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From the central Jura Mountains to the Molasse Basin (France and

Switzerland) Anna Sommaruga'
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2011,
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1. Geological setting

The Jura Mountains represent a small, arcu-
ate fold-and-thrust belt in a frontal position
of the northwestern Alpine arc. The Jura arc
is surrounded by Tertiary basins of different
types: to the north the Rhine Graben, to the
west the Bresse Graben and to the south-
southeast, the Molasse Basin (Fig. 1). The
Rhine and Bresse Grabens are associated
with the Eocene and younger West European
rift system, whereas the Molasse Basin cor-
responds to an Oligo-Miocene foredeep,
which developed in front of the Alpine
orogeny. The Jura and the Molasse Basin
represent the most external foreland fold-
and-thrust belt and the youngest (from Mid-
dle Miocene onward) external deformation
zone of the northwestern Alps. At its south-
€rn termination, the Jura belt merges with
the Subalpine Chains which were folded dur-
ing the same period. Along its western bor-
der, the Jura overthrusts the Bresse Graben,
whereas to the north it overrides the Tabu-
lar Jura. At its external eastern end the most
remote Jura fold (Lageren) dies out within
the Molasse Basin. The Jura Mountains and
the Molasse Basin consist of a folded cover
of Mesozoic and Cenozoic beds, which is
detached over a basement sensu lato. Base-

" Institut de Géophysique, Université de Lausanne, Bat.
Amphipéle, CH-1015 Lausanne, Suisse.

ment s. l. includes all the units below the
Late-Middle Triassic evaporite décollement
zone, i.e. Pre-Mesozoic crystalline or sedi-
mentary rocks (Permo-Carboniferous sedi-
ments) and Early Triassic beds where pres-
ent (e.g. Buntsandstein unit). According to
Laubscher (1961), Burkhard (1990) and
Burkhard & Sommaruga (1998) tectonics of
the Jura belt and the Molasse Basin are inti-
mately linked.

The Jura Mountains

The Jura is divided into an external and an
internal part based on different tectonic
styles. The external Jura consists of flat
areas, Plateaux, limited to the north and sep-
arated from each other by so called «Fais-
ceaux», narrow corridors consisting of
numerous small imbricates and tear faults
(Fig. 1). The internal Jura, also referred to as
the Haute Chaine or Folded Jura, consists of
a well-developed fold train. At a large scale
deformation is characterized by major folds,
the trend of which turns from east to south.
Major tear faults oriented at a high angle to
fold axes cut the Haute Chaine Jura at regu-
lar intervals.

The Swiss Molasse Basin

The clastic wedge of the Cenozoic Molasse
Basin develops in a foreland basin (Sinclair
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et al. 1991, Homewood et al. 1986, Schluneg-
ger et al. 2007), and is subdivided into four
geological units (Fig. 1): the Jura Molasse,
the Plateau Molasse, the Folded Molasse
and the Subalpine Molasse (Homewood et
al. 1989, swisstopo 2005). Classically the
Jura Molasse represents the northern
peripheral edge of the Molasse Basin that
has been «passively» involved in the Jura
folding and thrusting. Isolated patches of
Tertiary Molasse sediments are preserved
within major synclines of the internal Jura.
The Plateau Molasse represents the major
part of the Molasse Basin. The structures
consist of broad anticlines oriented NE-SW
and tear faults trending N-S, NW-SE and
WNW-ESE. The northern limit of the Plateau
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Subalpine Molasse is a narrow zone along
the southern border of the Molasse Basin.
This zone is characterized by a stack of
thrust sheets of Tertiary sediments
detached along a décollement zone located
within these Cenozoic layers (Triimpy 1980).
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Fig. 1: Tectonic map of the Jura arc and the Swiss Molasse Basin with seismic interpreted lines. MB: Mont-
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5 and 6. Tectonic map modified from Sommaruga (1997) and Bonnet (2007).
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Oligocene Alpine front represented by the
frontal Penninic thrust of the Préalpes Klip-
pen, the Helvetic nappes, etc. which over-
thrust the Molasse sediments.

