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ABSTRACT

The mechanism of indentation in arcuate belts is discussed using the Jura Mountains as an
example. Using fault-inversion analysis from numerous sites, the Miocene-Pliocene stress pat-
tern is reconstructed. Two superimposed compressional stress fields have been recognized. Con-
sidering the theoretical distribution of compression in front of a rigid indenter, we interpret the
complex stress pattern in the Jura Mountains as a result of a major change in the mechanism of
indentation of the Jura by its hinterland. Initially, the indenter was narrower and limited in the
southwest by the Vuache transfer fault. With time, it expanded to the southwest and included
the entire Molasse basin. This evolution highlights the importance of decoupling along faults,
which here controlled the indenter shape.

INTRODUCTION 1972) in terms of indentation by the hinterland. Laubscher (1972) located

Previous studies demonstrated that various factors may play a mégeifront of the indenter at the northern Alps front (i.e., the southern Molasse
role in the generation of arcuate orogenic belts: indentation of the deformablendary; Fig. 1A). However, due to the greater thickness of its cover com-
belt by a rigid back-domain, gravity sliding induced by body forces withpared to that of the Jura Mountains, the Molasse basin should be considerec
the wedge, and/or obstacles in the foreland (e.g., Platt et al., 1989; Marsisaart of the indenter, as suggested by Vialon et al. (1984) and Burkhard
et al., 1992). Although indentation has been recognized as a major dri¢ir2P0). This rigid behavior is supported by the absence of large deformation
mechanism for many orogenic belts such as the Himalayas (Peltzeriatige basin (Burkhard, 1990), except locally in the Bavaria molasse (eastern
Tapponnier, 1988), the Superior-Churchill collision zone (Canada; Githdplasse basin). The movement of the indenter was first described as a
1983), the Cantabrian zone (northwestern Spain; Julivert and Arbolegtackwise rotation of about 7°. Later, a translation of the indenter, westward
1986), and the Taiwan belt (Huchon et al., 1986), the detailed mechanisioraforthwestward, was suggested (Burkhard, 1990). The far-field Miocene-
indentation has rarely been discussed. This lack of information has led Bliecene compression characterized in the Jura foreland trends northwest-
vious researchers to describe the indenter as a rigid domain of constant Sapieeast on average (Bergerat, 1987; Lacombe and Angelier, 1993). This
that moves uniformly. This assumption seems oversimplified. We beliglirection resembles that of the Africa-Eurasia relative motion during this
that the indentation should instead be considered as a nonuniform procqsriod (Le Pichon et al., 1988). It is thus likely that the Jura indenter moved
time, involving possible changes in the kinematics and shape of the indeimter.northwest direction relative to western Europe.

The aim of this paper is to define a more realistic model of indentation. In the light of the geologic data presented here, we consider that the
We examine the tectonic features in a fold and thrust belt where indentaliora indenter includes the Molasse basin which moved northwestward.
is thought to be the major driving mechanism (i.e., the Jura MountaiH®wever, tectonic data suggest that the Jura Alpine deformation is more
France). The results of an extensive mechanical analysis of fault-slip dataplex than expected. First, two directions of displacement of the cover,
conducted in the entire belt led us to revise the mechanism of the Joaiing an angle of 45°, were identified within Triassic layers in the north-
indentation. This Jura case example of an evolving indentation procasslura (Jordan et al., 1990). Second, two compressions, both related to the
offers new research lines for the understanding of tectonic features in oftigine phase, were inferred from microtectonic data (Sopena and Soulas,

areas where indentation has occurred. 1973). Because this superimposition of compression during the Miocene-
Pliocene deformation has been recognized at various localities within the
WHAT IS THE JURA INDENTER ? Jura belt, it does not reflect local effects. Instead, it corresponds to actual

