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[1] The mechanism of arcuate mountain range formation is a matter of debate. Here we
perform a map view restoration of a detailed three-dimensional model of the Jura arc, a
typical arcuate mountain range in the foothills of the Swiss and French Alps. This
retrodeformation is performed using the UNFOLD surface-balanced program, based on a
“block mosaic” method. It results in a displacement field divergent toward the
deformation front. This displacement field suggests counterclockwise rigid rotations in the
horizontal plane up to 30° in the southern Internal Jura and a corresponding vertical
axis rotation or shear strain of the Savoie molasse basin hinterlandward. We also predict a
10° clockwise, vertical axis rotation of the molasse basin in Switzerland. All these
rotations agree with those documented by paleomagnetic data. The former are taken to
result from a substantial decrease in shortening at the southern Jura end, while the
divergence of displacements is interpreted to result from variations in the detachment level
distribution.  INDEX TERMS: 8102 Tectonophysics: Continental contractional orogenic belts; 8122
Tectonophysics: Dynamics, gravity and tectonics; 8005 Structural Geology: Folds and folding; 8010 Structural
Geology: Fractures and faults; 1525 Geomagnetism and Paleomagnetism: Paleomagnetism applied to tectonics

(regional, global); KEYWORDS: displacement field, fold-thrust belt, restoration, unfolding, Jura, Alps
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1. Introduction

[2] Understanding the pattern of strain over large areas
and in various tectonic settings is a long-standing challenge.
In recent years, the use of earthquake data combined with
space-based GPS geodesy gave us new insight into active
deformation processes. However, on the timescales of the
existing earthquake and GPS records, an unknown compo-
nent of transient deformation occurs. Our knowledge of this
will only improve as records extend over timescales of at
least several earthquake cycles. It is interesting therefore to
compare displacements on a geologic timescale, where
transient components are insignificant, with short-term
velocity fields [Gratier et al., 1999; Hindle et al., 2002].
This is especially true in regions where strain rates are low.
In this context the map view retrodeformation of geological
structures provides a means of determining displacement
fields in a geological time frame.

[3] Various methods have been proposed to determine the
displacement field associated with a deformed area. Hetero-
geneous deformation can be estimated by dividing the study
area into homogeneous domains, then by restoring and best
fitting individual domains to obtain the initial undeformed
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state [Cobbold, 1979; Oertel, 1974, Schwerdtner, 1977].
Applications of this method are given by Cobbold and
Percevault [1983] and Gratier et al. [1989]. The “block
mosaic technique” is another method which divides a
folded and faulted surface into patches along fault cuts,
then unfolds the patches and refits them to remove the
throws associated with faults. Two versions of the block
mosaic method exist. On one hand pseudo-three-dimensional
methods are based on the linkage of a series of cross sections
retrodeformed separately along the strike of the mountain
range [Wilkerson et al., 1991]. It assumes the displacement
direction is known a priori and is constant. This method
is appropriate where structures are cylindrical for long
distances and where cross-strike structures (fold curvatures
and terminations) occur due to unidirectional transport over
lateral/oblique ramps. The second type of block mosaic
restoration techniques is based on three-dimensional (3-D)
retrodeformation and is free of any assumption on the
displacement field. For instance, in the case of the
UNFOLD surface-balanced program [Gratier and Guillier,
1993; Gratier et al., 1991] (see section 3.2.1), the dis-
placement field is uniquely determined provided that the
surface being unfolded was originally folded through
flexural slip, which is mostly associated with low-temper-
ature deformation of layered rocks where strain is primarily
accommodated by slip on stratigraphic interfaces. Surfaces
folded through flexural slip are termed developable
[Hilbert and Cohn-Vossen, 1952; Ramsay and Huber,
1983]. The lines in the plane of such surfaces are no-
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stretch lines and the total or Gaussian curvature should
everywhere be equal to zero. The developable character of
naturally deformed surfaces depends also on the scale of
deformation considered. A surface may appear nondeve-
lopable because of pervasive shear strain not seen at a
regional scale. Faults responsible for internal deformation
may be observed at a more local scale and on this basis the
surface can be divided into several developable patches.
The 3-D retrodeformation method is a way of quantifying
the strike-parallel extension which must exist at the scale of
the whole set of patches wherever the displacement field
associated with a geological structure is not uniform. This
longitudinal extension is directly related to the displace-
ment field which generated the arcuate fold-thrust belt and
which can be used to characterize the arc forming mech-
anism (see section 5.1). Three-dimensional restoration
techniques are the only possible way to take this extension
into account when determining the spatial distribution of
bulk deformation, and are therefore central to our under-
standing of the formation mechanism of arcuate geological
structures. In the present paper, a 3-D retrodeformation of
the Jura, a typical curved fold-thrust belt at the front of the
western Alps, is carried out.

2. Geological Setting

[4] The Jura is a typical foreland fold-thrust belt, where
deformations involve a relatively thin sedimentary cover
(=22 km thick in the Internal Jura) deformed above a basal
décollement in Middle and Upper Triassic evaporites
(Figure 1). The Jura belt formed in the latest stage of the
Alpine orogeny, between upper Miocene and lower Plio-
cene times, at the front of the Alpine foredeep [Affolter,
2003; Becker, 2000]. The idea of a regional detachment of
part of the sedimentary cover above ductile evaporites,
initially proposed by Buxtorf [1907, 1916], was confirmed
by drill hole data and petroleum seismic lines and led to the
now generally accepted thin-skinned model of deformation
[e.g., Laubscher, 1961, 1965; Philippe, 1995; Sommaruga,
1995]. The five cross sections of Figure 2 compiled and
completed after Chauve et al. [1988a], Donzeau et al.
[1997], Enay [1982], and Philippe [1995] illustrate the style
of deformation in the Jura. They are constrained by surface
observations, well data and seismic lines. All show a
detached and folded cover above the gently SE dipping
basement top. By contrast with the deformed Jura cover, the
molasse fill of the foreland basin was left virtually unde-
formed by Alpine deformations, although a distributed
deformation of the molasse basin cannot be discounted.
Therefore the molasse basin is believed to have been trans-
ported passively above the regional detachment, in the
hanging wall of the most internal Jura thrusts (Figure 2c).
In front of the foredeep basin, the progressive thinning of
the molasse sediments reduced the confining pressure in the
underlying Mesozoic cover and this enabled its deformation
through a variety of folding mechanisms: detachment-in-
duced box folds mainly found east of the study area
[Laubscher, 1965], ramp folds in the Internal Jura and
“Faisceaux” Jura [Philippe, 1995; Sommaruga, 1995]
(Figure 2c) and evaporite anticlines essentially found in
the Molasse basin and in the Jura “Plateaux” [Sommaruga,
1995] (Figures 2a and 2b). Major strike-slip faults (La
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Tourne-La Ferriere, Pontarlier, Morez, Vuache, Culoz
faults, etc. (Figure 1)) interrupt the lateral continuity of
folds. Geological maps show that no clear crosscutting
relationships exist between folds and strike-slip faults
[Homberg et al., 1997; Laubscher, 1972; Tschanz and
Sommaruga, 1993]. Strike-slip faulting was coeval with
folding and these strike-slip faults should be considered as
primary tear faults, as defined by Dahlstrom [1970].

