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develop in the bands following the initial grain crush-
ing. In these micro-fault gouges, regular foliation 
structures develop in alternation with chaotic struc-
tures, implying a cyclic change in deformation mode 
from instantaneous fracturing to continuous shear, i.e. 
from seismic to aseismic faulting on the micro-scale. 
The foliations are composed of fi brous palygorskite, 
a Mg-rich clay mineral that forms in the course of 
deformation. In contrast to grain interlocking, the ap-
pearance of palygorskite causes strain softening and 
hence strain accumulation in the fault gouges of the 
bands. 

 X-ray diffraction analyses of fault gouges 
and host rock samples as well as electron dispersive 
spectroscopy of micro-fault gouges from brittle defor-
mation bands revealed that palygorskite is common 
in fault zones on every scale, but absent in the host 
rock. Equilibrium calculations carried out with the 
host rock mineralogy and a variety of formation wa-
ters from the region revealed palygorskite to be stable, 
while chlorite (present in the host rock) is unstable in 
that confi guration and at surface temperatures. This 
implies a chlorite-consuming reaction for palygorskite 
formation triggered by deformation, i.e. by contact of 
the ground material with the fl uid phase. 

 The populations of slickensides and brittle 
deformation bands mapped at different localities are 
arranged in pairs with synthetic and antithetic ori-
entation and are interpreted as different shears of a 
Riedel system. The fractures can be subdivided into 
mode 1 cracks parallel to σ1 and sheared fractures 
parallel to the slickenside populations. The mapped 
faults comprise cataclastic fault cores and damage 
zones with dense networks of fractures, slickensides 
and brittle deformation bands oriented in Riedel-type 
geometries. The mapped faults rarely exceed one ki-
lometre in length, but individual faults may compose 
larger fault zones in which shear is distributed. The 
orientation of the mapped structures is subvertical, 

 The western Swiss Molasse Basin is a fl ex-
ural foreland basin that presently is in a wedge-top 
position above a décollement formed in Triassic 
evaporites near the base of the underlying Mesozoic 
units. In front of the western Swiss Molasse Basin, 
the décollement tectonics led to folding and thrusting 
of the Jura Mountains. The latter are widely accepted 
to represent the thin-skinned foreland fold-and-thrust 
belt of the central Alps. In contrast to the Jura Moun-
tains, the western Swiss Molasse Basin lacks larger 
tectonic structures. Folds are very low in amplitude 
and strike-slip faults are known only locally. It never-
theless can be considered as part of the foreland fold-
and-thrust belt, since it sits on top of the same detach-
ment and since the boundary to the Jura Mountains is 
an erosional contact only. The boundary to the Alpine 
orogenic wedge s.s. is marked by the basal thrust of 
the Subalpine Molasse, representing a shallower and 
more internal detachment at the base of the Tertiary 
units.

 This study investigates the deformation of the 
western Swiss Molasse Basin in the larger Canton Fri-
bourg area. Based on structural fi eld work, it shows 
that in addition to low amplitude folding, the western 
Swiss Molasse is affected by strike-slip deformation 
in a general NW-SE compressional stress fi eld. The 
mapped structures are fractures, slickensides, brittle 
deformation bands and faults as well as pressure so-
lution pits on surfaces of conglomerate pebbles. The 
deformation is examined in terms of mechanics, geo-
chemistry and its impact on regional tectonics.

 Deformation in the sandstones initiates with 
the formation of brittle deformation bands. The op-
erating mechanism is grain crushing, porosity reduc-
tion and interlocking of grain fragments along planar 
zones. The interlocking leads to strain hardening, 
so that ongoing deformation forms new subparallel 
bands. Microscopic investigation of the brittle defor-
mation bands from the Molasse show that fault gouges 
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and kinematics are left-lateral strike-slip in the case 
of N-S orientation and right-lateral strike-slip in the 
case of WNW-ESE to NW-SE orientation. The calcu-
lated paleostress is NW-SE compression and uniform 
throughout the study area. Overprinting relationships 
show no system, which underlines that deformation is 
the response to only one stress regime.

 The availability of new interpretation of seis-
mic surveys reveals the structures in the deeper lev-
els of the study area, especially fault zones located in 
the Mesozoic units. While the Tertiary Molasse at the 
surface shows N-S striking and WNW-ESE striking 
faults, the Mesozoic units show considerably fewer 
WNW-ESE striking faults. In addition, the Mesozoic 
units also show NE-SW striking faults not present in 
the Tertiary Molasse at the surface. In cross-section, 
the faults in the Mesozoic units mostly show half-
grabens, although offset is partly reverse. Taking into 
account the regional tilt of the strata towards south-
east, N-S striking faults can mostly be interpreted as 
left-lateral strike-slip faults and WNW-ESE striking 
faults as right-lateral strike-slip faults. All faults with-
in the Mesozoic level root with listric terminations in 
the Triassic evaporites. The NE-SW and N-S striking 
faults are interpreted as former normal faults formed 
by E-W and NW-SE extension, respectively, that be-
came inverted by NW-SE compression. 

 The deformation zones derived from surface 
mapping and the structures revealed by the seismic in-
terpretations are combined in a 3-D kinematic model 
of the study area. In this model, deformation is charac-
terised by a kinematic decoupling of the Mesozoic and 
Tertiary levels along Triassic evaporites. In the inter-
nal parts a second decoupling is developed at the base 
of the Tertiary Molasse. It corresponds to the basal 
thrust of the Subalpine Molasse extending underneath 
the Plateau Molasse, with a blind end located about 
10 km northwest of the most frontal imbricate of the 
Subalpine Molasse. Interaction of strike-slip faulting 
in the Plateau Molasse and thrusting at the front of the 
Subalpine Molasse indicate that deformation in both 
tectonic units is contemporaneous.

 The timing of deformation is poorly con-
strained by the data. NW-SE compression probably 
starts with the formation of the Jura Mountains-Mo-
lasse Basin foreland fold-and-thrust belt in the upper 
Miocene. It postdates the Oligocene-Miocene deposi-
tion of the Molasse as well as the E-W and NW-SE 
extension recorded in the Mesozoic units, which most 
likely took place in the Paleogene. The current seis-
micity of the region reveals that strike-slip faulting ac-
cording to NW-SE compression, starting in the Neo-
gene, is still active and partly related to the proposed 
deformation zones.
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der), entlang derer Scherung durch Kornzertrümmer-
ung und Reduktion des Porenraums aufgenommen 
wird. Durch das Verkeilen der Kornfragmente kommt 
es zu Verformungshärtung dieser Zonen, so dass fort-
dauernde Deformation zur Bildung neuer subparal-
leler Deformationsbänder führt. Die mikroskopische 
Untersuchung der spröden Deformationsbänder aus 
der Molasse zeigte jedoch, dass die einzelnen Bänder 
nach ihrer Entstehung durchaus weitere Verformung 
aufnehmen können. Die mikroskopischen Störungs-
brekzien sind sowohl durch regelmäßige Strukturen 
einer Foliation als auch durch chaotische, aus Katak-
lase hervorgegangene Strukturen gekennzeichnet. 
Damit weisen sie auf einen zyklischen Wechsel des 
Deformationsstils zwischen ruckartigem Versagen 
und kriechender Verformung hin, wobei ersteres 
möglicherweise seismischen Ereignissen, letzteres 
interseismischen Phasen einer andauernden Defor-
mation zugeschrieben werden können. Die in den 
mikroskopischen Störungsbrekzien beobachteten Fo-
liationen bestehen aus faserigem Palygorskit, einem 
Mg-reichen Tonmineral das während oder unmittel-
bar nach der Deformation neu gebildet wird. Im Ge-
gensatz zur Verkeilung der Kornfragmente führt die 
Bildung von Palygorskit in der Störungsbrekzie zu 
Verformungserweichung und daher zur fortdauernden 
Scherung eines spröden Deformationsbandes. 

 Röntgendiffraktionsanalysen von Störungs-
material und Umgebungsgestein sowie energiedisper-
sive Spektroskopie der mikroskopischen Störunge-
brekzien ergaben, dass Palygorskit in Störungen aller 
Größenordnungen, nicht aber im Umgebungsgestein 
vorkommt. Berechnungen des chemischen Gleich-
gewichts anhand der Mineralogie des Umgebungs-
gesteins und verschiedenen Formationswässern der 
Region zeigten, dass Palygorskit im Gegensatz zu 
dem im Umgebungsgestein vorhandenen Chlorit die 
stabile Phase ist. Daraus lässt sich eine Chlorit-kon-
sumierende Reaktion ableiten, die an die Deformation 
gebunden ist.

 Der Schweizer Faltenjura gilt allgemein als 
der Vorland-Falten- und Überschiebungsgürtel der 
Zentralalpen. Faltung und Überschiebung sind auf das 
Deckgebirge oberhalb eines in triassischen Evaporiten 
lokalisierten Abscherhorizonts beschränkt. Das im 
Sinne der alpinen Orogenese weiter intern gelegene 
westschweizer Molassebecken und seine mesozois-
che Unterlage sind zeitgleich entlang desselben Ab-
scherhorizonts passiv um den Verkürzungsbetrag der 
Jurafaltung nach Nordwesten transportiert worden. 
Im Gegensatz zum Faltenjura zeigt die Westschweizer 
Molasse aber nur unauffällige tektonische Strukturen. 
Die Falten sind sehr fl ach ausgebildet und Blattver-
schiebungen nur von wenigen Orten im Grenzbereich 
zum Faltenjura bekannt. Das zeitgleiche Abscheren 
entlang desselben Abscherhorizonts und die Tatsache 
der nur erosiv ausgebildeten Grenze zum Faltenjura 
zeigen, dass das Westschweizer Molassebecken ge-
meinsam mit dem Faltenjura zum Vorland-Falten- und 
Überschiebungsgürtel dazu gezählt werden muss. Die 
Grenze zum alpinen Orogenkeil im engeren Sinn ist 
die basale Überschiebung der Subalpinen Molasse, die 
ihrerseits einen Abscherhorizont an der Basis des Ter-
tiärs und somit in einem höheren Stockwerk darstellt.

 Diese Arbeit beschäftigt sich mit der Defor-
mation der Westschweizer Molasse in der Gegend des 
Kantons Freiburg. Basierend auf strukturgeologischen 
Felddaten zeigt sie, dass die Molasse des Arbeitsge-
biets über die schwache Faltung hinaus auch durch 
weit verbreitete Blattverschiebungsstrukturen gek-
ennzeichnet ist. Im Feld wurden Brüche, Harnische, 
spröde Deformationsbänder, Störungen und Lösungs-
gruben in Konglomeratgeröllen als tektonische Struk-
turen aufgenommen. Die kartierte Deformation wird 
unter mechanischen, geochemischen und regionaltek-
tonischen Gesichtspunkten analysiert.

 Spröde Deformationsbänder sind charakteris-
tische Strukturen beginnender Deformation in porösen 
Sandsteinen. Dabei bilden sich planare Zonen (Bän-
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Schichten können einige der N-S streichenden Störun-
gen auch als sinistrale, die WNW-ESE streichenden 
Störungen als dextrale Blattverschiebungen interpreti-
ert werden. All diese Störungen wurzeln mit listrisch-
en Verfl achungen in den triassischen Evaporiten. Die 
N-S und NE-SW streichenden Störungen werden als 
ältere, durch E-W und NW-SE gerichtete Dehnung 
entstandene Abschiebungen interpretiert, die während 
der späteren NW-SE gerichteten Kompression inverti-
ert beziehungsweise reaktiviert wurden. Bereits die 
ältere Dehnung ist entlang der triassischen Evaporite 
von den tieferen Stockwerken entkoppelt.

 Die Deformationszonen aus der Oberfl ächen-
kartierung und die Störungen aus den Interpretationen 
seismischer Linien werden in einem dreidimension-
alen kinematischen Modell des Arbeitsgebiets zusam-
mengefasst. Nach diesem Modell verteilt sich die De-
formation in der Horizontalen auf mehrere konkrete 
Blattverschiebungs- und Einengungszonen. In der 
Vertikalen ist sie geprägt durch die kinematische 
Entkoppelung des tertiären und mesozoischen Deck-
gebirges vom Grundgebirge entlang des triassischen 
Evaporithorizonts, sowie durch eine Teilentkopplung 
zwischen den vorstrukturierten mesozoischen Ein-
heiten und der nicht vorstrukturierten tertiären Mo-
lasse. Die Teilentkopplung zwischen mesozoischen 
Einheiten und der tertiären Molasse ist im internen 
Teil des Arbeitsgebiets vollständig ausgebildet und 
durch die basale Abscherung der Subalpinen Molasse 
bedingt. 

 Die NW-SE gerichtete Kompression fi ndet 
nach der Molassesedimentation statt und setzt mit der 
Bildung des Vorland-Falten- und Überschiebungsgür-
tels im oberen Miozän ein. Entsprechend der Herd-
mechanismen rezenter Erdbeben dauert sie bis heute 
an. Die E-W und NW-SE gerichtete Dehnung der me-
sozoischen Einheiten ist wahrscheinlich paläogenen 
Alters.

 Die in den Aufschlüssen gemessenen 
Harnische und spröden Deformationsbänder sind in 
synthetischen und antithetischen Störungsfl ächen 
orientiert und werden als Einzelstörungen eines Rie-
delsystems interpretiert. Die Brüche können zu einem 
Teil als initiale Dehnungsbrüche (Klüfte) parallel 
zu σ1, als Scherbrüche ohne Lineation interpretiert 
werden. Die grösseren kartierten Störungen zeigen 
einen regellos orientierten kataklastischen Kern und 
ein dichtes Netzwerk von Brüchen, Harnischen und 
spröden Deformationsbändern in den Randzonen. Die 
einzelnen Störungen sind wahrscheinlich selten län-
ger als ein Kilometer, bilden aber weiter ausgedehnte 
Störungszonen innerhalb derer die Gesamtverfor-
mung auf mehrere kleinere, fi ederartig oder konjugiert 
angeordnete Störungen verteilt ist. Die Orientierung 
der kartierten Strukturen ist durchgängig subvertikal. 
Dabei sind N-S bis NNE-SSW streichende Störun-
gen sinistral und WNW-ESE bis NW-SE streichende 
Störungen dextral ausgebildet. Der aus den Struk-
turen und ihrer Kinematik bestimmte Paläostress zeigt 
eine im ganzen Arbeitsgebiet einheitliche NW-SE bis 
NNW-SSE gerichtete Kompression und entsprech-
ende NE-SW bis ENE-WSW gerichtete Dehnung. Da 
Überprägungskriterien keine Systematik aufweisen, 
ist die Deformation als einphasig anzusehen.

 Die Verfügbarkeit einheitlicher Neuinterpre-
tationen aller seismischen Linien (durch verschiedene 
Autoren und Koautoren) ergibt ein differenziertes 
Bild der Störungen im Untergrund, vor allem inner-
halb der mesozoischen Einheiten. Im Gegensatz zu 
den an der Oberfl äche vorherrschenden Störungen 
mit N-S und WNW-ESE Streichen fi nden sich im Me-
sozoikum vor allem Störungen mit N-S und NE-SW 
Streichen, und nur untergeordnet solche mit WNW-
ESE Streichen. Im Profi lschnitt weisen die Störungen 
vorwiegend Halbgrabengeometrien auf, doch ist ihr 
relativer Versatz zum Teil aufschiebend. Im Hinblick 
auf das südostwärts gerichtete regionale Einfallen der 
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1.1 SCOPE OF THE STUDY

 A series of small and medium-sized earth-
quakes was recorded in recent years near the city of 
Fribourg, situated in the densely populated foreland of 
the Swiss Alps. The localisation of these earthquakes 
reveals a N-S alignment and points to the existence 
of an active tectonic structure. The question arose 
whether earthquakes in the region could be potentially 
larger and cause substantial damage to infrastructure 
and population. It turned out that little is known about 
subsurface deformation in the region. In collaboration 
with different partners from the industry a research 
program was founded at the University of Fribourg 
with the aim to investigate the tectonic evolution and 
neotectonic activity of the western Swiss Molasse Ba-
sin. The work presented here is part of this study.

 The objective of this work is to improve the 
knowledge of the tectonic evolution by detailed inves-
tigation of the deformation in the fi eld. It is the fi rst 
systematic structural mapping approach that was ap-
plied to a region in the Molasse Basin of Switzerland 
(Canton Fribourg area). The mapped structures were 
analysed with microscopic and geochemical methods 
in order to characterise deformation conditions. The 
stress fi eld was calculated from the collected orien-
tation and kinematic data, and a deformation history 
established. The surface structures are compared with 
structures from the subsurface Mesozoic and base-
ment levels. A 3-D model of the fault network was es-
tablished and the nature of kinematic coupling of the 
different depth levels discussed. The results of these 
investigations will help to fi nd possible active struc-
tures and to characterise their size, mechanics and po-
tential rupture magnitude.

The manuscript is organized in fi ve parts. The fi rst part 
(chapter 1) is an introduction to the state of knowl-
edge of the northern Alpine foreland of Switzerland in 
terms of structural geology, tectonic evolution, deep 

structure, paleostress- and recent state of stress and 
its seismotectonics. The second part (chapter 2) de-
scribes tectonic microstructures of the Molasse sand-
stone, their mechanical characteristics and inferences 
for deformation conditions. The third part (chapter 
3) reports the occurrence of palygorskite as a newly-
formed clay mineral in fault gouges in the region. The 
fourth part (chapter 4) summarises the mapped surface 
structures and presents the calculated paleostress fi eld 
as well as the surface network of deformation. In the 
fi fth part (chapter 5) the surface structures are com-
pared to subsurface structures and a kinematic model 
for the region is proposed.

1.2 GEOGRAPHIC LOCATION AND SETTING

 The Molasse Basin represents the northern 
Alpine foreland basin. It extends from Vienna in the 
east to Savoy south of Geneva in the West, follow-
ing the northern rim of the Alpine chain for about 700 
km. Its total width changes along-strike, as well as its 
tectonic position. While the width of the basin reaches 
130 km in the eastern part, it decreases to about 50 km 
in central Switzerland and 30 km in western Switzer-
land. It completely wedges out south of Geneva be-
tween the Jura Mountains and the Subalpine chains 
of the French Alps (fi gures 1.1, 1.3). In central and 
western Switzerland, the Molasse Basin is tectoni-
cally linked to the Jura Mountains fold-and-thrust-belt 
that developed to its north with remnants of Molasse 
sediments preserved in its synclines. East of central 
Switzerland (i.e. east of the eastern Jura Mountains 
termination) the Molasse Basin rests on the more or 
less undeformed European foreland of the Alps.

 The western Swiss Molasse Basin covers 
the area of the western part of the “Mittelland“ be-
tween the cities of Bern and Geneva, the foothills of 
the geographic Alps and the southeastern edge of the 
Jura Mountains. It is generally known as the Plateau 
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Molasse and the Jura Mountains, the sequences of the 
Plateau Molasse are relatively un-deformed. Gentle 
anticlines and synclines, as well as some strike-slip 
faults, characterise the geologic landscape. Multiple 
Pleistocene glaciations formed the landscape and left 
a widespread cover of glacial deposits.

Molasse as opposed to the Subalpine Molasse, which 
consists of a series of closely imbricated thrust slices 
running along the northern edge of the geographic 
Alps (fi gures 1.1, 1.3).

 Between the folds and thrusts of the Subalpine 
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Figure 1.1: Geologic-tectonic overview of the Swiss Molasse Basin and adjoining areas with location of the study area.
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1.3 GEOLOGY OF THE SWISS MOLASSE

 BASIN

 The northern Alpine Molasse Basin is a typi-
cal peripheral foreland basin, formed by fl exing of 
the European crust under the load of the Alpine thrust 
wedge (Karner & Watts 1983, Pfi ffner 1986, Allen et 
al. 1991). It initiated in early Tertiary times when the 
Alpine orogenic wedge started to incorporate the Eu-
ropean passive margin (Pfi ffner 1986, Kempf & Pfi ff-

ner 2004). Subsequent convergence of the Adriatic 
and European domains until Pliocene times led to a 
further northward and northwestward migration of the 
deformation front and with it of the peripheral fore-
land Molasse Basin. Because of this basin migration, 
foreland deposits became incorporated into the Alpine 
nappe pile, while younger deposits progressively on-
lapped onto the Mesozoic of the European crust with 
an increasing time discordance (Homewood et al. 
1986, Pfi ffner 1986, fi gure 1.2).
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Figure 1.2: a) Simplifi ed stratigraphic column of the Molasse units. b) Sketch to illustrate sedimentation in the geodynamic context of the migrating 
northern alpine foreland basin prior to formation of the Jura Mountains. The sedimentary prism of the Molasse lithologies is given after restoring any 
erosion and tectonics. Thicknesses in the stratigraphic column after Matter et al. (1980).
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curs in two shallowing-up megacycles (Lower Marine 
Molasse to Lower Freshwater Molasse, Upper Marine 
Molasse to Upper Freshwater Molasse) (Trümpy 1980, 
Homewood et al. 1986, fi gure 1.2). The sedimentary 
detritus was shed from the rising Alps in the south and 
the rocks are dominated by proximal conglomerates 
and distal sands and shales (Heim 1919).

 During foreland basin evolution, an early un-
derfi lled Flysch-type stage can be distinguished from 
a later overfi lled Molasse type stage with the transi-
tion occurring in the lower Oligocene when deposition 
switched from deep marine (North Helvetic Flysch) to 
shallow marine (Lower Marine Molasse) (Allen et al. 
1991, Sinclair 1997). During the upper Oligocene and 
lower Miocene, sedimentation remains clastic and oc-
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 Sedimentation ceased in the uppermost Mio-
cene. This event marked the onset of considerable ero-
sion in central and western Switzerland. The estimat-
ed amount of erosion ranges between 1 km (Monnier 
1982) and 4 km (Kälin et al. 1992), based on vitrinite 
refl ectance (Schegg & Leu 1998), porosity studies 
(Kälin et al. 1992), illite crystallinity (Monnier 1982) 
and apatite fi ssion track cooling ages (Schegg & Leu 
1998, Cederbom et al. 2004, Mazurek et al. 2006). 
Today the Lower Freshwater Molasse and the Upper 
Marine Molasse are the main near-surface units in the 
western Swiss Molasse Basin, while outcrop of the 
Upper Freshwater Molasse is still widespread further 
east (fi gure 1.1). Due to their contemporaneity, ero-
sion was considered to have been initiated by the for-
mation of the Jura Mountains foreland fold-and-thrust 
belt north of the western Molasse Basin (Kuhlemann 
& Kempf 2002). The uplift that resulted from the pas-
sive transport of the Molasse in the rear of the Jura 
Mountains is, however, not suffi cient to account for 
the overall amount of erosion (Pfi ffner et al. 1997), 
and additional causes are likely. One such cause could 
be enhanced exhumation of the whole Alpine wedge 
forced by a change in climate toward higher precipita-
tion and hence higher denudation rates (Cederbom et 
al. 2004). Alternatively, a switch from an eastward-
oriented drainage system to a drainage system ori-
ented towards the Atlantic could have caused a drop 
in base level followed by a rapid increase in erosion 
in the western Alpine foreland (Schlunegger & Mosar 
2010).

1.4 TECTONIC EVOLUTION OF THE WESTERN  
 SWISS MOLASSE BASIN

 Different opinions exist with regard to the 
tectonic evolution of the western Swiss Molasse Ba-
sin and the adjacent Jura Mountains. The early Ter-
tiary development as a peripheral foreland basin of 
the Alpine orogeny is widely accepted. However, the 
mechanics of the later deformation events in the re-
gion and their effect on the western Swiss Molasse 
Basin are still debated. A series of tectonic processes 
may have infl uenced the western Swiss Molasse Ba-
sin. These include the Eocene-Oligocene rifting of the 
Rhine-Bresse graben system, the late Miocene folding 
and thrusting of the Jura Mountains, and possible on-
going shortening of the Alps until recent times, and the 
related exhumation/uplift of the External Crystalline 
Massifs. Inherited structures of the former European 
passive margin such as Permo-Carboniferous grabens, 
as well as the distributions of Triassic evaporates, may 
play an important role in the localisation of deforma-

tion during these events.

1.4.1 Inception and evolution of the
 Northern Alpine Foreland Basin

 Peripheral foreland basins in general are 
asymmetric basins that form in front of an advancing 
orogenic wedge by the fl exing of continental litho-
sphere under the load of this wedge (Dickinson 1974, 
Beaumont 1981, Jordan 1981). In contrast to the sub-
duction of dense oceanic lithosphere, the less dense 
continental lithosphere is fl exed and successively in-
corporated into the orogenic wedge. The northern Al-
pine foreland basin was formed during fl exing of the 
European lower plate in early Tertiary times when the 
fi nal collision of Adria and Europe occurred (Kempf 
& Pfi ffner 2004). 

 The most important process during the sub-
sequent early Tertiary evolution of the basin is the 
transition from an underfi lled fl ysch-type basin to 
the overfi lled Molasse Basin. While the former is a 
deep and narrow trough, the latter forms a broad and 
shallow basin (Allen et al. 1991, Sinclair 1997). This 
different geometry refl ects the fl exural properties of 
the basin’s substratum (Beaumont 1981), i.e. the Eu-
ropean lithosphere. Rheologic models of continental 
lithosphere show that the amplitude of the fl exed crust 
may depend on convergence velocity as well as on the 
thickness of the crust (Beaumont 1981). In the case 
of velocity dependence, the transition from the Flysch 
to the Molasse Basin is caused by a decrease in con-
vergence rate and an increase in isostatic rebound of 
the Alps. The latter would increase their elevation and 
intensify their erosion, leading to overfi ll of the basin 
(Sinclair & Allan 1992). Alternatively, if the amplitude 
of fl exure is dependent on the thickness of the fl exed 
crust, the switch from the Flysch-type to the Molasse-
type basin would occur at the same time as the migrat-
ing foreland basin reaches the transition from the thin 
oceanic lithosphere to the continental lithosphere of 
the passive margin, and hence coincide with the onset 
of continental collision with the European plate (Allan 
et al. 1991). In case of the northern Alpine foreland 
basin one or both of these causes are applicable.

1.4.2 Infl uence of the Upper Rhine
 Graben Rift

 The Upper Rhine Graben (URG) is a 300 km 
long, NNE-SSW striking graben structure that forms 
the central and most prominent part of the European 
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Cenozoic rift system (ECRS, Illies 1977, Ziegler 1992, 
Dèzes et al. 2004). In its southern parts, the URG 
spatially interact with the northern front of the Jura 
Mountains. Within the ECRS, the URG is connected 
towards west-southwest with the Bresse Graben via 
the Rhine-Bresse Transfer Zone (RBTZ) (Illies 1977, 
Ziegler 1992).

 The URG initiated in the Eocene and mainly 
developed during the Oligocene (Schumacher, 2002), 
showing vertical offset of several kilometres in the 
southern part. The Miocene to recent tectonic history 
of the URG is generally dominated by the reactivation 
of border faults according to NW-SE compression, re-
sulting in oblique left-lateral movement with a normal 
component (Schuhmacher 2002, Plenefi sch & Bonjer 
1997).

 The concept of the existence of Upper Rhine 
Graben-related, NNE-SSW trending basement faults 
extending southwards into the Molasse Basin has been 
proposed repeatedly (e.g. Revertera, 1927, Plancherel 
1979, Rybach et al. 1980, Kastrup et al. 2007). Such 
southwads extended fault zones would infl uence the 
tectonic and neotectonic evolution of the western Mo-
lasse Basin into which they project. This hypothesis 
has resurfaced recently in the frame of studies on seis-
micity in Switzerland (Kastrup 2002, Kastrup et al. 
2007) and became highly topical as a key parameter 
in earthquake magnitude assessment (ENSI 2010).

 Paleogeographic studies of sedimentary facies 
(Berger et al. 2005a, 2005b, Sissingh 1998) revealed 
Eocene rift-related conglomeratic fans at the southern 
boundary of the recent URG, suggesting rising to-
pography and hence the southern end of the rift-val-
ley. From their sedimentological studies of Mesozoic 
rocks in the northern Jura Mountains, Allenbach & 
Wetzel (2006) concluded that the URG-RBTZ-Bresse 
Graben geometry is an inherited Paleozoic structure, 
reactivated at several times during Earth history and 
responsible for the formation of the recent framework. 
Ziegler (1992) related the spatial distribution of the 
structures of the ECRS to the distribution of Permo-
Carboniferous troughs. In fact the RBTZ was shown 
to be a multiply reactivated zone of such late Paleo-
zoic graben structures (Madritsch et al. 2009). This 
geologic evidence indicates that the URG rifting was 

linked to the Bresse graben via the RBTZ rather than 
continuing southwards. 

1.4.3 The folding of the Jura Mountains

 The folding of the Jura Mountains and the 
associated jump of the Alpine orogenic front from 
south of the western Swiss Molasse Basin to north of 
the Jura Mountains began in the uppermost Miocene 
(Burkhard & Sommaruga 1998, Naef 1985, Laubscher 
1987). Concerning the mechanics of the Jura folding 
and thrusting, two confl icting hypotheses have been 
proposed: a model of autochthonous in-situ folding 
and the Fernschub hypothesis (distant-push hypoth-
esis, fi gure 1.5). In addition a model in which folding 
of the cover units is controlled by strike-slip faulting 
in the basement has been proposed (Pavoni 1961,). 
Currently the Fernshub hypothesis is the most widely 
accepted one.

1.4.3.1 In-situ folding model

 The in-situ folding model assumes that defor-
mation – folding and faulting - was caused by faulting 
in the basement (Aubert 1959).  Other authors have 
linked these basement faults to inversion of pre-exist-
ing older normal faults in the basement (Ziegler 1982, 
Pfi ffner et al. 1997). Gorin & Signer (1993) did not 
fi nd evidence for a detachment in their seismic inter-
pretations of the Vaud and Geneva area. Instead they 
pointed out many geometric similarities of young and 
inherited structures to confi rm their in-situ folding 
model. The inversion of small Permo-Carboniferous 
grabens is thought to push up the smooth anticlinal 
structures of the central and western Swiss Molasse 
Basin. Similar graben structures of greater extent 
were inverted, leading to the formation of deep-seat-
ed detachments in the basement underneath the Jura 
Mountains and to the deformation of the cover units 
including some local salt fl ows (Pfi ffner et al. 1997). 
Oligocene synsedimentary normal faults were record-
ed in the central Molasse Basin by seismic surveys and 
interpreted as reaching down into the basement. Such 
normal faults had been the most widely used argu-
ment against the Fernschub hypothesis (Pfi ffner et al. 
1997). Since they would offset the Triassic evaporite 

Figure 1.4: Compiled cross-section of the external (Helvetic) Alps, the Molasse Basin and the Jura Mountains. See fi gures 1.1 and 1.3 for the trace of 
the cross-section. Mesozoic units of the European passive margin are subdivided according to facies differences in: Jura Mountains (with sub-units), 
the cover of the external crystalline massifs and the detached Helvetic nappes. The position of these boundaries is artifi cial as they are largely unknown 
underneath the Molasse Basin and likely gradual in nature. Note the different position of the two most external detachments at the base of the Subalpine 
Molasse and underneath the Jura Mountains. Modifi ed after Sommaruga (1997) and Mosar et al. (1996). See fi gure 1.1 for the traces of cross-sections 
used for compilation.
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ports the Fernschub hypothesis (Boigk & Schöneich 
1974, Sommaruga 1997, fi gure 1.6). In addition, mi-
crostructural investigations of the evaporites in the 
hinterland of the Jura Mountains indicate high-strain 
deformation, evidence for large-scale decoupling in 
this horizon (Jordan 1992, 1994). Further support for 
the Fernschub explanation comes from considerations 
of balanced cross-sections showing that consider-
able displacement, implying décollement, is indeed 
required (Burkhard 1990, Boyer & Elliott 1982). 
Based on the interpretation of seismic data, Somma-
ruga (1997) argues that the thickness variations of the 
Triassic evaporites under the western Swiss Molasse 
Basin and the Jura Mountains are much higher than 
the differences in elevation of the top of the basement 
refl ector. Therefore elevation differences of the sub-
Triassic do not necessarily work as a barrier to large-

horizon, they would not allow for a large detachment 
to develop as proposed by the Fernschub hypothesis.

1.4.3.2 Fernschub hypothesis

 The Fernschub (distant-push) hypothesis 
(fi gure 1.5) was fi rst proposed by Buxtorf (1916) from 
fi eld and subsurface evidence and further developed 
by Laubscher (1961). The sedimentary cover sequenc-
es of the Molasse Basin and the future Jura Mountains 
became detached along Triassic evaporates and were 
pushed towards north and northwest. The result was 
the passive transport of the Molasse Basin and thin-
skinned folding and thrusting of the Jura Mountains. 
The regional coexistence of Triassic evaporites and 
the Jura Mountains fold-and-thrust belt strongly sup-

Mesozoic

Jura Mountains piggy-back
Molasse basin

Alps

Triassic evaporites

Crystalline basement

NW SE

Fernschub (distant push)

Jura Mountains Molasse Basin

Alps

European basement including
Permo-Carboniferous sediments

antiformal stacking
of basement

Mesozoic units, foreland,
Jura Mountains and Molasse
Basin, par-autochthon
in the Alps

Triassic underneath Jura
Mountains and Molasse Basin Detached cover

nappes (Alps)

Molasse units (Plateau
and Subalpine)

Décollement in Triassic evaporites Detachment at base of the Molasse

NW SE

a)

b)

Figure 1.5: Sketches to illustrate a) the principle of the Fernschub hypothesis and b) of foreland deformation in the Swiss Alps. The deformation of 
the Jura fold-and-thrust belt took place over a décollement horizon in Triassic evaporites and originates due to a distant push of the Alps. Cover short-
ening in the Jura Mountains corresponds to basement shortening by antiformal stacking in the Alps. A second detachment is developed at the base of 
the Molasse units representing the basal thrust of the Subalpine Molasse.
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rotation (Kempf et al. 1998). Shortening estimations 
of the Jura Mountains and the Subalpine Molasse 
based on several restored cross-sections along-strike 
reveal strain partitioning between both fold-and-thrust 
belts (Burkhard 1990). The results show that shorten-
ing in the Subalpine Molasse increases from south-
west towards northeast, while it decreases by the cor-
responding amount in the Jura Mountains. Burkhard 
(1990) concluded that shortening of both deformation 
belts occurred contemporaneously and that the inter-
mediary Molasse Basin underwent right-lateral shear. 
Formation of the Jura Mountains fold-and thrust-belt 
by northwestward compression alone was considered 
by Hindle & Burkhard (1999). They attributed the arc 
shape of the belt to strong strike-slip components in 
the limbs. In this view, no rotational deformation in 
the Plateau Molasse indenter is needed. In order to ac-
commodate lower magnitudes of displacement in the 
limbs of the arc, Affolter & Gratier (2004) proposed a 

scale decoupling. 
Based on the these fi ndings the Fernschub hypothesis 
is considered as the most relaiable in this work

1.4.4 Consequences of the folding of the   
 Jura Mountains for the Molasse
 Basin

 The Fernschub hypothesis consequently 
includes passive transport of the Plateau Molasse 
along a distance that corresponds to the shortening in 
the Jura fold and thrust belt. As the latter decreases 
from the central Jura Mountains along-strike towards 
NE, the Plateau Molasse had to undergo differential 
amounts of transport, indicating clockwise rotation 
(Burkhard 1990). On scale of the Swiss Molasse Ba-
sin paleomagnetic data indeed show such clockwise 
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shows the spatial coexistence of the Jura fold-and-thrust belt and its Molasse hinterland with a thick Triassic series including the evaporites. (After 
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mains in its foreland basin position s.s. with no Alpine 
deformation front located north of the Subalpine Mo-
lasse. South of Geneva, ramp anticlines in the under-
lying Mesozoic units, such as the Salève anticline or 
the Gros Foug anticline, divide the Molasse Basin into 
sub-basins (Gorin & Signer 1993). These sub-basins 
narrow southwards to synclines in the region of the 
Jura Mountains - Subalpine Chains transition. In the 
same region synsedimentary growth of anticlines dur-
ing the deposition of the Upper Marine Molasse was 
documented (Beck et al. 1998), indicating shortening 
to be active prior to décollement tectonics, which are 
generally thought to post-date the sedimentation of 
the Upper Freshwater Molasse.

 The western Swiss Plateau Molasse repre-
sents an area of little shortening between the folds 
and thrusts of the Jura Mountains and the Subalpine 
Molasse (fi gures 1.1, 1.3, 1.4). Its internal structure 
is dominated by low amplitude folds and some strike-
slip faults. The folds trend SW-NE, parallel to the ba-
sin axis, except in the region between Fribourg and 
Bern where the orientation of fold axes bend from 
SW-NE to N-S (Kopp 1946). This bending has been 
termed the Fribourg zone (“Querzone von Freiburg”) 
by Schuppli (1950). In the following it will, however, 
be termed the Fribourg structure in a more general 
sense, in order to not confuse it with a zone of faults 
in the Mesozoic units situated in the eastern part of the 
Fribourg structure for which the term Fribourg zone 
was recently widely used (Mosar et al. 2011).

 The regional structural confi guration at the 
southwestern termination of the Molasse Basin and in 
the transition area between Molasse Basin and Jura 
Mountains, as described by various authors, indicates 
a closely related tectonic evolution. It seems reason-
able to assign both mega-units to one tectonic unit, 
representing the foreland fold-and-thrust belt of the 
central Alps. 

1.4.7 The Subalpine Molasse

 The Subalpine Molasse represents a fold-and 
thrust belt of deformed Molasse units running parallel 
to the Alps at the southern edge of the undeformed 
Molasse (fi gures 1.1, 1.3, 1.4). It changes along-strike 
from a narrow band of imbricates in the southwest to 
a broad fold belt in the east and vanishes towards the 
eastern reaches of the Molasse Basin.

 The youngest stratigraphically dated thrust of 
the Subalpine Molasse is associated with the Hornbühl 

relative clockwise rotation of the northeastern hinter-
land and a relative counter-clockwise rotation of the 
southwestern one.

1.4.5 Strike-slip faulting in the Jura
 Mountains

 Syn- to post-folding strike-slip faults are 
prominent structures in the central and southwest-
ern Jura Mountains, crosscutting the fold belt (Heim 
1915, Aubert 1959, Sommaruga 1997). They appear 
along-strike of the chain, forming conjugate networks 
of individual fault zones several kilometres in length 
that also transect the transition regions between Jura 
Mountains and Plateau Molasse (Jordi 1951, 1990, 
Gorin et al. 2003). They increase in size toward the 
southwest.

 South of Geneva, the Vuache fault zone tran-
sects the entire internal Jura Mountains and the sub-
basins of the narrow Molasse. It is described as a NW-
SE-striking tectonic element, repeatedly active since 
the Mesozoic. The fault zone shows a top-to-the-SW 
reverse movement in the early Miocene, and a left-
lateral strike-slip movement from the upper Miocene 
onwards (Blondel et al. 1988). Recent seismicity dem-
onstrates ongoing tectonic activity along the Vuache 
fault zone (Sambeth & Pavoni 1988, Thouvenot et 
al. 1998, Courboulex et al. 1999). The focal planes 
of earthquakes change gradually from a left-lateral 
strike-slip to a thrusting mechanism as the fault zone 
bends into the frontal thrust system of the internal Jura 
Mountains (Sambeth & Pavoni, 1988). Similarly, the 
thrust between internal and external Jura was inter-
preted in its southern parts as a lateral ramp with left-
lateral movement, induced by the basement-involving 
Culoz fault (Philippe 1995). The same author consid-
ers this southern limb of the Jura arc to be a complex 
transfer zone between the Jura Mountains and the 
Subalpine Chain, marking the southern rim of the Tri-
assic evaporites and hence the limit of thin-skinned 
décollement tectonics.

1.4.6 Deformation of the western Swiss   
 Molasse Basin

 The formation of the Jura Mountains by dé-
collement tectonics brought the western Molasse Ba-
sin into its wedge-top position behind the orogenic 
front (Willett & Schlunegger 2010). This tectonic 
position changes towards the East. In eastern Swit-
zerland, Germany and Austria the Molasse Basin re-
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lift of the external crystalline massifs, either isostatic 
(Neugebauer et al. 1980) or by thickening due to dis-
tributed internal fl ow mechanisms (Marquer 1990), 
was considered as the possible cause for gravitational 
gliding of the foreland sequences. However, Burkhard 
(1990) argues that there are not enough extensional 
features to be found in front of the Aar Massif to ex-
plain the Jura folding by gravitational gliding. Boyer 
& Elliott (1982) established the idea of the basal de-
tachment being rooted somewhere under the Alps. 
This model accommodates basement shortening by 
antiformal stacking and associated uplift of the ex-
ternal crystalline massifs. Burkhard (1990) quantifi ed 
shortening of the Jura Mountains and the Subalpine 
Molasse and related these thin-skinned foreland de-
formations to antiformal stacking of the external crys-
talline massifs according to the model of Boyer & 
Elliott (1982). He argues that the detachment has to 
be rooted underneath the frontal parts of the crystal-
line massifs as there is no potential provenance behind 
them to restore Jura Mountains and Molasse Basin to. 
Furthermore, in case of the Aar Massif, exhumation 
and associated back folding and steepening of the Hel-
vetic nappes was still active at the time of folding of 
the Jura Mountains (Burkhard 1990). At the current 
state of research, the model of Boyer & Elliott (1982) 
seems to best explain strain partioning between Alps, 
Molasse Basin and Jura Mountains.

1.5  THE TOP OF BASEMENT STRUCTURE IN

 THE WESTERN MOLASSE BASIN

 The deep structure of the western Swiss Mo-
lasse Basin has been investigated by local borehole 
drilling, seismic surveys and by recording of potential 
magnetic fi eld data. The top of basement topography 
is of special interest as a detailed knowledge of this 
could help discriminate between pre-Mesozoic and 
Mesozoic-to-present fault patterns, to recognize the 
distribution of Permo-Carboniferous grabens, and to 
better understand the links between inherited struc-
tures and post-Triassic tectonics.

 Recent studies have confi rmed that the top 
of basement in the western Swiss Molasse Basin is in 
general a smooth, SE-dipping surface (isopach maps 
in Valasek & Mueller 1997), as expected from the fl ex-
ural basin model. It dips with an average angle of 1° - 
3° (Sommaruga 1997, 1999). The top of the magnetic 
basement also corresponds to the overall geometry of 
a SW-NE-striking and SE-dipping surface (Klingelé 
& Mueller 1987). Detailed analyses show a number 
of deviations from this overall smooth SW-NE trend. 

Melange located near Luzern, and was active until 
mid- to late Miocene times (Homewood et al. 1986). 
Shallowly inclined thrusts of Subalpine Molasse as 
well as Helvetic nappes and Prealpine nappes further 
south, both cutting steeper imbricates of the Subalpine 
Molasse, are known from several localities (Trümpy 
1980) and imply young, out-of-sequence thrusting. 
Recent studies of apatite fi ssion track cooling ages 
reveal movement along thrusts in the Subalpine Mo-
lasse of central Switzerland after 5 Ma (von Hagke 
et al. 2010). Subsidence-uplift estimations based on 
clay mineralogy of borehole sections underneath the 
Subalpine Molasse basal thrust indicate that consider-
able erosion has taken place prior to thrusting (Mon-
nier 1982). If thrusting of the Subalpine Molasse post-
dates erosion of the Plateau Molasse, it has to post 
date deposition of the Upper Freshwater Molasse plus 
the time span of erosion. It would then probably be 
attributed to the uppermost Miocene or Pliocene.

 East of central Switzerland, the thrust front of 
the Subalpine Molasse forms the actual Alpine defor-
mation front and is characterised by triangular struc-
tures with a basal blind thrust and subsurface stacking 
(Berge & Vial 2005, Müller et al. 1988, Vollmayr & 
Wendt 1987). Such structures are also reported locally 
for the western Molasse Basin (Vollmayr & Wendt 
1987), where the thrust front represents the border 
between the Alpine nappes and their foreland fold-
and-thrust belt formed by the Jura Mountains and the 
western Molasse Basin.

 Whereas the detachment of the foreland fold-
and-thrust belt runs along the Triassic evaporates near 
the base of the Mesozoic units and above the base-
ment, it is located at the base of the Tertiary Molasse 
above the Mesozoic units in the case of the Subalpine 
Molasse (fi gures 1.4, 1.5). 

1.4.8 The Jura Mountains-Molasse Basin- 
 Alps connection

 The different models for the Jura Mountains 
deformation also require different models for the Jura 
Mountains - Molasse Basin - Alps connection. Espe-
cially the Fernschub hypothesis needs to explain the 
causes of the distant push. In contrast to the in-situ 
folding model, it further requires a location where 
basement shortening, equivalent to the shortening of 
the Mesozoic units in the Jura Mountains, has taken 
place. In an early interpretation, Laubscher (1961) 
proposed gravitational gliding of the cover sequence 
from the rising Alps as a possible mechanism. Up-
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the subsurface of northwestern Switzerland (Diepold 
1985, Matter 1987). They are also present beneath the 
Molasse Basin, but their precise extent remains dis-
puted.

