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Abstract-We consider and discuss the presence of discontinuities in the crust as a major source of stress 
perturbations. Based on 2-D distinct-element modelling, we reconstruct the local stress field around a vertical 
discontinuity in various geological contexts. The resulting stress distribution reveals that major directional stress 
changes occur near the tips of the discontinuity so that stress deviations can reach values as large as 50”. We 
establish simple relationships controlling stress changes around a pre-existing fault zone as a function of (1) the 
remote differential stress magnitude, (g, -g3), (2) the friction coefficient on the discontinuity, and (3) the strike of 
the discontinuity relative to the far-field stress. 

As a geological example, we present the Morez Fault Zone in the internal Jura. Paleostress reconstruction in 
forty-two sites indicates that the trends of the Mio-Pliocene compression are Nl 10” on average near the fault, 
whereas they are N130” in the surrounding areas. A comparison between the results of the tectonic study and those 
of theoretical modelling suggests that the 20” counterclockwise deviation is directly related to the reactivation of 
this large weak zone. We thus evaluate the role of mechanical decoupling along pre-existing zones of weakness, 
especially with consideration to the accommodation of the Alpine deformation in the Jura belt. 0 1997 Elsevier 
Science Ltd. 

INTRODUCTION 

Tectonic studies often show that discontinuous deforma- 
tion plays a major role in the evolution of large regions 
such as mountain belts. For instance, where compres- 
sional tectonism occurs, most of the deformation takes 
place in thrust zones (or in zones of intensive folding). 
This inhomogeneous aspect of the deformation is 
illustrated in the external Jura; most of the outer Jura 
belt consists of plateaus, separated by narrow zones 
where the Neogene Alpine deformation is concentrated 
by both fracturing and folding modes (Caire, 1960). In 
terms of stress fields, the stress trends and even the 
tectonic regime reconstructed in the vicinity of such areas 
where deformation has been concentrated may differ 
from those reconstructed in surrounding areas. One can 
thus distinguish, for a single tectonic episode, a local 
stress state characteristic of a particular folded or faulted 
zone, and a more widespread stress state (the far-field 
stress) which dominated in the surrounding regions and 
should be considered as representative of the regional 
tectonic evolution. 

of the direction of Oligocene extension in the transform 
zone connecting the Rhine and Bresse grabens of the 
West European Rift system as a major regional perturba- 
tion due to sinistral slip along a pre-existing basement 
fault zone. Significant paleostress deviations were also 
documented at the outcrop scale by Petit and Mattauer 
(1995). According to these authors, the observed stress 
changes are related to the presence of, and displacement 
on, a strike-slip fault, and they are principally observed 
near fault tips. 

Stress deviations, however, have not only been 
observed in the vicinity of fault zones, but also through- 
out larger areas. In the external Jura, for example, a 
noticeable change in the direction of extension during the 
Oligocene phase has been documented, with WNW-ESE 
trends (Homberg et al., 1994), whereas it generally trends 
E-W in most segments of the West European Rift 
(Villemin, 1986; Bergerat, 1987). The major discontinu- 
ities and related mechanical decoupling within this highly 
fractured part of the crust between the Bresse graben and 
the external Jura are the most likely source of this 
regional deviation of stresses (Homberg, 1993). 

Numerous regional studies (e.g. De Charpal et al., Major discontinuities, such as fault zones inherited 
1974; Mattauer and Mercier, 1980; Rispoli, 1981; from older tectonic events, thus may greatly influence the 
TrCmolibres, 1981; Zoback et al., 1987; Rawnsley et al., accommodation of the later deformation. Because of its 
1992; Rebai’ et al., 1992; Arthaud and Laurent, 1995) complex erogenic history, continental crust usually 
have shown evidence for the relation between stress exhibits strength anisotropy caused by pre-existing 
perturbations at different scales and the presence of pre- fractures or zones of weakness. Discontinuities as sources 
existing discontinuities. For instance, at the regional of stress perturbations have previously been considered 
scale, in the Alicante region of Spain, the inhomogeneity by analytical methods. These methods are based on 
in Miocene compressional trends has been related to the equations of the elasticity theory and describe the 
presence of dextral strike-slip faults (De Ruig, 1990). distribution of different elements of the strain and stress 
Likewise, Lacombe et al. (1993) interpret the 40” rotation tensors around simple fault geometries (e.g. Paris and 
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Sih, 1965; Jaeger and Cook, 1969; Segall and Pollard, 
1987). More complex patterns of discontinuities have 
been analysed by means of numerical modelling (and also 
by a few analytical modelling experiments). These models 
describe the displacement field and the stress perturba- 
tions near discontinuous faults (Segall and Pollard, 1980) 
as well as pull-apart basins and push-up structures (e.g. 
Quiblier et al., 1980; Xiahoan, 1983; Phan Trong, 1989). 
Such modelling was successful in that it allowed mechan- 