The Jura Mountains are a thin-skinned fold and thrust belt that ungertyphase deformation of the Jura, which deserves attention.
went about 30 km of total shortening in Miocene-Pliocene time (Guellec
et al., 1990) during the Alpine orogeny. The frontal thrust of the Jura coV&CTONIC EVIDENCE FOR A TWO-STAGE ALPINE
over the Bresse-Rhine graben is the outermost thrust of the western AIGG&PRESSION IN THE JURA MOUNTAINS
orogenic belt (Fig. 1A). Palinspastic reconstructions before the Neogene To decipher the Alpine tectonic evolution of the Jura, we performed an
movements show that the situation in the Jura was not favorable for gramitensive mechanical analysis of brittle tectonic features (striated faults, ten-
sliding (Laubscher, 1973). At that time, the Jura was a wedge, the northwst gashes, and stylolites) collected in the entire belt. Three main phases of
part being the sharp edge. The wedge was later pushed northwestwardsldfmtnation were identified. The first two are not discussed herein, as they are
is, against gravity. The base of the wedge is a decollement level withinttimight to relate to earlier events that affected the Jura belt, namely, the
Upper Triassic evaporites; the decollement is rooted, as inferred from gejgenean orogeny (Eocene) and the Oligocene rifting of the European plat-
mic profiles (Guellec et al., 1990), below the external crystalline masdiiem. This paper focuses on the Miocene-Pliocene Alpine events. The detailed
(Fig. 1B). Thus, gravity cannot be invoked at a regional scale for the Jstrass pattern, reconstructed from the analysis of ~10000 brittle structures at
emplacement, which is related to the push of the hinterland. 200 sites, is illustrated in Figure 1C. We used the inversion method of Angelier
The lack of major gravity effects in the Jura led workers to explain t(#990), which determines the directions of the three principal stregses,
fan-shaped distribution of compression trends within the belt (Plessmamujo, (0, > 0, > a,, compression positive). Because horizontal block rota-
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tions are <8° in the Jura Mountains, as shown by paleomagnetic studies (dgnologies between brittle structures (e.g., crosscutting relationships, and
Gehring et al., 1991), the stress tensors reconstructed from fault data relgigherimpositions of striations on fault surfaces) and criteria establishing the
reflect the initial orientations of the principal stresses. Most of the data wage of structures relative to folding (Fig. 2). For a full description of the
collected away from major fault zones, that is, out of large deformation zomasthod (e.g., attribution of each stress state to a given tectonic event, and qual-
so that strain can be viewed as small and coaxial, with stress to a first appitgxéstimators), see Homberg et al. (1994).

mation. Attribution of each stress state to the Alpine phase (Fig. 1C) was basedAs shown in Figure 1C, the Alpine stress field is relatively simple in the

not only on the stratigraphic-structural determinations of Miocene-Plioca@atral and northern Jura, and a fan-shaped compressional stress pattern can
age for folding and displacement of the Jura cover, but also on local reldtgeeconstructed. From north to south, the average direction of compression
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Figure 1. A: Simplified map of Alps and location of Jura belt. 1: External zones; a, cover (Jura and Helvetic nappes) and b, base-

ment. 2 and 3: Penninic units and Austro-Alpine domain (internal zones). 4: Miocene molasse. 5: Pliocene-Quaternary infill of

P& plain. 6: Major thrusts. B: Cross section from Jura Mountains to external Alps. Modified from Vann et al. (1986). See A for loca-

tion. C: Miocene-Pliocene stress field. Open and black bars show calculated directions of compression ( 0,) for early and late
deformation steps, respectively. Fault-slip data (lower hemisphere, equal-area projection) are shown for three sites (S 1,Sy,and Sj).
Continuous lines are fault planes; dots with double and inward-directed arrows are slickenside lineations for strike-slip and

reverse motion, respectively. Dashed lines are bedding planes. Gray stars with 5, 4, 3 arms: 01, 0y, and o3, respectively. Convergent
and divergent large black arrows show directions of 0, and o3, respectively. Cities: Délémont (D), Pontarlier (P), Oyonnax (O), and
Belley (B). VF: Vuache fault. NL and LL: Neuchatel and Léman lakes.
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varies from N160° to N120°. In contrast, in most sites of the southern Juracth@dd generate such a stress field at a regional scale (e.g., gravity) are nof
Alpine phase included two successive compressions (Fig. 1C). Chronologiégated for the Jura case. For this reason, we believe that the two defor-
between structures indicate that the compression direction rotated clockwiagon steps in the Jura (Fig. 1C) reflect a major change in the mechanism
about 45° during the Miocene-Pliocene. For each of these two eventspffiedentation. The theoretical stress field has the following characteristics
compressional trajectories are fan shaped. In the southern Jura, the first @€ign3A). First, on a line parallel to the indenter front, the directions of com-
pression trends NO60° in the north to N045° in the south, whereas the second
compression trends N120° in the north to NO90° in the south (Fig. 1C).
The age of fracture development and related stress regime with re
to folding can be obtained following the Andersonian model, with one ve
cal principal stress. If this criterion is fulfilled for the stresses calcula
with backtilted faults (rotation around the local bed strike of the amour
tilting), faults have moved before folding. If it is fulfilled with the prese
attitude of faults, fault slips postdated folding. Chronological data indic
that the late compression in the southern Jura always postdated fo
(Fig. 2). Most of the brittle structures associated with the earlier comp
sion predated folding, but some of them occurred after folding. The first
second compressions in the southern Jura are therefore associated wi
folding and postfolding steps of deformation, respectively. Because
Miocene-Pliocene compression identified in the central and northern Ju
the same for both steps, it is representative of the entire major deform:
Considering the entire Jura, both of the distributions of compressions ¢
ciated with these two steps are fan shaped (Fig. 1C), but the angles
fans differ, reaching 115° (compressions trending N160°-N045°, fr
north to south) for the prefolding step, and only 70° (compressions tren
N160°-N090°, from north to south) for the postfolding step (Fig. 1C).