1.6 PALEOSTRESS AND RECENT STRESS IN THE

 WESTERN MOLASSE BASIN

 Based on the orientations of fault planes and 
slickensides, the paleostress fi eld for the central Eu-
ropean platform (Bergerat 1987) and, in more detail, 
for the Jura Mountains (Homberg et al. 2002), shows 

The E-W strike of the basement in the Neuchâtel area 
(fi gure 1.7) is not in accord with the SW-NE strike 
of the overlying folds of the Jura Mountains and is 
an argument against the involvement of the basement 
in the cover deformation (Sommaruga 1997). In addi-
tion, the isoline map presented in Sommaruga (1997, 
modifi ed in fi gure 1.7) shows a basement high in the 
Treycovagnes area, as well as an ascending top-to-
basement south of the front of the Subalpine Molas-
se. The latter may also correspond to inversion of a 
Permo-Carboniferous trough (Gorin et al. 1993 Mosar 
et al. 1996). Late Paleozoic clastic sediments occur 
in the Alps (e.g. Trümpy 1980, Pfi ffner 1993) and in 
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rizons. For the Jura Mountains, paleostress was further 
estimated from stylolites (Plessmann 1972) and from 
calcite twins (Tschanz 1990) (fi gure 1.8). The estab-
lished overall directions are also NW-SE in the central 
Jura (Tschanz 1990), and fan-shaped on the scale of 
the whole Jura belt (Plessmann 1972). Both authors 
additionally distinguished between a NW-SE direc-
tion in the highly deformed parts of fold belts and a N-
S direction in intermediate plateau-like areas. Tschanz 
(1990) proposed that this N-S direction represents an 
older stress fi eld preserved in the less deformed ar-

NW-SE compression during Miocene, with a local de-
viation in the Jura Mountains. Here compression axes 
change toward N-S in the eastern limb and E-W in the 
southwestern limb of the arc-shaped mountain belt. A 
similar stress fi eld was also proposed by Laubscher 
(1972) based on the major trend of fold axes and faults 
(fi gure 1.8), as well as by Schrader (1988a, 1988b), 
who investigated solution pits in pebbles in conglom-
erates of the Molasse sediments (fi gure 1.8). The latter 
study is the only paleostress analysis in the Molasse 
Basin itself and it was restricted to conglomeratic ho-
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boundaries of ancient micro-plates in the Alps (Frisch 
1979, Schmid et al. 2004). In the present plate tec-
tonic confi guration, the northern Alpine foreland is, 
however, situated in an intraplate setting. Both his-
torically and instrumentally recorded earthquakes are 
characteristic for such a setting. Very low magnitude 
earthquakes are relatively frequent, up to magnitude 5 
(local magnitude) earthquakes are rare but do occur, 
and both are mostly bound to known tectonic fracture 
zones (Appendix 1.1). According to paleoseismic re-
cords it is probable that earthquakes larger than mag-
nitude 5 (local magnitude) reoccur at time intervals 
exceeding the historical record (Schnellmann et al. 
2002, 2006, Strasser et al 2006).

 In Switzerland, earthquake activity is gener-
ally considered to be characterised by shallow earth-
quakes in the Alps and by deep ones in the Alpine 
foreland (Pavoni 1977, Kastrup et al. 2004). It is, 
however, important to note that in the foreland shal-
low earthquakes do also occur, i.e. the defi ning char-
acteristic is the absence of deep ones in the Alps.

 The focal mechanisms of the recorded earth-
quakes in the Alpine foreland of Switzerland indi-
cate predominantly strike-slip movement and minor 
normal faulting (Kastrup et al. 2004, Appendix 1.1). 
Reverse faulting is rare and restricted to a few events 
only located in the basement of the frontal parts of the 
Jura Mountains (Pavoni & Peterschmitt 1974, Bear et 
al. 2005). 

 The Alpine foreland of Switzerland was sub-
divided by Pavoni (1977) into three parts according to 
seismicity, a western (south and west of Bern-Solo-
thurn-Basel), a central and an eastern part. In the west-
ern part of this subdivision, some of the earthquakes 
could be related to strike-slip fault zones located in the 
Jura Mountains. 

 Ongoing recording by a continuously improv-
ing network of seismic stations has refi ned Pavoni’s 
picture. In the western Swiss Molasse Basin and the 
adjacent Jura Mountains, several additional small to 
medium earthquakes were recorded (fi gure 1.9). They 
are often shallow and tend to occur in specifi c clusters 
and lineaments, some of which are related to known 
tectonic structures. Some important examples of these 
earthquakes are: 

1) The earthquake of Jeurre in the southwestern  
Jura Mountains. It is located in the sedimentary cover 
and shows a strike-slip mechanism according to NW-
SE compression The local magnitude was 4.4 (Pavoni 

eas.

 The recent stressfi eld has been investigated 
by in-situ stress measurements (fi gure 1.8), interpreta-
tion of focal mechanisms of earthquakes and by hori-
zontal movements derived from GPS surveys.

 Based on several in-situ stress measurements, 
the compiled world stress map (Zoback 1992) speci-
fi es an overall NW-SE direction of maximum horizon-
tal stress in central and western Europe. In the northern 
foreland of the Alps, a deviation is recorded toward a 
maximum compression direction perpendicular to the 
strike of the Alps (Reinecker et al. 2010). However, 
since the Alpine chain curves, this is NNW-SSE to 
NW-SE in Switzerland as well. Detailed in-situ stress 
measurements for the Jura Mountains and parts of its 
Molasse hinterland show that the recent near-surface 
stress fi eld deviates from both paleostress and from 
recent stress directions perpendicular to the Alps 
(Becker 2000, fi gure 1.8). While the latter fan around 
NW-SE compression, the detailed recent stress fi eld 
can be subdivided into provinces of different stress 
directions (fi gure 1.8). The author assumed that thin-
skinned deformation ceased and a new tectonic regime 
was established including both cover and basement. 
On the contrary, in-situ stress measurements in deep 
boreholes show NNE-SSW-directed stress above and 
NW-SE-directed stress below the Triassic detachment 
horizon, indicating the decoupling of near-surface 
stress from the stress fi eld in the basement (Becker 
1987).

 The maximum horizontal stress derived 
from focal mechanisms of earthquakes (Kastrup et al. 
2004) in the Alpine foreland of Switzerland is located 
within the NW-SE quadrant but rotating therein coun-
ter-clockwise from east to southwest. The fault plane 
mechanisms are dominantly strike-slip with an in-
creasing component of thrust faults towards the south-
western termination of the Molasse Basin (Kastrup et 
al. 2004). The contemporaneous rotation of the maxi-
mum horizontal compressive stress into a nearly E-W 
orientation is in accordance with the E-W convergence 
in the adjacent Subalpine Chains of the French Alps, 
recorded by long-term GPS measurements (Jouanne 
et al., 1998).

1.7 SEISMOTECTONICS OF THE NORTHERN

 FORELAND OF THE CENTRAL ALPS

 The European plate is internally structured 
by Paleozoic and Tertiary fracture zones including the 
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zone. They are located in the Mesozoic units and fo-
cal mechanisms are strike-slip related to WNW-ESE 
compression. Magnitudes are up to 5.3 (Sambeth & 
Pavoni 1988, Thouvenot et al. 1998, Courboulex et 
al. 1999).

 In the western Swiss Molasse Basin, seismic-
ity resembles that of the Jura Mountains with strike-
slip mechanisms related to NW-SE compression 
(fi gure 1.9). Strike-slip fault zones like in the Jura 
Mountains are less known in the western Swiss Mo-
lasse Basin but the tendency of focal mechanisms to 
align (fi gure 1.9) implies that they do exist and tend to 
locate recent tectonic activity.

& Peterschmitt 1974). 

2) The earthquakes that cluster in the region of 
Neuchâtel. These are not more than 2 km deep and 
show strike-slip mechanisms with a NW-SE compres-
sion direction. Local magnitudes are up to 3.2 (Deich-
mann et al. 2004, Bear et al. 2007). 

3) The earthquakes in the area of Fribourg. These show 
a conspicuous N-S alignment and are usually situated 
in the Mesozoic units. The focal mechanisms are pre-
dominantly strike-slip related to NW-SE compres-
sion. Local magnitudes are up to 4.3 (Deichmann et 
al. 2000, Kastrup et al. 2007, Deichmann et al. 2010). 

4) The earthquakes occurring along the Vuache fault 
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ABSTRACT

Brittle deformation in porous sandstone produces brittle deformation bands (DBs), which are zones of reduced po-
rosity typically a few mm in width that result from reduction of grain size by fracturing. The denser packing of an-
gular subgrains leads to strain hardening, and ongoing deformation creates new DBs subparallel to the initial ones. 
Increasing strain is accomodated by several anastomosing DBs forming deformation band shear zones (DBSZs) and 
fi nally by a discrete slip plane.
Structural mapping revealed DBs to be common structures in the sandstones of the western Swiss Molasse Basin. 
The investigation of their micro-fault gouges by optical and electron microscopy shows that they initiate from grain 
crushing, similar to DBs described in the literature, but that subsequent deformation is different. A considerable 
amount of the investigated micro-fault gouges from both DBs and DBSZs show strain accumulation either before 
or without a discrete slip plane being formed. These fault gouges feature foliations with SCC’ fabrics, providing a 
microscopic shear sense indicator. The foliations are made of palygorskite fi bres, a Mg-rich clay mineral, which 
forms in the course of deformation. Equilibrium calculations showed that palygorskite is stable with the host rock 
mineralogy and the formation waters at surface temperature, while chlorite, pre-existing in the host rock, is unstable 
in this confi guration. The mineral reaction is triggered by grain grinding, i.e the contact of ground material with 
the fl uid phase, and compatible with brittle, near-surface deformation. The appearance of palygorskite is thought to 
cause strain softening and hence (re-)concentration of strain in existing DBs. 
The observed micro-fault gouges are composed of regular structures forming the foliation network, as well as cha-
otic structures found in the area between the foliations. The fault gouges therefore most likely develop in two al-
ternating modes, one of ongoing shear (foliations) and the other of instantaneous failure (chaotic structures), which 
implies periods of aseismic and seismic faulting.
The mapped DBs occur as conjugate sets and complete Riedel-type geometries. They run subparallel to mapped 
slickenside populations but tend to be more steeply inclined with respect to σ1. DBSZs frequently narrow to zones 
of concentrated shear with an orientation slightly rotated towards σ1. These zones of constriction probably represent 
the transition from deformation banding to slip along discrete faults. Micro-fault gouges of DBs and DBSZs often 
directly develop into macroscopic-scale gouges. 
The tectonic regime in the western Swiss Molasse basin reveals strike-slip faulting due to NW-SE compression. 
The DBs mapped in this area represent the stage of fault initiation in the Molasse sandstones. The orientation and 
kinematics of the mapped DBs correlate well with those elaborated from slickensides in the study area. They de-
veloped in a strike slip regime under NW-SE compression that started in the upper Miocene and has persisted until 
recent times.
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isting work summarised and the classifi cation refi ned 
(Fossen et al. 2007; table 2.1).

 Brittle DBs have been reported for normal, 
thrust and strike-slip environments and were linked to 
rupture events on nearby seismic faults (Cashman & 
Cashman 2000). They are the fi rst structures to form in 
intact rock, usually in the tip regions and in the dam-
age zones of larger faults (Shipton & Cowie 2001). 
During evolution from DB to fault zone, the bands 
commonly form shears belonging to a Riedel system 
(Davis et al. 1999, Ahlgren 2001, Katz & Weinberger 
2005).

 The macroscopic orientations of the DBs in 
this study resemble conjugate sets of Riedel shears 
that subsequently evolve to superordinate Riedel 
shear zones. Their microscopic investigation revealed 
that micro-fault gouges derived from grain crushing 
show structures hitherto described for macroscopic 
fault gouges and cataclasites. These structures include 
foliations (Chester et al. 1985, Chester & Logan 1987) 
arranged in SCC’-geometries (Lin 2001) and shape-
preferred orientations of relict grains from the host 
rock (Cladouhos 1999a). The foliation geometry is 
similar to mylonitic SCC’-fabrics and provides a shear 
sense indicator. In contrast to classical DBs, the bands 
in this study evolve and translate from micro-fault 
gouges directly to macroscopic gouges with accumu-
lating strain. The foliations observed in the micro-fault 
gouges are formed by a new mineral phase identifi ed 
as palygorskite. The new growth of this Mg-rich hy-
drous clay mineral has important implications for the 
deformation conditions and fl uid fl ow. 

 In this article we describe the macroscopic 
geometries and regional pattern of the DBs in the 
study area as well as the fabric and characteristics of 
the microscopic fault gouge. We discuss the differ-

2.1 INTRODUCTION

 The Molasse Basin of western Switzerland 
occupies a piggy-back position behind the foreland 
fold-and-thrust belt of the Jura Mountains. In contrast 
to the strong deformation of the internal Alps and the 
external Jura Mountains, the Molasse Basin lacks ob-
vious deformation as outcrop conditions are poor and 
inclination is generally sub-horizontal. In our study 
we investigated the tectonics of the western Swiss 
Molasse Basin and found deformation bands to be 
both common structures in the fi eld and to be of great 
importance for the understanding the tectonic history.

 Deformation in porous sandstone has been de-
scribed as a grain breaking and reorganisation process-
es rather than involving whole rock fracturing (Mandl 
et al. 1977). These processes deform and reduce pore 
space, taking place along mm-wide planar zones 
called brittle deformation bands (DB; Aydin 1978, Ay-
din & Johnson 1978, Antonellini et al 1994, Davis et 
al 1999, Fossen et al. 2007). The DBs strain-harden as 
the grain fragments interlock, resulting in the forma-
tion of new sub-parallel bands. With increasing strain, 
bundles of anastomosing bands are formed, each band 
accounting for a few mm of the total offset. These de-
formation band shear zones (DBSZ) may eventually 
develop a discrete slip plane which accommodates 
larger slip rates (Aydin & Johnsons 1978; fi gure 2.1). 
During the last decades, DBs were also described in 
un-lithifi ed or poorly lithifi ed porous media (Rawling 
& Goodwin 2003, Cashman & Cashman 2000) and re-
produced in the laboratory by rock fracturing experi-
ments (Mair et al. 2000, Main et al. 2001). Different 
varieties such as bands with clay smearing in clay-rich 
sandstones or slipped deformation bands with higher 
offset were found (Rotevatn et al. 2008). The micro-
structure of natural brittle DBs was investigated and 
classifi ed (Antonellini et al. 1994; table 2.1), the ex-

offset
marker

DB

a)

DBSZ

b) slip
plane

c)

Figure 2.1: Scheme for the sequential evolution of DBs, DBSZs and a fi nal discrete slip plane after Aydin & Johnson (1978), modifi ed from Pollard 
& Fletcher (2005). a) Formation of a single DB. b) Increasing strain accounts for further sub-parallel DBs arranged in a DBSZ. c) Finally a discrete 
slip plane evolves, accounting for larger offset.
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1991, Sinclair 1997).

 The Molasse-type sedimentation took place 
in two shallowing-up megacycles in Oligocene and 
lower Miocene times (Trümpy 1980, Homewood et 
al. 1986, Berger et al. 2005). The detritus was erod-
ed from the Alps rising in the south and deposited as 
proximal conglomeratic fans, and distal sandstones 
and shales (Heim 1919). Small-scale vertical and lat-
eral facies variations between these lithologies are fre-
quent (Matter et al. 1980). The main formations were 
named according to their sedimentological character-
istics – lower marine Molasse (UMM), lower fresh-
water Molasse (USM), upper marine Molasse (OMM) 
and upper freshwater Molasse (OSM) (Studer 1853, 
Trümpy 1980).

 A stratigraphic gap separates the Oligocene 
Molasse sediments of the study area from the under-

ences from “classical” DBs and present a conceptual 
model for fault gouge evolution. Macroscopic and 
microscopic study of the DBs provides important in-
sights into the regional tectonics, especially concern-
ing the modes of initial and continuing deformation. 
The results obtained are used to discuss the question 
of the seismic vs. aseismic nature of deformation in 
the western Swiss Molasse Basin.

2.2 BACKGROUND

2.2.1 Geologic setting

 The Swiss Molasse Basin is the western part 
of the former peripheral foreland basin of the Alps 
(fi gure 2.2). During the orogenic evolution it progres-
sively evolved from an underfi lled Flysch basin to an 
overfi lled Molasse Basin (Pfi ffner 1986, Allan et al. 
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Figure 2.2: a) General map of the Molasse Basin with major tectonic units and b) schematic cross section through the study area and adjacent Jura 
Mountains. The location of the study area and trace of the schematic cross section are indicated in the map.
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occurs (Beck et al. 1998). This indicates a change in 
the basin’s along-strike geodynamic situation towards 
southwest.
 In the southeastern parts of the basin, the old-
er sediments were imbricated as a result of ongoing 
NW-ward migration of the orogen, forming the nar-
row band of the subalpine Molasse located along the 
former front of the Alps. In contrast, the less deformed 
Plateau exhibits only slightly folded, subhorizontal 
units taking up most of the area between the Alps and 
the Jura Mountains. Sedimentation turned to erosion 
in Serravallian times when a large-scale decollement 
developed in the Triassic evaporites underlying the 
Molasse Basin. This decollement triggered the for-
mation of the Jura Mountains in front of the Molasse 
Basin, incorporating the latter into the northern Alpine 
foreland fold-and-thrust belt. The Molasse Basin was 
passively translated and uplifted into its present posi-
tion as the thicker and less deformed rear part of the 
fold-and-thrust belt (Buxtorf 1916, Laubscher 1961, 
Burkhard 1990, Burkhard & Sommaruga 1998).

 Erosion since the Serravallian accounts for up 
to 4 km of exhumation in the western part of the Pla-
teau Molasse, where it has nearly completely removed 
the OSM (Schegg et al. 1997, Schegg & Leu 1998, 
Mazurek et al. 2006, Cederboom et al. 2004). The re-
gion has been found to be deformed by a network of 
meso-scale faults, slickensides and the DBs this study 

lying Mesozoic units. The latter consists of partly 
evaporitic Triassic and usually shalely lower Jurassic, 
followed by middle to upper Jurassic platform carbon-
ates. In the southwestern parts sedimentation contin-
ued into lower Cretaceous times (Trümpy 1962, Bü-
chi et al. 1965, Trümpy 1980, Bachmann et al. 1987). 
For the most part these non-metamorphic cover units 
directly overlay basement, though in places they rest 
on post-Variscan graben structures fi lled with Permo-
Carboniferous clastic sediments (Diepold 1985, Mat-
ter 1987, Bachmann et al. 1987, Pfi ffner et al. 1997).

 Ongoing NW-ward migration of the Alpine 
orogen and its peripheral foreland basin during the 
Molasse sedimentation lead to progressive onlapping 
of younger Molasse sediments on the Mesozoic of the 
down-fl exed European crust (Pfi ffner 1986, Home-
wood et al. 1986). A restored cross-section of the un-
deformed Molasse sediments thus exhibits a triangu-
lar shape with the oldest sediments deposited only in 
the southeastern part and the youngest sediments only 
in the northwestern part (fi gure. 2.3). The interplay of 
sedimentation and NW-ward migration of the foreland 
basin caused synsedimentary deformation. In eastern 
Switzerland and adjacent Germany, growth faults 
oriented parallel to the basin axis represent normal 
faulting on the down-fl exing lithosphere (Laubscher 
1978, Bachmann et al. 1987, Bachmann & Müller 
1992), whereas in Savoie (F) synsedimentary folding 
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Figure 2.3: Sketch illustrating sedimentation in the geodynamic context of the migrating northern Alpine foreland basin prior to formation of the 
Jura Mountains. A stratigraphic column and a time frame are given, as well as the sedimentary prism of the Molase lithologies (represented in their 
theoretical sequence not accounting for erosion and tectonics).
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deformation bands with cataclasis and 3) deformation 
bands with clay smearing (table 2.1). DBs with no 
cataclasis are proposed to form under low confi ning 
pressures. They show only few or no crushed grains 
and exhibit a different fabric than the host rock, fea-
turing porosity increase, porosity decrease or grain re-
orientation. The thickness of these bands is directly 
dependent on the grain size of the host rock. DBs with 
cataclasis are proposed to form under elevated confi n-
ing pressures and are characterised by grain breaking 
and compaction due to pore space reduction. They re-
semble the bands described by Aydin (1978) and Aydin 
& Johnson (1978). DBs with clay smearing develop in 
sandstones with considerable clay content and display 
larger offsets. Reorientation of the clay platelets paral-
lel to the band is thought to facilitate slip. Concerning 
the micro-mechanics of DB evolution, Antonellini et 
al. (1994) suggested that at high confi ning pressure 
compaction begins with the onset of strain, whereas 
at lower confi ning pressure an initial phase of dilat-
ancy occurs (due to grain rotation), later followed by 
grain crushing and porosity reduction. In their fi eld 
observations, the authors found DBs with no catacla-
sis to be widely distributed over the area, while DBs 
with cataclasis are located in proximity to major faults 
and folds. In the latter case, DBs are narrow and have 
more offset if the clay content and/or the porosity of 
the host rock is high, and broader if it is low.

 Fossen et al. (2007) recently summarised 
different types of DBs and refi ned the defi nition of 
Antonellini et al. (1994). They term bands with a re-
organised grain assemblage disaggregation bands, 
or phyllosilicate bands if the reorganisation involves 
phyllosillicate minerals as part of the host-sandstone 
detritus. Bands with grain breaking are termed cata-
clastic bands, while bands with dissolution and ce-
mentation are termed  solution and cementation bands 
(table 2.1).

 Single DBs and arrays of DBs were produced 
from porous sandstone by rock fracture experiments 
in the laboratory (Mair et al. 2000, Main et al. 2001), 
largely confi rming the conceptual models developed 
from fi eld observations by Aydin & Johnson (1978, 

is focusing on. The established strike-slip regime was 
governed by the same NW-SE directed compression 
that is still active today, as revealed by the offset of 
Quaternary lake deposits along the La Lance fault 
(Gorin et al. 2003) as well as the focal mechanisms of 
regional earthquakes (Kastrup et al. 2007).

2.2.2 Brittle deformation bands in
 sandstone

 Brittle DBs were described from fi eld and mi-
croscopic observations by Aydin (1978) and Aydin & 
Johnson (1978). In this “classical” model, they form 
after an initial phase of pore space reduction by grain 
breaking, grain scale cataclasis and compaction. The 
bands thus formed are distinct small-scale cataclastic 
fault zones commonly not more than a few mm thick 
(Aydin 1978). Pore space reduction and interlocking 
of grain fragments results in strain hardening leading 
to the formation of a new band sub-parallel to the fi rst 
one. With increasing strain, a zone of closely spaced 
anastomosing DBs develops, whose overall offset is 
the sum of all single DB offsets (Aydin & Johnson 
1978). The DBSZs can measure several tens of centi-
metres in width and often exhibit a discrete fault plane 
at one edge as the next phase of deformation (Aydin 
& Johnson 1978, 1983). While offset across a single 
band amounts to a few millimetres and up to some 
tens of centimetres across a DBSZ, offset can be large 
across the slip planes (fi gure 2.1). In the Entrada and 
Navajo sandstone, where the classical studies were 
conducted, all slip planes are reported to have devel-
oped from a DBSZ (Aydin & Johnson 1978).

 Based on the different examples of brittle DBs 
described from all over the world, this general model 
was refi ned to account for varying pressure conditions 
and host rocks. Despite the small amounts of offset, 
the lack of a well-defi ned discontinuity plane and the 
anastomosing structures (within DBSZs) as common 
characteristics, Antonellini et al. (1994) described 
three types of DBs according to their micro-structure. 
1) Deformation bands with little or no cataclasis, 2) 

Antonellini et al. 1994 Fossen et al. 2007
characteristics name characteristics name
Reorientation of grains Bands with no cataclasis Reorganisation of grains Disaggregation bands
Fragmentation of grains Bands with cataclasis Fragmentation of grains Cataclastic bands
Develop in sandstones with
clay content, high offset

Bands with clay smearing Reorganisation of grains
involving phyllosilicates

Phyllosilicate bands

Dissolution of grains,
cementation of the matrix

Bands with solution and
cementation

Table 2.1: Classifi cation of deformation bands by Antonellini et al. (1994) and Fossen et al. (2007).
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2.2.3 Riedel shear model and SC-fabrics

 The Riedel shear model (fi gure 2.6) was de-
veloped from analogue modelling with clay (Riedel 
1929, Cloos 1930, Tchalenko 1968) and described for 
experimentally deformed rocks (Bartelett et al. 1981), 
as well as natural brittle deformation zones varying in 
both scale and lithology (Tchalenko 1970, Davis et al. 
1999, Ahlgren 2001, Katz & Weinberger 2005).

 The movement of a fault zone is distributed 
on fault zone-internal shears with synthetic and anti-
thetic senses of movement. The synthetic shears R and 
P are oriented at an ideal angle of 15° with respect to 
the shear zone, R at a normal angle and P at a reverse 
angle1. The antithetic shears R’ and X enclose ideal 

1983). Ongoing deformation after the development of 
the fi rst DB was found to take place under steady con-
ditions, as is shown by the stress-strain curves from 
the experiments (fi gure 2.4). The only macroscopic 
stress drop which occurs is the one when the fi rst DB 
forms. This indicates the formation of the parallel 
bands after strain hardening of the initial band to be a 
continuous continouos process (Mair et al. 2000). No 
fi nal discrete slip plane was achieved in the laboratory 
tests, probably due to limits in the experimental setup, 
such as limited amounts of fi nite strain (Main et al. 
2001). 

 DBs were further described to develop in 
poorly lithifi ed or non-lithifi ed, near-surface porous 
sediments (Cashman & Cashman 2000, Rawling & 
Goodwin 2003). Rawling & Goodwin (2003) docu-
mented them in poorly lithifi ed sediments near a ma-
jor normal fault. Their fi ndings suggest deformation 
to occur dominantly by rotation and material fl ow, 
typical for bands with no cataclasis in the sense of An-
tonellini et al. (1994), confi rming the latter’s hypoth-
esis that these types of DBs form under low confi ning 
pressures. In contrast, Cashman & Cashman (2000) 
found that DBs formed “classically” by grain cracking 
and pore space reduction in Holocene marine terrace 
sands. However, these terrace sand were deformed 
near an active thrust fault known for its seismic activ-
ity. 

 DBs may have important consequences on 
fl uid fl ow by reducing permeability of the porous 
host rock (e.g. Aydin 1978, Antonellini &Aydin 1994, 
Mair et al. 2000, Shipton & Cowie 2001, Fossen et al. 
2007, Rotevatn et al. 2008). The low permeability of 
the DBs is caused by pore space reduction as a conse-
quence of grain fracturing and chemical sealing. The 
latter occurs on a relatively short time scale since the 
ground material is highly reactive (Main et al. 2001). 
Rock fracture experiments reveal an initial increase 
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Figure 2.4: Stress-strain curve of deformation band formation in the 
laboratory. After Mair et al. (2000) and Main et al. (2001).
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Figure 2.5: Evolution of porosity and permeability during DB forma-
tion from rock deformation experiments in the laboratory by Mair et 
al. (2000). a) Initial increase in porosity due to dilatational cracking of 
host rock grains and b) reduction of porosity and permeability in the 
fault gouge. The latter is characterised by emplaced fragments.

of porosity caused by dilatational grain fragmentation 
and thus permeability along-strike of the band (Mair 
et al. 2000; fi gure 2.5). The increased along-strike per-
meability may persist after the reduction of the across 
strike permeability (Mair et al. 2000). Enhanced per-
meability along the DB probably facilitates chemical 
sealing by keeping the fault gouge in contact with the 
fl uid phase.

 In summary DBs show a wide variety of dif-
ferent types that have been described and assigned to 
variations in physical and mineralogical properties of 
the host rocks. However, they all share the following 
most common characteristics:

– accumulation of strain by deforming pore space                     
   through grain-reorganisation or grain cracking,

– relatively low amount of offset across a band, and

– a reduction of pore space within the bands.

1 The orientations of elements within a super-ordinate shear zone are described with respect to that shear zone and its sense of movement as normal or 
reverse. The super-ordinate shear sense would result in dilatation along a element, inclined at a “normal angle” and in compression along an element, 
inclined at a “reverse angle”
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fi ned by the orientation of platy phyllosilicates such 
as micas. They are oriented perpendicular to the local 
principal shortening direction and enclose an angle of 
about 45° with the shear plane at initial stages of de-
formation. The C-surfaces are sub-parallel to the shear 
plane and are regarded as small-scale shears offsetting 
the S-surfaces, which acquire a wavy form where they 
curve into the C-surfaces. In high-strain mylonites, S 
is rotated sub-parallel to the shear plane (Berthé et al. 
1979), resulting in an accentuation of the C-surfaces 
and a penetrative mylonitic foliation parallel to the 
shear plane that may be further offset by C’-surfaces 
(also termed shear bands or extensional crenulation 
cleavage; White et al. 1980, Platt & Vissers 1980, 
fi gure 2.6). The C’-surfaces are oriented 20-30° with 
respect to the shear plane and show offset synthetic 
with the shear zone (Simpson 1984). An SC-structure 
allows unambiguous kinematic interpretation solely 
on the basis of its geometry.

 Since cataclasites can also show ductile type 
structures such as foliations (Chester et al. 1985, Ches-
ter & Logan 1987), it may be diffi cult to identify the 
planar tectonic features in their fault gouges as either 
Riedel shears or surfaces of an SC-fabric based only 
on their geometric arrangements. Especially in the 

angles of 60° with R and P, respectively. However, all 
angles within a Riedel system are primarly functions 
of the angle of internal friction (φ) of the fractured 
material, which varies according to rock type, so that 
angles deviate from their ideal values (Tchalenko & 
Ambrasey 1970). R and R’ constitute a conjugate set 
of shears with the bisector equal to the system’s σ1. 
Additional shears are Y-shears running parallel to the 
shear zone and T-fractures resembling tensional struc-
tures parallel to σ1. Given a geometric arrangement 
of shears that resembles a Riedel system, one needs 
a sense of movement for at least one of the individu-
al shears (given for instance by the offset of another 
shear) to determine the sense of the superordinate 
shear zone. A Riedel-type geometric constellation 
alone remains ambiguous with respect to the sense of 
movement of the shear zone.

 SC-foliations (fi gure 2.6) are typical geom-
etries in medium-strain mylonites, and are thus struc-
tures attributed to ductile deformation (Berthé et al. 
1979, Lister & Snoke 1984). However, cataclasites 
can have macroscopically ductile fabrics such as fo-
liations, shear bands and SC-structures (Chester et 
al. 1985, Cheester & Logan 1987, Lin et al. 2001). 
In mylonites, the S-(for “schistosity”) surfaces are de-
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sandstones, several tens of metres thick, are found as 
packages of yellowish to greenish rocks with almost 
no internal stratifi cation and frequent cross-bedding 
structures. There are varieties resistant to erosion, 
building huge walls in outcrop, as well as soft vari-
eties less resistant to erosion, usually less thick and 
smaller in outcrop size. Sandstones with higher clay 
contents are typically darker, laminated, often hard 
and of grey-green colour in outcrop. This rock type is 
less resistant to erosion and therefore outcrops are in-
conspicuous. The shales are soft, laminated and water-
saturated. They are usually grey but may be coloured 
(green and red) in the case of the USM. The shales are 
of minor importance for this study because they do not 
develop DBs.

 The grain size of the sandstones reaches from 
very fi ne-grained (~ 0.1mm) to very coarse-grained 
(up to a few millimetres). Most specimens, however, 
classify as coarse-grained sandstone with grain diam-
eters 0.5 - 1mm. The sands are generally well-sorted 
and similar-sized at thin section scale, but grain size 
may strongly fl uctuate at outcrop scale with the occur-
rence of fi ning- or coarsening-up sequences. In some 
cases, single pebbles of a few centimetres in size are 
embedded in the sandstone.

 The mineralogy of the sandstone components 
was quantitatively estimated from thin section analy-
sis of 31 samples, resulting in the following average 
values: 40% quartz, 30% feldspar, up to 15% carbon-
ate, 5-10% phyllosilicates (micas and chlorites) and 
5-10% organic materials, with up to 15% lithic clasts 
in the very coarse-grained sandstones (see table 2.3). 
The carbonates were not distinguished further in thin 
section, but X-ray diffraction analysis revealed both 
calcite and dolomite to be abundant in the host rock. 
However, since calcite already occurs in the form of 
cement, it must not necessarily occur as a grain com-
ponent as well.

 The porosity of the sandstone was also rough-
ly estimated during thin section analysis, showing val-

case of incomplete records, this may lead to confusion 
and misinterpretation. Similarities and differences be-
tween the Riedel and SCC’-systems (see table 2.2) can 
be classifi ed as either 1) geometric, 2) genetic or 3) 
kinematic in nature: 

1) The orientations with respect to the main 
shear zone are quite similar for C-surfaces and Y-
shears, S-surfaces and P-shears and C’-surfaces and 
R-shears, respectively. In an SC-fabric, there are no 
steep orientations with respect to the shear zone, such 
as the antithetic shears in the Riedel system. The two 
orientations usually visible in an SCC’-fabric curve 
into each other, while in a Riedel system one is ex-
pected to be offset by the other.

2) The main genetic difference is between the S-
surfaces and all other surfaces of the systems – while 
the Riedel shears as well as C- and C’-surfaces are 
shear planes, the S-surfaces are foliations, i.e. miner-
als oriented according to the stress ellipsoid, repre-
senting its XY-plane.

3) Due to the genetic difference of the S surfac-
es, kinematics can be discussed only for C-surfaces 
vs. Y-shears and C’-surfaces vs. R-shears, respective-
ly, because the relative sense of movement is similar 
for both pairs.

2.3 FIELD DATA

2.3.1 Host rock of deformation bands

DBs and DBSZs were found in the sandstone units 
of the USM and OMM in the western Swiss Molas-
se Basin. The sandstones are poorly lithifi ed, mostly 
well-sorted and varying in clay content. They are in-
terbedded with shales or layers with a certain amount 
of clay content and in fact a smooth transition between 
sandstone and shale exists. The sandstone may locally 
contain small isolated pebbles that in proximal areas 
may form conglomerate beds. In the fi eld the pure 

System Structure Orientation with
respect to shear zone

Sense of movement
with respect to shear
zone

Deformation mode

S 0-45°/reverse - pure shear
C 0° synthetic simple shear

SCC’ fabric

C’ 0-45°/normal synthetic simple shear
Y 0° synthetic simple shear
R 15°/normal synthetic simple shear
P 15°/reverse synthetic simple shear
R’ 75°/(normal) antithetic simple shear

Riedel-system

X 75°/(reverse) antithetic simple shear

Table 2.2: Similarities between the structures of an SCC’-fabric and a Riedel system
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fresh outcrops. Structural mapping was carried out 
mostly alongside rivers and streams, resulting in a 
network of mapping lines with a spacing dictated by 
the natural occurrence of the outcrops. Although an 
outcrop along a river may be some hundreds of metres 
long, its width is normally restricted to a few metres. 
This means that structures such as DBs generally ex-
ceed the scale of the outcrops, i.e. their lengths are 
an approximation only. In addition, it is not possible 
to correlate DBs along-strike between neighbouring 
mapping lines. DBs were previously described to be 
some tens to hundreds of metres long (Aydin 1978), 
which is likely to aply to the bands of this study as 
well. However, they may also represent the tip regions 
of larger faults (Shipton & Cowie 2001), in which case 
they may re-emerge as a fault zone in another outcrop 
some kilometres away. 

ues between 5 and 15%, which is relatively low com-
pared to the rocks from “classical” DB studies.

2.3.2 Outcrop conditions in the western   
 Swiss Molasse Basin

 The outcrop conditions in the study area are 
poor, as Quaternary glacial and post-glacial deposits 
cover most of the Tertiary bedrock. Outcrops can be 
found only along water courses and roads or in small, 
inactive quarries. Along the roads and in the inactive 
quarries, the rocks are highly altered, which brings 
about some diffi culties in detecting structural features. 
Although the rocks in creek exposure are often coated 
by calcareous tufa, active erosion leads to relatively 

Sample
number

Grain
diameter
[mm]

classification %
Broken
grains

%
Porosity

%
Qtz

%
Fsp

%
Carbonate

%
Phyllosilic.

%
Lithic
clasts

%
Organics

3/1 bis 1 coarse sand 50 15 45 25 30 0 0 0
3/2 0.5-1 coarse sand 20 - 45 20 30 5 0 0
3/3 0.5-1 coarse sand 50 5 40 20 30 10 0 0
3/3 0.1 very fine sand 20 5 40 10 25 25 0 0
3/4 0.5 medium sand 15 5 35 20 40 5 0 0
3/4 0.1-0.5 medium sand 10 5 60 20 10 10 0 0
3/5 0.1-0.5 medium sand 10 - 40 20 20 20 0 0
3/6 0.5 medium sand 70 10 50 30 15 5 0 0
3/7 0.5-0.8 coarse sand 70 5 40 20 30 10 0 0
3/8 0.5-1 coarse sand 20 15 30 25 25 5 5 10
3/9 0.5-1 coarse sand 75 5 40 30 20 5 0 5
3/10 0.7-1 coarse sand 70 5 40 20 20 10 5 5
3/11 0.5-1 coarse sand 15 5 35 30 20 5 5 5
3/12 0.7-1 coarse sand 15 5 35 35 20 5 0 5
3/13 0.5-1 coarse sand 15 5 35 30 15 5 10 5
3/14 0.5-0,8 coarse sand 15 5 40 30 20 5 0 5
3/15 0.5-1 coarse sand 55 5 40 35 20 0 0 5
3/16 0.1-0.4 medium sand 5 - 30 10 25 25 0 10
3/17 0.5-0.8 coarse sand 40 - 40 30 15 5 0 10
3/18 0.5-1 coarse sand 50 - 50 35 5 5 0 5
3/19 1.0-3 very coarse sand 70 - 25 20 20 5 25 5
3/20 0.5-0.8 coarse sand 50 - 40 25 25 5 0 5
3/21 0.5-0.8 coarse sand 40 - 35 25 20 5 0 15
3/22 0.5-0.8 coarse sand 20 - 45 25 20 5 0 5
3/23 0.5-0.8 coarse sand 20 - 45 30 10 5 0 10
3/24 0.5-0.8 coarse sand 40 - 40 25 20 5 0 10
3/25 0.5 medium sand 10 - 45 30 10 5 0 10
0/0 0.5 medium sand 1 - 35 25 20 5 10 5
2/13 1 coarse sand 20 - 50 30 10 5 0 5
2/8 1-3 very coarse sand 40 - 40 30 10 0 15 5
2/9 0.4 medium sand 25 - 45 30 15 5 0 5
2/20 0.5 medium sand 20 - 40 20 20 5 0 15
2/21 0.5 medium sand 20 - 35 25 20 10 0 10
3/average 31 7 41 25 21 6 11 7

Table 2.3: Petrophysical and mineralogical parameters of selected samples of Molasse sandstone as qualitatively determined by optical-microscopy. 
Note that all samples expect for 0/0 were taken from DBs and these properties refl ect the host-rock composition, not the DBs as such. Sample 0/0 is 
an undeformed piece of rock with no fault in its vicinity. For calculating the averages only sample series 3 (sample 3/1 – 3/25) was taken into account. 
In the column “% porosity”, (-) means that the respective property was not recorded for the sample. Where grain size was too small to distinguish 
carbonates and phyllosilicates half of the recorded sum is given for both and values noted in italics.
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These zones of constriction have a slightly different 
orientation than the DBSZ itself. A number of indi-
vidual bands may be grouped within or at the edge of 
a broad DBSZ, or tightly packed in zones of some mil-
limetres to centimetres in width. Slip planes or several 
millimetres thick, soft fault gouges may exist in these 
concentrated zones. The DBSZs were observed as two 
types: 1) as bundles of relatively widely spaced bands 
with zones of host rock between them that are broader 
than the width of a single band, and 2) as condensed 
DBSZs in which single bands cannot be distinguished 
(fi gure 2.7).

 A comparison to the local stress fi eld revealed 
that constricted zones of DBSZs are oriented at smaller 
angles to the direction of maximum compression than 
the zone itself. A similar relationship is common for 
condensed zones and wide-spaced DBSZs, where the 
angle between the latter and σ1 is larger by ~10-20°. 
The slip planes that develop in the condensed parts of 
DBSZs show striations consisting of fi brous material, 
rather than being mechanically produced scratches. 

2.3.3 Macroscopic occurrence of
 deformation bands in the Molasse
 sandstone

 DBs occur in the pure sandstones and in the 
sandstones with some clay content and can be detect-
ed in the fi eld as light, generally straight, distinct lines 
on the rock surface (fi gure 2.8). They appear either 
as single bands of a few millimetres in width, or as 
bundles of parallel or anastomosing lines represent-
ing DBSZs. In addition there are also grey DBs darker 
than the host rock, and DBs containing fi brous mate-
rial, the latter previously undescribed in the literature. 
The DBs and DBSZs occur as individual structures in 
the fi eld as well as in association with, and close to, 
larger faults. 

 Where DBs hit small pebbles, the band 
breaks and offsets the pebbles instead of detouring 
around them. The DBSZs quite commonly change 
their width along-strike by narrowing of the individ-
ual bands, which may occur repeatedly (fi gure 2.7). 

σ1

c

b1

a2a1a

a4a3

b

ca 10 cm

Figure 2.7: Evolution of DBSZs in the Molasse sandstone of western Switzerland. a: DBSZ consisting of a few sub-parallel DBs. Ongoing deforma-
tion either broadens the zone by the formation of new sub-parallel DBs and later a macroscopic fault gouge or slip-plane (a1 and a2), or maintains its 
width but densifi es by developing additional DBs (a3) until a macroscopic fault gouge develops (a4). In the fi eld, DBSZs were often found to form 
condensed zones (b and c) that show a slightly smaller angle with respect to the orientation of s1. In b) orientation of local s1 is aproximate (from 
offset criteria). Condensation and fault gouge formation in these zones probably facilitates shearing of the band in a synthetic sense (b1). Scale (see 
fi gure 2.7 a) is simillar for all sub-fi gures.
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the NNE-SSW and the northern half of the NW-SE 
maximum correspond to left-lateral shear. From a me-
chanical point of view, one would expect to fi nd two 
maxima instead of three for the two senses of shear; 
these two maxima should enclose an angle of about 
60° (or 120°, respectively) with σ1 as the bisector (or 
σ3, respectively). It is furthermore unlikely in a sim-
ple tectonic setting to fi nd two orientation maxima for 
planes of movement with opposite senses of shear in 
close vicinity to each other. This is, however, the case 
for the NW-SE striking planes.

 The data was grouped into 27 sets (1 - 27 in 
table 2.4 and fi gure 2.9b) according to outcrop. The 
majority of these groups (18) show two sets of strike, 
some reveal only one set (4) and one group shows 
four sets. Four groups with less than fi ve DBs were 
not considered. In fi ve (no. 2, no. 12, no. 15, no. 24 
and no. 27) of the 18 cases the two sets were arranged 
as synthetic Riedel shears, and in the other 13 cases 
as conjugate shears. The criteria for synthetic Riedel 
shears are identical sense of movement and an acute 
included angle of 20-40°. If the sets show opposite 
sense of movement and a acute included angle between 
50° and 70° they were defi ned as conjugate sets. The 
orientation of σ1 was derived as NNW-SSE in eight 

2.3.4 Field data and its interpretation

 The direction of strike was measured for more 
than 700 planes of DBs and DBSZs in the outcrops of 
the study area (fi gure 2.9a). As they do not stand out 
in the Molasse sandstone and only rarely develop slip 
planes, the DBs occur as 2D features in outcrop. Dip 
can therefore not be measured directly, but was esti-
mated from the intersection with the outcrop surface. 
In almost all cases the dip was found to be steep to 
vertical, in some cases between 60° and 75°, but usu-
ally between 75° and 90°. This gives a fi rst clue to 
their strike-slip nature and facilitates their statistical 
analysis. Due to the lack of offset markers, the sense 
of movement was defi ned for 155 DBs only.