ical understanding for some typical tectonic structures, 
but could not result in a systematic characterization and 
quantification of stress perturbations (as a function of 
fault strikes, boundary conditions and so on). Osokina 
(1988) proposed an analytical resolution of this perturba- 
tion problem. He described the displacement fields along 
a pre-existing fault as a function of its strike, considering 
several different types of external stress field. Unfortu- 
nately, the stress patterns resulting from this analysis 
were unsufficiently described. Auzias (1995) studied, by 
means of analogical modelling, different geometries of 
pre-existing discontinuity in various biaxial compression 
contexts. However, geological applications have to be 
done carefully because the friction on the discontinuity in 
these models does not reflect the friction on geological 
faults. The friction is either under-estimated (the case of 
open cracks) or tightly localized (the case of contact 
points). 

AIM OF THE STUDY 

In this paper, we aim to characterize the stress 
perturbations induced by the presence of pre-existing 
discontinuities, whatever their strike and in various 
remote stress field contexts. To address this problem of 
stress perturbations around reactivated discontinuities, 
we use a 2-D distinct-element numerical modelling 
approach for its suitability to solve geological problems 
involving fault behaviour (see the following section on 
modelling). In order to exclude local complexities such as 
for areas where several discontinuities simultaneously 
induce perturbations of the stress field, we have chosen to 
restrict our study to simple cases where constraints are 
clearly defined and can be validated with geological data. 
We therefore consider a single discontinuity cutting into 
a homogeneous medium. The characterization of stress 
distribution near discontinuities of various strikes and in 
various tectonic contexts will be particularly useful for 
the interpretation of stress fields at a regional scale, in 
pre-fractured regions. First, when smoothing data from 
regions containing stress perturbations, it allows us to 
limit artificial deviation of reconstructed paleostress 
trajectories. This is of special importance where density 
of outcrops is low, and does not provide sufficient 
constraints for the interpolation of stress trajectories 
between sites. Second, it will help to interpret tectonic 
data in terms of regional and/or local stress states without 
requiring many superimposed tectonic phases. 
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Fig. 1. Simplified structural map of the Jura and location of the area 
investigated (frame). D, M, N and 0 mark cities: DGmont, Switzer- 
land; Morez, Nantua and Omans, France. Modified from Chauve et al. 

(1980). 

In order to check the results of modelling, a geological 
case study involving a relatively simple structural pattern 
and a good knowledge of paleostress distribution is 
needed. We led an extensive field study in the internal 
Jura (Fig. 1). Paleostress reconstruction in and around 
the 20 km-long Morez Fault revealed a particular 
distribution in the trends of the Mio-Pliocene direction 
of compression in the close vicinity of the fault, which 
underwent sinistral slip at that time (Fig. 2). Considering 
the aim of our study, the stress field pattern in the Morez 
Fault area is particularly appropriate as a geological case 
example, for the following reasons. 

(1) Paleomagnetic studies (e.g. Gehring et al., 1991) 
indicate that the maximum angle of block rotation in the 
Jura does not exceed 8”, a value which falls within the 
range of usual uncertainties for the stress tensor 
determination in brittle tectonics (see Choi, 1996 for 
estimates of stress tensor uncertainties). We can thus 
assume that for both the tectonic structures and the 
corresponding paleostress axes, the original orientations 
remained unchanged. Thus, no problem of large block 
rotation needs to be considered. 

(2) During the Mio-Pliocene, the whole Mesozoic 
cover of the Jura was displaced northwestwards by 
about 10 km (Caire, 1960; Chauve et al., 1988). It is very 
likely that at this time the Morez Fault already existed, 
and affected the whole cover (see later section on the 
Morez Fault). The structural pattern did not change 
significantly after this compressional event. 

(3) The density of outcrops enables us to define in 
detail the paleostress states and the stress trajectory 
pattern through the tectonic analysis of fault slip data, 
thus providing tight constraints in terms of stress 
distribution. 

