7 0.8 147.3

11 I 4th 27.38 0.646 0.247 1.98 196 49.6 0.266 NE 2.6 3.2 15.9

12 II 4th 32.01 0.55 0.332 1.988
61 256.4 0.166 ─── 2.2 2.8 66.8
133 290.3 0.486 ~W 3.8 4.7 11.6

13 II 3rd 26.31 0.576 0.359 2.043
132 348.7 0.044 ─── 1.5 1.9 65.2
331 145 0.332 SE 1.6 2 23

14 II 3rd 66.66 0.458 0.458 2.044
242 232.6 0.492 SW 2.7 3.3 12.4

319 288.1 0.028 ─── 0.8 1 91.3

242 38.8 0.4 NE 2.5 3.1 14.2

15 II 4th 33.02 0.598 0.319 2.002 309 277.9 0.373 ~W 2.1 2.6 15.1
16 II 3rd 22.39 0.5 0.38 2.032 199 302.8 0.218 NW 2 2.5 26.4
17 II 4th 33.15 0.426 0.441 2.178 135 37.1 0.254 NE 2.9 3.2 22.6

18 II 4th 42.36 0.484 0.424 2.077
201 256.5 0.142 ─── 1.7 2.1 34.7

211 271.6 0.608 ~W 2.7 3.4 13.7

19 II 3rd 32.58 0.64 0.326 2.036
451 108.7 0.419 ~E 2.4 3 8.6
118 293.6 0.043 ─── 1.2 1.4 126.6

20 II 4th 52.19 0.472 0.41 2.109 510 318.2 0.282 NW 1.5 1.9 17.3

21 II 4th 54.27 0.542 0.261 1.871 578 319.9 0.127 ─── 0.9 1.1 46
22 II 4th 58.86 0.371 0.575 2.278 411 126.9 0.148 SE 0.8 1 80.9
23 II 4th 30.86 0.362 0.633 2.382 144 301.6 0.434 NW 3.8 4.7 10.6
24 II 4th 18.79 0.629 0.34 2.046 476 134.9 0.608 SE 1.6 1.9 18
25 II 3rd 18.04 0.64 0.232 1.925 178 141.3 0.606 SE 3 3.7 13.6

26 II 4th 18.13 0.534 0.304 1.948
327 100.7 0.021 ─── 1.6 2 25.3
200 140.3 0.687 SE 2.9 3.6 13

27 I 4th 17.58 0.262 1.671 6.605 121 151 0.673 SE 3 3.7 19.2

28 I 4th 15.66 0.338 1.004 3.087
57 43.6 0.151 ─── 3.3 4.1 34.5

105 206.4 0.543 SW 2.9 3.5 13.5
Table A.1: (Continued on the following page)..........
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Name Domain CO A
Hypsometric attributes TTSI Analysis

HI HS HK N Az M Lmd α95 α99 K

29 I 5th 14.05 0.483 0.46 2.146 102 324.4 0.473 NW 5.8 7.2 6.9

30 II 5th 37.17 0.633 0.305 2.015
73 307.7 0.016 ─── 1.4 1.7 148.1

128 101.7 0.422 ~E 4.3 5.3 9.5
31 II 3rd 14.58 0.464 0.395 2.074 309 150.4 0.566 SE 2.7 3.4 9.6

32 II 4th 28.11 0.395 0.659 2.483
111 43 0.606 NE 4.4 5.5 10.3
326 340.2 0.014 ─── 1.2 1.5 42.9

33 II 4th 81.22 0.421 0.306 1.952 345 89.5 0.242 ~E 2.4 2.9 11.3

34 II 4th 21.81 0.592 0.26 1.948 119 38.5 0.327 NE 4.4 5.4 9.7

35 II 4th 13.54 0.378 0.484 2.049
13 207.2 0.023 ─── 44 5.7 89.8
101 155.8 0.728 SE 4.2 5.2 12.4

36 II 4th 28.82 0.654 0.298 2.065 426 167.5 0.197 ~S 1.5 1.9 20.8
37 II 4th 34.79 0.458 0.369 2.012 174 324.6 0.114 ─── 1.5 1.8 54.6
38 II 5th 43.07 0.497 0.332 2.015 352 128.5 0.392 SE 2.4 3 10.3