 The distribution of strike of all DBs reaches 
from E-W via NW-SE and N-S to NNE-SSW. Max-
ima occur for NNE-SSW, NNW-SSE, NW-SE and 
WNW-ESE (fi gure 2.10a). This relatively wide scatter 
becomes more pronounced when only the DBs with 
known sense of movement are taken into account, in 
which case an E-W, a broad NW-SE and a NNE-SSW 
maximum are revealed (fi gures 2.10b and 2.10c). In 
detail, the E-W as well as the western half of the NW-
SE maximum correspond to right-lateral shear, while 

b2)

N

b1)a)

20 cm

σ1

Figure 2.8: Networks of DBs in the fi eld. a) Network of DBSZs with 
cross-cutting relations. b1) Network of two sets of DBs that intersect 
with an angle of about 60° (or 120°, respectively) and b2) sketch of 
the situation. The cross-cutting relations indicate the N-S striking set 
to be left-lateral and the WNW-ESE striking set to be right-lateral. 
Furthermore the left-lateral set offsets the upper right-lateral deforma-
tion band but has been itself offset by the lower right-lateral one, 
indicating contemporaneous evolution. As there is obviously no time 
sequence between the two sets and as they enclose an angle of 60° 
with the inferred s1 as the bisector, they represent a conjugate system.
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 60 DBs from a well-studied outcrop at a 
creek near the village of Wallenried demonstrate the 
occurrence of 4 strike maxima (fi gure 2.9b). These 
are, from most common to least common occurence, 
WSW-ENE, WNW-ESE, NNW-SSE and NNE-SSW. 
The WSW-ENE-strike and WNW-ESE-strike cor-
respond to right-lateral shear, while the NNW-SSE-

of the 12 “typical” conjugate sets cases, as NW-SE in 
three cases and as WNW-ESE in one case. From the 
synthetic Riedel sets, σ1 was estimated as WNW-ESE 
for no. 2 and ENE-WSW for no. 12, but could not be 
determined for no. 18, no. 24 and no. 27 due to the 
lack of shear sense indicators. The synthetic sets no. 
12 and no. 15 additionally contain a very small num-
ber of conjugate shears.
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Figure 2.9a: Geological map of the study area with mapping lines and location of the DBs plotted in rose diagrams in 2.9b). Numbers 1 to 27 refer to 
numbers of diagrams in 2.9b) and to outcrops in Table 2.4.

Figure 2.9b: Rose diagrams for sets of DBs, grouped by outcrop. Numbers refer to numbers in Table 2.4 and to locality in the map (2.9a). Arrows 
give the approximate direction of 1 inferred from the sets with given sense of movement. In case of more than one maxima of data sets, the inferred 
system is indicated (synthetic shears, conjugate shears or Riedel shears).
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Figure 2.10: Rose diagrams to demonstrate the geometry 
of DBs and slickensides in the fi eld. The diagrams represent 
distribution of strike while dip is very steep in most cases. a) 
Distribution of all DBs (726 data sets). The data fi ts two sets 
of conjugate shears, b) and c). b) Conjugate sets of DBs with 
the corresponding super-ordinate right-lateral Riedel shear 
zone (465 data sets).  is oriented NNW-SSE. c) Conjugate 
sets of DBs with the corresponding super-ordinate left-lateral 
Riedel shear zone (180 data sets).  is oriented WNW-ESE.  d) 
Orientation of the two Riedel shear zones, super-ordinate to the 
conjugate sets of b) and c) and the orientation of  according to 
their geometry. e) All slickenside data with strike-slip movement 
(755 data sets) and a possible interpretation in terms of a Riedel 
shear model. The data is interpretable in terms of a NNW-SSE 
striking left-lateral shear zone and a WNW-ESE striking right-
lateral shear zone, governed by an overall NW-SE directed . 
A classic Riedel shear zone model is given for both the left- and 
right-lateral case. The orientations of the s derived from the 
slickensides and the one derived from the geometry of the Riedel 
shears super-ordinate to the conjugate sets of DBs are both 
oriented NW-SE.

Table 2.4: Sets of deformation bands grouped by site. Numbers in the table refer to the rose diagrams in fi gure 2.9b and to the location in the map 
(fi gure 2.8a). Sites 5, 20, 23 and 25 (marked in grey) each have less than fi ve data points and are not considered further. dex = right-lateral, sin = left-
lateral.
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2.4 MICROSCOPE ANALYSIS

 The micro-scale characteristics of DBs and 
DBSZs were analysed by optical microscopy and 
scanning electron microscopy (SEM). Insights into 
the architecture of their fault gouges were attained by 
optical microscopy and backscatter electron micro-
graphs, while their chemical composition was investi-
gated by electron dispersive spectroscopy (EDS).

2.4.1 Optical microscopy

 Samples of DBs, DBSZs and slip planes 
evolved from DBs were studied in thin section by 
optical microscopy. A total of 74 thin sections were 
made from 47 samples taken from eight different lo-
calities within the study area. Most of the thin sec-
tions represent sub-horizontal cuts normal to the usu-
ally sub-vertical planes of deformation. In the case of 
slip planes, this includes orientations sub-parallel to 
the direction of movement. Additional thin sections in 
the plane normal to the plane of deformation was also 
performed for selected samples

2.4.1.1 Deformation bands and micro-fault
 gouges

 Under the microscope the DBs correspond to 
zones of smaller grain size (fi gure 2.11). In the vicin-
ity of these zones the grains of the host rock are fre-
quently fractured, usually disecting the whole grain. 
Different types of fracturing can be observed: partial 
cracks from one side, persistent cracks between grain 
contact points and completely broken grains. In some 
cases a preferred orientation of the cracks within the 
grains of the whole section can be observed, striking 
~30-40° with respect to the DB and probably refl ect-
ing σ1.

 While the grains in the host rocks are well-
sorted, sorting is poor in the DBs, with grain sizes 
reaching from host rock size down to matrix sizes 
beyond the limits of the optical microscope (fi gure 
2.12). The fractured grains in the host rock show no 
or only minor offset between their grain fragments, 
so that the outline of the original shape of the grain 
is still visible. The grains within the bands normally 
show no internal fractures. It is thought that unfrac-
tured grains are themselves fragments of larger frac-
tured grains that have been detached from their origi-
nal position during shearing. Parts of these fragments 
were most likely further ground to matrix size, while 

strike and NNE-SSW-strike correspond to left-lateral 
shear. Both pairs of maxima with the same sense of 
movement include 30°, while an angle of 60° separates 
those with opposing sense of movement. This matches 
a complete Riedel system with the WSW-ENE-orien-
tation representing the R-shears, the WNW-ESE- ori-
entation the P-shears, the NNW-SSE-orientation the 
X-shears and the NNE-SSW-orientation the R’-shears. 
The outcrop may be interpreted as an E-W-striking 
right-lateral fault zone that developed DBs which sub-
sequently evolved as Riedel shears. The axis of σ1 for 
this system should be NW-SE.

 The four outcrops with only one set show 
two N-S-strikes (no. 4 and no. 7), one NW-SE-strike 
(no. 9) and one NNE-SSW-strike (no 13). No sense of 
movement could be obtained in the fi eld for the N-S 
strike, whereas for the NW-SE-case left-lateral move-
ment is given by offset relationship, and assumed 
from correlation with sub-parallel slickensides for the 
NNE-SSW-case.

 The closer look at the data sub-grouped ac-
cording to outcrops shows that the majority of the 
DBs occur in conjugate sets (fi gures 2.9b and 2.8). 
Each of these conjugate sets could be assigned to one 
of two groups (fi gures 2.10b and 2.10c): The fi rst one 
containing all sets with right-lateral shears that strike 
NW-SE and the left lateral ones that strike NNE-SSW. 
This group is governed by a local σ1 oriented NNW-
SSE. The second group contains all sets with left-
lateral shears that strike NW-SE and the right-lateral 
ones that strike E-W. This group is governed by a local 
σ1 oriented WNW-ESE. The fi eld data furthermore in-
dicates that the DBs evolve in Riedel-type geometries, 
as is shown by the existence of both synthetic Riedel 
shear pairs as well as fully evolved Riedel systems 
(fi gures 2.8 and 2.9b). If the shears of the two conju-
gate systems are seen as R and R’ of a Riedel system 
then their superordinate shear zones are right-lateral 
striking WNW-ESE and left-lateral striking NNW-
SSE, respectively, with σ1 oriented NW-SE (fi gure 
2.10d). The same orientation is evident from the data 
of slickensides taken in the study area (article in prep-
aration, Figure 2.10e) and refl ects the main tectonic 
phase of the region. Some small discrepancies such as 
conjugate sets with a compression axis oriented NW-
SE instead of NNW-SSE or WNW-ESE may be due 
to slight rotations of the stress fi eld within the study 
area.
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0.5 mm Host rock
Host rock

DB

Figure 2.11: Photograph (left) and sketch (right) of a 0.5 mm DB band that evolved from grain crushing. The host rock is marked by fractured grains, 
implying grain crushing to be the fi rst stage of deformation. The DB itself contains debris of different size, but always smaller than the grains of the 
host rock. While in several cases grain fragments in the host rock outline the shape of the original larger grain and hence no offset after cracking 
has taken place, the smaller grains in the band are randomly distributed and not internally fractured, indicating that rotation and/or offset and further 
fracturing has followed initial cracking in the band.

2 mm (b)(a) (a)

Figure 2.12: Photograph (left) and sketch (right) of a 2 mm-wide DB that evolved from grain crushing. The host rock (a) is marked by fractured 
grains, implying grain crushing to be the fi rst stage of deformation. The DB itself (b) contains debris of different size, but always smaller than the 
grains of the host rock. The relatively large width of the band probably corresponds to the relative large grains in the host rock (a), which reach 2 mm 
in size. In most cases, the DBs in the sandstones of the western Swiss Molasse basin are about 0.5 to 1 mm wide and developed in host rocks with 
grain sizes of about 1 mm.

2 mm
a

ba
b

a(b)(a)
(b)

(a)
(a)

Figure 2.13: Photograph (left) and sketch (right) of a section taken from a DBSZ. The grains in the host rock (a) are strongly fractured, with the 
individual fragments still in place. Two sub-parallel zones (b) show smaller grain sizes, fewer internal fractures and no outline of original host grains, 
indicating them to be individual DBs.
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2 mm

(a)

(b)

(a)

Figure 2.14: Photograph (left) and sketch (right) of a 1- 1.5 mm wide DB exhibiting a foliation. The host rock (a) is marked by fractured grains while 
the DB itself (b) is characterised by a fault gouge that contain debris of different size in a very fi ne matrix resulting from cataclasis of the grains. 
Furthermore a foliation of whitish fi laments can be observed, representing newly-grown phyllosilicates.

0.5 mmba

c
(a) (b)

(c)

Figure 2.15: Photograph (left) and sketch (right) of a 1 mm wide DB (b) exhibiting a foliation. Some foliation fi laments are steeply oriented with 
respect to the shear zone. An artifi cial crack (c) runs through the DB which appeared during preparation. (a) is the host rock.

0.5 mm(b)(a)

(a)

(c)

(c)

(d)

(b)

Figure 2.16: Photograph (left) and sketch (right) of a 2mm wide fault gouge with two distinct zones, an outer zone (b) and an inner zone (c). (a) is 
the host rock. The inner zone is more densely foliated and exhibits a higher matrix/component ratio. An artifi cial crack (d) runs through the DB which 
appeared during preparation.
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 Thin sections taken from DBSZs typically 
show an alteration of fi ner and coarser grain size with 
a generally high rate of fractured grains in the coarse 
portion (fi gure 2.13). 

 In several cases small fi laments of similar 
extinction are found in the very fi ne-grained matrix, 
developing into a foliation with SC-type geometries 
with increasing width of the zone (fi gure 2.14). This 
foliation is visible in sections oriented normal to the 
plane of faulting and parallel to the slip vector, but 
not in sections normal to the slip vector. It shows fully 
evolved SC-fabrics in broad zones and near to slip 
surfaces and macroscopic fault gouges (fi gures 2.15 
and 2.16), while it is absent in some narrow zones. 

a few were preserved and unfractured. As a product of 
fractured grains and hence cataclasis, the material of 
the band can be referred to as a fault gouge. In order 
to distinguish them from macroscopic gouges derived 
from whole rock cataclasis, we term them micro-fault 
gouges. The observed width of the micro-fault gouges 
ranges from 0.5 mm to a few millimetres, with width 
correlating to coarseness of the sandstone. Most bands 
in this study are around 0.5 mm wide and evolved in 
sandstones with an average grain size of 0.5-1 mm. If 
strain accumulates on a band in condensed DBSZs or 
in constriction zones of DBSZs (see paragraph 3.3), 
band width scales with the amount of strain rather 
than as a function of the grain size of the host rock.

S

C

σ1
σ1

S

C

Fs

Figure 2.17: SC-structure starting to evolve in the fault gouge of a DB. Note that in the left photograph, the S-plane appears broader than the C-plane, 
indicating that C is a shear surface on which S has been sheared.The right photograph shows the same part of the section but rotated by 15°-20°. In the 
rotated position the thinner C-planes are no longer visible, S is less pronounced and an additional indistinct orientation (Fs) with a steep orientation 
with respect to the shear zone (i.e. the DB) appears. S, C and the strike of the band are indicated as well as direction of σ1 and the sense of movement 
inferred from the SC-geometry.

σ1

S

C

σ1

S

C

Figure 2.18: SC-structures in evolved fault gouges of DB. S, C and the strike of the band are indicated as well as the direction of 1 and the sense of 
movement inferred from the SC-geometry.
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faces run sub-parallel to it. The SC-structures them-
selves are relatively large with respect to band width, 
with the length of S-segments equal to or greater than 
one fourth the band width, and the length of C-seg-
ments usually exceeding it. In small bands only one 
S-surface may exist, which exhibits multiple bending 
by C-surfaces. The S-surfaces are often broader in 
trace and less sharp at their edges than the C-surfaces, 
indicating that the material defi ning the S-surfaces is 
thinned out due to shearing along the C-surfaces (fi g-
ure 2.17).

 The foliation was mapped in detail on a se-
lected area of three micro-fault gouges in different 
stages of evolution (samples no. 3/20, no. 3/17 and no. 
3/12). For this purpose photographs were taken of the 
section in positions showing one or several clear folia-
tions in polarized light. In a second step, the foliations 
were digitised and their orientation and length mea-
sured. The geometric arrangement of the orientations 
clearly resembles an SC-system (fi gure 2.20), with the 
S-surfaces inclined 20-40°, and the C-surfaces running 
sub-parallel to the shear zone. S-surfaces are slightly 
more frequent than C-surfaces, while C-surfaces are 
on average slightly longer (table 2.5). Some relatively 
long foliations occur at angles of 10-20° with respect 

A continuous evolution from one small fi lament in 
a single narrow band to a fully developed SC-type 
structure in a fault gouge several millimetres wide can 
be observed between these end-members. 

 In some of the broader and more developed 
zones, the micro-fault gouges can be subdivided into 
distinct sub-zones. In the case given in fi gure 2.16, the 
fault gouge itself show clearly contrasting outer and 
inner parts. Both parts are characterised by a matrix 
with an evolved foliation and components of different 
size, but the inner zone displays a denser foliation and 
a higher matrix/component ratio. 

2.4.1.2 SC-structures in the micro-fault gouge

 The foliation visible in the evolved zones is 
marked by similar extinction (i.e. similar orientation) 
of a newly-formed phyllosilicate. It usually occurs in 
two specifi c positions, one following the SC-structure 
and the other showing an indistinct preferred orienta-
tion steeply inclined with respect to the DBSZ and an-
tithetic with respect to the SC-type geometry (fi gures 
2.17, 2.18 and 2.19). The S-surfaces are inclined at an 
angle of 30° to the trend of the band, while the C-sur-

σ1

S

C

Fs

σ1

S

C

Fs

Figure 2.19: SC-structures in the evolved fault gouge of a DB. S, C and the strike of the band are indicated as well as the direction of σ1 and the 
sense of movement inferred from the SC-geometry. An additional steep foliation (Fs) that evolves along the edges of residual grains is also indicated. 
The left photograph is taken at higher magnifi cation than the right one, which shows that the structures to occur at both scales. With polarised light, 
the different structures appear in slightly different positions. While the left photograph is taken in an intermediate position at which C, S and Fs can all 
be seen indistinctly, the right photograph was taken at a position at which Fs is clearly pronounced while S is less pronounced and C does not appear. 
Note the close geometric relationship between Fs and the residual grains.

Figure 2.20: Rose diagrams of foliations mapped in selected areas of the fault gouge of three samples (3/20, 3/17 and 3/12). The rose coloured bar 
indicates the strike of the whole zone; the strike of the foliations is represented in the rose diagrams as S-surfaces (green), C-surfaces (blue), C’-
surfaces (yellow) and other foliations (red). The insets show simplifi ed sketches of the foliations. The three samples represent different stages of fault 
gouge evolution. 3/20 is a 0.5 mm wide zone with an evolving foliation, 3/17 is a 1-1.5 mm wide zone with an evolved foliation in the matrix but with 
a large amount of fragments remaining in the gouge, and 3/12 is a 2 mm wide zone with a strongly evolved foliation and only few grain fragments 
remaining in the fault gouge. The sense of movement indicated by the rose coloured bar representing the strike of the deformation zone is derived 
from the SC geometry.
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that were destroyed during ongoing deformation, or 
are the sum of small and very small foliations that 
have been newly-formed along the edges of very small 
residual grains.

2.4.2 Scanning electron microscopy

 SEM was used for the purpose of gaining in-
depth information about the very fi ne-grained matrix 
from a number of selected samples.

2.4.2.1 Backscatter electron micrographs

Backscatter electron micrographs were taken from 
a selection of two samples (no. 3/3 and no. 3/13) of 
micro-fault gouges in different stages of evolution. 
They revealed the matrix of these gouges to consist 
of very small fragments of residual grains embedded 
in an extremely fi ne fi brous material. The fragments 
are either elongated or sub-quadratic but always an-
gular in shape. The elongated fragments are parallel 
to the fi bres and constitute a chaotic fl oating schlieren 
structure that fl ows around the angular fragments. The 

to the shear zone, but in the direction opposing the S-
surfaces. They roughly correspond to the orientation 
of C’-surfaces, but their total number is low.

 Though the three samples exhibit similar ge-
ometries, they vary in the total number of mapped fo-
liation orientations. The two more evolved examples 
no. 3/17 and no. 3/12 contain additional foliations that 
are mapped at high angles with respect to the shear 
zone (fi gures 2.19 and 2.20, table 2.5). They belong to 
the above-mentioned indistinct preferred orientation. 
According to their orientation, they could represent 
antithetic X- or R’-shears of a Riedel system, but this 
explanation seems unlikely as there are no synthetic 
R- and P-shears. In sample 3/17 the steep foliations 
are clearly bound to residual grains of host rock em-
bedded in the fault gouge (fi gure 2.19). These residual 
grains are often sub-rectangular in shape with edges 
sub-parallel and perpendicular to C-surfaces. The fo-
liation-forming phyllosilicate minerals also seem to 
grow along the latter. In more developed and hence 
more fi nely ground fault gouges, the steep and indis-
tinct foliation is still present though larger residual 
grains are lacking. In such cases they may either be 
relicts of foliations formed along large residual grains 

Number of
(image/foliation)

Number
of data
points

Rotation
with respect
to first image

Angle of foliation
with respect to
shear zone

Longest
length
[mm]

Shortest
length
[mm]

Average
length
[mm]

Interpreted
type of
foliation

Thin section 3/20
026/1 26 0° 0° 0.17 0.05 0.09 C
026/2 25 0° 20° 0.14 0.04 0.09 S
027/1 11 64° 5° 0.2 0.07 0.12 C
027/2 20 64° 30° 0.17 0.06 0.12 C’
030/1 11 11° 0° 0.11 0.05 0.08 C
030/2 24 11° 20° 0.13 0.05 0.08 S
Thin section 3/17
033/1 52 0° 0° 0.15 0.04 0.08 C
033/2 25 0° 90° 0.11 0.02 0.04 FG
033/3 2 0° 10° 0.09 0.08 0.08 C’shallow
034/1 88 45° 30° 0.12 0.02 0.06 S, steep
034/2 24 45° 20° 0.16 0.03 0.06 C’
035/1 69 79° 20° 0.13 0.02 0.06 S
035/2 8 79° 80° 0.09 0.04 0.05 FG
035/3 10 79° 0° 0.18 0.03 0.1 C
Thin section 3/12
002/1 2 0° 0° 0.29 0.04 0.13 C
002/2 109 0° 30° 0.35 0.05 0.14 S
002/3 40 0° 5° 2.66 2.42 2.54 C
003/1 18 39° 10° 2.22 0.07 0.44 C, steep
003/2 53 39° 0° 0.17 0.05 0.14 C
003/3 53 39° 20° 0.33 0.04 0.10 C’
004/1 30 83° 0° 2.0 0.05 0.29 C
004/2 109 83° 30° 0.25 0.04 0.11 S
004/3 27 83° 50° 0.48 0.03 0.11 S, steep

Table 2.5: (See also fi gure 2.20 for rose diagrams). Results derived from digitising foliations marked by similar extinction for three samples. Digitis-
ing was done on photographs taken from the same area of a thin section at positions showing a pronounced foliation. Two to three different foliation 
orientations could be distinguished per photograph. Note that there is always a foliation sub-parallel to the shear zone (interpreted as C), one at angles 
of 20° to 40° with respect to the zone (interpreted as S) and one at angles of about 20° with respect to the zone but contrary to S (interpreted as C’). 
The total amount of foliations is largest for the S-surfaces, followed by the C surfaces and only very few C’-surfaces. The length is shortest for S-
surfaces, slightly longer for C-surfaces and even longer for C’. In section 3/17, two additional foliations with relatively short lengths appear at steep 
angles to the strike of the shear zone. They seem to be bound to the edges of residual grains (FG = fragment bound).
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Figure 2.21: SEM micrographs at different scales (a and b) and a thin section photograph in polarised light (c) of a moderately-evolved micro fault 
gouge (total width of the fault gouge is up to 0.5mm). The matrix of the fault gouge consists of several small and often elongated fragments of 
residual grains embedded in a fi brous material, as a whole resembling a fl owing structure. The preferred orientations of the fi brous material and the 
elongated grains were sketched (red lines) for all three images. The optical-microscope image (c) was taken from the same part of the section as (b). 
The foliations marked by similar extinction are sketched and correspond to zones with fewer fragments and higher content of fi brous material in the 
SEM micrograph (b). Within these zones, the fi brous material and the rare elongated fragments are aligned parallel to the zone. Between these zones, 
the fl owing structure of the matrix appears chaotic but it bends into the zones. The nature of the bending as well as sigmoidal fl ow around fragments 
of residual grains (though often deviated and incomplete) contain kinematic information-mostly right-lateral in the given case. The locations of 
chemical analyses of the matrix given in table 2.6 are indicated by the red circles X4 and X5 in (c).
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fragment edges, while the pressure shadow sides are 
marked by bends away from them (fi gure 2.22).

 The moderately-evolved fault gouge from 
a 0.5 mm-wide DB in sample sample no. 3/3 (fi gure 
2.21) shows a higher density of grain fragments than 
the strongly evolved fault gouge of a 5 mm-wide de-

sigmoidal deviation of the fl ow structure around the 
angular fragments is caused by rotation of the latter, 
and may be used to derive a local sense of movement. 
However, these sigmoidal geometries are often incom-
plete or disturbed by small fragments that probably 
detached during rotation. In general, the fragments’ 
pressure sides are characterised by bends around the 

a) 200 m

b)

PS PSS

PSS

PS
PSS

PSS

10 m

?

?

This area contains artefacts derived
from preparation of the thin section

c)

Figure 2.22: SEM micrographs at different scales (a and b) and a thin section photograph in plane light (c) of an evolved micro-fault gouge (total 
width of the fault gouge is up to 5mm). The preferred orientations of the fi brous material were sketched (red lines) and given for all three images. 
Fragments of residual grains are rare and show random orientation. The fi brous material reveal zones of chaotic fl owing structures bounded by elon-
gate zones of preferred orientation. The latter appear as foliations with similar extinction using polarized light microscopy. Their geometric arrange-
ment as well as sigmoidal fl ow around fragments of residual grains (though often deviated and incomplete) contain kinematic information-mostly 
right-lateral in the given case. In (c) the fault gouge can be divided into two sub-zones, possibly with opposite senses of movement. PS = Pressure 
side and PSS = Pressure shadow side of grains with sigmoidal fl ow structures.
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same sense of movement as the sigmoidal geometries 
described above. The elongated zones of preferred 
orientation contain few or no fragments of residual 
grains. They are oriented similarly and bend into each 
other where they meet. These zones occur where the 
fi brous phyllosilicate is most highly concentrated, and 
where the foliations marked by similar extinctions ap-
pear under the optical microscope.

2.4.3 Chemical composition

 The exact mineralogy of the DB fault gouges 
was quantifi ed by EDS transects, and XRD analyses 
of macroscopic fault gouges were carried out. For 
the fault gouge from sample no. 3/13 shown in fi gure 
2.22, we were able to prepare material for the XRD 

formation zone in sample sample no. 3/13, where the 
fl oating structure is almost completely composed of 
the fi brous material (fi gure 2.22). Moreover, the fewer 
fragments in sample no. 3/13 (fi gure 2.22) are all an-
gular and about one magnitude smaller in size than in 
sample no. 3/3. This suggests continuing grinding of 
the material and transformation into fi brous phyllosili-
cates during ongoing deformation of the fault gouge. 
Sample no. 3/13 also shows a lower content of detrital 
mica than sample no. 3/3, which probably accounts 
for the lack of elongated fragments in its fault gouge.

 The zones of chaotic fl oating schlieren struc-
tures are bounded by elongated zones of preferred ori-
entation, which the fl oating structure systematically 
bends into. This kinematic indicator is however either 
local or else ambiguous, as it does not always give the 
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Figure 2.23: SEM micrograph of sample 3/13 with EDS line scan giving weight percent Mg. The section is about 2 mm long and runs along the red 
line in the image. Blue curve gives values for each of the 1583 scanning points. The red curves are regression lines with averages for every 50 and ev-
ery 100 points, respectively. The dashed white lines on the image mark the borders between host rock, outer and inner zone of the DB. These borders 
are also indicated on the diagram. The Mg content increases stepwise from the host rock though the outer and into the inner zone of the band.
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2.5 DISCUSSION

2.5.1 Evolution of deformation bands

 The microscope analysis of thin sections 
shows that the grains of the host rock in the vicinity 
of a DB are frequently broken, though the individual 
fragments remain in place. The different types of grain 
breaking observed in this study are quite similar to the 
micro-fractures described by Aydin (1978). The frac-
turing of grains in the host rock, the displacement of 
fragments and the occurrence of fi nely ground matrix 
in the bands indicates that cataclasis of the grains is 
the mechanism by which the DBs are formed. They 
can therefore be defi ned as DBs in the sense of the 
literature (e.g. Aydin 1978, Aydin & Johnson 1978, 
Antonellini et al. 1994, Fossen et al. 2007), or even 
more precisely as DBs with cataclasis in the sense 
of Antonellini et al. (1994), or cataclastic DBs in the 
sense of Fossen et al. (2007).

 Several of the DBs investigated in this study 
exhibit a foliation in the matrix of their fault gouge. 
These foliations develop from unfoliated fault gouges 
by narrowing of the DB and hence strain concentra-
tion, as well as with ongoing deformation and strain 
accumulation. They reach from single foliation fi la-
ments to densely foliated zones with fully developed 
SC-type geometries and micro-scale characteristics 
quite similar to those of macroscopic fault gouges. 
DBs with fully developed foliations are broader than 
single cataclastic bands or bands with less developed 
foliations. Widening of the fault gouge during its 
evolution is a process well-known from fault zones 
all over the world (Scholz 1987, Hull 1988), but is 
not expected for single brittle DBs, since their evo-
lutionary models predict instantaneous strain harden-
ing and deactivation of the band (Aydin 1978, Aydin 
& Johnson 1978). In the evolutionary model of Ay-
din and Johnson (1978), strain accumulation occurs 
in three sequential stages with a change in the mode 
of deformation from (1) pore space collapse and grain 
fracturing to (2) discrete faulting (fi gure 2, a-c). The 
fi rst mode is deformation banding. It takes place as 

analysis as well as provide a thin section for optical 
microscopy and electron microscopy. In addition to 
XRD analysis of fault gouge, host rock XRD was car-
ried out for macroscopic fault zones in the study area.

 All analyses clearly reveal the presence of 
palygorskite, but only in the fault gouge and never in 
the host rock. It follows that this mineral is newly-
formed during deformation. In the thin section from 
sample no. 3/13, the micro-fault gouge is character-
ised by a dense array of foliations marked by similar 
extinction (fi gure 2.16) that correspond to a very fi ne 
fi brous material shown in the SEM micrographs of 
the same sample (see section 2.4.2.1). This material 
is most likely the palygorskite, and it can be found in 
several of the micro-fault gouges. 

 Element line transects provided by EDS re-
veal a higher amount of Mg in the fault gouge than 
in the host rock which, as palygorskite is an Mg-rich 
phyllosilicate, further validates its presence in the DB 
fault gouges. In the line transect from sample no. 3/13 
(fi gure 2.23), the two sub-zones shown in fi gure 2.16 
are refl ected in the step-wise increase of the Mg-con-
tent; it is higher in the outer zone than in the host rock, 
but highest in the inner zone. At the same time, the 
inner zone shows denser foliations and a higher ratio 
of fi brous material to fragments of residual grains.

 Point analyses of the fi brous material by semi-
quantitative EDS analysis revealed the geochemistry 
given in table 2.6. According to these analyses, the 
palygorskite has the following chemical composition:

Mg1.28
2+ Fe0.17

2+ Mn0.02
2+ Al1.95

3+ [ ]1.61( ) Si8( )

O20 OH( )2 OH2( )4 H2O( )4

Point analysis X4 Point analysis X5
Element Palygorskite Weight % Stoichiometry Weight % Stoichiometry
Mg 1.76 4.71 1.22 3.36 0.86
Al 2 7.90 1.85 6.07 1.41
Si 8 35.17 7.91 37.79 8.42
Mn 0.08 0.17 0.02 0.16 0.02
Fe 0.05 1.42 0.16 1.48 0.17
O2 19.4 50.64 20.00 51.14 20.00

Table2.6: Results of EDS point analyses of the very fi ne-grained matrix at points X4 and X5 on thin section no 3/3. See fi gure 2.21 for point loca-
tions. The chemical formula of palygorskite is  Si8Al2Fe0.05Mn0.08Mg1.76o19.4(OH)2.6[H2O], taken from: http://database.iem.ac.ru/mincryst
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constricted zones where the strain of several different 
bands concentrates.

2.5.2 Conceptual model for the evolution  
 of micro-fault gouge

 Based on the observations from the SEM mi-
crographs of the moderately-evolved zone in sample 
no. 3/3, a sequence of continuous deformation can be 
deduced that provides a possible model for the evo-
lution of micro-fault gouges and their foliations. We 
have schematically subdivided the deformation pro-
cess into four steps, which are illustrated in fi gure 
2.24.

1) In the fi rst step, grains fracture by dilatational 
cracking, oriented parallel to σ1 and about 45° in a 
normal sense with respect to the developing shear 
zone and the sense of movement. Thus grains with a 
preferred crystallographic orientation, such as micas, 
tend to form elongate fragments, whereas quartz grain 
fragments become sub-quadratic in shape. The latter 
exhibit at least one (fractured) edge oriented parallel 
to σ1. 

2) Immediately after fracturing, the fragments start to 
rotate following the sense of shear (clockwise accord-
ing to right-lateral shear in the micrograph from sample 
no. 3/3), thereby taking up successively steeper orien-
tations with respect to the shear zone and the sense of 
movement, changing from normal to reverse. 

3) Once the rotated grains have reached a position 
of 45° and reverse with respect to the shear zone and 
sense of movement they start to form elongate zones 
with orientations comparable to those of S-surfaces 

pore space collapses and grain fracturing and is char-
acterised by strain hardening of the material. It lo-
cally transforms the porous sandstone into non-po-
rous media, providing the conditions for the second 
mode which is discrete faulting (Davis et al. 1999). 
The mode of deformation banding is characteristic of 
granular materials, whose shear resistance is deter-
mined by chains of grain contact points running sub-
parallel to σ1 (Mandl et al. 1977, Rawling & Goodwin 
2003). In porous sandstone, these chains may fail by 
dilatational fracturing of the grains (Mandl et al. 1977, 
Rawling & Goodwin 2003). The smaller the resulting 
fragments, the smaller the pore space and the more the 
material behave like non-porous media that fractures 
by discrete faulting. Each deformational increment 
of the mode of deformation banding results in a new 
band, and offsets remain small even across bundles of 
DBs (Aydin & Johnson 1978). In the fi nal stage, con-
siderable offset accumulates across the discrete fault 
plane (Aydin & Johnson 1978).

 For the DBs in this study the fi rst stage is 
quite similar, with the width of a single band increas-
ing with the grain size of the host rock, and strain accu-
mulating by the formation of new sub-parallel bands. 
However, the second stage is different. It starts with 
the evolution of a micro-fault gouge of a single band, 
which in turn results in the development of a foliation 
and subsequent strain softening. In this second stage, 
band-width increases with strain, i.e. with increasing 
offset, in this way behaving like a macroscopic fault 
gouge. The transition between both modes of faulting 
can be determined only on the microscopic scale, and 
not by the occurrence of a discrete slip plane. It occurs 
in DBSZs after a considerable amount of deforma-
tion banding has taken place, but also in single DBs 
instead of further deformation banding, as well as in 
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Figure 2.24: Sketch to illustrate the evolution of folia-
tion planes in the micro-fault gouges. 1): Cracking grain 
fragments and formation of palygorskite fi bres along the 
cracks; 2): Clockwise rotation (for right-lateral shear), further 
cracking and palygorskite formation; 3): Alignment of very 
fi ne material and palygorskite in a plane perpendicular to 
1 (comparable in orientation to a S-type foliation), then 
right-lateral shear after further slight rotation (into an orienta-
tion parallel to a P-shear); 4): C-surface and 5) C’-surface, 
marked by the alignment of palygorskite.
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chaotic structures described in steps 1) to 4) are most 
likely formed by this process, accordingly termed dy-
namic grain fragmentation. The process of dynamic 
fragmentation in the fault gouges of the DBs is thus 
added to the process of force chain failure in the host 
rock. It makes the rock permeable for infi ltrating fl u-
ids, which activate palygorskite formation. The regu-
lar structures then form by strain localisation in the 
palygorskite-rich zones, corresponding to the zones of 
fi nest grinding.

2.5.3 Riedel shears versus SC-fabric

 Based on their geometry, the three orienta-
tions of planar features identifi ed as foliations in thin 
section were determined as S-, C- and C’-surfaces of 
an SCC’-fabric. An indistinct foliation with a steep 
orientation relative to the shear zone also occasion-
ally occurs in close relationship to the steep edges 
of grain fragments. Instead of constituting an SCC’-
fabric, the three main observed foliations could also 
represent the geometry of an incomplete Riedel sys-
tem consisting only of P- and Y-shears or, if no offset 
marker was present, of R- and Y-shears. However, if 
in the latter case S is mistaken for R, the interpreted 
shear sense would be the opposite. A possible way to 
identify R- and Y-shears of a Riedel system is the ir-
regular spacing and an R-shear : Y-shear interval ratio 
of ~0.5 (Strating & Vissers 1994). In the micro-fault 
gouges of the DBs, neither a regular spacing nor a ra-
tio that holds for all samples has been observed. The 
incompleteness of a Riedel system consisting mainly 
of P- and Y-shears in comparison to a fairly complete 
SC-fabric containing S- and C- surfaces, as well as the 
lack of a regular spacing between the suspected P- and 
Y-shears, are geometric arguments for an SCC’-fab-
ric.

 From a genetic point of view, it should be pos-
sible to distinguish between S-surfaces, which repre-
sent planes of mineral alignment, and any type of Rie-
del shears, which represent shear fractures. On the one 
hand both thin sections and SEM analysis of the DBs 
revealed that the foliations in the micro-fault gouges 
are marked by the preferred orientations of palygor-
skite, a mineral phase not present in the host rock and 
hence newly-formed during deformation. Its align-
ment thus suggests that the foliations are S-surfaces 
and sheared S-surfaces (i.e. C-surfaces). On the other 
hand, the SEM micrographs reveal that palygorskite 
is also forming between the foliations running paral-
lel to grain fractures and in nearly every position with 
respect to the stress ellipsoid. Therefore the foliations 

or (after further slight rotation) P-shears. Asymmet-
ric bending of material into these elongate zones from 
both sides indicates the existence of shear.

4) The elongate zones formed in step 3 resemble the 
S-type foliation visible under the optical microscope. 
Along-strike they bend into zones of similar appear-
ance oriented parallel to the shear zone and compara-
ble to C-surfaces or Y-shears. These “C-surfaces” are 
occasionally dragged into zones shallowly inclined 
and normal with respect to the shear zone and the 
sense of movement (C’-surfaces or R-shears).

 From the beginning, this process is accompa-
nied by the growth of palygorskite in newly formed 
space such as dilational cracks, as well as by further 
fragmentation and reshaping of the rotating grains. 
This leads to a progressive transformation of the fault 
gouge material towards palygorskite, as is illustrated 
by those SEM micrographs showing elongate zones 
with successively fewer fragments and more fi brous 
material. Similarly, samples no. 3/3 and no. 3/13, 
which differ in their degree of fault gouge evolution, 
also differ in their palygorskite to fragment ratio.

 The space between the foliation planes is 
marked by chaotic orientations of both the fragments 
and the palygorskite fi bres grown sub-parallel to them. 
The structural assemblage may therefore be subdivid-
ed into chaotic and regular structures, with the chaotic 
ones consisting of fractured and rotated grains. The 
regular structures are the foliations, which are those 
parts of the matrix with a high palygorskite to frag-
ment ratio.

 According to the conceptual model described 
above, the formation of the chaotic structures is a pre-
requisite and therefore predates the formation of the 
regular ones. Since failure of a force chain by dila-
tational grain cracking alone does not lead to chaotic 
structures, their existence requires an additional pro-
cess of formation. This additional process displaces 
the fragments in the fault gouge, while those in the 
host rock remain in place. If the fracturing occurred 
during catastrophic failure, the energy released would 
be translated into kinetic energy, displacing the frag-
ments and resulting in an instantaneous increase of 
pressure on the surrounding grain fabric. Like fl uid 
overpressure, this rapid pressure increase along the 
forming DB would dramatically reduce shear resis-
tance (Boulton et al. 2009). This process of catastroph-
ic rock failure, leading to immediate further damage 
by the released kinetic energy, has been termed dy-
namic rock fragmentation (Gardy & Kipp 1987). The 
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strain. The two most prominent foliations identifi ed in 
the thin section of the DBs might therefore be inter-
preted as an SC- foliation in terms of kinematics, but 
must be considered as an incomplete Riedel system 
with P- and Y-shears in terms of strain localisation.

2.5.4 Implications for fl uid fl ow

 The formation of palygorskite from the min-
eralogy of the host rock requires an excess of quartz 
and water; Mg is provided by chlorite and dolomite. 
Equilibrium calculations using the host rock mineral-
ogy and compositions of fl uids from different Molasse 
and Malm formations revealed palygorskite to be in 
equilibrium, while chlorite is in disequilibrium. This 
implies a chlorite-consuming and palygorskite-form-
ing reaction that is related to deformation (Chapter 
3).

 The detailed study of experimentally gener-
ated DBs revealed micro-fault gouge to be chemically 
highly reactive due to the large total amount of fresh 
surfaces (Main et al. 2001). Palygorskite formation is 
most likely triggered by the contact of the highly reac-
tive fault gouge with the fl uid phase in the course of 
deformation. Laboratory experiments by Mandl et al. 
(1977) showed that shearing of granular material re-
sults in increased permeability parallel to the evolving 
shear band. Similarly, Mair et al. (2000) observed an 
initial pore space increase in experimentally deformed 
sandstone. They attributed this to dilatational crack-
ing of the grains and proposed an increased perme-
ability parallel to DBs due to the micro-cracks of the 
host rock grains in the near vicinity. This may provide 
the possibility for fl uids to reach the fault gouge (fi g-

are more likely interpreted as regular zones within an 
otherwise chaotic matrix, whose foliated character 
results from shape-preferred orientation of the mate-
rial (Cladouhos 1999a) rather than from newly-grown 
mineral phases. In the SEM micrographs, the S-sur-
faces of the foliations show systematic bending of 
the material on both sides but in opposite directions, 
indicating shearing to have taken place; this should 
strictly speaking not be the case on pure S-surfaces. 
However, the inferred sense of movement does cor-
respond to that of a P-shear in a Riedel system, which 
from a geometric point of view closely resembles an 
S-surface. A foliation resulting from shape-preferred 
orientation of grain fragments has been termed P-
foliation and can be explained by the Riedel shear 
model (Cladouhos 1999a and b). Although the grain 
fragments do rotate in the area between the foliations 
in the fault gouges, they are also ground further and 
transformed to palygorskite. At the end the foliation 
plane is defi ned nearly exclusively by the new min-
eral. The homogeneity thus achieved most likely fa-
cilitates shear along these surfaces.

 Mylonitic SC-fabrics are indicative of mod-
erate strain across a relatively broad zone (e.g. Simp-
son 1984), which contrasts with the narrow zone of a 
DB containing only a few parallel sets of S- and C-
foliations and an obviously relatively high strain. In 
the brittle micro-fault gouges of the DBs, the S-type 
surfaces form in the same way as S-foliations, i.e. by 
the alignment of material and newly-formed miner-
als along the X-Y plane of the strain ellipsoid. Once 
formed, the relative homogeneity of the material along 
an S-surface represents a zone of weakness and the S-
surfaces start to behave like the P-shears of a Riedel 
system and accommodate a certain amount of shear 
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Figure 2.25: Permeability distribution around a DB as suggested from porosity evolution during DB formation in laboratory rock deformation tests 
(after Mair et al. (2000), see also fi g. 2.5) and its implications for fl uid fl ow and fault gouge evolution. Increased porosity by fractured grains provides 
a channel for fl uid fl ow parallel to the DB. The contact of the fl uid with the highly reactive fault gouge leads to mineral reactions (palygorskite forma-
tion) and further evolution of the gouge.
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the macroscopic scale, ongoing deformation gradually 
translates dense DBSZs into macroscopic fault gouges 
containing palygorskite. True slickensides with me-
chanical scratches on their fault planes are rare, while 
fault planes with lineation of fi brous palygorskite are 
common. 

 The constricted zones of DBSZs are rotated 
towards a smaller angle with respect to σ1. According 
to the Mohr-Coulomb criterion, a small angle between 
a shear and σ1 implies a high angle of internal fric-
tion of the sheared material. Therefore the formation 
of constricted zones of DBSZs along shears at lower 
angles to σ1 than the DBSZ themselves demonstrate 
strain hardening of the material by deformation band-
ing. However, as initial deformation in porous rocks 
occurs by deforming pore space and grain fabric (and 
hence with a micro-mechanism resembling cataclas-
tic fl ow), its behaviour is more like a ductile mate-
rial (Wong et al. 1997, Bayerlee & Brace 1968). This 
allows shears to develop at initial angles higher than 
30° in the Mohr-Coulomb space. Field studies have 
reported that deformation of porous sandstone may 
initiate by DBs forming at high angles with respect 
to σ1, e.g. as antithetic Riedel shears (Ahlgren 2001). 
Deformation of granular material results in shear zone 
orientations not in accordance with the Mohr-Cou-
lomb criterion, but with subsidiary shears develop-
ing in Riedel-type geometries and hence fi tting the 
criterion (Mandl et al. 1977).  The DBs in this study 
developed at a certain angle. Ongoing deformation 
forms DBSZs that represent a zone of strain-hardened 

ure 2.25). The onset of palygorskite formation is also 
a question of the amount of fl uid in contact with the 
fault gouge. This critical amount can be reached by an 
increasing number of parallel channels, by the brittle 
shearing of a DB zone by R-shears in constriction 
zones of DBSZs and, if deformation occurs during 
seismic events, by implosion of the fault gouge and 
associated suction-pump effects into the micro-fault 
gouge. Once palygorskite formation starts, it weakens 
the fault gouge and the DBs gradually change from a 
strain-hardened to a strain-softened shear zone. This 
leads to the accumulation of strain in the palygorskite 
bands, which gradually evolve into macroscopic fault 
gouges.