DISCUSSION: DID MULTIPHASE INDENTATION OCCUR IN
THE JURA ?

As shown in Figure 3A, the compression pattern in front of a ri
indenter, as inferred from analog modeling experiments (e.g., Peltzer
Tapponnier, 1988), is fan shaped. Processes other than indentatiol

>
>

Figure 2. Two inferred Alpine compressions in southernmost Jura. Fault
data collected at one site indicate three stress states (A 1, Ay, B). Ay
(strike-slip regime) and A, (reverse regime) both show N045° direction
of compression (first step of deformation). Strike-slip regime took place
before folding (see explanation in text). Faults and corresponding
stress state are shown before (A ‘1) and after (A ;) backtilting. Note that
0, is close to vertical after backtilting (cf. A '; and A ;). Misfit estimators
of inversion process (not discussed here) are also largely improved
after backtilting. Direction of compression in state B is NO90°; it is asso-
ciated with second, postfolding deformation step. Block diagrams illus-
trate successive deformations and stress states.
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Figure 3. Mechanism of indentation of Jura belt. A: Theoretical distribution of compressions in front of rigid indenter. B and C: Tw o steps of
indentation, before and after folding, with proposed distribution of compressions. Arrows indicate indenter movement. BG, Bresse gra ben; RG,

Rhine graben; BP, Burgundy platform; MB, Molasse basin; VF, Vuache fault. Neuchatel and Léman lakes are shown by dotted lines. Same
symbols for cities as in Figure 1. See explanation in text.
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pression exhibit increasing deviation as the distance from the middle of@i®, R. A., 1983, Model for suturing of Superior and Churchill plates: An example
indenter front increases. This deviation occurs clockwise on the right side ©f double indentation tectonics: Geology, v. 11, p. 413-417.

. . . ; ellec, S., Mugnier, J. L., Tardy, M., and Roure, F., 1990, Neogene evolution of
and counterclockwise on the left side, with respect to the central dlrectl%H. the western Alpine foreland in the light of ECORS data and balanced cross

Second, the central direction of compression, occurring in front of the  seciionsin Roure, F., et al., eds., Deep structure of the Alps: Mémoire de la
indenter center, is nearly parallel to the movement of the indenter and Société Géologique de France 156, p. 165-184.

approximately corresponds to the undeviated far-field stress. Homberg, C., Angelier, J., Bergerat, F., and Lacombe, O., 1994, Nouvelles données

Our interpretation for the superimposition of the two inferred ze::fﬁgzeéfn ?:r&zlseé;gi’:serceéfgp;qgsiff;‘;contrainteS: Comptes Rendus
Miocene-Pliocene stress fields in the Jura belt (Fig. 1C) is illustrated in Figinperg, ., Hu, J. C., Angelier, J., Bergerat, ., and Lacombe, O., 1997, Character-

ure 3 (B and C). The stress fields for each indentation step are inferred fromization of stress perturbations near major fault zones: Insights from 2-D
modeling results (Fig. 3A). In light of the numerical results on different  distinct-element numerical modelling and field studies (Jura mountains): Jour-
indenter shapes of Huchon et al. (1986), we believe that changing the shage”a' of Structural Geology, v. 19, p. 703-718. _ iy
of the indenter from Figure 3A (perfect rectanale) to Fiqure 3. B an hon, P., Barrier, E., De Bremaecker, J. C., and Angelier, J., 1986, Collision and
. . 9 (p gle) g_ - stress trajectories in Taiwan: A finite element model: Tectonophysics, v. 125,
(irregular domain) does not drastically change the stress distribution. Con- p 179-191.
cerning the prefolding episode, the distribution of compressions, exhibitilggdan, P., Noack, T., and Widmer, T., 1990, The evaporite shear zone of the Jura
a larger deviation of the compressional trends in the southern Jura than in FOl_mdaz tlhfutst- New ;;Ideggg ffgg Wisen well (Switzerland): Eclogae Geo-
H FE ; H ; Ogicae relveticae, V. , P —, .

