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Abstract
This thesis documents the Late Tertiary structural evolution of the Champsaur-Prapic

area and Soleil Boeuf area to the southeast and south of the Pelvoux basement massif in
the western Alps (Hautes-Alpes, southeastern France). These remnants of the Alpine
foreland basin are located at a critical zone in the kinematic pattern of the external Alpine
arc, between the northern Subalpine chains with predominant WNW-NW-directed
deformation and the WSW-SW-directed deformation in the southern Subalpine chains.
The investigated areas record the transition between the northern and southern Subalpine
chains. The data will be discussed in the context of the formation of the external Alpine
arc and a new mechanism for arc formation is proposed based on analogue sand-box
experiments.

The Champsaur-Prapic fold zone lies in the footwall of the Frontal Pennine Thrust.
The 0.8 - 1.3 km thick Upper Eocene - Oligocene foreland basin succession lies directly
on crystalline basement and was deformed by WSW-directed shear below the
overthrusting internal Alpine units on the Frontal Pennine Thrust. To the north
deformation changes to WNW-directed, partly post-dating the WSW-SW-directed
deformation further south. The deformed strata are detached from the basement in the
basal shear zone. Above, the turbidite sequence (Champsaur Sandstone) is folded in
chevron-like folds. A 12 km long continuous profile across the Champsaur fold zone
documents variations in chevron fold shape, axial plane dips and zonal distribution of
folding which indicate progressively higher shear strains towards the Frontal Pennine
Thrust in the east. Chevron fold axes trend generally NNW-SSE except close to the
Pelvoux massif where fold axes curve to N-S possibly due to lateral drag against the
basement massif. In the western part of the investigated area SW-directed thrusting on
the Champsaur Thrust almost doubles the Tertiary stratigraphy. The Champsaur Thrust
and chevron folding in its footwall deform the overlying internal thrust sheets. The
Champsaur-Prapic fold zone is a particular example of overthrust shear deformation in
the footwall of internal alpine nappes in which deformation is concentrated in diffuse
ramp Zones.

In the Soleil Boeuf area the Tertiary foreland basin sediments unconformably overlie
folded basement to the north and Mesozoic rocks to the south. On top of the 0.6 - 0.7 km
thick autochthonous Tertiary sequence lie several klippen of Mesozoic and Tertiary
sediments which were emplaced towards the NW. The deformation in Soleil Boeuf is
characterised by fault-propagation folding and thrusting which probably roots down into
basement. Transect mapping across the most complete Pousterle klippe documents
progressive deformation which accommodates at least 6.8 km shortening: post-mid-

Oligocene thrusting (probably NW-directed) which carries Mesozoic sediments over

Champsaur Sandstone; the formation of a large NW-vergent fold-propagation fold pair '
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with an amplitude of 1 - 2 km; and low-angle NW-directed breakthrough thrusts cutting
through the common limb of the fault-propagation fold pair. Later N-S extension along
the E-W Bonnets Fault and late displacements on the Selle-Fault zone drop the upper
normal limb of the fault-propagation fold pair down towards south.

In the core of the external western Alpine arc two sub-perpendicular transport
directions which barely overlap can therefore be distinguished. The 5 km WSW-directed
shortening recorded in Champsaur-Prapic form the northern termination of the southern
Subalpine chains, whereas the deformation in Soleil Boeuf is interpreted to detach from a
deep satellite fault (in basement) to the NW-directed deformation in the northern
Subalpine chains. Regional considerations demonstrate that in the core of the arc both
systems were active at the same time, but at different levels. This implies that the
external western Alpine arc is not a radial forming arc, but rather that it formed due to
two main transport directions (NW and SW). NW shortening is the major deformation
(~ 150 km shortening) while SW shortening is relatively minor (~ 22 km).

Analogue modelling experiments with sand-silicone suggest that the main features of
the external Alpine arc can be best explained by oblique indentation along an elliptical
translation path. In such experiments two sub-perpendicular thrust systems evolve at the
same time with different amounts of shortening. Wrench shear deformation is restricted
to the inner part of the model close to the indentor. Additional experiments with high and
low obstacles in the foreland were carried out. They showed that the influence of such
obstacles on the development of a fold and thrust belt is restricted to the peripheral area
of the obstacle which indicates that obstacles (e.g. the Pelvoux massif) do not affect the

regional transport direction.




Kurzfassung

Vorliegende Arbeit dokumentiert die spit-tertidre Entwicklung der Champsaur-Prapic
und Soleil Boeuf Gebiete am Siidostrand des Pelvoux Massivs in den Westalpen (Hautes-
Alpes, Siidostfrankreich). Diese Reste des alpinen Vorlandbeckens liegen in der
kritischen Kernzone des externen Alpenbogens, zwischen den nordlichen voralpinen
Ketten (mit vorwiegend WNW—-NW-Verkiirzung) und den siidlichen voralpinen Ketten
(mit vorwiegend WSW-SW-Verkiirzung). Die untersuchten Gebiete dokumentieren den
Ubergang von den ndrdlichen zu den siidlichen voralpinen Ketten. Die kinematischen
Daten werden unter dem Aspekt der Entwicklung dieses externen Alpenbogens
diskutiert. Basierend auf Analogmodellen mit Sand und Silikon wird ein neuer
Mechanismus fiir die Bogenbildung vorgeschlagen.

Das Champsaur-Prapic Gebiet umfasst eine 0.8 - 1.3 km dicke Vorlandbeckenabfolge
(oberes Eoziin - Oligozin), die diskordant auf kristallinem Grundgebirge liegt. Diese
Abfolge verformte sich im Liegenden der penninischen Front durch WSW-gerichtete
Scherung wihrend des Uberfahrens durch die internen alpinen Einheiten. Im Norden
richtet sich die Verformung nach WNW aus und ist dort mindestens teilweise spiter als
die WSW-SW-gerichtete Verformung im Siiden. Die Verformung ist charakterisiert
durch Abscherung in der basalen Scherzone iiber dem Grundgebirge und durch
chevronartige Faltung der dariiberliegenden Turbiditabfolge (Champsaur Sandstein). Ein
12 km langes Profil durch die Champsaur Faltenzone dokumentiert die Verdnderungen
der Faltenform, des Fallwinkels der Achsenebene und der zonalen Verteilung der
Faltung. Diese Verinderungen zeigen, wie die Scherverformung mit abnehmender
Entfernung von der penninischen Front im Osten immer grosser wird. Die Richtung der
Chevronfaltenachsen ist NNW-SSE, ausgenommen nahe am Pelvoux Massiv, wo sie
durch den seitlichen Widerstand des Grundgebirges auf N-S drehen. Die SW-gerichtete
Champsaur Uberschiebung im Westen verdoppelt beinahe die tertidre Stratigraphie und
verformt die dariiberliegenden internen Uberschiebungsdecken. Das Champsaur-Prapic
Gebiet ist ein besonderes Beispiel fiir eine Uberschiebungs-Scherung (overthrust shear)
im Liegenden der internen Einheiten, bei der sich die Verformung in diffusen
Rampenzonen konzentriert.

Im Soleil Boeuf Gebiet liegen die 0.6 - 0.7 km michtigen tertiéren Vorland-
beckensedimente diskordant auf verfaltetem Grundgebirge und verfalteten mesozoischen
Sedimenten. Auf der autochthonen Tertifrabfolge liegen mehrere Klippen aus
mesozoischen und tertiiiren Gesteinen, die nach NW aufgeschoben wurden. Die
Verformung im Soleil Boeuf ist charakterisiert durch frontale Knickung (fault-
propagation folding) und mehrere Uberschiebungen, die vermutlich von einem tiefen

Abscherhorizont im Grundgebirge aufsteigen. Die am besten erhaltene Pousterle Klippe

dokumentiert eine progressive Verformung mit einer Miminalverkiirzung von 6.8 km:

| A
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Uberschiebungen, die mesozoische Sedimente (vermutlich nach NW) auf Champsaur
Sandstein tragen; grosse NW-vergente frontale Faltung (Amplitude 1 - 2 km) vor einer
progressiv wachsenden Uberschiebung; und flache NW-gerichtete Vorderschenkeliiber-
schiebungen. Spiter fithren eine N-S Dehnung entlang der Bonnets Abschiebung und
Bewegungen auf der subvertikalen Selle-Storungszone zur Absenkung des siidlichen
Teils.

Im Kern des externen westlichen Alpenbogens konnen deshalb zwei annihernd
senkrechte Transportrichtungen unterschieden werden: die 5 km WSW-gerichtete
Verkiirzung von Champsaur-Prapic am nordlichen Ende der siidlichen voralpinen Ketten
und die NW-gerichtete Verformung im Soleil Boeuf, die als eine Zweigiiberschiebung
am Rand der WNW-NW-gerichteten Hauptiiberschiebung in den nérdlichen voralpinen
Ketten interpretiert wird. Regionale Betrachtungen zeigen auf, dass beide
Verkiirzungssysteme im Zentrum des Alpenbogens gleichzeitig, aber auf verschiedenen
Niveaus aktiv waren. Daraus ergibt sich, dass der externe westliche Alpenbogen nicht
durch ein radiales kinematisches Muster entstanden ist, sondern durch zwei
Haupttransportrichtungen (NW und SW). Die dominante Verformung ist die NW-
gerichtete mit ~ 150 km Verkiirzung wihrend die SW-Verkiirzung mit ~ 22 km viel
geringer ist.

Analogexperimente mit Sand und Silikon deuten darauf hin, dass die Hauptmerkmale
des externen Alpenbogens am besten mit einer schrigen Kollision entlang einer
elliptischen Bahn erkléirt werden kénnen. In solchen Experimenten entstehen gleichzeitig
zwei annihernd senkrechte Uberschiebungssysteme mit unterschiedlichen
Verkiirzungsbetrigen. Weitere Analogexperimente mit hohen und niedrigen
Hindernissen im Vorland zeigen auf, dass sich ihr Einfluss auf einen vorriickenden
Uberschiebungsgiirtel auf die Randzone des Hindernisses beschrinkt. Folglich haben
Hindernisse (z.B. das Pelvoux Massiv) keinen Einfluss auf die regionale

Verkiirzungsrichtung.




1. Introduction

Tectonic arcs are either oroclines in which segments of the orogen change strike
during the evolution of the bend or syntaxes in which segments of the orogen do not
change strike during development of the bend. Both are observed in collisional orogens, ‘
e.g. the Alps, the Himalayas, the Variscides, the Apennines and in subduction-related
orogens, in island arcs. Arcuate structural systems present geologists and geophysicists
I‘ with fundamental kinematic and mechanical problems. These can be distilled in two
essential questions: what are the large-scale plate tectonic parameters which cause the

development of an arcuate system and what are the deformational processes and

‘ kinematic systems which accommodate the development of structural arcs?

‘ This study concentrates on the western Alpine arc for two reasons: 1) the geology of
the Alps is well known including a detailed kinematic data set, and 2) some very different
geodynamic models have been proposed for the development of the Alpine arc which can
be tested. The study concentrates on the external (younger) part of the arc because here

foreland basin deposits provide stratigraphic control on the age of observed structures.

1.1  The western Alpine arc: the problem
1.1.2 The geologic units of the Alps

The Alps resulted from the closure of the Tethys ocean which started at the beginning |
of Late Cretaceous (around 92 Ma) with the onset of north-directed motion of Africa
relative to Europe (Dewey et al., 1989). The Alps are classically divided into three major

structural zones which more or less coincide with Mesozoic paleogeographic domains of

|
the Tethys ocean (Ramsay, 1963; Debelmas and Lemoine, 1970; Debelmas and “
Kerckhove, 1980; Triimpy, 1980). These are from north to south the Helvetic or }
Dauphinois (northern continental margin), the Penninic (oceanic basins and thinned |
continental crust) and the Austro- or South-Alpine domains (southern continental |
margin). The Southern Alps are derived from the same facies belt as the Austro-Alpine
nappes, but their structure is different and they are separated from the Alps proper by the
Insubric Line (Fig. 1.1). Underthrusting of the southward-facing Tethyan passive margin

and ocean basin below the overriding Adria plate formed the Austro-Alpine and the

|

|

|

|

|

Penninic nappes (Fig. 1.1). These thrust sheets and large nappes with basement cores are |
metamorphosed to high pressures and/or high temperatures. The two units are separated 1
by slivers of ophiolitic material, representing Mesozoic oceanic crust (e.g. Laubscher, !
1969). To the west and northwest this internal zone is limited by the Frontal Pennine }
|

Thrust (FPT) which thrusts internal Pennine units over the external zone (Fig. 1.1).

Outside the FPT, the Prealps at the French-Swiss boundary and the Embrunais-Ubaye
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Fig. 1.1:  Simplified geologic map of the Alps. A = Aiguilles Rouges, AR = Argentera, B = Belledonne,
EU = Embrunais Ubaye nappes, FPT = Frontal Pennine Thrust, G = Gotthard, IL. = Insubric
Line, M = Mont Blanc, MA = Maures, NSC = northern Subalpine chains, P = Pelvoux, SSC=
southern Subalpine chains. Outline of Fig. 1.6 is shown.

nappes in southeastern France are independent units which derive from the internal
Pennine domain (Debelmas and Lemoine, 1970; Triimpy, 1980). They were completely
stripped off their substratum and overrode onto the external zone.

The external zone form the Helvetic Alps, the Subalpine chains, the molasse basins,
and the Jura mountains. They consist dominantly of non to only weakly metamorphosed
sediments of the European plate. Along their internal margin there are large uplifted
basement ‘massifs’, the Aar, Gotthard, Aiguilles Rouges, Mont-Blanc, Belledonne,
Pelvoux, and Argentera massifs (Fig. 1.1). The European craton west and north of the

external Alps remained relatively undeformed by Alpine orogenesis.

»-
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1.1.3 The western Alpine arc: previous models

The arc of the external western Alps, delineated by the external basement massifs and
structures in the sedimentary cover, is roughly semi-circular and has a radius of
approximately 150 km (Fig. 1.1). The northern arm of the arc, the northern Subalpine
chains (NSC), trends NE-SW. It extends approximately 200 km from the Prealps to the
south end of the Belledonne massif. The southern arm of the arc, the southern Subalpine
chains (SSC) trends NW-SE and extends approximately 175 km from the Pelvoux
massif to the south of the Argentera massif. The late Alpine (Oligocene to Pliocene)
tectonic transport diverges dramatically around the arc (Fig. 1.2).

The timing and nature of the development of this arc is not well understood and
several different models have been proposed to explain its genesis. They can be roughly

organised in two groups: the ‘radial hypotheses’, invoking a smooth radial change of the

Fig. 1.2

Early reconstruction of the
development of the curved western
Alps, from Goguel (1963). The arc
developed due to lateral 'recoiling'
along the southwestern border of the
main N to NW-directed com-
pression. The rotation and
translation of the basement massifs
caused the divergent external cover
motion

1) basement motion

2) independant cover motion
3) emplacement of the Helvetic
nappes and Prealps

4) dextral strike-slip fault

: 5) fault

%04 A P 6) external crystalline massifs
7) basement massif, not unroofed by
erosion

8) initial position of basement
massifs

9) molasse basin
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transport direction around the external arc and the ‘corner hypotheses’ invoking only two

main, roughly perpendicular, transport directions.

The ‘radial hypotheses’

In his interpretation of the western Alpine arc Goguel (1963) recognised that similar
models for the western and central Alps, implying large westward displacements and
large northward displacements respectively provoke a space problem. Restoring the
internal nappes back along the proposed trajectories perpendicular to the Alpine chain,
locates them simultaneously in the same region. Trying to avoid this problem he
proposed a new model for the evolution of the divergent displacement pattern of the
western Alps. The main features of this model are (Fig. 1.2) N-NW compression from
Vienna to the French border combined with ‘lateral recoiling’ (contrecoup latéral) along
its southwestern rim. Goguel argues that this lateral effect causes W and SW-directed
thrusting along the Brianconnais front and translation and rotation of the external
crystalline massifs which push ahead the sedimentary cover.

Vialon et al. (1989) came up with a similar model. They proposed that there is a
change in displacement directions in time and space along the curvature of the western
Alpine arc. The oldest directions are in the internal zones with a present orientation of
displacement directions that is fairly regularly E-W. Vialon et al. (1989) argue that
probably since the Miocene (25 Ma) directions became divergent in the outer zones
accompanied by principal dextral strike-slip faults (Fig. 1.3a). They explain this pattern
of roughly helicitic movement directions in the Subalpine chains by local rotation of a
block belonging to the European margin, dragged along the western sidewall of the Adria
indentor moving northwestwards (Fig. 1.4a & b). This laterally displaced block produced
an anticlockwise helical shear about a pole of rotation within it. With such a model, the
deformation process corresponds to lateral rotation-expulsion of a deformed unit
belonging to the European plate margin, jammed against its stable foreland.

Platt et al. (1989) proposed radial thrusting ahead of a curved indentor. They
proposed a model where the interaction between the plate motion of the indentor and the
motion driven by gravitational force acting normal to the trend of the mountain chain
(i.e. normal to the edge of the indentor) produced a divergent displacement pattern which
lies within £90%2 of the plate motion direction (Fig. 1.4c). According to their compilation,
the kinematic data from the Alps range between N (eastern Jura and central Alps)
through W to SW (southern Subalpine chains and Nice arc) from 40 - 0 Ma and between
NNW to W from 80 - 40 Ma (Fig. 1.3b). Platt ef al. (1989) argue that this pattern is best
explained by a roughly WNW-directed Adria-Europe motion independent of Africa since
about Late Cretaceous (70 Ma) or at least since Late Eocene (40 Ma) combined with
radial thrusting.
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Fig. 1.3:

Main tectonic displacement directions as a
basis for two different radial models
(shown in Fig. 1.4) for the evolution of the
western Alpine arc. Note that the
divergence over the same area in a) is
much larger than in b), depending on the
choice of representative source data.

a) From Vialon et al. (1989): helitic
pattern since the Miocene (25 Ma).

1) transport of nappes and stretching
lineations,

2) dextral strike-slip faults,

3) main thrust limits,

4) thrusts between Provencal and
Subalpine domains,

5) margin of the fixed platform in the
foreland.

b) From Platt et al. (1989): kinematic data
from the Alps plotted by age. Data show a
regular divergent displacement pattern.
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Fig. 1.4:
Development of the western Alpine arc:
radial models based on the kinematic
maps shown in Fig. 1.3.
a) and b): Ring shear model applied to the
Alps, slightly modified from Vialon et al.
(1989). Interactions of translation of the
Adria indentor and rotation of the Mont
Blanc - Belledonne - Pelvoux block.
Present position of the units shaded,
assumed initial positions white and
dashed. Angular buttress in the foreland is
vertically hatched. a) Sketch map showing
the possible lateral expulsion-translation
and rotation of the western block along
the sidewall of the Adria indentor, the
c) Frav motion of which is shown by the large
ot black arrow. b) Present position of
displaced block carrying the previously-
thrusted internal units limited by the
Frontal Pennine Thrust (FPT).
c) The radial thrusting model from Platt et
al. (1989). Transport directions produced
by the interaction between the plate-
motion vector (PMV) and the body forces
acting normal to the trend of a mountain
belt.

resultant

Indentor

™ PMV

The ‘corner hypotheses’

Ricou (1984) and Ricou and Siddans (1986) interpreted the Alps as a strike-slip
collision belt. In their model general NW-ward collision constrained laterally by N-S
strike-slip faults from Late Cretaceous (80 Ma) to Eocene (40 Ma) is related to

northward motions of the Adriatic promontory (Fig. 1.5a). It is followed by Oligocene
(or post-Oligocene) to Pliocene westward displacement between a northern dextral (e.g.
Insubric Line) and a southern sinistral, strike-slip zone. This westward movement of the
Adriatic promontory independent of Africa caused the westward thrusting of the external
crystalline massifs and the thin-skinned fold and thrust tectonics in the Subalpine chains
and the Jura. They identified 5 major sinistral N-S strike-slip zones in the internal Alpine
zone and along the boundary to the external zone.

Butler et al. (1986) argued against strike-slip motions along the FPT. They analysed
the rocks of the external zone and concluded that thrusting from the Mont Blanc to the
Pelvoux massif was constantly towards the WNW (restored width is at least 140 km,
between the externalmost front and the Frontal Pennine Thrust). They proposed that all
the displacements represented by the NW external Alpine Thrust Belt are transferred

onto the base of the Embrunais-Ubaye nappes, with the formation of a lateral

hangingwall ramp on a flat-lying WNW sinistral displacement zone (Fig. 1.5b). With
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Fig. 1.5: Development of the western Alpine arc: corner models.

a) From Ricou and Siddans (1986). Diagrammatic representation of the strike-slip collision
model since Cretaceous times. The Argentera massif is taken as a fixed datum in stable
Europe. Médianes, Classic, Vanoise, Acceglio refer to parts of the Briangonnais Zone (s.1.).
Single lines of circular symbols represent closed basins (ophiolitic sutures). Open strike-slip
and thrust symbols represent the extent of superficial gravity gliding of the Prealps.

b) From Butler et al. (1986). Map of the restored position of the NW external Alpine thrust
system and its relationship to the, in this model later, SW-directed thrust system in the
southern Subalpine chains.

such a model the resultant lateral hangingwall culmination may have been sufficiently
high to allow gravity driven SW-directed thrusting. Furthermore, they argued that
basement thrusting in the Argentera massif and thrust sheet activity post-dating thrusting
in the northern Subalpine chains indicate that the southern Subalpine chains, south of the
Pelvoux massif, constitute a second, entirely independent thrust system, probably in the
footwall to the floor thrust carrying the NW-directed thrust system (Fig. 1.5b).

A similar conclusion comes from Fry (1989) who proposed that the dominant
features of the western Alps are the WNW-directed (290%2) and the SW-directed (230%2)
thrust systems. He concludes that both systems have been active simultaneously, each

accommodating hundreds of kilometres shortening during tens of millions of years.

Approach: gap in data

The main controversy between the models described above arises from the

interpretation of the tectonic transport pattern. Collations of transport directions around
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the external western Alps (Goguel, 1963; Malavieille et al., 1984, Choukroune et al.,
1986: Platt, 1986; Gillcrist et al., 1987; Gratier et al., 1989; Platt et al., 1989; Vialon et
al., 1989: see Figs. 1.2 1.3 & 1.5b) clearly document the WNW-NW-directed shortening
of the northern Subalpine chains and the WSW-SW-directed shortening of the southern
Subalpine chains. But there is uncertainty about the transition between these two arms
around the Pelvoux-Belledonne massif (Fig. 1.6). Thus, any study investigating the
relationship between the northern and southern Subalpine chains must focus into this
region.

Working around the arc, Arpin et al. (1988), Mugnier et al. (1990), Butler (1992b)
and many others documented dominant late Alpine WNW-directed thrusting in the
northern Subalpine chains which extends southward to La Mure (Fig. 1.6). About 30 km
further south the Neogene sediments of the Dévoluy area record WSW-directed
deformation (Meckel et al., 1996; Meckel, 1997). To the east, the kinematic data from
the Pelvoux massif (Gillcrist et al., 1987; Coward et al., 1991) are rather complex (Fig.
1.6). These authors propose that the structures are related to the inversion of passive
margin structures which makes these data very difficult to interpret in terms of regional
transport direction. Additionally, no Tertiary sediments are preserved (Debrand-Passard
et al., 1984b) and the age of the observed structures is uncertain. To the northeast and
east of the Pelvoux massif NW to W-directed thrusting and folding involving Tertiary
sediments at Aiguilles d’ Arves (Bravard, 1982; Bravard, 1983; Serre et al., 1985) and at
Rocher de I’Yret (Butler, 1992a) have been reported (Fig.1.6). Beach (1980; 1981b;
1981a; 1982) argues that the deformation in the Mesozoic cover is WNW-directed. All
these structures to the north of the Pelvoux massif have been related to the WNW-NW-
directed deformation in the northern Subalpine chains. However, to the southeast of the
Pelvoux massif the deformation pattern becomes complex. According to published data
the late Alpine transport direction changes from SW-WSW in the Champsaur-Prapic
area (Gidon, 1965; Plotto, 1977; Bravard and Gidon, 1979) to WNW and N-directed in
the Soleil Boeuf area (Gidon and Pairis, 1980-1981). The relative timing and relationship
of the structures of these two areas has remained unclear. To the south predominantly
SW-directed deformation has been reported (e.g. Elliot et al., 1985; Lawson, 1987; Fry,
1989) although there are exceptions: WNW-directed displacements in the Faucon-
Turriers area in the footwall of the Digne thrust (Arnaud et al., 1977) and NW-directed
deformation within the upper Embrunais-Ubaye nappes (Parpaillon nappe; Merle and
Brun, 1984); their significance is controversial (Fig. 1.6). With these data alone it is not
possible to decide between the ‘radial’ and the ‘corner’ hypotheses.

Therefore this project concentrates on this central part of the western Alps with the

aim to clarify the kinematic transition between the northern and the southern Subalpine

chains and is directed towards a better understanding of the evolution of the external
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Fig. 1.6: Directions of late Alpine tectonic transport in the external zone around the Pelvoux massif.
Data compiled from Gidon (1965), Plotto (1977), Bravard and Gidon (1979), Beach (1981),
Bravard (1982), Bravard (1983), Serre et al. (1985), Butler (1987), Gillcrist et al. (1987), Fry
(1989), Coward et al. (1991) and Butler (1992), Meckel (1997) and this study . Boxes outline
Fig. 2.1 (Champsaur-Prapic) and Fig. 3.1 (Soleil Boeuf). A = Autapie nappe, B-B' = profile
trace of Fig. 2.7, CF = Clamensane Fault, O = Orciéres, P = Parpaillon nappe, V = Vallouise.

western Alpine arc. The main problems in the Pelvoux region are a lack of kinematic data
of well constrained age, poor understanding of the relative timing of NW and SW-
directed deformation and poor understanding of their mutual relationship. Therefore it
was decided to focus on the Tertiary foreland basin remnants because only there can the
late Alpine structures be clearly distinguished from older structures. In the larger
framework of this project the thesis by L. D. Meckel (1997) has clarified the

sedimentological and structural history of the Dévoluy area whereas this study focuses

on the tectonic evolution of the Soleil Boeuf and the Champsaur-Prapic areas further
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east. These areas are of particular interest because they record different displacement

directions which are pivotal for the understanding of the evolution of the Alpine arc.

1.1.3  Objectives and aims of this study

The purpose of this study is to examine the geodynamic development of the external
western Alpine arc. The approach to this subject involves a combination of detailed field
work and analogue modelling. The field research aimed to fill a critical gap in the
kinematic data set of the external arc between the NW transport direction in the northern
Subalpine chains and the SW transport direction in the southern Subalpine chains and
thus focuses on the pivotal Champsaur-Prapic and Soleil Boeuf areas. The obtained
information will be integrated and compared to sand-silicone analogue models which
focus on the formation of arcuate thrust systems.

In order to identify the detailed kinematic and mechanical relationships between the
Champsaur-Prapic and Soleil Boeuf areas the detailed aims of this thesis are the
following:

1) to examine the direction, distribution, relative timing, amount of shortening and

nature of the deformation in the Champsaur-Prapic and Soleil Boeuf areas;

2) to define the kinematic history and the role of the Selle-Fault which separates the

Soleil Boeuf area from the Champsaur-Prapic area;

3) to develop a regional kinematic model and to use these data to evaluate earlier

models of the formation of the western Alpine arc.

The results will be compared to analogue sand-box modelling which focuses on

4) the role of pre-existing features such as paleogeographic highs in the development

of the arc and the related kinematic pattern;

5) the production of variable transport directions ahead of an indentor with oblique

and curved motion paths.