2.5.5 Signifi cance of the macroscopic
 geometry of DBs in the Molasse
 sandstone

 The deformation of the sandstones of the 
western Swiss Molasse Basin is initiated by grain-
scale cataclasis forming brittle DBs. From the mac-
roscopic point of view, the DBs are mm-wide planar 
zones several metres in length. Ongoing deformation 
results in the formation of DBSZs. Strain often con-
centrate due to the constriction of a DBSZ with its lo-
cal reorientation, or by a closer formation of individ-
ual bands. On the microscopic scale, the micro-fault 
gouges develop from fi ne-grained material to foliated 
gouges with palygorskite as strain accumulates. On 

YR
10°-20°

σ1

σ1
DBSZconstriction zone

Figure 2.26: DBSZ and constriction zone, interpreted as a Y-shear (DBSZ) that becomes sheared as an R-shear (constriction zone). Observations in 
the fi eld and in thin section show DBSZ and constriction zones to be orientated at angles of 10°-20° to each other, with the DBSZ and σ1 enclosing a 
larger angle than the constriction zone and σ1. Strain concentration is observed in the constriction zone.
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chaotic arrangement of fragments. This, however, im-
plies that the evolution of micro-fault gouge occurs in 
two modes that may interact with time, representing 
seismic slip and aseismic creep. The chaotic structures 
form by dynamic rock fracturing (Gardy & Kipp 1987, 
Boulton et al. 2009), which can provide pathways for 
the infl ux of fl uid in the otherwise less permeable fault 
gouge. The formation of palygorskite after such an 
event facilitates the aseismic creep by which the regu-
lar structures (e.g. the SCC’-fabrics) are formed. The 
amount of palygorskite increases as deformation con-
tinues i.e. creep becomes more important as the shear 
zone grows. These observations from the micro- and 
meso-scale structures indicate that earthquakes should 
be unlikely due to the prevalent aseismic mechanism 
of deformation of the Molasse sandstones. However, 
a larger-scale fault may be stuck at a restraining bend 
or within another lithology along-strike, and its rup-
ture could be seismic. In any case, such rupture events 
must occur somewhere in the fault network to account 
for at least part of the registered earthquakes up to 
magnitude 4.

 Porous media such as the poorly lithifi ed Mo-
lasse sandstone is expected to be slightly weaker than 
non-porous rock, as stress is concentrated on grain 
contacts (Mandl et al. 1977, Wong et al. 1997). The 
possibility to form new DBs in the host rock around 
a restraining bend therefore most likely limits the 
amount of elastic strain accumulation and hence the 
rupture magnitude. Probably for the same reason, 
stick-slip behaviour was found to be absent for po-
rous rocks (Bayerlee & Brace 1968). Another limiting 
factor may be fault size, since earthquakes of larger 
magnitudes require large rupture plane (Wells & Cop-
persmith 1994). However, no fault zones longer than a 
few kilometres were mapped in the fi eld. Even though 
our mapping represents only a surface observation of 
the area, it does support a model of relatively frequent, 
low magnitude earthquakes on a network of small-
scale faults. This corresponds to the recordings of the 
permanent seismic stations in the region during the 
past decades (SED 2010, annual reports of the seismic 
survey of Switzerland, published in the Swiss Journal 
of Geosciences).

2.6 CONCLUSION

 The DBs mapped in the sandstone of the 
western Swiss Molasse Basin develop in two stages. 
In the fi rst stage, they initiate as “classical” brittle 
DBs by grain scale cataclasis producing a micro-fault 
gouge. This micro-fault gouge shows poorer sorting 

material and hence of material with a higher angle of 
internal friction. At a certain point, this leads to the 
development of “more brittle” shears that crosscut the 
shear zone at slightly lower angles with respect to σ1. 
The geometry of these brittle shears corresponds to 
R-shears of a Riedel system (fi gure 2.26).

 Grouped by outcrop, most of the DBs mapped 
in the fi eld arrange as conjugate sets that can be inter-
preted in terms of a Riedel system as synthetic and 
antithetic shears of a superordinate shear zone. The 
different groups can be allocated to two such superor-
dinate shear zones, one of which strikes WNW-ESE 
(right-lateral) and the other NNW-SSE (left-lateral), 
with σ1 oriented NW-SE. These two superordinate 
sets match perfectly with the orientations of the larger 
structures found in the study area, such as slickensides 
and fault zones. These larger structures occur in two 
conjugate Riedel systems with NW-SE compression. 
The close geometric relationships imply that the DBs 
and the larger structures have formed in the same tec-
tonic regime. They refl ect the initiation of fault zones 
in the Molasse sandstone, as has also been described 
for other regions (Shipton & Cowie 2001).

2.5.6 Seismic versus aseismic nature of the  
 DBs

 The earthquakes recorded in the study area by 
the seismic survey of Switzerland in the last decades 
reveal a low to moderate seismicity with magnitudes 
up to 4 (local magnitude). The focal mechanisms 
are predominantly strike-slip with left-lateral move-
ment along N-S-striking fault planes and right-lateral 
movement along E-W-striking fault planes. The align-
ment of a number of these events in a zone several 
kilometres in length has provoked authors to postulate 
that moderate to large earthquakes maybe possible in 
the area (Kastrup et al 2007). It is therefore of interest 
to discuss the seismic versus aseismic nature of DB 
formation and evolution.

 Initial deformation in the brittle regime should 
be seismic, although the energy released by forming a 
fracture is very low. The stress-strain curves for DB-
SZs produced in the laboratory (Mair et al. 2000) re-
veal a signifi cant stress drop only for the formation of 
the fi rst band, while the subsequent bands form in a 
steady state. This implies deformation banding to be 
rather aseismic in nature.

 The fabric of the evolving micro-fault gouge 
shows both regular semi-ductile structures as well as 
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angles with respect to σ1. This is thought to refl ect the 
lower angle of internal friction of porous media such 
as poorly lithifi ed sandstone. The DBSZs frequently 
show zones of constriction where they narrow along 
a shear slightly rotated towards σ1. These constriction 
zones are interpreted as shears oriented according to 
an increased angle of internal friction in the strain-
hardened material of a DBSZs.

 The chaotic structures and the regular folia-
tion network observed in the micro-fault gouge most 
likely represent seismic and aseismic deformation 
modes, but stress drops occur only in the range of mi-
cro-seismicity. The increasing amount of palygorskite 
and the number of foliations with the development of 
micro-fault gouges indicate that aseismic deforma-
tion becomes more important as the structure grows. 
Despite their seismic initiation, the DBs in the study 
area can therefore be interpreted as structures charac-
teristic for aseismic deformation. However, the pos-
sibility of DB formation in the host rock also limits 
the accumulation of elastic strain, and therefore the 
possible magnitude of a rupture event along a larger 
fault zone. 

 The tectonic regime in the western Swiss Mo-
lasse Basin is strike-slip faulting with NW-SE-com-
pression. The DBs mapped in this area represent fault 
initiation in the Molasse sandstones. Their micro-me-
chanics lead to growth of palygorskite minerals, re-
sponsible for the rather aseismic nature of subsequent 
shear. The DBSZs of this study imply that the possible 
occurrence of seismic ruptures along larger faults of 
the regional network is limited in magnitude.

and reduced pore space with respect to the host rock, 
which causes strain-hardening. Ongoing deformation 
therefore promotes the formation of new bands sub-
parallel to the existing ones. In the second stage, the 
micro-fault gouge accumulates strain and develops 
a foliation consisting of newly-formed palygorskite, 
which causes strain-softening. The strain-softened 
DBSZs directly translate to macroscopic fault gouges 
containing palygorskite. 

 The evolution of the micro-fault gouge oc-
curs in two modes as revealed by the regular structure 
of the foliation network and the chaotic structures in 
the area between the foliations. We interpret the cha-
otic structures to be the result of instantaneous failure, 
and the foliations from ongoing shear facilitated by 
the existence of the palygorskite minerals. The regu-
lar geometry of the foliations can be interpreted as an 
SCC’-fabric in terms of kinematics, and thus provides 
a microscopic shear sense indicator. In terms of strain 
localisation however, the foliations must be regarded 
as P- and Y-shears of an incomplete Riedel system, as 
they represent planes of enhanced strain.

 The formation of palygorskite as a new min-
eral phase is triggered by the grinding of the min-
eral grains of the host rock and the infl ow of a fl uid 
phase. The mechanism of DB formation accounts for 
the grinding as well as the formation of band-parallel 
channels of enhanced permeability.

 In the fi eld, the DBs develop in conjugate sets 
similar to the orientations of larger structures such as 
slickensides and fault zones, but with slightly larger 
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ABSTRACT

Analyses of brittle fault gouges from the western Swiss Molasse Basin by X-Ray diffraction and electron diffraction 
spectroscopy revealed palygorskite - a Mg rich clay mineral - to be common in fault gouges of different scales, while 
absent in the host rocks. Fault gouges are also depleted in chlorite, compared to the host rock, while albite and quartz 
are present. Thus a chlorite-consuming reaction for palygorskite formation seems to be obvious. This reaction may 
have been triggered by a fl uid phase that is percolating along deformation induced fractures, and that is in equilib-
rium with palygorskite, quartz and albite, while in disequilibrium with chlorite. Acknowledging the importance of 
fl uid fl ow possibly has important consequences on the size/length of the fracture network and the associated fl uid 
paths. Titration calculations with the host rock mineralogy and different fl uids from surrounding aquifers were made 
in order to pinpoint such consequences. Calculations were based on composition of formation waters known from 
the underlying Malm limestone, in-situ waters of the Lower Freshwater and Upper Marine Molasse, taken from both 
shallow and deep wells. We also used sea water composition, present during the Upper Marine Molasse deposition. 
The results show that all tested fl uids are in equilibrium with palygorskite and in disequilibrium with chlorite, i.e. 
no specifi c distinct fl uid source is needed, and palygorskite formation is critically linked only to deformation and 
generic fl uid fl ow. Our study reveals a new formation process for palygorskite, linked to the development of brittle 
fault gouges and associated fl uid fl ow. This brittle deformation in foreland basin sediments is a quite common geo-
logic setting. Palygorskite is therefore likely to be also present in comparable environments elsewhere.

3.1 INTRODUCTION

 Brittle faulting is the major deformation 
mechanism in the upper crust, generating fault gouges 
and cataclasites with random fabrics (Sibson 1977), or, 
less commonly with planar fabrics and macroscopical-
ly ductile geometries (Chester & Logan 1987, Chester 
et al. 1985, Lin 2001). The most important element 
of the planar fabrics are clay minerals precipitated 
syn- or post-faulting. Clay formation under near-sur-
face conditions may be triggered by the increase of 
reactive mineral surfaces, the release of thermal and 
mechnical energy, and local pressure increase during 
deformation (Vrolijk & van der Pluijm 1999, Main et 

al 2001, Sibson 1987, 1990). Fluid fl ow along the fault 
zone is another important factor leading to clay forma-
tion. The gouge mineral assembly will be determined 
by the mineralogy of the faulted rock, the composition 
of the fl uid circulating along the fault as well as by the 
temperature-pressure conditions during precipitation. 
The most common clay minerals encountered in fault 
gouges of acidic rocks are illite, smectite, chlorite and 
mixed layer phases of the latter three phases (Vrolik & 
van der Pujim, 1999).

 During an investigation of the tectonics of 
the western Swiss Molasse (fi gure 3.1), palygorskite, 
a Mg-rich clay mineral, was found in a large number 
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rays of fractures, slickensides and brittle deformation 
bands and often, but not always, comprise core zones 
with very fi ne fault gouges. The brittle deformation 
bands are a characteristic feature of initial faulting in 
porous sandstone (Aydin 1978, Fossen et al 2007 for 
a review). Pore-space reduction and cataclasis on the 
grain scale along planar zones produce a micro-fault 
gouge instead of a discrete fault plane. In the western 
Swiss Molasse Basin micro-fault gouges of deforma-
tion bands reveal planar structures made of palygor-
skite (chapter 2)

 So far palygorskite was only described from 
one locality in the Swiss Molasse basin, where it oc-
curs as precipitate in fractured conglomerates (Peter 
& Salis 1965). Although rare, palygorskite has been 
found in fault gouges of volcanic rocks and carbonates 
(Post & Crawford 2007, Gibbs et al. 1993) and was 
attributed to hydrothermal fl uid circulation along the 
faults (Gibbs et al. 1993, Garcia-Romero et al. 2006). 
In the Serrata de Nijar deformation zone of the Betic 
Cordillera (SE Spain), syn-tectonic palygorskite forms 
a planar fault gouge fabric found in mica-rich schists 
(Garcia-Romero et al. 2006). Mg-rich palygorskite re-
quires moderate alkalinity, a high Mg and Si as well 
as a low Al activity (Singer 1979). It is usually en-
countered as an alteration product of carbonate, mafi c 
and ultra-mafi c rocks (Karpoff et al. 1989, Destrign-
eville et al. 1998, Jones & Galan 1988, Imai & Otsuka 
1984). Palygorskite may directly precipitate from pore 
fl uids in sediments of peri-marine and coastal, as well 
as arid environments (Weaver & Beck 1977, Hillier 
1995, Righi & Meunier 1995) and has been used as a 
proxy for paleo-climatic conditions (Bolle & Adatte 
2001). 

 In this study we investigate the mineralogy 
and petrology of the fault gouges found in the Swiss 
Molasse by SEM- and X-ray diffraction analysis. 
Rock-water interaction modelling (titration calcula-
tion) are used to determine the palygorskite-forming 
reaction. The calculations are done with different fl u-
ids, which could have interacted with the host rock. 
The objective is to determine fl uid infl uence and pos-
sible provenance of water during faulting.

3.2 ANALYTICAL METHODS

 A total of 40 samples were taken from 8 lo-
calities in both the USM and OMM formations of the 
study area near the city of Fribourg (see fi gure 3.2). 
In each case deformed and leached rocks in and close 
to the faults, as well as unaffected host rocks farther 

of fault zones (fi gures 3.3 and 3.2). The Molasse units 
with the palygorskite-containing faults were depos-
ited in Oligocene and Miocene times into the periph-
eral foreland basin of the Alps (Trümpy 1980, Pfi ffner 
1986, Homewood et al. 1986). They are composed of 
four formations, the Lower Marine- (UMM), Lower 
Freshwater- (USM), Upper Marine- (OMM) and Up-
per Freshwater Molasse (OSM), representing two 
shallowing up megacycles deposited under alternat-
ing fl uvio-lacustrine and shallow marine conditions 
(Trümpy 1980, Homewood et al. 1986, Platt & Keller 
1992, Berger et al. 2005). They are underlain by Meso-
zoic units that are detached along a Triassic evaporitic 
unit from the underlying basement. These Mesozoic 
units consist of partly evaporitic Triassic and usually 
shale-rich lower Jurassic, followed by middle to up-
per Jurassic platform carbonates. In the southwestern 
parts sedimentation continued into lower Cretaceous 
times (Trümpy 1962, Büchi et al. 1965, Trümpy 1980, 
Bachmann et al. 1987). The majority of these non-
metamorphic cover units directly overlay basement 
rocks, though in places they rest on post-Variscan gra-
ben structures fi lled with Permo-Carboniferous clastic 
sediments (Diepold 1985, Matter 1987, Bachmann et 
al. 1987, Pfi ffner et al 1997). The samples analysed 
are from the USM and OMM, outcropping in the 
study area near Fribourg. The mostly medium-scale 
fault zones mapped in the western Swiss Molasse are 
arranged in a regional network, which is characterised 
by N-S striking left-lateral- and NW-SE to WNW-
ESE striking right-lateral strike slip faults forming a 
conjugate system (s. fi gure 3.2). The stress related to 
development of this network is a NW-SE to NNW-
SSE-oriented compression similar to the one responsi-
ble for folding in the Molasse and the Jura Mountains, 
as well as for the present-day stress fi eld (Kastrup et 
al. 2004). The faults are mostly expressed by dense ar-

300 km

AlpsMolasse
Basin

Ju
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Figure 3.1: Location of the study area
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 Quantitative phase analysis by Rietveld re-
fi nement (Post & Bish, 1993) was done using the 
SIROQUANT software package (Taylor, 1991). The 
following instrumental parameters were refi ned: zero 
shift, sample displacement and peak shape param-
eters. The peak shape was modelled with a Pearson 
VII profi le function. The structure parameters for the 
phases present in the sample were taken from the SIR-
OQUANT data base, but only the unit cell parameters 

away, were sampled. Brittle deformation bands (micro 
fault gouges) were sampled at eight localities (s. fi gure 
3.2). Thin sections of the samples were studied by light 
and scanning electron microscopy. Powdered samples 
were investigated by powder X-ray diffraction using a 
Philips PW 1710 diffractometer. Diffractograms were 
recorded between 3° and 65°2θ in step-scan mode 
(0.02°/step and 2sec/step). The copper X-ray tube was 
operated at 40 kV and 40 mA. The CuK radiation 
was fi ltered with a graphite monochromator.
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Figure 3.1: Location of the study area Figure 3.3: Study area with faults mapped in the fi eld. NNW-SSE to NNE-SSW striking faults are sinistral and 
E-W to NW-SE striking faults are dextral. Faults with no recorded sense of movement are also given. Rose diagram gives strike for all right-lateral 
faults in blue and all left-lateral faults in green. Numbers 1 to 8 refer to location of the samples for XRD analysis given in table 3.2. E1 is location of 
the sample were EDS chemical point analyses were made from (see fi gure 3.5 and table 3.4). D1 to D4 are additional localities were palygorskite was 
identifi ed in thin-sections of brittle deformation bands.
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3.3 THERMODYNAMIC MODELLING

 Thermodynamic calculations have been made 
with the “Geochemist Workbench (GWB)” software 
using the ACT2 routine for the calculation of activity 
diagrams and the REACT routine for reaction mod-
elling. The calculated thermodynamic parameters for 
palygorskite (see below) were added to the database 
provided by the geochemical modelling group of the 
Lawrence Livermore National Laboratories (Delany & 
Lundeen, 1989). The activity coeffi cients are calculat-
ed according to an extended form of the Debye-Hückel 
equation. Activity diagram calculations and reaction 
modelling were done in the eight-component-system 
K2O-Na2O-MgO-CaO-Al2O3-SiO2-CO2-H2O. The ac-
tivities of K2O, Na2O, CaO, Al2O3 and CO2 were set 
by the phases present in both the fault gouge and the 
host rock i.e. K-feldspar, albite and calcite. Reaction 
modelling has been performed with the “titration” and 
“fl ush” options of the REACT program. With the “ti-

and the overall isotropic temperature factor were re-
fi ned. The refi ned sample parameters are the fraction 
of the phases present (through the scale factor) and 
the preferred orientation parameter (March - Dollase 
function). The atomic positions and the site occupan-
cies were kept fi xed during the refi nement. Iterations 
were performed until the refi nement converged.

 The composition of the minerals in the fault 
gauges were analyzed by scanning electron micros-
copy and energy dispersive spectroscopy using a FEI 
XL30 Sirion FEG microscope operated at 20keV 
and equipped with an EDAX EDS system. The EDS 
patterns were fi tted  with the Phoenix software and 
compositions were extracted from net intensities after 
correction for matrix effects (ZAF) and detector sen-
sitivity. The elements included in line scans were Mg, 
Al and Si. 
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Figure 3.3: Photographs of palygorskite occurrences at different scales in fault zones of the Molasse sandstone. a) A few cm wide fault gouge of 
palygorskite. The alteration colour and a steep foliation are visible near the tip of the pencil while the white colour to the left represents the fresh 
palygorskite gouge. b) Palygorskite fi bres forming lineations on a slickenside. c) Thin section (crossed polarised light) of a brittle deformation band 
with a foliation of whitish fi laments representing palygorskite. d) SEM micrograph of palygorskite fi bres in a brittle deformation band.
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ecules per unit cell. Additional 4 H2O molecules are 
bound to octahedral cations. Palygorskite is classifi ed 
as a phyllosilicate due to the continuous silicate lay-
ers. The general structural formula of palygorskite is 
given as (Jones & Galan, 1991):

 The trivalent cations in the octahedral units 
are compensated by vacancies ([] in the formula) The 
divalent cations in the last part of the stoichiometric 
formula are located in the channels and are also com-
pensated by vacancies. Two polymorphs (monoclinic 
C2/m and orthorhombic Pbmn) have been reported in 
the literature (Chisholm 1992; Giustetto et al. 2006). 
The difference between the two structures is the po-
sition of the tetrahedral chains in adjacent I-beams 
along the c-axis and, as a consequence, also the posi-
tion and bonding of the water molecules in the chan-
nels. Most natural palygorskite samples are a mixture 
of both polymorphs. 

3.4.2 Thermodynamic data for
 palygoskite

 There are no thermodynamic data available 
for palygorskite. Previous authors (Destrigneville et 
al., 1998; Birsoy, 2002) used estimations of the Gibbs 
free energy at 25°C calculated by predictive methods 

tration” option set, the water-rock interaction is simu-
lated as repeated addition of a small aliquot of reactant 
(= host rock) to the solution. After each addition, the 
program recalculates the system’s equilibrium state by 
precipitating the secondary minerals reaching satura-
tion. With the “fl ush” option a certain quantity of fl uid 
is added as reactant, which displaces existing fl uid. 
After equilibration the process is repeated. The fl u-
ids tested were standard ocean water and 4 different 
Molasse aquifers (s. below and table 3.4). The rock 
composition used for modelling was taken from the 
Rietveld refi nement of the sample taken at Corserey 
(No 1 in fi gure 3.2 and table 3.1, TI16s (fault gouge) 
and TI17 (host rock) in table 3.2). The results were 
compared with the observed fault gouge assemblage 
found at the same location. The same procedure was 
used by Destringeville et al. (1998) to demonstrate 
that palygorskite is a possible alteration product in the 
reaction of serpentinites with sea-water. 

3.4 PALYGORSKITE 

3.4.1 Crystal chemistry of palygorskite

 The structure of the mineral palygorskite 
contains tetrahedrally coordinated silicate layers in 
which the orientation of the apical oxygens fl ips over 
every third tetrahedral chain (T). Where apical oxy-
gens in neighboring layers point towards each other 
they sandwich octahedrally (O) coordinated cations. 
The channels (3.7Å x 10.6Å in size) between four 
TOT- strips (=I-beam) are fi lled with 4 water mol-

Locality No. in
fig. 3.2

Formation type Qtz Fsp Cal Dol Msc Chl Pal Average
of

1 USM FG X X X X 2 samplesCorserey
1 USM HR X X X X X X
2 USM FG X X X X XGaltera
2 USM HR X X X X X X 4 samples

La Glâne/Matran 3 OMM FG X X X X
5 OMM FG X X X 3 samplesLa Trémeule
5 OMM HR X X X X X X 4 samples
4 OMM FG X X X X X 5 samplesRossens dam
4 OMM HR X X X X X X 7 samples

Sodbach 8 USM FG X X X X
Sodbach 8 USM HR X X X X X 2 samples
Châtillon 7 USM FG X X X X
Châtillon 7 USM HR X X X X X
Lovatens 6 OMM FG X X X 2 samples
Lovatens 6 OMM HR X X X X

Table 3.1: Mineralogy of fault gouges (FG) and host rocks (HR) for selected faults as revealed by XRD analysis. In the case of La Glâne/Matran no 
host rock sample was analysed, in the La Trémeule case FG analyses are from two faults and in the case of Rossens dam, the FG analyses are from 4 
faults. Often more than one host rock sample (e.g. samples from both sides of and at different distances from the fault) was analysed. As there are no 
major differences between them, the individual host rock samples as well as the fault gouge samples from one site were summarised and the number 
of samples indicated in the column to the right. Note that palygorskite is only present in the fault gouges, while chlorite is always missing (except in 
one case). For location of the faults compare the number in the second column with the numbers on the map in fi gure 3.3. Qtz = quartz, Fsp = feld-
spar, Cal = calcite, Dol = dolomite, Msc = muscovite, Chl = chlorite, Pal = palygorskite.
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3.5 RESULTS AND DISCUSSION

3.5.1 Host rock compositions

 The typical Molasse sandstones studied are 
medium to coarse-grained poorly lithifi ed sandstones 
with a porosity ranging between 5% and 10%. The 
typical mineral assemblage of the sandstones deter-
mined by light microscopy and powder X-ray diffrac-
tion consist of quartz, albite, K-feldspar, calcite as 
well as minor amounts of white mica, smectite, dolo-
mite, chlorite, lithic clasts and organic material (table 
3.1). The phase for the white mica used in the starting 
model for the Rietveld refi nement is muscovite, but it 
is likely that both muscovite and illite are present in 
the sample. Two of the three samples which lack mus-
covite/illite contain smectite/montmorillonite, which 
is probably an alteration product of the former (Nieto 
et al. 2005). The quantitative analysis (table 3.2) of 
the mineral assemblages by Rietveld refi nement (Bish 
& Post, 1993) were within the range estimated from 
light optical observation of thin sections of the same 
samples. 

3.5.2 Fault gouge and deformation band
 compositions

 All 19 fault gouge samples contained quartz 
and albite. Palygorskite was present in 16 of the sam-
ples. It is the only mineral not present in the assem-
blage of the encasing rocks and hence hat to precipitate 
during or after the gouge formation. Other minerals 
present in variable amounts in the gouges are mus-
covite/illite, dolomite and chlorite (s. table 3.1). The 
XRD peaks of albite, palygorskite and calcite (fi gure 
3.4) are very broad, whereas the peaks of quartz have a 
much narrower full width at half maximum (FWHM). 
The former have, therefore, smaller coherent scatter-
ing domains, which points to small grain sizes. Quartz 

(Tardy & Garrels, 1974; Nriagu, 1975). In the follow-
ing calculation the method proposed by Nriagu (1975) 
will be used. The mineral is represented as a compos-
ite of dehydrated metal hydroxides.

The Gibbs free energy is calculated as sum of the free 
energies of formation of the contributing hydroxides ri  
with cationic charge zi minus the Gibbs free energy of 
the liberated water. An empirical correction term Q is 
included, which takes into account the integration of 
the dehydrated hydroxide modules into the fi nal phyl-
losilicate structure:

The empirical relationship for Q obtained from phyl-
losilicates, for which experimental data for the Gibbs 
free energy of formation are available, is given as:

Q = 0.39 m

with m equal the number of liberated water molecules. 
With palygorskite there are some uncertainties using 
this formula because water molecules are present as 
coordination species and as zeolitic water in the struc-
ture, i.e. these water molecules are not liberated but re-
main in the structure. In the equation above, the Gibbs 
free energy of the latter is set equal to that of free wa-
ter. The calculated Gibbs free energy of formation of 
palygorskite with a composition corresponding to the 
EDS analyses made on gouge samples (s. below) is 
-11187 kJ/mol, which is close to the value obtained by 
Birsoy (2002) for similar compositions. 

Sample TI19 TI22 TI24 TI17 TI16S Thin sections
quartz 47.1 39.4 41 48.5 58.6 40.5
albite 13.1 16.9 19.4 23.8 31.8 25
K-felspar 7.3 7.9 7.7 3.6
illite 10.2 1.7 3.4 8.4
chlorite 1.3 5.4 4.3 6.2 6.3
carbonate 21.1 29.3 28.5 9.6 0.9 21.7
palygorskite 8.8

Table 3.2: Quantitative mineralogical composition of Molasse sandstone (samples TI17, TI19, TI22 and TI24) and fault gouge (sample TI16S) 
revealed by Rietveld refi nement of XRD analysis and by estimation from thin sections (average of 28 thin sections). Modelling of the reaction process 
was carried out with TI17 as host rock. In thin section analysis, dolomite was recorded together with calcite as carbonate and muscovite together with 
chlorite as phyllosilicate. TI17 is the host rock sample for the fault gouge TI16S.
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3.5.3 Palygorskite formation

 The occurrence of palygorskite only in the 
fault gouges suggests a formation through a reac-
tion between (hydrothermal?) fl uids circulating in the 
faults and the encasing rock. Deformation was prob-
ably responsible for the formation of the fault network 
that served as fl uid pathway. Cataclasis of grains and 
the ensuing increase of the specifi c surfaces of react-
ing minerals may also had a catalyzing effect on the 
palygorskite forming reactions. 

 Fluid sources both below and above the (pa-
leo) sample horizon have been considered as potential 
reactants. These fl uids have a wide range of compos-
tions (table 3.4). Mesozoic aquifers encountered dur-
ing oil and thermal water exploration drillings in the 
western Molasse basin change from chloridic in the 
Trias-, to carbonatic in the Jura- and Cretaceous- aqui-
fers. The cations are mainly Na in the Triassic- and Ca 
or Ca + Mg in the Jura- and Cretaceous Formations. 
In the overlying Molasse units, three different ground-
water types have been distinguished (fi gure 3.6). The 
limits between these aquifers are discordant with the 
formation boundaries. The uppermost aquifer is of 
earth-alkali-hydrocarbonate type followed downward 
by sodium- hydrocarbonate and sodium-chloride type 
waters (Schmassmann 1990). 

 Oxygen isotope data reveal that the earth-
alkali-hydrocarbonate waters are Holocene in age, 
whereas the sodium-hydrocarbonate waters are of 
Pleistocene origin (Schmassmann 1990). The rela-
tive high values for the heavy oxygen isotopes as 
well as its high NaCl-content was interpreted to de-
rive from marine water trapped during the deposition 
of the OMM in the shallow Molasse sea (Lemcke et 

fragments within the gouge are much larger than the 
ones of the other minerals, which explains the narrow-
er FWHM. Rietveld refi nements (s. fi gure 3.4) for the 
gouge diffraction patterns were only successful with 
the monoclinic structure for the palygorskite phase. 
Refi nements in which both structures were included 
resulted in a composition with less than 1wt % of the 
orthorhombic phase. The intensity for the palygorskite 
peaks could only be fi tted by including a strong (001) 
preferred orientation, which corresponds to one of the 
monoclinic pinacoids that delimit the palygorskite 
fi ber. Because preferred orientation, temperature fac-
tors and peak shape parameters are strongly correlated 
the quantitative analysis given in table 3.2 has to be 
taken with caution.

 The brittle deformation bands are the incipi-
ent deformation structures in the Molasse sandstones. 
The light optical analysis of their micro fault gouges 
(s. fi gure 3.3c) revealed fi ne whitish fi laments that re-
semble palygorskite found in the macro fault zones. 
Because the extraction of material for XRD analysis 
was too diffi cult, chemical analysis by EDS of the fi la-
ments were made on thin sections. The element maps 
and line scans taken from the host rock towards the 
micro fault gouges reveal an increase of Mg content 
when approaching the deformation band. Fibrous 
palygorskite material within the micro-fault gouge 
of a deformation band was analysed (fi gure 3.5, table 
3.3) The normalization of point analyses made on fi -
brous palygorskite gives the following stoichiometry:

Figure 3.4: Diffraction pattern of gouge sample TI16S. The lower trace corresponds to the difference pattern. Measured (black) and calculated (grey) 
diffraction patterns are nearly identical.

Mg1.28
2+ Fe0.17

2+ Mn0.02
2+ Al1.95

3+ [ ]1.61( ) Si8( )

O20 OH( )2 OH2( )4 H2O( )4
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tested. The most important result is the disappearance 
of chlorite from the initial paragenesis and the appear-
ance of palygorskite for all 5 fl uids tested. This change 
in mineralogy is also refl ected in the activity diagram 
Mg2+ /H+  vs SiO2(aq) in which all aquifer waters and 
also sea water lie in the stability fi eld of palygorskite. 
The clinochlore stability fi eld lies at lower SiO2(aq), 
higher magnesium activity and/or higher pH (fi gure 
3.7) In the titration runs, quartz and palygorskite are 
immediately saturated, whereas calcite, albite and K-
feldspar start precipitating with some delay, especially 
for the titration with seawater. (fi gure 3.8a-d). 

al. 1968, Schmassmann 1990). This fossil sea water 
became diluted by addition of freshwater during the 
OSM period. This is refl ected in a lower NaCl content 
than sea water, as well as in the fact that the top of 
the sodium chloride aquifer is below the upper bound-
ary of the OMM (Lemcke et al. 1968, Schmassmann 
1990). Since palygorskite is known to form in pelagic 
sediments and as alteration products of mafi c oceanic 
rocks, undiluted sea water has also been considered a 
potential alteration fl uid (Destrigneville et al. 1998). 

 The titration modelling of the water-rock in-
teraction gave similar reaction products for all fl uids 

a)
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Figure 3.5: SEM micrographs at different scales (b and c) and a thin section 
photograph in polarised light (a) of a medium-evolved micro-fault gouge (total 
width of the fault gouge is up to 0.5mm). The matrix of the fault gouge consists 
of several small and often elongated fragments of residual grains embedded in a 
fi brous material. The optical microscope image (a) was taken from the same part 
of the section as (b). The foliations marked by similar extinction (a) correspond 
to zones with fewer fragments and higher content of fi brous material in the SEM 
micrograph (b). The locations of point analyses of chemistry of the matrix given 
in table 3.4 are indicated by small red circles X4 and X5 in the SEM micrographs. 
Location of sample is indicated in the map (fi gure 3.3) by E1.

Point analysis X4 Point analysis X5
Element Palygorskite Weight % Stoichiometry Weight % Stoichiometry
Mg 1.76 4.71 1.22 3.36 0.86
Al 2 7.90 1.85 6.07 1.41
Si 8 35.17 7.91 37.79 8.42
Mn 0.08 0.17 0.02 0.16 0.02
Fe 0.05 1.42 0.16 1.48 0.17
O2 19.4 50.64 20.00 51.14 20.00

Table 3.3: Results of EDS point analyses of the very fi ne-grained matrix at points X4 and X5 on thin section no 3/3. See fi gure 3.5 for point locations. 
The chemical formula of palygorskite is  Si8Al2Fe0.05Mn0.08Mg1.76O19.4(OH)2.6[H2O]4 , taken from: http://database.iem.ac.ru/mincryst
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the chlorite and to a lesser extent on the illite content 
of the host rock. Reducing the initial chlorite con-
centration of the host rock by half lowers the fi nal 
palygorskite concentration after titration by the same 
amount ( fi gure 3.8). The general net palygorskite 
forming reaction can, therefore, be written as: 

chlorite + SiO2 + H2O (+ illite) = palygorskite

3.6 DISCUSSION AND CONCLUSION

 The mineralogical and geochemical proper-
ties of the micro-fault gouges of brittle deformation 
bands and the fault gouges of macroscopic fault zones 
in the Molasse sandstone of western Switzerland were 
analysed. The mineralogy of the fault gouges of the 

 With reaction progress, the relative propor-
tions of the different phases become constant, except 
for the interaction with sea water (s. fi gure 3.8d). 
Not only the sequence of the phases, quartz > albite 
> palygorskite > calcite ~ K-feldspar but also their 
absolute quantities match remarkably well with the 
observed phase assemblage. Flushing the rock with 
the same fl uids (reverse titration, rock/water ratio 
decreases with reaction progress) confi rm the result 
observed during the titration: the initial proportion of 
the precipitated minerals corresponds to the fi nal pro-
portions in the titration (fi gure 3.9). With increasing 
reaction progress albite and calcite become unstable 
and disappear from the inital paragenesis (equivalent 
to the delayed precipitation during titration), whereas 
the amounts of the other phases remain constant.  The 
amount of palygorskite formed depends strongly on 

La Grève Malm Schafisheim USM Pomy USM Matran e OMM Sea water
Water type Earth-alkali-

hydrocarbonate
Sodium-chlorite Sodium-

hydrocarbonate
Earth-alkali-
hydrocarbonate

Sodium chlorite

Temperature (°C) 31.5 12.0 12.2 25
pH 7.57 8.09 8.3 7.65 given by CO2 (air)

equilibrium
Eh(mv) -122
TSD(mg/l) 337.6

Na+(mg/l) 7.5 3011 245 7.9 10760
K+(mg/l) 2.25 19.2 1.12 0.98 399
Mg2+(mg/l) 22.1 68.09 1.2 34.0 1290
Ca2+(mg/l) 39.7 208.4 2.8 44.0 411
Sr2+(mg/l) 1.8 0.02 0.29 2.14 -
HCO3

-(mg/l) 233 134.5 482 530 142
Cl-(mg/l) 2.8 5176 8.1 1.0 19350
NO3

-(mg/l) 0.1 0.124 0.8 1.0 -
F-(mg/l) 1.1 14.63 1.32 0.05 -
SO4

2-(mg/l) 12.5 4.47 133 9.0 2710
SiO2(aq) (mg/l) 16.3 0.006 7.6 21.0 0.002
source Muralt et al. 1997 Schmassmann

1990
Thierrin 1990 Thierrin 1990 Harvie et al. 1980

Table 3.4: Composition of formation waters in the Swiss Molasse and the underlying Malm aquifer, as well as sea water composition.

Earth-alkali-
hydrocarbonate waters

Sodium-hydrocarbonate
waters

Sodium-chlorite waters

Upper Freshwater Molasse

Upper Marine Molasse

Lower Freshwater and
Lower Marine Molasse

Mesozoic and older

0 m

-1000 m

SN
aprox. 50 km

Figure 3.6: Schematic illustration of the Molasse formations and the depth distribution of the three main types of formation waters. Simplifi ed after 
Schmassmann (1990).
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Figure 3.7: Activity diagram for the K2O-Na2O-MgO-CaO-Al2O3-SiO2-CO2-H2O system. The activity of the components K2O, Na2O, CaO, 
Al2O3 and CO2 are fi xed by the presence of albite, K-feldspar and calcite. The squares correspond to the water compositions given in table 3.4: 1: sea 
water, 2: Schafi sheim, 3: Pomy, 4: Matran, 5: La Grève.  

a)

c)

b)

d)
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and fl ushing simulations with seawater is minor. The 
exact timing of the deformation and the origin of the 
fl uid, however, cannot be deduced.

 An interesting fact is that the modelling has 
been done for a temperature of 25° C. The occurrences 
of palygorskite observed in fault gouges have often 
been connected to the circulation of hydrothermal fl u-
ids (Post & Crawford 2007, Gibbs et al. 1993, Garcia-
Romero et al., 2006). Palygorskite may, however, also 
precipitate in near surface fl uids or on the ocean fl oor 
(Birsoy, 2002; Karpoff et al. 1989, Destrigneville et 
al. 1998). Hydrothermal circulation as proposed by 
Garcia-Romero et al. (2006) for palygorskite forma-
tion in the Serrata de Nijar fault zone is, therefore, not 
necessary. The volcanic rocks crossed by the Serrata 
de Nijar fault contain also chlorite, and the same low 
temperature replacement reaction as in the Molasse 
faults may have taken place. It is interesting to notice 
that the volcanic rocks are capped by evaporitic sedi-
ments, which may be the origin for the palygorskite 
forming fl uids.

macroscopic fault zones and there host rocks were 
investigated by XRD analysis. The microscopic fault 
gouges of the brittle deformation bands were analysed 
by EDS on highly polished thin sections. The results 
of the analyses revealed that palygorskite, an Mg-rich 
clay mineral is common in deformation zones of all 
scales and absent in the host rock. Its formation is 
therefore bound to the deformation.

 The titration modelling implies that a chlorite 
and probably muscovite/illite consuming reaction is 
at the origin of the palygorskite formation. Deforma-
tion-induced fracturing could bring such a fl uid from 
an external source into contact with the host rock 
mineralogy present in the fault gouge. The modelling 
shows that all fl uids encountered in the Molasse and 
underlying Mesozoic units may be at the origin for 
the palygorskite forming reactions. The least probable 
of the tested fl uids is pure seawater. The considerable 
amount of albite present in the gouge is not in favor 
of synsedimentary faulting and alteration by undiluted 
seawater. The amount of albite formed in the titration 

Figure 3.8: Titration calculation incrementally adding 200g of host rock TI17 to one litre of water with composition corresponding to the aquifer at a) 
La Grève (Pomy and Matran give almost identical results), b) Schafi sheim, c) La Grève, but with the amount of chlorite reduced to the quantity of the 
host rock TI17, and d) sea water.

a) b)

Figure 3.9: Phase evolution when fl ushing 200g host rock TI17 with 1 l of a) La Grève and b) sea water.
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ABSTRACT

The western Swiss Molasse Basin sits in a wedge-top position above the basal décollement of the northern Alpine 
foreland fold-and-thrust belt, representing its less deformed portions and containing its youngest series. The lat-
ter are shales, sandstones and conglomerates of Oligocene and Miocene age. Structural fi eld work was carried out 
along a network of outcrops in the Plateau Molasse of the Canton Fribourg area as well as in selected outcrops of 
the Subalpine Molasse. 
The recorded structures comprise fractures and slickensides in sandstones and conglomerates as well as brittle 
deformation bands in sandstones and pressure solution pits on pebble surfaces in conglomerates. In the shales, de-
formation structures are generally rare. The populations of slickensides and brittle deformation bands from different 
localities are typically arranged in pairs with synthetic and antithetic orientation, and are interpreted as synthetic and 
antithetic shears of a Riedel system. The fractures can be subdivided into joint-like mode 1 cracks formed parallel to 
σ1, and shear fractures that are oriented roughly the same as the mapped slickensides. Mapped faults show catacla-
stic cores and damage zones composed of dense networks of fractures, slickensides and brittle deformation bands. 
Overprinting relationships are not systematic, which supports the interpretation that all deformation is in response 
to only one stress regime. Timing of deformation is constrained purely by the structures and most likely spans from 
the upper Miocene until the present.
The recorded deformation reveals a strike-slip regime in the Plateau Molasse and a combined thrust/strike-slip 
regime in the Subalpine Molasse. Left-lateral faults strike N-S to NNE-SSW and right-lateral faults NW-SE to 
WNW-ESE. Thrusts in the Subalpine Molasse strike NE-SW. The calculated paleostress regime shows NW-SE to 
NNW-SSE compression and NE-SW to WSW-ENE extension. The pressure solution pits represent low-strain bulk 
shortening. The derived compression axes are roughly oriented N-S and mostly inclined 10° - 15° parallel to the tilt 
of the strata. The occurrence of pressure solution pits is, however, limited to conglomerates, i.e. to a narrow band 
located near the Subalpine Molasse.
Based on the distribution of deformation from our mapping network, we propose a number of fault zones derived 
from the extrapolation of strongly deformed outcrops. In analogy to the Riedel-type distribution of slickensides, 
fractures and brittle deformation bands in the outcrops, and the absence of very large faults, we interpret the pro-
posed fault zones as complex fault zones rather than as single continuous faults. They are composed of small-scale 
discrete faults not more than one kilometre in length as frequently mapped in outcrop. They are probably arranged 
in an en-echelon manner and interact as synthetic Riedel shears within the frame of the larger shear zone. 
The Subalpine Molasse thrust front is segmented on the scale of the study area. In some parts, the thrust front is 
dissected by strike-slip faulting, which dominates the slickenside populations within the Subalpine Molasse. In 
most parts, the segments of the thrust front interact with strike-slip fault zones of the Plateau Molasse, indicating a 
contemporaneous evolution. Individual thrust faults develops from the shearing of fold-limbs. Strike-slip faulting 
in the Plateau Molasse is active at the same time as reverse faulting along segments of the Subalpine Molasse thrust 
front.
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extent of these fault zones therefore remains specula-
tive.

 The low-amplitude folds in the Plateau Mo-
lasse strike NE-SW and locally bend into a N-S strike 
between Fribourg and Bern (Kopp 1946). This phe-
nomenon is termed the Fribourg structure (“Querzone 
von Freiburg” by Schuppli 1950). Alignment of in-
strumentally recorded earthquakes in the eastern part 
of the Fribourg structure led several authors to postu-
late the existence of the “Fribourg lineament”, with a 
possibility of hazardous earthquake ruptures (Kastrup 
et al. 2007). The bend of the fold axes was attributed 
to the surface expression of left-lateral shear along the 
Fribourg lineament. However, a corresponding major 
fault zone could not be determined from fi eld data; lo-
cal geologic surface mapping revealed only a number 
of minor strike-slip faults (e.g. Briel 1962, Mornod 
1949, Jordi 1955). In the area of Yverdon-les-Bains, 
strike-slip faults were recorded by fi eld and seismic 
surveys to extend from the Jura Mountains into the 
Plateau Molasse (Jordi 1951, 1990). The left-lateral 
La Lance fault, mapped in the Jura Mountains west 
of Lake Neuchâtel (Bertschy, 1958, Meia 1966), was 
recorded by shallow seismic surveys crossing the lake 
and extending further into the Plateau Molasse (Go-
rin et al. 2003, Weidmann 2006). While large-scale 
reverse tectonics are absent in the Plateau Molasse, 
strike-slip faulting does occur. However, the nature 
and extent of such faulting is not well known.

 In this study we present the results from sys-
tematic structural mapping in the Plateau Molasse of 
the Fribourg area. The structural inventory is charac-
terised by subvertical fractures, slickensides and brit-
tle deformation bands, usually arranged in fault zones. 
On outcrop-scale the structures display geometric ar-
rangements characteristic of synthetic and conjugate 
shears corresponding to Riedel-type shear zoness. The 
mapped orientations and kinematics indicate a region-
ally extensive strike-slip deformation expressed in N-
S striking left-lateral and WNW-ESE striking right-
lateral she only shear zones. The inferred paleostress 
is NW-SE compression and NE-SW extension. Based 
on the mapped distribution of the surface structures a 
fault network model is proposed. Interaction between 
thrusting in the Subalpine Molasse and strike-slip tec-
tonic in the Plateau Molasse is also considered.