(4) The stress states related to other tectonic events 
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Fig. 2. Paleostress trajectories of the Mio-Pliocene compression around 
the Morez Fault Zone (France). The trends of u1 axes are obtained from 
fault slip inversion and the corresponding trajectories are reconstructed 
using the ‘lissage’ software (Lee and Angelier, 1994). CFZ, CDFZ, PFZ, 
LFZ, RFZ: thrust fault zones of Champagnole, Chaux du Dombier, 
Planches, Longchaumois, Rizoux (respectively). AMB: Alpine Molasse 

Basin. 

markedly differ, in terms of direction and regime, from 
that of the Mio-Pliocene compression, so that no 
ambiguity resulting from superimposed tectonic events 
can confuse our results. 

(5) Other discontinuities are far enough from the 
Morez Fault and generally trend perpendicular to the 
regional compressional stress of the Mio-Pliocene phase. 
Structural data (e.g. Guillaume and Guillaume, 1969) 
indicate that these discontinuities essentially underwent a 
vertical component of displacement during the Mio- 
Pliocene phase. The strike and the displacement during 
the Mio-Pliocene of these discontinuities differ markedly 
from those of the Morez Fault Zone. Thus, in the area 
studied, we expect that stress perturbations in the 
horizontal plane induced by the presence of surrounding 
thrust faults can be easily distinguished and may even be 
neglected compared to those due to the Morez Fault 
Zone. 

(6) The paleostress states are known in the 
surrounding, less deformed zones of the Jura belt, such 
as for the plateaus of the external Jura (Tschanz, 1992; 
Lacombe and Angelier, 1993; Homberg et al., 1994) and, 
at a wider scale, in the neighbouring areas of the West 
European Platform (Bergerat, 1987). A detailed 
knowledge of the regional stress state at the boundaries 
of the structural domain considered is thus available. 

We construct a 2-D distinct-element model in order to 
determine whether the perturbations of the Mio-Pliocene 
direction of compression observed can be related to the 
presence of the Morez Fault Zone. 

2-D DISTINCT-ELEMENT MODELLING OF 
STRESS DISTRIBUTION AROUND A PRE- 

EXISTING DISCONTINUITY 

To characterize and quantify the stress perturbations 
around a pre-existing discontinuity, we use a 2-D 
distinct-element method with plane strain conditions of 
deformation, UDEC (Cundall, 1980). The first version of 
the distinct-element method was proposed by Cundall 
(1971) and has been continuously improved in recent 
years. The method has been extended to all geometries 
and deformabilities of blocks, new effects have been 
added (i.e. fluid flow in joints and block cracking) and the 
exploitation of the results has been facilitated with the 
addition of new graphics. A 2-D numerical study is an 
essential preliminary step to recognize the main para- 
meters which control stress perturbations. Note that this 
2-D distinct-element analysis is directly applicable to 
strike-slip deformations (where deformation occurs in a 
horizontal plane) which commonly occur in the forelands 
of collision belts. 

The medium is divided into a finite number of blocks 
limited by the discontinuities included by the user and 
submitted to boundary conditions. In our modelling, we 
have used boundary stress conditions which can be 
expressed in terms of forces. The response to applied 
loading is obtained for each block by integrating New- 
ton’s second law (Eq. 1) over time at each block centroid, 
using the finite difference technique: 

mx:(=Fi+h i=l, 2 (1) 

in which i represents the two reference axes, x”i the 
component in the i direction of acceleration of the block 
centroid, m the mass of the block, Fi the component of 
forces arising from any externally applied loading andh 
the component of contact forces between blocks. In other 
words, the time required to reach static equilibrium is 
divided into incremental time steps At, with At small 
enough to prevent propagation of information into 
neighbouring blocks so that the finite difference techni- 
que can be used. The total time consists of a succession of 
locally determined dynamic equilibrium states. For each 
time step, acceleration is given by Eq. (1). Using the finite 
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difference technique (acceleration components consid- 
ered to be constant during a time step), the new velocity 
components (x’i) are obtained by the integration over the 
time interval At of the acceleration: 

x;(t + At/2) - x;(t - At/2) = Atg!(t). 

Using Eq. (l), the new velocity components are defined 
as follows: 

x;(t + At/2) - x;(t - At/2) = ~ 
A tFi(t) + Atf(t) - . 

m m 

The same technique is used to obtain the new position 
for each block centroid. 