[s] The Jura Plateaux are hardly deformed, flat-lying
areas [e.g., Chauve et al., 1980]. They are separated by
narrow zones of highly strained rocks, some of which are
transpressive fault zones [Chauve and Perriaux, 1974].
Closely spaced low-amplitude folds separate the frontal
Jura thrust from the Jura Plateaux (Figures 2a and 2b), or
from the Internal Jura in the southwest where plateaus are
lacking (Figures 2c and 2d). The short wavelength of these
folds, clear on Figure 2c, is thought to be due to the reduced
thickness of sediments involved in deformation in this
external area. This reduced thickness is due to a period of
peneplanation thought to have lasted from Late Cretaceous
times to the onset of Jura deformation in upper Miocene.
The only remnants of this period of erosion are Eocene
lateritic paleosoils in karst pockets and Oligocene conglom-
erates [e.g., Alabouvette et al., 1984]. The Jura Faisceaux
fringing the outer rim of the Jura arc formed in two stages.
In the Oligocene, this region experienced normal faulting
synchronous with formation of the Bresse Graben [Chauve
et al., 1988a]. Industry seismic lines and wells show that
Oligocene extension was concentrated in a narrow fault
zone mainly visible on Figures 2c and 2d. Well data show
that the basement (including Permo-Carboniferous sedi-
ments) southeast of this fault zone is almost not affected
by Oligocene extension, except in the case of Figure 2c.
Thus in the Jura Faisceaux, extension is only found as
minor offset normal faults. Later the upper Miocene to early
lower Pliocene Jura deformations reactivated these exten-
sional structures [Chauve et al., 1988a] which probably
played a role in the distribution of thrusts. At that time the
frontal Jura was thrust above the eastern border of the
Bresse graben. The limits of the Jura frontal thrust on top
of the Bresse Neogene fill are determined from well data
and the thrust displacement reaches 6 km in places [Chauve
et al., 1988a; Michel et al., 1953].

3. Methods
3.1. Construction of the 3-D Model

3.1.1. Definition of the Restoration Limits

[6] First boundaries for the retrodeformation were de-
fined, such that restoration relative to an assumed fixed
reference line would integrate deformations consistent for a
given time frame. The frontal Jura thrust over the Bresse
depression (Figure 1) was chosen as a pin line. The
definition of a hinterland boundary for the model is more
problematical. The definition of an inner boundary east of
the Vuache fault (Figure 1) is based on the assumption that
the formation of the innermost folds was synchronous in
this area. South of these folds, the molasse basin is only
slightly folded above salt pillows in Keuper beds and
therefore it can be regarded as the inner limit of Jura
deformations. The next major deformations hinterlandward
are found in the thrust molasse (Figure 1). Shortening in the
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thrust molasse is difficult to quantify but should be less
than 10 km [Burkhard and Sommaruga, 1998]. The timing
of deformation of the thrust molasse is badly constrained in
western Switzerland because the youngest sediments have
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Figure 1. Geological and fault map of the Jura arc. Folds are not represented. Black dashed line is limit
of the study area. Major strike-slip faults: 1, autochtonous Mesozoic cover of the Bourgogne plateform;
2, para-autochtonous Mesozoic cover of the Avant-Monts zone and Tabular Jura; 3—4, Jura fold-thrust
belt (3, Internal Jura and imbricate zones of the “Faisceaux,” and 4, Jura Plateaux); 5, Cenozoic fill of the
Bresse-Rhine grabens and foreland molasse basin; 6—7, subalpine domain (6, Mesozoic cover, and
7, Paleozoic basement (BEL, Belledonne; AR, Aiguilles-Rouges; MT BL, Mont-Blanc); 8, pre-Alps;
9, Inner Alps. Major strike-slip faults: TF, La Tourne-La Ferriere; Po, Pontarlier; Mo, Morez; Vu, Vuache;
Tr, Trébillet; Cu, Culoz; Mn, Montagny; Dr, Droisy. Anticlines: 1, Chasseral; 2, Boudry; 3, Chasseron;
4, Mount Tendre; 5, Risoux; 6, Crét de la Neige; 7, Mont Vuache; 8, Mandallaz; 9, Montagne d’Age;
10, Semnoz; 11, Revard; 12, Gros-Foug. Towns: Am, Ambérieu-en-Bugey; An, Annecy; Ba, Basel;
Be, Besangon; BeB, Bourg-en-Bresse; Ch, Chambéry; Fr, Fribourg; Ge, Geneva; La, Lausanne; LS,
Lons-le-Saunier; Ne, Neuchatel.
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been removed by erosion. In eastern Switzerland, sediments
involved in thrusting indicate that it is of a lower Miocene
age (M. Burkhard, oral communication, 2002). For this
reason, displacements associated with the thrust molasse
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Figure 3. Map view of the 3-D model constructed for two marker horizons. Altitude of the two target
surfaces are color contoured with two different scales (lower right inset). The boundary between the two
surfaces is indicated by white dashed line. The 3-D model is made of 1118 individual surfaces. The
gtopo30 digital elevation model from the USGS is shown in yellow for an area corresponding to the

molasse basin. Legend is same as Figure 1.

were not integrated in the Jura displacement field which is
younger. West of the Vuache fault it becomes more difficult
to define a boundary between Jura deformations and earlier
structures. As mentioned in section 2, the principal phase of
thin-skinned deformation in the Jura took place from the
end of the upper Miocene to the beginning of the lower

Pliocene. West of the Vuache fault, the front of the Oligo-
cene-upper Miocene deformations (Bauges massif: Revard
and Semnoz anticlines, see Figure 1 for location) was
reactivated during Jura deformations and covers Serravalian
sediments [Deville et al., 1994]. 1t is difficult to differentiate
the throw associated with Jura tectonics. Moreover, the
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~—Clloz fault the frontal Jura thrust

\

Figure 4. Plan view of the model in its deformed state. Green blue areas are overthrust zones associated
with foreland-verging thrusts, dark blue areas are for backthrusts. Red lines indicate geologic cross
sections drawn to build the model. Blue lines indicate location of the five transects represented on
Figure 2. Black dashed lines indicate major strike-slip faults. Blue and green dashed lines indicate pin
lines used for the restoration of the southern and northern parts of the model, respectively; the red dashed
line represents the pin line used for the intermediate step (see text). The borehole data used to determine
the limits of the Jura frontal thrust on the Bresse graben are also represented. The inset shows two
alternative solutions for the overthrust of the Bauges on the Savoie molasse basin.