1.1.4 Methods

The investigated area lies at the southern rim of the Pelvoux basement massif, a very
mountainous region with peaks reaching up to 4102 m (Barre des Ecrins). In the
sedimentary cover along the rim of the massif the topography is less extreme but still
many mountain peaks reach over 3000 m. The area is accessible from valleys to the east
(Durance valley) and to the southwest (Drac valley). Navigable roads lead up to 1500 m
the rest has to be reached on foot. Most field work was carried out between 1500 and
2800 m.

The field data presented in this study were collected by detailed structural mapping in
key areas at the scales of 1: 10’000 to 1:2°500. The structural mapping used as a base the

i

geologic maps of the BRGM which are very accurate. The data were taken from the
following maps 1:50°000 sheets Guillestre (847) (Debelmas et al., 1966), Orciéres (846)
(Debelmas et al., 1980), St.-Christophe-en-Oisans (822) (Barféty et al., 1984), Briangon
(823) (Barféty et al., 1995) and the 1:80°000 map sheet Briancon (189) (Lemoine ef al.,
1969).

Orientation data were analysed using the software packages Stereoplot v.3
(Mancktelow, 1989-1995), FaultKin v.3.8a (Allmendinger et al., 1989-94) and Faille
v.3.5 (Etchecopar, 1990-1994). All stereonet plots are on lower hemisphere, equal area
projections.

The field data were combined with the analysis of aerial photographs and other field
photographs, with tectonic fabric analysis in thin sections, and with profile construction

and restoration.

1.2 Geological overview of the western Alps and the Pelvoux area

The Soleil Boeuf area and the Champsaur-Prapic fold zone are part of the external
western Alps, just south of the Pelvoux basement massif. The basement massifs of the
external western Alps are composed of Variscan crystalline basement. During Mesozoic
rifting the basement massifs were part of the northern continental margin of Tethys.
Major tilted crustal blocks, a few tens of kilometres wide, can be either reconstructed or
directly observed in the Pelvoux and Belledonne basement massifs east of Grenoble
(Lemoine et al., 1981: Fig. 1.6). The passive margin extension reactivated the NNE—
SSW trending Cevennes fault system (Debelmas and Lemoine, 1970; Rousset, 1986).
During the Alpine compression, graben structures were partially inverted or their
footwall blocks buttressed the deformation. These structures have been extensively
analysed (e.g. Davies, 1982; Gillcrist et al., 1987; Butler, 1989; Coward et al., 1991;
Huyghe and Mugnier, 1995; Sue ef al., 1997).

Rifting started in the Early Jurassic, after deposition of Triassic evaporites and
shallow water carbonates. The Triassic sequence is rather thin above the basement
massifs (0 - 100 m) compared to the Subalpine chains (100 - 400 m) (Debrand-Passard et
al., 1984b; Lemoine et al., 1986). Rifting continued until late Middle Jurassic and was
followed by oceanic spreading until the early Cretaceous (Lemoine et al., 1986). In the
Pelvoux region the Jurassic sediments (mainly shales and limestones) fill asymmetric
half-grabens with an irregular relief. Over 4 km of Liassic sediments in deeper parts of
the grabens may be condensed to only a few metres on top of the horsts, where locally

even the basement was eroded (Debelmas and Kerckhove, 1980; Lemoine et al., 1986).

Contemporaneous with the earliest phase of continent collision in the eastern Alps the

pre-Senonian folding phase (during the Late Cretaceous but prior to 88 Ma) affected the
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southern Subalpine chains (Siddans, 1979). It is characterised by generally E-W oriented
upright to N-facing folds which have been linked to N-S compression (Flandrin, 1966;
Siddans, 1979).

From Late Cretaceous (locally Paleocene) to Early Eocene a period of uplift occurred
with widespread subaerial erosion throughout the external Alps (Triimpy, 1980). It seems
to correspond to a general slowing down of crustal shortening (Dewey et al., 1989) but it
also has been interpreted as related to uplift of a flexural forebulge in advance of the
Alpine thrust-wedge (Allen ez al., 1991). In the south-western Alps, during the Paleocene
to Middle Eocene, in the Provence and to a lesser extent in the southern Subalpine chains
the Pyrenean-Provencal phase was active. It is recorded by E-W trending folds and
thrusts (Lemoine, 1972; Siddans, 1979) and by uplift of the Pelvoux massif (Ford, 1996).
The Pelvoux basement massif was uplifted 1 - 3 km while the basement cover interface
and the overlying thin Mesozoic cover were folded. The recumbent basement involved
folds face outward and rapidly die out away from the massif. As a result the Pelvoux
massif formed a paleogeographic high (Ford, 1996).

Orogenic up-building in the internal Alps led to increased loading of the crust, which
caused flexural subsidence and the formation of the Alpine foreland basin in the external
domain (Fig. 1.1) since Late Eocene (Homewood er al., 1986). The foreland basin
succession is separated from the underlying Mesozoic passive-margin succession by a
marked unconformity. To the south of the Pelvoux massif the foreland basin sediments
transgressed over a continuously older substratum towards the north (Fig. 1.7) (Haug,
1894; Ravenne et al., 1987). Slight detachment above the Triassic evaporites allowed
gentle buckling of the foredeep (Lickorish and Ford, 1998). The typical stratigraphic
trilogy of the underfilled foreland basin comprises from bottom to top (1) carbonate
deposition on the cratonic margin of the basin (Nummulitic Limestone), (2) hemipelagic
sedimentation offshore from the cratonic margin of the basin (Globigerina Marl), and (3)
deep water turbiditic siliciclastic sedimentation toward the orogenic margin of the basin
(Sinclair, 1997). Fig. 1.8 shows the westward prograding transgression onto the foreland.
In the investigated area the Upper Eocene to Lower Oligocene stratigraphy comprises
four formations (Fig. 1.9). The Basal Conglomerate Formation which consists of local
fluvial incision channels up to 100 m deep (Gupta, 1997), the Nummulitic Limestone
Formation which is characterised by a variable thickness of 5 - 50 m. There is evidence
that extensional faulting was active during its deposition (Fabre et al., 1985). It grades
upwards into the Globigerina Marl Formation which consists of silty to very fine- grained
hemipelagic shales and marls. Its thickness varies between 0 - 50 m. Above lies the
Champsaur Sandstone Formation which constitutes a well stratified, regular alternation

of turbiditic sandstones and shale. The sand layers are commonly coarse-grained, often
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Reconstruction of the substrate to the Tertiary foreland basin deposition. I.t reveals .the
structuration resulting from the Pyrenean-Provencal phase. The basement-cover interface rises
northwards (north of Barcellonette) and is exposed in the Pelvoux area. From Ravenne et al.
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conglomeratic and thick-bedded (Perriaux and Uselle, 1968; Waibel, 1990). The

thickness ranges from approximately 650 m in the Soleil Boeuf area to 1200 m in the
eastern part of the Champsaur-Prapic area. In some parts of the foreland basin the
siliciclastic sediments contain volcanic debris (Debrand-Passard et al., 1984b). In my
area both volcanic and non-volcanic facies occur, and the deposits in the Soleil Boeuf
area contain up to 50% of volcanic detritus (Waibel, 1990). K/Ar whole-rock dating on
andesitic pebbles from the Soleil Boeuf area (Fontignie et al., 1987) yielded maximum
ages (due to the effects of argon over-pressure) for the volcanic activity of 37.6x1.3 Ma
and 40.2+1.3 Ma. Recent 39Ar - 40Ar dating of amphibole from andesite pebbles in the
same sandstones by G. Feraus (pers. comm.) yielded an age of 34.3 £1.0 Ma. These ages
must be older or at least equal to the stratigraphic age and therefore indicates that
sedimentation in the Soleil Boeuf area continued until at least Early Oligocene (mid-

Rupelian).

During Late Eocene and Oligocene times, western Europe underwent E-W
extension, which initiated the N-NE oriented Rhine-Bresse-Rhone graben system (Fig.
1.1) which extends from central Germany south-southwestward through southeastern

France to join the Mediterranean Sea near the Rhone delta (Bergerat, 1987).
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During the mid-Oligocene, Alpine deformation reached the external western Alps.
The foreland basin was filled and overridden by internally derived nappes (Fig. 1.1). In
the southern Subalpine chains, the deposition of the siliciclastic sandstones abruptly
ceased due to the deposition of the Schistes a Blocs, a tectono-sedimentary marine
mélange (Kerckhove, 1969). This unit underlies the Embrunais-Ubaye nappes
everywhere and has been interpreted by Kerckhove (1969) to include debris which were
shed into the basin from the front of the advancing nappes. The Embrunais-Ubaye
nappes were emplaced during the Rupelian (Early Oligocene) (Fry, 1989; Lickorish and
Ford, 1998). Kinematic data from the ‘Schistes & Blocs’ and other structural data
(Lawson, 1987; Fry, 1989; Ritz, 1991; Lickorish and Ford, 1998) show that this nappe
stack was emplaced toward the SW-WSW (220%% - 240%) onto the Alpine foreland. The
internal tectonic history of the Embrunais-Ubaye nappe stack and its relation to the FPT
is complex and controversial (Kerckhove, 1969; Tricart, 1980; Merle and Brun, 1984
Fry, 1989).

During the Late Oligocene, foreland deposition shifted to the Barréme and Dévoluy
areas, and sedimentation was limited and became continental (Elliot et al., 1985; Evans
and Mange-Rajetzky, 1991; Meckel et al., 1996; Meckel, 1997; Lickorish and Ford,
1998). From late Early Miocene (Burdigaglian) to Pliocene up to 2000 m thick
continental and shallow marine clastics were deposited in the Valensole basin (Debrand-
Passard et al., 1984a).

In the north Alpine foreland basin in the mid-Oligocene a change occurred from a
deep marine, underfilled foreland basin to a filled or overfilled basin with shallow-
marine or continental molasse sediments (Triimpy, 1980; Sinclair, 1996). In contrast to
the southern Subalpine chains, the foredeep migrated regularly to the north to northwest
and continuous sedimentation filled the Oligocene to Miocene molasse basin. Its greatest

thickness (5000 - 6000 m) is found along the southern side below the front of the Alpine
nappes (Triimpy, 1980).
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2.  The Champsaur-Prapic fold zone:
overthrust shear deformation of a foreland basin

2.1  Introduction
2.1.1 Geological setting and previous work

The Champsaur-Prapic fold zone is situated at the southeastern rim of the Pelvoux
basement massif (Fig. 1.6). It is covered by the 1:50°000 geologic maps of Orcieres
(Debelmas et al., 1980), St.-Christophe-en-Oisans (Barféty et al., 1984), Briancon
(Barféty er al., 1995) and Guillestre (Debelmas et al., 1966). A regional angular
unconformity separates the strata of the southwestern Alpine foreland basin, from the
Variscan crystalline basement and its Mesozoic cover. Within the Champsaur-Prapic fold
zone the Mesozoic cover was completely eroded except in the Dormillouse inlier, where
few meters of Triassic rocks are preserved. Along the margin of the Pelvoux massif,
basement and Mesozoic cover rocks were folded together by the Pyrenean-Provengal
deformation (Late Cretaceous to Eocene), uplifted and deeply eroded (Ford, 1996 and
references therein), providing a rapidly varying substrate for the Tertiary sediments (Fig.
2.1). The Upper Eocene to Lower Oligocene stratigraphy comprises local fluvial incision
channels filled by a basal conglomerate (0 - 10 m), shallow-water Nummulitic Limestone
(5 - 50 m), hemipelagic Globigerina Marl (0 - 50 m) and turbiditic sandstones (700 -
1200 m), the Champsaur Sandstone. The latter onlap their substrate from east to west and
are of the non-volcanic facies.

The Champsaur-Prapic fold zone extends westward for some 14 km from the Frontal
Pennine Trust (FPT) (Fig. 2.1). The study area is divided in two by the Champsaur Thrust
which separates the main Champsaur fold zone from the narrower Prapic fold zone to the
west. No major folds occur in the Tertiary succession west of Orciéres (south of the
Selle-Fault; Fig. 1.6). For purposes of description, the Champsaur fold zone is divided
into 3 domains (Fig. 2.1): the central domain, including the Fournel basement inlier, the
northern domain north of Vallouise and along the border to the Pelvoux massif and the
southern domain, around the Dormillouse basement inlier and further south. Folds in the
Champsaur Sandstone record shear strain variations across the region while intense shear
fabrics characterise the Globigerina Marl and the Nummulitic Limestone in the basal
shear zone below.

The N-S trending FPT separates the Tertiary sediments from the internal Sub-
briangonnais units. Further east the Frontal Briangonnais Thrust carries the Briangonnais
zone on top of the Sub-briangonnais zone (Fig. 2.1). Late normal displacements on both
faults (Tricart et al., 1996) probably thinned the Sub-briangonnais to few metres

thickness in the Fournel valley. To the south, the Tertiary sediments are tectonically
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overlain by the Embrunais-Ubaye nappes, a more complex assemblage of Cretaceous
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o\ Autapie nappe nappes Helminthoid flysch, Sub-briangonnais and Briangonnais units (Fig. 1.6). Structural and
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' Embrunais-Ubaye nappes are separated from their foreland substrate by the ‘Schistes a

{ Blocs’ (Fig. 2.1), described by Kerckhove (1969) as a marine sedimentary mélange
implying that submarine emplacement of the lowest of these nappes (Autapie)
terminated foreland basin sedimentation. Kinematic data from the ‘Schistes a2 Blocs’ (see I
Fig. 2.7b) and other structural data (Lawson, 1987; Fry, 1989; Lickorish and Ford, 1998)

Champsaur Thrust; * = location of NNE-SSW
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e 5 o SCIE ol f Most previous work was carried out to investigate the relationship of the Pelvoux
z - LaBla

Frontal Briangonnais

Thrust massif and its Mesozoic and Tertiary cover at the rim of the Pelvoux massif (e.g. P.

Gidon, 1953; M. Gidon 1965). Structural studies of the Champsaur-Prapic area itself
have been carried out by Plotto (1977) and Tricart (1980) in the Central and Southern
domain of the Champsaur-Prapic fold zone. Plotto (1977) described and quantified the

3
4 e Vallouise
e

Frontal Pennine
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extent and continuity of the deformational styles whereas Tricart (1980) concentrated on
the relationship between the cover and the basement and between the cover and the

Frontal Pennine Thrust. However, these studies did not investigate the Northern domain

A or the Prapic fold zone. The most recent study of the Prapic fold zone is by Kerckhove ef |
Y al. (1978) which served as a basis for the BRGM map sheet Orciéres (Debelmas et al.,
Dt 1980).
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In thrust belts, stratified sequences can become folded by simple shear within a broad

shear zone, usually below an overthrusting mass. The resulting asymmetrical fold trains

show a transition from upright to overturned folds and may describe larger asymmetric

nappes. Such structures have been analysed in several external orogenic belts: e.g. in the

: Southern domain
Prapic fold zone
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I Variscan belt of southwest England (Sanderson, 1979), from back-arc basin deposits in i
{ the southern Andes (Bruhn, 1979; Tanner and Macdonald, 1982), in the Helvetic Alps 1
‘ (Ramsay et al., 1983; Dietrich and Casey, 1989; Rowan & Kligfield, 1992; Casey and !
{ Dietrich, 1997) and previously in the present study area by Plotto (1977) and Tricart

\ (1980, 1984, 1986). This phenomenon has become known as overthrust shear. All these
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areas show some or all of the following characteristics: (1) folds show consistent facing

and asymmetry across a large area, (2) there is a clear correlation between fold tightness

chevron folds in the Champsaur Sandstone. The fold axial trends are marked by thick grey lines. A-A' (note that the line is in two parts) and -B’ (see Fig.

1.6 for full section line) are the traces of the reconstructed profiles in Figs. 2.4 & 2.7, respectively. CT

trending open folds in basal shear zone; Y indicates the northern limit of observed FB2 folds.

| and axial plane attitude which (3) both record a systematic increase in strain in one
g -

direction, (4) folds are non-cylindrical and (5) fold axis orientation is variable with

Fig.2.1: Simplified geological map of the Champsaur-Prapic fold zone adapted from BRGM maps 1: 50'000 and own work. Arrows give fold axis orientation of

respect to the stretching lineation (Gibson and Gray, 1985).
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The issue of how folds are initiated in simple shear is problematical. The first
mathematical and geometrical models for fold development in simple shear argue that to
initiate folding in a shear zone, the shear plane has to be initially at a low angle to the
layering (Ghosh, 1966; Sanderson, 1979, 1982). However other authors have argued that
to initiate folding in a shear zone at a low angle to layering, small perturbations within an
anisotropic multilayer sequence on which folds can nucleate and amplify are necessary
(Casey and Huggenberger, 1985). Alternatively, the bulk strain must deviate from ideal
simple shear for example, if there is a component of shortening parallel to the shear
direction (Ridley and Casey, 1989). For fold development in simple shear (Sanderson,
1979) bedding lies at a low angle to the shear zone with a constant strain profile (Fig.
2.2a). Symmetrical buckle folds initiate by layer-parallel shortening with axial planes at
a high angle to the shear zone and subsequently rotate, tighten and become more
asymmetrical as the strain increases. This model has been applied to asymmetrical fold
trains where the folds are all of the same order (Bosworth and Vollmer, 1981; Tanner and
Macdonald, 1982), being slightly modified to estimate shear strain by Gibson and Gray
(1985) and Rowan and Kligfield (1992). In the case of the Millook nappe in SW England
(Sanderson, 1979) and the Helvetic nappes of Switzerland, folds record a marked
increase in shear strain downwards across a large-scale recumbent nappe fold (Fig. 2.2b).
For the Helvetic nappes, Ramsay et al., (1983) proposed that the nappes were first
emplaced over their footwall ramps to give a hangingwall anticline before the onset of
progressive simple shear. Dietrich and Casey (1989) and Casey and Dietrich (1997)
instead propose that these nappes evolved by contemporaneous superposition of pure
shear and heterogeneous overthrust shear.

In this Chapter asymmetrical folding is described and analysed from the Champsaur-
Prapic fold zone which lies in the footwall of the Frontal Pennine Thrust (FPT), the
tectonic boundary between the external and internal units of the western Alps. The
general geometries of asymmetrical chevron folds agree very well with the simple shear
model of Sanderson (1979; Fig. 2.2a) and the characteristics of overthrust shear
described above. However this area also has distinctive geometrical characteristics
which suggest a more complex distribution of shear strain than shown in previous
studies. Shear strain increases toward the hinterland indicating that it was generated by
emplacement of the over-riding internal thrust sheets with highest strains recorded at the
rear (Plotto, 1977; Tricart, 1980). No major nappe folds have developed. Instead the
deformation is concentrated in high strain zones which cut at a variable angle through
sub-horizontal bedding, forming diffuse ramps linking floor and roof shear zones. The
folds of Champsaur-Prapic have previously been described and analysed in the theses of
Plotto (1977) and Tricart (1980). Their work is incorporated and discussed in this study.

Fig. 2.2:

\ane
— sheal plat Simplified cross sections of overthrust
So shear models:

a) Conceptual model of the progressive

(1) development of folds by simple shear
(modified after Sanderson, 1979). (1)

Undeformed geometry: a shear zone with

a constant strain profile is at a low angle

to layering; (2) initial generation of

symmetric buckle folds; (3) development

o=
o
(2) (/ of asymmetry by passive rotation of axial
P
=2ty

planes.

b) Nappe geometry resulting from
distributed simple shear originally
oblique to the stratigraphic sequence (as
in a) which concentrates at the lower
nappe boundary (from card deck
experiments). The graph to the right
shows how the shear strain varies, the
two peaks refer to the base of the nappes
(modified after Casey and Dietrich,
1997).

2.2  The Champsaur fold zone

The turbidite sequence forms regular trains of gently plunging chevron folds.
Individual folds die out laterally and cannot be traced for more than 4.5 km. Fold axes
and axial trends, compiled from Plotto (1977) and this study, are shown on Fig. 2.1. A
single axial planar cleavage is associated with the folds (Fig. 2.3). In the narrow northern
domain, fold axes plunge toward N-NNE and S—-SSW (Figs. 2.1 & 2.3a). Poles to
bedding and cleavage define similar cluster distributions, giving an average planar dip of
40 - 50v E, approximately parallel to the FPT (Figs. 2.3a & b). In the central domain fold
axes plunge gently NNW and coincide well with the IT-pole (346-12) to the best fit great
circle for bedding (Figs. 2.1 & 2.3c). The elongate cluster of poles to axial planar
cleavage (Figs. 2.3d & f) is generated by the east-west transition from moderately to
steeply dipping axial planes. In the southern domain measured fold axes plunge
dominantly to S-SSE but display a considerable scatter which is also reflected in the
broad girdle distribution of poles to bedding (Figs. 2.1 & 2.3e). Fold orientation can vary
within a single fold pair suggesting that the folds may be weakly curvilinear in this
region. In summary, fold axial trends curve from NNE in the northern domain to NNW in

the central and southern domains. This curvature becomes more pronounced toward the
east (Fig. 2.1).
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The majority of folds show angles of axial transection A (Borradaile, 1978; Johnson,
1991) between +27° and -16°. The degree of axial transection may be related to fold
trend: N-S to NW-SE folds tend to have smaller (or even negative) A-values than NE—
SW trending folds.

+ 131 poles to bedding

4 12 fold axes

% 66 poles to cleavage

northern domain

« 156 poles to bedding

4 18 fold axes

x 167 poles to cleavage

central domain

= 199 poles to bedding

4 21 fold axes

x 110 poles to cleavage

southern domain

Fig.2.3: Equal area lower hemisphere projections of structural elements (bedding, cleavage, fold axes)
in the Champsaur Sandstone turbidite sequence of a) & b) the northern domain, c) & d) the
central domain and e) & f) the southern domain. Bedding poles and poles to cleavage are
contoured at 1 2 3... times uniform. For further description see text.

3.1

2.2.1 The northern domain

The northern domain is only 1 - 4 km wide and thus lateral variations in geometrical
parameters of folds cannot be observed. In addition, this zone has been tilted 20 - 302 to
the SE by late uplift of the Pelvoux basement massif so that, for example, the dip of axial
planes cannot be used to calculate shear strain. Interlimb angles however are not affected
by later tilting and give a range similar to those of zones D to E in the central domain (see

next paragraph).

2.2.2 The central domain: the Fournel profile

The southern side of the E-W Fournel valley (Fig. 2.1) provides an excellent 14 km
long profile (1.5 to 0.8 km high) through the central domain from the FPT in the E to the
Selle-Fault in the W. The valley cuts down into basement, thus exposing the basal shear
zone in the lower Tertiary units (Fig. 2.1). This continuous profile, first documented by
Plotto (1977), is re-drawn in more detail from rectified photographs for analysis of fold
geometry (Fig. 2.4; see figure caption for details of correction procedure). Five zones of
folding, labelled A to F, with widths varying from 0.4 to 2 km are separated by 0.3 to 1.6
km wide zones of moderately east-dipping strata. The dip of the fold zones decreases
from west to east (Fig. 2.4; Table 2.I). The size of folds is controlled largely by the
percentage of sand and shale within the turbiditic succession and the thickness of
sandstone- and shale dominated packages. Wavelengths range between 50 and 450 m,
amplitudes from 30 - 200 m. The typical chevron forms have long straight limbs, narrow
hinge zones, rounded hinges in sandstone-dominated facies and angular hinges in
mudstone-dominated facies (Fig. 2.5a). Limb-thrusts and hinge-collapse are relatively
common in upright chevron folds (Fig. 2.5b). In sections with strongly marked layer
thickness variations, the fold limbs become curved. The fold enveloping surface dips
gently west. In the east it dips eastward below the Sub-briangonnais units.

Table 2.1 summarises the main geometrical features of the five fold zones and Fig. 2.6
(a, b) presents plots of fold interlimb angle vs. distance from the FPT and interlimb angle
vs. axial plane dip. Two main trends characterise the deformation: mean interlimb angle
and mean fold axial surface dip both decrease from west to east, together with an
increase in relative shortening across the fold zones (calculated using bed length). The
observed axial plane rotation and fold tightening are consistent with progressive non-
coaxial deformation. Using the axial planes as passive markers that rotated from an
original dip of 90%2 toward the shear direction with increasing shear (Sanderson, 1979),
variation in shear strain within each fold zone (Table 2.I; Fig. 2.6c) was calculated.
Although individual fold zones show a wide range of shear strains (Fig. 2.6¢) the mean

value clearly increases toward the east. However zone F does not fit with this trend. In

this zone axial planes have become parallel to the FPT. As they can no longer rotate they
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In the westernmost zone A fold axial planes dip steeply east or west. Folds are tighter
in the west than in the east (Fig. 2.6a) indicating that they were either tightened against
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thus increases toward the FPT giving a minimum value of y = 2.3 at the fault itself (Fig.
2.8¢).

2.3  The Prapic fold zone

The Prapic fold zone lies in the footwall of the Champsaur Thrust (Figs. 2.1 & 2.7).
The Champsaur Thrust dips 10 - 30%: east and can be traced northward where it links to
the basal shear zone (Figs. 2.1 & 2.4). Displacement on the Champsaur Thrust decreases
northward.

In the Dormillouse area the Champsaur Thrust almost doubles the Tertiary
stratigraphy and the thrust is marked by a sudden change in chevron fold morphology
(Fig. 2.7a). In the hangingwall, close to the thrust plane, chevron folds become
overturned and minor asymmetric folding affect the limbs. In the footwall the turbidite
sequence is folded in large tight recumbent asymmetrical SW-vergent folds. All folds
have subhorizontal fold axes trending NW-SE (145%; Fig. 2.7b). Most of the deformation
is accommodated in a narrow (~3 km) zone in the footwall of the thrust. Restoration of
bed lengths give at least 1 km shortening in this zone. The orientation and vergence of
these folds suggest that they were generated during SW movement on the Champsaur
Thrust.

To explain the presence of nummulitic limestone facies at the base of the ‘Schistes 2
Blocs’ south of Prapic (Fig. 2.1) Kerckhove et al., (1978) proposed an early large-scale
recumbent nappe-like syncline, overturned towards the NW (well illustrated on the
1:50°000 geologic map of Orciéres; Debelmas et al., 1980). They described overturned
bedding in the underlying turbidites to represent a major upper overturned fold limb. In
the present study no evidence for such an overturned fold was found (Fig. 2.7a). I
therefore suggest that this nummulitic limestone sequence is either part of the ‘Schistes i
Blocs’ or the overlying Sub-briangonnais sequence. A nummulitic limestone unit in a
similar tectonic position was described above the turbidites of the Aiguilles d’Arves
north of the Pelvoux massif (Fig. 1.6) by Bravard (1982) who proposed that these are in
stratigraphic position.

East of Orcieres, large-scale folding ends in a regional open anticline (Orcigres
Anticline) which drops the top of the turbidite sequence ~1 km down to the west (Fig.
2.7a). I propose that this large NW-SE-trending anticline is related to a blind basement
thrust (Orcieres Thrust) which carries the hangingwall ~1 km towards the SW. Further
SW only rare minor (<10 m) SW-vergent folds occur within the Tertiary sequence. This
change in deformational style may be related to a change in the substrate. West of
Orcieres the Tertiary sequence is underlain by a thick sequence of Mesozoic rocks,
especially the Middle to Upper Jurassic shales (Terres Noires), whereas east of Orciéres
the substrate is crystalline basement with a local thin Triassic cover (Fig. 1.6). I therefore
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speculate that the blind Orciéres Thrust is located on a Mesozoic normal fault (Fig. 2.7a).
This large anticline and the Champsaur Thrust cut and involve the lower parts of the
Embrunais-Ubaye nappes (‘Schistes & Blocs’ and Autapie nappe) (Figs. 2.1 & 2.7,
Kerckhove et al., 1978) implying that these lower units were emplaced over the Prapic

fold zone during ongoing SW-directed deformation.