the no'.’them Jura (Fig. 1C), I.S in agreement with an_mdemer of resmcj&lﬂ/ert, M., and Arboleya, M. L., 1986, Areal balancing and estimate of areal reduc-
extension to the _southwes_t (Fig. 3B_)' The better Cand'd_ate for the southweStion, in a thin-skinned fold and thrust belt (Cantabrian zone, NW Spain); con-
boundary of the indenter is the major Vuache fault. This fault cuts through straints on its emplacement mechanism: Journal of Structural Geology, v. 8,
both the cover and the basement and is thought to have formed during thep. 407-414. ' ' _ ]
Oligocene rifting or the Variscan orogeny (Wildi et al., 1991). After folding2combe, O., and A”ge'!er' Ja’ 1993, E."O'“t'gn teclton'q“e du J]E”a eXtemeh?i“ geno-

f . . . . zo'l'que et perturbations de contraintes dans la zone transformante Rhin-Sadbne:
the mdgnter exf[ended to_the entire Molass_e basin (_Flg. 3C). The behavior of Comptes Rendus de I'Académie des Sciences, v. 317, p. 1113-1120.
the entire basin as a single block at this stage is probably related t@@scher, H. P, 1972, Some overall aspects of the Jura dynamics: American Journal
decrease of the decoupling on the Vuache fault. This final shape of the of Science, v. 272, p. 293-304.
indenter accounts well for the late pattern of stress trajectories in the JMZCheTty H. 'zvtlgz&;]ur?\l M0$“tli\"gﬁ|ﬁe \\/J\?Fg,;éA., a“dsz;ogggv R. eds.,

: ~ fatrn : : : ravity and tectonics: New York, John wiley ons, p. —. .
characterlzed.by afan-shaped dlstrlbutlon.nea.rly symmetrical ljelatlv.e tOJL_th%ichon, X., Bergerat, F., and Roulet, M. J., 1988, Plate kinematics and tectonics
central undeviated northwest-southeast direction of compression (Fig. 1C). leading to Alpine belt formation: A new analysisClark, S. P., et al., eds.,
Processes in continental lithospheric deformation: Geological Society of Amer-
CONCLUSIONS ica Special Paper 218, p. 111-131.

A detailed tectonic study conducted in the fold and thrust arcuate JUpgshak. S., Wilkerson, M. S., and Hsui, A., 1992, Generation of curved fold-thrust

. . ] belts: Insight from simple physical and analytical modal$/cClay, K. R.,
belt led us to recognize two superimposed stress fields, both related to theed” Thrust tectonics: London, Chapman and Hall, p. 83-92.

Alpine phase of deformation. This confirms, as suggested by Homberg ab@lzer, G., and Tapponnier, P., 1988, Formation and evolution of strike-slip faults,
(1997), that several stress states at a single locality can be related to a singleifts, and basins during the India-Asia collision: An experimental approach
tectonic phase. This superimposition has been related to a change with timeJournal of Geophysical Research, v. 93, p. 15,085-15,117. _

of the indenter width. Platt, J. P., Behrmann, J. H., Cunningham, P. C., Dewey, J. F., Helman, M., Parish, M.,

. . Shepley, M. G., Wallis, S., and Weston, P. J., 1989, Kinematics of the Alpine arc
The Jura case demonstrates that indenters should not be considered ag, the motion history of Adria: Nature, v. 337, p. 158—161.

simple moving rigid blocks. It is likely that in most cases, the indentatiefessmann, W., 1972, Horizontal stylolithen im franzésich-schweizerischen Tafel
process is nonuniform in time. One of the factors controlling the mechanism und Faltenjura und ihre einpassung in den regionalen rahmen: Geologische
illustrated here is the presence of deep discontinuities controlling the size of Rundschau, v. 61, p. 332-347.

. h Lo . - Sepena, J. P., and Soulas, J. P., 1973, Etudes microtectoniques dans le Jura, Défor-
the indenter. These discontinuities act as decoupling surfaces with easy 81)"&‘?mations des calcaires sous contrainte tectonique; essai d'interprétation et de

ing, which may behave as transfer faults if appropriately oriented. Because corrélation des résultats pour 'ensemble de la chaine: [Ph.D. thesis]: Besancon,
the dynamics of sliding change with time, such transfer faults of indenters France, 154 p.
may or may not be active, so that the shape of the indenters also cha¥g@s, I R., Graham, R. H., and Hayward, A. B., 1986, The structures of mountain

; ; o ; ; s fronts: Journal of Structural Geology, v. 8, p. 215-227.
:jee;dlng tt)? Ta!or EOdlf!catlﬁ.r]s m. the ldeffozqme:jtlon pzT.ttern Vl\”thmfth\?alon, P., Bonnet, J. L., Gamond, J. F., and Mugnier, J. L., 1984, Modélisation des
eformable facing domain. This major role of the decoupling on large faults - ggformations d'une série stratifiée par le déplacement horizontal d'un poingon.

should be generalized to most regional block displacements. Application au Jura: Bulletin de la Société Géologique de France, v. 7,
p. 139-150.
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