regional cross-sections
shown on fig. 2

7 A

other cross-sections

-
-
S

thrust overlap of the Bauges cover on top of the innermost cannot exceed 3—4 km at the Guiers Mort and Chéran
Jura domain is a matter of debate. On the basis of field transverse valleys (model A, see section 3.1.3). In contrast,
observations, Gidon [1988, 1990, 1996] reports that the other authors have predicted an overthrust of around 10 km
throw at the front of the Bauges-eastern Chartreuse thrust [Deville and Chauviere, 2000; Doudoux et al., 1982; Ménard,

7 of 20



B03404 AFFOLTER AND GRATIER: MAP VIEW RESTORATION OF AN OROCLINE B03404
a) b)
HCL
P
\
3 FCL
f RESTORATION
j . E

L _

-

> misi

L=
Figure 5. [Illustration of the two stage restoration of folded and faulted layers using the UNFOLD

software. (a) Perspective view of two gridded surfaces, the right one being thrust upon the left one. The
flattening of finite elements by UNFOLD (graph below) allows to infer the direction of shortening
(arrows). (b) In a second step (map view), a N20°W directed translation of the hanging wall gives the
final restored state. The size of the gaps which remain between restored blocks depends on the size of the
Cartesian grid used to interpolate surfaces. HCL, hanging wall cutoff line; FCL, footwall cutoff line.

1987], on the basis of seismic data or structural correlations
(model B, Figure 4, see section 3.1.3). In our work
we therefore consider both possibilities (see sections 3.1.3
and 4).

[7] For simplicity and because the outcrops do not allow
the total displacement to be quantified everywhere, the 3-D
model was not constructed for the whole Jura belt. The Jura
“Faisceaux” part of the model was discontinued north and
east of Lons-le-Saunier (Figure 1), because the Dogger
limestone backbone of folds is eroded, making shortening
difficult to quantify. Similarly, the narrow and highly
deformed strips between the Jura Plateaux were not mod-
eled. The shortening accommodated in these areas of the
Jura Faisceaux was taken into account in our final restora-
tion. Finally, the model (thick dashed line on Figure 1) does
not cover the Internal Jura east of the Chasseral Mountain
(Figure 1).

3.1.2. Cross Section Construction

[8] Once a consistent area of study was defined, serial
cross sections were constructed using geological maps, well
data and seismic line interpretations by Sommaruga [1995]
and Colletta et al. [2002]. The seismic data were mainly
used to localize the depth of the main detachment horizon.
The regional décollement of the Jura cover takes place in
Keuper evaporites which do not form a strong seismic
reflector. Most seismic interpretations in the area use the
top Muschelkalk as a reference horizon because it corre-
sponds to a strong reflector above a mainly unreflective
basement. The serial cross sections were drawn perpendic-
ular to fold axes and were roughly balanced. Cross section
balancing techniques are needed to determine the geomet-
rical limits at depth where the resolution of seismic lines is

low, and where well data are lacking. The resulting geom-
etry at depth seems relatively simple compared with other
fold-thrust belts. Thrusts form ramps which cut up from the
basal detachment until they reach the surface or remain
buried in the case of fault propagation folds. Secondary
detachment levels exist in Liassic and Oxfordian marls,
creating flats in these horizons. No duplex systems seem to
have developed in the area of interest. Duplexes have,
however, been reported in the eastern Jura [Bitterli, 1988]
where the deformation style is significantly different due to
changes in the nature of the deformed cover.
3.1.3. Building of the 3-D Model

[¢9] The third stage consisted in determining the 3-D
structure of a marker horizon, i.e., a geological surface
which can be used as a marker of deformation. Elevation of
a marker horizon was plotted every 100 m (down to 50 m)
on cross sections. The corresponding points were then
plotted on French and Swiss geological maps at 1:50,000
and 1:25,000 scales respectively, and curves were drawn by
hand between points for a given elevation from section to
section, forming structure contour curves. This hand con-
touring allowed the integration of lateral changes observed
on geological maps between cross sections (changes in
strike and dip of beds, cross-strike faults, etc). The top
Urgonian (~114 Ma), top Malm (~135 Ma) and top Dogger
(~154 Ma) were chosen as marker horizon in the Bauges
Massif, Internal Jura and Faisceaux Jura, respectively,
because their outcrops are widespread in these areas.
Furthermore the internal deformation of these thick lime-
stones is negligible compared to the folding deformation.
This is a prerequisite for the flexural-slip unfolding method
(see section 3.2.1). A map view of the 3-D model is shown
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Figure 6. Undeformed state of the model and corresponding displacement field. Thick black dashed
line indicates limit between the two parts of the model restored separately. Thin black dashed line
indicates location of a NE-SW profile across the displacement field. The profile is different whether
model A or B is considered (see Figure 4). A few thrust faults (red lines) are drawn in their restored
configuration so that their strike can be compared with displacement vectors. The maximum offset across
the main tear faults (red dashed lines) is also shown. Reference points across the faults are shown as
yellow half circles. See text for more details.
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on Figure 3. The three marker horizons are color contoured
as a function of their elevation, with two different color
scales for the top Dogger and for the top Malm-top
Urgonian. Maximum elevations are found in the innermost
Internal Jura (2200 m). The overthrust zones associated with
thrusts are shown as colored areas on Figure 4. Two models
are presented for the southwestern part of the model where
an uncertainty on the geometry of thrusts exists at depth
(models A and B, see section 3.1.1).
3.1.4. Digitizing and Interpolating Surfaces

[10] Once the 3-D model is constructed it is divided into
patches so that, at the scale of the model, individual
patches can be considered as folded surfaces without
significant internal shear strain. For this purpose every
fault-related offset of stratigraphic contacts seen on geo-
logical maps was taken as a lateral boundary for a patch,
leading to a large number of patches (1118). The faults
that were integrated in the model are represented on
Figure 1. Structure contour curves of individual blocks
digitized and the scattered data interpolated using spline
functions from the Generic Mapping Tools program
[Wessel and Smith, 1995] to obtain three-dimensional
gridded surfaces. The size of the grid depends on the
accuracy expected from the gridding of the scattered data
points. In our case the grid usually consists of elements
100 m square, less for small patches.

3.2. Restoration of the 3-D Model

3.2.1. Unfolding of Surfaces

[11] The UNFOLD rigid element surface-balanced pro-
gram [Gratier and Guillier, 1993; Gratier et al., 1991] was
used to unfold individual blocks (Figure 5). This unfolding
method assumes a flexural-slip mechanism of folding (see
section 1). Rigid elements are successively laid flat
by UNFOLD and best fitted by a least squares method
[Etchecopar, 1977]. A fitting value is calculated for each
rigid element and a mean value of the fitting indicator is
expressed for the whole surface. If the surface is not
developable, the processing results in a distortion of the
grid for low mismatches and is aborted below a given fitting
value. In our case the surface of individual blocks was
small and accurate enough to avoid major unfolding
discrepancies. However, it should be borne in mind that
no modeled flexural-slip surface is free of approximation
(either due to poorly defined geometry or internal strain),
and that a slight deformation of the unfolded grid is
therefore always observed (<0.5%). Moreover, these
unfolding methods cannot be used to determine the location
of internal deformation within individual patches, as the
distortion of the grid depends on the direction of “ironing”
when unfolding nondevelopable surfaces.
3.2.2. Fitting of Blocks

[12] Unfolded blocks were fitted manually in order to
remove the component of shortening associated with
thrusts. Although automatic methods for best fitting of rigid
elements exist [Audibert, 1990; Rouby et al., 1993], we
chose to carry out this process manually because it enabled
us to follow criteria which are not integrated in automatic
routines. The following criteria were used to constrain the
fitting of blocks:

[13] 1. Ata local scale the backward translation of blocks
was guided by strike-slip faults chosen as lateral boundaries
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for patches. In the cases where strike-slip faults were at a
high angle to thrusts, this resulted in a dip-slip translation of
blocks.