2.4  The basal shear zone: progressive shearing of the Nummulitic Limestone
and Globigerina Marl
Between the Champsaur Sandstone and the crystalline basement lies a 5 - 60 m thick
basal Tertiary sequence comprising local pockets of basal conglomerate, the Nummulitic
Limestone and the Globigerina Marl. In general the basal conglomerates remain

undeformed. The gradation between the two upper formations produces a smooth

- upward decrease in mechanical strength. The basal shear zone overprints this mechanical

stratigraphy and can be divided into lower (Nummulitic Limestone), intermediate
(transitional marly limestones) and upper (marls) levels with an upward increasing strain
gradient. The basal Tertiary stratigraphy (and therefore the basal shear zone) is thicker
(up to ~60 m) in the central domain (Fournel) than in the southern domain (22 m;
Dormillouse). It thins dramatically to the north of Fournel to less than 5 m in places.
Structural data and characteristic synthetic profiles through the basal shear zone are
shown on Fig. 2.9 (see also Plotto, 1977; Tricart, 1980). Small-scale structures in the
basal shear zone record a history of progressive shear with a vertically increasing strain
gradient. In order to describe this progressive deformation I have distinguished four
generations of structures, numbered B1 to B4. This numbering system is only applicable

within the basal shear zone.

2.4.1 The main foliation (Bl)

The main foliation (Sgp) is subparallel to bedding and carries a well developed
stretching lineation. It is not associated with any folding. Morphologically Sg1 changes
from a weak anastomosing cleavage in the lower level to a continuous cleavage in the
intermediate, and slaty cleavage in the upper levels indicating a strong vertical
deformational gradient (Figs. 2.9b & c). In areas of thinner basal Tertiary strata and thus
higher shear strains, the spacing of Sg; decreases upwards within 5 metres from ~6 cm to
~4 mm. In the central and southern domains Sg; dips around 30° towards the NE-ENE
(Figs. 2.9b & c) and the stretching lineation clusters around NE or is folded and

distributed along a WSW-ENE trending great circle as in the case of the central domain
(Fig. 2.10a). In the northern domain, Sg; dips moderately E (Fig. 2.9a) and the stretching
lineation plunges NNE-NE, with the exception of the northernmost Chambran area
where the stretching lineation changes to NW-SE and N-S trending (see Figs. 2.1 &
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short pressure fringes also occur within Sp (see below) (Fig. 2.10b). Stretching lineation
and quartz fibre orientations from larger pressure fringes (Fig. 2.10a) clearly record a
constant WSW-SW-directed stretching. The quartz fibres in the pressure fringes are

slightly curved in the XZ-plane of finite strain recording a non-coaxial strain path (Figs.
2.10b & 2.11a).

In thin sections of the Globigerina Marl an sedimentary lamination has been
accentuated by Sp; and consists now of ~1 mm thick fully recrystallized calcite-rich
laminae (lozenge shaped grains ~30 pum long) separated by thinner pressure solution
seams, variably enriched in phyllosilicates with a high degree of preferred orientation
(<0.2 mm wide) (Fig. 2.11b). Asymmetric tails around detrital grains (quartz, white
mica, fossils) indicate W-directed shearing and stretching within Sg; (Fig. 2.11c). In
some places cleavage-parallel boudinage of phyllosilicate-rich pressure solution seams
records ongoing stretching parallel to the principal cleavage (Fig. 2.11d). Sp; slaty
cleavage in the upper level of the basal shear zone is defined by the preferred orientation
of aligned phyllosilicate grains, elongate quartz grains showing undulose extinction and
interstitial calcite grains. In less strained areas, around heterogeneities, the slaty cleavage

becomes anastomosing and domainal. Here the microlithon domains show some relicts
of bedding (Fig. 2.11e).

2.4.2 Folding of the main foliation (B2)

In the intermediate level the bedding and Spq cleavage are locally folded in
asymmetrical WSW-vergent, mesoscale, gentle to open folds (Fgy; Fig. 2.12), causing
the girdle distributions on pole plots of Sg; (Fig. 2.9). Amplitudes range from
centimetres to decametres and wavelengths range from centimetres to few metres. In the
central domain where strain is lowest, all Fgy fold axes plunge shallowly towards the
NNW, perpendicular to the shear direction (Fig. 2.9b). In the northern domain and
especially in the southern domain measured fold axes and intersection lineations (Figs.
2.9a & c) show a wide distribution of orientations which all fall on the great circle of the
mean Sp; cleavage. In the field these Fg; fold axes are clearly curvilinear (Fig. 2.12e).
The Fp; folds are associated with an axial planar cleavage (Spy), expressed as cm-
spaced, pressure solution seams. Sp dips in the same direction as the mean Sg{ (E-NE)
but tends to be slightly steeper (Fig. 2.9). Sg» is best developed in the short limbs and
hinge areas of Fpy folds, where the compositional layering Sg.g; is thicker than in the
surrounding rock mass (Fig. 2.12). Large amounts of material have been removed by
pressure solution on Sg, making compositional layering highly discontinuous (Fig.
2.12b). Slight buckling in the short limb of some Fgy folds results in second order
forelimb-folds (Ray, 1991). The limbs of these second order folds are thinned (Fig.

Fig. 2.11:
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Fig. 2.i1: Photomicrographs of thin sections cut perpendicular to SB1 and, unless stated otherwise,
parallel to the stretching lineation LB1. a) Southern domain: spherical framboidal pyrite with
quartz pressure fringe to the left and calcite fringe to the right in finer grained calcite matrix.
SB1 (horizontal on this photo) is marked by phyllosilicate seams. The quartz fibres in the
pressure fringes were rotated anticlockwise in sinistral non-coaxial flow while being pulled
away from the pyrite. Calcite pressure fringes are also seen around fossil debris (in the lower
left corner). Crossed polarizers. b) Southern domain: hinge area of an FB2 fold (cut
perpendicular to fold axis): S0-B1 lamination is defined by calcite separated by accumulations
of phyllosilicates and insoluble residues. Elongate large calcite grains and pyrite pressure
fringes lie subparallel to SB1. The phyllosilicate rich seams are crenulated by SB2
(subhorizontal in this view). ¢) Central domain: asymmetric tails around a quartz grain within
a highly sheared SB1 fabric (give top to the W sense of shear). Crossed polarizers. d) Central
domain: asymmetric boudinage of SB1 phyllosilicate seams (black) with interstitial growth of
large calcite crystals (white). e) Central domain: SB1 slaty cleavage (subhorizontal in photo)
with folded primary lamination preserved in a microlithon. f) Southern domain: thick SB2
seam of phyllosilicates and insoluble residues crosscutting S0-B1 (subvertical in photo) in the
hinge area of a FB2 fold. Differential crenulation cleavage dips steeply left (Selle-Fault
cleavage) in the thick SB2 seam. Thin section cut perpendicular to the FB2 fold axis. g)
Southern domain: So-B1 fabric is oriented from top right to lower left corner. A thick SB2 seam
is seen along the upper rim of the photo. SB2 pressure solution cleavage is also intensely
developed within the dark seam in the centre of the photo (dipping left). Large rectangular
calcite crystals are aligned subparallel to SB2 on either side of this seam. Thin section cut
perpendicular to the FB2 fold axis. h) Selle-Fault cleavage crenulating subhorizontal So-B1
fabric. Thin section cut perpendicular to the Selle-Fault folds.

2.12c). Some Fpy mesofolds are localised on heterogeneities such as quartz-calcite veins
(Fig. 2.12d). In these cases the fold amplitude dies out rapidly along the axial plane. The
axial planar Spy cleavage curves into sub-parallelism with the Sg1 planes and spacing
between seams decreases, until they are indistinguishable. At higher shear strains (i.e. in
the southern domain), Sgz is omnipresent in the intermediate and upper levels and
cleavage domains strongly dismember the Fp» folds (Fig. 2.12e). In the hinges of Fg2
folds Sp is well preserved in the microlithons and forelimb-folds are curvilinear. At Col
de I’ Aup Martin (Fig. 2.1), near the Selle-Fault, Fg2 folds occurin a diminishing number
indicating that the shear strain was lower.

In thin section Sy generally forms dark through-going surfaces up to 2 mm wide,
with aligned phyllosilicates and accumulations of insoluble residues (Fig. 2.1 1f). In some
samples where Sg; is at a high angle to So.g1, small microfolds of Sg1 are observed in
the microlithons. In other cases Sgp develops as a crenulation cleavage associated with
pressure solution (Fig. 2.11b). In the southern domain where Sgj is well developed, it
can be observed in certain laminae that large calcite crystals (~ 0.1 mm long), aligned
parallel to Sgp, grew over the Sgj pressure solution seams (Fig. 2.11g). Clear truncations
at Spy cleavage surfaces suggest that strong pressure solution took place along Sg2.
Sigmoidally shaped Sq.p; offsets at Spp surfaces also indicate shearing on Sg2 which

‘may have caused the curvilinear shape of Fp» folds.
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/ fold axes orientation

1 050-32

2.022-20

'3 140-10 (intersection lineation)
4 020-14

f)

Fig. 2.12: Field sketches showing profile shapes of B2 folds in the basal shear zone. a) - d) Examples
from the central domain. a) Large B2 folds with concentration of SB2 on the steep limbs. b)
Two examples where strong pressure solution on SB2 dissolved much of the fold hinge, which
results in a highly discontinuous SB1. ¢) Detail from a second order forelimb fold showing
thinning of the limbs. d) B2 fold zone with strong SB2 localised on a quartz-calcite vein
(black). Prior to FB2 the vein was boudinaged by the B1 deformation. The fold amplitude dies
out rapidly along the axial plane until SB2 merges with SB1. €) & f) B2 fold zone from the
southern domain where SB2 dominates. e) Sub-horizontal B3 shear zones, marked by aligned
quartz-calcite veins (black). In detail a slightly dismembered B2 fold is preserved in the
microlithons. (Hammer for scale). ) Strongly dismembered B2 fold. Minor fold hinges in
sth microlithons are highly curvilinear see orientations of fold axes at localities 1 to 4. The
orientation of fold axes varies from one microlithon to another. * indicates a sub-horizontal
B3 shear zone.
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2.4.3 Sub-horizontal shear zones (B3)

In the northern and southern domains, higher shear strain led to the development of
discontinuous subhorizontal metre-scale shear zones in all levels (Fig. 2.9¢). They cut
across B1 and B2 structures (Fig. 2.12¢). Slicken-fibre lineations on these shear surfaces
and the curvature of older foliations indicate a top to the WSW-sense of shear (Fig. 2.9¢).
They are interpreted as shear bands (White et al., 1980) which develop only in higher

strain zones probably late during shear zone activity.

2.4.4 West-dipping cleavage (B4)

In the southern domain, the principal foliation Sp; is locally cut by a west-dipping
crenulation cleavage Sps (Figs. 2.9¢ & 2.13). Discontinuous bedding indicates a large
amount of pressure solution. This cleavage is related to minor buckle folds with a thinned
western limb (Fig. 2.13). The thinned limb sometimes merges into a distinct cleavage
surface. No cross-cutting relations to B2 and B3 structures was found. The geometry
makes it difficult to relate this structure to shear zone development. It is a very local
feature and may be related to differential movement in the basement. Tricart (1980)
suggested that this cleavage relates to late Alpine backthrusting, however, the very local

distribution is not compatible with a regional event.
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2.4.5 Chambran: transition to WNW-directed deformation

In Chambran, the narrow northernmost part of the Champsaur fold zone, the
orientation of the stretching lineation in the basal shear zone changes northwards within
2 km, from NE-SW to NW-SE (Fig. 2.1) with a small number of N-S lineations
measured within the transition zone. To the north at Rocher de I’ Yret (Fig. 2.1) a series of
WNW-directed (290%2) thrusts in the footwall of the FPT carry basement onto Mesozoic
and Tertiary cover (Butler, 1992a). B1 and B2 structural elements (Figs. 2.9a & 2.14a)
persist northward to location Y (Fig.2.1). The Fg; folds are highly curvilinear. Within the
transition zone (starred localities in Fig.2.1) additional metre-scale NNE-SSW trending
open folds occur in the upper level of the basal shear zone. They fold the So_g1 layering
and are associated with an east dipping axial planar cleavage (Fig. 2.14a). Unfortunately
no cross cutting relationship between the Fgy folds and these open folds could be
observed but assuming that the Fgy structures are related to the WSW-SW-directed
deformation I propose that the WNW-directed deformation was at least in part later

because the open folds would have been obscured by the more intense B2 structures.

Fig. 2.14:

Structural data from the basal
shear zone at Chambran in the
northern domain where the
stretching lineation (LB1) is N-S
to NW-SE-directed (Fig. 2.1): a)
Cleavage and bedding data. b)
Stretching lineation and pyrite
pressure shadow data.
Stretching directions which
plunge north belong to the

=21 poles to So a stretching lineation it
x 37 poles to SB1 s e RS SHEUEW transition _zone, Equal area
+2 poles to Se2 lower hemisphere stereoplots.

+3 poles to axial planar cleavage of open folds
o4 intersection lineation of Ss1 with Ss2
a4 open fold axes
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2.4.6 A model of progressive shear

The structures described (B1 - B3) can be linked within a single progressive shear
history. The principal Sp; cleavage and associated stretching lineation are the main
fabrics produced within the shear zone. As shearing progressed, heterogeneities within
the marls (such as veins) caused small asymmetrical folds to fold bedding, the principal
cleavage and the stretching lineation. Small flow perturbations were sufficient to rotate
Sp; into the field of incremental shortening initiating Sg2 and Fp2 to accommodate the
continuing shear strain (Gray, 1995). Sga, a strong axial planar cleavage to these local
(Fgy) folds merged with the continuously developing principal fabric So.1 away from
the folds. Where shearing became strong enough (e.g. in the northern and southern
domains) the Fgp folds became curvilinear. Fg2 folds, initially oriented almost
perpendicular to the stretching direction, passively rotated towards the stretching
direction (Donath and Parker, 1964). During later stage shear zone activity the large
shear bands (B3) cut through B1 and B2 structures. They indicate a slightly east-dipping
shear zone boundary subparallel to bedding. B1, B2 and B3 structures are thus
genetically linked. Talbot (1964) and Laubach et al., (1989) report similar cleavage

development in shear zones.




48

Fig. 2.15:

a) Fault kinematic data from the Selle-

Fault zone, raw data and fault plane

solutions derived using the FaultKin

programme of Allmendinger (1989-94). b)
\, & c) Data from the basal shear zone at Col
de 1'Aup Martin. b) B1 and B2 structural
elements. c¢) Orientation of Selle-Fault
cleavage and Selle-Fault folds. Equal area
lower hemisphere stereoplots. Same key as
in Fig. 2.1.
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2.5  Selle-Fault

The NE-SW trending Selle-Fault cuts mainly through basement and Mesozoic rocks,
however, in a few places smaller satellite faults also affect Tertiary strata (Fig. 2.1).
Slicken-fibres on brittle faults and shear zones, displaced veins, shear bands etc., all
indicate dextral shear with a slight downthrow component dropping the southeastern
block down (Fig. 2.15a). To the north the conjugate sinistral fault set becomes of equal
importance (Fig. 2.15a) and increases to the north of the Pelvoux massif (Bravard and
Gidon, 1979; Gidon, 1979). The corresponding compression-axis (P) is towards WSW—
W (Fig. 2.15a). To the north, next to the Frontal Pennine Thrust, the Selle-Fault
bifurcates and individual branches die out within the internal units (Fig. 2.1: Barféty et
al., 1995). The two dextral main branches offset the Nummulitic Limestone
approximately 380 m (heave 350 m, throw 160 m), and the Frontal Pennine Thrust by
about 80 m (heave 70 m, throw 40 m). Therefore total dextral displacement is estimated
to be in the range of 500 m. 30 km further southwest, west of Orcieres (Fig. 1.6), the
Selle-Fault accommodates ~870 m downthrow to the south (see Chapter 3). The
increasing downthrow component is probably related to differential uplift of the Pelvoux
massif. This indicates that the Selle-Fault was of local significance during the late Alpine
deformation although it may have had an earlier history.

Observations from the basal shear zone at Col de I’ Aup Martin (Fig. 2.1) show that
near the Selle-Fault the Fgo folds (Fig. 2.15b) are overprinted by the Selle-Fault
cleavage. The Selle-Fault cleavage is axial planar to metre-scale, upright, asymmetric,
W-vergent folds with subhorizontal fold axes trending N-S (Figs. 2.11h & 2.15¢). These
folds are clearly restricted to a narrow zone (< 1 km) close to the Selle-Fault. But the
Selle-Fault cleavage occurs even several km further east, as a very fine differentiated
crenulation cleavage in thick pelitic seams (Fig.2.11f). These structures are clearly
related to a late dextral transtension on the Selle-Fault post-dating activity along the

basal shear zone.
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2.6  Burial and exhumation history of the Champsaur-Prapic fold zone

The metamorphic grade of the Champsaur-Prapic fold zone has previously been
estimated by illite crystallinity measurements (Aprahamian, 1974). According to these
data the illite crystallinity in the Champsaur-Prapic area increases northwards and
castwards. North of the Dormillouse inlier the metamorphic facies changes from zeolite
facies to greenschist facies (Debelmas and Kerckhove, 1980). Fabre (1988) concluded
from K/Ar ages of the fine fraction of the Nummulitic Limestone that peak
metamorphism occurred at 30 Ma or later.

As part of a larger project ten samples from the Champsaur-Prapic fold zone (Fig.
2.16) have been dated by the fission track method (Seward et al., submitted).

Five zircon ages come from the Champsaur Sandstone; the zircon fission track age of
sample JB77 (4.0£0.6 Ma, 20) is younger than the depositional age (fully reset), the
others are much older (single crystal ages ranging from 30 to 310 Ma) and are inherited
ages. The fission-track age of zircon is expected to be fully reset when the crystals are
heated to 250%C. The old ages, i.e. ages greater than depositional age, have not been
annealed and were therefore not heated to more than 200%C. The fully reset zircon age of
sample JB77 in the immediate footwall of the Frontal Pennine Thrust however reached
temperatures in the order of 250%2C+50%2C. Assuming a geothermal gradient of 25%2C/km
this sample was at 4 Ma buried 8 - 12 km.

The apatite ages range from 4 to 13 Ma (Fig. 2.16). All samples have been exposed to
temperatures in excess of 120%C (generic algorithm modelling confirms burial to >
120%2C; D. Seward pers. comm.). On an age-altitude plot (Fig. 2.16) the samples do not
lie on a single straight line. However, without the two samples to the west of Prapic (94/
21 and 94/P12) and without the one to the north of the Selle-Fault (JB&0), a positive age-
altitude correlation results, with a low exhumation rate of about 0. Imm/y (Fig.2.16). This
implies that the Champsaur-Prapic fold zone did not behave as a single block and that
there must have been differential uplift after the rock passed through the closure
temperature. The younger age to the north of the Selle-Fault indicates that the Selle-Fault
was active after 4 Ma. The two older apatite samples to the west of Prapic probably are
less exhumed, i.e. exhumation stopped earlier than in the rest of the area.

Assuming a geothermal gradient of 25%C/km the Champsaur-Prapic fold zone was
buried at least 5 km. The maximum burial is 8 km (resetting the time for the zircon
fission track clock) although the zircon age of sample JB77 demands burial ranging from
8 to 12 km. As the samples have been exposed to temperatures above 120%2C the fission
tracks contain no information about the burial history. But modelling gives evidence that

the samples passed below depths equivalent to 120%C around 10 Ma, except for the
sample JB77, which passed below 250%C around 4 Ma.

altitude (m}
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2.7  Interpretation and discussion
2.7.1 Overthrust shear model

From the description above, I can deduce that the deformation documented in the
Fournel profile (Fig. 2.4) is due to one continuous deformation that was dominated by
top to WSW overshear. A tectonic model for the Fournel profile must account for the
geometrical information of large and small-scale structures. The main structural features
which must be explained by any model are: (1) the progressive eastward change from
large, open chevron folds with vertical axial planes to close, chevron-like folds with
gently inclined axial planes (Fig. 2.4), (2) the positive correlation between interlimb
angle and axial plane dip (Fig. 6b), (3) the concentration of folds in E-dipping zones
which become shallower towards the E (Table 2.I), and (4) mesofolds and cleavage
development in the basal shear zone. All these features reflect an increase in shear strain
towards the hinterland (i.e. FPT) indicating that the shear strain was generated by

emplacement of the over-riding internal thrust sheets as previously suggested by Plotto
(1977) and Tricart (1980).

This leads to an overthrust shear model (Fig. 2.17). I propose that the Tertiary
foreland basin succession formed a shear zone bounded above by the Frontal Pennine
Thrust and by the basal shear zone below. Along the Fournel profile, the thickness of the
Champsaur Sandstone turbidite sequence increases from ~700 m in the W near the Selle-
Fault to ~1200 m approximately 8 km further east (Figs.2.4 & 2.7) giving the shear zone
a wedge shape. Movement of the Frontal Pennine Thrust hangingwall towards the WSW
over the foreland caused high shear strains in the lower incompetent units of the
underlying Tertiary succession just above the crystalline basement. The Champsaur fold
zone offers a particularly well preserved record of overthrust shear deformation because
of low shear strains (y -3; Fig. 2.6¢). Zonal deformation (diffuse ramps), a horizontal

shear strain gradient and a basal shear zone are integral parts of the deformation pattern.

The development of folds in discrete zones whose dip decreases from vertical in the
west to 20°E below the FPT (Table 2.1) requires further discussion. Restoration of folds
across the Fournel profile causes the zone dips to increase but to preserve the same
eastward decrease in value, for example, the dip of zone E increases from 28° to 45° after
restoration. This implies that the eastward decrease in zone-dip is an original feature.
Casey and Dietrich (1997) proposed that vertical zones of pure shear (diffuse ramps) can
develop between non-overlapping upper and lower flats within a layered sequence
deforming under pure shear (Fig. 2.17a). I propose an adaptation of this model in which:
(1) the basal shear zone (below the Tertiary foreland succession) propagates forward in a
position below and behind the overthrusting mass of internal nappes (Fig. 2.17b); (2)
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Fig. 2.17: Overthrust shear model. a) Within a layered sequence deforming under pure shear a vertical
diffuse ramp (shaded) develops by simultaneous movement on overlapping upper and lower
flats. The diffuse ramp deforms in pure shear and leads to the initiation of buckle fole
(modified after Casey and Dietrich, 1997). b) Modification of a). An increasing -vertica.'l strain
gradient links the active lower flat (i.e. the basal shear zone) with the oveﬁhrustlng mass. The
lower flat lags behind the overthrusting mass. If the lower flat gets stuck a d.Jffl%se ramp
propagates upward through the layered sequence in which upright buckle fo%ds initiate. Tl:le
vertical strain gradient controls the dip of the diffuse ramps so that the higher the strain
gradient between the floor and roof shear zones, the shallower the dip of a ramp that connects
them. ¢) Overthrust shear model for the Fournel profile depicted on Fig. 2.4. A wedge shaped
turbidite sequence overlies the basal shear zone. The first diffuse ramp formed next to t‘he
overthrusting mass and sequentially newer ramps developed toward the. foreland .W'lth
progressively steeper dips. The initially symmetric buckle folds' rapidly amplified
asymmetrically (Casey & Huggenberger, 1985). Continued shear further tightened and rotated
the chevron folds and fold zones.

there is a decreasing vertical strain gradient downward between the FPT and the basal

shear zone; (3) the basal shear zone from time to time gets stuck and a diffuse ramp

propagates upward through the Tertiary sequence in which upright buckle folds initiate;
4) the vertical strain gradient controls the dip of the diffuse ramps so that the higher the
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strain gradient between the two sub-horizontal shear zones, the shallower the dip of a
ramp that connects them (Fig. 2.17b); (5) once a diffuse ramp is initiated (at whatever
angle) folding within it proceeds following the classic overthrust shear model (Fig. 2.2)
and the zone itself is rotated to a shallower dip. This model implies that the vertical strain
gradient diminishes westward until the most westerly diffuse ramp on the Fournel profile
is vertical (Fig. 2.17c). Thus not only fold geometries but also the dip of the fold zones
themselves record a rapid decrease in overthrust shear deformation toward the west.
Thus the strain gradient (from zone A to zone F; Fig. 2.4) represents the progressive
development of structures through time and space (Fig. 2.17c). Similar observations of
fold behaviour in the Southern domain (Fig. 2.8) allow us to propose that this model
applies for the whole Champsaur fold zone.

Previously documented overthrust shear examples may show zonal shear strain
gradients similar to the Fournel profile (Bosworth and Vollmer, 1981; Rattey and
Sanderson, 1982) or a vertical strain gradient within a nappe or thrust sheet (Fig. 2.2b)
(Sanderson, 1979; Ramsay et al., 1983; Gibson and Gray, 1985; Dietrich and Casey,
1989; Rowan and Kligfield, 1992; Casey & Dietrich, 1997).

In the first group of examples deformation in the footwall of an overthrusting mass is
accommodated in listric zones of high shear strain shallowing downward (Rattey and
Sanderson, 1982). Shear strain decreases forward and downward. Detailed structural
observations are complicated by high shear strains and overprinting deformation phases.
However, unlike in the Fournel profile the high strain zones do not ramp from a distinct
floor shear zone but are unconstrained scattered shear zones which probably follow less
competent rock assemblages. They are not controlled by a restricted shear zone
thickness. Therefore the boundary constraints and the distribution of easy glide horizons
critically influence the shear strain distribution. In the second case overthrust shear
causes rapidly increasing strains towards the base of a thrust sheet. The shear strain
concentration at the base can be so high that a nappe structure with an overturned lower
limb forms (Fig. 2.2b). In the Fournel profile shear strains are too low and the
stratigraphic pile is probably too thin to form a nappe. Therefore the shape, thickness,
and boundary constraints of the overthrust zone and the distribution of easy glide
horizons critically influence the shear strain distribution.

The deformation in the Prapic fold zone was similarly caused by overthrust shear on
the Champsaur Thrust and overriding internal nappes. Style of folding and transport
direction fit the deformation in the Champsaur fold zone (Fig. 2.7). I therefore propose
that one regionally continuous WSW-SW-migrating overthrusting mass caused the
deformation in the Champsaur-Prapic fold zone. The WSW-SW-directed shortening of
the Champsaur-Prapic fold zone is relatively small: ~3 km for the Champsaur fold zone
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(Fig. 2.4; Table 2.I) and ~2 km for the Prapic fold zone (Fig. 2.7).

2.7.2 Curvature of axial trends and late Alpine transport directions

On a regional scale, the investigated area lies within the core of the external Alpine
arc. Recent work has documented the magnitude of late Alpine shortening in the NW-
directed (>100 km) and SW-directed (~21.5 km) sectors of the external Alps (Fry, 1989;

Butler, 1992b and references therein; Lickorish and Ford, in press).

Fig. 2.18:

Schematic map showing the
large-scale relationship of
structural elements at the SE
corner of the Pelvoux massif.
Overthrust shear causes folding
of the turbidite sequence and
reorientation of fold axes by
lateral drag against the proto-
Pelvoux massif. Below the basal
shear zone shows constant
shearing towards the WSW-SW,
To the north this shear direction
changes to NW which is sub-
perpendicular to the reoriented
chevron folds. The NW tectonic
transport is partially later than
the SW transport. For further
explanation see text.
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The clockwise curve in map view by ~40% of fold axial trends in the Champsaur
Sandstone (Fig. 2.1) suggests variable transport directions which could be related to a
regional radial transition of the SW to the NW thrusting direction. But in the basal shear
zone the stretching lineation remains WSW-directed (except for the Chambran area)
(Fig. 2.18). This suggests that the chevron folding of the Champsaur Sandstone is
affected by local perturbations whereas the basal shear zone structures document the
regional undisturbed transport direction. The curvature of fold axial trends in the
Champsaur Sandstone may have been caused by lateral drag against the proto-Pelvoux
massif (Tricart, 1980; 1981) and is thus unrelated to the Western Alpine arc. Similar
processes may also be responsible for cleavage transection. But as I have argued above,

the Selle-Fault fabrics post-date all other structures in the basal shear zone and therefore
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could not cause bending of fold axes as suggested by Plotto (1977). Additionally the
displacement on the Selle-Fault dies out towards the NE where the curvature of axial
trends becomes most marked.