Rock units

The main rocks units within the Jura and the

Swiss Molasse Basin are from bottom to top:

a) Crystalline rocks of Precambrian to Pale-
ozoic age. Grabens of Permo-Carbonife-
rous age are present within the basement,
but their precise location is difficult to
establish (exception Weiach graben,
Sprecher & Miiller 1986, Nagra 1989).
Crystalline rocks and detrital Permo-Car-
boniferous sediments are penetrated by
few drill holes. The top basement is
formed by an erosional surface that gen-
tly dips by few degrees toward the SW.

b) Rocks of Mesozoic age composed of Tri-
assic, Jurassic and Cretaceous sedi-
ments. Triassic units consist of continen-
tal clastics, carbonates and evaporitic
rocks deposited in an epicontinental
shallow water sea. On top, alternations of
limestone, marls and clays represent
shelf and slope deposits from Jurassic to
Upper Cretaceous age.

¢) Tertiary clastic rocks form a prism which
increases from NE to SW (Oligocene to
Miocene age) covering the Mesozoic
series. The discordance surface at the
base of the Tertiary unit represents the
foreland unconformity linked to piling of
the nappes in the South.

2. Data

The data presented here summarize some of
the results from two research projects on
the interpretation of paper seismic data
from industry exploration in Switzerland,
calibrated by well data and depth-conver-
sion of interpreted seismic horizons.

The first one, conducted at Neuchatel Uni-
versity, concerns the central Jura and west-

ern Swiss Molasse Basin area and has been
published mainly in 1997 (Sommaruga 1997,
1999). More than 1,500 km of industry seis-
mic reflection lines in the Neuchatel and
Vaud Jura of Switzerland, the French Jura
and the Swiss western Molasse Basin have
been interpreted. Seismic lines are from sur-
veys between 1970 and 1988 (BP survey in
the Neuchatel Jura).

The second project has been realized at Lau-
sanne University with Urs Eichenberger and
Francois Marillier for the Swiss Geophysical
Commission (SGPK). It consists in a major
study of the whole Swiss Molasse Basin from
Lake Geneva to Lake Constance (published
by swisstopo, Sommaruga et al. in press).
More than 4,350 km of industry seismic lines
acquired from 1960 to 1990 in the Swiss
Molasse Basin have been interpreted. In
addition about 30 deep wells were used for
calibrating the seismic lines. In both pro-
jects, few seismic lines and well data were in
the public domain, most of them were confi-
dential. However, in the frame of the second
project many seismic data along selected
profiles will be published.

In this paper, the profile A located in the Jura
fold and thrust belt (Fig. 5) represents a geo-
logical cross-section based on surface data
and completed at depth with information
from neighbouring seismic sections. The
other profiles (B, C and D in Figs. 5 and 6)
represent interpreted seismic sections
which are converted to depth using seismic
velocities calculated from well data, and fol-
low the trace of seismic lines. Additional
geological information (conceptual faults)
based on geological maps, well reports, sci-
entific papers and confidential reports have
been added on the seismic interpretation.
These three profiles are a selection among
15 transects which were combined to all oth-
er seismic lines interpreted in the frame of
the Molasse Basin project in Lausanne and
the derived horizon depth maps, to obtain
for the first time a 3D view of the whole
Swiss Molasse Basin.
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3. Seismic horizons and units

The interpretation of the seismic lines con-
centrated on the Mesozoic units and on the
related faults or thrusts including the major
structures within the Tertiary unit. Cover-
basement relations have also been studied
and within the Molasse Basin only, seismic
reflective zones have been interpreted as
possible Permo-Carboniferous sediments
pertaining to the basement. Eight seismic
horizons were interpreted in the Swiss
Molasse Basin: near Base Tertiary, near Base
Cretaceous/Top Late Malm, intra Early
Malm, near Top Dogger, near Top Liassic,
near Top Late Triassic, near Top Middle Tri-
assic and near Base Mesozoic. In the Jura
Mountains, one more horizon is added (Top
Aalenian) and a different labelling was used
(see Sommaruga 1997 and Fig. 4). Two-way
travel time, velocity and depth contour
maps have been calculated for each inter-
preted seismic horizon and vertical thick-
ness maps for each unit between two hori-
Zons.