[14] 2. Some thrust geometries necessitate a component
of rotation. This happens if the throw of a thrust increases
laterally and if this displacement gradient is not accommo-
dated by some transport-parallel simple shear. In the Jura,
cases of transpressive motions have been described by
Tschanz and Sommaruga [1993] and the geometric criteria
that can be used to identify this type of deformation have
been presented by Wilkerson et al. [2002]. Outside from
these cases of rotation, only translations were imparted to
the blocks of the model.

[15] 3. We checked that the sense of movement of strike-
slip faults corresponded to what was expected from other
criteria (geometry relative to other strain markers, striae on
fault planes, etc).

[16] 4. Initially straight regional strike-slip faults (Pon-
tarlier, Morez, etc. (Figure 1)) had to remain rectilinear in
the retrodeformed state. On Figure 6 it can be seen that
during deformation these faults were transported above the
décollement level without distortion of their rectilinear
shape.

[17] The fitting of blocks was performed in two stages.
First the deformed model was divided into two areas that
were restored independently. The black dashed line on
Figure 6 shows the limit between the two zones. The
southwestern area was restored progressively from the Jura
front (Figure 4, dark blue dashed line) toward the hinter-
land. For the northeastern area, a temporary local pin line
was needed, given that deformations of the Jura Faisceaux
were not integrated in our model because of poor definition
of shortening limits in this area (see section 3.1.1). The local
pin line (Figure 4, red dashed line) was set at the boundary
between the Internal Jura and the Jura Plateaux which
behaved as rigid blocks during deformation. An estimate
of displacement associated with the Jura Faisceaux plus
the displacement associated with the Jura frontal thrust
(Figure 4, green dashed line) in front of the northeastern
zone defined above was then added to the displacements
determined for the local reference frame. The overthrusting
of the Jura Mesozoic cover on the Oligocene to early
Pliocene deposits of the Bresse graben can be quantified
based on well data which have found Cenozoic sediments
beneath the Keuper detachment level [Chauve et al., 1988b;
Michel et al., 1953].

[18] The second stage of the fitting process consisted in
joining the two restoration areas. This step allowed check-
ing of the consistency of the model. The resulting restored
map does not show any significant gap or overlapping of
blocks between the two areas (Figure 6). The fundamental
reason for this good fit is that substantial rotations are found
in the southwestern restoration area so that no overlapping
of patches occurs at the center of the arc. As we will see in
the results section, this rotation results from a significant
decrease in the shortening accommodated by the Jura
toward its southwestern termination.

3.3. Validity of Restoration and Errors on
Displacements

[19] As mentioned in section 2, the frontal Jura is thrust
on top of the Bresse graben. The validity of restoring such a
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Figure 7. Two mechanisms of arcuate collisional belt formation characterized by their displacement
field: unidirectional displacement model (Figures 7a and 7b) and divergent displacement model
(Figure 7c¢). (a) Unidirectional displacement model with discontinuous deformation. If a displacement

gradient exists perpendicular to the displacement ve
a longitudinal extension. (b) Unidirectional displac
al., 2002]. An angular shear strain ¥ also exists in
models in Figures 7b and 7c, orientation of a marke
intervals: (1) initial state, (2) after a first increment

polyphase deformation province can be questioned. Two
arguments make it reasonable to try and quantify shortening
in our case. First, a significant part of shortening found in
the Jura Faisceaux is due to their passive transport and
overthrusting on the Bresse graben. This component of
shortening is documented by well data (see section 2)
and is not affected by the first stage of extension. Second
extension was very weak in our area of study which
lay southeast of the Bresse Graben before compression
set in.

[20] As far as uncertainties on results are concerned,
potential errors exist on the assessment of the folding and
thrusting components of shortening. An error on the
folding component is minor because the geometry of folds
is well documented and UNFOLD allows only the flatten-
ing of developable surfaces. In comparison the error on the
translation of unfolded blocks may contribute more signif-
icantly to the final uncertainties on the displacement
vectors. This error depends on two variables: the slip
directions on thrust planes and unknowns on the thrusts
overlaps. At a local scale, if we consider that strike-slip
faulting and thrusting were coeval, slip directions on
thrusts must be compatible with slip vectors on strike-slip
faults. In the case of the Jura, the wide occurrence of
conjugate sets of strike-slip faults provides a good con-
straint on local thrusting directions. Unknowns on the
geometry of footwall cutoff lines of thrusts at depth
contribute more significantly to the final error on displace-
ments. Balancing criteria which are used to position foot-

ctors, an angular shear strain U exists which induces
ement with continuous deformation [after Hindle et
this case. (c) Divergent displacement model. (d) For
r line on the inner border of the arc and at three time
al strain, and (3) in the final deformed state.

wall cutoff points on cross sections involve geometrical
uncertainties (location of the detachment level, variations in
stratigraphic thickness, etc). In the Jura, the geometrical
limits of structures are well defined, which probably
explains the consistency of independent restoration works.
For a section where shortening is maximum, the displace-
ments determined differ by only 6% from those obtained
by Philippe [1995] and Laubscher [1965]. Finally, the
internal consistency of the restored 3-D model is given
by the ratio of voids and overlaps to the total surface area
of the model. In our case it amounts to 2—3%.