4.2 GEOLOGIC SETTING

 The Swiss Molasse Basin is the western part 
of the former peripheral foreland basin of the Alps 

4.1 INTRODUCTION

 The western Swiss Plateau Molasse is located 
between the Jura Mountains to the north and the Alps 
to the south. Unlike these two fold-and-thrust belts, it 
lacks conspicuous tectonic features. Its gently folded 
upper Oligocene and Miocene clastic sediments are 
the weakly deformed leftovers of the former periph-
eral foreland basin of the western central Alps (Home-
wood et al. 1986, Burkhard & Sommaruga 1998). The 
Molasse sediments are the erosional products of the 
Alps deposited on top of the Mesozoic units of the 
Alpine foreland in a fl exural foreland basin setting 
(Homewood et al. 1986, Burkhard & Sommaruga 
1998). During the subsequent development of the Jura 
Mountains fold-and-thrust belt, the Molasse Basin 
was passively transported towards the foreland. The 
fold-and-thrust belt was detached from the underly-
ing basement along a décollement horizon formed by 
Triassic evaporites (Buxtorf 1916, Laubscher 1961, 
Burkhard 1990, Burkhard & Sommaruga 1998). The 
most distal Molasse was eroded from top of the Jura 
Mountains, while the most proximal parts were incor-
porated into the Alpine nappe pile, developing the nar-
row band of imbricated Subalpine Molasse (Home-
wood et al. 1986).

 The Late Cenozoic tectonic history of the Al-
pine foreland fold-and-thrust belt was mainly estab-
lished by investigating the brittle structures of well-
exposed Mesozoic rocks in the Jura Mountains and 
adjacent regions (Plessmann 1972, Bergerat 1987, 
Homberg et al. 2002, Ustaszewski & Schmid 2006, 
Madritsch et al. 2008). No systematic structural fi eld 
approach was applied to the youngest formations 
within this foreland fold-and-thrust belt system, i.e. to 
the Oligocene-Miocene Molasse deposits.

 Syn- to post-folding strike-slip fault zones 
are prominent structures in the Jura Mountains where 
they offset the folded Mesozoic strata. In many cas-
es these faults bend into thrusts when they reach the 
north-western front of the belt (Heim 1915, Laubscher 
1972, Sommaruga 1997). Most of their geologic sig-
natures vanish towards the southeast once they en-
ter the subhorizontal strata of the Plateau Molasse. 
Strike-slip fault zones in or below the Plateau Molasse 
were postulated to extend from the Alps northwards 
(Plancherel 1979) as well as westwards (Chenevart 
1978) and from the Upper Rhine Graben southwards 
(e.g. Revertera 1927, Plancherel 1979, Rybach et al. 
1980, Kastrup et al 2007). These fault zones were pos-
tulated according to large-scale tectonic models and 
are not directly based on fi eld data. The size and depth 



Strike-slip deformation  -  69

ed from the Alps rising in the south and deposited as 
proximal conglomeratic fans, intermediate sandstones 
and distal shales (Heim 1919). Small-scale vertical 
and lateral facies variations between these lithologies 
are frequent (Matter et al. 1980). The main formations 
were named after their sedimentological characteris-
tics Lower Marine Molasse (UMM), Lower Freshwa-
ter Molasse (USM), Upper Marine Molasse (OMM) 
and Upper Freshwater Molasse (OSM) (Studer 1853, 

(fi gure 4.1). During the orogenic evolution it progres-
sively evolved from an underfi lled Flysch basin to an 
overfi lled Molasse Basin (Pfi ffner 1986, Allan et al. 
1991, Sinclair 1997).

 The Molasse-type sedimentation took place 
in two shallowing-up megacycles in Oligocene to 
lower Miocene times (Trümpy 1980, Homewood et 
al. 1986, Berger et al. 2005). The detritus was erod-
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scale décollement in the Triassic evaporites underly-
ing the Molasse Basin. This décollement lead to the 
formation of the Jura Mountains in front of the Molas-
se Basin, incorporating the latter into the northern Al-
pine foreland-fold-and-thrust belt. The Molasse Basin 
was passively transported and uplifted into its present 
position (Buxtorf 1916, Laubscher 1961, Burkhard 
1990, Burkhard & Sommaruga 1998). Shortening of 
the Mesozoic and Cenozoic cover of the Jura Moun-
tains and parts of the Subalpine Molasse is thought to 
be compensated by basement shortening in the crystal-
line massifs (Boyer & Elliot 1982, Burkhard 1990).

 During the mid-Miocene décolement tecton-
ics the frontal part of the detached cover units was 
folded, forming the Jura Mountains, while the rear-
ward part was passively transported, forming the 
Plateau Molasse. The transition between folding and 
passive transport is most likely linked to a critical 
overburden preventing folding, threshold which was 
crossed and that was exceeded in the southern part due 
to the wedge-shaped foreland basin fi lling (Somma-
ruga 1997, Burkhard & Sommaruga 1998).

 The erosion since the upper Miocene amounts 
up to 4 km in the western part of the Plateau Molasse, 
where it has nearly completely removed the OSM 
(Monnier 1982, Kaelin et al. 1992, Schegg et al. 1997, 
Schegg & Leu 1998, Mazurek et al. 2006, Cederbom 
et al. 2004). The region has been found to be deformed 
by a network of meso-scale faults, most of which are 
expressed in the form of slickensides and deformation 
bands. The established strike-slip regime was gov-
erned by the same NW-SE directed compression still 
active today, as revealed by the offset of Quaternary 
lake deposits along the La Lance fault (Gorin et al 
2003) as well as focal mechanism of regional earth-
quakes (Kastrup et al. 2007).

4.2.1 Geology of the study area

 The study area s.s. reaches from the Prealps in 
the south to the Lake Neuchâtel at the foot of the Jura 
Mountains in the north and covers the Plateau Mo-
lasse between the rivers Aare in the east and Broye in 
the west (fi gure 4.1). Its surface geology was mapped 
in detail mainly in the 1950’s and 1960’s (Becker 
1972, Boegli, 1972, Briel 1962, Crausaz 1959, Dorthe 
1962, Emmenegger 1962, Inglin 1960, Rumeau, 1954, 
Sieber 1959, Schuppli 1950) and compiled for the 
Geologic Atlas of Switzerland (Becker & Ramseyer 
1973, Frei et al. 1974, Gabus et al. 2000, Python et al. 
1998, Rutsch & Frasson 1953, Weidmann 2006, Wei-

Trümpy 1980, fi gure 4.1).

 A stratigraphic gap separates the Oligocene 
Molasse sediments from the underlying Mesozoic 
units. The latter consists of partly evaporitic Trias-
sic and usually shalely lower Jurassic, followed by 
middle to upper Jurassic platform carbonates. In the 
southwestern parts sedimentation continued into 
lower Cretaceous times (Trümpy 1962, Büchi et al. 
1965, Trümpy 1980, Bachmann et al. 1987). For the 
most part these non-metamorphic cover units directly 
overlie basement, though in places they rest on post-
Variscan graben structures fi lled with Permo-Carbon-
iferous clastic sediments (Diepold 1985, Matter 1987, 
Bachmann et al. 1987, Pfi ffner et al 1997).

 Ongoing NW-ward migration of the Alpine 
orogen and its peripheral foreland basin during the 
Molasse sedimentation lead to progressive onlap-
ping of younger Molasse sediments onto the Meso-
zoic units of the down-fl exed European crust (Pfi ffner 
1986, Homewood et al. 1986). A restored cross-sec-
tion of the undeformed Molasse sediments thus exhib-
its a wedge shape with the oldest sediments deposited 
only in the southern part and the youngest sediments 
only in the northern part. In the upper Miocene the 
western parts of the basin became detached along 
Triassic evaporites (Buxtorf 1916, Laubscher 1961, 
Burkhard 1990, Burkhard & Sommaruga 1998) and 
were transferred into a wedge-top position while the 
eastern parts remained in the fl exural foreland basin 
confi guration. A change in the basin’s along-strike 
geodynamic situation is already indicated in the na-
ture of synsedimentary deformation: in eastern Swit-
zerland and adjacent Germany growth faults oriented 
parallel to the basin axis indicate normal faulting on 
the down-fl exing lithosphere (Laubscher 1978, Bach-
mann et al. 1987, Bachmann & Müller 1992). In con-
trast, synsedimentary folding occurs further southwest 
in Savoie (F) (Beck et al. 1998). Such synsedimentary 
folding in the peripheral foreland basin was reported 
from analogue models neglecting fl exural bending of 
the lithosphere (Bonnet et al. 2007).

 In the southeastern parts of the basin, the old-
er sediments were imbricated as a result of ongoing 
NW-ward progression of the Alps, forming the nar-
row band of the Subalpine Molasse located along the 
former front of the Alps (fi gure 4.1). In contrast, the 
less deformed Plateau Molasse exhibits only slightly 
folded, subhorizontal units taking up most of the area 
between the Alps and the Jura Mountains. Sedimen-
tation gave way to erosion in the upper Miocene at 
about the same times as the development of a large-
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4.3 METHODS

 The present study uses structural data collect-
ed in the fi eld – fault planes with striations or slicken-
lines (generally called slickensides here), brittle defor-
mation bands and pressure solution pits – to establish 
paleostress directions.

4.3.1 Mapping

 A large portion of the study area is covered 
with glacial and post-glacial deposits and is intensely 
cultivated, which leaves only scarce outcrop occur-
rences. Most of the exposed Tertiary bedrock is lo-
cated along small- and medium-sized rivers, yield-
ing an irregular pattern of mapping lines (e.g. fi gure 
4.8) along which all visible planar structures, such 
as brittle deformation bands, slickensides and frac-
tures, were measured. The brittle deformation bands 
mostly appear as whitish lines on the outcrop surface 
and their planar surface is seldom exposed. In these 
cases, inclination could only be estimated on the basis 
of different intersection lines with differently oriented 
outcrop surfaces.

4.3.2 Paleostress analysis

 In order to analyse paleaostress from the 
slickenside data, we used the PT axis method (Marrett 
& Allmendinger 1990, fi gure 4.2) and the right dihe-
dra method (RDM, Angelier & Mechler 1977, Pfi ff-
ner & Burkhard 1987, fi gure 4.3). Both are based on 
geometric relationships of fault planes and lineations, 
but follow different approaches. For processing and 

dmann et al. 1996, 2002). It reveals fl uvial, lacustrine 
and shallow marine clastic sediments belonging to the 
Lower Freshwater (USM) and Upper marine Molas-
se (OMM). These sediments are shale, sandy shale, 
clayey sands and sandstones that alternate vertically 
as well as laterally. They show a tendency of dominat-
ing sands in the proximal (SE) and dominating shale 
in the distal (NW) parts as well as dominating sands 
in the OMM and shale in the USM. In the eastern and 
north-eastern parts the Belpberg beds (Rutsch 1926) 
belonging to the uppermost OMM display a narrow 
zone of well-cemented conglomerates. The beds are 
gently folded, forming fl at anticlines and synclines 
with fl ank inclination rarely exceeding 5° - 10°. The 
axes of these folds run SW-NE, i.e. roughly parallel to 
the tectonic boundary with the Subalpine Molasse in 
the southeast. Their bend into a N-S direction in the 
Fribourg structure is mainly expressed in the Fribourg 
syncline. The Plateau Molasse is bordered in the south-
east by the Subalpine Molasse, which forms a narrow 
band of thrust imbricates of different Molasse units 
in front of the Prealpine Klippen. The north-western 
boundary towards the Jura Mountains is an erosional 
contact. In the Jura Mountains, fold amplitudes are 
much higher and many folds are thrust-related. Fold-
bend and fault-propagation folds expose the Mesozoic 
rocks to erosion, leaving only relicts of Molasse in 
some synclines. Strike-slip as well as thrust faulting 
was described locally from the Plateau Molasse (e.g. 
Briel 1962, Mornod 1949, Jordi 1955). The left-lat-
eral La Lance fault (Bertschy 1958, Meia 1966) was 
reported to be active in the Quaternary (Gorin et al. 
2003).
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the parabole part of the Mohr-Coulomb failure crite-
rion and show smaller angles between compression 
axis and fault plane. The accurate angle furthermore 
depends on the angle of internal friction of the rock. 

 In contrast, the RDM (fi gure 4.3) establishes 
compressive and dilatational sectors. A rock volume 
subject to faulting is subdivided into two volumes by 
the fault plane, each of which contains a compressive 
and a dilatational sector. The four sectors are defi ned 
by the plane perpendicular to the fault plane and to the 
direction of movement. In a stereographic projection, 
the sectors are defi ned by two great circles - the fault 
plane and an auxiliary plane that is perpendicular to 
the fault plane and to the lineation. Superposition of 
these sectors from multiple faults makes it possible 
to determine zones of best fi t pressure and dilatation 
axes (Pfi ffner & Burkhard 1987). The PT axes method 
reveals distinct P-axes and T-axes for single slicken-
sides, representing the stress confi guration responsible 
for its formation. Populations of varyingly oriented 
slip planes, as is usually the case in tectonic studies, 
deliver a scatter of P- and T-axes, for which a best-fi t 
can be calculated. Owing to the method of superposi-
tion, the RDM needs at least 10 to 20 fault planes and 
associated lineations to obtain reasonable results. The 
stress directions determined with the RDM therefore 
give a more accurate estimation of the average stress 
than any single slickenside.

 The PT axes method needs angular defi nitions 
such as the convention of a 30° angle between the 
fault plane and σ1 which includes the assumption that 
the related slickenside developed under “ideal” condi-
tions, e.g. was newly-formed and not reactivated. In 
contrast, the RDM can account for a scatter of angles 

representation we used the computer software Tecton-
ics FP (Ortner et al. 2002).

 When derived from the PT axes method, the 
axes of maximum, intermediate and minimum com-
pression are referred to as P-axis, B-axis and T-axis, 
respectively, and as σ1-axis, σ-2 axis and σ3-axis 
when derived from the RDM. In general both nomen-
clatures refer to the three principal stresses σ1, σ2, and 
σ3.

 The PT axes method (fi gure 4.2) directly cal-
culates the orientation of the shortening and dilatation 
axes corresponding to each fault plane and lineation 
pair. It is based on the geometric relationship of the 
three principal stresses, being perpendicular to each 
other, with respect to the given fault plane. The inter-
mediate principal stress (the B-Axis) is perpendicular 
to the direction of movement (the lineation) and par-
allel to the plane of movement (the fault plane). It is 
also perpendicular to the plane defi ned by the maxi-
mum and minimum compressive stresses (P- and T-
axis, respectively). The plane including P- and T-axes 
can therefore be drawn in a stereographic projection 
as perpendicular to the fault plane and including the 
lineation (auxiliary plane). The position of the P- and 
T-axes can be determined in stereographic projection 
by plotting the angles they make with the fault plane 
along the great circle of the auxiliary plane.Accord-
ing to the Anderson theory, the compression axis is 
inclined 30° with respect to the fault plane, while the 
dilatation axis is inclined 60°. This is only true for the 
true mode-II fractures which are represented by the 
linear part of the Mohr-Coulomb failure criterion. In 
near surface deformation mixed mode-I mode-II frac-
tures may however occure. They are represented by 

auxiliary plane

fault plane

compression

dilatation

dilatation

σ2

90
°

lineation

compression
auxiliary plane

fault plane

lineation

σ1

σ1

σ3

σ3

σ2

Figure 4.3: Block-diagram and stereographic projection to illustrate the right dihedra method.
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ter an initial phase of pore space reduction by grain 
breakage, grain-scale cataclasis and compaction. The 
bands thus form distinct small-scale cataclastic fault 
zones commonly not more than a few mm in width. 
Pore space reduction and interlocking of grain frag-
ments results in strain hardening leading to the forma-
tion of a new band subparallel to the fi rst one. With in-
creasing strain, a zone of closely spaced anastomosing 
deformation bands develops, whose overall offset is 
the sum of all single deformation band offsets (Aydin 
& Johnson 1978) The offsets across deformation band 
shear zones are in the range of centimetres. The defor-
mation band shear zones can measure several tens of 
centimetres in width and often exhibit a discrete fault 
plane at one edge representing the following stage of 
deformation (Aydin & Johnson 1983, fi gure 4.4). 

 Based on microscopic characteristics, host 
rock properties and stress confi gurations during their 
evolution, several subtypes of brittle deformation 
bands can be distinguished (Antonellini et al. 1994, 
Fossen et al. 2007, Rotevatn et al. 2008). Despite this 
variety they all share the following most common 
characteristics:

–the accumulation of strain by grain-reorganisation
  or grain cracking,

–the relatively low amount of offset across a band,
  and

–the reduction of pore space within the bands.

 Porous media was shown to be weaker than 
non-porous media (Wong et al. 1997) and its shearing 
to take place under non-Coulomb behaviour (Mandl 
et al. 1977). Brittle deformation bands may therefore 
exhibit angles with respect to σ1 deviating from 30° as 
predicted by the Anderson theory.

between compression and slip plane and is therefore 
less sensitive to natural fl uctuations such as different 
rock types or pre-structuring. Thus the exact angle is 
not a pre-specifi ed value required for the RDM, but 
rather an outcome. In simple tectonic settings the cal-
culated best fi t orientations of P-axes correspond more 
or less to the σ1 approximated by the RDM. Multiple 
slip planes derived from a polyphase stress history can 
best be detected by sorting out widely scattered P-axes 
(or T-axes).

4.4 BRITTLE TECTONIC STRUCTURES

 The deformation mapped in the surface out-
crops of the Tertiary Molasse in western Switzerland 
revealed several types of meso-scale brittle tectonic 
structures. They include brittle deformation bands, 
slickensides and unspecifi ed fractures, all of which are 
planar tectonic structures and pressure solution pits in 
conglomerate pebbles, which are linear structures.

4.4.1 Planar tectonic structures

 In the fi eld we observed undeformed areas 
with no indication of planar brittle deformation. In 
other zones with a discrete and sporadic distribution 
they develop in fault zones forming arrays.

4.4.1.1 Brittle deformation bands in sandstone

 Brittle deformation bands are typical defor-
mation structures of poorly lithifi ed porous sandstone 
and non-lithifi ed porous media. They were described 
from fi eld and microscopic observations by Aydin 
(1978) and Aydin & Johnson (1978) who developed 
the “classic” model for their formation (fi gure 4.4). 
According to this model, deformation bands form af-

offset
marker

DB

a)

DBSZ

b) slip
plane

c)

Figure 4.4: Scheme for the sequential evolution of brittle deformation bands, deformation band shear zones and a fi nal discrete slip plane after Aydin 
& Johnson (1978), modifi ed from Pollard & Fletcher (2005). a) Formation of a single deformation band. b) Increasing strain accounts for further sub-
parallel deformation bands arranged in a deformation band shear zone. c) Finally a discrete slip plane evolves, accounting for larger offset.
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easily be measured, the sense of movement often re-
mains ambiguous. A variety of criteria exist to deter-
mine the sense of movement in the fi eld (Petit et al. 
1983, Petit 1987, Doblas et al. 1997a and 1997b, Dob-
las 1998). The simple roughness smoothness criterion 
(Hills 1953, Billings 1954), according to which the 
fault plane is smooth in direction of faulting and rough 
in the opposite direction, was shown to be not glob-
ally applicable (Paterson 1958, Tjia 1964, Gay 1970). 
This has lead Angelier (1994) to distinguish between 
positive criteria referring to fault planes being smooth 
in the direction of movement, and negative criteria to 
those being rough in the direction of movement. The 
most unproblematic way to determine sense of move-
ment for fault plane is according to synkinematic crys-
tal growth. The direction of thickening of the crystal 
aggregate points to the direction of movement of the 
missing block and the roughness smoothness criterion 
is valid (Durney & Ramsay 1973). However, for the 
mechanically formed slickensides this criterion has to 
be treated with care because it is most often mislead-
ing. It has been shown by both laboratory (Paterson 
1953) and fi eld evidence (Tjia 1964) that roughness 
smoothness arguments according to step geometries 
on mechanically formed fault planes would give the 
wrong, i.e. the opposite sense of movement. Steps op-
posing the direction of movement may develop in a 
Riedel-type system as initial T-fractures that are ro-
tated by subsequent shear or as secondary R’-shears, 
conjugate to the fault plane that itself resembles the 
R-shear (Petit 1987). The most reliable criterion for 
mechanically formed slickensides is probably given 
by the grooves formed by small, hard grains of gouge 
material. These grooves should be deepest in the di-
rection into which the grain was moved (carrot-shaped 
grooves, Engelder 1974). However, such grooves can 
be small and diffi cult to recognise in the fi eld.

 Whereas syn-kinematic growth of crystal fi -
bres is most likely attributable to creeping deforma-
tion (Power & Tullis 1989, Means 1993), the seismic 
nature of mechanically scratched (Engelder 1974) 
and polished surfaces (Doblas et al. 1997b) has often 
been suggested. The interplay between fault creep in 
a semi-ductile deforming fault gouge and stick-slip 
behaviour on discrete planes along-strike of the same 
fault zone suggests that the slip planes are indicators 
of paleoseismicity (Miller 1996, Doblas et al. 1997b). 
On a smaller scale, the microscopic study of slicken-
sides revealed cyclic alternations between cataclasis 
and oriented mineralization, suggestive of seismic 
rupture events and periods of aseismic creep, respec-
tively (Power & Tullis 1989).

 Although hitherto undescribed from the Mo-
lasse sandstones, brittle deformation bands were found 
to be common structures in the study area, accounting 
for a considerable amount of the overall deformation 
(fi gure 4.11). The detailed microscopic investiga-
tion of the Molasse deformation bands revealed that 
they initiate by cataclasis of the grains, thus forming 
a ground micro-fault gouge. This fi rst stage of grain 
grinding on the micro-scale and the development on 
the macroscopic scale from a single band to arrays of 
deformation band shear zones is in accordance with 
the “classic” model. On the microscopic scale, how-
ever ongoing deformation differs from this model, 
as the developing micro-fault gouge features ductile 
structures marked by newly-formed palygorskite, a 
Mg-rich clay mineral (see chapters 2 and 3).

 In the fi eld, single deformation bands as well 
as deformation band shear zones with and without slip 
planes were mapped. These slip planes exhibit linea-
tions made of fi brous palygorskite rather than repre-
senting mechanical scratches. The slip planes develop 
within a deformation band shear zone, either at one 
edge or at a slightly different angle crosscutting the 
shear zone (see chapter 2).

4.4.1.2 Slickensides 

 Slickensides are sheared fractures in rocks 
characterised by a fault plane that is striated by linea-
tions parallel to the direction of movement. Different 
types of slickensides can be distinguished resulting 
from a variety of mechanisms (Hancock 1985, Pe-
tit et al. 1983, Petit 1987). These include polishing 
of the fault planes (Avakian 1986), their mechanical 
scratching by small hard asperities during movement 
(Hancock 1985, Hancock & Barka 1987, Tjia 1964, 
Engelder 1974), the alignment of fault gouge mate-
rial (Engelder 1974, Means 1987) and the precipita-
tion of elongate mineral phases grown in the direction 
of movement of the fault (Durney & Ramsay 1973). 
Mineral phases such as calcite on fault planes may 
also be mechanically scratched when the mineral pre-
cipitated as vein fi lling before (Means 1987) or dur-
ing a previous stage of faulting. In such cases, they 
resemble fi brous crystal growths at a fi rst glance but 
the mechanism of their formation is different. 

 Data sets of fault plane and striation orienta-
tion combined with the sense of movement make it 
possible to determine the orientation of stresses that 
caused the deformation (Angelier 1979). While azi-
muth and inclination of fault plane and lineation can 
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associated fault (e.g. the fl uid conductivity), the more 
likely we observe calcite solution and precipitation.

4.4.1.3 Unspecifi ed fractures

 Joints and joint-like fractures that show no 
indications of relative movement were also mapped 
in the fi eld. The fact that their orientation distribution 
matches that of slickensides suggests that a consider-
able number of them are probably altered small-scale 
fault fractures.

4.4.1.4 Orientation patterns of planar meso-scale  
 brittle structures

 Planar meso-scale brittle structures such as 
fractures, slickensides and brittle deformation bands 
form in response to stress. A given orientation of σ1 
commonly results in more than one set of planar brit-
tle structures with characteristic orientations such as 
conjugate shears. In more complex situations such as 
strike-slip shear zones, the Riedel shear model usually 
applies (fi gure 4.5).

 The Riedel shear model (fi gure 4.5) was de-
veloped from analogue models with clay material 
(Riedel 1929, Cloos 1930, Tchalenko 1968) and de-
scribed for experimentally deformed rocks (Bartelett 
et al 1981) as well as for different natural brittle de-
formation zones at several scales and lithologies (Tch-

The majority of the slickensides mapped in the sand-
stones of the study area in the Molasse Basin subse-
quently develop from brittle deformation bands and 
hence form a micro-fault gouge. This fault gouge 
contains newly-formed fi brous palygorskite which 
appears as lineations on the slickenside surface (see 
chapter 2), formed by shearing and alignment of the 
micro-fault gouge. These palygorskite lineations are 
an excellent indicator of the direction of movement, 
whereas the sense remains often indetermenable.

 Slickensides with polished and scratched sur-
faces, occurring mostly in the damage zones of larger 
faults, are less common. Their grooves are microscop-
ic and not adequate to determine sense of movement 
in the fi eld. Their steps appeared to be a negative cri-
terion in the sense of Angelier (1994), i.e. they oppose 
the sense of movement. This was established from the 
rare occurrence of small seams of calcite (positive cri-
terion) in some cases, as well as by offset of markers 
such as cut pebbles or clay lenses in other cases.

 Slickensides with fi brous calcite crystals are 
common in the outcrops of the Subalpine Molasse but 
are rare in the Plateau Molasse. Where they occur in 
the Plateau Molasse they do so in damage zones of 
larger faults, as well as in the conglomerates of the 
Belpberg beds (OMM). Their formation is most likely 
linked to fl uid pressure and/or chemistry, which may 
be infl uenced by lithology as well as by the intensity 
and the depth of deformation: the deeper the deforma-
tion, the more calcareous the rock and the larger the 
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Figure 4.5: Principal geometries of a Riedel shear model. a) Arrangement of different Riedel shears in a brittle shear zone and their relative orienta-
tion. b) Range of possible orientations of different Riedel shears according to end member coeffi cients of friction (φ). Modifi ed after Bonnet (2007).
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about 1% of shortening (Behrens & Wurster 1972). If 
stress increases, grains start to slide against each other, 
thereby scratching their surfaces and fi nally fractur-
ing (Behrens & Wurster 1972). Pitted pebble forma-
tion was found to pre-date a more intense deformation 
by folding and thrusting (Behrens & Wurster 1972). 
Detailed studies of a rock volume (Behrens & Wurster 
1972) and regional mapping of dissolution grooves 
(Schrader 1988b) showed that pebble deformation is 
uniformly disturbed. Detailed investigation of particle 
paths on pitted pebbles showed that in most cases they 
refl ect a pure shear deformation mechanism (Behrens 
& Wurster 1972, Schrader 1988b). Simple shear is 
only recognised near discrete fault zones, where at the 
same time stress directions derived from the solution 
pits deviate from the otherwise uniform stress fi eld 
(Schrader 1988a). The orientation of the paleostress 
axes can be in accordance with the ones derived from 
other scattered small-scale structures, but differs from 
the orientation corresponding to larger-scale structures 
in the same region (Ruano & Galindo-Zaldivar 2004). 
The formation of solution pits requires a minimum 
pressure of about 10 MPa (McEwen 1978) and will 
ensue as a response to compaction at depths of about 
300-400m (for a sedimentary overburden, Ruano & 
Galindo-Zaldivar 2004). Therefore tectonic stresses 
and burial stresses result in the all-around pitting of 
conglomerates at depths of more than 400m. Pebbles 
at shallower depths pit only due to tectonic stresses 
(Ruano & Galindo-Zaldivar 2004).

 In the study area the occurrence of solution 
pits is restricted to the small band of Belpberg beds 
in the eastern and north-eastern part of the study area 
(e.g. fi gures 4.8, 4.21), where they are regularly dis-
tributed in the conglomerate beds.

 The pressure solution pits (fi gure 4.6) form 
by the indentation of one pebble into another and the 
direction of indentation can be assumed to represent 
the compression direction. The indentation can be ei-
ther straight, generating more or less symmetric pits, 
or oblique, generating highly asymmetric pits (fi gure 
4.6). In a simple mapping approach, we determined 
the indentation direction by the geometry of the so-
lution pit, and measured its azimuth and inclination 
with the help of a pencil (fi gure 4.6). This procedure 
allowed us to collect data over a larger area. We refer 
to this pair of azimuth and inclination as the axis of the 
solution pit.

alenko 1970, Davis et al 1999, Ahlgren 2001, Katz & 
Weinberger 2005). The movement of a fault zone is 
distributed on fault zone-internal shears with synthet-
ic and antithetic senses of movement. The synthetic 
shears R and P are oriented at an idealised angle of 15° 
with respect to the shear zone, R with a normal * and P 
with a reverse1* angle. The antithetic shears R’ and X 
enclose ideal angles of 60° with R and P, respectively, 
and are steep with respect to the shear zone (fi gure 
4.5). However, all angles within a Riedel system are 
functions of the angle of internal friction of the frac-
tured material. This angle varies for different rock 
types, resulting in angles that deviate from their ideal 
values (Tchalenko & Ambrasey 1970, fi gure 4.5). R 
and R’ form a conjugate set of shears with the bisector 
equal to σ1 of the system. Additional shears included 
in the system are Y-shears running parallel to the shear 
zone, and T-fractures resembling tensional structures 
parallel to σ1. Depending on the type of Riedel shear 
or conjugate pair measured, the inferred σ1 may differ 
by some degrees. 

4.4.2 Non-planar structures

 Pressure solution pits in pebbles of conglom-
erates are linear structures associated with low strain 
rates. This type of structure is uniformly distributed in 
the conglomeratic rocks of the study area.

4.4.2.1 Pitted conglomerate pebbles

 The formation of solution pits at pebble sur-
faces (fi gure 4.6) was described as a stress-induced 
process of dissolution and diffusive mass transfer 
under low temperature rock deformation (McEwen 
1978). As dissolution occurs, insoluble elements be-
come concentrated in a zone of volume loss. Size and 
shape of this zone are dependent on the mineralogy of 
the dissolving pebble (McEwen 1978). Pressure so-
lution has to be considered as a ductile deformation 
mechanism that can only take place at relative low 
stress rates. The parallelism of the resulting structures 
(solution pits in this case) refl ects the bulk shortening 
direction (Simon 2007). Thus the pitting of pebbles 
represents a type of compaction that may be the re-
sult of horizontal shortening. It can therefore serve as 
a tool to map low but continuous stress states within 
otherwise undeformed rocks. 

 It was shown that the formation of pitted peb-
bles by dissolution processes requires only relative 
low stress rates (McEwen 1978) and can accommodate 
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sizes are defi ned as follows: 

– small faults: fracture zone width up to 0.5m or the
   accumulation of several slickensides

– medium faults: fracture zones with a width larger
   than 0.5m or the presence of a fault gouge 

– large faults: fault zone with a width larger than 1m
   or the presence of a fault gouge larger 0.5m.

The four different types of faults are:

– Palygorskite type: fault zones containing
   palygorskite

– Dense fracture type: fault zones marked by
   fractures or slickensides 

– Clayey cataclasite type: fault zones with clayey 
   cataclasites 

4.5 FAULT ZONES

 The fault zones mapped in the fi eld (fi gure 4.8) 
are zones where the planar structures described in sub-
chapter 4.4.1 are concentrated in subparallel orienta-
tions or Riedel shear geometries. The fault zones were 
classifi ed by their outcrop characteristics, according to 
which several different types and three different sizes 
of faults can be distinguished (fi gure 4.7). Markers of 
total offset are generally lacking due to small outcrop 
size. Fault sizes were qualitatively determined by fault 
zone width and the amount of fault core material such 
as fault gouge. We consciously chose the generic term 
“fault size” because based on our limited observations 
we neither intend nor are able to contribute to the dis-
cussion of whether fault width directly correlates with 
displacement (Scholz 1987, Hull 1988) and length or 
not (Blenkinsop 1989). Our aim is simply the qualita-
tive characterisation of a fault zone and its application 
for the deformation model. In this view a fault zone is 
of course more important the longer its extent and the 
larger its offset. According to our classifi cation, fault 

a)

b)

c)

d)
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Straight indentation

Straight indentation

Oblique indentation
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Figure 4.6: a) Photograph of a pebble with pressure solution pits. b) Principle of the pebble indentation process. Straight indentation forms symmetric 
solution pits and oblique indentation forms asymmetric solution pits. c) and d) Method of the measurement of solution pit axes in the fi eld. c) sym-
metric solution pit and d) asymmetric solution pit. (Modifi ed after Matzenauer 2007)
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The dense fracture type fault zones marked by fractures 
or slickensides (dense fracture type) are quite similar 
in characteristics to the fault zones with palygorskite. 
However, the slickensides show less macroscopic 
palygorskite and striations are composed of mechani-
cal scratches or in rare cases of calcite fi bres.

 While the clayey cataclasite type and the open 
fracture type faults (see subchapter 4.5.2 and 4.5.3) 
clearly represent different types of deformation zones, 
the strict discrimination between the palygorskite type 
and the dense fracture type is somewhat artifi cial. This 
is revealed by several common characteristics as well 
as mixed-type faults. For instance, there are faults of 
this kind that feature dense zones of fractures with 
purely scratched slickensides as well as a fault core or 
deformation bands containing palygorskite. Further-
more not every single occurrence of a dense fracture 
type fault and brittle deformation band could actually 

– Open fracture type: Fault zones marked by open
   fractures.

Figure 4.7 provides an insight into the total number of 
each type of fault.

4.5.1 Palygorskite type fault zones and   
 dense fracture type fault zones

 The palygorskite type fault zones show frac-
tures, slickensides, brittle deformation bands and fault 
gouges. On the macroscopic scale, palygorskite ap-
pears in up to 5 cm wide veins in fault gouges or along 
fractures and slickensides (see chapter 3). On the mi-
croscopic scale, palygorskite appears in deformation 
bands and deformation band shear zones accumulat-
ing strain (see chapters 2 and 3).

fault size palygorskite type dense fracture type clayey cataclasite
type

open fracture type

small 2 14 0 0
medium 24 19 1 1
large 5 3 5 2
sum 31 36 6 3
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n=3
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90270
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d)

c) clayey cataclasite type

open fracture type

0

90

180

270

n=36

b)

0

90

180

270

n=8+18
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Figure 4.7: Table and rose diagrams for the 76 mapped faults subdivided into the four classes described in the text: a) Faults containing palygorskite, 
b) faults marked by a dense array of slickensides and fractures, c) faults with clayey cataclasites and d) faults marked by open fractures. For a) and 
b) an additional rose diagram is given (right diagram) with right-lateral faults marked blue and left-lateral faults marked green. The table gives the 
number of small, medium and large faults of each fault class (small faults: fracture zone width up to 0.5 m, medium fault: fracture zone width larger 
than 0.5 m or presence of a fault gouge, large fault: fault zone width larger than 1 m or presence of a fault gouge larger 0.5 m).
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as discussed above, they probably represent only one 
type and clearly dominate the characteristics of fault-
ing in the study area.

 The strike distribution of the palygorskite 
type and the dense fracture type fault zones (fi gure 4.7 
a, 4.7 b) reveal predominantly NW-SE striking left-
lateral fault zones, and N-S striking right-lateral fault 
zones. 

be checked for the microscopic occurrence of palygor-
skite.

 Of 76 mapped faults, 67 can be identifi ed as 
the palygorskite type and dense fracture type. Both 
types are represented by mostly medium-scale faults, 
with the dense fracture type also composing a consid-
erable number of small faults, and the amount of large 
faults being slightly larger for the palygorskite type 
faults (fi gure 4.7). Given their overlapping features 
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right-lateral. Faults with no recorded sense of movement are also given. The rose diagram gives the strike for all right-lateral faults in blue and all 
left-lateral faults in green.
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 The distribution of strike of all deformation 
bands reaches from W-E via NW-SE and N-S to NNE-
SSW. Within this sector maxima occur for WNW-
ESE, NW-SE, NNW-SSE, and NNE-SSW (fi gures 
4.12 a, 4.10). This relative wide scatter becomes more 
precise when only the strike of the deformation bands 
with known sense of movement is taken into account. 
In this case an E-W, a broad NW-SE and a NNE-SSW 
maximum are developed (fi gure 4.9). Here the E-W 
and the western part of the broad NW-SE maximum 
correspond to right-lateral shear, while the NNE-SSW 
and northern half of the NW-SE maximum correspond 
to left-lateral shear. For more detailed analysis the data 
was grouped into 27 sets (sites 1 - 27 in table 4.1). The 
sites 5, 20, 23 and 25 have less than fi ve data points 
per site and are thus not considered further. Eighteen 
of the twenty-three remaining groups (rose diagrams 
in fi gure 4.10) show two sets of strike, four reveal only 
one set, and one reveals four sets. 

 In six of the 18 two-set cases (sites 2, 12, 15, 
18, 24 and 27) these were arranged as synthetic Rie-
del shears and in the other twelve cases as conjugate 
shears. The criteria for two sets to be synthetic Riedel 
shears are, fi rstly, the same sense of movement, and 
secondly, lower included angle between 20° and 40°. 
If the two sets show opposite sense of movement and a 
lower included angle containing the axis of compres-
sion between 50° and 70° they were assumed to be 
conjugate sets. The orientation of σ1 was estimated 

4.5.2 Clayey cataclasite type fault zones

 The clayey cataclasite type fault zones are 
characterised by fracture zones and cataclastic fault 
cores composed of grained foliated material. 

 The six mapped clayey cataclasite fault zones 
scatter widely in strike (fi gure 4.7 c). They were 
mapped as reverse or thrust faults within the Subal-
pine Molasse and as strike-slip faults in the Plateau 
Molasse. In the outcrops, fi ve of them show the char-
acteristics of large faults, possibly indicating that they 
represent another, larger dimension of faulting.

4.5.3 Open fracture type fault zones

 The open fracture type fault zones are charac-
terised by a dense array of fractures with no indication 
of relative movement. They mainly appear as cm to 
dm-wide, open cracks, often fi lled with gravel and soil 
material.

 The three mapped open fracture type fault 
zones are marked in the fi eld by up to 100 and more 
fractures, distributed across a zone of some tens of 
metres. They all strike WSW-ENE, which differs sig-
nifi cantly different from the orientation distribution of 
the other structure types (fi gure 4.7). 

4.6 ORIENTATION OF MESO-SCALE

 STRUCTURES AND DERIVED

 PALEOSTRESSES

4.6.1 Brittle deformation bands

 The orientation of more than 700 deforma-
tion bands and deformation band shear zones were 
measured in outcrops of the study area (fi gure 4.11). 
In almost all cases the dip was found to be steep to 
vertical, in some cases between 60° and 75° and in 
the majority of cases between 75° and 90° (fi gure 4.12 
a). This indicates their strike-slip nature and facili-
tates their statistical analysis. Due to the lack of offset 
markers, the sense of movement could be defi ned for 
155 deformation bands only (fi gure 4.9).

0

90

180

270

n=155

Figure 4.9: Strike distribution of all brittle deformation bands with 
known sense of movement. The strike of right-lateral deformation 
bands (n=76) is given in blue, and the strike of left-lateral deformation 
bands (n=79) in green.

Figure 4.10: Rose diagrams of sets of deformation bands grouped by outcrops. Numbers refer to numbers in table 4.1 and to locality in the map 
(fi gure 4.11). Arrows give the direction of maximum horizontal compressive stress, inferred from the sets with given sense of movement. In the case 
of more than one maximum of data sets, the inferred system is indicated (synthetic shears, conjugate shears or Riedel shears).
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 The four groups of outcrops with only one 
maximum show a N-S strike in two cases (site 4 and 
site 7) as well as one NW-SE strike (site 9) and one 
NNE-SSW strike (site 13). For the N-S strike no sense 
of movement could be obtained in the fi eld, whereas 
for the NW-SE case left-lateral movement is given by 
offset relationship and interpreted from correlation 
with subparallel slickensides for the NNE-SSW case. 

for the 12 conjugate sets as NNW-SSE in eight cases, 
NW-SE in three cases and WNW-ESE in one case. Of 
the synthetic Riedel σ1 was estimated as WNW-ESE 
for site 2, NW-SE for site 15, ENE-WSW for site 12 
and could not be determined due to the lack of indica-
tors for the sense of movement for sites 18, 24 and 27. 
The synthetic sets from sites 12 and 15 additionally 
contain a very small number of conjugate shears.
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Figure 4.11: Location of the brittle deformation band data sets given in fi gure 4.10 and table 4.1. Numbers 1 to 27 refer to the numbers given in the 
fi gure and the table.

Table 4.1: Sets of deformation bands grouped by site. Numbers in the table refer to the rose diagrams in fi gure 4.10 and to the location in the map 
(fi gure 4.11). Sites 5, 20, 23 and 25 (marked in grey) each have less than fi ve data points and are not considered further. dex = right-lateral, sin = left-
lateral.
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cur in conjugate sets (fi gure 4.10). Each of these con-
jugate sets can be assigned to one of two groups. The 
fi rst group contains sets with right-lateral shears strik-
ing NW-SE as well as sets with left-lateral shears strik-
ing NNE-SSW (fi gure 4.12 b). This group is governed 
by a local σ1 oriented NNW-SSE. The second group 
contains sets with left-lateral shears striking NW-SE 
and right-lateral sets striking E-W (fi gure 4.12 c). This 
group is governed by a local σ1 oriented WNW-ESE. 

 The sets with synthetic shears and the com-
bined synthetic and conjugate sets (sites 2, 3, 12, 15) 
show an inferred σ1 oriented NW-SE. The combined 
synthetic and conjugate sets imply that both of these 
types develop side by side, which is common for Rie-
del-type deformation. If the two groups of conjugate 
sets are interpreted as conjugate Riedel shears, then 
their superordinate Riedel shear zones are conjugate 
as well, with a maximum horizontal compressive 
stress oriented NW-SE (fi gure 4.12 d).

The group of four maxima originates entirely from 
a well-studied outcrop at a creek near the village of 
Wallenried, where data was collected from a selection 
of 60 deformation bands with intersection relationship 
(see site 3). The four maxima are WSW-ENE, WNW-
ESE, NNW-SSE and NNE-SSW. The fi rst two corre-
spond to right-lateral shear, while the last two show 
left-lateral shear. The angles are 30° between the two 
right-lateral and the two left-lateral shears, and 60° 
between these two systems. This geometry matches 
a complete Riedel system with the WSW-ENE orien-
tation representing the R-shears, the WNW-ESE ori-
entation the P-shears, the NNW-SSE orientation the 
X-shears and the NNE-SSW orientation the R’-shears. 
The outcrop may therefore be interpreted as the tip re-
gion of an E-W striking right-lateral fault zone which 
initiated by the development of deformation bands 
and subsequently evolved into a Riedel-type geome-
try. The axis of σ1 for this system is oriented NW-SE.

 A closer look at data subgroups according to 
site shows that the majority of deformation bands oc-

0

90

180

270

90

0
0

R

R’

σ1

180
180

270

R

R’

σ1

a)

c)

b) d)

σ1

right-lateral movement

left-lateral movement

n=726

n=465 n=180

Figure 4.12: Rose diagrams to demonstrate the geometry of DBs in the fi eld. The diagrams represent the distribution of strike. a) Distribution of 
all DBs (726 data sets). Dip is very steep in most cases. The data fi ts two sets of conjugate shears, b) and d). b) Conjugate sets of DBs with the cor-
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right-lateral sense of shear (360 data sets, fi gure 4.13 
f), whereas the N-S to NNE-SSW oriented ones have 
a left-lateral sense of shear (425 data sets, fi gure 4.13 
e). A minor portion of the slickensides show reverse 
(98) and normal (131) senses of movement including 
oblique slip (fi gures 4.13 c and d). They strike domi-
nantly NNW-SSE and secondarily NW-SE and NNE-
SSW (reverse slickensides) as well as N-S (normal 
slickensides). Twenty-one slickensides were provided 
with senses of movement derived not from the slip 
plane itself, but from the offset of sedimentary mark-

4.6.2 Slickensides

 Pairs of azimuth and inclination were mea-
sured for fault planes and striations of more than 
1200 slickensides in the Plateau Molasse of the study 
area (fi gures 4.13, 4.15, 4.16). The slickenside fault 
planes strike NW-SE and N-S with a certain variation 
towards WNW-ESE and NNE-SSW. Inclination is 
generally steep (fi gure 4.13) and the striation linea-
tions are mostly subhorizontal (fi gure 4.13 b). Slick-
ensides with NW-SE to WNW-ESE orientation have 
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Figure 4.15: Location of the slickenside data sets given in fi gures 4.16, appendix 4.2 and table 4.2. Numbers 1 to 40 refer to data sets from the Pla-
teau Molasse and numbers S1 to S7 to data sets from the Subalpine Molasse.
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general validity of the shear sense criteria used in the 
fi eld.