Equation (1) describes the motion of rigid blocks. 
Because at high stress levels the deformation of the 
material cannot be neglected, we have chosen for our 
models the ‘fully deformable’ option for block material. 
This means that arbitrary deformation of blocks is 
permitted through discretization of each block into 
finite triangular zones (Fig. 3). The vertices of the 
triangular zones located along the discontinuities are the 
contact points between blocks. Equation (1) is calculated 
at each vertex of the triangular zones and takes the 
following form: 

mxi.’ = s Dunids + Fi +A (2) 
S 

where s is the surface enclosing the mass at the gridpoint, 
nj is the unit normal to s, I;;: and fi are as defined above. 
The constitutive relation for elastic material is given in a 
incremental form: 

Fig. 3. Discretization of the medium into triangular zones (boundaries 
as dotted lines) in the distinct-element models. Mechanical properties of 
the elastic medium: d(density), E and Y (Young’s modulus and Poisson’s 
ratio). Mechanical properties of the discontinuity: p (friction coeffi- 
cient), JKN and JKS (normal and shear stiffnesses). Contact points 

along the discontinuity shown as open dots (details in the text). 

Aa, = hAc,& + ~GAQ (3) 

where 1 and G are the Lame constants, Aa, and tii are the 
stress and strain increments, At, = AC,, + A~zz is the 
increment of volumetric strain and 6, is the Kronecker 
function. The two elastic parameters are a function of the 
Young’s modulus (E) and the Poisson’s ratio (v): 

vE 

h = (v + l)(l - 2v) 

E 
G=p 

2(v + 1). 

Equation (3) can be written as a function of E and v, 
and thus becomes Eq. (4): 

Aq = (v + l;c; _ 2v) Adij + (v t 1> hj. (4) 

During each time step, strains are related to displace- 
ment by the following relation: 

Eg = (x;,j - x$/2. 

New positions of contact points between blocks 
(points located along the discontinuities) induce new 
contact forces. At contact points (Fig. 3), the force- 
displacement relation (Eqs 5 & 6) is defined as spring 
slider systems (located at each contact point) and, in our 
modelling, the shear stresses are limited by a Mohr- 
Coulomb shear failure criterion (Eq. 9). The normal and 
shear increments of forces (AFn and AF,) during one time 
step are thus given as follows: 

AF,, = &Au,, (5) 

A F, = KS A u, (6) 

where K,, and KS (force per length) are the normal and 
shear stiffnesses of the discontinuity, and Au, and Au, are 
the increments of normal and shear relative displace- 
ment. Interaction between blocks can be formulated in 
terms of stresses: 

Aa,, = AF,,/I 

A a, = A F,/I 

where 1 is the contact length, while Aa, and Ao, are the 
normal and shear stress increments. 

As a consequence, Eqs (5) and (6) can be replaced by 
Eqs (7) and (8): 

Aa,, = JK,,Au, (7) 

A a, = JK,A us (8) 

with JK, and JK, (stress per length) as normal and shear 
stiffnesses of the discontinuity. 

At each contact point, the increments of stress are 
calculated from Eqs (7) and (8) and added to the existing 
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stresses in order to verify the Mohr-Coulomb shear 
failure criterion along the discontinuity with no tension 
allowed along the discontinuity (0~20): 

where c and p are, respectively, the cohesion (inherent 
shear strength) and the coefficient of friction on the pre- 
existing discontinuity (that is also the tangent of the angle 
of friction). 

Contact forces are updated and integrated in Eq. (2) 
for the next time step, and so on until the system 
converges towards a steady state. More detailed formula- 
tion of the calculation is readily available in the well- 
documented paper by Last and Harper (1990). 

Note that information is always taken at the contact 
points between blocks (that is, along the discontinuities). 
Because the distinct-element method enables one to take 
into account the different rheological domains (consider- 
ing different mechanical properties in each block, which 
means different values of d, E, v) as well as the mechanical 
discontinuities (with a displacement law and a friction 
law) such as for pre-existing faults, it is particularly 
suitable for analysing the mechanical behaviour of pre- 
fractured geological domains. Several modelling experi- 
ments have already demonstrated the ability of this 
method to solve geological problems involving fault 
behaviour (Homberg, 1993; Sassi et al., 1993; Dupin et 

al., 1994; Auzias, 1995; Hu, 1995). 