The regional transport direction in the basal shear zone changes from WSW-SW-
directed to NW-directed around Chambran in the northern domain. As shown on Fig. 2.1
this change occurs 4 - 6 km south of Rocher de 1'Yret. The change in orientation of the
stretching lineation in the basal shear zone is not abrupt and is not segmented with any
significant fault zone (Fig. 2.1). The northern terminations of the Selle fault, which
accommodate in total ~500 m of dextral displacement, lies to the north of the transition
zone and cannot be used to partition the two transport directions. NW-thrusting continues
at Rocher de I"Yret where a series of WNW-directed (290Y%) thrusts in the footwall of the
Frontal Pennine Thrust carry basement onto Mesozoic and Tertiary cover (Butler, 1992a)
and further north in the Aiguilles d’Arves Sandstones (Fig. 1.6) (Serre et al., 1985).
Therefore the basal shear zone at Chambran records the change from the NW-directed
sector to the SW-directed sector of the external Alps in the immediate footwall of the
FPT. And as argued above the WNW-directed deformation in part post-dates the WSW-
SW-directed deformation at Chambran (Fig. 2.18).

2.7.3 The problem of the hangingwall

Which WSW-SW migrating overthrusting mass caused the deformation in the
Champsaur-Prapic fold zone? At least the ‘Schistes 4 Blocs’ and the Autapie nappe are
affected by the overthrust shear deformation (Fig. 2.7) which implies that the
deformation occurred simultaneously with or after their deposition. This brings up the
question about the relationship of the Embrunais-Ubaye nappes with the more internal
units. Today, further north, the Champsaur-Prapic fold zone is not overlain by the
Embrunais-Ubaye nappes. Instead the Frontal Pennine Thrust brings Sub-brianconnais
units on top of Tertiary sediments. Further east the Frontal Briangonnais Thrust carries
the Briangonnais zone on top of the Sub-briangonnais zone (Fig. 2.1). Late normal
displacements on both faults (Tricart et al., 1996; Sue et al., 1997) probably thinned the
Sub-briangonnais to few metres thickness in the Fournel valley (Fig. 2.4).

Tricart (1980 & 1986) argued that the external zone rocks (including the Champsaur
Sandstone) and the overlying Autapie and Parpaillon nappes (Figs. 2.1 & 2.7) share a
common Oligocene cleavage-forming deformation, associated with westward shear of
the Briangonnais zone. He therefore proposed that the Frontal Brianconnais Thrust is the
major structural boundary between the external and internal zones. However, some
authors (Kerckhove, 1969; Kerckhove et al., 1978; Fry, 1989) emphasised that the base

of the Parpaillon nappe cuts external zones and Autapie nappe structures. The Parpaillon
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nappe was thought to have been emplaced onto a Miocene erosion surface together with
the Brianconnais zone in a single Early Miocene overthrust event. According to
Kerckhove (1969) and Kerckhove ez al. (1978) the deformation in the Champsaur-Prapic
fold zone must have occurred before that, probably during the emplacement of the
Autapie nappe, although Fry (1989) argued that the Champsaur-Prapic fold zone was
deformed during both SW-directed thrusting events, resulting in indistinguishable

structures.

Therefore, using the present Bureau de Recherche Géologiques et Miniéres (BRGM)

geological maps, it is difficult to define which overthrusting nappe stack caused the
WSW-SW migrating overthrust shear recorded in the Champsaur-Prapic fold zone. New

data are awaited from the internal zones to clarify the identity of this overthrusting mass.

Although, the Embrunais-Ubaye nappes have traditionally been interpreted as the
result of gravitational emplacement (Debelmas and Kerckhove, 1973; Merle and Brun,
1984: Merle, 1990), Fry (1989) stressed that all the features of the Embrunais-Ubaye
nappes can be better interpreted with thrusting from depth in the hinterland.

The data from the Champsaur-Prapic fold zone and from further south (e.g. Lickorish
and Ford, 1998) suggest that the foreland basin was overridden and filled by the
Embrunais-Ubaye nappes almost simultaneously with detachment and thrusting from
depth (Triassic evaporites). This implies that both processes were ongoing at the same
time suggesting that the emplacement of the Embrunais-Ubaye nappes caused shortening
in their footwall. In the Champsaur-Prapic fold zone the deformation increases towards
the rear, whereas in gravitational spreading nappes the deformation increases towards the
front and the base of the nappe (Merle, 1990) Therefore also the development of the

Champsaur-Prapic fold zone requires additional dynamic overthrust shear components.

2.7.4 Summary

The Champsaur-Prapic fold zone is a particular example of overthrust shear
deformation in the footwall of internal alpine nappes. The main characteristics of the
deformation in the Champsaur-Prapic fold zone are: (1) WSW-directed shear
deformation which decouples from the basement below the overthrusting internal
nappes. Above, the Champsaur Sandstone is folded in chevron-like folds. Variations in
chevron fold shape, axial plane dips and zonal distribution of folding indicate
progressively higher shear strains towards the Frontal Pennine Thrust in the east. (2) To
the north (at Chambran) late Alpine deformation changes to WNW-NW-directed partly
post-dating the WSW-SW-directed deformation further south.
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3. The Soleil Boeuf area northwest of the Selle-Fault zone:
NW-directed folding and thrusting

3.1 Introduction

The Soleil Boeuf area is covered by the 1:50°000 geologic map sheet of Orcieres
(Debelmas et al., 1980). In this area Tertiary foreland basin sediments (Upper Eocene to
Lower Oligocene) unconformably overlie folded basement and Mesozoic rocks (Ford,
1996 and references therein). On top of this autochthonous sequence lie several klippen
of Mesozoic and Tertiary sediments which were emplaced after the mid-Oligocene. The

purpose of this Chapter is to investigate the kinematics of the klippen emplacement.

3.1.1 Geological setting
Physiography

The Soleil Boeuf area includes Tertiary outcrops on the southern side of the Pelvoux
crystalline massif, north of the Selle-Fault zone (Fig. 1.6). It is subdivided
physiographically by the Drac Champoléon river which cuts a N-S valley through the
Tertiary sequence (Fig. 3.1). On the eastern side of this valley rises the M¢éollion zone
which culminates at Aiguille de Cédéra (2883 m). On the western side lies the Soleil
Boeuf klippen zone which is a distinct mountainous region where the klippen form the
peaks of the area which are from east to west (Fig. 3.1): Croix de I’Estang (2209 m), La
Pousterle (2401 m), La Prouveyrat (2467 m), Le Palastre (2279 m), Pic du Clot
Lamiande (2461 m), Soleil Boeuf (2595 m), Pointe Sud de la Venasque (2620 m), and
Pointe Nord de la Venasque (2637 m). Two important tributaries join the Drac
Champoléon (Fig. 3.1). The Torrent du Tourond deeply erodes into the Mesozoic
substrate adjacent to the Pelvoux crystalline massif creating a steep cliff on the southern
side which shows a complete Tertiary section from the substrate up to the klippen; in a
similar way the valley cut by the Torrent de Méollion to the east has created steep cliffs
which reveal the relationships of the Soleil Boeuf area with the Champsaur-Prapic area
to the southeast of the Selle-Fault zone. The westernmost part of the Soleil Boeuf area

with no klippen is called the Queyrel zone.

Stratigraphy
In the Soleil Boeuf region the stratigraphy below the Tertiary unconformity consists

of Triassic dolomites and basaltic spilitic dikes overlying and crosscutting the Pelvoux
basement (Fig. 3.1), overlain by Lower Jurassic marls and limestones (Tourond and

Méollion valleys), Mid-Jurassic (Aalenian - Lower Bathonian) marls and marly

limestones together with Middle - Upper Jurassic (Upper Bathonian - Oxfordian) black
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shales and marls (‘Terres Noires’; Drac valley). All these rocks were deformed together
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sorte les pentes au N de Pont-du-Fossé sont revétues, sauf 13 o I’érosion a mis a nu le
substratum de Flysch, d’Oxfordien et de Kimméridien, surmontés par du Nummulitique.
Ce recouvrement s’étend jusqu’aux Pics du Palastre et de Soleil-Boeuf,...”. More
detailed observations (e.g. see Fig. 3.2a) were collected during mapping campaigns from
1899 - 1903 (Haug, 1899-1900; Lory, 1899-1900; Lory, 1900-1901; Lory, 1901-1902;
Lory, 1903-1904) for the geologic map sheet 1:80’000 of Gap (Haug et al., 1905). Later,
three main units bounded by major dislocations were distinguished (Fig. 3.2b): (1) the
autochthonous Tertiary (progressively less deformed away from the Pelvoux massif), (2)
the extremely complicated imbricates within the klippen and (3) the upper Tertiary unit
in the footwall of the overthrusting Embrunais-Ubaye nappes (Gignoux ef al., 1932).
More detailed mapping (Beuf, 1959; Debelmas ez al., 1980: Fig. 3.2¢) led Gidon & Pairis
(1980-1981) to suggest that the klippen were emplaced during sedimentation
(gravitational gliding) at the last stage of the Champsaur Sandstone deposition and were
due to WNW-directed overthrusting and that they were afterwards affected by northward
motions.

However, opinions diverge regarding what caused the NW-directed deformation in
the Soleil Boeuf area. Some geologists relate the deformation in the Soleil Boeuf area to
the emplacement of the Embrunais-Ubaye nappes (Haug, 1894; Gignoux et al., 1932;
Gignoux and Moret, 1937; Beuf, 1959; Ford, 1996), for others the klippen in Soleil
Boeuf result from movements along the Selle Fault (Gidon, 1975; Arnaud et al., 1978,
Gidon and Pairis, 1980-1981). These authors argued that deformation in Soleil Boeuf is
similar to the NW-directed deformation in the Faucon-Turriers area (Arnaud et al., 1977:
Fig. 1.6). In contrast to this Arlhac and Rousset (1979) and Rousset (1986) relate the
klippen of Soleil Boeuf to W-directed deformation at the base of the Digne nappe.

In order to study this area transect mapping, additional collation of kinematic data in
key areas, cross-section construction and restoration has bee carried out. These structures
will be described in 2 groups, first the deformation in the autochthon of the whole Soleil
Boeuf area, later kinematics of the allochthons within the Soleil Boeuf klippen zone.

Fig.3.2:  b) Schematically compiled cross-section through the western part of the Soleil Boeuf area
continued from Gignoux and Moret (1937: their Fig. 3). Three tectonic units were distinguished: (1) The
lower Eocene cushion (coussinet éocéne inférieur) which is progressively more strongly
deformed away from the Pelvoux massif, e.g. simple folding at Queyron (I), stretched folds in
the Palastre cliff (IT), and tectonic slabs at Clot -Lamiande (II). (2) A stack of mainly Jurassic
imbricates (imbricate III in Fig.3.2b), highly deformed and of extremely complicated structure
in detail. and (3) the upper Eocene cushion (imbricate IV in Fig. 3.2b) which is overthrust by
the lowest of the Embrunais-Ubaye nappes along thrust ¢. ¢) Three detailed NW - SE cross
sections from the BRGM map 1 : 50'000 (Debelmas ef al., 1980). This interpretation is based
on nappe-like folding of tectonic contacts which previously strongly imbricated the Tertiary
and Jurassic sediments. Thus large-scale folding does in part also affect the autochthonous
Tertiary. The steep normal faults of the Selle-Fault system are taken into account (same labels
as in Fig. 3.6). |
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prominent sandstones in

3.2 Folding and thrusting in the autochthon i)l NW

The autochthonous Tertiary unconformity is cut by several thrust faults with Champsaur Sandstone
associated folding. The larger of these structures are, from west to east, the Queyrel
Thrust, the Palastre Thrust, the Estang Thrust and the Méollion Syncline and Méollion

Thrust (Fig. 3.1). They will be described below, working from west to east. After the

Vow v v

main post-mid-Oligocene deformation regional basement uplift caused southward tilting
of the autochthon and overlying nappes. Mapping the base of the Tertiary sequence (Fig.
3.3) reveals that tilting up to 30%2 occurred along an E-W trending band to the north of the
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170 \;’ Nummulitic Limestone . PO!C to bEddmg
S 4 m-pole (054-20)
SRR AT A minor fold axis
Basal conglomerates and sandstones
‘Tectonic transport (Ililf'e tions from fold
geomeltries and fault fabres
Fold axial trace
| Key exposures along fault
@ klippen peaks

base of Tertiary on map Fig. 3.4 |
a) Sketch of the SW face of Pic
Queyrel (= Pic Queyron in Fig.
3.2) and b) simplified map of the
surroundings (same key). In the
hangingwall of the Queyrel thrust
the fault-propagation fold in
Nummulitic Limestone is trans-

—— — — structural-contour

(constructed / inferred)

Fig.3.3: Structure-contour map of the Tertiary unconformity in the Soleil Boeuf area. Late
displacements along the Selle-Fault system are not taken into account. In the southern part,
the Tertiary is slightly tilted (0 - 10°) towards the SE. The northern part is strongly affected by
the uplift of the Pelvoux massif and dips ~30° S. All Mesozoic klippen (represented by black
dots) lie in the flater southern part. In the northern part tilting clearly postdates klippen ported about 1000 m toward the ;
emplacement and only at Pointe N de la Venasque (open circle) a small Tertiary tectonic _ _ NW (a). The tip point of the s
outlier is preserved. Based on the BRGM map 1 : 50'000, sheet Orciéres (Debelmas et al., 17 data P-Axis 61T T-Anis; 199-67 Queyrel thrust lies 200 m north of 1

1980). Same abbreviations as in Fig. 3.1. ) minor the culmination of Pic Queyrel.
The fold propagation fold pair

persists towards the ESE about 800
m beyond the tip point (b).
Lower hemisphere, equal area
projections of ¢) bedding data and
d-e) fault and slickenfibre data and
the  fault plane  solution
(Allmendinger, 1989-94) asso-
g ciated with the Queyrel thrust.
NW-verging asymmetrical fold pair (n-pole 054-20: Fig. 3.4c) and carries the P-Axis 236-23  T-Axis: 019-62 . Location of fault data indicated in
' ' a) and b). (M. Ford, unpublished).

3.2.1 Queyrel Thrust
In the south face of Pic Queyrel (Fig. 3.1) two thrust faults cut the basal Tertiary
unconformity (Fig. 3.4a). The larger Queyrel Thrust cuts through the common limb of a

] hangingwall anticline in the Nummulitic Limestone Formation ~1 km to the NW. Fault
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striations and fibre lineations measured at two key exposures along the Queyrel Thrust
(Fig. 3.4b) give dominant NW-directed displacements (Fig. 3.4d) which kinematically
agree with the orientation of the fold pair (Fig. 3.4c). Very few striations indicating SW-
directed thrusting (Fig. 3.4e) occur also in the same fault zone. The field data give no
evidence whether these are relicts of an earlier SW-movement or if they indicate SW-
directed reworking. To the north the Queyrel Thrust dies out while the asymmetrical fold
pair extends a distance beyond of the fault tip indicating that the displacement on the
fault is consumed by folding (Fig. 3.4b) (Gidon and Pairis, 1980-1981). The asymmetric
fold-pair is medium sized with an amplitude of less than 250 m. In the immediate
footwall of the Queyrel Thrust a smaller thrust fault rapidly dies out within the
Nummulitic Limestone and the shortening is consumed by a fold pair (Fig. 3.4a). Similar
thrusting occurs further west at Roches Roux (Fig. 3.4b).

This kind of deformation, with decreasing bed displacement upwards on a thrust fault
terminating in a fold pair is commonly referred to as fault-propagation folding (Williams
and Chapman, 1983; Suppe and Medwedeff, 1984; Suppe and Medwedeff, 1990) which
is characterised by simultaneous faulting and folding. Folds form at the tip of
propagating thrust faults and as deformation progresses faulting breaks through the
common limbs (Fig. 3.4a).

3.2.2 Palastre Thrust
In a similar way the Palastre Thrust further east (Fig. 3.1) accommodates ~600 m
displacement towards the NW (Fig. 3.5). In this case fault-related folding is restricted to

a minor footwall syncline (with no well developed hangingwall anticline) well marked

NW SE
Le Palastre
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Detailed geologic map of the Soleil Boeuf
klippen zone (located in Fig. 3.1). Inset of
Fig. 3.13 is shown. Based on mapping by H.
Lickorish, M. Ford and J. BYrgisser.
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by the Champsaur Sandstone and Globigerina Marl Formations (Fig. 3.5; compare to
Lory (1901-1902) and Gignoux & Moret (1937) interpretation: Fig. 3.2a & b). The size
of the footwall syncline ranges within less than 100 m. No detailed data could be
collected, but Gidon & Pairis (1980-1981) give a fault plane orientation (180/40) which

seems too steep.

3.2.3 Estang Syncline and Thrust
In the western cliff of the Drac Champoléon valley the trace of the Estang Thrust can
be recognised (Figs. 3.1, 3.6 & 3.8) which is thought to cut through the Estang Syncline.

SSE NNW
Croix de L'Estang

=2250

| Plateau de la Coche

"~| eav/ec Champsaur Sandstone Fig. 3.7: Constructed profile through Croix de L'Estang.
— —| e7 Globigerina Marls Straight line = observed, dashed = inferred. For
| ‘ | | | es Nummulitic Limestone further discussion see text.

je-4 black shales & marls

—L j6-9 limestones
=

I

1

[—] j1-2 marls & marly limestones

The Estang Syncline is inferred from the stratigraphic sequence (Middle Jurassic
black shales and marls, Upper Jurassic limestones, Nummulitic Limestone, Globigerina
Marl and Champsaur Sandstone) which lies up-side down on the autochthonous
Champsaur Sandstone just west of the Drac Champoléon (Figs. 3.6). A profile

construction (Fig. 3.7) combines the poor outcrop data. At (A) the overturned sequence

dips with 80%: to the southeast and seems to flatten out downwards (contact Jurassic to

Globigerina Marl at B). The contacts between the different formations at A are
stratigraphic (H. Lickorish pers. comm.) except at the normal fault (D) which belongs to
the Selle-Fault zone. In the autochthon the southward continuation of the Nummulitic

Limestone (at C) was inferred from the structural contour map (Fig. 3.3), it is not well

constrained. Two kilometres to the southeast (at E) the Tertiary sequence is again upright.
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Fig. 3.8: Photograph and interpreted drawing looking towards W into the Soleil Boeuf area with
Mesozoic and Tertiary klippen (shaded) sitting on top of the autochthonous Tertiary sequence
(white). In the northern 'tilted part the autochthonous sediments and the Basal Thrust (BT) dip
south below Pic Tourond and Pointe N de la Venasque, southwards they become subhorizontal
(e.g. at Pointe S de la Venasque). In the middle left margin steeply dipping overturned
sediments overlie the autochthonous sandstone along the Estang Thrust. In this view, two
units can be distinguished in the allochthons: the allochthonous sandstone sheets (light
shaded), an imbricated overturned and upright sequence (dark shaded). In the foreground is
the Estang-profile which is described in more detail in Fig. 3.16 (inset is shown).

69

The overturned sequence is interpreted to form the steep limb of a large syncline
(Estang Syncline). The amplitude must be > 1 km. In the field the synclinal hinge was
not found. This is inferred to be due to the Estang Thrust which subsequently cut through
the syncline and carried the hangingwall northwestwards.

The structure probably continues east of the Drac Champoléon (Fig. 3.1).

3.2.4 Méollion Syncline

In the upper Méollion valley a large-scale syncline affects the autochthon (Figs. 3.1
& 3.9). The normal limb dips moderately south and covers the southern slopes of
Aiguille de Cedera. Close to the valley bottom bedding in the Champsaur Sandstone
becomes steep to overturned. The synclinal closure can be picked up just west of the
abandoned village Méollion. The stereoplot of poles to bedding gives a NE-SW trending
fold axis (m-pole 217-15: Fig. 3.9b). Further south Globigerina Marl and Nummulitic
Limestone complete the Tertiary sequence in the steep to overturned limb. The
stratigraphic contacts between the formations are tectonized. These autochthonous rocks

are tectonically overlain by a thick, southeast dipping Lower Jurassic normal sequence of

Selle-Fault "j -7 Champsaur Sandstone / volcanic facies
—— | Globigerina Marl
: Champsaur area I Nummulitic Limestone
- Embrunais-Ubaye nappe SE

Fig. 3.9:

NW-SE profile across the Méollion valley. The southern slopes of
Aig. de Cedera are covered with Tertiary sediments which
unconformably overlie folded basement and Mesozoic rocks. The
Méollion syncline is overthrust by thick upright Liassic sediments.
Just north of the profile trace they are thrust by the Sirac basement
thrust sheet. Further southeast normal displacement on the Selle-
Fault juxtaposes the Champsaur area against the Soleil Boeuf area
(minimum displacement is about 750 m). The continuation of the
Méollion fold pair is schematically drawn with grey lines.

19 data b) Lower hemisphere, equal area projection of poles to bedding
associated with the Meéollion syncline. Data from turbiditic
sandstone layers and Nummulitic Limestone beds.

4 w-pole 217-15
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marls and limestones in the footwall of the Sirac basement thrust sheet. This thrust cuts

involve Tertiary sediments and therefore can be clearly distinguished from older

deformation features in the autochthon (Ford, 1996 and references therein) and can be

through the steep limb and further northeast also through the normal limb, where only E

] |

patches of Basal Conglomerate give evidence for the former Tertiary cover (Fig. 3.1). 2 2 8y . ;’é %
. 8 S 25 890 g ‘
Restoration of the late Selle-Fault displacement (Fig. 3.9a) clearly shows the size of the :"33 é E é < _EB& é & z ‘

. . . . g v E (] @ Q
Meéollion Syncline which has an amplitude of about 1.5 km. §2 8258 Ea g = ‘\
2% & 5 88 CES = ,
78 5% %5 FEE g |
; : =5 8 » 2 B8« 41 9 'u
3.2.5 Discussion i E g < &g MALE g i
] =2 5 = .‘
All the thrusts and folds described above occur in the so-called autochthon. They all = E =) “;q £: 8 = |{\

v Al D-ql S &

I:l autochthon

dated as post-mid-Oligocene.

Around the Drac Champoléon valley the evenly dipping basal Tertiary unconformity

is affected by a major fold and associated thrust, the Estang Syncline to the west and the
Meéollion Syncline to the east. These structures roughly correlate along strike (NE-SW)
and are therefore interpreted as parts of the same structure. A fault-propagation fold

model is proposed for this major structure in analogy to the much smaller fault-

Croix de I'Estang

propagation fold at Pic Queyrel (Fig. 3.4).
The large asymmetric synclines verge towards the NW in the general thrust transport

direction which indicates that they are related to the same dynamic process. Therefore it
is probable that thrusting and folding were ongoing simultaneously as it has been
| documented for the smaller structures in the Queyrel zone (Fig. 3.4). The Estang and
Meéollion Thrusts sole in detachment horizons within the Mesozoic sequence; close to the

Pelvoux basement massif the faults are forced to ramp upwards and asymmetric folds

| formed in the Tertiary cover at the tips of the propagating thrusts. Ongoing thrusting
\

broke through the Estang and Méollion Synclines and obscured their original fault- g 3 '.| | % 1:
SR
| | AN |
3.3  Geometry of the allochthonous units \\ \\\ Q' (& ; ’ii
Figure 3.8 shows the klippen which were emplaced over the autochthonous ' = g \\ '\ : (}
Champsaur Sandstone (e.g. at Pointe N de la Venasque) along the Basal Thrust. The E 3 i é w
| Basal Thrust is the lower boundary of all allochthonous units. Numerous small preserved Z‘; = 5 & ,‘
fragments of tectonic slices can be divided into three major groups of thrust sheets which | % E “;;; 3 : l ;g |
from bottom to top are, the allochthonous sandstone sheets, an imbricated overturned * E & % 'E
sequence (the Pousterle Imbricates) and an imbricated upright sequence (Bonne Herbe | Zj . % g 3;
L Thrust Imbricates and the Palastre-Venasque Thrust Sheet) (Fig. 3.10). The field data E 2 —:3
S g

will now be presented for each major group of thrust units from bottom to top.

S
s/
%
é“}@
Fig. 3.10: Simplified tectonic map of the klippen area (located in Fig. 3.1). Profile traces of Figs. 3.11, 3.12, 3.15
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3.3.1 The allochthonous sandstone sheets g, g 2 % % % %
The autochthonous sandstone is first overlain by allochthonous Champsaur | EE B ’2:5 ;E 5 B ' glé’ L. v

Sandstones (Fig. 3.10). They are preserved as a large continuous sheet underneath the gé {“,': 2 E ﬁ: g % E . ]EIOJ ég '1 2 |

imbricates of Croix de 1’Estang, La Pousterle and La Prouveyrat, and as a smaller g; Lg % %’ E E f; ::ﬁgg ﬁ I )

isolated patch further west around Pointe Nord de la Venasque (Figs. 3.8 & 3.10). Unlike | N e 3 3 § % 32 _Ji =88 \8;{

in the autochthonous substrate mesoscale folds and faults are common in these sheets. | SRl : ;\M — : A ] TE [ : '.‘
S8 IR NN = Tl ]
323y ‘\‘\‘;\‘ i '1

An allochthonous sandstone sheet is nicely exposed at Pointe Nord de la Venasque i
(Fig. 3.11b). The peak itself contains a tight upright minor antiform emplaced onto a
sheet with open upright folds, blind thrusts and associated minor folding cut by normal
faults. The Basal Thrust is bedding-parallel and follows a silt-rich sequence (eGM) within
the autochthonous Champsaur Sandstone (Fig. 3.6). Bedding data indicate NW-SE-
directed shortening (mt-pole 235-03: Fig. 3.11a). To the south the allochthonous sandstone
unit is cut out by the Palastre-Venasque Thrust Sheet (Fig. 3.10).

83 data
D= Bonnets Fault

m-pole 234-05
Lamiande Thrust 1

\
|
Fig. 3.11: \

scale folds in Nummulitic Limestone, c) large-scale folding of Chapsaur Sandstone in the Pousterle Imbricate), d) and e) folding of

sandstone layers (d) and siltbeds (e) in the allochthonous sandstone sheet. For further discussion see text. Profile trace is located in Fig. 3.10. LT=Lamiande

Thrust

file across the Pousterle ridge (for the tectonic interpretation see Fig. 3.15). Lower hemishpere, equal area projections of bedding data
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poles to bedding, fold axial planes and minor g
fold axis associated with folding in b). b) View g
towards SE onto the allochthonous sandstone y
sheet at Pointe Nord de la Venasque. The <
sandstone layers are intensely folded and faulted. i
« pole to bedding a0 @ o
g £ 8
am-pole (235-03) ¥ 84
= minor fold axis k3 58 I
o
fold axial plane ‘ 5 i ‘g E .\
B &EE ;}
. 4 < 1 )
NW |
Pointe Nord de la Venasque = !i‘
Il
= ] [ £ I
| )y Jmzen 2 - |
| AL p 2 \g |
' ET o™ e o) b= = :i
. § — ) a 2 @ |
i Col de la Venasque T A S & 1\
e = e T A ey E ) 4
T —— = NS = # Lo~ SN ~ -~
/{i//??; = e ! ,/ scree ‘//\’\ * 4 ﬂ
I (=7 23 10 I L 1

In the southern part of the large eastern allochthonous sandstone sheet bedding is
constantly overturned and steeply dipping southeast for at least 400 m (Figs. 3.6 & 3.12).
This must be the steep limb of a large syncline (see discussion). The northern part of the
allochthonous sandstone sheet is right way up and dips shallowly south. The trace of the

large syncline is shown in Fig. 3.10. At several other locations mesoscale folding can be

NW
B
/
19 data
associated with b) meter-

Pousterle profile

A m-pole 223-16
Fig. 3.12: a) Detailed geologic pro
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Fig. 3.13:
Detailed geologic map along the Pousterle-
profile (located on Fig. 3.6). A, B, C and D
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the same letters in Figs. 3.12 & 15. Outline
of Fig. 3.17 is shown. LT = Lamiande
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observed, e.g. below the Pousterle peak. Here, thin silt beds (eGm) form tight,
asymmetric, NW-vergent folds (Figs. 3.12 & 13: location A). They have 1 - 3 m
wavelengths and up to 1 m amplitudes. The m-pole (217-23: Fig. 3.12¢) coincides with
minor fold axes. About 200 m further north, near the topographic crest, a sandstone layer
marks the hinge of a NE-SW-trending anticline surrounded by a siltstone rich sequence
(Figs. 3.12 & 13: location B). The hinge zone (n-pole 223-16: Fig. 3.12d) becomes less
tight towards the SW across 20 m so that the sandstone layers are buried by shale.
Immediately to the northwest lie steeply SE-dipping, overturned turbidites which
become subhorizontal further northwest. This resolves into a fold pair with a thrust fault
cutting through the common limb (Fig. 3.12).