Within the Tertiary units, the seismic reflec-
tions are either discontinuous or absent. It is
almost impossible to follow them from one
seismic line to another. The four profiles
included here (Figs. 5 and 6) show the prism
of Tertiary sediments which increases from
N to S. In the Jura Mountains the Tertiary
sediments are preserved only in the syn-
clines (few hundred meters), whereas in the
Molasse Basin the thickness increases from
0 m (erosional limit at the foot of the Jura
Mountains) to more than 5,000 m to the
South in the Subalpine Molasse (e. g. Thun-1
well). The Tertiary unit rests in discordance
on the Cretaceous beds in the western part
of the basin and on the Late Jurassic beds in
the central and eastern areas where no Cre-
taceous beds are present (Fig. 2). The maxi-
mal thickness of the Cretaceous series has
been identified in the wells around Geneva
(350 m). In the central Jura, especially the
Neuchatel Jura, Cretaceous beds are well
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renowned because the Neocomian, Valangi-
nian and Hauterivian stages (Early Creta-
ceous) were defined in this area (Remane
1982). In the upper Urgonian formation (Bar-
remian, Early Cretaceous), asphalt deposits
have been mined (Mines de La Presta) in the
Val de Travers from 1713 to 1986 (Meia
1987). All Cretaceous formations thin
towards N or NE and disappear totally east-
ward of the region north of Lake Biel
(Trimpy 1980). The complete Mesozoic cov-
er is thicker in the western part (more than
3,000 m) than in the eastern part (less than
800 m). This concerns the Swiss Molasse
Basin (Profile D, Fig. 6) and the Jura fold-and-
thrust belt.

4. Structures

The analysis of the geometry of structures

within the central Jura and the western

Swiss Molasse Basin has shown various

types of folds and faults:

e Thrust-related folds, located within the
Haute Chaine Jura (Fig. 3 and Profile A in
Fig. 5). These high amplitude folds are
related to NW- or SW-vergent thrusts of at
least kilometric dip-slip displacement
that results in a duplication of the entire
Mesozoic sequence. These thrusts step
up from the main décollement zone (Early
Triassic evaporites) through the entire
Mesozoic and Cenozoic cover series.

e Evaporite-cored detachement folds, locat-
ed in the external Jura (Plateau Jura) (Fig.
4) and in the western Molasse Basin (Fig.
4 and Profile B in Fig. 5). The development
of these low amplitude folds is related to
evaporite stacks within the Early Triassic
Unit layer. The axis of these folds are ori-
ented NW-SE, parallel to the general trend
of the Jura belt structures.

These two types of folds are respectively
interpreted as embryonic and evolved
stages of the Late Miocene cover defor-
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mation. The Haute Chaine Jura folds
began as buckle folds and evolved subse-
quently into the present thrust-related
folds. In the western Swiss Molasse Basin,
however, low amplitude folds represent
an early stage which did not evolve
because of loading by the overlying thick
Tertiary sedimentary wedge. The eroded
Tertiary sediments are estimated to circa
0.8 - 1.6 km (Cederbom et al. 2011). Both
types of folds show that the Early Triassic
evaporites are clearly involved in the
development of fold and thrust structures
in the cover of the Jura and controlled
their formation.

e Faults oriented N-S, NW-SE and WNW-ESE
with a normal, reverse or lateral offset
have been interpreted on the seismic
lines in the western Jura and Molasse
Basin area. These faults, within the limit
of seismic resolution, do not show any
significant offset of the Base Mesozoic
horizon and Pre-Mesozoic units from one
side of the fault to the other side and are
therefore restricted to the cover. Major
tear faults e. g. Pontarlier, La Lance-Font-
Fétigny located in the western Swiss
Molasse Basin (Profile D, Fig. 5) extend
from the Molasse Basin into the folded
Jura where they have an important mor-
phological expression (Heim 1915, Aubert
1959, Meia 1969, Sommaruga 1997). With-
in the Molasse Basin, the structural style
of these faults is dominated by fault seg-
ments of hundred meter length.