4. Results

[21] By comparing the position of points in the deformed
and restored states, it is possible to determine the displace-
ment field associated with deformation (Figure 6). As
discussed in section 3.1.1, the present-day geometry of the
frontal Bauges footwall is a matter of debate. The predicted
overthrusting varies from 3 to 10 km for a transect near
Chambéry (Figures 1 and 3), and decreases northeastward,
finally dying out at the northern termination of the Semnoz
anticline (Figures 1 and 3). Two models are shown on
Figures 4 and 6 with differing amounts of Miocene dis-
placement on the frontal Bauges thrust (see section 3.1.1):
model A (maximum throw of 3 km) and model B (maxi-
mum throw of 10 km). Even for the maximum estimate of
displacement on the frontal Bauges thrust, a decrease in
along-strike shortening still exists in the south of the Jura
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Table 1. Paleomagnetic Data Compiled for the Study Area®
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Reference

Paleopole ~ Reference ,

D/L¢ Latitude/ Declination,® Rotation,” AR,

Site Locality Reference Age, Ma R/N® TDC® deg/deg s AD,° deg Longitude deg deg deg
1 Mandach Gehring et al. [1991] 161-157 0/18 yes 23.7/65.7 1.8 43 75/147 —10 13.7 +3.5
2 Herznach Gehring et al. [1991] 161-157 2/29 yes —1/50.2 3.7 5.7 751147 —10 —11 +4.6
3 Unterehrendingen Gehring et al. [1991] 161-157 0/19 yes 2.7/48.9 6 9.1 75/147 —10 -7.3 +7.3
4 Holderbank Gehring et al. [1991] 161-157 0/15 yes 14.1/52.1 5.5 8.9 75/147 —10 4.1 +7.2
5 Wildegg Gehring et al. [1991] 161-157 0/13 yes 24/61.1 3.4 7.0 751147 —10 14 +5.6
6  Gatter Gehring et al. [1991] 161-157 3/10 yes 16.6/574 6.6 12.3 751147 —10 6.6 +9.9
7  Schellenbriicke  Gehring et al. [1991] 161-157 0/5 yes 14.5/62.9 11.5 259 75/147 —10 4.5 +20.8
8  Liesberg Gehring et al. [1991] 161-157 0/26 yes 20/44.6 4.6 6.4 751147 —10 10 +5.2
9  Reuchenette Gehring et al. [1991] 161-157 5/55 yes 11.2/59.1 23 4.4 751147 —10 1.2 +3.6
10 S.Sulpice Gehring et al. [1991] 161-157 0/14 yes 36.1/61.7 52 11.0 75/147 —-10 26.1 +8.8
11 Baumes Gehring et al. [1991] 161-157 0/4 yes 24.3/62.6 109 242 751147 —10 14.3 +19.4
12 S.Claude Gehring et al. [1991] 161-157 6/6 yes 3.9/63.7 5 11.3 75/147 —10 —6.1 9.1
13 Selignac Gehring et al. [1991] 161-157 0/12 yes —6.8/45.1 6.9 9.7 751147 —-10 —-16.8 7.8
14 Arviere Gehring et al. [1991] 161-157 11/0 yes 5.8/-534 4.6 7.7 751147 —10 —4.2 +6.2
15 Lucey Gehring et al. [1991] 161-157 0/25 yes 18.5/46.8 2.2 32 75/147 —10 8.5 +2.6
16 Findreuse Burbank et al. [1992] 26-21  55/39 no —7.8/5375 6.3 10.6 78/155 —6 —13.8 +8.6
17 Fornant Burbank et al. [1992] 26-21  55/39 no —7.8/53.75 6.3 10.6 78/156 —6 —13.8 48.6
18 Fischenbach Kempf'et al. [1998] 23-21  231/87 no 23/35 4.2 5.1 78/157 —6 17 +4.1
19 Honegg Kempfet al. [1998] 29-25  60/72 no 22/54 4.9 8.3 78/158 —6 16 +6.7
20 Mt.Vully Kempfet al. [1998] 21-20  32/36 no 19.85/442 1195 16.7 78/159 —6 13.8 +13.4
21 Napf Kempf'et al. [1998] 19-14  36/84 no 15.5/44 6.1 8.4 78/160 —6 9.5 +6.8
22 Praesserebach Kempf et al. [1998]  27-24  63/72 no 14/55 4.85 8.4 78/161 —6 8 +6.8
23 Sense Kempfet al. [1998] 20-17 86/141 no 20.5/47.45 525 7.7 78/162 —6 14.5 +6.2
24 Talent Kempf et al. [1998] 29-23  203/219 no  18/46.6 3.8 5.5 78/163 -6 12 +4.4
25 Zirich Kempfetal [1998] 15-13  21/111  no  17.35/46.25 6.85 9.9 78/164 —6 11.3 +7.9

For location map of sites, see Figure 8.
"Number of samples with reversed (R) and normal (N) polarity.

“In the Jura fold-thrust belt, tectonic dip correction (TDC) applied by Gehring et al. [1991]. In the essentially flat-lying molasse basin TDC is not

necessary.
9Mean declination/inclination.

°Error uncertainty calculated using AD = sin~! (sin(aws)/cos(I)) [Demarest, 1983; Butler, 1992].

fReference mean paleopole drawn from Kadzialko-Hofmokl and Kruczyk [1987] and Besse and Courtillot [1991].

€Reference declination for the study area based on the reference paleopole.

f’Vertical axis rotation equal mean delcination minus reference declination; positive rotations, clockwise; negative rotations, counterclockwise.

'Error uncertainty AR = 0.8 AD [Demarest, 1983; Butler, 1992].

arc. On Figure 6, displacement vectors along the trailing pin
line were projected onto a NE-SW straight line in order to
show the cumulative effect of upper Miocene to lower
Pliocene deformations at the front of the Alps. The most
striking features of the displacement field shown on Figure 6
are as follows:

[22] 1. In the internal zones the displacement field is
essentially parallel and oriented SE-NW. Displacement
increases progressively from 9 km in the northeastern
corner of the model to 28 km at the rear of the Mount
Tendre/Risoux thrusts. It stays above 23 km up to the
Vuache fault and then decreases progressively to 7 km (case
A) or 14 km (case B). In the Jura hinterland, this lateral
decrease in displacement must produce a deformation which
can be accommodated either by a rotation or by a shear
strain. On this basis, it appears that the molasse basin must
have been rotated ~10° clockwise around a vertical axis
cast of the Vuache fault. This value is very close to the one
obtained by Laubscher [1961], who determined a rotation of
7°. Similarly, our results predict that the Savoie molasse
basin west of the Vuache fault must have undergone a
counterclockwise rotation. For model A, this displacement
gradient corresponds to a 18° vertical axis rotation of the
Savoie molasse basin. In model B, which minimizes the
displacement gradient in the southern Jura, the rotation is
12°. If it is assumed that the 18° rotation of the Savoie

molasse basin was accommodated by an angular shear strain
U (Figure 7a) rather than a rigid body rotation, the
corresponding longitudinal extension e can be calculated
[e.g., Ramsay and Huber, 1983]:

1/2

e= (1—2ycosasino+y*sin*a) “—1

1/2
- (1 n (tan18)2> -1
= 0.05 =5%

for o = 90° (reference line at right angles to displacement
vectors) and v is shear strain tanW.

[23] 2. Displacement vectors become perpendicular to
the outer arcuate rim of the Jura. The change in vector
direction is generally progressive, except where strain
partitioning occurs across strike-slip faults. In the south-
ern Jura, where the main change in fold axis direction
occurs, a substantial anticlockwise rotation (a maximum
of 30° for the inner folds) is predicted. This is more than
the 18° of rotation observed for the trailing reference line,
because 12° of rotation are accommodated by the Bauges
frontal thrust in between. Furthermore, although displace-
ment vectors are generally nearly perpendicular to thrusts
in the deformed state, they deviate by as much as 30°
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see Figure 1.

from a perpendicular to the innermost fold axes of the
southern Jura.