39 II 4th 49.29 0.442 0.372 2.006
236 357.8 0.064 ─── 2.1 2.6 20.4
167 125.7 0.591 SE 2.8 3.5 16

40 II 4th 37.28 0.439 0.394 2.057 355 302.5 0.363 NW 1.8 2.3 17.4

41 II 4th 27.93 0.389 0.447 2.14 275 202.7 0.211 SW 1.8 2.2 22.9

42 II 4th 47.23 0.419 0.473 2.159
88 68.8 0.314 ~E 2.9 3.6 27.8
119 198.2 0.014 ─── 0.8 1 282.3

43 II 4th 22 0.449 0.384 2.054 405 339.3 0.09 ─── 1.8 2.3 15.6

44 II 3rd 18.54 0.621 0.341 2.076
226 145.5 0.442 SE 2.2 2.8 18.4
82 156.9 0.106 ─── 1.4 1.8 120.6

45 II 3rd 25.47 0.372 0.421 2.039 386 305.4 0.2 NW 2.4 3 9.7

46 II 5th 9.93 0.546 0.393 2.113 144 110.3 0.052 ─── 1.1 1.3 123.8
47 II 3rd 12.18 0.624 0.28 1.998 162 115.2 0.08 ─── 1.3 1.6 72.8
46 II 5th 9.93 0.546 0.393 2.113 144 110.3 0.052 ─── 1.1 1.3 123.8

47 II 3rd 12.18 0.624 0.28 1.998
162 115.2 0.08 ─── 1.3 1.6 72.8
76 270.8 0.427 ~W 3 3.7 30.2

48 I 3rd 7.4 0.648 0.226 1.962
68 316.1 0.798 NW 6 7.5 9.1

29 144.7 0.177 ─── 6.2 7.8 19.7

49 I 3rd 3.34 0.476 0.386 2.002
27 294.4 0.06 ─── 3.3 4.2 72.1

74 298.5 0.499 NW 3.9 4.9 18.8

50 I 5th 5.49 0.446 0.495 2.18
76 226.9 0.572 SW 4.1 5.1 16.6

29 239.2 0.167 ─── 3.4 4.3 61.2
51 I 3rd 5.83 0.677 0.227 1.917 156 154.4 0.181 SE 3.1 3.9 13.9

52 I 3rd 9.97 0.528 0.338 1.936 125 146.9 0.326 SE 3.9 4.9 11.4

53 I 5th 12.03 0.292 0.661 2.342 88 84.9 0.074 ─── 1.7 2.2 75.4
54 I 3rd 11.91 0.458 0.49 2.152 83 153.1 0.347 SE 3.6 4.5 19.1

55 I 3rd 7.44 0.397 0.522 2.181 114 123.2 0.421 SE 4.1 5.1 11.4

56 I 4th 6.48 0.136 2.16 6.484 72 132.6 0.363 SE 4.2 5.2 17

57 I 3rd 7.98 0.655 0.235 1.974
56 144.2 0.707 SE 4.6 5.8 17.7

63 24.3 0.042 ─── 3.9 4.9 21.8
58 I 4th 12.62 0.26 1.052 3.342 ─── ─── ─── ─── ─── ─── ───

59 I 3rd 11.64 0.406 0.613 2.5 84 227.4 0.246 SW 3.5 4.3 18
60 I 3rd 7.69 0.383 0.833 2.858 ─── ─── ─── ─── ─── ─── ───

61 I 2nd 2.63 0.503 0.469 2.243 ─── ─── ─── ─── ─── ─── ───

62 I 2nd 2.76 0.702 0.214 1.95 109 268.9 0.058 ─── 2.1 2.6 41.5

Table A.1: (Continued on the following page)..........
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Name Domain CO A
Hypsometric attributes TTSI Analysis

HI HS HK N Az M Lmd α95 α99 K

63 I 2nd 2.17 0.636 0.229 1.951 98 224.2 0.357 SW 4.4 5.4 11.6

64 I 5th 4.2 0.616 0.439 2.202
70 232 0.29 SW 3.5 4.3 24.7

53 50.3 0.121 ─── 2.8 3.5 50.5
65 I 3rd 4.33 0.596 0.222 1.855 136 46.6 0.036 ─── 1.9 2.4 40.3

66 II 3rd 12.46 0.621 0.289 2.021
25 35.2 0.014 ─── 3.3 4.1 79.1

104 257.9 0.678 ~W 4.9 6.1 8.9

67 II 4th 14.88 0.477 0.447 2.124
36 14 0.03 ─── 3.1 4 58.5
114 305.2 0.654 NW 5.3 6.6 7.3

68 II 4th 14.93 0.231 0.55 2.113 109 329.7 0.403 NW 5.4 6.7 7.3

69 II 3rd 11.59 0.532 0.252 1.958
49 184.9 0.017 ─── 2.6 3.3 60.6
92 150.8 0.618 SE 4.9 6.1 10

70 II 3rd 9.8 0.699 0.248 1.985
139 290.6 0.368 ~W 3.8 4.7 11.1

59 167 0.04 ─── 2 2.6 82.7
71 II 3rd 7.81 0.62 0.355 2.121 114 135.3 0.673 SE 4 5 11.7