Discussion

Fig. 3.14 compiles the above observations into a simple model for the eastern
allochthonous sandstone sheet. The autochthonous turbidite sequence was overthrust
layer-parallel towards the NW by a relatively thin sheet (~50 m) of turbiditic sandstones
and siltstones. This caused minor internal folding and thrusting. In the southern part, the
broad panel of steeply dipping Champsaur Sandstone younging northwards requires a
large-scale syncline. The Basal Thrust cut through the steep limb and carried it several
hundred meters towards the NW over the undeformed autochthon.

The smaller western allochthonous sandstone sheet is a local feature in the footwall
of the frontal part of the Palastre-Venasque Thrust Sheet. To the south it is cut out by the
Palastre-Venasque Thrust Sheet. It is best explained as a footwall shortcut with low

amounts of displacements.

B LT
S ST :l

Subsequent deformation
< ___ Basal Thry
autochthon conimb. St
steep limb

normal limb

=

Fig. 3.14: Interpretational sketch (not to scale) to explain the structures observed in the large eastern
allochthonous sandstone sheet (shaded). The autochthonous substrate is folded in a large scale
syncline. The Basal Thrust cuts through the syncline scraping off and deforming the
uppermost layers of the autochthonous Champsaur Sandstone in the normal limb and carrying
the steep limb over undeformed autochthon towards the NW. Subsequent deformations
behead the steep limb and may have further accentuated the internal deformation of the
allochthonous sandstone sheet.
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3.3.2 Imbricated overturned sequences

The next unit is the most complex and involves an imbricated sequence of Mesozoic

and Tertiary rocks which is characterised by a largely overturned stratigraphy and a

synclinal structure. This unit comprises two imbricates separated by a low angle thrust

P 323-33
T 100-48

/ il
—_— 3,’ ‘.a".-‘":
e —— e
— :
data
200 m

Fig. 3.15: Simplified tectonic profile across the Pousterle ridge (for geologic profile see Fig. 3.12). The different tectonic units and imbricates are shown. Lower

\
(Fig. 3.10: Lower and Upper Pousterle Imbricates). Two generations of thrusts are |
involved. The older thrusts have been folded and partly reactivated by later thrusts during l|

NW compression. Thus the Lower and Upper Pousterle Imbricates are defined by late

thrusts and therefore incorporate the older thrust structures. Abundant minor slip surfaces

have strongly dismembered the stratigraphic formations and detailed mapping was w
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required to resolve the structure. This mapping concentrated around La Pousterle, along
a N-S transect following a creek system which has eroded deeply into the klippen and
their footwall rocks (Fig. 3.13).

D= Bonnets Fault
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The Lower Pousterle Imbricate

The Lower Pousterle Imbricate is preserved in the middle part of the Pousterle profile

(Figs. 3.12 & 3.15). It is composed of several tectono-stratigraphic units which are from

Lamiande Thrust 1

southeast to northwest (Fig. 3.12): ~150 m steeply dipping non-volcanic turbidites (eG) \

C

‘ younging north, ~10 m steeply dipping Upper Jurassic limestones (j6-9: Kimmeridgian - |

Portlandian), 2 - 3 m steeply dipping Nummulitic Limestone overlain by Globigerina

P 358-21
T 101-30

| Marl of indeterminable dip which extends ~350 m northwestward until it again meets a

south dipping Nummulitic Limestone sequence thrust towards the NW over siltstones of

the underlying allochthonous sandstone sheet. Across the creek, to the west, a thick unit

P 314-14
T 045-04

of Nummulitic Limestone immediately sits on the allochthonous sandstone unit (Fig.

=

with Nummulitic Limestone as marker bed

| 3.13) and underlies the Globigerina Marl. It extends north to La Prouveyrat where it is ‘
| stratigraphically overlain by Globigerina Marl (Fig. 3.6). Therefore the Nummulitic

11 data
= late strike-slip faults
— thrust faults (no time constraints)

the core (the Pousterle Syncline has been drawn schematically in Fig. 3.15). The steep

Pousterle Syncline

I
|
Limestone can be traced around a syncline (Pousterle Syncline) with Globigerina Marl in }

T ——

panel to the south lies on the southern limb of the syncline. Primary thickness variations

and subsequent tectonization can explain the rapid thickness changes of the Nummulitic

Limestone.

On the southern steep limb north-younging overturned Champsaur Sandstone (eG) is
| in tectonic contact to Upper Jurassic limestones (j6-9) to the north; this contact is called
! the Lamiande Thrust; (Fig. 3.12). Minor faults within this cataclastic contact zone |

resolve into a conjugate fault set which comprises (Fig. 3.15b): subvertical sinistral |

hemisphere, equal area projections of fault planes and striae and to the right the fault plane solutions derived with the FaultKin programme (Allmendinger,

1989-94) (P: compression, T: extension). Profile trace is located in Fig. 3.10.

Bonne Herbe Imbricates

UEEcr Pousterle Imbricate

Lower Pousterle Imbricate
allochthonous sandstone sheets
== Basal Thrust

)
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strike-slip faults parallel to the contact zone and southwest-dipping dextral strike-slip '

! faults. The fault plane solution indicates N-directed compression. Because the dextral

D autochthonous

strike-slip faults clearly offset the Lamiande Thrust; and adjacent beds towards the
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northwest this conjugate fault set is interpreted as reworking of the Lamiande Thrust;
during the emplacement of the Pousterle Imbricates. In other words, the Lamiande
Thrust; is an older fault within the Lower Pousterle Imbricate. It has been folded around
the Pousterle Syncline, thus the Lower Pousterle Thrust at the base of the Nummulitic
Limestone along the flat limb of the Pousterle Syncline reactivates the Lamiande
Thrust;.

A similar tectonic situation occurs in the Lower Pousterle Imbricate at Croix de
I’Estang further east (Fig. 3.16). The allochthonous sandstone sheet is overthrust by a
sequence which comprises from S to N: ~250 m overturned non-volcanic turbidites (eG),
a 2 m wide strongly weathered cataclastic zone, ~20 m Nummulitic Limestone, ~40 m

Globigerina Marl and again non-volcanic turbidites. This sequence is similar to the one

* n-pole 220-15

P 309-39
T 108-48 8 data 18 data

Croix de 'Estang 2209 m

Fig. 3.16: The Estang klippe: Lower hemisphere, equal area projections of a) minor faults from locality
A (fault planes & striae, fault plane solution (Allmendinger 1989-94)) and b) bedding data
from Lower Pousterle Imbricate. c) Interpretational geologic sketch of profile view across the
Drac Blanc valley (detail from Fig. 3.8). The Basal Thrust cuts layer-parallel (except at the
left margin) through the autochthonous sediments using siltbeds (eGM) as an easy-glide
horizon. The allochthonous sandstone sheet in the hangingwall is not folded. Clearly, at
locality A, a thrust fault emplaces overturned Tertiary beds of the Lower Pousterle Imbricate
towards the NW over the allochth. sst. sheet. A thin cataclastic zone marks the Lamiande
Thrust between overturned Champsaur Sandstone in the hangingwall and overturned
Nummulitic Limestone in the footwall. Same patterns as on Fig. 3.13.
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described in the Pousterle profile in that it shows again doubling of Tertiary stratigraphy
within an overturned southeast dipping sequence. The Upper Jurassic limestone is
missing but the cataclasite zone indicates where a major tectonic contact was. Thus the
Lamiande Thrust; from the Pousterle profile (Fig. 3.15) links eastward below higher
imbricates with the cataclasite zone on the Estang profile (Fig. 3.10).

The Lower Pousterle Imbricate was emplaced over the allochthonous sandstone sheet
towards the NW on a low angle Lower Pousterle Thrust whose striations are plotted with
their fault plane solution in Fig. 3.16a. Bedding data give a -pole perpendicular to this
NW-directed shortening (Fig. 3.16b). The lower, upright limb of the Pousterle Syncline
is not present in the Estang profile (Fig. 3.16), it must have been cut off during the

emplacement by the Lower Pousterle Thrust.

The Upper Pousterle Imbricate
The Upper Pousterle Imbricate in the peak of La Pousterle is separated from the

Lower Pousterle Imbricate by the late low angle Upper Pousterle Thrust (Figs 3.10 &
3.15). The Upper Pousterle Thrust bifurcates southeastwards into several thrust faults
and a ~30 m thick mélange zone (Fig. 3.12). Fault kinematic data give NW-directed
thrusting (Fig. 3.15¢). On the western slope of La Pousterle the southern part of the
Upper Pousterle Imbricate consists of overturned non-volcanic turbidites steeply
southeast-dipping which to the north are in tectonic contact (the Lamiande Thrustp) with
Middle Jurassic black shales and marls (j2-4) of indeterminable dip (Fig. 3.12). The
Lamiande Thrusty, marked by Nummulitic Limestone blocks is cut by the late low-angle
Upper Pousterle Thrust below. Therefore the Lamiande Thrust; is an old fault pre-dating
the emplacement of the Upper Pousterle Imbricate.

Within the peak, Lamiande Thrusts along a thin strip of Middle Jurassic black shales
(jo-4) separates two blocks of overturned southeast-dipping Champsaur Sandstone. These
units describe a minor northwest-facing syncline (Figs. 3.12 & 3.15) and tectonically
overlie Middle Jurassic sediments.

In the eastern slope of La Pousterle (Fig. 3.17) the Middle Jurassic sediments north of
the Lamiande Thrust, narrow to a thin strip. Adjacent to the north underneath the peak
lies a wedge-shaped highly teconized zone with large blocks of Nummulitic Limestone
and several lenses of Champsaur Sandstone and Jurassic shales (Figs. 3.13 & 3.17).
There is no evidence for folding in the eastern side of the peak.

The relation between the structures seen on the western and eastern slopes is unclear.
All major faults are marked by aligned blocks of Nummulitic Limestone (Fig. 3.12). In
general fault kinematic data from within The Upper Pousterle Imbricate do not give any
resolvable pattern (Fig. 3.152a). But the projection of poles to bedding gives a broad
girdle distribution with a corresponding NE-SW trending m-axis (234-05; Fig. 3.12¢c)
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which again indicates a SE-N'W directed shortening. However, minor folds may deviate
from this general direction (Fig. 3.12b).

In the peak of La Prouveyrat Champsaur Sandstone tectonically overlies Mesozoic
rocks (Fig. 3.6). They are interpreted to be a small tectonic outlier of the Upper Pousterle
Imbricate (Fig. 3.10). Underneath, right way-up Nummulitic Limestone and Globigerina
Marl of the Lower Pousterle Imbricate tectonically overlie the allochthonous sandstone
sheet. They are the northern continuation of the lower normal limb of the Pousterle
Syncline. The overturned limb is cut off by the Upper Pousterle Thrust.

La Pousterle

Fig.3.17: View towards W at la Pousterle (Upper Pousterle Imbricate). Subvertical Champsaur
Sandstone (eG), younging north, is in tectonic contact with thin Jurassic black shales and
marls (j2-4). The Jurassic ribbon (marked by arrows) is slightly offset in the lower third.
Adjacent to the north lies a wedge-shaped assemblage of Champsaur Sandstone, Nummulitic
Limestone (e6) and Jurassic sediments. These rocks are tectonically broken up and imbricated
in a very complex way. In the hangingwall of this zone, in the Pousterle peak, two large
blocks of overturned Champsaur Sandstone are separated by a thin strip of Jurassic black
shales (marked by arrows). Further north the contact between unit 1 and unit 2 crops out. This
view is localized on the detailed geologic map Fig. 3.13.

Discussion
To summarise, the Pousterle Imbricates document at least three different stages of
deformation (Fig. 3.18):

1) The normal stratigraphic sequence was doubled by the Lamiande Thrusts;.3 (Fig.
3.15): when the Pousterle Syncline is unfolded it becomes clear that early
thrusting on the Lamiande Thrust; brought Upper Jurassic limestones and their
Tertiary cover over the Champsaur Sandstone (Figs. 3.12 & 3.18a). In the Upper
Pousterle Imbricate the hangingwall stratigraphy varies from tens of meters of
Mesozoic sediments (Lamiande Thrusty) to very thin Mesozoic sediments directly
overlain by Champsaur Sandstone (Lamiande Thrusts) (Figs. 3.12 & 3.16). The

Lamiande Thrusts;.3 are interpreted as different segments of a single early thrust
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Fig. 3.18:

Interpretational sketch to
explain the structures observed
in the Pousterle Imbricates. a) A
large thrust fault doubles the
stratigraphy bringing Jurassic
over Champsaur Sandstone (=
Lamiande Thrust). b) Large
scale NW-vergent folding of the
nappe stack in a) and
subsequent imbrication of the
common limb.

Champsaur Sandstone
HIJM Nummulitic Limestone
and Globigerina Marl

E Mesozoic sediments

which carried the Mesozoic to Tertiary sequence over Champsaur Sandstone (Fig.
3.18a). The Lamiande Thrust accommodated significant displacement.

2) A large-scale NW-vergent asymmetric fold-pair developed as demonstrated by the
synclines described above (Fig. 3.18b). The stratigraphy in the short limb
(including the Lamiande Thrust) rotated to steep dips.

3) Subsequently low angle thrusts (Lower and Upper Pousterle Thrust) cut through
the common limb of this large fold pair and sliced it up to imbricates (Fig. 3.18b).

3.3.3 Imbricated upright sequences

The remaining imbricates are largely in upright position. They are divided into the
Palastre-Venasque Thrust Sheet in the western part of the Soleil Boeuf klippen zone and
the Bonne Herbe Imbricates to the south of the Pousterle Imbricates (Fig. 3.10).

Palastre-Venasque Thrust Sheet
The geometry of the Palastre-Venasque Thrust Sheet is relatively simple (Fig. 3.19):

the autochthon containing the Palastre Thrust is directly overlain by upright Mesozoic
sediments and Nummulitic Limestone dipping shallowly to the north (Fig. 3.6). This
normal stratigraphic sequence continues in the Soleil Boeuf peak and terminates around
Pointe Sud de la Venasque in a major frontal anticlinal closure (r-pole 053-04; Fig.
3.19). It is in this part of the profile where we meet again all three Tertiary formations in

a vertical to overturned position in the core of a major recumbent anticline. The anticline




32

was thrust over the allochthonous sandstone unit of Pointe Nord de la Venasque.

Southeast of the Soleil Boeuf peak the tectonic contact between autochthonous
Champsaur Sandstone and allochthonous Upper Jurassic limestones is a ~1.5 m thick
cataclastic shear zone (Fig. 3.20). Shear veins with NW-SE-trending fibre lineations are
predominant. Slicken-fibres indicate a top to the NW movement. The sigmoidal shape of
cm-large limestone and sandstone clasts confirm the top to the NW movement. Other
fault striae on slickensides trend NNE-SSW (Fig. 3.20b), they indicate a minor SW
displacement and are very rare.

The Palastre-Venasque Thrust Sheet laterally truncates the Palastre Thrust.
Deformation in the autochthon therefore predates the emplacement of the allochthons. To
the east the Palastre-Venasque Thrust Sheet overlies the eastern allochthonous sandstone
sheet (Fig. 3.10) and lies therefore at the same tectonic level as the Pousterle Imbricates
further east. The lateral relationship to the Pousterle Imbricates is problematic (see
below).
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b) Fig.3.19: a) Schematic profile through the Palastre-Venasque

Thrust Sheet. The profile trace is located in Fig. 3.10,
note the offset in the middle part. The hanginwall of
the Palastre thrust is cut-off by this thrust sheet. The
anticlinal closure to the NW is offset by steep normal
faults. A footwall shortcut thrust caused the
development of the small allochthonous sandstone
sheet (same key as Fig. 3.13). b) Lower hemisphere,
equal area projection of poles to bedding associated
with the anticlines at Pointe S de la Venasque and
Soleil Boeuf.

s g-pole 053-04

53 data
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] fibre lineations

Fig. 3.20: a) Detail from cataclastic shear zone (pocket knife for scale). Sigmoidal clasts give top to the
NW sense of shear. b) Equal area lower hemisphere stercoplot summarizing measured shear
planes and cleavages from the base of the Palastre-Venasque Thrust Sheet.

Bonne Herbe Imbricates

The Bonne Herbe imbricates consist of three thrust sheets (Figs. 3.6 & 3.10). The
normal stratigraphic sequence of the lowest thrust sheet 1, comprises Mesozoic
sediments, Nummulitic Limestone and Globigerina Marl (Fig. 3.12). The Bonnets Fault
is the tectonic contact to the overturned Champsaur Sandstone in the Lower Pousterle
Imbricate to the north (Figs. 3.12 & 15). Fault kinematic data from within the fault zone
indicate that it acted predominantly as a normal fault, (M. Ford pers. comm.). Therefore
the Bonnets Fault is very important, because it displaced the upright Bonne Herbe
Imbricates at least 400 m down against the largely overturned Lower Pousterle Imbricate
(Fig. 3.15). Along the tectonic contact to the allochthonous sandstone sheet below, the
displacement data on minor faults give predominant NW-directed low-angle thrusting
(Fig. 3.15d). Minor N-S-trending dextral strike-slip faulting affects this contact (Fig.
3.15g) whereas, further north E-W-trending dextral strike-slip faults offset bedding (Fig.
3.15f). But these strike-slip structures are minor and clearly post-date the thrust sheet
emplacement.

To the south, the Globigerina Marl is overthrust by Middle Jurassic black shales and
marls (j2-4) of thrust sheet 2 (Fig. 3.12). The fault zone contains numerous fragments of
Nummulitic Limestone. Two sets of minor faults occur within the contact zone: NW-
directed low-angle thrusts and dextral strike-slip faults, both record NW-directed
compression (Fig. 3.15¢ & d).

The Middle Jurassic black shales and marls are tectonically overlain by older marly
limestones (j1-2). Nummulitic Limestone boulders aligned within the contact zone

demonstrate again the tectonic origin and Tertiary age of this thrust sheet 3 (Figs. 3.6 &

3.10) which includes Nummulitic Limestone, Globigerina Marl and Champsaur
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Sandstone of non-volcanic facies (Debelmas et al., 1980).

Discussion

Fig. 3.21 depicts schematically the structures in the imbricated upright sequences.
The Palastre-Venasque Thrust Sheet is a large thrust sheet with a leading anticline. It
immediately overlies the autochthon which gives a minimum displacement of 5 km. In
the frontal part the Palastre-Venasque Thrust branches off the Basal Thrust and
overthrusts the allochthonous sandstone unit of Pointe Nord de la Venasque (Fig. 3.21a).
The continuation of the Basal Thrust underneath the allochthonous sandstone unit of
Pointe Nord de la Venasque is interpreted as a footwall shortcut. The correlation of the
Palastre-Venasque Thrust Sheet with the more complex imbricate stack to the east will be
discussed later. However, the eastern allochthonous sandstone sheet is too large to be
interpreted as a footwall shortcut to the Palastre-Venasque Thrust (Fig. 3.10).

The Bonne Herbe Imbricates consist of three individual thrust sheets which must be
treated as a separate unit. The main feature is the normal displacement on the Bonnets
Fault which juxtaposes largely overturned sequences to the north (Lower and Upper
Pousterle Imbricates) against the upright Bonne Herbe Imbricates. The Bonnets Fault is
inferred to post-date the thrust sheet stacking and it probably roots along the Basal Thrust
where it flattens out which means that the movement on the Basal Thrust was inverted.

a)

Palstre-Venasque Thrust Sheet

Palstre-Venasque Thrust ",".".
Basal Thrust ==

n Champsaur Sandstone

b) . Nummulitic Limestone and
Bonne Herbe Imbricates Globigerina Marl

sheet 3 E Mesozoic sediments

sheet 2

|
g ] ||||||||||||||||||
B B — ‘-..,,

-----l-u._

e m—

Fig. 3.21: Interpretational sketch to summarize the structures observed in the imbricated upright
sequences. a) The anticlinal closure of the Palastre-Venasque Thrust Sheet with a footwall
shortcut. b) A normal fault bounds to the left the Bonnes Herbes Imbricates. The relation
between a) and b) is unclear. For further discussion see text.
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3.4 Burial and exhumation history of the Soleil Boeuf area

The only data constraining the thermal history of the region until now is the
occurrence of prehnite-pumpellyte grade metamorphism in the Champsaur Sandstone
which indicates a burial to at least 170 ¥2C (Martini and Vuagnat, 1965; Waibel, 1990). As
part of a larger project three samples from the Soleil Boeuf area have been dated by the
fission-track technique (Seward et al., submitted). All samples come from the
Champsaur Sandstone (Fig. 3.22a).

The one zircon age (159+40 Ma, error is 26) is much older than the depositional age
of the host formation, indicating that there has been no significant annealing. The burial
temperature of the Champsaur Sandstone was therefore not over 200%2C.

The three apatite ages range between 6 and 15 Ma with very large error margins. All
samples have been exposed to temperatures in excess of 120%2C (generic algorithm
modelling confirm burial > 120%2C; D. Seward pers. comm.). The data show a rough age-
altitude correlation (Fig. 3.22b). Samples 94/9f and 94/33b are similar in altitudes but
with variable ages (which do overlap statistically). They give exhumation rates of about
0.1mm/y to 0.05 mm/y.

These data bracket the metamorphism between >120%2C and <200Y2C which is in
agreement with Waibel (1990). Assuming a geothermal gradient of 25%2C/km the Soleil
Boeuf area was buried to least 5 km but no more than 8 km. As the samples have been
exposed to temperatures above 120%C the fission tracks contain no information about the
burial history. But modelling gives evidence that the samples passed below depths
equivalent to 120%2C around at 10 Ma, hence exhumation started prior to that.

3.5 Interpretation and discussion

When comparing structures from the autochthon with structures from the different
allochthonous units described above it becomes clear that they all show a similar style of
NW-vergent asymmetric folding and thrusting. Using the best documented and most
complex profile through the Pousterle peak as a model, a 5 stage evolution of the nappe
stack in the eastern part of the Soleil Boeuf area is proposed. The applicability of this

model for the whole Soleil Boeuf area will be discussed.

3.5.1 Interpretation of the Pousterle profile

Fig. 3.23 presents in sequential steps the evolution of the Pousterle profile. This
model involves 1) thrusting of Mesozoic and Tertiary rocks over the autochthonous
Tertiary succession 2) the formation of a large asymmetric, NW-verging fault-
propagation fold ahead of a thrust, 3) breakthrough faults dissecting the common steep

limb, 4) N-S extension along normal Bonnets Fault and 5) late normal displacements on
NE-SW trending Selle-Fault zone.
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Fig. 3.22: Age-altitude plot and simplified map of Soleil Boeuf area for apatite fission-track ages from
Tertiary Champsaur Sandstone. Apatite ages shown within ellipses and zircon ages within

rectangles.
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Step 1 (Fig. 3.23a): Sometime after the mid-Oligocene an imbricate thrust system
formed an array of overlapping thrusts branching from within the Mesozoic sediments.
The early doubling of Tertiary and Mesozoic sediments in the Pousterle Imbricates by the
Lamiande Thrust and the thrust sheets of the Bonne Herbe imbricates (Fig. 3.15) are
preserved remnants of this early imbrication. Shortening estimates are difficult: a
minimum of 2 km is reasonable for the Lamiande Thrust whereas shortening on the
Bonne Herbe Imbricates can be several hundred meters or much more. The direction of
thrusting is probably towards the NW, but no kinematic data are available because all
outcrop of such early contacts were overprinted by later motions.

Step 2 (Fig. 3.23b): A deeper ramp in the footwall of this imbricated thrust system
propagated towards the NW, and the overlying imbricate stack was folded as part of the
hangingwall tectonic stratigraphy in a major NW facing asymmetric fault-propagation
fold pair with an amplitude of 1 - 2 km. This fold pair is necessary to obtain the
overturned sequences in the Pousterle peak (the Lower and Upper Pousterle Imbricates
and in the eastern allochthonous sandstone sheet) (Figs. 3.12 & 15) where part of the
synclinal closure (Pousterle Syncline) can be observed. A minimum solution requires at
least 700 m of shortening during folding.

Step 3 (Fig. 3.23c-e): low-angle breakthrough thrusts cut the common limb of the
fault-propagation fold and dismembered earlier structures. They pushed the
allochthonous sandstone sheet, the Lower Pousterle Imbricate and the Upper Pousterle
Imbricate towards the NW onto the undisturbed foreland (autochthon of Soleil Boeuf).
Nearly all collected fault kinematic data record this stage of deformation (Fig. 3.15), they
show ubiquitous NW-directed thrusting. Minimum thrust displacements are ~1.8 km,
~0.5 km and ~1.8 km for the three individual imbricates, which gives a total of 4.1 km
shortening.

Step 4 (Fig. 3.23f): the Bonnets Fault cut through the imbricate stack and dropped the
upper normal limb of the anticline containing the Bonne Herbe Imbricates about 800 m
down to the south so that it was juxtaposed against the overturned limb in the footwall. In
Fig. 3.23(f) the corresponding displacement is ~ 1 km (heave ~600 m, throw ~ 800 m).
This fault is shown to merge with the Basal Thrust at depth.

Step 5 (Fig. 3.23g) Late displacements on the Selle-Fault zone are distributed over
three major normal faults. The total downthrow to the south is ~ 870 m. This movement

is probably related to late differential uplift of the Pelvoux massif.

With this model a total shortening of 6.8 km is required for the Pousterle profile, not

taking account of the early thrust sheets in the Bonne Herbe Imbricates. This is a

minimum solution for the main features observed in the field. Complex structures may
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Fig. 3.23:

Schematic evolution of the
Pousterle profile. Tertiary
sequence = light shaded,
Mesozoic rocks = dark
shaded. For  further
discussion see text.
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Fig. 3.23:
continued

require more than one larger-scale fold. For example the fact that the syncline in the
allochthonous sandstone sheet has been displaced further NW than the Pousterle syncline
in the overlying Lower Pousterle Imbricate: this implies that either the Lower Pousterle
Imbricate has been somehow displaced at least 300 m southeastwards opposite to the
main structural trend or the two synclines can not be part of the same large syncline.
Another point is the rapidly varying hangingwall stratigraphy of the early Lamiande
Thrusts;.3 in the dismembered common fault-propagation fold limb. It could be better
explained to be different portions of more than one larger-scale fold. This would increase

the total amount of shortening

3.5.2 Applicability of model to the whole Soleil Boeuf area

The footwall syncline of the fault-propagation fold pair (step 2) can be correlated
with the Méollion and Estang Synclines in the autochthon (Figs. 3.7 & 3.9). These large
synclines affected the entire Tertiary sequence and were subsequently cut by thrusts.
Such a correlation constrains the original position of the fault-propagation fold pair to lie
immediately SE of the Soleil Boeuf klippen zone. Therefore the minimum shortening
estimates from the Pousterle profile (Fig. 3.23) probably do not significantly

underestimate the real amounts of shortening.