[24] 3. The left-lateral offset across the southeastern end
of the Vuache fault is less than 2 km. This confirms that the
Mandallaz and Montagne d’Age anticlines (Figures 1 and 3)
form a single structure. The offset increases to 7.2 km north
of the Mont Vuache where the “Crét de la Neige” anticline
(Figures 1 and 3) branches on the Vuache fault. This 5.2 km
increase in offset is due to the Droisy right-lateral strike-slip
fault (Figures 1 and 3) which transfers displacement from
the “Gros-Foug™ anticline (Figures 1 and 3) to the Vuache
fault. This shows that the Vuache fault is relaying displace-
ment between thrusts in its northeastern and southwestern
blocks. The same is true for the other major strike-slip faults
of the Jura such as the Pontarlier fault which has a
maximum 9 km left-lateral offset.

[25] 4. Some displacement vectors seem to originate and
diverge from a single point. This is where strike-slip
displacement occurs across a fault. This local and relative

movement is combined with the cumulative displacement in
front of the strike-slip fault to form the total displacement
field at this point.

5. Discussion
5.1. Models of Arc Formation

[26] In the past, genetic and descriptive classifications of
arcuate fold-thrust belts have been proposed [4rgand, 1924;
Hindle and Burkhard, 1999; Carey, 1955; Ferrill and
Groshong, 1993; Macedo and Marshak, 1999; Marshak,
1988; Ries and Shackleton, 1976]. Because a displacement
field wholly describes the relative motion of points during
the arc formation, it is very appropriate to classify arcs. A
displacement field is characterized by three features: (1) its
divergence, (2) the displacement gradient parallel to trans-
port directions, and (3) the lateral gradient of displacement.
Existing models of arc formation can be opposed on the
divergence of the displacement vectors (Figure 7):
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Figure 9. Distribution map of Keuper evaporites, major fold axes [Heim, 1921], and displacement field
of the Jura. The boreholes used for interpolating thicknesses are shown by white triangles. The six
transects of Figure 10 are represented by thick white lines. Wells: 1, JuralO1; 2, Jural03; 3, Jural04; 4,
Bressel03; 5, Bugeyl01; 6, Bugeyl02; 7, Toillonl; 8, Bresse Sudl; 9, Bresse Sud2; 10, Laveronl;
11, Eternozl; 12, Publyl01; 13, Crancot101; 14, Crancot2; 15, Valempouli¢resl; 16, Valempoulieres2;
17, Valempouli¢res3; 18, Valempoulieres101; 19, Valempoulieres102; 20, Blyes101; 21, Saugeotl; 22,
Ratenelle101; 23, Essertines101; 24, Humilly?2; 25, Poisoux1; 26, Faucignyl; 27, Chapéry1; 28, Thesyl;
29, Orsansl; 30, Charmontl; 31, La Taillal; 32, Bonlieul; 33, Briod101; 34, Briod102; 35, Briod103;
36, Briod104; 37, Briod105; 38, Cormozl; 39, Perrignyl01; 40, Brizonl; 41, Chaleyriatl; 42, La
Chandeli¢rel; 43, Chatillon1-D; 44, Chatelblanc1; 45, Saint-Lattierl; 46, Saint-Lattier2; 47, Paladrul; 48,
Saleve2; 49, Torcieul; 50, Vaux-en-Bugey-Les Taches; 51, Vaux-en-Bugeyl; 52, Vaux-en-Bugey2;
53, Vaux-en-Bugey3; 54, Vaux-en-Bugey4; 55, Vaux-en-Bugey5; 56, Essavilly; 57, Treycovagnes; 58,
Hermringen; 59, Bizonnes1; 60, Macornay101; 61, Messial; 62, Linden; 63, Entlebuch; 64, Pfafthau; 65,
Shaffisheim; 66, Courtion; 67, Buez; 68, Buix; 69, Montrond-le-Chateau.

[27] In a unidirectional displacement model (Figures 7a
and 7b), the transport direction remains parallel during
the progressive formation of the arcuate structure. In the
case where shortening is accommodated by discontinuous
deformations (Figure 7a), the limbs of the arc correspond
to wrenching zones. If shortening is accommodated by

continuous deformations (Figure 7b), strain markers (folds)
develop oblique to the displacement direction from
the onset of deformation (Figure 7d, left) [Hindle and
Burkhard, 1999] and angles between strain markers and
displacement increase during the progressive development
of the arcuate structure. The fact that the long axis of
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Figure 10. Diagrams of displacement versus distance from a trailing reference point for six transects
across the Jura displacement field (solid lines). For each transect, the thickness variation of the main
detachment level (Keuper) is also shown (dashed lines, inner scale (meters)). Transects are located on

Figure 9. See text for comments.

strain is at 45° to displacement for the first incremental
shear strain (Figure 7d, left) is specific to this model and
can be used to recognize it (see section 5.3). In a unidirec-
tional displacement model, longitudinal extension is accom-

modated by transport-parallel strike-slip faults (Figure 7a)
or by a distributed longitudinal strain (Figure 7b). In a
continuous unidirectional displacement model (Figure 7b),
stress directions are fan-shaped. For the discontinuous type
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of model, the stress field is very complex and depends on
the location of faults.

[28] In a divergent displacement model (Figure 7c), fold
axes and thrusts remain perpendicular to the displacement
direction. Passive vertical axis rotation of initially straight
marker lines is related to the divergence of the displacement
field (Figure 7d, right). Along the strike of folds and thrusts,
longitudinal strain also accommodates the divergence in
displacement. In this model, the stress field is radial.

[29] In conclusion, both unidirectional and divergent
models imply radial stress trajectories, arc-parallel exten-
sions and vertical axis rotations (except the discontinuous
unidirectional model). Therefore, if the displacement field is
not known, it seems hazardous to use one of these param-
eters to determine parallel or divergent displacements a
priori. Although the use of rigid body rotations is not
decisive to discriminate between models of Figures 7b
and 7c, they can be used to back up or discard model of
Figure 7a. In the following, before comparing the Jura
displacement field with the above models, existing data
on vertical axis rotations in the Jura are presented.