For the Jura Mountains, the cover structures

are also influenced by the mechanical

stratigraphy. The decrease of the thickness
ratio between weak (incompetent) and

strong (competent layers), associated with a

decrease of the Mesozoic unit column from

the north-eastern towards the south-west-
ern Jura, results in the development of low
relief box-folds or detachment folds in the
eastern Jura and high relief thrust-related
folds in the western Jura (Figs. 1 and 3, Pro-
file A in Fig. 5). The Jura cover has been
deformed over a relatively smooth Pre-
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Mesozoic surface dipping 1 - 3° to the S-SE,
within the limited constraints of seismic res-
olution. The basement s. l. (crystalline base-
ment, Permo-Carboniferous grabens or
Buntsandstein beds) beneath the central
Jura Mountains is not significantly affected
by the deformation of structures such as the
folds, the thrust faults and the tear faults
observed in the cover. Small topographic
variations in the overall smooth basement
top may have triggered the development of
major ramp structures. Shortening within
the cover in the central Jura is estimated
between 20 - 25 km (Burkhard 1990, Philippe
et al. 1996, Affolter & Gratier 2004). The con-
trast in deformation between the basement
and the cover is due to an unexpectedly
thick and very weak décollement zone. This
zone, composed essentially of evaporite and
salt rocks belonging to seismic Middle Trias-
sic unit (Muschelkalk evaporites), repre-
sents the lowermost seismic stratigraphic
unit involved in the deformation of the cov-
er. The regional thickness of this unit ranges
from 200 m at the NW periphery of the Jura
belt to more than 1,000 m in the central part
of the Jura, due to tectonic thickening (Som-
maruga 1997, Affolter & Gratier 2004).

In the Pre-Mesozoic units, beneath the
Molasse Basin, the seismic reflections, poor-
ly imaged, have been classified in reflective,
intermediate and non-reflective zones. The
reflectivity of these zones gives an indica-
tion but not a proof of the presence of Per-
mo-Carboniferous throughs. However, wells
have proven the presence of these rocks
(Humilly-2 and Faucigny-1, south of Geneva
basin; Treycovagnes-1 around Yverdon-les-
Bains; Weiach-1 in North-East Switzerland,
Profile C in Fig. 6).

In the eastern Molasse Basin, faults are not
numerous and are oriented WSW-ENE with a
normal offset north down. South of Lake
Constance (Romanshorn area), some faults
cut the entire Mesozoic cover and the Base
Mesozoic horizon showing an offset of the
crystalline basement.
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5. Discussion and conclusions

Along the axis of the Swiss Molasse Basin,
the style of the structures is influenced by
the presence or absence of a décollement
zone within the Middle Triassic evaporites

(Trimpy 1980, Sommaruga 1997) (see Pro-
file D, Fig. 6). In the western and central
areas of the Molasse Basin, the cover is
detached above mainly Pre-Mesozoic units
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Sommaruga et al. (2011).
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(see location of conceptual décollement
zone in Profile D of Fig. 6) and the basin is
considered as a «<wedge top basin» (Willett &
Schlunegger 2010, Schlunegger & Mosar
2010). The structures within the Subalpine
Molasse are mainly dominated by northwest
vergent thrusts that stack several thrust
sheets with internal deformation. In the Sub-
alpine Molasse, and slightly to the north, the
Tertiary units are detached above the Meso-
zoic layers. In the adjacent Folded Molasse,
the Tertiary series typically develop a trian-
gle zone with a backthrust with top to the
South movement. This triangle zone is main-
ly developed in central and eastern Switzer-
land and only weakly in western Switzer-
land.