 The data was grouped into 40 subsets accord-
ing to locality (fi gure 4.15) and plotted in lower hemi-
sphere stereo projections (fi gures 4.16 and appendix 
4.2). 39 of the 40 subsets show more than one orienta-

ers, cut pebbles or the like (fi gure 4.14). Five of these 
are right-lateral striking NW-SE, twelve are left-lat-
eral striking N-S, two are reverse striking NNW-SSE 
and two are normal striking NNW-SSE and WNW-
ESE. This is in accordance with the strike distribu-
tions of right-lateral, left-lateral, reverse and normal 
slickensides from the whole dataset, corroborating the 
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Figure 4.16 (This and previous page): Lower hemisphere plots for 
slickenside fault planes. Compare number in the upper right corner 
with fi gure 4.15 and table 4.2 for location. Number of data points per 
plot is given in the lower left corner. Arrows indicate the direction of 
σ1 determined by the PT axes method. Results of the RDM see table 
4.2. See also appendix 4.2.
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 Paleostress was calculated for all 40 datasets 
with the PT axes method and for 39 datasets with the 
right dihedral method (RDM) (table 4.2), both show-
ing similar results (fi gure 4.17). The results for the 
axes of maximum compression (P-axes/σ1-axes) ob-
tained from both methods differ in azimuth by more 
than 10° in six cases and more than 15° in only one 
case. For the axes of least compression (T-axes/σ3-
axes) the difference is more than 10° in nine cases 
and more than 15° in fi ve cases. The two methods are 
therefore considered to deliver consistent results (fi g-
ure 4.17). The azimuth of P-axis ranges between 298° 
(118°) (site 7) and 359° (179°) (site 32), the corre-
sponding inclination lies between 1° (sites 22, 24 35) 
and 70° (site 30). Inclination is more than 10° in only 
sixteen cases and more than 20° in only three cases. 
The average azimuth is 328° (148°). The orientation 
of maximum compression of paleostress is NNW-SSE 
for twenty-eight, NW-SE for seven and N-S for fi ve of 
the subgroups. With one exception all subgroups ex-
hibit subhorizontal compression and extension axes, 
clearly supporting the observation that strike-slip is 
the dominant deformation mechanism. 

 The deviation of 12 compression axes from 
NNW-SSE up to 30° into both directions is likely 
the result of either local stress fi eld variations or the 
disproportionately high occurrence of a certain Rie-
del shear in the outcrops. (paleostress axes calculated 
from Y-shears are, for instance rotated 15° with re-
spect to axes calculated from R-shears).

tion. Twenty of them show two, nine show three and 
seven show four or fi ve different orientations, while 
for three subsets the individual fault planes scatter 
widely. According to the Riedel shear model three of 
the subsets with two orientations (sites. 11, 16 23) dis-
play synthetic shears such as R-shears and P-shears or 
Y-shears, while the other seventeen display conjugate 
shears such as R-shears and R’-shears. The nine sub-
sets with three orientations mostly display R-shears, 
R’-shears and Y-shears or P-shears and the seven 
subsets with four or fi ve orientations display com-
plete Riedel systems including synthetic R-shears, 
P-shears and Y-shears as well as antithetic R’-shears 
and X-shears. Some of them show R-shears, P-shears, 
Y-shears and R’-shears (sites 3, 35) while others are 
composed of R-shears, P-shears or Y-shears, R’-shears 
and X-shears (sites 24, 40). In the latter case it is often 
diffi cult to distinguish between P-shears and Y-shears, 
and in some cases probably both occur (site 9).

 Overprinting criteria such as cut-off of a struc-
ture by another structure are rare in the fi eld and their 
pattern is unsystematic. Roughly N-S striking left-lat-
eral structures cut roughly NW-SE striking right-lat-
eral structures about as often as vice versa (appendix 
4.1). This indicates contemporaneous rather than suc-
cessive of these two main fault sets. Together with the 
fact that the different orientations of slickenside fault 
planes and their kinematics are consistent with one 
Riedel system, this implies that the deformation of the 
Plateau Molasse was single-phase.

P-axes (P-T axes method)

σ1 (RDM)

B-axes (P-T axes method)

σ2 (RDM)

T-axes (P-T axes method)

σ3 (RDM)

0

90

180

270

Figure 4.17: Comparison of P-, B- and T-axes derived from the PT axes method (red) with σ 1, σ 2, and σ 3 derived from the RDM (green) for 40 
data groups from the Plateau Molasse. Compare with table 4.2 for values. The results of the two methods are in general accordance.
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4.6.3 Unspecifi ed fractures

 The inclination of the more than 2800 un-
specifi ed fractures measured in the fi eld is predomi-
nantly steep, similar to the slickensides and brittle de-
formation bands. Their maximum strikes NNW-SSE, 
but N-S, NW-SE and WSW-ENE orientations form 

 The slickenside data from the Plateau Mo-
lasse shows a strike-slip regime characterised by left-
lateral shear along N-S striking fault planes, and by 
right-lateral shear along NW-SE striking fault planes. 
The paleostress calculations reveal regional homog-
enous NNW-SSE compression and ENE-WSW exten-
sion (fi gure 4.18).
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Figure 4.18: Map of the study area showing paleostress directions and main geologic units. The orientations of maximum horizontal compressive 
stress (σ1) refl ect paleostress calculated from slickenside data (red arrows). The paleostress fi eld derived from slickensides shows homogenous NNW-
SSE compression. In the Subalpine Molasse it is thrust-related, whereas it reveals a strike-slip regime in the Plateau Molasse.
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erall smooth transition between mode-I and mode-II 
fractures, which is characteristic for near surface de-
formation.

4.6.4 Solution pits in conglomerate
 pebbles

 More than 700 orientations of solution pits 
axes in pebbles were measured in the conglomerates 
of the Belpberg Beds in fi ve localities (fi gure 4.21). 

 The inclination of the solution pit axes is 
subhorizontal. A closer look at the different locali-
ties reveals that the majority are inclined 10° - 20° 
to the south. Exceptions are the Guggisberg locality 
where the axes are inclined 10° - 20° towards north, 

minor maxima as well (fi gures 4.19, 4.20). The N-S 
and NW-SE striking unspecifi ed fractures most likely 
represent slickenside planes whose lineations were 
erased by alteration processes (fi gure 4.20). In con-
trast, the WSW-ENE and the NNW-SSE orientations 
signifi cantly differ from the orientation distributions 
of both slickensides and brittle deformation bands. 
The former group was recorded as open fractures in 
open fracture type fault zones (fi gure 4.20). The latter 
group is oriented subparallel to the subhorizontal σ1 
axis resulting from the paleostress analysis of slicken-
sides and brittle deformation bands. This implies that 
they formed as mode-I cracks, i.e. by extension per-
pendicular to compression and without shear defor-
mation (fi gure 4.20). The maximum distribution of all 
fractures (fi gure 4.20) shows a regular faning around 
the mode-I fracture orientation. This indicates a gen-

PT axes method Right dihedra methodSite Name n data P-axes B-axes T-axes σ1 σ2 σ3
1 Wohlensee 13 316/11 163/73 050/06 no data
2 Burggraben 17 332/11 181/75 061/06 331/07 134/82 240/02
3 Wallenried 23 314/08 168/83 044/02 322/09 114/80 231/05
4 Grolley 9 324/20 140/73 234/00 332/25 159/65 063/03
5 Ponthaux 14 149/04 352/85 239/03 147/03 007/86 237/02
6 Courtepin 14 314/19 170/68 047/06 341/25 149/65 249/05
7 Galtera 1 52 298/02 024/76 202/15 113/05 010/70 205/19
8 Galtera 2 41 306/04 062/86 035/00 292/02 175/86 022/04
9 Galtera 3 116 148/02 055/74 242/15 319/07 072/73 227/15
10 Niederscherli 22 153/14 344/73 247/02 164/08 003/81 254/03
11 Albigen 12 155/02 218/87 066/04 140/03 341/87 230/01
12 Sodbach 11 345/05 241/81 254/09 350/00 080/73 260/17
13 La Lance fault (Jura) 27 147/05 235/79 044/05 335/01 068/74 245/16
14 La Lance fault (Molasse) 23 341/17 170/78 254/02 346/17 158/73 256/02
15 L’Arbogne 13 323/13 182/77 057/05 316/10 106/78 225/06
16 Corserey 10 135/07 257/87 045/00 150/08 315/82 060/02
17 Lovatens 12 327/04 097/85 237/04 321/03 108/86 231/02
18 West of Lucens 12 335/07 127/86 244/04 335/09 122/79 244/06
19 Moudon 34 325/06 184/86 052/02 320/04 221/64 052/26
20 Seigneux 50 335/00 225/85 065/02 144/00 034/89 234/01
21 La Trémeule 22 323/13 212/84 234/05 329/18 166/72 061/05
22 Villarzel 18 326/01 056/83 235/10 323/02 058/74 232/15
23 Trey 12 329/25 159/69 247/05 320/16 107/71 227/10
24 Chénens 58 142/01 272/85 055/05 149/00 243/86 059/04
25 Matran 29 336/15 135/77 064/00 341/07 211/79 072/08
26 Onnens 14 324/08 218/84 054/03 338/11 086/57 242/30
27 Cottens 11 166/05 306/82 074/05 341/05 086/72 250/17
28 Neyruz 44 335/05 090/85 244/04 326/07 114/81 235/04
29 Autigny 42 336/06 105/83 246/05 340/08 122/80 249/06
30 Fromattbach 37 326/03 111/81 235/02 334/03 141/86 244/01
31 Rüdigraben 14 330/24 163/68 062/06 326/18 174/70 059/09
32 Montécu 23 359/17 151/65 264/05 356/13 216/76 089/11
33 Rossens 1 45 343/70 137/19 053/06 356/47 097/10 196/41
34 Rossens 2 67 329/22 163/67 061/07 327/13 184/73 059/10
35 Le Châtelard 1 34 145/01 015/88 234/01 322/01 086/88 232/01
36 Le Châtelard 2 87 329/13 146/76 242/02 336/10 148/80 245/01
37 Le Châtelard 3 15 305/04 204/81 040/13 126/05 334/84 217/13
38 Le Fochaux 27 329/09 128/79 240/02 335/05 098/80 244/08
39 Vauderens 23 329/12 132/79 240/05 328/13 107/74 235/10
40 Ecublens 36 328/08 121/81 239/06 327/05 095/82 237/06

Table 4.2: Paleostress axes derived from the PT-axes method and from the right dihedra method (RDM) for slickenside data sets from different locali-
ties in the Plateau Molasse. Lower hemisphere stereo plots and localities of the data sets are given in fi gures 4.15, 4.16 and appendix 4.2. For stereo 
plots of the axes see fi gure 4.17.
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and the La Feyla locality were they additionally oc-
cur in a subhorizontal orientation (fi gure 4.21). There 
were almost no subvertical axes found. The orienta-
tion of solution pit azimuth is relatively uniform N-S 
to NNW-SSE. They scatter only in the case of the La 
Feyla locality, which also exhibit a considerable num-
ber of NW-SE striking axes.

 The axes’ subhorizontal orientation indicates 
them to be derived from tectonic and not from burial 
stresses. The strike of the pressure solution axes devi-
ates 10° - 20° towards west from the N-S direction. 
This direction is thought to represent paleostress and 
differs 20° - 30° from the NNW-SSE compression 
axes derived from slickensides and brittle deformation 
bands. Furthermore there is an important difference 
regarding the deformation mechanism: while slicken-
sides and brittle deformation bands are the result of 
localised shear strain, pressure solution pits represent 
homogeneous bulk rock deformation at a general low 
strain rate.

 The 10° - 20° inclination towards south corre-
sponds to a general 10° - 20° south-east dip of bedding 
in the Plateau Molasse in proximity to the thrusted 
Subalpine Molasse, which is where all the localities 
of solution pit measurements are located. Therefore 

Figure 4.19: Rose diagrams of all planar tectonic structures a) unspec-
ifi ed fractures, b) slickensides, c) brittle deformation bands). Strike of 
unspecifi ed fractures is dominantly NNW-SSE and secondarily N-S, 
NW-SE and WSW-ENE. Strike of slickensides and brittle deformation 
bands is dominantly N-S as well as NW-SE. The brittle deforma-
tion bands and the slickensides refl ect sets of N-S striking left-lateral 
shears and NW-SE striking right-lateral shears with a slight majority 
of left-lateral shears. The maximum of unspecifi ed fractures strikes 
NNW-SSE, which is subparallel to the σ1 derived from the slicken-
sides and deformation bands. Their majority may therefore represent 
mode 1 cracks; however a considerable number striking N-S and 
NW-SE most likely represents shear fractures where sense of move-
ment could not be recorded. The WSW-ENE maximum of unspecifi ed 
fractures corresponds to fractures recorded in open fracture type fault 
zones. See also fi gure 4.20.
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Figure 4.20: Rose diagram of unspecifi ed fractures, colour-coded 
according to their probable origin. Yellow = mode 1 cracks (joints), 
green = left-lateral sheared fractures, blue = right-lateral sheared 
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Figure 4.21: Unipolar rose diagrams to illustrate the orientation distribution of axes of pressure solution pits in the conglomerates of the Belpberg 
beds. Blue arrows indicate the inferred orientation of s1 corresponding to the maximum orientation of pit axes. The stereographic projection gives all 
pit axes. The map gives the location of the data sets. The table summarises the data and the maximum orientation of pit axes as azimuth. Note that the 
inclination of most axes is sub-horizontal. Compression is roughly N-S for every data set. Numbers in each sub-fi gure refer to similar data sets.



Strike-slip deformation  -  93

!!

!!

!!

!!

!!

!!

DD

DD

DD

DD

DD
DD

DD

DD

!!

!!

!!

!!

!!
!!

!!

DD

!!
!!

DD DD

DD
DD

DDDD

!!

!!

!!

DD

DD

DD

!!

!!

!!

!!

!!

!!

!!
!!

!!

!(

! !

.

Fribourg

La Sarine

¹
L

egendB
elpberg beds (O

M
M

)
U

pper M
arine M

olasse (O
M

M
)

Low
er Freshw

ater M
olasse (U

SM
)

Subalpine M
olasse

U
ltrahelvetics

Prealpine K
lippen

M
olasse B

asin

A
lps

Q
uaternary deposits

U
pper Freshw

ater M
olasse (O

SM
)

A
xes of solution pits in 

conglom
erates (orientation

of m
axim

um
)

10 km

5

4
3

1

2

1

G
uggisberg a)

G
uggisberg b)

La Feyla

Pont-la-V
ille

Avry-devant-Pont

G
ibloux

170000 180000

170000 180000

570000
580000

590000
600000

3) Pont-la-V
ille

0

90

180

270

90

0

n:122

2) La Feyla
0

90

180

270

90

0

n:289

1) G
uggisberg a) und b)

0

90

180

270

90

0

n:180

5) G
ibloux

0

90

180

270

90

0

n:26

4) Avry-devant-Pont
0

90

180

270

90

0

n:94

6) all data
0

90

180

270

90

0

n:725

N
um

ber
123456

N
am

e
G

uggisberg
La

Feyla
Pont-la-V

ille
A

vry-devant-Pont
G

ibloux
A

lldata

n
data

180
289
122
9426725

M
axim

um
azim

uth
355
165
175
165
195
345

90

180

270n: 725

all data in sterographic projection



94  -  Chapter 4

ably due to strong cementation, before burial exceeded 
the critical depth, than the recorded stress fi eld would 
correspond to a short period post-dating sedimenta-
tion and pre-dating burial deeper than 400 - 500 m. 

4.6.5 Slickensides in the Subalpine
 Molasse

 Slickenside populations were mapped in the 
narrow band of the thrusted Subalpine Molasse at the 
southern border of the study area. Mapping was not as 
complete as in the Plateau Molasse and selection of 
outcrops focused on the transition between Subalpine 
Molasse and Plateau Molasse. (For more detailed in-
vestigation of the Subalpine Molasse and the southerly 

solution pit formation predates the tilt of bedding, i.e. 
folding in the region.

 The absence of vertical pressure solution im-
plies that (horizontal) tectonic stresses dominate over-
burden stresses. Vertical pressure solution is thought 
to take place at depths from 400 m onward (Ruano 
& Galindo-Zaldivar 2004), which was signifi cantly 
exceeded in the region (Schegg et al. 1997, Schegg 
& Leu 1998, Mazurek et al. 2006, Cederbom et al. 
2004). This means that the measured solution pits in 
the study area are either older than this burial or that 
horizontal tectonic stresses exceeded burial stresses at 
any time. Most of the solution pits seems to be older 
than the tilt of the Plateau Molasse near the thrust of 
the Subalpine Molasse, which is revealed by a tilt of 
the measured axes. If pressure solution stopped, prob-
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Figure 4.22: Rose diagrams and pole plots to illustrate the strike distribution of slickensides from the Subalpine Molasse. a) All planes, b) all 
lineations, c) all slickensides with reverse sense, d) with normal sense, e) with left-lateral sense and f) with right-lateral sense. g) to i) Pole plots of 
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slickensides. Note that reverse and right-lateral slickensides strike according to NW-SE compression and NNW-SSE compression respectively, while 
normal and left-lateral slickensides partly deviate from such orientations. For nine data sets no sense of movement could be determined. These data 
sets are included in diagrams a) and b) only.
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3) Normal faulting. Nearly pure normal faulting along 
N-S striking fault planes was recorded at Montécu La 
Feyla (site 2, n=16).

Although left-lateral slickensides are the most com-
mon ones in the Plateau Molasse, they are remarkably 
rare in the Subalpine Molasse. Instead, N-S striking 
slickensides are often characterised by oblique slip of 
both normal (sites 1, 2, 4) and reverse (site 7) sense. 
The right-lateral oblique systems mapped at sites 5 
and 6 represent either left-lateral shear zones extend-
ing from the Plateau Molasse into the Subalpine Mo-
lasse, or incomplete data sets of the reverse/strike-slip 
system described above. 

 While the strike of all slickensides with re-
verse kinematics is clearly NE-SW, representing SE 
to NW thrusting, the strike of all normal slickensides 
shows a division into three different maxima. The 
WSW-ENE maximum represents SE-dipping normal 
faults, likely formed as antithetic Riedel shears with 
respect to overall NW-directed thrust kinematics, 
while the WNW-ESE maximum and the N-S maxi-
mum most likely represent right-lateral and left-lateral 
oblique slip planes. The latter maximum also contains 
oblique reverse slickensides, which likely represent a 
few left-lateral slickensides with a pronounced reverse 
component.

 Paleostress was determined for all seven lo-
calities by the PT axes method and by the right dihe-
dral method (table 4.3, fi gure 4.23). The results for the 
axes of maximum compression (P-axes/σ1-axes) vary 
in azimuth by more than 10° in one case only. For the 
axes of least compression (T-axes/σ3-axes) the varia-
tion is more than 10° in three cases and more than 

adjacent Prealpine nappes see Matzenauer in prep.)

 More than 170 slickensides were collected 
from seven localities in the Subalpine Molasse (fi g-
ures 4.15, 4.22, 4.24) of the study area. The inclina-
tion of the fault planes is steep to moderately inclined, 
but rarely subhorizontal. Sixty-nine slickensides show 
reverse, fi fty-seven normal, twenty-seven right-lateral 
and ten left-lateral sense of movement. Reverse slick-
ensides generally strike SW-NE with a minor maxi-
mum at N-S, normal slickensides strike NW-SE with 
minor maxima at N-S and WSW-ENE, right-lateral 
slickensides strike NW-SE with a minor maximum at 
WNW-ESE, and left-lateral slickensides scatter wide-
ly (fi gure 4.22).

 The data sets from the seven localities (fi gure 
4.24) can be assigned to three different deformation 
systems:

1) Combined thrust/strike-slip faulting. At the La 
Roche Monsofl oz locality (site 4, n=66) NE-SW strik-
ing reverse, N-S striking left-lateral, NW-SE striking 
right-lateral and N-S, NW-SE and NE-SW striking 
normal sense slickensides were measured that alto-
gether fi t a combined thrust/strike-slip regime. Similar 
constellations are developed at Oron (site 7, n=22), 
Plasselb (site 1, n=5) and La Roche Medzelennes (site 
3, n=52).

2) Oblique left-lateral/normal faulting. This cases was 
mapped at La Roche Le Steckele (site 5, n=13) and 
at Sâles/Gruyère (site 6 n=5) with fault planes strik-
ing NW-SE in the former and WNW-ESE in the latter 
case.
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Figure 4.23: Comparison of results derived from the PT axes method (red) with results derived from the RDM (green) for the slickenside datasets 
from the Subalpine Molasse. a) P-axes/σ 1 (RDM), b) B-axes/σ 2 (RDM), c) T-axes/σ 3 (RDM). Compare with table 4.3 for values. The results gener-
ally accord with NW-SE compression and NE-SW extension. The scatter of the axes is due to the fl uctuation of the tectonic regime between thrusting, 
strike-slip and extension.
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 The slickenside data from the Subalpine Mo-
lasse shows a combined thrust/strike-slip regime char-
acterised by reverse shear and minor antithetic normal 
shear along SW-NE striking fault planes as well as 
oblique right-lateral and left-lateral shear along NW-
SE and N-S striking fault planes respectively. In some 
cases oblique slip with right-lateral/normal shear sense 
is predominant. The determined paleostress reveals an 
overall NW-SE compression. 

4.7 DEFORMATION CHARACTERISTICS

 Brittle deformation bands, slickensides and 
unspecifi ed fractures are common structures in the 
sandstones and clayey sandstones of the study area, 
typically indicating an altogether brittle deformation 
mechanism. The deformation bands are typical struc-

15° in two cases. The two methods are therefore con-
sidered to deliver consistent results (fi gure 4.23). The 
azimuth of P-axes range between 294° (114°, site 2) 
and 350° (170°, site 5), the corresponding inclination 
lies between 12° (site 5) and 68° (site 2). The average 
in azimuth is 321° (141°).

 In the four cases of combined thrust and 
strike-slip (sites 1, 3, 4, 7) the P-Axes are oriented 
NW-SE and NNW-SSE in case of site 7. In cases of 
sites 2, 5 and 6 the P-axes are more steeply inclined 
due to a pronounced normal component of the mapped 
slickensides. The subhorizontal T-axes of these lo-
calities strike SW-NE (site 5), SSW-NNE (site 6) and 
E-W (site 2), which is roughly the same orientation 
either of the T-axes in a NW-SE compressive strike 
slip system or the B-axes in a thrusting regime of this 
orientation.

average of P-axes

average of T-axes

average of B-axes

n:5
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Figure 4.24: Lower hemisphere plots for slickenside fault planes from the Subalpine Molasse. Compare number in the upper right corner with fi gure 
4.15 and table 4.3 for location of the data sets. Number of data per plot is given in the lower left corner. With exception of plots 2 and 5 arrows indi-
cate the direction of σ 1 determined by the P-T-axis method. Plot 2 shows extension and plot 5 oblique extension. In plot two arrows are given for σ 2 
and σ 3 and in plots fi ve for σ 1 and σ 3. Results of the RDM see table 4.3. See also A 4.3 in the appendix.

PT axes method Right dihedra methodSite Name n data P-axes B-axes T-axes σ1 σ2 σ3
1 Plasselb 5 320/12 088/47 225/37 130/02 024/84 221/05
2 Montécu 16 294/68 184/08 088/27 290/66 185/07 092/23
3 La Roche Medzelennes 52 316/27 211/62 030/10 311/17 166/69 045/11
4 La Roche Monsofloz 66 311/19 208/16 073/52 319/17 220/28 077/56
5 La Roche Le Steckele 13 350/53 132/31 235/12 003/41 135/37 247/27
6 Sâles/Gruyère 5 321/38 098/45 206/17 326/43 120/44 223/13
7 Oron 22 156/31 062/34 295/78 154/14 056/31 265/55

Table 4.3: Paleostress axes derived from the PT axes method and from the right dihedra method for slickenside data sets from different localities in 
the Subalpine Molasse. Lower hemisphere stereo plots and localities of data sets are given in fi gures 4.42, appendix 4.3 and 4.15. For stereo plot of 
the axes see fi gure 4.23.
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mapping grid could therefore not be achieved. Despite 
this, two important points regarding the distribution of 
deformation could be made:

1) Tectonic structures are not uniformly distributed. 
Undeformed areas exist in alternation with strongly 
deformed areas where structures frequently defi ne 
fault zones.

2) Although rarely forming outcrops, shale layers are 
characterised by their obvious lack of signs of defor-
mation.

4.9 THE FAULT ZONE NETWORK

 Four different types of fault zones were dis-
tinguished in the fi eld. The palygorskite type and the 
dense fracture type fault zones are quite similar in 
character and dominate the deformation in the study 
area (fi gure 4.7). The clayey cataclasite type faults 
seem to be restricted to rare larger fault zones and the 
open fracture type faults seem to represent a special 
type of deformation. Fault size was characterised by 
fault zone width since criteria of total offset are gener-
ally missing due to limited outcrop size.

 In practice, none of the mapped faults were 
found to reoccur exactly along-strike on another map-
ping line, which means that even the larger faults hard-
ly exceed 1 – 3 km in length. Another important point 
which probably limits the fault length is the mechani-
cal difference between sandstones and interbedded 
shale. The absence of discrete structures in the shale 
may indicate that here deformation is accommodated 
by whole-rock plastic shear, translating strain from 
one fault zone to another. This mechanical layering 
is further complicated in the USM where the mean-
dering river system sedimentary environment (Platt & 
Keller 1992) is characterised by lateral changes be-
tween sands and shale. The deformation of the Ter-
tiary Molasse is therefore most likely distributed on a 
complicate network of small- to medium-scale faults 
rather than on fewer, large, continuous faults. Strain 
is partitioned between these faults or translated from 
one fault to another. The latter may exhibit a different 
orientation. 

 It can, however, be speculated that certain 
fault zones extend for about 10 km or more, especially 
in the OMM where lithologies are laterally more ho-
mogeneous. Such kilometre-scale faults are known 
from the Jura Mountains (Vuache fault, Pontarlier 
fault, Chamblon fault, La Lance fault), some of which 

tures to develop in porous, poorly lithifi ed sandstone 
(Aydin 1978, Fossen et al. 2007) such as the Molasse 
sandstones. They develop a micro-fault gouge that 
evolves to macroscopic gouges and to slickensides as 
strain increases (see chapter 2). Most slickensides are 
characterised by striated gouges, while other types are 
represented by mirror-like fault planes, grooves and 
very rarely calcite seams. Especially the rarity of the 
latter underlines the “very” brittle character of defor-
mation.

 The orientations and kinematics of both 
brittle deformation bands and slickensides indicate a 
strike-slip regime with N-S striking left-lateral shears 
and NW-SE striking right-lateral shears (fi gures 4.9, 
4.12, 4.13, 4.14). This indicates a subhorizontal, 
NNW-SSE-oriented σ1 and a WSW-ENE-oriented 
σ3 of paleostress (fi gures 4.17, 4.18). Overprinting 
relationships of two structures are rare and the few 
mapped occurrences show no systematic pattern (ap-
pendix 4.1). This implies that activity along the faults 
of different orientation was contemporaneous. Fault 
plane patterns from individual outcrops often show 
sets of synthetic and antithetic shears typical of Riedel 
systems (fi gure 4.25). The existence of a Riedel-type 
faulting mechanism is further supported by the fact 
that the conjugate right-lateral and left-lateral sets of 
fault planes range over 30°, including all synthetic 
shears (R, P and Y, fi gures 4.5, 4.25). Assuming that 
most of the measured slickensides represent synthetic 
R-shears, the superordinate shear zones should be 
rotated 15° with respect to the estimated orientation 
maxima. For the two measured maxima of right-lat-
eral NW-SE striking and left-lateral N-S striking fault 
planes, this means that their corresponding Riedel 
shear zones strike 15° more towards WNW-ESE and 
NNE-SSW respectively. The 30° wide scatter among 
maxima are therefore infl uenced rather by local fl uctu-
ations of the stress fi eld and the according fault plane 
orientations than due to the derivation from different 
Riedel shears (fi gure 4.25). The two conjugate Riedel 
systems allow all mapped fault plane orientations to 
act simultaneous.

4.8 OUTCROP CONDITIONS AND

 DISTRIBUTION OF DEFORMATION

 Field observations were collected along map-
ping lines dictated by the natural occurrence of out-
crops (e.g. fi gure 4.8) along deeply enough incised riv-
ers as well as by the lithology. Sandstones and clayey 
sands are more resistant to erosion and therefore more 
likely to form outcrops than shales. An evenly spread 
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 It has been possible to construct three such 
fault zones in the study area by connecting two or more 
localities of slickenside measurements in fault zone 
outcrops (fi gure 4.26). The two or more slickenside 
populations brought together by such a construction 
show the same fault zone orientation and kinematics 
and are all along-strike of this orientation. From west 
to east three large fault zones can thus be proposed 
(fi gure 4.26):

are known to extend into the Molasse. Other fault 
zones of similar size, but with different characteris-
tics, are likely exist in the Molasse as well. Some au-
thors previously postulated such faults without clear 
proof (Kastrup et al 2007, Chenevart 1978, Plancherel 
1979). We are theoretically able to connect distinct, 
strongly deformed zones of similar orientation and ki-
nematics over about 10 km in length, but their actual 
connectivity still remains uncertain.
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Figure 4.26: Location of interpreted larger fault zones in the study area. The zones of Ecublens-Lovatens, Villaraboud-Seigneux and La Roche-La 
Glâne were interpreted by connecting two or more outcrops of fault zones with identical senses of movement and strike distributions quite similar to 
the strike of the zone. The zone of Trey-Grolley-Barbarêche was interpreted by connecting three outcrops of open fracture type fault zones without 
senses of movement but with strike distributions quite similar to the strike of the zone. The La Lance fault and the “Fribourg Lineament” are known 
from the literature and are interpreted according to morphology (La Lance fault) and to a single fault zone outcrop (”Fribourg Lineament”).
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of open fracture type fault zones. Most likely these 
structures are extensional opening fractures located 
in the hinge zones of folds or fl exure zones. This as-
sumption is supported by their orientation with re-
spect to the stress fi eld and by the lack of any obvious 
sense of movement. The comparison with the regional 
fold axes, however, shows that they strike obliquely 
with respect to the zone of Trey-Grolley-Barbarêche. 
Determining the origin of the structure would require 
additional work which is beyond the scope of this 
study.

 The constructed fault zones (fi gure 4.26) 
would have roughly the same extent, orientation and 
kinematics as the strike-slip faults known from the 
Jura Mountains. As both regions belong to the fore-
land fold and thrust belt, i.e. to the same tectonic unit, 
they may both contain the same structural inventory. 
The pronounced difference in magnitude of folding 
does not necessarily mean that the same applies for 
the extent of strike-slip faulting. The difference in li-
thology, however, could infl uence faulting in such a 
way that it is dispersed to wider zones in the Molasse 
than in the Jura Mountains. The existence of the con-
structed fault zones is not unambiguously evidenced 
by the fi eld data, but it represents a plausible charac-
terisation of the nature of faulting in the study area. 

4.10 THE TRANSITION ZONE BETWEEN

 PLATEAU MOLASSE AND SUBALPINE

 MOLASSE

 The Subalpine Molasse is a narrow band of 
strongly imbricated Molasse units situated between 
the Plateau Molasse and the Prealps Klippen. It was 
partly investigated during this study in order to better 
understand the transition towards the Plateau Molas-
se.

 The border between Subalpine Molasse and 
Plateau Molasse is a thrust that juxtaposes Chattian 
USM of the Subalpine Molasse onto Burdigalian 
Belpberg Beds (upper OMM) of the Plateau Molasse. 
This thrust front runs NE-SW along the southern, re-
spectively eastern edge of the study area. It appears 
to be more or less continuous in the central part of 
the study area, while footwall deformation occurs in 
the northeastern and southwestern parts. This defor-
mation includes folding and thrusting of the southern-
most Plateau Molasse and is an indication of foreland-
directed propagation of the Subalpine deformation 
front.

1) A left-lateral NNE-SSW striking zone between 
Ecublens and Lovates

2) A left-lateral NNW-SSE striking zone between Vil-
laraboud and Seigneux

3) A right-lateral NW-SE striking zone between La 
Glâne near Posat, the dam of Rossens and Le Steckele 
near La Roche. 

Additionally, four fault alignments seem to form large 
fault zones (fi gure 4.26) and are only partly based on 
our mapping results. Additional criteria are postulates 
in the literature or geomorphologic evidence.

1.) The trace of the proposed Fribourg zone (also “Fri-
bourg lineament” Kastrup et al. 2007) should inter-
sect the mapping line along the Galterengraben south 
of Tafers. A fault was mapped there with roughly the 
same orientation and kinematics as the focal mecha-
nisms of the earthquakes defi ning the lineament. 
However, no other outcrop could be mapped along-
strike of the Fribourg zone.

2) The La Lance fault is well-known from the Jura 
Mountains (Bertschy 1958, Meia 1966), where it off-
sets the folded Mesozoic strata by up to four kilome-
tres. It was further described to cross Lake Neuchâ-
tel and continue into the Plateau Molasse (Gorin et 
al. 2003, Weidmann 2006). The exact trace of the La 
Lance fault on the eastern side of Lake Neuchâtel 
could only be approximated according to geomor-
phologic indicators, while the populations of second-
ary fault planes are quite similar on either side of the 
lake. The geomorphic signatures vanish at the river 
La Broye near Payerne where the La Lance fault is 
thought to terminate.

3) Straight footslopes along the Vallée de La Broye 
between Payerne and Lucens probably indicate a 
NNE-SSW striking fault zone running along the val-
ley. A couple of smaller faults were mapped east of 
the valley that are oriented N-S and NNE-SSW and 
show a left-lateral sense of movement. Their orienta-
tion is synthetic as well as parallel with respect to the 
proposed fault zone running along the valley, which 
therefore may feature a left-lateral sense of movement 
as well. The valley morphology as a whole, however, 
rather implies a graben structure, i.e. normal fault ki-
nematics.

4) The WSW-ENE striking zone of Trey-Grolley-Bar-
barêche is marked by three outcrops with occurrences 
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bricate, representing the frontal thrust of the Subalpine 
Molasse towards the study area, is a break-through 
thrust of a fold-propagating fault and indicates in-
creasing shortening towards the southwest. The Fall 
anticline (Schmid 1970, Marescot 2000, fi gure 4.28) 
is located in the footwall of this frontal thrust some 
kilometres further west of the Gibelegg imbricate. It 
developed with secondary folds showing small-scale 
thrusting quite similar to the relationship between the 
Falkenfl uh anticline and the Gibelegg imbricate.

 Examples of such footwall deformation can 
be observed in the northeastern part in form of the 
Gibelegg imbricate and the Fall anticline. The Gibelegg 
imbricate (fi gure 4.27) shows a reverse succession of 
units and was interpreted as the former sheared fore-
limb of the Falkenfl uh anticline situated further east 
(Beck 1946, Rutsch 1947). The hangingwall of the 
Gibelegg imbricate (Seftigschwand imbricate) was 
interpreted as the former backlimb of the Falkenfl uh 
anticline. The hangingwall thrust of the Gibelegg im-
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Figure 4.27: Tectonic sketch map of the structures of the Gibelegg imbricate. Lithologies, beddings and thrusts are taken from the Geological Atlas of 
Switzerland (Rutsch & Frasson 1953, Tercier & Bieri 1961). A schematic cross-section (A-A’) and a sketch to illustrate the evolution (1 to 3) is given. 
The Gibelegg imbricate is located between the Subalpine Molasse and the Plateau Molasse and shows an inverse succession. The sketch illustrates the 
interpretation of the Gibelegg imbricate as the cut-off reverse limb of a fold structure (Beck 1946, Rutsch 1947). This indicates that the frontal thrust 
of the Subalpine Molasse developed from folding and limits its offset to a couple of kilometres.
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Figure 4.28: Cross-section of the Fall-anticline after Marescot (2000). The fold is developed in clayey strata of the OMM right in front of the frontal 
thrust of the Subalpine Molasse. The northern limb is steep. Inlet shows a fi eld sketch of a smaller fold at the Gouchit River in the back of the Fall 
anticline. In this smaller fold a competent layer developed thrust horses in the back limb and a thrust in the hinge. Another small thrust is developed in 
the hinge of the frontal syncline. See fi gure 4.8 for location.
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fi gure 4.26). Furthermore, left-lateral offset of the 
thrust front is based on mapping in the area north of 
La Roche and near Lausanne (Weidmann et al. 2002, 
sheet 1205 Rossens, Weidmann 1988, sheet 85 Lau-
sanne). North of La Roche, these left-lateral offsets 
may be the signature of a fault zone characterising the 
“Fribourg Lineament”.

 The slickenside populations of the studied 
outcrops in the Subalpine Molasse reveal combined 
thrust/strike-slip systems and oblique right-lateral/
normal systems in two cases (fi gure 4.24). Both show 
a NW-SE oriented σ1 of paleostress which roughly 
corresponds to the orientation determined for the Pla-
teau Molasse. The overall dominant tectonic regime in 
the Subalpine Molasse is thrusting and thrust-related 
faulting.

 We observe increasing shortening and fore-
land directed propagation towards southwest along-
strike of the frontal zone of the Subalpine Molasse. 
The former is indicated by the Falkenfl uh – Gibelegg 
structure and the latter by the structures in the region 
of Oron. The relationship between the strike-slip fault 
zones developed in the Plateau Molasse and the fron-
tal thrust zone of the Subalpine Molasse show both 
crosscutting of the frontal thrust zone by strike-slip as 
well as contemporaneous interaction of the two. Both 

 A similar situation occurs in the region of 
Oron (fi gure 4.29), where the foot wall of the frontal 
thrust of the Subalpine Molasse, the “anticlinal prin-
cipal” (Mornod 1949), narrows along strike towards 
southwest. Narrowing progressively translates the 
anticline into two frontal imbricates of the Subalpine 
Molasse (fi gure 4.29). The area of transition correlates 
with the intersection of a roughly N-S striking left-
lateral shear zone (zone of Ecublens-Lovatens, see 
subchapter 4.9) in the Plateau Molasse. This left-lat-
eral shear zone does not clearly affect the main thrust 
front of the Subalpine Molasse. Instead it forces the 
anticline to translate into thrust imbricates in order to 
accommodate the relative southward shift of the west-
ern block. In this case the external structures of the 
Subalpine Molasse act contemporaneously with the 
strike-slip faults of the Plateau Molasse.

 In contrast to such interaction, the frontal 
thrust of the Subalpine Molasse is probably disrupted 
in some areas by the strike-slip faults of the Plateau 
Molasse. The slickenside population measured at Le 
Steckele, situated immediately above the thrust front, 
exhibits right-lateral normal kinematics (fi gure 4.24 
site 5). Their NW-SE strike suggests their connec-
tion to a left-lateral fault zone in the Plateau Molasse 
(zone of La Roche - La Glâne, see subchapter 4.9, 
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the frontal parts until the Quaternary (Ustaszewski & 
Schmid 2007, Madritsch et al. 2008, 2010).

 According to the strike of their map-scale 
structures both the Subalpine Molasse and the Jura 
Mountains formed by NW-SE to NNW-SSE-direct-
ed compression similar to the compression direction 
derived from the paleostress analysis in the Plateau 
Molasse. Therefore the Subalpine Molasse - Plateau 
Molasse - Jura Mountains system could have been de-
formed progressively and is still active today.

 Burkhard (1990) proposed the formation of 
the Jura Mountain and the Subalpine Molasse to be 
the foreland response to the exhumation of the exter-
nal crystalline massifs, i.e. the same tectonic event in 
the orogenic hinterland. Together they accommodate 
an equivalent amount of shortening, with varying re-
spective intensities along-strike. At the scale of the 
study area, this implies that Jura Mountain formation 
immediately follows major shortening in the Subal-
pine Molasse at the same time as the décollement in 
Triassic evaporites developed. This would incorpo-
rate the Plateau Molasse into the deformed orogenic 
wedge at the same time as the Jura formation.

 Lacking clear time markers, one could further 
speculate about the order of deformation of the Subal-
pine Molasse and the Plateau Molasse - Jura Mountains 
system, i.e. the relative age of strike-slip faulting with 
respect to thrusting near the transition of both units. 
On the scale of the study area, the deformation front 
of the thrusted Subalpine Molasse propagates into the 
foreland towards southwest. In places this propagation 
is accompanied by interaction with strike-slip fault 
zones in the Plateau Molasse (fi gure 4.29). However, 
in other places cutting of the thrust front by strike-slip 
is evident, indicating strike-slip to be younger. At this 
point it remains speculative whether the strike-slip 
fault zones interacting with the frontal thrust are older 
than other strike-slip zones cutting it or whether the 
frontal thrust became partly reactivated.

 Prominent strike-slip faults in the Jura Moun-
tains such as the La Lance fault (Bertschy 1958, Meia 
1966) in the western part of the study area offset folded 
Mesozoic strata and hence post-date folding. In con-
trast, the still active Vuache fault, another prominent 
strike-slip fault, was shown to bend into a thrust at the 
frontal parts of the Jura Mountains (Charollais et al. 
1983, Blondel et al. 1988, Sambeth & Pavoni 1988). 
Sommaruga (1997) argued these faults to represent 
tear faults active both syn-folding and post-folding. 
The strike-slip faults of the Jura Mountains extend 

relationships alternate along-strike of the frontal thrust 
zone.

4.11 TIMING OF DEFORMATION

 The Lower Freshwater Molasse and Up-
per Marine Molasse of the study area were deposit-
ed in Aquitanian and Burdigalian times respectively 
(Trümpy 1980, Homewood et al. 1986, Berger et al. 
2005b). The slickenside fault populations studied in 
these formations show only one phase of strike-slip 
deformation (e.g. fi gures 4.16, 4.18, appendix 4.1). 
The lack of a clear time marker, such as unambiguous 
deformation of Quaternary strata or deformation-relat-
ed datable minerals makes timing estimates diffi cult. 
The mapped strike-slip tectonics can therefore not be 
attributed to any time interval more precise than from 
the middle Miocene to present.

 Quaternary movement along the WNW-ESE 
striking right-lateral La Lance fault (Gorin et al. 2003) 
as well as focal mechanisms of earthquakes within 
the “Fribourg zone”, indicating left-lateral movement 
along N-S striking fault planes (Kastrup et al. 2007), 
point towards recent activity of the system. The fron-
tal thrust of the Subalpine Molasse was active at least 
until lower to middle Miocene times (Homewood et al 
1986). There is, however, evidence that at the least in-
ternal shortening of the Subalpine Molasse is younger. 
Shallowly inclined thrusts of Subalpine Molasse as 
well as Helvetic nappes and Prealpine nappes further 
south, both cutting steeper imbricates of the Subalpine 
Molasse, are known from several localities (Trümpy 
1980) and imply young, out-of-sequence thrusting. 
Recent studies of apatite fi ssion track cooling ages 
revealed vertical movement along thrusts in the Sub-
alpine Molasse of central Switzerland later than 5 Ma 
(von Hagke et al. 2010). Subsidence/uplift estima-
tions based on clay mineralogy from borehole sec-
tions underneath the subalpine Molasse basal thrust 
indicate that considerable erosion has taken place 
prior to thrusting (Monnier 1982). If thrusting of the 
Subalpine Molasse post-dates erosion of the Plateau 
Molasse, it has to post-date deposition of the Upper 
Freshwater Molasse plus the time span of erosion as 
well. In this case thrusting would have to be attributed 
to the uppermost Miocene to Pliocene.

 The Jura Mountains are thought to have 
formed from the late Miocene onwards (Laubscher 
1961, 1972, 1987, Naef et al.1985, Burkhard 1990). 
Shortening of the fold belt by both thick-skinned re-
verse faulting and thin-skinned folding was active in 
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and reverse thick-skinned tectonics in the external 
parts (Jura front) and probably also in the internal 
parts (Subalpine Molasse) became more important.

4.12 CONCLUSION

 Structural fi eld work carried out in the Plateau 
Molasse of the Fribourg area in western Switzerland 
revealed slickensides, brittle deformation bands and 
undefi ned fractures to be abundant in the sandstones. 
In contrast, the interbedded shale lacks obvious de-
formation structures. The slickensides commonly 
develop from brittle deformation bands and feature 
striated gouges and polished surfaces, while calcite fi -
bres are very rare. These planar structures are oriented 
subvertically and are predominantly of strike-slip na-
ture. Left-lateral slickensides are oriented roughly N-
S, while right-lateral slickensides are oriented roughly 
NW-SE. The deduced paleostress is a uniform NNW-
SSE-directed compression. Slickenside populations 
from the Subalpine Molasse show a combined thrust/
strike-slip system in the case of 5 subgroups and an 
oblique left-lateral/normal system in the case of two 
subgroups. The paleostresses recorded in the Subal-
pine Molasse also reveal NNW-SSE compression. 
Pressure solution pits in pebbles, though limited in 
distribution, possibly indicate a bulk stress, refl ect-
ing incipient shortening. They indicate roughly N-S 
directed horizontal compression (~ 345°-165°) with 
axes slightly tilted in accordance with the local tilt of 
strata. This N-S-directed stress fi eld is thought to be 
the oldest paleostress signature.