5.2. Paleomagnetic Data in the Jura

[30] It is assumed that the patches making up the 3-D
model behaved as rigid blocks with negligible internal
strain, and provided that the individual structures associated
with rotation can be recognized, a restoration can theoret-
ically allow the prediction of vertical axis rigid rotations.
Existing paleomagnetic data for the Jura Mountains and the
molasse basin are listed in Table 1 and the calculated
rotations are shown on Figure 8. Three sources of data are
available for this area: declination/inclination values gath-
ered from Middle Jurassic limestones [Gehring et al., 1991],
from the Lower Freshwater Molasse [Burbank et al., 1992]
and from molasse rocks in general [Kempf et al., 1998].
Rotations shown on Figure 8 are mean values between
normal and reversed polarities. Furthermore, paleomagnetic
studies provide only relative values of rotations. Absolute
rotations depend on the position of the Earth’s magnetic
pole when rocks were deposited. In our case, the paleopole
of Besse and Courtillot [1991] was used for the molasse
deposits, which were laid down during Oligocene and
Miocene times. The paleopole for Eurasia published by
these authors has geographic coordinates of 78°/155° (lat-
itude/longitude) which corresponds to a declination of 6°
east of the present-day geographic north for our area of
interest. The mean paleopole determined by Besse and
Courtillot [1991] for a period ranging from 10 to 30 Ma
is based on four poles determined independently, with a s
of 8. For Middle Jurassic samples, a declination value of
10° east of the present-day geographic north was used,
based on a compilation of data for stable Europe by
Kadzialko-Hofmokl and Kruczyk [1987]. The paleopole
determined by Kadzialko-Hofmokl and Kruczyk is 75/147
(latitude/longitude) and is based on 12 data values, with a
Qs of 5. Vertical axis rotations have been calculated with
respect to the above mentioned paleopoles (see Table 1) and
have been plotted relative to an arbitrary N060 direction on
Figure 8, to highlight a possible symmetry between clock-
wise and anticlockwise rotations. Although all sites pub-
lished by Burbank et al. [1992], Gehring et al. [1991], and
Kempfet al. [1998] have been plotted on Figure 8, sites with
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a low number of samples show high uncertainties (AR, see
Table 1) and therefore should not be taken into account.
[31] Rotations found using the above mentioned declina-
tion values show that two consistent areas of rotation can be
recognized. The data from Kempf et al. [1998] show a 8° to
14° clockwise rotation of the molasse basin east of the
Vuache fault. In contrast, data from Burbank et al. [1992]
show an anticlockwise rotation of 14° west of this fault.
Data drawn from Gehring et al. [1991] match this geometry
with both clockwise and anticlockwise rotations up to
around 20° in the eastern and western parts respectively.
In conclusion, even though a consistent pattern of rigid
body rotations exists in the Jura, rotations appear to be
much less than the 90° change in strike around the arc.

5.3. Previous Models for Jura Formation

[32] Prior to our study, two attempts had been made to
reconstruct or model the Jura displacement field at the
scale of the whole arc. First, Philippe [1995] used a
pseudo-three-dimensional block mosaic method (see sec-
tion 1) attributing shortening values deduced from non-
parallel balanced cross sections to individual patches. The
fitting of blocks was then performed separately for two
areas delimited by the Vuache fault, and these two
domains were put together in a second step, as in our
restoration. However, in the case of Philippe [1995], as
restoration was done along radial cross sections, this
resulted in a significant overlapping of the two areas at
their common border, which compelled the author to
rearrange the blocks in an arbitrary way. Our work was
not faced with this problem, because the method was
three-dimensional, whereas the work of Philippe [1995]
was a map view restoration based on cross section
restoration.

[33] The second model was proposed by Hindle et al.
[2000], who used an a priori unidirectional displacement
field to mathematically derive the arcuate strain pattern of
the Jura. This approach assumes that continuous medium
mechanics can be used to infer strains from a displacement
field (continuous deformations model, Figure 7b). It seems
quite obvious that contintum mechanics do not apply to
deformed materials where more than 80% of shortening is
taken up by discontinuous deformations (strike-slip and
reverse faults) as is the case in the Jura. Furthermore, the
model of Hindle et al. [2000] implies a longitudinal
extension of 50% for the innermost southern Jura folds, if
we consider the angular shear strain ¥ associated with their
model. This is in contradiction with our displacement field
which shows a very limited lateral extension in the southern
Jura bend (5% for internal folds and the Savoie molasse
basin, see section 4). A tangential extension of 50% is
clearly not seen in the field. The large longitudinal exten-
sion predicted by the model of Hindle et al. [2000] is due to
a strong lateral displacement gradient, whereas the transport
direction that their model forecasts is very similar to our
results in the innermost southern Jura.

[34] It could be objected that the southern Jura bend
corresponds to a major wrench zone, as exemplified on
Figure 7a. However, this does not match field observa-
tions. Fault-striae pairs measured by Philippe [1994] in
this area all show reverse faults dipping toward the E-NE
and dip-slip striae, in contradiction with transpressive
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motions. Apart from this set of reverse faults, Philippe’s
data include conjugate strike-slip faults with horizontal
striae, showing that deformation was coaxial in this area.
For these reasons, striac measured on thrusts by Philippe
[1994] should be considered as representative of displace-
ments on master faults and not as instantaneous measures
of a noncoaxial stress as suggested by Hindle et al.
[2000]. One must say however that in the particular case
of the innermost southern Jura, our retrodeformation
shows a 30° obliquity of folds relative to displacement
in the restored state (see section 4), supporting the Hindle
et al. [2000] unidirectional displacement model in the
innermost southern Jura. In conclusion, it appears that
whereas the Jura displacement field is clearly divergent
toward the deformation front (Figure 7c), the innermost
southern Jura bend results from both a passive rotation
related to divergence (Figure 7c¢) and from an initial
obliquity in a shear strain (Figure 7b).

5.4. Present-Day Deformation in Jura and Other
Arcuate Belts

[35] A 5-year observation period of the GPS “ALPES”
network has shown that velocity vectors in the Jura are
generally less than 2 mm yr~! relative to the NNR-NUVEL-
1A Eurasian plate [Vigny et al., 2002]. Such small numbers
lie at the limit of the confidence level of data and therefore
cannot be used. It should be noticed that the thin-skinned
deformation of the Jura between 15 Ma and 6 + 3 Ma
[Affolter, 2003; Becker, 2000] involved a maximum dis-
placement rate of only 3 mm yr~' of the Alpine hinterland
relative to a fixed foreland. A striking feature of present-day
deformation in the Jura is that the stress regime documented
by fault plane solutions of earthquakes [Deichmann, 1992;
Pavoni, 1977; Sambeth and Pavoni, 1988; Thouvenot et al.,
1998] and in situ stress measurements [Becker, 2000] show
a stress regime and fanning stress directions very similar to
the Miocene stress field revealed by paleostress studies
[Philippe, 1995] (for a different opinion, see Becker
[2000]). Shortening is still going on and focal mechanisms
record essentially strike-slip faulting and scarce thrusting. A
major difference with the deformation style expected for
Miocene to lower Pliocene thin-skinned deformation is that
microearthquakes are essentially located in the crystalline
basement between 5 and 15 km depth and even 30 km
[Deichmann, 1992]. However, earthquakes also take place
in the sedimentary cover above the Triassic décollement
horizon. The M; 5.3 Epagny earthquake of 1996 was
located at the cover-basement interface (—3 km below sea
level) on the Vuache left-lateral strike-slip fault [Thouvenot
et al., 1998]. This earthquake is one of the most important
historical seismic event in the area. Its focal mechanism is
consistent with the left-lateral displacement along a N40°W
striking fault deduced from our restoration. Because large
earthquakes occur in the sedimentary cover and because
seismic deformation should be analyzed in terms of earth-
quake moment release, the higher frequency of microseisms
in the basement should not be taken as evidence that thick-
skinned deformation prevails and that the thin-skinned
deformation of the Jura has come to an end.