* 0” 58 5 90” 

* 10 MPa I (o,-q) I 100 MPa 

+ 0.01 5 p II 

Fig. 4. Geometry, mechanical properties and boundary conditions of 
the 2-D distinct-element models. The discontinuity (shaded plane) is 
characterized by the angle, 0, between its strike and the direction of 
applied rrt and its friction coefficient, p. The rock mass, with mechanical 
properties of limestones, is submitted to boundary stress conditions, 
with maximum and minimum horizontal principal stresses (ut and us) as 
double and simple arrows, respectively. The ranges of the three 

parameters, 0, (u, -us) and p, are given. 

In our modelling, deformation of the medium is thus 
controlled by Newton’s second law (Eq. 2). Deformation 
is continuous in the blocks and follows the elasticity 
theory (Eq. 4) sliding along discontinuities is allowed 
and controlled by a force-displacement law (system of 
Eqs 5 & 6, or system of Eqs 7 & 8), and shear stresses 
along the discontinuities are limited according to a 
MohrCoulomb friction law (Eq. 9). As a consequence, 
the required parameters to solve the calculation are those 
contained in Eqs (2), (4) (7), (8) and (9). They include (i) 
the density (d), the Young’s modulus (E) and the 
Poisson’s ratio (v) of the medium, and (ii) the coefficient 
of friction (p), the cohesion (c) and the normal and shear 
stiffnesses (JK, and JK,) of the discontinuities. 

Poisson’s ratio v is 0.25. Because of the stress range 
considered (described later), the cohesion (c) of the 
discontinuity equals zero (Byerlee, 1978). For normal 
and shear stiffnesses, we chose the values proposed by 
Dupin et al. (1994); JK,, and JK, are, respectively, equal 
to 198 GPa m-’ and 200 GPa m-l. We examined the stress 
distributions, changing step by step the values of the 
following three parameters (Fig. 4): (1) the angle, 8, 
between the strike of the discontinuity and the axis of the 
maximum horizontal principal stress, gl, at the bound- 
aries; (2) the differential stress magnitude (a, - a3) of the 
applied stress state;‘and (3) the friction coefficient of the 
discontinuity, p. 

Stress perturbations as a function of the geometric relation 
between discontinuity and regional stress state 

We carried out a systematic study by constructing It is admitted that pre-existing planes of favourable 
models with various boundary conditions and consider- strike relative to the applied external stresses can be 
ing different fault strikes with different coefficient of reactivated (Jaeger and Cook, 1969). We therefore 
friction. Each model consists of a homogeneous isotropic constructed models considering various strikes of the 
elastic medium (see Eq. 4), cut by a single finite discontinuity, stress boundary conditions and friction on 
discontinuity that obeys a MohrCoulomb shear failure the discontinuity being constant. The strike of the 
criterion (Eq. 9). The medium is submitted to stress discontinuity is represented by the angle 8 (defined 
boundary conditions (Fig. 4), such that o1 and o3 are above) and ranges between 0” and 90” (Fig. 4). As an 
horizontal and trend N-S and E-W, respectively example, Fig. 5 illustrates the stress patterns calculated 
(crl?cr2?03, compressive stresses being positive). For the for 0 = 20” and 8 = 60”, with p and (a, - 0,) being in both 
medium, we chose average rheological properties of experiments respectively equal to 0.01 and 50 MPa. 
limestones (often present in platform domains such as Whatever the value of 8, the stress distribution showed 
in the Jura) as given in tables of rock mechanical particular properties, illustrated in Fig. 5(a & b). (1) The 
properties (Lama and Vutukuri, 1978): the density (6) is 
2700 kg rne3, the Young’s modulus (E) is 60 GPa and the 

stress deviations are present only if sliding on the 
discontinuity occurs. (2) The stress distribution is 
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Fig. 5. 2-D distinct-element models of stress perturbations around a single discontinuity (thick line) as a function of the strike 
of the discontinuity (6) relative to the applied stress. Stress distributions (0, and us) for (a) 0=20” and (b) l3= 60”. For both 
models, (0, -us)= 50 MPa and p=O.Ol. Compressive and tensile stresses are shown as continuous and dotted lines, 
respectively. Magnitudes of 0, and (rs are proportional to the length of the lines (see scale). Double and simple black arrows: 
directions of 6, and trs at the boundaries, respectively. 0, a, /J, p and (0, -us) are as defined in the text. (c) rrt trajectories around 
a vertical strike-slip fault based on the Anderson (195 1) model, and definition of a and /I, (d) Variations of a and fi as a function 
of 8. The values of a and j3 for the two models presented in (a) and (b) are labelled as open triangles and squares, respectively. 