The Palastre-Venasque Thrust Sheet in the western part of the Soleil Boeuf klippen
zone may represent the highest and furthest travelled of the imbricates (step 3) in the
Pousterle profile (Fig. 3.23e). In this model this imbricate, which has been eroded in the
Pousterle profile, is therefore inferred to cut-down westwards so that it directly overlies
the autochthon in the western part of the Soleil Boeuf klippen zone (Fig. 3.24). This
requires a major lateral ramp to accommodate the different amounts of displacement.
Unfortunately, the allochthonous units are eroded from the proposed lateral ramp zone

and the model cannot be tested.
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Another solution is to propose lateral variations along the structural trends of the
Soleil Boeuf area. In the autochthon, the shortening in the Méollion zone is
accommodated by km-scale folding and thrusting whereas in the Queyrel zone, to the
west, structures are smaller with a lesser amount of shortening. A similar westward
decrease of the amount of shortening may also occur in the allochthonous units. The
complex structures in the eastern part of the Soleil Boeuf klippen zone and the more
simple structures in the western part can be related to along-strike variations in fold and
thrust geometry (Fischer and Woodward, 1990). However, such lateral variations in

deformational style also require transfer zones.

In general the proposed model for the Pousterle profile does apply to the deformation
in the whole Soleil Boeuf area, which therefore can be described as a simple deformation
history of NW-directed thrusting and fault-propagation folding. The few SW-directed
kinematic indicators recorded in the Queyrel Thrust and Palastre-Venasque Thrust zones
(Figs. 3.4e & 3.20b) are of very minor importance and cannot be related to large-scale
structures in the Soleil Boeuf area. The relative timing between these minor SW-directed
structures and the NW-directed deformation remains unclear form the field data. Hence
the NW-directed deformation is the only major deformation event in Soleil Boeuf and it
must be largely responsible for the 5 - 8 km overburden recorded by the fission track
data. I therefore have assumed that the NW-directed thrusts carried in their hangingwall a
nappe pile several km thick. The NW-directed deformation roots down to a deeper
detachment in the Mesozoic cover underneath the Tertiary foreland basin sequence to the
southeast which is overlain by the Embrunajs—Ubaye nappes (Fig. 3.1). It is therefore
reasonable to assume that the NW-directed deformation carried not only the Tertiary
sequence but also the overlying Embrunais-Ubaye nappes onto the Soleil Boeuf area. As

a consequence the NW-directed deformation post-dates the SW-directed emplacement of

the Embrunais-Ubaye nappes (for further discussion see Chapter 4).
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3.5.3 Discussion of previous work

Gidon and Pairis (1980-1981) is the only modern published paper on the structures
and kinematics within the Soleil Boeuf area. Their few data and their interpretations
differ in several points from the results of this study. Gidon and Pairis suggested that the
deformation of Soleil Boeuf results from a polyphase deformation comprising WNW-
directed overthrusting of the allochthonous units, overprinted by northward motions

which also affected the autochthonous substrate,

Gidon and Pairis (1980-1981) proposed WNW-directed overthrusting of all the
allochthonous units based on minor structures at the base of the Palastre-Venasque
Thrust Sheet and the orientation of its leading anticline. But as shown in Figs. 3.20 &
3.19 and discussed in the text, the Palastre-Venasque Thrust Sheet was emplaced towards
the NW. Additionally this study presents more detailed data from the other klippen (Figs.
3.11, 3.12, 3.15, 3.16) which confirm the NW-directed emplacement.

Gidon and Pairis (1980-1981) proposed a second phase of N-directed compression
assuming a) that the Palastre Thrust links to the Upper Pousterle Thrust which cuts
through previously stacked allochthonous units and assuming b) N-directed compression
from the orientation of the Queyrel Thrust and the Palastre Thrust fault planes and from
the trend in strike of the overturned limb of the Pousterle Syncline without presenting
any additional data. But my data clearly show that a) the Palastre Thrust is truncated by
the allochthonous units (Fig. 3.19) and b) all these structures are related to NW-directed
compression (Figs. 3.4, 3.9, 3.12 & 3.15).

In summary this study does not corroborate a two-phase deformation. The
deformation is better explained as a continuous evolution of simultaneous thrusting and
folding towards the NW.

3.5.4 Summary

Although the Soleil Boeuf area and especially the Soleil Boeuf klippen zone show a
wide variety of complex structures the data can be explained by a simple deformation
history which comprises early thrusting (probably NW-directed) followed by NW-
directed fault-propagation folding and thrusting.
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4.  Significance of new data for the evolution of the western Alpine
arc

4.1 The relationship between the Soleil Boeuf area and the Champsaur-Prapic
fold zone

4.1.1 Spatial relationship

How are the late Alpine deformation histories of the Champsaur-Prapic fold zone and
the Soleil Boeuf area related? Fission track data indicate that both areas were buried to
between 5 and 8 km and underwent a similar exhumation history. As demonstrated in
Chapter 3 the autochthonous Soleil Boeuf Tertiary sequence with the volcanoclastic
Champsaur Sandstone is thrust over by Champsaur Sandstone of non-volcanic facies
similar to that of the Champsaur-Prapic fold zone. The highest klippe is therefore
correlated southeastward across the Selle-Fault zone to the south-westernmost part of the
Prapic fold zone (Figs. 3.1 & 3.23). Fig. 4.1 shows schematically the spatial relationship
of the different units.

Southeast of the Selle-Fault lies the Champsaur-Prapic fold zone with WSW-directed
chevron-like folds. As documented in Chapter 2 this deformation is characterised by
decreasing deformation towards the southwest and has been related to overthrust shear
induced by the overriding internal nappes. The Orcieres anticline then lowers the Tertiary
sequence to the west by roughly 1 km and further southwest no major deformation
occurs within the Tertiary sequence (Fig. 2.7). To the northwest of the Selle-Fault in the
Soleil Boeuf area the klippen record early thrusting of non-volcanic Champsaur
Sandstone and Jurassic strata over the autochthonous Tertiary sequence containing
volcanic detritus, followed by NW-directed folding and thrusting. This second stage is
characterised by large-scale fault-propagation folding preceding thrusting (Fig. 3.23).
Hence the northwestern continuation of the sediments in the Prapic fold zone was in the
hangingwall of the klippen in the Soleil Boeuf area and the main faults in Soleil Boeuf
root below the Prapic fold zone where they probably ramp from a single detachment
surface in Jurassic marls. This means that the Champsaur-Prapic fold zone was thrust
toward NW over the Soleil Boeuf area. Later activity on the Selle-Fault zone, probably
related to the uplift of the Pelvoux massif, dropped the Champsaur-Prapic fold zone
down to the south and thus juxtaposed the upper limb of the Soleil Boeuf fault-
propagation fold pair against the autochthon in the Soleil Boeuf area to the north (Fig.
4.1).

The Selle-Fault zone today appears to separate two areas of different foreland basin
facies (Fig. 4.1). The variable amounts of volcanic detritus in the Champsaur Sandstone

must be related to different source areas which supplied the Alpine foreland basin. A

paleogeographic reconstruction is difficult (Waibel, 1990) and the original distance
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between these two different depositional realms is unknown. However, a minimum
estimate can be derived from the shortening within the Soleil Boeuf area. With their
variable amounts of volcaniclastic debris (Waibel, 1990), the Champsaur Sandstone

fragments in the allochthons of Soleil Boeuf probably derive from the transitional facies ‘
zone. The lower imbricates are similar to the autochthonous Champsaur Sandstone rich ‘
in volcanic debris whereas the highest imbricates are closely related to the Champsaur

Sandstone from the Prapic fold zone without volcanic debris (Waibel, 1990). The 6.8 km

minimum shortening estimate from restoration of the Pousterle profile is thus a minimum |

estimate of the original distance between the two depocentres.

4.1.2 Influence of variable substrate to deformational style

The detailed structural analysis of the two areas document two completely different

* - Orcigres Antiline) |

deformation styles: meso-scale chevron-like folding in the Champsaur-Prapic fold zone

(Chapter 2) and large-scale fault-propagation folding and thrusting in Soleil Boeuf

(Chapter 3). This must be at least partly related to the variable substrate because the |
thickness and mechanical stratigraphy of the overlying Tertiary foreland basin succession
are approximately the same in both areas. In the Champsaur fold zone and the northern
part of the Prapic fold zone the Tertiary sediments transgressed directly onto basement

rocks whereas in the southern part of the Prapic fold zone and in most of the Soleil Boeuf

. non-vocanic Tertiary """

area the Tertiary sediments are underlain by several hundred meters thick Mesozoic |
sediments (Ménard, 1979; Debelmas et al., 1980; Debrand-Passard et al., 1984a;

Ravenne et al., 1987) (Fig. 4.1). In Soleil Boeuf the northern rim overlies basement rocks
(Figs. 3.1 & 3.2¢).

It has been argued, that the overall style of deformation in the northern Subalpine 1

chains is thin-skinned with a detachment between basement and cover, and thrust ramps

vou

branching at irregularities in the detachment surface (Butler, 1989). A similar behaviour

can be observed in the southern Subalpine chains where the main detachment is again
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within the Triassic evaporite horizon (basement-cover interface). Displacement ramps up i
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to minor detachments in Mesozoic shale levels (Lickorish and Ford, 1998). Towards the |
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north-east, the basement-cover interface and overlying Mesozoic cover were locally

v vow v v

folded during early uplift of the Pelvoux massif (Ford, 1996) Thus the basement-cover I
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SE

interface rises abruptly north of Barcellonette (Fig. 1.7). Furthermore the Triassic
evaporite horizon, the main detachment horizon, was not deposited or was eroded in the
Pelvoux massif area (Debrand-Passard et al., 1984a: p. 84; Lemoine et al., 1986). This

+

must have forced the main detachment to cut up-section at some distance south of the

Soleil Boeuf area

Schematic block model showing the geometric relationship between the Champsaur-Prapic fold zone and the Soleil Boeuf area.

Pelvoux massif. In the Champsaur-Prapic fold zone the cover is detached within the

e
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- Pelvoux *
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Tertiary with volcanic detritus

T I R

Globigerina Marl a few meters above basement. The deformed stratigraphic pile is much

Fig. 4.1:

thinner and is therefore characterised by thin-skinned ‘duplex-like’ deformation.
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4.1.3 Relative timing of NW motion in Soleil Boeuf and SW transport in Champsaur-
Prapic

In the Champsaur-Prapic fold zone, SW-WSW-directed shortening of 5 km was " g 8 3

mainly accommodated by mesoscale chevron folding in the footwall of the Autapie =

§
nappe and Sub-brianconnais unit. In the Soleil Boeuf klippen area at least 6.8 km NW- 3
directed shortening by fault-propagation folding and thrusting occurred in the footwall of E

the Prapic fold zone. Although no structural interference patterns were observed in the
investigated area, the relative timing can be inferred: for several reasons the WSW-SW-
directed deformation pre-dates the NW-directed thrusting in Soleil Boeuf.

Structural map of the Embrunais-Ubaye

nappes and (A) geological cross section and
shown by a line as in (A). Modified from

(B) structural units of the same section before
Quaternary erosion (the present relief is
Debelmas and Kerckhove (1973).

1) The deposition of the Champsaur Sandstone ceased abruptly with the emplacement A
of the Schistes a Blocs, a tectono-sedimentary mélange in front of the advancing %w .":"f .
nappes (Kerckhove, 1969). Kinematic data from within the Schistes a Blocs £ / 3
indicate WSW-directed thrusting (Fig. 2.7). i &

2) The subsequent thrusting of the lower Embrunais-Ubaye nappes (Autapie nappe

and Sub-brianconnais units) immediately followed the deposition of the Schistes a & ;é ,

Blocs; and these units were deformed during their emplacement (and later) é % o B I
together with the external cover (Kerckhove, 1969; Debelmas and Kerckhove, ;iﬁ ; % E. 9
1973) (Fig. 4.2). Kinematic data indicate that these nappes were also emplaced g g =" o Eg 'g 2 % % §

towards the SW onto the external domain (Tricart, 1980; Fry, 1989). The close g g E % §§ g .g |
association of the Champsaur-Prapic deformation with the emplacement of these ’ 3 E § E 'ég 5 %

internally derived nappes is the strongest evidence that the SW-directed motion | 583 3 i E =

—“ ™o N O~ ..\

[

was first and was the principle regional deformation south of the Pelvoux massif. B
If the NW-directed thrusting and fault-propagation folding were first, it had either to

4
i
A EGE'NTEFL'R
+

occur extremely rapidly during the very last stages of Champsaur Sandstone deposition,

| or at a reasonable deformation rate combined with growth structures during most of the

i deposition of the Champsaur Sandstone. Field observations do not support both of these 3 - !

;. . ; : , S e PN

! hypotheses. So, there was no time for a first NW-directed deformation phase between the £ .'w\&\\ ) |

| final deposits of the Champsaur Sandstone and the SW-directed emplacement of the 5 ¥ .:\&y,‘ i‘

| . A _l?-?‘_‘t‘. “ 'i"'.. tl

! internally derived nappes. § 2 y: 43;**" iJ
g_ <

| 3) Additionally, as presented in Chapter 2, the WNW-directed deformation in "

E: Chambran (the northern end of the Champsaur fold zone) post-dates the WSW-— E

SW-directed deformation. :

Merle and Brun (1984) proposed that the upper part of the Embrunais-Ubaye nappes %
| (Parpaillon nappe) had a continuous curved translation path: large-scale folding towards _

the NW was immediately followed by folding and thrusting towards the SW. This

sequence is based on incremental strain analysis of quartz and calcite fibre growth in
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veins and pressure shadows. However, their incremental strain analysis contains errors
(D. Durney pers. comm.). In the text they claim that the calcite fibres in the pyrite
pressure shadows have an antitaxial growth sense (new vein material grows at the pyrite
or quartz grain surface), but on the figure they interpret the data according to syntaxial
fibre growth (new vein material grows between the pressure shadow and the surrounding
matrix; compare Fig. 5 of Merle and Brun, 1984 to Fig. 12 of Durney and Ramsay,
1973). The interpretation of pressure shadows as syntaxial or antitaxial is critical for the
reconstruction of the strain history. Therefore the relationship of NW and SW-directed
transport in the Parpaillon nappe is unclear and cannot be directly related to the presence
of the two transport paths in the foreland. An early NW-directed translation of the
Parpaillon nappe far away from the external Alps is probable (Merle and Brun, 1984).

Kerckhove ef al. (1978) proposed from stratigraphic observation in the Prapic fold
zone that the NW-directed deformation was refolded by SW-directed deformation. But as
shown in section 2.4 the NW-directed large-scale fold does not exist in this area and

therefore their argument for relative timing is untenable.

Local model

As argued above, the NW-directed deformation in Soleil Boeuf post-dates the SW-
directed deformation in Champsaur-Prapic. Field evidence suggests that the SW-directed
deformation did not significantly affect the Soleil Boeuf area (Chapter 3). This requires
that the Embrunais-Ubaye nappes overrode a limited area to the south. This observation
can be used to develop a new model for the tectonic evolution along the southern rim of
the Pelvoux massif. The model is illustrated in Fig. 4.3 and comprises 3 stages.

1) Originally within the Alpine foreland basin, the Champsaur-Prapic area was
separated by a facies transition zone (at least 6.8 km wide) from the Soleil Boeuf
area. The Embrunais-Ubaye nappes had a limited extent and possibly advanced
into a depression between the later Pelvoux massif and Argentera massif
(Debelmas and Lemoine, 1970; Tricart, 1981; Merle and Brun, 1984) without
affecting the southern margin of the Pelvoux massif. Additionally the Soleil Boeuf
area lay in the ‘shadow’ of the massif which may also explain why it escaped any
SWh-directed thrusting (Fig. 4.3a).

2) The NW-directed deformation carried the Champsaur-Prapic area with the
overlying Embrunais-Ubaye nappes over the Soleil Boeuf area. (Fig. 4.3b & c).

The northern and southeastern continuation of the NW-directed thrusting is
unknown. To the north the fault trace disappears below the WSW-directed Sirac
thrust sheet (see below) (Fig. 3.1).

Fig.4.3:

3)

b

Champsaur-Prapic
ca. 25 km

Local model in sequential time steps from a) to d). a) The depocentre of Champsaur-Prapic is
separated from the Soleil Boeuf area which contains volcanic detritus. The overriding internal
nappes do not affect the Soleil Boeuf area which is sheltered behind the proto-Pelvoux massif.
b) NW-directed thrusting from depth carries part of Champsaur-Prapic and the overlying
Embrunais-Ubaye napper over the Soleil Boeuf area. ¢) The NE-SW trending Selle-Fault zone
cuts through the nappe stack and drops the southern part down. d) Subsequent exhumation
removes most of the hangingwall from the Soleil Boeuf and Champsaur-Prapic areas.

The Selle-Fault zone cut through the nappe stack. Displacements progressively
increase from several tens of metres downthrow next to the FPT to about 900 m
downthrow south of the Soleil Boeuf area. This normal component is probably
related to the uplift of the Pelvoux massif. Finally the erosion removed most of the

overthrust cover from the Soleil Boeuf area, leaving the few klippen remnants
(Fig. 4.3d).
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4.2  Correlation with the kinematics of the surrounding region
4.2.1 Timing and relation of NW and SW-directed deformation on a regional scale

Late Tertiary tectonic transport directions in the external western Alps vary from
NW- to SW-directed (Figs. 1.3 & 1.6).

Three stages of SW-directed deformation have been recently established in the
southern Subalpine chains (Lickorish and Ford, 1998). They document the location and
timing of the deformation in the Digne thrust system. The total shortening was restored
to 21.5 km (from the Valensole basin to the FPT, without Embrunais-Ubaye nappe
shortening), which is much less than previously estimated (Elliot et al., 1985). Three
stages of SW-directed (220 - 240°) shortening were distinguished (Fig. 4.4): 1) about 1.5
km shortening by detachment and gentle buckling of the floor of the foredeep during the
Late Eocene. 2) about 9.5 km shortening during Early to mid-Oligocene overthrust shear
related to the emplacement of the Embrunais-Ubaye nappes. And 3) 10.5 km shortening
from Miocene to Pliocene expressed in the uplift of the Argentera massif and thrusting of
the Digne sheet over the Valensole basin.

The WSW-directed deformation in the Champsaur-Prapic fold zone is due to the
emplacement of the internal nappes. The timing of emplacement of the Embrunais-
Ubaye nappes has been bracketed between Lutetian and Stampian (Late Rupelian: Fry,
1989) and was further constrained to be Sannoisian (Early Rupelian: Lickorish and Ford,
1998) in the Barréme basin. A further time constraint comes from 3%Ar - 40Ar dating in
amphibole from andesite pebbles in the Champsaur Sandstone from Soleil Boeuf which
yielded an age of 34.3 £1.0 Ma (G. Feraus pers. comm.). The emplacement of the
Embrunais-Ubaye nappes which terminated Champsaur Sandstone deposition must be
post 34 Ma. This is in agreement with the stratigraphic data from further south (Fry,
1989; Lickorish and Ford, 1998). Therefore the onset of the WSW-directed deformation
in Champsaur-Prapic is well constrained to mid-Rupelian (Fig. 4.4).

About 40 km further west to the foreland of the Champsaur-Prapic area lies the
Dévoluy area, another remnant of the Tertiary foreland basin. The stratigraphic
relationships allow to distinguish late post-Oligocene to Pliocene folding and faulting
from pre-Senonian and Paleocene to Priabonian deformation. The Late post-Oligocene
(27 Ma) to Pliocene deformation documents foreland migrating SW-directed
compression and 2 - 3 km shortening. Emplacement of thrust sheets was followed by
folding, and later the SW compression partitioned into westward thrusting on the Median
Dévoluy thrust and N—S dextral shear (Meckel ez al., 1996). A time-temperature model of
the burial and exhumation history of a partially reset apatite fission track sample in the
footwall of the Median Dévoluy thrust indicates that the area reached maximum burial of
about 4 km (assuming a geothermal gradient of 25°C/km) around 21 - 16 Ma (Meckel,

1997; D. Seward pers. comm.). There is no evidence for a later burial event during the
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Fig. 4.4:

a) Timing of late Alpine deformation events in
the external domain around the western Alps.
Small numbers give shortening estimates in km.
SWh-directed shortening in black lines, NW-
directed shortening in grey. Boxes indicated
important stratigraphic gaps.

b) Simplified outline map of the western Alps,
the external basement massif are dashed.
Extension of the WNW to NW-directed
deformation (light shaded) and the WSW to
SW-directed deformation (dark shaded) in the
external Alps are shown. B = Barréme, C-P =
Champsaur-Prapic, D = Dévoluy, DTS = Digne
Thrust system, EU = Embrunais Ubaye nappes,
FPT = Frontal Pennine Thrust, F-T = Faucon-
Turriers, V = Vercors

Data from Lickorish and Ford (1998), Arnaud
et al. (1977), Meckel et al. (1996), Meckel
(1997), Arpin et al. (1988), Gratier et al.
(1989), Butler (1987), Guellec et al. (1990),
Homewood et al. (1986) and this study.




102

Late Miocene - Pliocene Digne thrusting which constrains the main burial in Dévoluy
from latest Oligocene through Early Miocene (Fig. 4.4). These constraints suggest that
the SW-directed deformation front continuously migrated to more external domains and
arrived at Dévoluy roughly 6 Ma later than in the Champsaur-Prapic area.
Simultaneously with this migrating SW-directed deformation, the Faucon-Turriers
area (Fig. 1.6), a half-window in the footwall of the Digne thrust, underwent WNW-
directed deformation (Arnaud ef al., 1977). Growth structures indicate that the thrust
imbricates developed before and during the deposition of the red continental molasse, i.e.
during the Late Oligocene (Fig. 4.4). A correlation of the NW-directed deformation in
Soleil Boeuf with the WNW-directed deformation in Faucon-Turriers has already been
suggested (Gidon, 1975; Arnaud et al., 1978; Gidon and Pairis, 1980-1981) and if
accepted, constrains the NW-directed deformation in Soleil Boeuf to immediately follow
the WSW-directed deformation in the Champsaur-Prapic fold zone. The SW-directed
deformation front concurrently migrated further west, so that the onset of the main
deformation in Dévoluy largely post-dates the NW compression phase (Fig. 4.4).

4.2.2 Models to explain simultaneous thrusting
Models that may explain a distinct WNW to NW-directed pulse of deformation

during ongoing WSW-SW motion in the southern Subalpine chains include regional and
local solutions.

Case 1: Lateral effects of SW-directed gravitational spreading or thrusting
It has been proposed that the Embrunais-Ubaye nappes were emplaced by

gravitational spreading (Fig. 4.5a) (Kerckhove, 1969; Merle and Brun, 1984). The
kinematics of gravitational spreading involve (Merle, 1990) an increase of the amount of
deformation towards the front and the base of the spreading nappe, and a radial
displacement pattern dominated by pure shear in the upper part of the nappe (stretching
concentric and perpendicular to the displacement) and by simple shear in the lower part
of the nappe (stretching divergent and parallel to the displacement) (Fig. 4.5a). It could
be suggested that the Soleil Boeuf area represents the lateral portion of such a spreading
nappe. But then the displacement direction should change gradually from SW to NW
which is not observed in the field. However, the major problem with gravitational
spreading is that the deformation does not deeply penetrate into the substrate and thus
cannot cause the thrusting from deeper detachments in the Soleil Boeuf area.
Synchronous with the superficial emplacement of the Embrunais-Ubaye nappes more
deeply detached deformation in the SW-directed southern Subalpine chains decreases
northwards from 21.5 km shortening in the Digne system (Lickorish and Ford, 1998) to 2
- 3 km in Dévoluy (Meckel et al., 1996) and 5 km in Champsaur-Prapic, suggesting that
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the SW-directed thrust system dies out towards the Pelvoux massif. This brings up the
idea that the structural patterns in the Soleil Boeuf area could be explained in terms of
lateral tip structures (Coward and Potts, 1983) to the SW-directed thrusting. Coward and
Potts (1983) suggest that differential movement at the lateral tips of a propagating thrust
system may lead to lateral thrust ramps characterised by folding oblique to the thrust
transport direction and shear strains parallel to the thrust transport direction (Fig. 4.5b).
However, in Soleil Boeuf, this is not the case: folding is NW-directed, i.e. perpendicular
to the SW-directed thrust system, not oblique, and no NE-SW-trending dextral shear
strain has been documented. Additionally, it is only the thrust sheet above the thrust
plane that will be affected by thrust tip structures, whereas in Soleil Boeuf the NW-
directed deformation roots below the SW-directed deformation. Another weakness of the
model is that the Faucon-Turriers area does not lie at a lateral tip of the SW-directed

thrust system and therefore requires another explanation.

Fig. 4.5:

a) Schematic representation of a
gravitational spreading nappe, movement
path of particles is divergent. Variation of
the stretching is shown; concentric
stretching towards the top (pure shear
deformation) and radial stretching towards
the bottom (simple shear deformation).
From Merle (1990).

b) A thrust plane showing the strained tip
region between the slipped and unslipped
regions. From Coward and Potts (1983).

/
strained zone :“33 5
at thrust tip oblique folds leading o

oblique and lateral ramps

Case 2: Local strain partitioning along strike-slip faults

The Soleil Boeuf and the Faucon-Turriers areas are both situated to the west of NE—
SW trending faults, the Selle-Fault and the Clamensane fault (Figs. 1.6 and 4.6a). They
are segments of the Aix-en-Provence fault (Rousset, 1978), an old lineament (Arnaud et
al., 1978: Rousset, 1986). It is believed that this lineament acted in various ways during

successive stages of Alpine deformation and was also active as early as Permian and

Jurassic times, when it influenced sedimentation. The relatively narrow localisation of
WNW-NW thrusting has been linked to a local complex strain field related to the
Clamensane fault in Faucon-Turriers (Arnaud ef al., 1977) and to the Selle-Fault in Soleil
Boeuf (Gidon, 1975; Arnaud et al., 1978; Gidon and Pairis, 1980-1981).

When the localisation of WNW-NW thrusting in Soleil Boeuf and Faucon-Turriers is
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related to the faults, it has to do with stress partitioning. In simplified partitioning
models, compressional stress oblique to a fault zone is partitioned into components of
movement perpendicular and parallel to the zone (Fig. 4.6b). It has been shown that
across thin-skinned, limited-length transcurrent faults, such models are valid (Odonne
and Costa, 1991). A problem which arises with a partitioning model is that the imposed
compression in the southern Subalpine chains is only at a small angle of 41%2 - 24Y2 to the
Selle-Fault (Fig. 4.6¢) which is not much different for the Clamensane fault which has a
similar strike (019%2) (Fig. 4.6a). Therefore the partitioned component perpendicular to
the fault zone should always be smaller than the component parallel to the fault zone.
Partitioning of 5 km WSW-directed shortening in Champsaur-Prapic at the Selle-Fault
would give 2.7 - 2.1 km shortening perpendicular to the Selle-Fault in Soleil Boeuf only
(Fig. 4.6¢). This is much less than the 7 km minimum shortening estimate (Chapter 3).
Another weakness of the simple partitioning model is that it assumes that the NE-SW

Fig. 4.6:

a) Simplified map of southeastern France to
illustrate the situation of NW-directed
deformation in Soleil Boeuf (SB) and Faucon-
Turriers (F-T) to the west of NE-SW trending
faults. Reported partitioning in Dévoluy (D) at
the Median Dévoluy thrust (Meckel et al., 1996)
is also shown. b) General partitioning model
showing discrete divergence in slip vectors
across a thin skinned fault of limited length (after
Odonne and Costa (1991). c) Partitioning
solution for the Selle-Fault. 5 km WSW to SW-
directed shortening in the Champsaur-Prapic fold
zone would partition into 2.7 to 2.1 km
shortening perpendicular to the Selle-Fault in the
Soleil Boeuf area.
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oriented faults acted as thin-skinned, limited faults. However, as the faults probably
belong to the Aix-en-Provence lineament which already acted as a passive margin fault

during Mesozoic extension this assumption is not necessarily valid.