[36] In other arcuate compressional settings, recent GPS
data indicate fan-shaped displacements toward the arcuate
front of deformation. For instance, the western foothills of
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the fold-thrust belt of Taiwan are composed of two arcs
separated by a reentrant which corresponds to the Peikang
basement high [Brusset et al., 1999]. GPS data show that
present-day displacements are unidirectional at the rear of
the Taiwan orogen and are progressively deflected toward
the deformation front, on both sides of the basement high
[Hu et al., 2001]. Other examples of divergent displacement
fields have been described in the curved sub-Andean zone
of Bolivia [Lamb, 2000] and in the Hellenic arcuate
accretionary prism [McClusky et al., 2000]. In this latter
case, it has been suggested that the driving mechanism of
displacements is gravity spreading [Martinod et al., 2000].

5.5. Gradient and Divergence of Displacements:
Determining Factors

[37] It is now generally recognized that the formation
of the Jura arc is related to the distribution of the Triassic
evaporites which form the detachment level of the over-
lying deformed sedimentary cover. The isopach map of
Figure 9 shows the gross distribution of evaporites known
from well data. This map shows the regional variation of
salt layers and does not take into account cases of local
tectonic thickening related to salt pillows. On Figure 9,
the color scale was chosen in order to highlight the
existence of two subbasins separated by a zone of thinner
deposits. As shown by the directions of fold axes, this
area corresponds to the major change in strike of the belt.
Also noteworthy is the occurrence of a large backthrust,
the Oyonnax anticline (for location, see Figures 1, 3, and
9 and cross sections 2¢ and 2d), precisely where the area
of thinner evaporites is observed. Because of the relation
between the thickness of a detachment horizon and the
friction coefficient, this area is likely to coincide with an
increase in the basal friction. In the case of a rise in basal
friction, a backthrust may be initiated, provided that the
work necessary to crosscut the sedimentary layers and
further activate the basal thrust below the intercutaneous
wedge is less than the work needed to propagate the floor
thrust to the foreland [Jamison, 1993].

[38] The curved deformation front of the Jura coincides
with the north and west outer boundary of the salt basin. It
should be noticed that salt is also found more to the west of
the Jura front in the Bresse graben, but this part of the salt
basin was not involved in Miocene compressive deforma-
tions since it was downthrown by normal faults in Oligo-
cene (see section 2). The outermost displacement vectors
are generally perpendicular to the edge of the salt basin
which disappears due to tectonic offset or stratigraphic
pinch out. The divergence of the outermost displacement
vectors is then clearly related to the heterogeneity of the
décollement zone.

[39] Another interesting feature that characterizes the Jura
displacement field is the displacement gradient along the
lines of transport or “flow lines.” Six curved transects of
the displacement field have been drawn along the arc. The
result is shown on Figure 10 as the relation between
displacements and the distance from the trailing reference
point along each transect. The relation between displace-
ment and thickness of the décollement level is evident. The
striking feature is that except for transect 6 (the western-
most) the evolution of displacement is not linear. The shape
of the curves can be correlated with the deformation
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domains. For example, in the southeastern part of transects
3,4 and 5, a flat is observed which corresponds to the effect
of the nearly undeformed molasse basin that was trans-
ported passively with little deformation. Another flat is
observed on transects 2 and 3 and corresponds to the rigid
translation of the Jura “Plateaux.” The effect of the frontal
thrust (transects 3, 4 and 5) is also worth noting.

[40] Finally, having evaluated displacements and know-
ing the timing of deformation, an attempt was made to
evaluate the shortening strain rate. As our knowledge of the
chronology of deformation is limited to the fact that
deformation propagated forelandward from 15 Ma to 6 +
3 Ma [Affolter, 2003; Becker, 2000], the duration of
deformation is only known for the trailing part of the arc.
So the calculation was made for the trailing part only, by
comparing the displacement vector (Al) with the length of
the transect (1). These Al/l shortening values range from
0.17 to 0.24. A mean value of 0.2 was taken and the natural
strain rate [Pfiffner and Ramsay, 1982] was determined,
which is the mean strain rate during a progressive defor-
mation when assuming a steady deformation of rocks. A
value very close to 10 ' s~ was found that is represent-
ative of a geological strain rate value.

6. Conclusions

[41] Surface restoration of a detailed 3-D model of the
Jura fold-thrust belt was aimed at understanding the mech-
anism of formation of an arcuate orogen. An UNFOLD
flexural-slip numerical method was used so as to integrate
displacements related to thrusting, folding and strike-slip
faulting. Such a numerical restoration technique used at
a regional scale proves to be an efficient tool for recon-
structing the cumulative effect of tectonic deformations over
geological periods of time. The validity of such a restoration
depends on the accuracy of the model in the deformed state
and therefore on our ability to identify geological structures.
The quality of the restoration gives an indication on the
internal consistency of the 3-D model. The retrodeformation
yielded a detailed displacement field characterized by
(1) unidirectional displacements for the innermost vectors,
(2) fanning displacement trajectories which end up perpen-
dicular to the front range in agreement with field observa-
tions, (3) smoothly changing displacement directions
(except across major strike-slip faults where the variation
in the magnitude of displacements can be up to 9 km), (4) a
progressive increase in displacements from the lateral arc
terminations toward its axis of symmetry, resulting in
clockwise-anticlockwise rotations of the arc trailing line of
10° and 18° NE and SW of the symmetry axis, respectively,
(5) substantial rigid body rotations of both arc inner limbs
(10° clockwise and 30° anticlockwise for the NE and SW
limbs of the inner arc, respectively, but only 18° anticlock-
wise for the trailing line in the SW because 12° out of
the 30° are taken up by the Bauges front), and (6) an arc
parallel extension accommodated by strike-slip faults
always strongly oblique (>60°) to thrusts and folds.

[42] The Jura arc is a complex fold-thrust belt that
presents most of the characteristics of a divergent displace-
ment arc in its external part and features of a parallel
displacement arc in its most internal part. This transition
could be due to a link between the Jura and an Alpine
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indenter characterized by a parallel displacement field
[Affolter, 2003]. The arcuate shape of the Jura is linked to
initial distribution of the décollement horizon (salt layers).
The outermost displacement vectors are everywhere per-
pendicular to the boundaries of the salt basin which corre-
spond to a tectonic offset or a stratigraphic pinch out. The
divergence of the outermost displacement vectors is then
attributed to the spatial distribution of the décollement
horizon. A comparison with GPS data documenting ongo-
ing displacement in arcuate collisional belts indicates that a
divergence of displacements toward the curved front of
deformation is a common mechanism of arc formation.

[43] Finally, a detailed analysis of displacement gradients
shows their relation with deformational domains and basal
friction properties. A mean natural strain rate value of
~107"% 57! is estimated which seems representative along
the arc.
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