 The subvertical structures are arranged in 
Riedel-type geometries and often appear in medium-
scale fault zones. These show a regional pattern of 
WNW-ESE to NW-SE striking right-lateral faults and 
N-S to NNE-SSW striking left-lateral faults. We sug-
gest that they are interconnected on a regional-scale in 
a near-surface network of conjugate strike-slip fault 
zones.

 The main structural difference between the 
Jura Mountains and the Plateau Molasse is the am-
plitude of folding, which is signifi cantly higher in the 
Jura Mountains. Kilometre-scale tear faults cutting the 
folds of the Jura Mountains are connected to the more 
widely scattered strike-slip faults in the Plateau Mo-
lasse, where folding low in amplitude refl ecting rather 
an initial stage of fold development.

 The border between the Plateau Molasse and 
the Subalpine Molasse is a thrust zone with the frontal 

into the Molasse Basin, indicating the same tectonic 
system (Muralt et al. 1997, Jordi 1990, Jordi 1951). 
Recent reverse faulting in the frontal parts of the Jura 
Mountains also becomes evident from fi eld studies 
and seismicity in the regions between Besançon and 
Basel (Madritsch et al 2008, Ustaszewski & Schmid 
2007). In contrast to the thin-skinned décollement tec-
tonics leading to the Jura Mountains formation, this 
young activity could be attributed to thick-skinned re-
activation of steep basement faults.

 A considerable amount of shortening within 
the Subalpine Molasse of western Switzerland likely 
pre-dates décollement tectonics leading to the folding 
of the Plateau Molasse and the Jura Mountains. The 
signifi cant difference in fold amplitudes between the 
Plateau Molasse and the Jura Mountains was attribut-
ed to differential overburden situated above the basal 
décollement, exceeding a critical value in the south-
ern part of the triangle shaped former foreland basin 
(Sommaruga 1997, Burkhard & Sommaruga 1998). 
However, erosion after 5 Ma (Schegg & Leu 1998, 
Cederbom 2004) clearly post-dates décollement tec-
tonics and removed some of this overburden, allow-
ing folding. This implies that the folds in the Plateau 
Molasse are younger than those in the Jura Mountain 
(Sommaruga 1997). According to their low amplitude, 
these folds are either very young or indicate that fold-
ing related to décollement tectonics decreased. Within 
the Plateau Molasse - Jura Mountain system strike-slip 
faulting is probably contemporaneous with folding, 
but has also outlasted it. Some of this younger strike-
slip is, however, coupled to thrusting at the front of 
the Subalpine Molasse, which would indicate these 
thrusts to be younger than middle Miocene. Post-5 
Ma thrusting in parts of the Subalpine Molasse is re-
vealed by recent apatite fi ssion track studies in central 
Switzerland (von Hagke et al. 2010). Analogue mod-
els based on a cross-section through the northwestern 
Alps show continued thrusting to the south of the Mo-
lasse Basin after the formation of a thin-skinned fore-
land fold-and-thrust belt (Bonnet et al. 2007).

 The young Cenozoic deformation of the 
northern foreland of the western central Alps is most 
likely a continuous process of NW-SE-directed short-
ening from the middle Miocene until the present. After 
the Alpine deformation front jumped from the thrusted 
subalpine Molasse to the front of the Jura Mountain by 
décollement tectonics, thin-skinned shortening, pre-
dominantly expressed by folding, slightly decreased 
with decreasing movement along the décollement. At 
the same time surface strike-slip faulting in the central 
parts (Plateau Molasse and internal Jura Mountains) 
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changed during this evolution. Thin-skinned folding 
and thrusting of the external parts (Jura Mountains) 
related to décollement tectonics was dominant during 
the early evolution. It successively translated to strike-
slip faulting, now also affecting the intermediate parts 
(Plateau Molasse). In the internal parts (Subalpine 
Molasse), thrust tectonics prevail and are still active. 
The Jura Mountains - Molasse Basin fold-and-thrust 
belt compose the long, thin tip of the thick Alpine oro-
genic wedge, which represents an unstable geometry 
according to wedge mechanics (Mosar 1999). The 
young thrusting in the Subalpine Molasse therefore 
probably refl ects maintenance of surface slope of the 
unstable wedge.

thrust showing characteristics of a fold-propagation-
fault. Intersection relationships between this frontal 
thrust and the strike-slip fault network of the Plateau 
Molasse reveals both crosscutting of the thrust front 
and interacting of thrusting and strike-slip faulting.

 Timing of deformation in the study area is 
poorly constrained. The time frame of the strike-slip 
deformation is given by the deformation history of the 
northern Alpine foreland-fold-and-thrust belt to which 
the western Swiss Molasse Basin belongs. It starts 
in the middle Miocene (13 Ma) with folding of the 
Jura Mountains above a large-scale décollement and 
prevails until the present. The mode of deformation 
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ABSTRACT

Structural mapping of the Plateau Molasse was carried out in the Canton Fribourg area in western Switzerland. In 
addition to well known low-amplitude folding, it revealed a regionally extended strike-slip deformation expressed 
in WNW-ESE trending left-lateral fault zones and N-S trending right-lateral fault zones. These fault zones are com-
posed of the smaller scale discrete faults mapped in the outcrops. The damage zones of the mapped faults consist 
of synthetic and antithetic populations of fractures, slickensides and brittle deformation bands. The paleostress fi eld 
derived from the outcrops exhibits homogenous NW-SE compression and NE-SW extension. 
The structural interpretation of the subsurface levels is based on new and consistent interpretation of all available 
seismic lines. The seismic surveys confi rm that the substratum of the Molasse is a shallowly southeast dipping sur-
face. The Mesozoic units reveal several well-defi ned refl ectors that were offset by NE-SW striking and N-S strik-
ing faults. WNW-ESE striking faults are less frequent. In cross-section, the faults mostly resemble half-grabens, 
although offsets are reverse in places. Taking into account the regional tilt of the strata, WNW-ESE striking faults 
have been identifi ed as right-lateral, and N-S striking faults mostly as left-lateral, while NE-SW striking faults are 
reverse. All faults root with listric bends in the Triassic and do not continue into the basement. The NE-SW and N-S 
striking faults are interpreted as former normal faults formed by E-W and NW-SE extension, respectively, which 
became reactivated by NW-SE compression. The resolution of the basement on the seismic lines is poor and does 
not allow detailed mapping of structures.
The deformation zones derived from surface mapping and the structures revealed by the seismic interpretation are 
combined in a 3-D kinematic model of the study area. According to this model, deformation is characterised by 
a kinematic decoupling of the Mesozoic and Tertiary cover units from the basement along Triassic evaporites. In 
the internal parts a second decoupling between Tertiary Molasse and Mesozoic units is interpreted as related to the 
northernmost branch of the Subalpine Molasse basal thrust. Structures in the Tertiary Molasse above this secondary 
décollement are not related to structures in the Mesozoic units below it.
The Cenozoic tectonic evolution of the study area comprises Paleogene extension followed by Neogene compres-
sion. The extension pre-dates deposition of the Molasse, in which it is not recorded, and correlates with Eocene-Oli-
gocene E-W extension as well as with NW-SE extension related to foreland basin fl exing. The Neogene compression 
begins with onset of the Jura Mountains formation and is characterised by passive transport above a décollement in 
the Triassic evaporites in the Plateau Molasse. Above this décollement, the structures in the Mesozoic units were 
reactivated, while the previously unstructured Molasse was subject to strike-slip faulting.
The current seismicity of the region reveals that strike-slip faulting according to NW-SE compression is still active 
and partly related to the interpreted deformation zones.
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cations of them are poor.

 Neoectonic activity is reported to reactivate 
basement normal faults in the frontal parts of the Jura 
Mountains where they interact with the Upper Rhine 
Graben and the Rhine-Bresse-transfer zone (Giambo-
ni et al. 2004, Ustaszewski & Schmid 2007, Madritsch 
et al. 2008). Despite the existence of the decollement 
in the Triassic horizon it is still debated whether re-
cent activity in the more internal Molasse Basin also 
involves the basement (ENSI 2010). This has impor-
tant consequences for fault scaling and possible earth-
quake magnitude. Alignments of instrumentally re-
corded earthquakes in the area between Fribourg and 
Bern indicate the possible existence of active strike-
slip faulting (Kastrup et al. 2007, Mosar et al. 2008).

 To understand the nature and localisation of 
the neotectonic activity in detail, precise information 
of the tectonic evolution and the related structures is 
required. To date little is known about the existence, 
shape and size of fault zones in the Molasse Basin. 
We surveyed new structural fi eld data and compiled 
structural subsurface information to develop a model 
for the tectonic evolution of the study area in the west-
ern Swiss Molasse Basin. The recorded deformation 
strongly supports a model of lateral strain partitioning 
between different deformation zones. Important ver-
tical strain partitioning between different lithostrati-
graphic levels is related to their different mechanical 
properties as well as to their structural inheritance.

5.2 GEOLOGIC SETTING

 The Molasse Basin developed as a peripheral 
fl exural foreland basin in front of the European Alps 
(fi gure 5.1). During the orogenic evolution it progres-
sively evolved from an underfi lled Flysch basin to an 
overfi lled Molasse Basin (Pfi ffner 1986, Allan et al. 
1991, Sinclair 1997).

 The Molasse sedimentation took place in two 
shallowing-up megacycles in Oligocene and lower 
Miocene times (Trümpy 1980, Homewood et al. 1986, 
Berger et al. 2005). The detritus was eroded from the 
Alps rising in the south and deposited as proximal 
conglomeratic fans, intermediate sandstones and dis-
tal shales (Heim 1919). The main formations were 
named according to their sedimentological character-
istics – lower marine Molasse (UMM), lower fresh-
water Molasse (USM), upper marine Molasse (OMM) 
and upper freshwater Molasse (OSM) (Studer 1853, 
Trümpy 1980, fi gure 5.2).

5.1 INTRODUCTION

 The Molasse Basin and the arc-shaped Jura 
Mountains represent the northern Alpine foreland of 
Switzerland. Situated in the most external parts of the 
Alpine orogen they probably locate young tectonic ac-
tivity. Records of large prehistoric earthquakes (Sch-
nellmann et al. 2002, 2006, Strasser et al. 2006) and 
recent epicentre alignment point to the existence of 
active tectonic structures (Kastrup et al. 2007). Active 
folding in front of the Jura Mountains was reported 
recently (Madritsch et al. 2010b).

 The geodynamic situation of the Molasse Ba-
sin changes along-strike from a foreland basin posi-
tion s. s. in the east to a wedge-top position in the west. 
The western Molasse Basin is located behind the Jura 
Mountains that form the Neogene thin-skinned fore-
land fold-and-thrust belt of the central Alps. This belt 
spatially coincides with the occurrence of evaporites 
in the Triassic (Büchi et al. 1965, Boigk & Schöneich 
1974, Sommaruga 1997) along which the cover units 
detached. They were folded in the frontal part (Jura 
Mountains) and passively transported in the trailing 
part (Plateau Molasse; Buxtorf 1916, Laubscher 1961, 
Burkhard 1990, Burkhard & Sommaruga 1998). 

 Syn- to post-folding strike-slip fault zones 
(such as the Vallorbe-Pontailier fault) are prominent 
structures in the Jura Mountains, where they offset 
the folded Mesozoic strata and partially bend into 
frontal thrusts (Heim 1915, Laubscher 1972, Somma-
ruga 1997). Most of their geologic signatures vanish 
towards the southeast once they enter the sub-hori-
zontal strata of the Molasse. In western Switzerland 
a continuation of strike-slip faulting between the Jura 
Mountains and the Plateau Molasse has been locally 
recorded by fi eld and seismic surveys (Jordi 1951, 
1990). Shallow seismic surveys on Lac Neuchatel re-
veal that the La Lance strike-slip fault zone (Bertschy 
1958, Meia 1966) extends from the Jura Mountains 
into the Molasse and that it was active in Quaterna-
ry times (Gorin et al. 2003, Weidmann 2006). While 
large-scale reverse tectonics are absent in the Plateau 
Molasse, strike-slip faulting is likely to be present and 
still active.

 Models regarding the large-scale tectonics 
postulate tectonic lineaments to extend from the Alps 
northwards (Plancherel 1979) as well as westwards 
(Chenevart 1978), and from the Upper Rhine Graben 
southwards (Revertera 1927, Rybach et al. 1980, Kas-
trup et al 2007). If existent, these lineaments would 
continue into the Plateau Molasse where surface indi-
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Larger occurrences of such late-Paleozoic sediments 
are unknown in the western Molasse Basin (Boigk & 
Schöneich 1974).

 Ongoing northwestward migration of the Al-
pine orogen and its peripheral foreland basin during 
the Molasse sedimentation lead to progressive onlap-
ping of younger Molasse sediments on the Mesozoic 
of the European crust (Pfi ffner 1986, Homewood et al. 
1986). 

 Along-strike changes of the geodynamic set-
ting of the developing Molasse Basin are manifested 

 A stratigraphic gap separates the Oligocene 
Molasse sediments from the underlying Mesozoic 
units. The latter consists of partly evaporitic Trias-
sic and usually clayey lower Jurassic, followed by 
the dominating middle to upper Jurassic platform 
carbonates whose sedimentation continued to lower 
Cretaceous times in the southwestern parts (Trümpy 
1962, Büchi et al. 1965, Trümpy 1980, Bachmann et 
al. 1987). These non-metamorphic cover units mostly 
directly overlie basement, though in places they rest 
on post-Variscan graben structures fi lled with Permo-
Carboniferous clastic sediments (Diepold 1985, Mat-
ter 1987, Bachmann et al. 1987, Pfi ffner et al 1997). 

Faults:
Thrusts

Major thrusts

Tertiary rift basins

Molasse s.l. 

Subalpine Molasse and Folded Molasse

Tabular Jura

Internal Jura

External Jura

Variscan basement massifs and Tertiary volcanites (Hegau) 

External Crystalline Massifs

Subalpine Chains, Helvetic nappes and Prealpine Klippen

¹50 km

47
°0

0'
46

°0
0'

7°00' 8°00' 9°00'6°00'
47

°0
0'

46
°0

0'

Aar

R
hô

ne
Saône

Rhône

Zürich

Geneva

Besançon

Rh
in

e

Doubs

Oignon

Chambéry

Bern

Basel

Study area

region of cross-section

Detachment/
Thrust fault 

reverse
fault

NNW SSE
Jura Mountains Molasse Basin Alps

European basement including Permo-Carboniferouse sediments

AlpsMolasse
Basin

Ju
ra

300 km

Figure 5.1: Geologic-tectonic overview of the Swiss Molasse Basin and adjoining areas, and a schematic cross-section. Inlet in the upper left corner 
gives the location of the Molasse Basin north of the European Alps. The location of the study area is indicated in the map.



110  -  Chapter 5

Biel

Neuchâtel

Fribourg

Lausanne

Yverdon-les-Bains

Alpine nappes

Subalpine Molasse

Upper Freshwater
Molasse (OSM)

Upper Marine Molasse (OMM)

Lower Freshwater Molasse (USM)

Molasse in the Jura Mountains

Quaternary

Internal Jura Mountains

Upper Marine Molasse:
Belpberg beds (OMM)

Fault

Thrust

Anticline

Syncline

Trace of cross-sections
with number of figure

¹

20 km

540000 580000

540000 580000

22
00

00
18

00
00

22
00

00
18

00
00

Lake
 N

euc
hât

el

Lake Geneva

Broye

Sa
rin

e

Figure 5.15 

Figure 5.24 

Figure 5
.13 

Figure 5.16 

Fi
gu

re 
5.1

4 

Cou
rti

on
    

an
tic

lin
e Fr

ib
ou

rg
 sy

nc
lin

e

“Anticlinal principal”

La Lance fault zone

Vallorbe - Pontarlier fault zone

Vallorbe - Pontarlier fault zone

La Sarraz fault zone

 fault zone

Baulmes - Chamblon

R
an

ce
s -

 B
au

lm
es

 fa
ul

t z
on

e

Es
se

rti
ne

s f
au

lt 
zo

ne

La
 F

er
riè

re
 fa

ul
t z

on
e

“Sub Ju
ras

sis
che Z

one”

Chattian

Rupelian

Aquitanian

Burdigalian

Langhian

Serravallian

Tortonian

OSM (upper freshwater Molasse)

OMM (upper marine Molasse)

USM (lower freshwater Molasse)

UMM (lower marine Molasse)

up
 to

 0
.7

 k
m

up
 to

1.
3 

km
up

 to
 4

 k
m

up
 to

1.
5

km

28.5 Ma

23 Ma

16 Ma

13.7 Ma

11.6 Ma

20.5 Ma

Figure 5.2: Tectonic map of the western Swiss Molasse Basin and the central Jura Mountains and a schematic stratigraphic column for the Molasse 
Basin. Important faults and folds are given. The trace of cross-sections given in fi gures 5.13, 5.14, 5.15, 5.16, and 5.24 are indicated. Note that no 
structures are given for the Alpine nappes and the Subalpine Molasse. Names of fault zones and folds after Heim (1915), Jordi (1990) and Sommaruga 
(1997). Thicknesses given in the stratigraphic column after Matter et al. (1980).



Structural geology and tectonic evolution  -  111

tinuously with the narrowing of the southerly adjacent 
Molasse Basin until they fi nally merge with the Sub-
alpine Chains of the N-S-striking French Alps. None-
theless the total amount of shortening across Subal-
pine Molasse, Plateau Molasse and Jura Mountains 
remains constant from eastern to western Switzerland. 
It was estimated at 25-30 km at least (Burkhard 1990). 
This shortening of the Mesozoic and Cenozoic cover 
units is compensated by basement shortening in the 
external crystalline massifs (Boyer & Elliot 1982, 
Burkhard 1990, Laubscher 1992).

 While shortening in the Subalpine chains is 
a continuing process from Oligocene to recent times 
(Sue et al. 1999, Sue & Tricart 2002, Affolter & Gra-
tier 2004), a mid-late Miocene age is widely accepted 
for the decollement and formation of the Jura Moun-
tains (Naef et al.1985, Laubscher 1987, Burkhard 
1990, Burkhard & Sommaruga 1998). However, this 
time gap is not manifested by a tectonic boundary. In-
stead, the Subalpine Chains merge into the chains of 
the Jura Mountains, most likely indicating their for-
mation to be continuous in space and time.

 The northern and western foreland of the Jura 
Mountains-Subalpine Chains foreland fold-and-thrust 
belt is characterised by the European Cenozoic rift 
system (Illies 1977, Ziegler 1992, Dèzes et al. 2004). 
This continental network of graben and transfer zones 
developed in the Paleogene; its initiation was guided 
by the allocation of Permo-Carboniferous troughs 
(Ziegler 1992, Madritsch et al. 2009). Its different ele-
ments were partly reactivated according to the Mio-
cene to recent stress fi eld (Plenefi sch & Bonjer 1997, 
Schuhmacher 2002, Giamboni et al. 2004, Madritsch 
et al. 2008). This includes a thick-skinned reverse na-
ture of neotectonic activity where the northern front of 
the Jura Mountains interacts with the southern bound-
aries of the Upper Rhine Graben and the Rhine-Bresse 
transfer zone (Giamboni et al. 2004, Ustaszewski & 
Schmid 2007, Madritsch et al. 2008). 

5.3 SURFACE DATA

 Structural fi eld work was carried out at sur-
face outcrops of the Tertiary Molasse of western Swit-
zerland. The study area s.s. reaches from the Prealps 
in the south to Lake Neuchâtel at the foot of the Jura 
Mountains in the north and covers the Plateau Molas-
se between the rivers Aare in the east and Broye in the 
west. It reveals fl uvial, lacustrine and shallow marine 
clastic sediments belonging to the lower Freshwater 
(USM) and upper Marine Molasse (OMM) (fi gure 

by the existence of basin-parallel, syn-sedimentary 
growth faults in the eastern parts (Laubscher 1978, 
Bachmann et al. 1987, Bachmann & Müller 1992) as 
opposed to syn-sedimentary folding of the Subalpine 
chains in the southwestern part (Beck et al. 1998). 
Such along-strike changes in the foreland basin were 
observed in analogue models of orogenic wedges 
(Bonnet et al. 2008). Subdivison of the foreland basin 
by folds and thrust, as recorded in the westernmost 
Molasse Basin, correlate with high erosion and low 
sedimentation rates in these experiments.

 Sedimentation gave way to erosion when 
a large-scale decollement developed in the Triassic 
evaporites underlying the western Swiss Molasse 
Basin. It accounts for frontal shortening in the Jura 
Mountains and internal passive transport of the Plateau 
Molasse (Buxtorf 1916, Laubscher 1961, Burkhard 
1990, Burkhard & Sommaruga 1998). In the central 
part of the Jura Mountains across-strike shortening 
was estimated at 25-30 km (Laubscher 1965, Mugnier 
& Vialon 1986). The total amount of erosion and ex-
humation reaches up to 4 km in the western part of 
the Plateau Molasse, where the OSM has been nearly 
completely removed (Kaelin et al. 1992, Schegg et al. 
1997, Schegg & Leu 1998, Mazurek et al. 2006, Ced-
erboom et al. 2004). 

 In the south and southeast, the older Molasse 
sediments became successively incorporated in the 
alpine deformation, forming the Subalpine Molasse 
(fi gure 5.1); in eastern Switzerland it is represented 
by a broad fold-and thrust belt. The transition towards 
the unfolded Molasse is represented by a triangular 
zone formed by a back thrust associated with an un-
derlying blind thrust (Müller et al. 1988, Berge & Veal 
2005). In western Switzerland the Subalpine Molasse 
is composed of a narrow band of stacked imbricates. 
At the transition towards the Plateau Molasse such im-
bricates develop from the limbs of narrow folds (Beck 
1946, Rutsch 1947, chapter 4). Such transitions from 
folds to imbricates near the thrust front occur along-
strike from NE to SW. They are often associated with 
strike-slip fault zones in the adjacent Plateau Molasse 
(chapter 4).

 The transition of the Molasse Basin from the 
foreland basin to the wedge-top basin occurs without 
a sharp tectonic boundary. The undeformed Molasse 
units in eastern Switzerland gradually give way to the 
slightly folded but still overall sub-horizontal units of 
the Plateau Molasse in western Switzerland. The folds 
and thrust of the Jura Mountains taper off towards 
east. Towards the west and southwest they grow con-
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movement (Paterson 1958, Tjia 1964) are also com-
mon, especially in the damage zones of larger faults. 
In contrast, fi brous mineral precipitation (Durney & 
Ramsay 1973) (calcite in this case) is rare in the Pla-
teau Molasse, though common in the Subalpine Mo-
lasse. The sense of movement on the slickensides was 
not always unambiguously determinable. However, 
the comparison with those slickensides for which in-
dependent indicators of the sense of movement were 
present, such as offset pebbles or clay lenses, corrobo-
rates the general accuracy of our criteria used in the 
fi eld.

 The term “unspecifi ed fractures” summarises 
all joint-like planar structures that, in contrast to slick-
ensides, show no lineations. According to their orien-
tation pattern with respect to the σ1 inferred from the 
slickenside and DB data sets, these structures are of 
two different origins: The fi rst type represent altered 
slickenside surfaces oriented parallel to the slicken-
sides, while the second type are mode 1 cracks formed 
parallel to σ1.

 The DBs, slickensides and undefi ned frac-
tures usually occur in sub-parallel bundles, conjugate 
sets and Riedel-type networks, forming either faults or 
associated damage zones. The faults and shear zones 
themselves are scattered irregularly over the study 
area (fi gure 5.3). Due to poor outcrop conditions none 
of the faults could be mapped along-strike and charac-
terised with respect to fault length and total displace-
ment.

5.3.2 Implications of structure type for
 deformation conditions

 The structure types described above provide 
two criteria that qualitatively indicate a “very” brittle 
nature of deformation: The widespread occurrence of 
DBs and the absolutely frictional nature of slicken-
sides lacking crystal growth.
 According to descriptions in the literature the 
formation of DBs seems to be restricted to the upper-
most 3 km of the crust (Fossen et al. 2007). Such a 
depth restriction is plausible because the formation of 
DBs calls for a considerable porosity, which is howev-
er progressively lost during compaction and dissolu-
tion-cementation processes occurring with increasing 
burial depth (Bjørlykke et al. 1989, Ramm 1992, Wal-
derhaug 1996). Furthermore, high confi ning pressures 
at deeper levels of the crust rather promote cataclastic 
fl ow instead of localised deformation in porous sand-
stone (Mair et al. 2002).

5.2). These sediments are shale, sandy shale, clayey 
sands and sandstones alternating vertically and later-
ally. The beds are gently folded, forming fl at anticlines 
and synclines with dips rarely exceeding 5° - 10°. The 
axes of these folds run NE-SW, i.e. roughly parallel 
to the tectonic boundary with the Subalpine Molas-
se in the southeast. They bend into a N-S direction 
in the area between Fribourg and Bern (fi gures 5.2, 
5.3 and 5.6) which is termed the Fribourg structure 
(“Querzone von Freiburg” by Schuppli 1950). Several 
different types of structures, including slickensides, 
brittle deformation bands and joint-like fractures were 
mapped and a near surface fault network will be pre-
sented.

5.3.1 Deformation structures

 We mapped three different planar tectonic 
structures on the outcrop scale: brittle deformation 
bands (DBs), slickensides and undefi ned fractures.

 Brittle deformation bands are structures de-
veloped during fault initiation in porous sandstone 
(e.g. Aydin, 1978, Shipton & Cowie 2001, Fossen et 
al. 2007). They are common in the sandstones of the 
study area, which are poorly consolidated and dis-
play up to 15% porosity. The principal mechanism is 
collapse of the grain framework and hence porosity 
reduction. This type of collapse is typical of porous 
media in general, making them less resistant to fail-
ure than non-porous media (Mandl et al. 1977). While 
non-porous media fail under conditions given by the 
Mohr-Coulomb criterion, porous ones generally ex-
hibit a more ductile behaviour (Wong et al. 1997).
The microscopic investigation of the DBs from the 
study area showed that they feature important micro-
structures (chapter 2). Grain grinding along a DB re-
sults in a micro-fault gouge that, once a certain per-
centage of ground material is reached, develops an 
SC-type foliation. This SC-foliation provides a shear 
sense indicator. The foliation is composed of palygor-
skite, a clay mineral formed under non-metamorphic 
conditions in the course of deformation (chapters 2 
and 3).

 Slickensides are the most common shear 
structures mapped in the fi eld. The lineations they 
feature mostly consist of drawn-out gouge material 
(Engelder 1974, Means 1987), including palygorskite 
fi bres, indicating their development from DBs by on-
going shear. Mirror-like planes with carrot-shaped 
grooves (Hancock 1985, Hancock & Barka 1987, Tjia 
1964, Engelder 1974) and steps opposing the sense of 
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from other sources. The generally stronger deforma-
tion could explain both deeper burial and differently 
mineralized fl uids. In contrast, palygorskite formation 
in fault gouges of the Plateau Molasse is most likely 
a reaction of the ground host mineral grains with a 
fl uid resembling the recent Molasse formation waters 
(chapter 3).

 The deformation structures of the Plateau 
Molasse are therefore incipient structures, likely 
formed without connection to larger faults such as de-

 Precipitates of fi brous calcite on slickenside 
fault planes were found to be common in the Subal-
pine Molasse and rare in the Plateau Molasse imply-
ing a different mineralisation of the fl uid phase during 
deformation. In contrast to the Plateau Molasse with 
only very slight folding; the Subalpine Molasse of the 
study area is strongly deformed, displaying a narrow 
zone of imbricates. Within the Subalpine Molasse 
deformation could have taken place either at differ-
ent, i.e. higher temperatures, or in the frame of a fault 
network whose extent provides pathways to fl uids 
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right-lateral. Faults with no recorded sense of movement are also given. The rose diagram gives the strike for all dextral faults in blue and all sinistral 
faults in green. Location of faults given in fi gures 5.7 and 5.8 are indicated.
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derived from altered slickenside surfaces. The in-
clination of their planes is steep and the kinematics 
predominantly strike-slip (fi gure 5.4). The orientation 
distribution is similar and shows two maxima with a 
certain degree of scatter. These maxima strike WNW-
ESE to NW-SE and NNW-SSE to NNE-SSW, with the 
former corresponding to right-lateral shear and the lat-
ter to left-lateral shear. The according σ1 paleostress 
-axes are oriented NW-SE to NNW-SSE (fi gure 5.5). 
Each maximum’s scatter of up to 30° occurs for all 

collement thrusts. Their formation took place in very 
shallow levels of the upper crust. 

5.3.3 Orientation of planar structures,
 their kinematics and derived
 paleostress

 The meso-scale planar shear structures in-
clude DBs, slickensides and the undefi ned fractures 
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Figure 5.5: Stereo plot of P-, T- and B-axes of all measured slickensides. P-axes predominantly strike NW-SE and T-Axes strike NE-SW. B-Axes are 
subvertical, indicating strike-slip movement.
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shearing with the superordinate shear sense becoming 
increasingly dominant as strain accumulates.

 Overprinting criteria mapped in the fi eld, such 
as one planar structure cut by another planar structure, 
are not systematic; no relative timing between struc-
tures could be established. Two sets of fault planes 
crosscut each other in both directions even in the same 
outcrop, implying their alternating evolution in one 
stress regime. The tectonic evolution recorded by the 

structure types. It accounts for slight differences in 
the paleostress orientation throughout the study area 
(fi gure 5.3) as well as local orientation differences be-
tween synthetic shears of a Riedel system. Data sets 
from outcrops commonly reveal more than one set 
of fault planes per sense of movement, i.e. synthetic 
shears. In some cases complete Riedel-type patterns 
are mapped though usually synthetic pairs of R- and 
Y-shears clearly dominate (e.g. fi gures 5.7 and 5.8). 
This indicates that faulting initiates as Riedel-type 

!(

!(

!(

!(

!!

!!

550000

550000

.

.

600000.

17
00

00
.

17
00

00
.

Payerne

Fribourg

Moudon

Murten

Neuchâtel

Lake N
euchâte

l

Broye

Aare

Sense

Sa
rin

e

!!

!!

!!

!!

!!

!!

!!

DD

DD

DD

DD

DD

DD

DD

DD
DD

DD

DD

!!

!!

!!

!!

!!
!!

!!

DD

!!

!!

!!

!!
!!

!!

DD
DD

DD

DD

DD

DD

DD
DD

DD
DD

DD

!!
!!

!!

!!

!!

!!

!!

DD

DD

DD

DD

DD

!!

DD

!!
!!

!!

DD

DD

DD

DD
DD

DD

!!

!!

!!

!!

!!

!!

!!

!!
!!

!!
!!

!!

!!

!!

!!

!!

DD

!!

!!

!!

!!

!!

!!
!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

DD

DD

DD
DD

DD

DD

DD

DD

!!

!!

!!

!!

!!

!!

!!

DD DD DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

DD

!!

DD

DD

DD

DD

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

DD

DD

DD

DD

!!

!!

!!

!!

!!

!!

!!
!!

DD
DD

DD
DD

!!

DD

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

!!

¹
Visited outcrops (mapping lines)

Belpberg-beds (OMM)
Upper Marine Molasse (OMM)
Lower Freshwater Molasse (USM)
Subalpine Molasse

Ultrahelvetics
Prealpine Klippen

Molasse Basin

Alps

Jura

Quaternary deposits
Upper Freshwater Molasse (OSM)

Internal Jura

DD

!!

!!

!!

Fold axis (syncline)

Fold axis (anticline)

reverse fault in the
Mesozoic units
normal fault in the
Mesozoic units

Orientation of maximum hori-
zontal compressive paleostress
(σ1)

Extrapolated trajectories of σ15 km

Figure 5.6: Map of the study area showing paleostress directions and main geological units. The orientations of maximum horizontal compressive 
stress (σ1) refl ect paleostress calculated from slickenside data (red arrows). The paleostress fi eld derived from slickensides shows homogenous NNW-
SSE compression. In the Subalpine Molasse it is thrust-related, whereas it reveals a strike-slip regime in the Plateau Molasse. Faults in the Mesozoic 
strata after RESUN 2009, Sommaruga et al. (2011, in prep.), Sommaruga (2011, personal communication).



116  -  Chapter 5

of a Riedel shear model (e.g. R- or Y-shear) or as due 
to along-strike orientation changes. Along-strike ori-
entation changes may account for differences in ap-
pearance between discrete large faults and the arrays 
of smaller faults. The latter represent releasing bends 
of the larger faults (fi gures 5.8 and 5.11). Lateral and 
horizontal facies variations between sandstone and 
shale, especially within the USM, are likely to addi-
tionally complicate the 3-D extension of the fault net-
work. Similar small-scale structures have different ap-
pearances in sandstones and clayey sandstones (fi gure 
5.9) and no discrete structures at all were found in the 
shale. The thus implied mechanical difference between 
the lithologies would favour soft-linkage of individual 
deformation zones in the different sandy packages by 
way of the interbedded shale (fi gure 5.11).

 Based on the deformation characteristics on 

Oligocene-Miocene Molasse rocks has to be consid-
ered as single phased (fi gure 5.6) and is Neogene in 
age.

5.3.4 Implications for fault zone extent in  
 the Tertiary Molasse

 The shear zones appear in the outcrops as 
larger faults with damage zones and cataclastic fault 
cores (fi gure 5.7) as well as in arrays of smaller faults 
distributed over some hundreds of metres across-
strike (fi gure 5.8). Similar to the planar structures, the 
faults show a certain degree of scatter in orientation. 
Right-lateral faults strike WNW-ESE to NW-SE and 
left-lateral ones NNW-SSE to N-S. We interpret the 
variation in orientation of each maximum as either re-
sulting from the combination of different components 
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Figure 5.7: a) Sketch map of a larger discrete fault located at the Galtera river 5 km east of the City of Fribourg (location see fi gure 5.3). Strike is N-S 
and sense of movement left-lateral. This fault is one of the larger faults mapped in the study area, with a 1-1.5m wide core zone of randomly oriented 
fault gouge and several meter wide damage zones on either side. b) Stereo plot of slickensides measured in the damage zones. The plot includes fault 
planes and σ1 (red circle), σ2 (blue triangle) and σ3 (yellow square) as estimated by the right-dihedra method. c) Rose diagram of the Slickensides. 
The maxima distribution of strike corresponds well to the indicated shears of a Riedel system. The green area corresponds to left-lateral shear, and the 
blue area to right-lateral shear.
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Figure 5.8: Sketch map of a Roadside outcrop along the road from the dam of Lac de la Gruyère towards Pont-la-Ville (see fi gure 5.3 for location). 
In contrast to the case given in fi gure 5.7, several small- and medium-scale faults occur over a distance of about 200 m. Strike of the faults is NW-SE 
and kinematics are right-lateral with a NE-SW dilatational component. Stereo plots show slickensides with a) oblique and down-dip lineations and b) 
with strike-slip lineations. The maxima of P-, T-, and B-axes reveal NE-SW extension a) and NW-SE compression b). Down-dip lineations (mostly 
normal faults) predominate in the northern part and strike-slip lineations in the southern part. According to the scheme given in c) and in fi gure 5.11, 
the array could represent a releasing bend of a WNW-ESE oriented right-lateral fault.
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m

Figure 5.9: a) Photograph and b) sketch of a small 
fault with down-dip kinematics. The fault crosses 
boundaries between an impure but relatively hard 
sandstone (striped signature) and pure sandstone 
(white signature). In the impure sandstone, shear is 
concentrated in a fault gouge some tens of centime-
tres wide. In the pure sandstone, shear is distributed 
onto several slickensides scattered over some metres. 
Some of these slickensides show different orienta-
tions than the fault itself, as well as synthetic and 
antithetic shear senses. The fault is part of the array 
of faults given in fi gure 5.8.
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and if they can be connected along this orientation. In 
this way the following deformation zones are inter-
preted for the Fribourg area: The Ecublens-Lovatens 
structure, the Villaraboud-Seigneux structure, the Le 
Mausson structure, the Corserey-Chènenns structure, 
the La Glâne-Rossens-La Roche structure, and the 
southern part of the Fribourg structure (subchapter 
5.5.1 (fi gure 5.21).

5.3.6 Fault zones recorded in the Tertiary
 Molasse only

 Most of the above-mentioned interpreted 
deformation zones are expressed only in the Tertiary 
Molasse. The important of these will be described 
shortly in the following.

 The left-lateral Le Mausson structures com-
prise several NNW-SSE-striking larger fault zones 

outcrop scale we favour a model for regional-scale 
deformation in which mapped discrete faults are prob-
ably arranged in an en-echelon manner within the 
frame of larger superordinate shear zones. The latter 
are than oriented WNW-ESE in case of right-lateral 
movement and NNE-SSW in case of left-lateral move-
ment (fi gure 5.10). While the mapped discrete faults 
(fi gure 5.3) are likely not more than a few kilometres 
in length, the superordinate shear zones may reach 10 
to 15 km.

5.3.5 Interpretation of superordinate   
 shear zones

 The location of superordinate shear zones can 
be hypothesised based on the distribution of fault out-
crops. Areas may be attributed to the same zone of de-
formation if the deformation structures that crop out in 
the areas are of comparable kinematics and orientation 

σ1
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90

180
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Figure 5.10: a) Rose diagram giving the orientation of all faults mapped in the study area (and given in fi gure 5.3). Right-lateral faulting is indicated 
in blue (21 faults), while left-lateral faulting is indicated in green (38 faults). b) and c) are general 2-D models of fault arrays and superordinate shear 
zones interpreted with the mapped faults. b) shows shearing distributed on synthetic (R-) and antithetic (R’-) shears of a Riedel system, c) shows 
shearing distributed on en-echelon arranged synthetic (R-) shears. The orientation of superordinate shearing is indicated by dashed lines in the rose 
diagram. σ1 of the system is oriented NNW-SSE.
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 The La Glâne-Rossens-La Roche structure is 
defi ned by several NW-SE-striking right-lateral fault 
zones and strong deformation of the Tertiary Molasse 
in surface outcrops, including the external Subalpine 
Molasse. The only structures in the units that spatially 
coincide are horsts and grabens with NNW-SSE strike 
and no obvious kinematic connection to the surface 
structures.

5.3.6.1 The Subalpine Molasse thrust front

 The thrust front of the Subalpine Molasse 
represents the former front of the Alpine nappe pile. 
It strikes NE-SW in the study area and interacts with 
strike-slip fault zones of the Plateau Molasse (e.g. the 
Ecublens-Lovatens structure), indicating contempo-
raneous activity. The Subalpine thrust front does not 
correspond to any structure in the Mesozoic units. In-
stead it represents a second, shallower and more inter-
nal detachment at the base of the Tertiary as opposed 
to the one in the Triassic evaporites at the base of the 
Mesozoic units. Further east in Switzerland and adja-
cent Bavaria, this thrust front is expressed as a trian-
gular structure with a basal blind thrust (Vollmayr & 
Wendt 1987, Müller et al. 1988, Pfi ffner et al. 1997, 
Berge & Veal 2005). Such types of features have also 

mapped in the surface outcrops of the Molasse. They 
probably coincide with a small bend of the thrust front 
of the Subalpine Molasse that was locally reactivated 
by movement along the le Mausson structures, cutting 
of the trace of the “anticlinal principal” (Mornod 1949, 
Gabus et al. 2000) The only structure in the Mesozoic 
units in this area is a small SW-NE-striking and south-
west-facing normal fault with no obvious connection 
to the kinematics of the surface structures.

 The left-lateral Villaraboud-Seigneux struc-
ture is defi ned by two outcrops of NNW-SSE-striking 
larger fault zones in the Tertiary Molasse. No indica-
tions of tectonic structures in the Mesozoic units are 
recorded.

 The left-lateral NNE-SSW-striking Ecublens-
Lovatens structure is defi ned by outcrops of larger 
fault zones and strong deformation of the Tertiary Mo-
lasse. Its southern part interacts with the thrust front 
of the Subalpine Molasse in the region of Oron, where 
the left-lateral shear does not offset the thrust front. 
Instead a new thrust develops in the foreland at the 
southwestern side of the zone which - conformable to 
left-lateral movement - suffered more compression. 
In its northern parts this structure interacts with the 
Broye structure. It is not recorded in the Mesozoic 
unit.

σ1

σ1

¹
fine sand

coarse sand
shale

100 m

Figure 5.11: Block diagram illustrating how faults of different orientation and kinematics could be soft-linked. All given faults act in response to the 
same direction of maximum horizontal compression, but show different expressions according to lithology and depth (i.e. confi ning pressure). Shear 
localised on a discrete fault in fi ne sand may be distributed on an array of smaller faults with different orientation in coarse sand, and become diffuse 
in shale. Changes in fault orientation may cause local dilatation (releasing bends) or compression (restraining bends). The illustrated phenomena are 
likely independent of scale, ranging from metre- to kilometre-scale.
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brittle tectonics yield fault sets including lineaments 
striking more or less N-S and WNW-ESE as well as 
one WSW-ENE-striking Permo-Carboniferous trough 
in the northern Jura Mountains (Thury et al. 1994). 
Structures with these orientations are prone to reacti-
vation during Cenozoic tectonics (Illies 1977, Ziegler 
1992).
In the study area, the seismic data reveals no signifi -
cant structures in the top of the basement, nor are there 
indications of major Permo-Carboniferous troughs. 
Only a few small, by trend N-S and NE-SW-striking 
normal faults with minor offset can be interpreted. 

5.4.2 Structures in the Mesozoic units

 The alternating carbonates, marls and shales 
of the Mesozoic strata comprise several well-defi ned 
seismic refl ectors: near top of the Muschelkalk, near 
top of the Triassic, near top of the Liassic, near top of 
the Dogger, near top of the lower Malm and near top 
of the Mesozoic (fi gure 5.12). The Mesozoic sequence 
is composed of alternating weaker and stronger ho-
rizons with the weak horizons located in the lower 
Malm (Argovien), probably within the lower Dogger 
(Opalinuston), and mainly in the Triassic evaporites. 
Tectonic structuring as deduced from seismic inter-
pretation (RESUN 2009, Sommaruga et al. in prep.) is 
more complex in the Mesozoic units than in the base-
ment. These structures include normal, reverse and 
strike-slip faults striking N-S, WNW-ESE and NE-
SW.

5.5 INTERPRETATION OF DEFORMATION

 ZONES IN THE MESOZOIC AND TERTIARY  
 COVER

 The spatial correlation of the structures in the 
Mesozoic units with active tectonics and deformation 
zones mapped in the outcrops of the Tertiary Molasse 
helps to interpret their tectonic evolution and kinemat-
ics. The mapped deformation zones are characterised 
by strike-slip faulting according to NW-SE compres-
sion. In contrast, the structures in the Mesozoic units 
show normal and reverse offsets along listric faults 
rooted in the Triassic. However, as the strata are gener-
ally tilted towards SE, the vertical offsets seen in 2-D 
sections may also be interpreted in terms of horizontal 
movement. In the following subchapter the geometry 
of fault zones in the Mesozoic units as expressed by 
seismic surveys will be presented. Their connections 
with surface deformation structures will be discussed 
and their tectonic evolution interpreted.

been documented in analogue modelling of the Alpine 
foreland basin evolution (Bonnet 2007). A similar 
basal blind thrust extending into the Plateau Molasse 
is therefore likely. Its existence could also account for 
the presence of deformation zones in the Tertiary Mo-
lasse only. 

5.4 DEEP STRUCTURE

 This subchapter addresses the geometry of 
tectonic structures at subsurface. During the second 
half of the 20th century, a dense network of seismic 
lines was recorded by different oil companies across 
the western Swiss Molasse Basin. With the availabil-
ity of new studies and interpretation of the petroleum 
exploration seismics, it is now possible to do continu-
ous interpretation of these seismic lines. This effort 
was made by the RESUN, NAGRA and the Swiss 
Geophysical Society, though most of their work is still 
in progress and not yet published. Our interpretations 
presented here are the result of close collaboration 
with these Institutions (RESUN 2009, Eichenberger 
et al in prep., Sommaruga personal communication).

 The fault structures in the pre-Mesozoic base-
ment and the Mesozoic cover units will be discussed 
separately. In general both, the top of basement and 
the Mesozoic strata dip towards southeast. The struc-
tures in the Tertiary Molasse are not well imaged by 
the seismic surveys. Good refl ector horizons are miss-
ing due to lack of lithostratigraphic contrasts. The 
structures in the Tertiary series are therefore defi ned 
as those mapped in the surface outcrops as described 
subchapter 5.3.6.