Case 3: Satellite system of northern Subalpine chains

This model invokes a short-lived satellite fault system related to the Oligocene NW-

directed thrust system (Fig. 4.7). The following constraints result from such a model:

Fig. 4.7:

Simplified map of southeastern France to
illustrate the satellite fault solution for the NW-
directed deformation in Soleil Boeuf (SB) and
Faucon-Turriers (F-T) and Pic de Gleize (PG).
Interference of SW-directed deformation in the
southern Subalpine chains (black arrows) with
satellite fault to the NW-directed thrust system
of the northern Subalpine chains (grey). Outlines
of Frontal Pennine Thrust, Embrunais-Ubaye
nappes, Digne Thrust and the external basement
massif (dashed) are shown.

1) The two compression directions must have operated at different levels at the same
time. The SW-directed deformation has been documented to develop near the
surface by gravitational gliding or overthrust of the Embrunais-Ubaye nappes of at
least 50 km (Kerckhove, 1969; Merle and Brun, 1984), and by simultaneous
detachment along several deeper levels, e.g. within the Triassic evaporites, the
Middle Jurassic shales, and the mid-Cretaceous shales (Lickorish and Ford, 1998).
There are no ‘free’ detachment levels left for the NW-directed thrusting in the
cover rocks which therefore forces the NW-directed deformation to detach in the
basement. Coward ef al. (1991) adopt WNW-NW-directed thrusting from depth
(Fig. 4.8) in the Pelvoux area based on deep seismic ECORS line south of the
Mont Blanc massif (Roure et al., 1990). Thus the NW-directed deformation in
Soleil Boeuf and Faucon-Turriers may similarly ramp up from detachments in the
basement while the SW-directed deformation in the cover rocks of the southern

Subalpine chains was going on (Fig. 4.8).
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2) The southern continuation of a NW-directed detachment in the basement below the
southern Subalpine chains is problematic. Somehow it would have to be linked to
the main NW-directed thrust system east of the Frontal Pennine Thrust. But so far
no evidence has been found for further late NW-directed thrusting in the southern
Subalpine chains east of the Digne thrust nor for a transcurrent NW-SE trending
sinistral fault system which could accommodate differential NW-directed
shortening. Such features could, however, have been overprinted by subsequent
deformation.

3) Another weakness of the satellite model is the northern continuation of the
thrusting at Soleil Boeuf. To the west it may link to NW-directed folding and
thrusting recorded in Cretaceous sediments at Pic de Gleize (Fig. 4.7; H. Lickorish
pers. comm.). But northwards it appears to link into the Sirac basement thrust
sheet (Fig. 3.1). In the centre of the Pelvoux massif no Tertiary sediments are
preserved and the accurate dating of deformation is problematical. In the Aiguilles
Morges area, recent work has shown SSW-directed large-scale folding (m-axis
116-32; Lazarre et al., 1996; Murer, 1998) followed by predominant W to SW-
directed thrusting (mean compression directions 239-00 in the north and 249-05 in
the south, Murer, 1998) and minor WNW-directed deformation (Lazarre et al.,
1996). The W-SW and WNW-directed kinematic data have been both related to
the emplacement of the Sirac thrust sheet during the Alpine shortening. Hence, the
transfer of the NW motion of Soleil Boeuf to the northern Subalpine chains

remains an unsolved problem.

With such a satellite fault model, the exact cause of the two movement directions is
linked to the large-scale kinematics of the northern and southern Subalpine chains and
therefore to the larger-scale Alpine tectonics of the more internal domains. The problem
of two major thrust systems at right angles acting at the same time has to be solved with
all of the three models presented above! The satellite model therefore seems to be the

simplest solution. Additionally it can account for the nature of the deformation in Soleil
Boeuf with its detachment at depth.

4.3  Kinematics and geodynamics of the western Alpine arc

What are the implications of the structural and tectonic observations made in Soleil
Boeuf and Champsaur-Prapic for the geodynamic evolution of the external western
Alpine arc? The most prominent models have been presented in Chapter 1 where they
have been grouped in two categories: those favouring a radial forming arc, and those
favouring the presence of two mutually perpendicular thrust systems.
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Observations from the area around the bend in the arc do not support a radial
evolution of the arc as discussed below.
The Late Tertiary tectonic transport directions in the external western Alps to the

south of the Pelvoux massif have been discussed in the previous section; they are

predominantly WSW-SW with a simultaneous pulse of WNW-NW motion during the
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Late Oligocene. At the same time as the Digne thrust system evolved in the southern
Subalpine chains, large amounts of WNW-NW-directed deformation were
accommodated in the northern Subalpine chains (e.g. Goguel, 1963; Pijolat et al., 1981;
Malavieille ef al., 1984: Butler, 1985; Choukroune et al., 1986; Dietrich and Durney,
1986; Gourlay, 1986; Platt, 1986; Mugnier et al., 1987; Ramsay, 1989 ; Butler, 1992b).
Along the trace of the ECORS-profile (Fig. 4.4), for example, the Alpine compressive
front progressed regularly to the west during the Tertiary (Fig. 4.4). Overall shortening
between the cover of the external crystalline Belledonne massif and the front of the Jura
mountain is estimated at 58.5 km (Guellec et al., 1990), 30 km of them within the
Molasse and Jura cover. Along the same profile, shortening of 126.5 km has been
estimated between the external Belledonne massif and the Frontal Pennine Thrust
(Butler, 1985). Three deformation phases migrating into the external domain could be
distinguished: in the Early Oligocene, in the Early Miocene and during the Late Miocene
to Pliocene. Butler (1992b) documented WNW-directed thrusting (294° to 2839),
tentatively dated as post-Oligocene from the Prealps down to the Vercors area. In the
Vercors area, WNW-directed main deformation occurred probably between 10 and 6 Ma
during the Late Miocene (Butler, 1987). Earlier minor episodes folded and overthrusted
Middle Miocene molasse. The youngest preserved Tertiary sediments are local Lower
Miocene units. Profile restoration gives shortening estimates of about 30 km between the

Belledonne massif and the Dauphine foreland (Butler, 1987). Kinematics and

displacement estimates for the northern Subalpine chains indicate that the total W to

WNW shortening was between 70 - 80 km and 185 km (e.g. Butler, 1984; 1985; Butler et

al., 1986; Ménard and Thouvenot, 1987; Mugnier et al., 1987;: Guellec et al., 1990;

Mugnier et al., 1990) which decreases southward towards the corner of the Pelvoux

massif (Arpin ez al., 1988; Gratier et al., 1989). Whereas in the southern Subalpine
chains SW-directed shortening decreases northward from 21.5 km in the Digne thrust
system (Lickorish and Ford, 1998) to ~8 km close to the Pelvoux massif (Meckel, 1997;
this study).

Evidence for W-directed compression in the external Alps is recorded only within the
Pelvoux massif area, where poorly dated thrust kinematics show a spread of directions
from 209° to 315° (Fig. 1.6), including several W-directed data (e.g. Gidon, 1979;
Gillcrist ef al., 1987; Coward et al., 1991). Clearly these directions are related to the
complex inversion of passive margin structures at some stage during Alpine collision, but
the data can not be simply interpreted in terms of regional late Alpine transport
directions. However, at the internal margin of the Pelvoux massif, close to the Frontal
Pennine Thrust, a sudden change northwards from WSW to WNW-directed deformation
has been documented within the Champsaur fold zone (Chapter 2) which continues at the
casternmost corner of the Pelvoux massif (Butler, 1992a) and into the areas further north
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(Bravard and Gidon, 1979; Beach, 1980; Beach, 1981b; Beach, 1981a; Beach, 1982;
Serre et al., 1985).

The lack of a significant component of W-directed movement at the bend in the arc
suggests that the distribution of movement vectors around the Pelvoux massif is not
radial, but rather, that there is a distinct break in the kinematic pattern of the arc between
the NW and SW-directed transport. The models that explain the kinematic break include
1) strike-slip collision (Ricou, 1984; Ricou and Siddans, 1986), 2) lateral hangingwall
collapse of the NW-directed main thrust system (Butler et al., 1986), or 3) a late
independent SW-directed thrust system in the footwall of the NW-directed main system
(Butler ef al., 1986).

Models 1) and 3) assume that the SW-directed thrusting in the southern Subalpine
chains post-dates the evolution of the northern Subalpine chains. But as argued above
there is sufficient evidence that both deformations went on at the same time (Fig. 4.4),
although in the southern Subalpine chains with lesser shortening. Model 2) considers SW
motions due to lateral hangingwall collapse, but it is questionable if this process can
cause thrusting from deeper levels in the hinterland as it was ongoing from the beginning
of the deformation in the external Alps. Additionally, hangingwall collapse is probably
restricted to the latest stage of NW-directed thrusting which again does not fit the timing
observed in the field. Therefore none of these models explains all the observed features.

|
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5.  Analogue modelling of obstacles and oblique indentation

5.1 Introduction

5.1.1 Aim of this study

The previous Chapters 2, 3 and 4 have clarified the kinematics at the southern rim of
the Pelvoux massif and their significance for the development of the western Alpine arc.
These data strongly suggest that the external western Alpine arc was produced by two
synchronous transport directions which were at approximately at right angles. The
Pelvoux massif is situated in the core of the arc, where the two thrust systems intersect
and its sedimentary cover records both displacement directions. This raises the question:
to what extent the Pelvoux massif controlled the position of the Alpine arc or even the
formation of the external arc as previously suggested by Bravard and Gidon (1979) and
Tricart (1981). The Pelvoux massif is a candidate for buttressing the deformation,
because: (1) the Triassic platform deposits are relatively thin and devoid of evaporites
(Lemoine et al., 1986), i.e. there is a pinch-out of the stratigraphic decollement horizon;
and (2) between Late Cretaceous and Early Eocene the Pelvoux massif was uplifted and
eroded down to basement (Ford, 1996); hence the Alpine deformation front encountered
a palaeogeographic basement high covered only by Tertiary strata (Gupta, 1997).

The data presented in this study suggest that ‘corner hypotheses’ may be more
appropriate than ‘radial hypotheses’ as discussed in the Chapters 1 & 4. In order to
examine the validity of such models it is necessary to experimentally investigate the
accommodation of the deformation around an arc formed by two perpendicular transport
directions using sand box analogue modelling. The results can then be compared to the
observed kinematic pattern in the external Alps which shows the strengths and
weaknesses of the proposed models.

The advantage of such small-scale models is that they can be scaled to be mechanical
analogues to nature, hence they should show behaviour similar to nature, and the
processes involved in deformation can be studied without involving all the parameters of
the more complex natural system. A number of 25 pure sand and sand-silicone
experiments have been run to investigate 1) the difference in the deformation pattern
with variable indentation paths and 2) the role of obstacles. The experiments have been
carried out at the University of Rennes, in collaboration with P. Cobbold and H.
Lickorish (H. Lickorish et al., in prep.). Within this larger project, I have focused on 5
sand-silicone experiments which representatively illustrate the main results of all the

experiments.
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5.1.2  Previous models

Analogue models of thrust sheet interference with obstacles are rare and often
investigated complex settings by mathematical and analogue modelling (e.g. England
and Houseman, 1985; Haq and Davis, 1997; Tommasi and Vauchez, 1997). Some of the
first work is that by Chamberlin and Shepard (1923) who placed a semicircular rigid
mass into a paraffin wax experiment, opposite to the side where uniform shortening was
applied. They suspected that the curvature of the obstacle might control, or at least
greatly influence, the trend of the resulting fold. But the result of the experiment was that
in general the trend of the fold did not conform to the shape of the rigid arcuate obstacle.

In contrast, based on experiments Beutner (1977) ascribed the small-scale thrust belt
curvatures in the Rocky Mountain foreland to buttressing against basement salients and
reentrants in the foreland. He showed that the curved stress trajectories, occurring where
an elastic sheet (gelatine) pushed against obstacles of clay are similar to the inferred
stress trajectories in nature. Similar results were obtained by Marshak (1988) and
Marshak et al. (1992). They used a single layer damp sand model to simulate the
interaction between a growing sand wedge and two stationary obstacles (glass cylinders)
in the foreland. Structures that had formed prior to the interaction with the obstacles are
bent, bounded by wrench shear zones along the inner sides of the obstacles, and new
curved thrusts develop towards the foreland. But in both kind of experiments the
materials used are rather cohesive and may not represent the behaviour of natural rocks
properly.

The pinch-out of stratigraphic decollement horizons has been investigated in 2-
dimensions (Souriot et al., 1991) and in 3-dimensions (Letouzey et al., 1995). Souriot ez
al. (1991) showed that a small gap of the ductile layer first localises a thrust fault but new
thrust faults develop in front of it. Conversely, a large gap interrupts the decollement and
a hinterland propagating system develops behind it. In such a way an obstacle can control
the order of fault development above the decollement layer. In the 3-dimensional case
study of the Jura mountains (Letouzey et al., 1995) a similar effect could be observed.
The curved external limit of the Jura thrust belt corresponds to a large interruption of the
decollement horizon. In the analogue model the shortening concentrates at the edge of
the decollement horizon in a curved thrust front and behind above the basal detachment
on thrusts parallel to the backstop of the model. In the same article buttressing against a
basement fault scarp with different configuration of decollement horizons has been
investigated (Letouzey et al., 1995) but the influence on the displacement direction was
not investigated.

To summarise, the influence of obstacles on the curvature of orogenic belts has
scarcely been investigated by analogue modelling. Therefore this study aims to

investigate the general case of a single obstacle in the foreland of a straight thin-skinned
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fold and thrust belt. The influence of the shape and thickness of the obstacle on the

displacement directions are the focus of these experiments.

Previous indentation models investigated straight unidirectional motion paths. The
earliest physical indentation models were made of paraffin wax (e.g. Chamberlin and
Shepard, 1923; Vialon et al., 1984) or plasticine (e.g. Tapponnier et al., 1982; Tapponnier
et al., 1986). Based on their models, Chamberlin and Shepard (1923) proposed that
pressure along a short straight indentor is one possibility to produce mountain arcs. Later,
Vialon et al. (1984) did two sets of experiments with paraffin and a round-shaped rigid
indentor to model the Jura mountains by indentation of the molasse basin. In a first set
the rigid indentor was pushed into the foreland, in a second set the indentor was pushed
down onto the foreland without lateral compression. Pushing the indentor results in a
curved fold belt with shortening perpendicular to fold axes at the front and en-échelon
folding due to wrench shear at the sides. In the case of loading shortening was evenly
distributed around the indentor and always perpendicular to the fold axes. Thus in these
models the curvature of the fold belt depends on the curvature of the indentor.

Bale (1986) produced arcuate fault patterns in sand and silicone experiments, scaled
for gravity, representing the upper brittle and lower ductile part of the crust respectively.
The indentation of a rectangular indentor with a protruding basal plate generated a thrust
perpendicular to the displacement which amplified radially and joined faults along the
lateral wrench zone. Bale concluded that the interaction between a thrust zone and a
perpendicular wrench zone induces arcuate structures. The wrench zone is characterised
by positive flower structures. By variation of the boundary parameters of the experiment
Bale produced arcs with either external or internal vergence and compared the results to
the western Alpine arc where major thrusts verge outward around the arc, and to the
Ibero-Armorican Arc (Burg et al., 1987) where major thrusts verge inward around the
arc.

Complex 4-layer analogue models, representing the entire lithosphere were used to
investigate the special case of indentation processes with different degrees of lateral
confinement (Davy, 1986; Davy and Cobbold, 1988). These lateral escape models can be
applied to the India-Asia collision and improve on the early simple plasticine models of
Tapponnier et al. (1982; 1986). For our purposes the important conclusion of these
experiments is that a narrow indentor leads to arcuate thrust traces with divergent
thrusting of about + 20% where the lateral strain is accommodated by arc-parallel
extension in the hangingwall of forethrusts and arc-parallel shortening in the
hangingwall of backthrusts (Fig. 5.1). This divergent thrusting is bounded laterally by
wrench faults which link back to the edges of the indentor. Divergent thrusting breaks

down, either as the indentor becomes too wide, or as the lateral confinement of the
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continent is relaxed.

In summary, in all these indentation models a strong curvature of thrust or fold traces
was observed with a strong component of lateral wrench shear. However, the divergence
of the transport directions is limited and never adequately explains the divergence of
over more than 90%2 observed in the western Alps. As a new approach, indentation
experiments with an oblique or poly-directional motion path have been performed. In

such a way the divergence of the thrust motions is enhanced and the deformation
characteristics within an arc can be observed. |

Fig. 5.1:

Indentation experiment from Davy and Cobbold (1988).

a) Photograph of upper surface, showing arcuate traces of
thrust faults. b) Thrust patterns and lateral wrench shear
at 4cm shortening. Grid spaced every 5 cm.

5.1.2 Materials and scaling

Rheology in nature

The external Alps developed due to the advance of the internal Alpine units which
can be considered as an indentor with a rounded rectangular form (Fig. 1.1). The
deformation of the internal units is complex whereas the evolution of the external Alps is
well constrained. To simplify the analogue models, it is therefore efficient to model only
the evolution of the external Alps. Such an approach also reduces the model to thin-
skinned foreland tectonics which can be adequately represented by sand-silicone
experiments. The sand represents the brittle behaviour of the upper crust, while the lower
ductile silicone layer transfers the deformation to the foreland.

The brittle behaviour of the upper continental crust is of the Mohr-Coulomb type and
can be written as:
T=0p *¥tany+C {5:1)
where T and O, are the shear and normal stresses respectively, y the angle of internal
friction and C the cohesion. Characteristic numbers for natural rocks are a cohesion of
50 MPa and an angle of internal friction close to 30° (for oy, > 200 MPa) (Byerlee, 1978).

This means that the deformation is independent of the velocity and that it occurs along
faults.
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The ductile behaviour of the continental crust, where rocks no longer deform by
fracture but by continuing flow can be described by the rheologic equation for
Newtonian material:

Oijj = 1L * € (5.2)

where W is the viscosity, €' the velocity of the deformation and ojj the deviatoric
stress. This law does not only apply to the lower crust but also for the incompetent
behaviour of shales or evaporites in the upper continental crust. The viscosity of the
lower crust has been estimated to be about 102! Pa s (Davy, 1986, Davy and Cobbold
1991) whereas the viscosity of shale or evaporites is difficult to assess. Odé (1968)

estimated evaporite viscosities to 1016 - 1019 Pa s.

Scaling
The application of scaling theories to earth sciences has been proposed by Hubbert

(1937) and Ramberg (1967). Davy and Cobbold (1988, 1991) describe in detail the
principles of the scaling analysis, while here only an outline is given.

The principles of scaling require a similarity between nature and experimental model
in geometry and dynamics. An experimental model is defined by characteristic constant
parameters (length (Lo), time (tp), velocity (Up), density (po), viscosity (1o), etc....). All
physical parameters can be expressed by means of the three fundamental units of
measurements kilogram [kg], meter [m] and second [s]. On this basis, dimensionless
variables are defined which are ratios between parameters of the same units of
measurement. The systems are congruent if the dimensionless variables from model and
nature are identical.

To compare an experimental model with a geologic system ratios between a
parameter in the model and the same parameter in the natural system are used. For
example the length-ratio (L™ is:

L" = Lmodel / Lnature (5.3)

The fundamental scale-ratios are the density-ratio p*, length-ratio L* and time-ratio

t*. From these 3 ratios all the others can be deduced, for example the velocity ratio

U™ =L*/t*. The essential parameters are listed in table 5.1.

The models are scaled for a normal gravity field (g* = 1). In the indentation models, a
length ratio L* = 3*%10-6 was chosen, so that a sedimentary pile, 10 km thick in nature,
scaled down to 3 cm thick in the model. This was enough for proper observation of
structures. Note that the obstacle models are a close up with length and time scales
different from those of the indentation models (Table 5.I). In a normal gravity field, the

strength ratio must equal the product of the length ratio and the density ratio. A density

ratio of 0.5 was chosen; the strength ratio was therefore " =1.5%106. In practice, for
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brittle material obeying Mohr-Coulomb law, the cohesion has the dimension of stress and

must therefore be scaled down in the model to become negligibly small whereas the -

coefficient of internal friction (dimensionless) must be the same in model and in nature.
For ductile layers, strength depends upon strain-rate and so the time scale has to be
considered. This is best chosen on a practical basis, so that an experiment does not last
more than a few hours. A time ratio t* = 7.5%10-11 ( 6 hours represents 10 Ma) has been
used. Together with the strength ratio, this sets the viscosity ratio p* = 10-16 (the

viscosity ratio must equal the product of the strength ratio and the time ratio).

Lo to Uo Po sand | Py silicone Ko 2o oo

[m] [s] [ms1] |kgm?3]|kgm?]| [Pas] |[ms?]| [Pa]
%ﬂ obstacle 10° 9*1013

(1km) [ (3Ma) |2.75%1010 107

................................ * 16 19
?ﬁ e o 31016 ] (8.6 m k') 2600 2600 [10'6-10 9.81 (10 MPa)
Z. (10 km) | (10 Ma)
-2

ﬁ obstacle 1B a8
O oo ) (Lem) | 22'500 1.1%103 Tl TR
o) . 1102 | 6.25h) | (4cmhl 1400 1200 | 10*-10 9.81 "
= (3 cm)

SCALE length time velocity | density | density | viscosity | gravity | strenght

RATIOS ratio ratio ratio ratio Jatio ratio ratio ratio
L t 19) P sand |p silicone i g o
obstacle| 105 |2.5%10°10 . — 4.6%10°
-------------------------------- 4*%10 : ;s -15 10 e
indentation | 3*10° |7.5%1011 0% | 046 I072-10 ! 1.5%169
Table 5.1 Comparison between the natural constants and the constants used in the experimental model

and the corresponding scale ratios. For proper scaling the scale ratios must fit the following

reiationships (Davy, 1986; Davy and Cobbold 1988; Davy and Cobbold 1991):
L¥=u**¢* o =1 *p**g*
p'=t"*o" p=p*tg

Analogue materials

The brittle part of the continental crust is modelled by dry sand. We used dry
Fontainebleau sand. This sand has an aeolian origin and consists only of quartz grains.
Before use, it is sieved so that only the grain size < 315 pm is used. The density of the
sand is about 1.4 g cm-3. The angle of internal friction of 30° is close to that obtained for
natural rocks (Byerlee, 1978). It’s weak cohesion (500 Pa) is neglectable. The sand is a
Mohr-Coulomb material. The similarity of the rheological law, the angle of internal
friction and the low cohesion between sand and natural competent rocks justify the use of
sand as the analogue material for the brittle part of the continental crust.

The analogue material used to simulate the ductile behaviour of incompetent rocks in
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the continental crust is a silicone putty (Silbione silicone, Gomme A0009, manufactured
by Rhéne-Poulenc, France). This is a viscose material of Newtonian type (the viscosity
varies linearly with an increase of the deformation velocity). The viscosity (1) of new
silicone at room temperature, and at deformation velocities used in modelling, ranges
between 104 - 10 Pa s and the density is 1.2 g cm™3. The use of silicone to model the
ductile behaviour of the incompetent rocks of the continental crust is justified by its
ability to gravitationally flow, therefore respecting the gravitational forces at deformation

velocities of the laboratory experiments.

Although the scaling and the materials used allow us to scale the models
appropriately according to gravitational forces and rheology, their validity in
representing the complexity of nature is limited. The model represents only simplified
rheologies, it does not take into account material properties varying with depth and a
change of the viscous rheology in time. Therefore the results can only deliver tectonic

hypotheses.

5.1.3 Experimental setup

The model (Fig. 5.2) was made 115 cm long, to allow for serial formation of
structures during progressive shortening. Model width was set to 115 cm so that the
influence of lateral boundary conditions, especially frictional resistance, could be
minimised in the centre of the model. A rig was mounted at one end of the box which
pushed either a backstop as wide as the box (115 cm) or a smaller indentor into the model
(as shown in Fig. 5.2). The horizontal compression was induced by means of two or three
screw-jacks coupled to computer controlled motors. Motor 1 was only used for
indentation experiments, to add a lateral component to the translation path (Fig. 5.2).

Models were built from bottom to top. The box was first filled with silicon sheets of
about ~35 mm thickness (rolled through a pastry machine at 2.5 mm thickness which then
expands due to elastic viscosity) placed successively in position. The silicone was left
overnight to expel any trapped air bubbles. The different obstacles or the indentor were
emplaced in the box. The silicone was then covered with ~2.5 cm sand to give a total
model thickness of 3 cm. In models which were cut at the end of the experiment
sublayers, about 2 mm thick, of different coloured sand were included. Finally 5 cm
spaced grid lines of coloured sand were painted on the upper surface to monitor the
horizontal displacement. At the end of the experiment, the sand was stripped away to
reveal the upper surface of the silicone layer to identify faults at depth and their
geometry. Models with sublayers were covered with different coloured sand, damped

and subsequently cut in profiles parallel to the shortening direction.
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Fig. 5.2: Perspelctive view of experimental apparatus. The model (115 * 115 cm) is set in a rig. 3
screw-jacks coupled to computer controlled motors induce the shortening. By the means of
motors 2 and 3 a wide backstop (not drawn) or an indentor (shown) can be pushed into the

experiment. With the aid of motor 1 a variable lateral component can be added to the motion
path of the indentor.

5.2  Obstacle experiments

Different obstacles were emplaced in the middle of the box at 25 cm from the
backstop. The 115 cm wide backstop of Plexiglas was moved across the square box up to
the obstacle. Horizontal compression was induced by motors 2 and 3 (Fig. 5.2), both
running at 4 cm/h for 25 cm of shortening.

Two extreme types of obstacles have been used: 1) a low obstacle at the base of the
experiment which is buried by sand and 2) a high obstacle, which is much higher than the
upper surface of the sand. The low obstacle (1) was simulated by localised replacement
of the 5 mm thick silicone layer at the base by dry sand. That way ductile shearing along
the base was hindered in the silicone free zone, i.e. it faced a low obstacle at the base of a
thick sedimentary pile . The high obstacle (2) was made of Plexiglas, i.e. it is a massive
obstacle which can not be deformed at all. Thus these experiments are similar to the
classic obstacle experiments (Beutner, 1977; Marshak et al., 1992). Both types of
obstacles were fixed to the bottom plate of the experimental box.

5.2.1 Experiments with a low obstacle

Two experiments with different shapes of the low obstacle were carried out.

In the first experiment (WHL-22) a rectangular silicone free zone (40 * 36 cm) was
aligned with its longside parallel to the backstop. The first thrust front (T1) appeared at
about 1.5 cm shortening and formed linearly along the backstop. Irregular imbricates
linked longer segments of single plane thrusting (Fig. 5.3a). Almost simultaneously, a
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smooth bending of the E-W grid lines on either side of the obstacle indicated that
distributed flow reached far ahead of the discrete faulting and had already encountered
the obstacle. The diffuse deformation propagated on either side of the obstacle whereas
the obstacle itself remained undeformed (Fig. 5.3a). At about 4 cm shortening this
produced a foreland-vergent thrust (obstacle thrust OT) in front of the obstacle followed
immediately by a backthrust (Fig. 5.3b). At the base of the model these thrusts initiated
right at the edge of the silicone, on the model surface cut-off points aligned at ~5 cm on
either side of the silicone edge (Fig. 5.3b). At 5 cm shortening the second thrust front
(T2) accompanied by a backthrust (B2) had nucleated in front of T1 (Fig. 5.3b). While
shortening was evenly distributed on either side of the obstacle, in front of the obstacle it
concentrated on T1 and on the OT (Fig. 5.3b). A similar pattern of nucleation and
displacement on either side of the obstacle, combined with accumulation of shortening
on the OT in front of the obstacle continued throughout the progressive development of
the model (Figs. 5.3c, d & e). The movement direction of the hangingwall remained
perpendicular to the backstop (no offset of N-S grid lines) except at the margins of the
model box (lateral boundary effect) and very close to the undeformed obstacle (Fig.
5.3e¢). Similarly most of the fault trace curvature on map view could be related to side-
wall friction at the walls of the box. The right half of the model was inhomogeneously
heated by lighting which accentuated the curvature and caused the en-echelon array of
T3 (Fig. 5.3c). However some curvature occurs at the rim of the obstacle. Connecting
splay faults joined the OT with the adjacent thrust fronts T2 and T3 (Figs. 5.3c¢ & f) and
tear faults accommodated the differential displacement on both sides of the obstacle
which further away in the foreland resolved into diffuse wrench zones (see E-W grid
lines on Figs. 5.3d & e).