East of Lindau-1 well, the presence of a
décollement zone within the Triassic unit is
questionable (most probably absent) in the
Molasse Basin. East of the last Jura Moun-
tains fold (Figs. 1 and 2), the Swiss Molasse
Basin is in contact to the north with the non-
deformed Tabular Jura. However, the east-
ern profile (C in Fig. 6) presents an impor-
tant triangle structure within the Tertiary
unit and is detached above the Mesozoic
layers, which implies an important shorten-
ing (more than 22 km according to Burkhard
1990). This shortening compensates the
absence of fold structures (deformation)
within the Mesozoic units (Burkhard 1990).
But where in the basement is shortening of
the cover taken up? Some authors suggest
that the Jura cover is autochthonous and
has been deformed in response to deforma-
tion in the underlying basement (especially
Pre-Mesozoic unit) and therefore the short-
ening is taken up in this underlying base-
ment (Aubert 1959, Pavoni 1961, Wegmann
1963, Ziegler 1982). However, the interpreta-
tion of seismic lines within the Jura fold-and-
thrust belt and the Swiss Molasse Basin has
not shown examples where major fold struc-
tures are intimately linked with deformation
in the Pre-Mesozoic basement. This,
amongst other arguments, leads to the con-
clusion that the Jura and the western and
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central Molasse Basin cover is allochtonous
and its deformation results from a distant
push («Fernschub theory» from Buxtorf
1907, Laubscher 1961). The basal thrust
located within the Triassic evaporites roots
below and inside the External Crystalline
Massifs and the shortening of the cover is
taken up in these massifs (Boyer & Elliot
1982).

The main deformation phase of the Jura
fold-and-thrust belt is supposed to be short,
between the Late Pliocene (Serravallian)
and the Early Pliocene (Becker 2000). Recent
studies based on seismic lines and field
work (Ustaszewski & Schmid 2007;
Madritsch et al. 2010a) have demonstrated
that the deformation has continued in the
northern frontal part of the Jura Mountains
after the Early Pliocene up to the Quater-
nary. According to Becker (2000),
Ustaszewski & Schmid (2007), Madritsch et
al. (2008, 2010a), the more recent deforma-
tion is related to thrusts seated within the
Pre-Mesozoic basement, beneath the
décollement zone. Present day earthquakes
in the foreland are located beneath the
décollement zone within the basement only
in eastern Switzerland and in the Besancon
area (Deichmann et al. 2011). There is a
change from thin-skinned tectonics (defor-
mation over a décollement zone) to thick-
skinned tectonics which implies structures
in the basement (Mosar 1999, Madritsch et
al. 2010b, Madritsch et al. 2011). A shorten-
ing within the foreland basement may have
led to reactivation of old features (inversion
of Permo-Carboniferous graben faults, Guel-
lec 1990, Pfiffner 1994) and of thin-skinned
structures, presenting finally a superposi-
tion of both deformation styles on the same
structure.

In conclusion, both seismic studies based
on interpretation of seismic lines within the
Alpine foreland have confirmed that the Jura
is a typical foreland fold-and-thrust-belt
detached over a basal décollement zone
located within the Middle Triassic unit. The



Triassic evaporites control the development
of the structures within the allochtonous
Mesozoic cover of the Jura and the western
Molasse Basin during the Late Miocene-Ear-
ly Pliocene deformation time. The eastern
Swiss Molasse Basin does not present a
décollement zone which means that the cov-
er is autochthonous; normal faults offset the
basement. The Tertiary units are detached
above the Mesozoic layers to the south and
in triangular zones (Subalpine Molasse)
along the northern edge of the Alps. Faults
are confirmed mainly in the Mesozoic layers
in the central Jura and in the western
Molasse Basin. Beneath the Plateau
Molasse, the Pre-Mesozoic units present
reflective zones which are interpreted as
possible Permo-Carboniferous sediments.
New studies suggest a possible recent inver-
sion of Permo-Carboniferous troughs or
basement features (especially in frontal and
East Jura tip).
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