5.4.1 Structures in the basement

 The top of the basement is a poorly defi ned 
refl ector in the seismic lines crossing the study area. 
The basement corresponds to the units outcropping in 
the external crystalline massifs of the Alps in the south 
as well as in the Black Forest and Vosges Mountains 
in the north. All these outcropping basement units 
show very similar pre-Mesozoic evolutions, belong-
ing to the same Variscan mega-unit (von Raumer et al. 
1993). The best surface analogy is given by the Black 
Forest (and Vosges Mountains) which have undergone 
no Alpine orogenic deformation. Its pre-Alpine struc-
tural inventory comprises intense ductile deformation 
prior to and during the Variscan orogeny as well as 
late-orogenic plutonism (e.g. Behr et al. 1983, Krohe 
& Eisbacher 1988). Several phases of late-Paleozoic 
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wall of a west-facing one, representing a half-graben 
structure. The faults are steep but not vertically ori-
ented. The two main (i.e.west-facing) faults root in lis-
tric bends within the Triassic. The Triassic horizon ap-
pears to be over-thickened underneath the structure.

 In the Tertiary Molasse, the Fribourg zone is 
mainly defi ned by N-S-striking, left-lateral faults, ac-
companied by the occurrence of a few conjugate NW-
SE-striking right-lateral faults (fi gure 5.17). The thrust 
front of the Subalpine Molasse south of the Fribourg 
zone is offset by left-lateral strike-slip, as shown by 
surface mapping (Weidmann 2002). These surface de-
formations are mapped east and southeast of the city 
of Fribourg, while outcrops of Tertiary units are gen-
erally rare further north. The Fribourg zone is also de-
fi ned by recent earthquake activity. The related focal 
depths are located in the upper Mesozoic (Malm) and 
the focal mechanisms show left-lateral shear on N-S-
striking fault planes (Deichmann et al. 2000, 2010, 
Kastrup et al. 2007). 

 The faults in the Mesozoic units are oriented 

5.5.1 The Fribourg zone – a complex
 polyphase structure

 The term “Fribourg zone” used here signifi es 
the roughly N-S-trending structures in the Mesozoic 
units as deduced from seismic interpretations as well 
as from tectonic structures mapped at the surface. The 
Fribourg zone generally marks the eastern border of 
the Fribourg structure as defi ned by Schuppli (1950). 
The term “Fribourg lineament” has been used to de-
scribe the alignment of earthquakes in an N-S-trend-
ing line situated east of the city of Fribourg. The Fri-
bourg lineament probably coincides with the Fribourg 
zonee.

 These structures are N-S-striking faults form-
ing a zone of more than 20 km length. The locations 
of fault traces are uncertain in an 8 km wide gap in 
the central part due to lack of seismic lines. In most 
sections two or three larger faults can be interpreted. 
Figure 5.13 shows one such section displaying two 
west-facing and one east-facing normal fault. The 
east-facing normal fault is developed in the hanging-
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than NW-SE compression. If we consider E-W exten-
sion and subsequent NW-SE compression, the former 
N-S-striking normal faults would be reactivated in a 
left-lateral manner. Given the south-easterly tilt this 
would increase the vertical offset in cross-section 
along east-facing normal faults while decreasing it 
along west-facing normal faults. A close look at the 

N-S as well. Of the three normal faults shown in fi g-
ure 5.13, only two show a relative down-throw of the 
western side while the third shows down-throw to the 
east. This excludes left-lateral strike-slip movement 
alone, which would result in a synchronous east-side 
down pattern. Formation of these normal faults is 
therefore most likely caused by E-W extension rather 
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5.5.3 The Courtion structure – an
 inversion and anticlinal structure

 The structure as a whole strikes SW-NE and 
can be traced for about 15 km. It is well-defi ned on 
four seismic lines. Interpretation of one of the lines 
is given in fi gure 5.15, showing two northwest-facing 
and one southeast-facing reverse fault crosscutting the 
Mesozoic units. These faults are steep but not vertical-
ly inclined and root in listric bends within the Triassic. 
Again the Triassic horizon appears to be over-thick-
ened. Figure 5.24 is drawn in its central parts based on 
a line crossing the structure further northeast, where it 
appears as a smooth anticline with most of the uplift 
localised along opposing normal faults. Some of the 
faults crosscut only the strong horizons and bend into 
the weak horizons of the lower Malm, Liassic and up-
per Triassic. 

 Orientation and kinematics of the reverse 
structures in the Mesozoic units are in accordance 
with NW-SE compression. This compression is ac-
tive in the Neogene, deforming the Molasse units by 
strike-slip faulting and low-amplitude folding. The 
Courtion anticline represents such a fold, and is the 
only mapped surface expression of the Courtion struc-
tures in the Mesozoic units. The fact that most of the 
anticlinal uplift in the Mesozoic level is localised on 
reverse faults may indicate reactivation tectonics. The 
low amount of shortening taken up by the low-ampli-
tude folds in the Molasse is likely to be accompanied 
by folding in the Mesozoic units as well. Instead this 
shortening may be taken up by reverse faulting if pre-
existing normal faults with suitable reactivation orien-
tations exist. We propose that in case of the Courtion 
structure NE-SW-striking normal faults were present 
in the Mesozoic units prior to NW-SE shortening, and 
that these normal faults were indeed reactivated.

5.5.4 The Broye structure – a reactivated
 graben structure

 The Broye structure features a NNE-SSW 
trending fault zone in the Mesozoic units that is well-
constrained by three seismic lines. Figure 5.16 gives 
interpretations of two lines, both revealing relatively 
steep faults of listric shape with the hanging walls lo-
cated on the eastern side. The faults root in the Trias-
sic. The important difference is that offset is reverse in 
the southern section and normal in the northern one. 

half-graben structure reveals that in the current situa-
tion, the secondary, east-facing normal fault displays 
larger offset than the west-facing main fault. This 
strongly indicates a left-lateral reactivation as depict-
ed above. 

 The structures of the Fribourg zone located in 
the Mesozoic units were most likely initiated in pre-
Molasse times as N-S-striking normal faults. These 
structures were reactivated by later NW-SE compres-
sion while at the same time the overlying Molasse was 
subject to incipient strike-slip faulting, thus account-
ing for the seemingly different kinematics. The former 
normal faults of the Mesozoic units root in the Triassic 
evaporites.

5.5.2 The La Lance fault – a right-lateral
 strike-slip fault system

 The La Lance fault zone (fi gure 5.14) is a 
prominent WNW-ESE-striking right-lateral fault, 
mapped at the surface in the Jura Mountains (Bertschy 
1958, Meia 1966). High resolution seismic survey of 
the young sediments of Lake Neuchâtel (Gorin et al. 
2003) revealed it to continue into the Plateau Molas-
se.

 In the part running through the Plateau Mo-
lasse the La Lance fault is clearly expressed in the 
Mesozoic units. It is cut by three seismic lines, one 
running perpendicular and the others roughly parallel, 
indicating two or three faults such as presented in fi g-
ure 5.14. These faults are relatively steep with listric 
bends towards NE and a reverse offset in cross-sec-
tion. The structure roots in the Triassic.

 The rare surface outcrops of Tertiary Molasse 
show strong deformation in a NW-SE compressional 
and NE-SW extensional setting. A remote surface ex-
pression in the Plateau Molasse is given by the contrast 
of uplands located south of the fault trace to lowlands 
north of it. The comparatively higher positions of the 
refl ector levels on the northeastern side of the faults 
in fi gure 5.14 are consistent with right-lateral offset 
of the tilted strata. According to their concave shape, 
the individual faults are likely to represent synthetic 
Riedel shears of a transtensional fault zone (Naylor et 
al. 1986). 

 The La Lance fault zone is a right-lateral fault 
system corresponding to NW-SE compression. It roots 
in the Triassic and reaches up to the surface. 
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in more NW-SE compression to the latter’s north than 
to its south, may additionally have restricted inversion 
of the Broye structure. This has probably resulted in 
continued extension in its northernmost parts even in 
the Neogene stress fi eld.

 A number of faults can be mapped in the Ter-
tiary units about 1 km to the east of the eastern edge 
of the Broye valley. These faults strike ENE-WSW, 
i.e. parallel to the valley, as well as N-S and show left-
lateral movement. They correspond to the Ecublens-
Lovatens and Villaraboud-Seigneux fault zones (see 
subchapter 5.3.6) mapped in the Tertiary Molasse. 
Both fault zones are restricted to the Tertiary units 
where they interact with the Broye structure, oriented 
either parallel (Ecublens-Lovatens) or synthetic (Vil-
laraboud-Seigneux) to it. This interaction most likely 
lead to segmented oblique uplift of the Tertiary lev-

 The structures in the Mesozoic units likely 
extend through the Tertiary Molasse to the surface, 
accounting for the distinctive wide and straight sur-
face morphology of the Broye Valley. This surface 
morphology in turn implies that the structure extends 
northwards into the area south of Payerne. In this case 
its northern end would form a triple junction with the 
southern end of the Courtion structure and the east-
ern end of the La Lance fault zone (fi gure 5.18). The 
structures in the southern parts can be characterised 
as partly inverted half-grabens rooted in the Triassic. 
In this way the structure is quite similar to the Cour-
tion anticline with the difference that its orientation 
is slightly less favourable for pure inversion in the 
Neogene stress fi eld. The structure was therefore re-
activated in an oblique left-lateral manner, preserving 
more of the original normal fault geometries. The in-
terplay with the right-lateral La Lance fault, resulting 
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and arranged in en-echelon manner, forming super-
ordinate shear zones. These are oriented WNW-ESE 
and NNE-SSW with right-lateral and left-lateral shear 
sense, respectively. In addition, very low amplitude 
folds of NE-SW strike account for a small amount of 
bulk shortening. 

 The structures of the deeper levels are revealed 
by seismic surveys. The structures in the basement are 
poorly constrained. A strong post-variscan structuring 
by tectonic lineaments such as known from outcrop-
ing basment units in adacent regions, i.e. the Black 
Forest massif is very likely. A few widely distributed 
normal faults of N-S and NE-SW strike are interpreted 

els at the eastern border of the Broye valley (fi gure 
5.18).

5.6 KINEMATIC MODEL

 The structures mapped in the Plateau Mo-
lasse reveal very brittle deformation conditions. De-
formation is nearly exclusively of strike-slip nature, 
expressed in NW-SE-striking right-lateral-fault planes 
as well as N-S-striking left-lateral fault planes. These 
fault planes commonly form conjugate and Riedel-
type geometries. Mapped discrete faults are of me-
dium-scale (not more than a few kilometres in length) 
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Figure 5.18: Sketch map of the structures in the southern parts of the study area. The structures in the Tertiary Molasse (red) act largely independently 
above a proposed minor detachment at the base of Tertiary. The area of infl uence of this minor detachment is given in light yellow. It partly inter-
acts with the Broye structure, reactivating its Tertiary portion by left-lateral transpression. The Broye structure is also well defi ned in the Mesozoic 
units (blue) and translates along strike from a half-graben in the north to a reverse fault in the south. The triple-junction of Broye structure, Courtion 
structure and La Lance fault zone is located south of Payerne. The left-lateral movement of the La Lance fault result in a dilatational corner, leading 
to extension of the northern part of the Broye structure even in the Neogene stress fi eld. The latter is indicated by trajectories of s1, derived from 
paleostress analysis of slickensides and brittle deformation bands in the Oligocene-Miocene Molasse.
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becomes more obvious by the fact that the basement 
normal faults seem to have been subjected to no sub-
stantial inversion. The Neogene to recent deformation 
is expressed only in the cover units (fi gure 5.19).

 A kinematic soft-link between the Mesozoic 
strata and the Tertiary Molasse during Neogene tec-
tonics is obvious since different types of structures 
developed in response to the same NW-SE shorten-
ing. Surface mapping in the Tertiary Molasse revealed 
only (see subchapter 5.3) N-S-striking left-lateral 
strike-slip faults and WNW-ESE-striking right-lateral 
strike-slip-faults. No reverse faulting along NE-SW-
striking fault planes was recorded. The only structures 
of reverse character are NE-SW-striking low ampli-
tude folds. This differences are possibly due to the fact 
that the Tertiary Molasse lacks pre-existing structures 
and hence reactivation tectonics. 

 The only location of substantial reverse tec-
tonics in the Tertiary Molasse is the border to the 
Subalpine Molasse, though it corresponds to initial 
thrusting rather than to inversion. It furthermore com-
pletely decouples the Tertiary units from the Mesozoic 
substratum. In addition the structures east and south 
of the Courtion and Broye structures are developed in 
the Tertiary units only (fi gures 5.18 and 5.20), which 
points to a decoupling of Mesozoic and Tertiary units 
in the most proximal parts of the Plateau Molasse. 
Such decoupling is presumably linked to most exter-
nal deformation of the Subalpine Molasse basal thrust. 

by RESUN (2009). The Mesozoic units show N-S and 
NW-SE-striking normal- and reverse faults as well as 
NE-SW-striking reverse faults. Part of the former can 
also be interpreted as strike-slip faults offsetting the 
southeast wards tilted strata. The NE-SW-striking re-
verse faults are interpreted as inverted normal faults, 
while the N-S-striking strike-slip faults represent re-
activated normal faults similar in orientation to the 
normal faults existing in the basement. The kinematic 
interrelations of the deformation zone network will be 
discussed in the following.

5.6.1 Kinematic decoupling

 When considering a thin-skinned origin of 
the Jura Mountains foreland fold-and thrust belt with 
a decollement in Triassic evaporites (Buxtorf 1916, 
Laubscher 1962, Burkhard 1990, Burkhard & Som-
maruga 1998), the structures of basement and cover 
are assumed to be decoupled (fi gure 5.19). This is in-
dicated by a rather complex pattern of structures in 
the Mesozoic units as opposed to few widely scat-
tered normal faults in the basement. The Mesozoic 
units show N-S and NE-SW-striking normal faults 
but also N-S and NE SW-striking reverse faults and 
N-S and WNW-ESE-striking strike-slip faults (fi gure 
5.23). A closer look reveals that N-S-striking normal 
and reverse faults are reactivated as oblique left-lat-
eral faults while the NE-SW-striking reverse faults are 
most likely inverted normal faults. The decoupling 

MesozoicTertiary middle Triassic Basement

?
? ?

? ? ?

NNW SSE

reactivation of structures

formation of new structures

probably scattered normal faults

Tertiary

strike-slip faulting
and minor folding

Mesozoic

reactivation: reverse
and strike-slip faulting
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?
? ?

external Plateau Molasse internal Plateau Molasse

decoupling

decouplingsoft-link

b)

a)

Figure 5.19: a) Simplifi ed cross-section showing the main structures 
including the detachments at the base of the Mesozoic (within the middle 
Triassic) and at the base of the Tertiary in the internal parts of the Plateau 
Molasse (and also in the Subalpine Molasse). The structures in the base-
ment are poorly constrained and only schematic. The location of the 
cross-section is indicated in fi gure 5.2 and is the same as in fi gure 5.24. 
b) Diagram illustrating the different structural styles of the three main 
lithostratigraphic units.  It shows the principle structural styles of the three 
depth levels as well as the nature of linkage between the levels.
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5.6.2 Kinematic interactions of the cover
 structures

 The kinematic interaction of the cover struc-
tures are presented in fi gure 5.20. The left-lateral and 
right-lateral fault zones described above correspond to 
NW-SE shortening with strike-slip deformation. Re-

This Subalpine Molasse basal thrust has a blind ter-
mination about 10-15 kilometres north of the Subal-
pine Molasse surface thrusts. This is similar to triangle 
structures observed further east (Vollmayr & Wendt 
1987, Müller et al. 1988, Pfi ffner et al. 1997, Berge & 
Veal 2005).
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into the Molasse. It forms a conjugate fault system 
with NE-SW oriented faults. Examples of the thus 
formed triangular structures are well known from the 
region of Yverdon-les Bains located in the transition 
between Plateau Molasse and Jura Mountains (Jordi 
1951, 1990). Some of these structures translate into 
reverse faults by bending into a NE-SW orientation 
(e.g. Essertine-Bruchzone into the Pomy-Cuarny-
Aufschiebung, Jordi 1990, Sommaruga 1997, Muralt 
et al. 1997).

 The La Lance fault and the Fribourg zone 
in the study area are comparable in size and orienta-
tion to these conjugate networks. Other fault zones, 
especially the ones mapped only in the surface out-
crops of the Tertiary Molasse, are also conjugated 
but smaller in size. Little is known about structures 
in the Plateau Molasse to the northeast of the study 
area. In the transition region between Plateau Molasse 
and Jura Mountains as well as in the Jura Mountains, 
strike-slip faulting is less prominent, associated with 
folding rather than indicating a different tectonic do-
main. With strike-slip deformation becoming more 
important towards southwest, the study area takes up 
an intermediate position (fi gure 5.21).

5.7 DISTRIBUTION OF ACTIVE SEISMIC

 FAULTING IN THE STUDY AREA

 The regional distribution of historical and 
instrumentally recorded earthquakes is given by the 
Seismic Survey of Switzerland (SED) and plotted in 
fi gure 5.22. The spatial arrangement of focal mecha-
nisms may provide important clues to the location of 
active faulting. The “Fribourg lineament” is clearly 
visible as a N-S alignment of foci, but further clusters 
and lineaments can also be defi ned. A rather diffuse 
zone is traverses southern part of Lacke Neuchâtel 
along the La Lance fault zones and continues into 
the Molasse Basin. A cluster in the northern Lake 
Neuchâtel is slightly elongated in a N-S direction and 
probably connects northwards with the focal mecha-
nisms that are aligned with N-S-striking fault zones in 
the Vue des Alpes area. Active faulting is furthermore 
indicated by earthquakes for the fault zones in the re-
gion south of Yverdon-les-Bains and for the southern 
parts of the Pontarlier fault zone, as well as along the 
Courtion structure and the Ecublens-Lovatens struc-
ture. In the central study area between the Sarine and 
Broye rivers, epicentres are scattered. Such a scattered 
occurrence may correspond to a smaller-scaled conju-
gate network of fault zones.

verse faulting took place only where it was facilitated 
by pre-existing weak zones; this is the case at depth in 
the pre-structured Mesozoic.

 The Courtion structure and the Broye struc-
ture form a continuous zone of horizontal shortening, 
interrupted only by the eastern end of the La Lance 
fault zone. The left-lateral shear along the La Lance 
fault zone leads to more shortening of the Courtion 
structure than of the Broye structure. The northern 
parts of the latter are even extensional as the southern 
block of the La Lance fault moved westwards, forming 
a dilatational corner. Young shortening in the Tertiary 
level along the thrust front of the Subalpine Molasse is 
transferred to the Tertiary portions of the Broye struc-
ture by left-lateral shear along the Ecublens-Lovatens 
structure. Thus this structure functions at least partial-
ly as a lateral ramp to the minor detachment along the 
base of the Tertiary units. Similar geometric-kinemat-
ic constellations can be assumed for the Villaraboud-
Seigneux structure.

 The major strike-slip zones such as the Fri-
bourg zone and the La Lance fault zone are expressed 
in both Tertiary and Mesozoic units and represent the 
general strike-slip nature of deformation. In contrast 
the zones of Ecublens-Lovatens, Villaraboud-Sei-
gneux, Le Mausson, and La-Glâne-Rossens-La Roche 
are expressed only in the Tertiary units, indicating a 
partial decoupling of Mesozoic and Tertiary units 
along the northernmost reaches of the Subalpine Mo-
lasse basal thrust (fi gures 5.18 and 5.24). North of 
the blind end of the Subalpine Molasse basal thrust, 
structures in the Mesozoic and Tertiary strata are more 
closely linked. However, the reactivation of pre-exist-
ing structures in the former and the initiation of new 
structures in the latter require a certain degree of de-
coupling.

5.6.2.1 Kinematics in adjacent areas

 To the north of the study area, the Molasse 
units are more intensely folded in the transition re-
gion to the Jura Mountains (“Sub-Jurassische zone”). 
Recent studies (RESUN 2009) revealed that the N-S 
oriented strike-slip fault zones present in the eastern 
parts of the study area are in fact lateral ramps that 
bend into reverse faults underlying these folds.

 West of the study area, the Vallorbe-Pontarli-
er zone represents a prominent N-S-striking left-lat-
eral fault crossing through the Jura Mountains (Heim 
1915, Aubert 1959, Homberg 1997) and continuing 
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5.7.1 Implications of fault network
 characteristics for possible
 earthquake magnitude

 The detailed structural investigation of the 
western Swiss Plateau Molasse revealed that Neogene 
compression tectonics are restricted to the cover units 
where they are expressed in a network of reverse and 
strike-slip shear zones. The surface mappings showed 
these shear zones to be composed of medium-scale 

 Due to the fact that most earthquakes are 
low in magnitude, their focal depths are not well-con-
strained, making it diffi cult to link seismicity to spe-
cifi c faults. However, some focal mechanisms could 
be defi ned (Deichmann et al. 2004, 2010, Bear et al. 
2007, Kastrup et al. 2007) for earthquakes originating 
within the Fribourg lineament as well as within the 
Neuchâtel cluster. The focal depths are shallow and 
the mechanism is strike-slip related to NW-SE com-
pression and NE-SW extension.
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Figure 5.21: Map of the western Swiss Molasse basin and the central Jura Mountains with major structures. Larger strike-slip fault zones are domi-
nant towards southwest, while lateral ramp structures are typical near the southern edge of the Jura Mountains in the northeast. The study area shows 
fewer larger and minor strike-slip fault zones as well as a zone of reverse faulting located in the Plateau Molasse. Minor lateral ramp structures are 
developed at the transition between strike-slip and reverse zones. Names of fault zones after Heim (1915), Jordi (1990), Sommaruga (1997) and this 
chapter.
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Figure 5.22: Tectonic map of the western Swiss Molasse Basin and the central Jura Mountains with epicentres of instrumentally and historically 
recorded earthquakes (SED 2010). A certain alignment of earthquake activity with the structures discussed in this chapter is obvious. The N-S strik-
ing Fribourg structure (a), the La Lance fault zone (b), but also the Courtion structure (c) and the Broye structure (d) host earthquakes. The scattered 
epicentres between the Rivers Sarine and Broye may be related to the smaller scale fault zones in that area.
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the Mesozoic units, we favour an Eocene-Oligocene 
age for the formation of the N-S and NE-SW oriented 
normal faults.

 The NW-SE compression is expressed as 
strike-slip faults in the surface outcrops of the Oligo-
cene-Miocene Molasse and by inversion and reacti-
vation of the extensional structures in the Mesozoic 
units. This reactivation does not seem to invert exist-
ing basement structures in the study area, although this 
possibility has been discussed (Pfi ffner et al. 1997, 
Mosar 1999). The NW-SE compression is detached 
along Triassic evaporites and is therefore thin-skinned 
in character (fi gure 5.24).

 The seismicity of the area reveals a neotec-
tonic stress fi eld of NW-SE compression expressed 
by strike-slip faulting in accordance with the struc-
tures and paleo-stress orientation derived from fi eld 
mapping. Furthermore the distribution of epicentres 
mostly corresponds to mapped and interpreted larger 
structures, revealing deformation under NW-SE com-
pression to still be active.

 The deposition of the Molasse sequences took 
place in Oligocene and Miocene times (Trümpy 1980, 
Berger et al. 2005) and was accompanied by basin-
parallel normal faulting to the east (Laubscher 1978, 
Bachmann et al. 1987, Bachmann & Müller 1992) and 
by folding to the southwest (Beck et al. 1998) of the 
study area. Detailed studies of the sedimentary geome-
tries of basin-parallel structures (i.e. oriented NE-SW) 
within the study area, such as the Courtion structure, 
should provide the information to be able to assign 
the area to either the normal faulting regime or the 
folding regime of that time. However, at the moment 
resolution of the seismic data is too poor to unambigu-
ously determine onlap structures and to relate them 
to growing folds rather than to the expected onlaps 
onto the tilted basin fl oor. Therefore the exact timing 
of onset of NW-SE compression remains unclear in 
the study area, though the existence of inverted faults 
rather than folds in the Mesozoic strata makes preced-
ing normal faulting implicit. 

 The thin-skinned Neogene deformation cor-
responds to the formation of the Jura Mountains-
Molasse Basin foreland fold-and-thrust belt above a 
decollement located in Triassic evaporites (Buxtorf 
1916, Laubscher 1961, Burkhard 1990, Burkhard 

discrete faults arranged en-echelon as synthetic and 
antithetic Riedel shears. The instrumentally and his-
torically recorded epicentres of the area are partly 
aligned with these shear zones. Their relative low 
magnitudes and short recurrence times fi t well with 
an activity distributed on rather small faults among 
which the overall shear is partitioned. Riedel shear 
zones develop by successive connection of the indi-
vidual shears towards anastomosing fault zones with 
continuous bended faults (Naylor et al. 1986). In ad-
dition earthquake magnitude scales positively with 
rupture surface (Wells & Coppersmith 1994). There-
fore it cannot be excluded that fault connection dur-
ing seismic rupture will successively increase the po-
tential magnitude by the increase of rupture surface. 
However, most of the structures are covered and it is 
diffi cult to determine the current evolutionary stage of 
the shear zones. Any such increase would furthermore 
occur step-wise in time. 

5.8 TECTONIC EVOLUTION

 The paleo-stress fi eld revealed by the mapped 
slickensides and DBs in the Tertiary Molasse shows 
uniform NW-SE compression (fi gure 5.6). This is in 
accordance with the stresses derived from the orien-
tation of large-scale fold-and thrust structures in the 
Jura Mountains (Laubscher 1972). The Mesozoic 
units and the basement reveal additional E-W and 
NW-SE extension (fi gure5.23) predating the deposi-
tion of the Oligocene-Miocene Molasse in which it is 
not recorded. E-W extension was reported as the cen-
tral European stress fi eld in Eocene-Oligocene times 
(Bergerat 1987, Homberg et al. 2002, Madritsch et al. 
2009), corresponding to pre- and syn-Molasse deposi-
tion. Laubscher (1987) attributed smooth, often fl ex-
ure-type Paleogene folding in the region of the future 
Jura Mountains (Liniger 1967, Aubert 1958) to ex-
tensional block tectonics that created scattered small-
scaled irregularities. According to Laubscher (2008), 
these irregularities are responsible for the location 
of fold initiation during later decollement tectonics. 
A local deviation of the E-W extensional stress fi eld 
towards NW-SE extension could probably be caused 
by lithospheric fl exure during forebulge and foreland 
basin formation (Bradley & Kidd 1991), resulting in 
formation of basin-parallel normal faults correspond-
ing to pre-and syn-Molasse sedimentation. Since un-
ambiguous indicators of growth faults are lacking in 

Figure 5.23: a) Structures in the pre-Molasse units not compatible with the Neogene stress fi eld. These are normal faults indicating E-W and NW-SE 
extension, and therefore likely related to the Eocene-Oligocene stress fi eld. b) Structures in the pre-Molasse units active in the Neogene. Paleogene 
normal faults of NE-SW strike were inverted and those of N-S strike reactivated by left-lateral strike slip. Right-lateral faults in the cover units are 
newly formed. After RESUN 2009, Sommaruga et al. (2011, in prep.), Sommaruga (2011, personal communication).
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Figure 5.24: Cross-section through the western Swiss Molasse Basin in the 
region of Fribourg, compiled from surface data, seismic interpretation data and 
literature. See fi gure 5.2, for location. Data from Emmenegger (1962), Somma-
ruga (1997), Plancherel (1998), Weidmann (2002), RESUN (2009), Somma-
ruga et al. (2011, in prep.) and Sommaruga (2011 personal communication).
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(Madritsch et al. 2010b).

 The causes leading to subdivision of early 
deformation into external shortening and internal 
passive transport, as well as those for a later change 
to strike-slip faulting, remain speculative. The spa-
tial subdivision was attributed to the wedge shape of 
the foreland sediments, where the thick overburden 
formed by the Molasse sediments precluded folding 
in the internal parts (Sommaruga 1997, Burkhard & 
Sommaruga 1998). Folding and thrusting of the more 
internal Subalpine Molasse took place on top of a shal-
lower detachment (base Tertiary) and was therefore 
not precluded by such a thick overburden. The change 
from passive transport to internal deformation of the 
Plateau Molasse was accompanied by the change of 
the mode of deformation from reverse to strike-slip. 
In addition ongoing erosion and subsequent thinning 
of the Molasse sequences since the onset of Neogene 
NW-SE compression (Kuhlemann & Kempf 2002, 
Schlunegger & Mosar 2010) possibly made the inter-
nal parts susceptible to deformation. 

 The occurrence of thick-skinned reverse 
faulting at the frontal part of the Jura Mountains could 
be related to the existence of Permo-Carboniferous 
troughs and hence to reactivation of pre-existing weak 
zones (Madritsch et al. 2008, Ustaszewski & Schmid 
2007). The question arises why Paleogene normal 

& Sommaruga 1998). However, the strike-slip and 
reverse faulting in the cover of the Plateau Molasse 
corresponds to less shortening than the folds and 
thrusts of the Jura Mountains (Burkhard 1990). Since 
the Molasse Basin is located in a more internal posi-
tion than the Jura Mountains, this lack of shortening 
has to be compensated by passive transport along the 
decollement. Nevertheless, strike-slip faults do exist 
in the Jura Mountains as well, where they show syn- 
and post folding characteristics (Heim 1915, Aubert 
1959, Sommaruga 1997). The strike-slip mechanisms 
of earthquakes further indicates strike-slip faulting to 
be by trend younger than folding and passive trans-
port. The foreland fold-and-thrust belt evolution is 
therefore characterised by a change in style of defor-
mation: while shortening of the external parts (Jura 
Mountains) and passive transport of the internal parts 
(Molasse Basin) prevailed in the fi rst stage, the second 
stage is characterised by strike-slip faulting of both 
Jura Mountains and Molasse Basin. This change is 
gradual and probably refl ects a shift of the tectonic 
regime from reverse to strike-slip. Nevertheless some 
degree of reverse faulting and folding still prevails in 
the second stage. In the study area these are localised 
at parts of the Subalpine thrust front as well as along 
the Courtion and Broye structures where pre-existing 
weak zones of favourable orientation exist in the Me-
sozoic strata. Furthermore recent folding of the Meso-
zoic was also reported for the external Jura Mountains 
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Figure 5.25: Tectonic evolution of Paleogene and Neogene structures, illustrated with the help of diagrammatic sketches for the Courtion, Broye, and 
Fribourg structures. Paleogene NW-SE extension (Courtion and Broye structure) and E-W extension (Fribourg structure) lead to inversion (Courtion 
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 The tectonic evolution of the study area (fi g-
ure 5.25) is characterised by an extensional phase fol-
lowed by a phase of compression. The Molasse depos-
its are only affected by the second phase. Paleogene 
E-W extension is attributed to the Eocene stress fi eld 
in central Europe as well as to extension during basin 
formation in the Oligocene. It resulted in normal faults 
of E-W and NE-SW strike in the Mesozoic units and 
probably in the basement as well. Neogene NW-SE 
compression is related to the Jura Mountains forma-
tion and is still ongoing. It left the basement unaffected 
and is hence thin-skinned in nature. This decollement 
tectonics was characterised by fold-and-thrust-related 
shortening of the external parts and passive transport 
of the internal parts including the Molasse Basin. 
The mode of shortening changed to strike-slip fault-
ing during the Neogene, affecting the whole detached 
wedge. In the less deformed internal parts represented 
by the Molasse Basin, the Mesozoic units responded 
to Neogene NW-SE compression by reactivation of 
Paleogene normal faults while new faults formed in 
the previously un-deformed Molasse units. 

 The structures of the three depth levels are 
combined in a kinematic model that is characterised 
by complete decoupling of basement and cover as the 
former lacks Neogene compression structures. The 
Mesozoic and Tertiary level of the cover sequences 
are different in structural style. In the Mesozoic units, 
reactivation tectonics prevail and shortening is com-
pensated by reverse faulting. In contrast, the Tertiary 
Molasse is characterised by initial faulting in strike-
slip manner and a bulk shortening compensated by 
folding. Additionally a small-scale detachment-related 
decoupling is probable in the internal parts of the Pla-
teau Molasse, representing the most external branch 
of the Subalpine Molasse basal thrust.

 The distribution of epicentres reveals that ac-
tive faulting is localised in mapped deformation zones. 
The earthquake magnitudes are low to moderate, cor-
responding to the medium size of the discrete faults 
onto which strain is partitioned within the deforma-
tion zones. Possible future earthquake magnitudes are 
a question of the exact fault network properties and 
the rate of ongoing deformation.

faults situated in the basement underneath the Molasse 
Basin were not subjected to similar reactivation. Com-
pared with these normal faults, the Permo-Carbonif-
erous troughs are large-scale structures which greatly 
infl uenced the formation of the European Cenozoic 
rift system in Eocene times and hence are the locus of 
multiple fault reactivations (Ziegler 1992, Madritsch 
et al. 2009). The recent external reverse tectonics were 
also speculated to represent the near-surface continua-
tion of deep-seated thrust activity within the basement 
in order to maintain critical wedge stability (Ustasze-
wski & Schmid 2007, Mosar 1999) Such deep-seated 
thrust tectonics would probably be ductile in nature, 
while the hanging-wall blocks behave rigidly and 
probably passively as well. However, based on this 
study alone, the response of the basement underneath 
the western Molasse Basin to Neogene tectonic stress-
es remains speculative.

5.9 CONCLUSION

 Structural fi eld work in the Plateau Molasse 
of western Switzerland revealed a brittle deformation 
expressed by left-lateral and right-lateral strike-slip 
faulting on N-S and WNW-ESE-striking fault planes, 
respectively. The related paleo-stress fi eld exhibits 
uniform NW-SE compression and NE-SW exten-
sion. The mapped faults can be interpreted as forming 
zones of strike-slip shear that act on a regional-scale. 
Strain along these zones is partitioned on networks 
of mapped medium-scale faults rather than localised 
along large discrete lineaments.

 The basement structures are poorly con-
strained by the seismic surveys and no Permo-Car-
boniferous grabens are evident. In contrast, the Me-
sozoic units shows NE-SW-striking reverse faults as 
well as N-S and WNW-ESE-striking faults that ap-
pear with normal and reverse offsets in the seismic 
sections. Most of these offsets, however, can be attrib-
uted to strike-slip faults offsetting the southeastward 
tilted strata. The NE-SW and N-S-striking faults in 
the Mesozoic strata partly reveal geometric evidence 
for being reactivated former normal faults. Despite the 
thrust front of the Subalpine Molasse, no reverse fault 
structures and no fault structures of NE-SW strike 
are present in the Tertiary Molasse, identifying these 
structures as prior to Molasse deposition.
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APPENDIX 1.1

a) Instrumentally recorded earthquakes in the northern foreland of the central Alps with local magnitudes of 4 and larger. b) Instrumentally recorded 
earthquakes in the northern alpine foreland of Western Switzerland with local magnitudes up to 4 and larger than 2.5. Italics indicate uncertainty of 
the respective parameter.
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APPENDIX 2.1

Sample Number of
figure (fig.) or
table (tab.)

Figure type Methodology Number of
locality in
fig. 3.4.1

Thin section
number

Sample number SEM Optical
microscopy

2/22 19.05.09.5 fig. 2.11 Photograph/sketch X 26
2/3 18.06.09.1 fig. 2.12 Photograph/sketch X 8
2/17 15.06.09.11 fig. 2.17 Photograph X 3
2/24 19.05.09.7 fig. 2.14 Photograph/sketch X 26
2/24 19.05.09.7 fig. 2.18 Photograph/sketch X 26
3/2 15.06.09.6 fig. 2.15 Photograph/sketch X 3
3/3 21.10.09.4 fig. 2.21 Photograph/sketch X X 19
3/3 21.10.09.4 tab. 2.6 Point analysis X 19
3/6 21.10.09.5 tab. 2.13 Photograph/sketch X 19
3/12 21.10.09.20 fig. 2.16 Photograph/sketch X 15
3/12 21.10.09.20 tab. 2.5 Table X 15
3/12 21.10.09.20 fig. 2.20 Rose diagram X 15
3/13 21.10.09.21 fig. 2.22 Photograph X 15
3/13 21.10.09.21 fig. 2.23 Photograph/scan-line X 15
3/17 15.06.09.6 fig. 2.19 Photograph X 3
3/17 15.06.09.6 tab. 2.5 Table X 3
3/17 15.06.09.6 fig. 2.20 Rose diagram X 3
3/20 19.05.09.9 fig. 2.18 Photograph X 26
3/20 19.05.09.7 tab. 2.5 Table X 26
3/20 19.05.09.7 fig. 2.20 Rose diagram X 26

List of thin sections and samples given in fi gures, tables and diagram of this chapter.
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APPENDIX 4.1

Older structure
b) E-W WNW-

ESE NW-SE NNW-
SSE N-S NNE-

SSW NE-SW ENE-
WSW

E-W 2 1 1 1

WNW-
ESE 1 1 3 1

NW-SE 4 4 3 2 8 6 2 5

NNW-
SSE 3 1 3 5

N-S 2 5 7 1 1 3 2

NNE-
SSW 1 1 2 1

NE-SW 1 1 1 1

Younger
structure

ENE-
WSW

Older structurea) dextral sinistral reverse normal

dextral 2 10 1

sinistral 8 2 1

reverse

Younger
structure

normal 1

Each fi eld corresponds to a certain constellation of a specifi c younger structure (given by the row) with a specifi c structure (given by the column). 
Numbers in the fi elds refer to the number of mapped constellations. a) Overprinting relationships according to sense of movement. The 25 mapped 
overprinting relationships show no systematic pattern. While left-lateral shears overprint right-lateral shears in eight cases, right-lateral shears over-
print left-lateral shears in ten cases. b) Overprinting relationships according to the orientation of the structures. Total number of structures is higher 
than in a) because unspecifi ed fractures are included. The 87 overprinting relationships show no systematic pattern. The larger numbers scatter around 
the NW-SE to N-S sector overprinting the ENE-WSW, E-W to NW-SE sector, which roughly corresponds to left-lateral shears overprinting right-
lateral shears, as well as around the WNW-ESE to NW-SE sector overprinting N-S to NNE-SSW sector, which roughly corresponds to right-lateral 
shears overprinting left-lateral shears ones.
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APPENDIX 4.2

Lower hemisphere plots for slickenside fault planes (fi rst column), P-axes, B-axes and T-axes (PT axes method, second column) and σ1-axes, σ2-axes, 
σ3-axes (RDM, third column) for different sites in the Plateau Molasse. The number in parentheses refers to the numbers in fi gure 4.12 and table 4.1.

average of P-axes (PT axes method)/σ1-axis (RDM)

average of T-axes (PT axes method)/σ2-axis (RDM)

average of B-axes (PT axes method)/σ3-axis (RDM)



Appendices  -  155

n:13

Wohlensee (1)

n:13

Wohlensee (1), PT axes

n:17

Burggrabenbach (2)

n:17

Burggrabenbach (2), PT axes

1

2

3

n:17

Burggrabenbach (2), RDM

n:23

Wallenried (3)

1

2

3

n:23

Wallenried (3), RDM

n:23

Wallenried (3), PT axes

n:9

Grolley (4) Grolley (4), PT axes

n:9

1

2

3

Grolley (4), RDM

n:9

n:14

Ponthaux (5) Ponthaux (5), PT axes

n:14

1

2

3

n:14

Ponthaux (5), RDM



156  -  Appendices

n:14

Courtepin (6) Courtepin (6), PT axes

n:14

1

2
3

Courtepin (6), RDM

n:14

n:52

Galtera 1 (7)

n:52

Galtera 1 (7), PT axes

1

2

3

n:52

Galtera 1 (7), RDM

n:41

Galtera 2 (8)

1

2

3

n:41

Galtera 2 (8), RDM

n:41

Galtera 2 (8), PT axes

n:116

Galtera 3 (9)

n:116

Galtera 3 (9), PT axes

1

2

3

n:116

Galtera 3 (9), RDM

n:22

Niederscherli (10)

n:22

Niederscherli (10), PT axes

1

2

3

n:22

Niederscherli (10), RDM



Appendices  -  157

n:12

Albigen (11) Albigen (11), PT axes

n:12

1

2

3

Albigen (11), RDM

n:12

n:11

Sodbach (12)

n:11

Sodbach (12), PT axes

1

2

3

n:11

Sodbach (12), RDM

n:27

La Lance fault Jura (13)

1

2

3

n:27

La Lance fault Jura (13), RDM

n:27

La Lance fault Jura (13), PT axes

n:23

La lance fault Molasse (14)

n:23

La Lance fault Molasse (14), PT axes

1

23

n:23

La Lance fault Molasse (14), RDM

n:13

L’Arbogne (15)

n:13

L’Arbogne (15), PT axes

1

2

3

n:13

L’Arbogne (15), RDM



158  -  Appendices

Corserey (16)

n:10

Corserey (16), PT axes

n:10

1

2

3

Corserey (16), RDM

n:10

n:12

Lovatens (17)

n:12

Lovatens (17), PT axes

1

2

3

n:12

Lovatens (17), RDM

n:12

West of Lucens (18)

1

2

3

n:12

West of Lucens (18), RDM

n:12

West of Lucens (18), PT axes

n:34

Moudon (19)

n:34

Moudon (19), PT axes

1

2

3

n:34

Moudon (19), RDM

n:50

Seigneux (20)

n:50

Seigneux (20), PT axes

1

2

3

n:50

Seigneux (20), RDM



Appendices  -  159

n:22

La Trémeule (21) La Trémeule (21), PT axes

n:22

1

2

3

La Trémeule (21), PT axes

n:22

n:18

Villarzel (22)

n:18

Villarzel (22), PT axes

1

2

3

n:18

Villarzel (22), PT axes

n:12

Trey (23)

1

2

3

n:12

Trey (23), PT axes

n:12

Trey (23), PT axes

n:58

Chénens (24)

n:58

Chénens (24), PT axes

1

2

3

n:58

Chénens (24), PT axes

n:29

Matran (25)

n:29

Matran (25), PT axes

1

2

3

n:29

Matran (25), RDM



160  -  Appendices

n:14

Onnens (26) Onnens (26), PT axes

n:14

1

2

3

Onnens (26), RDM

n:14

n:11

Cottens (27)

n:11

Cottens (27), PT axes

1

2

3

n:11

Cottens (27), RDM

n:44

Neyruz (28)

1

2

3

n:44

Neyruz (28), RDM

n:44

Neyruz (28), PT axes

n:42

Autigny (29)

n:42

Autigny (29), PT axes

1

2

3

n:42

Autigny (29), RDM

n:37

Fromattbach (30)

n:37

Fromattbach (30), PT axes

1

2

3

n:37

Fromattbach (30), RDM



Appendices  -  161

n:14

Rüdigraben (31) Rüdigraben (31), PT axes

n:14

1

2

3

Rüdigraben (31), RDM

n:14

n:23

Montécu (32)

n:23

Montécu (32), PT axes

1

2

3

n:23

Montécu (32), RDM

n:45

Rossens 1 (33)

1

2

3

n:45

Rossens 1 (33), RDM

n:45

Rossens 1 (33), PT axes

n:67

Rossens 2 (34)

n:67

Rossens 2 (34), PT axes

1

2

3

n:67

Rossens 2 (34), RDM

n:34

Le Châtelard 1 (35)

n:34

Le Châtelard 1 (35), PT axes

1

2

3

n:34

Le Châtelard 1 (35), RDM



162  -  Appendices

n:87

Le Châtelard 2 (36) Le Châtelard 2 (36), PT axes

n:87

1

2

3

Le Châtelard 2 (36), RDM

n:87

n:15

Le Châtelard 3 (37)

n:15

Le Châtelard 3 (37), PT axes

1

2

3

n:15

Le Châtelard 3 (37), RDM

n:27

Le Fochaux (38)

1

2

3

n:27

Le Fochaux (38), RDM

n:27

Le Fochaux (38), PT axes

n:23

Vauderens (39)

n:23

Vauderens (39), PT axes

1

2

3

n:23

Vauderens (39), RDM

n:36

Ecublens (40)

n:36

Ecublens (40), PT axes

1

2

3

n:36

Eublens (40), RDM



Appendices  -  163

APPENDIX 4.3

Lower hemisphere plots for slickenside fault planes (fi rst column), P-axes, B-axes and T-axes (PT axes method, second column) and σ1-axes, σ2-axes, 
σ3-axes (RDM, third column) for different sites in the Subalpine Molasse. The number in parentheses refers to number in fi gure 4.12 and table 4.2.

average of P-axes (PT axes method)/σ1-axis (RDM)

average of T-axes (PT axes method)/σ2-axis (RDM)

average of B-axes (PT axes method)/σ3-axis (RDM)
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