A second experiment (WHL-23) was performed with a square silicone free zone (28
cm * 28 cm) at the base of the model where the backstop faced the corner of the square,
so that the sides of the obstacle made an angle of 45° with the backstop. This model was
performed to investigate the influence of the shape of a low obstacle. Again T1 formed
linearly along the backstop. Diffuse deformation propagated far ahead on either side of
the obstacle (smooth bending of E-W grid lines: Fig. 5.4a) and became concentrated at
the corner of the silicon free zone where the next foreland-vergent thrust (OT) nucleated
at about 4 cm shortening, immediately followed by a backthrust (Fig. 5.4a). Thrusts took
on a V-shape parallel to the sides of the obstacle and accommodated oblique

displacement perpendicular to the backstop. Meantime the second thrust front (T2)

accompanied by a backthrust developed in front of T1 and grew over the V-shaped
backthrust (Fig. 5.4b). At 11 cm shortening deformation progressed on T3 and the related
backthrust. At a first stage their lateral propagation stopped at the V-shaped backthrust




Sequential development of experiment WHL-22, with overthrustable obstacle. Photographs of
upper surface of model(lightening from right side). Sand is covered by an originally
orthogonal grid of passive lines spaced every 5 cm (black and grey lines). The silicone-free
zone at the base of the model, i.e. the obstacle, is marked by a thin dashed line. a) 1.7 cm
shortening, white arrows mark early offset of E-W grid lines; b) 5 cm shortening; ¢) 11.7 cm
shortening, note en-echelon array of right-hand T3; d) 18.3 cm shortening; e) 25 c¢cm

shortening; f) 25 cm shortening, upper surface of silicone. T = forethrust, B = backthrust, OT ' ' ‘ : |
= obstacle thrust. Circles in d) & e) indicate diffuse wrench shear to the foreland of obstacle. |




Photographs of upper surface of model WHL-23, with a low buried diagonal square obstacle.
Square grid of passive marker lines spaced every 5 cm (black and grey lines). The silicone-
free zone at the base of the model, i.e. the obstacle, is marked by a thin dashed line. a) 5 cm
shortening, white arrows mark beginning bending of E-W grid lines; b) 11.7 cm shortening; ¢)
18.3 c¢m shortening; d) 25 cm shortening; €) 25 cm shortening, location of profile cuts is
shown. T = forethrust, B = backthrust, OT = obstacle thrust, Spl = splay fault. Circle mark
offset in N-S grid lines, which indicate thrusting oblique to the backstop.

Fig. 5.5

Oblique view of upper surface of
experiment WHL-23 at 18.3 cm shortening.
The displacement on the OT diminishes
stepwise at splay faults (=Spl) till the OT
links up with T4 to the left. Compare to
Fig. 5.3c.
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Fig. 5.6:  Profile-cuts of experiment WHL-23. Internal deformation outlined by two, initially parallel
darker layers. A black layer separates the model topography from the later poured protective
cover of sand. a) - d) Sequential development of structures from margin to center of model,
detailed location of profiles in Fig. 5.4d. Asymmetric 'pop-up' structures to the side of the
obstacle. The rear of the thrust wedge is elevated adjacent to the vertical backstop. The OT
overthrusts the obstacle and carries in ¢) T3 and B3, in d) T2 and B2 in its hangingwall. T =
forethrust, B = backthrust, OT = obstacle thrust. ‘
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(Fig. 5.4b), but as deformation progressed, connecting splays transferred the shortening
from T2, T3 and T4 onto the OT (Figs. 5.4c & 5.5). As a result the OT accommodated
increasingly smaller displacements away from the backstop and linked from the external-
most edge of the obstacle to the closest thrust front (T4 to the left, T3 to the right).
Wrench systems border the further propagating thrust front at the sides (Fig. 5.4d). The
obstacle itself and the area straight ahead of the obstacle remained undeformed. N-S grid
lines indicated displacements perpendicular to the backstop with two exceptions: 1)
friction at the lateral boundary to the box and 2) minor divergent thrusting towards the
obstacle behind the OT and more clearly to the foreland of the OT (marked with circles
on Figs. 5.4c & d).

Sequential profile-cuts clearly demonstrate the importance of the OT on the
development of the thrust wedge. From the margin towards the centre of the model the
wide, low-tapered thrust wedge (Figs. 5.6a & b) progressively narrows and steepens into
a convex form suggesting a double taper geometry in the hangingwall of the OT (Figs.
5.6c & d). In order to accommodate equivalent shortening, tectonic thickening is greater
adjacent to the obstacle. The deformation partitioned approximately equally between
foreland-vergent thrusts and backthrusts. The foreland-vergent OT overthrusts the
undeformed obstacle, it accommodated most shortening and overrode the material
slumped from the thrust front (Fig. 5.6d).

5.2.2 Experiment with a high obstacle

To test the influence of a high obstacle, a rectangular Plexiglas box (35 * 26 cm, and
10 cm high) was fixed to the bottom of the model with surrounding silicone at the base
(WHL-24). The box was oriented diagonally so that the sides of the box made an angle of
45° with the backstop. T1 appeared at about 2 cm shortening and T2 at about 5 cm
shortening immediately followed by a backthrust. Both of these thrust fronts (T1 & T2)
formed linearly along the backstop (Fig. 5.7a). The deformation front became divided at
the obstacle and the two frontal positions moved progressively into the foreland with
new forethrust-backthrust-pairs nucleating at an approximately uniform spacing (Figs.
5.7b, ¢ & d). Some fault traces bifurcated near the box while others bent (marked with
circles: Figs. 5.7b & c). Soon after the beginning of deformation, grid lines started to
bend and evolved a characteristic pattern: E-W grid lines were smoothly curved by
hindered flow along the box-edges; N-S grid lines indicated that material was being
forced latteraly out of the triangular zones between the backstop and the obstacle sides.
There was no evidence for thrusting oblique to the backstop except for the frontal thrusts
in Fig. 5.7d and perhaps close to the obstacle, but here observations were obscured by the
thick pile of sand. The base of the silicone (in this model marked with circular imprints)

reveals in more detail the features of deformation (Figs. 5.7e & 5.8). Shear deformation




Fig. 5.7:

Photograph of upper surface of model WHL-24, with a high obstacle. Square grid of passive
marker lines spaced every 5 cm (black and grey lines). a) 5 cm shortening, already marked
bending of N-S and E-W grid lines; b) 11.7 cm shortening; c) 18.3 cm shortening; d) 25 cm
shortening; €) 25 cm shortening, upper surface of silicone. T = forethrust, B = backthrust, OT
= obstacle thrust. Circle mark bending of N-S grid lines, and splay faults close to the box.




Fig. 5.8: Silicone surface in experiment WHL-24 at the end of deformation with schematic
representation of the recorded strain ellipses. The fault scarps (black lines) branch onto a
wrench fault parallel to the sides of the obstacle (dark grey). This fault separates a domain of
predominant shear adjacent to the box from the domain of predominant thrusting
perpendicular to the backstop.

dominated in narrow zones along hinterland sides of the box and extended into the
foreland from the righthand box-corner (Figs. 5.7e & 5.8). The shortening was
accommodated on thrust faults parallel to the backstop except close to the box where
they bent and branched onto a wrench fault. This fault separated the shear domains close
to the box from the thrusting domains (Fig. 5.8).

5.3 Indentation experiments

Two indentation experiments with a silicon layer at the base were carried out. A
rectangular Plexiglas box (35 * 26 cm) was pushed along an oblique but straight
translation path (WHL-25) and along an elliptical oblique translation path (WHL-26) to
approximately the same position in the foreland (Fig. 5.9). The oblique horizontal
compression was induced by three motors running at the same time: motor 2 and 3
pushing the rig with the mounted indentor to the south, motor 1 pulling the indentor to

the east (Fig. 5.2). By setting the motors at different velocities any translation path can be
accomplished.

5.3.1 Oblique straight translation path

In this experiment the rectangular box was pushed at an angle of 34° to the short side
of the box. The velocity was held constant. Deformation initially occurred at the leading
corner of the indenting box where a weak curved fault trace appeared (T1) (Fig. 5.10a).
Soon after that, this fault propagated along both edges (Fig. 5.10b). The fault trace lay
closer to the box along the short side than along the long side. Bending of both the E-W
grid lines and to a lesser extent N—S grid lines indicated distributed flow parallel to the

edges (Fig. 5.10b). The next thrusts formed as a series of en-echelon faults which started
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Fig. 5.9:
a) 15 min. Motion path of experiment
WHL-25 (straight line) and
WHL-26 (curved line). Grid
b) 45 min. lines are at 5 cm spacing.
Constant velocity of 6 cm/h in
WHL-25. In WHL-26 the
c¢) 75 min. velocity ranges from 4.2 cm/h at

the beginning to 2.7 cm/h at the

end. The dots represent the
d) 105 min. | \WHL-25 position and time of bird views

a) 30 min.

b) 90 min.

shown in Fig. 5.9 a) - i) and a) -
h) in Fig. 5.10.

¢) 150 min.
e) 135 min.

d) 210 min. f) 165 min.

e) 270 min g) 195 min.

WHL-26 ) 330 min. h) 225 min.

£) 390 min.

h) 450 min. \
i) 255 min.

to overlap and then linked to form a single fault scarp (Figs. 5.10b, ¢ & d). A similar
pattern of en-echelon nucleation and displacement continued throughout the progressive
development of the model (Figs. 5.10e, f, g, h & 1). The thrusts on the short side were
fairly minor but usually they appeared at approximately the same time as the
corresponding thrusts on the long side and could be faintly traced around the corner to
link up with them. Ahead of the corner discrete faulting was very weak (Fig. 5.10j) but
diffuse shortening and extension was strong (Fig. 5.10i). Thrusting was more or less
perpendicular to the fault trace combined with variable amounts of diffuse wrenching
causing smooth bending of grid lines. Locally a coincidence of thrusting and wrench-

shear on the same fault plane led to oblique thrusting.




Fig. 5.10: Photograph of upper surface of model WHL-25, with rigid rectangular indentor moving
oblique into foreland. Square grid of passive marker lines spaced every 5 cm (black and grey
lines). a)- i): refer to Fig. 5.8 for amount of shortning. j) silicon at the base of model at the end
of experiment. T = forethrust. For further description see text.

5.3.2 Elliptical translation path
The elliptical translation path was accomplished by short straight segments, each

active for about 30 minutes (Fig. 5.9). The indentor first moved perpendicular to the long
side of the box at 4.2 cm/h and at the end of the experiment it moved perpendicular to the
short side of the box at about 2.7 cm/h. The first thrust (T1a) appeared along the long side
of the box and was followed by a second thrust (T1b) in the immediate footwall (Fig.
5.11a). Only after the initiation of the second thrust front (T2) did minor thrusting along
the short side occur (Ts) (Fig. 5.11b). T1 and T2 are bound by lateral wrench zones. T3 is
the first thrust which links round the corner. It initiated at the long side (Fig. 5.11c) and




Fig. 5.11: Photograph of upper surface of model WHL-25, with rigid rectangular indentor moving along
an elliptical path into foreland. Square grid of passive marker lines spaced every 5 cm (black
and grey lines). a)- h): refer to Fig. 5.8 for amount of shortning. h) Location of profile cuts are
shown. T = forethrust. For further description see text.

progressively propagated around the corner (Fig. 5.11d) and further along the short side
(Fig. 5.11e). In contrast T4 initiated at the corner and progressively propagated along
both edges (Figs. 5.11f, g & h). Thrusting was more or less perpendicular to the fault
trace, i.e. radial. During the first part of the experiment diffuse shearing and small-scale
wrench systems were predominant along the short side (Fig. 5.11b, ¢ & d). At late stages
of deformation the thrust wedge along the long side was increasingly sheared dextrally
which was mainly accommodated on existing thrusts (Fig. 5.11d, g & h).

Profile-cuts reveal a surprisingly consistent geometry round the arc. At the long side

-all 4 thrust fronts (T1 - T4) are nicely preserved (Fig. 5.12a). Foreland-vergent thrust

zones are always related to steeper backthrusts. Towards the corner T1 diminishes and
dies out against the rigid box (Fig. 5.12b). Right at the corner only T3 and T4 occur (Fig.
5.12c). Along the short side displacement on Ts gradually increases away from the corner
(Fig. 5.12d). T3 and T4 have a consistent shape around the whole arc, although the
transport direction changed by over 90°.
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Fig. 5.12: Proﬁle-a_lts of experiment WHL-26, detailed location of profiles in Fig. 5.11h. Internal
deformation outlined by two, initially parallel darker layers. A black layer separates the model
topography from the later poured protective cover of sand. a) & b) Thrust-wedge development
at the long flank. The rear of the thrust wedge is elevated adjacent to the vertical backstop. c)

At the corner, low amount of discrete faulting. d) Perpendiclar to the short flank. T =
forethrust, B = backthrust.
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54  Interpretation and significance

The analogue models presented have successfully simulated the behaviour of
deformation around a foreland obstacle such as the Pelvoux massif, and on a larger scale
the pattern of thrusting in an arc formed by two main transport directions generated by an
oblique indentor.

In the smaller-scale obstacle experiments the undeformed rectangular obstacle should
represent the Pelvoux basement massif and the propagating thrusts on either side should
represent part of the northern and southern Subalpine chains. In the experiments the
obstacle itself remains undeformed which is not true in nature (i.e. Pelvoux is deformed),
but the experiments clearly suggest how the advancing Subalpine chains may have
interacted with the rim of the Pelvoux massif. The experiments with a silicone-free zone
at the base are a good equivalent for the Pelvoux basement massif buried underneath the
Tertiary cover sequence. The experiment with a high obstacle represent the opposite
extreme case which helps to analyse the influence of the burial depth.

The indentation experiments aimed to show the pattern of deformation related to
different motion paths of an indentor. The oblique straight and oblique elliptical motion
paths represent two characteristic variations of oblique Adria motion relative to stable
Europe (Dewey et al., 1989). The rectangular indenting box represents the inner part of
the Alps, and the deforming part represents the external Alps. In the two experiments the
northern and southern Subalpine chains clearly developed and the structural pattern can
be compared to nature.

In all models the foreland nucleating and foreland-vergent thrust system is
characterised by asymmetric ‘pop-up’ structures, it has been demonstrated that this is
typical for fold and thrust belts with salt (low basal friction; Davis and Engelder, 1985;
Davis and Lillie, 1994) which increases the number of backthrusts in the system. The
curvature of fault traces (etc.) towards the margin of the experimental box is due
completely to lateral friction at the walls of the experimental box and can therefore be

neglected.

5.4.1 Discussion of obstacle experiments
The experiments WHL-22, 23 and 24 show that the influence of an obstacle on the
development of a fold and thrust belt is restricted to the peripheral area of the obstacle.

Low obstacle

In the analogue models with a low obstacle the deformation front rapidly migrates to
the edge of the obstacle and the OT is active before the thrust front on either side reaches
the level of the obstacle which is similar to the strain localisation at tips of

heterogeneities found in numerical modelling (e.g. England and Houseman, 1985;
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Tommasi and Vauchez, 1997) and analogue modelling (Souriot et al., 1991; Letouzey et
al., 1995). With increasing shortening, the OT ramps upwards over the obstacle and,
depending on the shape of the obstacle, frontal and lateral ramps (WHL-22) or oblique
ramps (WHL-23) are generated. These ramps only affect the rim of the obstacle so that
the core of the obstacle remains completely undeformed. In the hangingwall of the
frontal and oblique ramps the sand is locally piled up against the obstacle. This tectonic
thickening is partly compensated by lateral extrusion (increased width of grid lines)
behind the obstacle. This extrusion is stronger behind a straight obstacle than behind a
diagonal obstacle. Thus, thrust sheets ramp over the obstacle but are also piled up against
the obstacle. This is a combination of two geometric models proposed by Couples and
Lewis (1988) which illustrate possible types of interaction between thrust sheets and
basement blocks. Their third interaction type (the buttressed sheet comes to a halt, and a
tear develops between that portion and the advancing thrust) does not occur in the
analogue models because it demands a tear in the backstop.

A deflection of the transport direction away from the vertical plane perpendicular to
the backstop can be observed at the lateral ramps and in the hangingwall of the oblique
ramps. The deflection for the frontal ramp (in WHL-22) is zero. At the lateral ramp faults
initiate at 70 - 60° to the obstacle. During the subsequent deformation they accommodate
oblique thrusting towards the obstacle out of the plane perpendicular to the backstop
(step-offsets of N-S grid lines). Simultaneously wrench shear enhances the curvature of
the thrust traces (and bend of E-W grid lines). This deformation is similar to the
divergent thrusting observed at indentation which has been explained by the stress
distribution in an elastic half-space when an indenting force is applied (Laubscher, 1972;
Davy and Cobbold, 1988). It is combined with the effect of passive rotation by wrench
shear as can be observed at lateral boundaries of indentors (Chamberlin and Shepard,
1923; Bale, 1986). As the fold and thrust belt encounters an oblique obstacle, similar
processes take place when the faults branch onto the OT. But thrusting on the OT itself
has no deflection. Similar processes have been documented in the Champsaur-Prapic
area (Chapter 2). The axial-trend of the chevron-like folds curves towards the oblique
rim of the Pelvoux massif whereas the displacement direction in the basal shear zone
remains WSW-directed (Figs. 2.1 & 2.18). The basal shear zone represents the obstacle
thrust OT, where in the analogue models no deflection from the regional transport
direction has been observed, and the bend in the orientation of the chevron folds

corresponds to the accommodation features in the hangingwall of the OT due to
buttressing.
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High obstacle
In the experiment WHL-24, with an extremely high and rigid obstacle, the

differences in the deformation are surprisingly small in comparison to those of the low
obstacle experiments. Instead of the OT, distinct wrench shear zones develop to both
sides of the obstacle. Where the propagating thrust system branches on the wrench shear
zone similar deflection of the transport direction can be observed as in the hangingwall
of the OT in experiment WHL-23. The main difference arises because the material can
not overthrust the obstacle which 1) leads to stronger lateral extrusion than in the
experiments with a low obstacle and 2) seems to slow down the propagation into the
foreland (compare width of deformed zone in Fig. 5.4d to Fig. 5.7d), i.e. the same

amount of shortening is taken up by stronger deformation in a narrower zone.

Generalisations
In all obstacle experiments, about 5 cm away from the obstacle, the displacement

direction continues perpendicular to the backstop throughout the progressive
development of the thrust wedge independent of the shape of the obstacle. In nature,
5 cm correspond to 5 km (Table 5.1) which is in perfect agreement to observations from
the Champsaur-Prapic area (Fig. 2.1). Further away only the strain imposed by the
motion of the backstop controls the formation of faults at the front of the thrust wedge.
Therefore, in the analogue models presented, obstacles do not split the deformation on a
regional scale into independent thrust systems controlled by the shape of the obstacle.
Note that this is also the case for the high strong obstacle which can not be overthrusted.
These modelling results clearly indicate that the Pelvoux massif can not have been the
cause of the two thrust systems forming the northern and southern Subalpine chains even
though it lies at their juncture.

This is in contrast to the findings of Beutner (1977) and Marshak et al. (1992) who
propose that obstacles control the formation of curved fold and thrust belts. But their
analogue models are not properly scaled for the mechanical behaviour of natural rocks
because they used gelatine and damp sand which have a cohesive strength far too high
compared to the dry sand used in this study. This may lead to their different and

misleading results.

5.4.2 Discussion of indentation experiments
The main characteristics of the indentation experiments is the development of two

independent thrust systems which accommodate different amounts of shortening. The

deformation is dominated by the oblique indentor margins which are clearly an important
location for strain partitioning (e.g. Haq and Davis, 1997). The total indentation is

resolved into a component parallel to the indentor sides, accommodated through strike-




138

slip faulting, and two components normal to the indentor sides taken up as contraction.
This transpressive system results in the formation of new thrusts as a series of en-echelon
oblique thrusts.

Differences between the oblique straight and the oblique elliptical translation path

In the case of oblique but straight indentation the deformation splits in two mirror-
image transpression systems with complementary portions of strike-slip and thrusting,
depending on the angle of indentation. At the beginning of the experiment, the two
systems linked around the corner in curved thrusts, but with progressive deformation
they became divided at the advancing corner of the indentor. In this corner zone,
thrusting is radial but rather weak and strongly overprinted by lateral extension.

With an oblique elliptical translation path, indentation resulted in a complete, well
developed radial thrust belt in the external part of the model while the wrench shear
components concentrated in the internal parts of the thrust belts. The external radial
thrusting is characterised by a progressive shift of the main deformation front from one
side of the indentor, around the corer to the other side in the same sense as the curved

path motion.

Generalisations and application to external Alps
These oblique indentation models can be compared to several major features of the

evolution of the external western Alps (Chapter 4).

1) There are two sub-perpendicular thrust systems active at the same time.

2) The two thrust systems show different amounts of shortening which is related to
the obliquity of the translation path. It can easily be adjusted to fit the large
amounts of shortening in the northern Subalpine chains and the smaller amounts
of shortening in the southern Subalpine chains.

3) Both thrust systems die out towards the centre of the semicircular arc, where
shortening is lowest (Figs. 5.10j & 5.12c¢).

Features of the experiments which are not obvious in the external Alps are the
following:

4) There is a diffuse wrench shear component parallel to the indentor sides. The

amount of wrench shear is related to the obliquity of the translation path. The

wrench shear component is highest at the edge of the indentor and decreases into
the foreland.

Such shear is not yet a generally accepted feature of external Alps. Although, late
NE-SW trending dextral shear has been inferred for the northern Subalpine chains
(e.g. Mugnier and Gidon, 1988; Ménard, 1988). Large amounts of sinistral shear
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along the Frontal Pennine Thrust in the southern Subalpine chains has already
been proposed (Ricou, 1984; Ricou and Siddans, 1986). Further evidence for such
a lateral ramp comes also from the foreland basin evolution around the Alps (Ford
et al., submitted).

5) Oblique thrusting occurs in the internal part, where the wrench shear coincides
with a thrust plane.

6) In the centre of the arc, where the two thrust systems die out, the deformation is
dominated by tangential extension (straight translation path) and by radial
thrusting (elliptical translation path).

Large amounts of tangential extension have, however, not been reported from this

area in the external Alps (e.g. Gratier, 1989).

Thus, it seems that oblique indentation is a powerful model to explain the main
characteristics of the deformation in the external Alps (point 1 - 3) which previous
models could not explain. The model with an oblique elliptical translation path of the
indentor is favoured, because the ‘problematical’ wrench shear is restricted to the more

internal part and because no large amounts of tangential extension occur in the central

part of the model.

5.4.3 Summary
Two main conclusions can be derived from the analogue sand-silicon experiments:

An obstacle cannot split the deformation on a regional scale into independent
divergent thrust systems controlled by the shape of the obstacle, neither a low
overthrustable obstacle nor a high strong obstacle. Therefore the Pelvoux massif, which
represents a low obstacle, did not control the formation of the external Alpine arc nor the
position of the Alpine arc although is had a local influence of fold trends. It appears to be
mere chance that the Pelvoux massif sits at the interference point of the two thrust
systems of the northern and southern Subalpine chains.

Oblique indentation is a powerful process to produce divergent thrusting. In both
types of indentation experiments two thrust systems developed at right angles,
overprinted by two wrench shear systems. Therefore oblique and elliptical motions of
Adria can cause the formation of the external Alpine arc. This compares well to

published plate motions of Africa - Adria (e.g. Dewey, 1989).
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6. General conclusions

This thesis documents the post-mid-Oligocene deformation within two foreland basin
remnants at the southern rim of the Pelvoux massif which record the transition between
the northern and the southern Subalpine chains. These areas bear significant information
for the evolution of the external Alpine arc. The following main conclusions for the
development of the Alpine arc can be drawn.

The Champsaur-Prapic area at the southeastern rim of the Pelvoux massif documents
to the north, around Chambran, the change of the regional tectonic transport direction
from WSW-SW-directed to NW-directed. This change records the transition from the
SW-directed sector of the southern Subalpine chains to the NW-directed sector of the
northern Subalpine chains which is in this locality abrupt and not segmented with any
significant fault zone.

The total WSW-directed shortening in the Champsaur-Prapic fold zone is about 5 km.
Thus, it marks a significant decrease of the shortening within the southern Subalpine

chains northwards.

The deformation in the Soleil Boeuf area at the southern rim of the Pelvoux massif is
characterised by NW-directed folding and thrusting which accommodates at least 6.8 km
shortening. The deformation roots down into the basement. On a local scale the
deformation in Soleil Boeuf post-dates the WSW-directed deformation in the
Champsaur-Prapic fold zone, but on a regional scale it is simultaneous with the SW-
directed deformation in the southern Subalpine chains.

Thus the NW-directed deformation in Soleil Boeuf is most probably accommodated
on a deep satellite fault system to the main NW-directed deformation in the northern
Subalpine chains simultaneously with thin-skinned SW-directed deformation in the
Mesozoic and Tertiary cover sequences. Therefore, to the south of the Pelvoux massif the
two branches of the northern and southern Subalpine chains evolved simultaneously but

at different levels.

The results of this study do not support a radial forming arc, but rather that there is a
distinct break in the kinematic pattern of the arc between the NW and SW-directed
transport.

Previous models that explain the kinematic break do not consider that NW and SW-
directed transport went on at the same time. According to new analogue sand-silicone

experiments it could be shown that such diverging thrust systems develop ahead of

oblique indentation. Experiments with an oblique elliptical translation path of the
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indentor produce the main characteristics of the external arc which are: two sub-
perpendicular thrust systems evolving at the same time with different amounts of
shortening and both dying out towards the centre of the arc.

Additionally it was shown that obstacles do not have any regional influence on the
development of arcuate fold and thrust belt systems. This signifies that the presence of
the Pelvoux massif as a paleohigh in the core of the arc did not significantly influence the

formation of the external arc.

Suggestions for further research

Further work should concentrate on the tectonic relationship between the external
and internal units to figure out how the strain imposed by the two simultaneously
divergent transport directions in the external domain is accommodated in the internal
domain. In order to identify the dynamics of the southern Subalpine chains the
relationship between the Embrunais-Ubaye nappes and the Sub-Briangonnais and
Briangonnais units has to be clarified first. Which nappe caused the overthrust shear
deformation in the Champsaur-Prapic fold zone in other words, is the main tectonic
boundary between the internal and external domain at the base of the Embrunais-Ubaye
nappes, or at the base of the Sub-Briangonnais or even Briangonnais nappes? Another
question is the relation of NW and SW-directed deformation to the east of the Pelvoux
massif. Is there a major transfer zone, and if yes where is it? Is it the Frontal Pennine
Thrust as suggested by Ricou and Siddans (1986)? This brings up the question of the
kinematics on the Frontal Pennine Thrust, recent work has highlighted late normal
displacements (Tricart ef al., 1996) What is their significance and how do they obliterate
original kinematic patterns. '

Another point is the timing and amount of strike-slip motion in the northern and
southern Subalpine chains. This would give further constraints on the validity of the
oblique indentation model.
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