72 II 2nd 6.34 0.531 0.389 2.106
38 288.3 0.06 ─── 2.9 3.7 64.5
44 147 0.813 SE 4.6 5.7 23.2

61 301.5 0.474 NW 4.7 5.8 16.1

73 II 3rd 14.53 0.643 0.28 1.985
88 281.3 0.488 ~W 4.9 6.2 10.3
49 262.2 0.088 ─── 2.3 2.9 79.1

74 II 3rd 5.25 0.446 0.589 2.384
57 167.6 0.106 ─── 3.3 4.1 34.3

79 188.7 0.784 ~S 4.8 6 12

Table A.1: (Pages 111 - 113) Results of hypsometric and Transverse Topographic Symmetry Index (TTSI) analyses for seventy-four drainage 
catchments in the westernmost part of Switzerland. The following indications are reported: name of catchment; domain; CO: Catchment order 
(described by the highest order stream found within catchment according to Strahler method); A: Total catchment area in square kilometers; HI: 
Hypsometric Integral; HS: Hypsometric Skewness; HK: Hypsometric Kurtosis; N: Number of vectors; Az: directional mean vector according to 
Fisher distribution; M: Magnitude of mean vector according to Fisher distribution; Lmd: Lateral migration direction of drainage channel; α95 and 
α99 are respectively the angular radius, in degrees, of the 95% and 99% conidence cone around the mean; K: precision parameter. M values close 
or equal to zero indicate that stream lowing near catchment midline, while those values close or equal to one indicate that the stream lowing near 
the catchment boundary. NE: northeast; SE: southeast; NW: northwest; SW: southwest: W: west; E: east. 
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........
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Figure B.1: (Continued on the following page)..........



Appendix B - 125

Figure B.1: (Pages 116 - 125) Strike-slip stress states with mean NW-SE-directed P-/σ1-axes (paleostress tensor S-I) detected in the close vicinity 

of the Pontarlier fault zone. They are mostly associated with medium stress ratios 0.21≤ Ф≤ 0.73 (Table B.1). The stress axes directions constructed 
from the P-B-T-axes method are mostly coherent with those achieved by the Right Dihedra method. Numbers in the lower left corner of each box 
indicate the number of fault-slip data used for the calculation. Keys for stereoplot (a lower-hemisphere, Schmidt stereonet plot) are shown in Figures 
3.4 and B.4.
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Figure B.2: (Continued on the following page)..........
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Figure B.2: (Continued on the following page)..........
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Figure B.2: (Continued on the following page)..........
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Figure B.2: (Continued on the following page)..........
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Figure B.2: (Continued on the following page)..........
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Figure B.2: (Pages 126 - 131) Compressional stress states with NW-SE-directed P-/σ1- axes (paleostress tensor R-I) derived from fault slip data that 
preserved within rocks of diferent ages including the youngest Cretaceous rocks in the close vicinity of Pontarlier fault zone. They slightly difer in 
the direction of maximum compression (P- and σ1-axes) within a relatively tight range (N20°W to N60°W; Figure 3.8b) throughout the entire study 
area and associated with medium stress ratios 0.38≤Ф≤ 0.7 (Table B.1). The red colored arrows indicate the directions of maximum compression 
(P- and σ1-axes), as inferred from the PBT and Right Dihedra methods. Numbers in the lower left corner of each box indicate the number of fault-
slip data used for the calculation. Keys for stereoplot (a lower-hemisphere, Schmidt stereonet plot) are shown in Figures 3.4 and B.4.
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Figure B.3: (Continued on the following page)..........
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Figure B.3: (Continued on the following page)..........
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Figure B.3: (Continued on the following page)..........
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Figure B.3: (Pages 132 - 135) Extensional stress states with NW-SE-trending T-/σ3-axes (paleostress tensor N-I) derived from fault-slip data that 

preserved within rocks of diferent ages including the youngest Cretaceous rocks in the close vicinity of Pontarlier fault zone. The respective stress 
ratios (Ф) show mostly a moderate variability (0.33≤Ф≤0.73) with a mean value of 0.54 (Table B.1), indicating a pure extensional regime. Keys for 
stereoplot (a lower-hemisphere, Schmidt stereonet plot) are shown in Figures 3.4 and B.4.
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Figure B.4: Strike-slip stress states with NNE-SSW-trending P-/σ1-axes (paleostress tensor S-II) derived from fault-slip data that preserved within 

rocks of diferent ages in the close vicinity of Pontarlier fault zone. They have stress ratios (Ф) within the range 0.2≤Ф≤0.58. The red arrows indi-
cate the directions of maximum compression (P- and σ1- axes) while the blue arrows indicate directions of extension (T- and σ3-axes).
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