symmetrical, relative to the centre of the discontinuity. 
(3) The stress perturbations are observed in the close 
vicinity of the discontinuity and near its tips. (4) At the 
southwestern tip of the discontinuity, rrl is rotated in a 
clockwise sense in the western block in such a way that 61 
tends to become parallel to the discontinuity as stress 
magnitudes are increasing; in the eastern block, ~1 is 
rotated counterclockwise so that it tends to become 
perpendicular to the discontinuity as stress magnitudes 
are decreasing. Because the geological reconstructions of 
paleostress fields based on the analysis of brittle tectonic 
data do not usually provide access to paleostress 
magnitudes, we simply describe directional stress pertur- 

bations, which will be used in comparison with geological 
situations. 

The stress distributions illustrated in Fig. 5(a & b) are 
in good agreement with those predicted by Anderson 
(1951) in frictionless simple shear mode, and in Fig. 5(c) 
with those by Ricou (1978) for faults with friction. The 
calculated stress perturbations are qualitatively similar, 
whatever the values of the different parameters (Figs 5, 
7 & 8). For the sake of simplicity, we define the two 
angles, a and /I, in order to analyse and describe these 
perturbations. As Fig. 5(c) shows, the angle cx represents 
the largest deviation of the maximum horizontal princi- 
pal stress cl in the counterclockwise sense, whereas /I 
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Fig. 6. Deformation near fault tips. (a) Identification of two domains in 
fault tips, extensional (dark grey with negative sign) and contractional 
(light grey with positive sign). Circular shape arbitrary. (b) Tectonic 
features commonly observed near fault tips at the outcrop scale (Petit 
and Mattauer, 1995). Extensional zones (dark grey divergent arrows) 
show tension gashes (dark grey) or veins. Contractional zones (light 
grey convergent arrows) show pressure-solution seams with stylolites. 

represents its maximum deviation in the clockwise sense, 
in the case of a left-lateral strike-slip fault. The largest 
deviations of CJ~ are located in the close vicinity of fault 
tips in a domain which can be divided for each fault tip 
into two zones, contractional and extensional (Fig. 6a). 
This separation within the domains around the fault tips 
is supported by geological observation at the outcrop 
scale (Petit and Mattauer, 1995). Near each fault tip, the 
deformation is contractional on one side of the fault and 
extensional on the opposite side (Fig. 6b). Note these 
refer to relative stress values, not to absolute compression 
or tension. Very often, one can observe on one side of the 
fault stylolites which denote pressure-solution in the 
contractional zone (positive sign in Fig. 6a). On the 
opposite side, also close to the fault tip, the deformation 
is commonly absorbed by tension gashes and veins which 
denote an extensional zone (negative sign in Fig. 6a). 
Note that distribution of these extensional and contrac- 
tional domains near fault tips is symmetrical relative to 
the centre of the fault (Fig. 6). The largest deviations of ci 
are thus located in the two extensional zones of the fault 
tips for a, and in the two contractional ones for /? (Fig. 
5~). At the south tip of the fault, for example, c( and B are 
the angles between the local trends of g1 axes and the 
direction of o1 applied at the boundaries of the model 
corresponding to the largest perturbations occurring in 
the eastern extensional zone and the western contrac- 
tional zone, respectively (Fig. 5c, compare with Fig. 6). 

Large changes occur in the amount of stress trend 
deviation in different models. For I!?= 20” and 8 = 60” 
(Fig. 5a & b), the two angles (a,/?) are respectively equal 
to (50”, 12’) and (21.5”, 37”). For a variety of angles 8, 
Fig. 5(d) illustrates the variations of (a$): a is equal to 
zero when 0 = O”, increases with 19 until a maximum of 50” 
for 8=20”, and then progressively decreases back to 0” 

for e= 90". Variations of fi as a function of 8 are 
symmetrical with those of a, relative to the value 
0 = 45“. This can be easily understood; large values of a 
indicate that the local maximum principal stress (rl tends 
to become perpendicular to the discontinuity. In con- 
trast, large values of /3 indicate that local cri tends to 
become parallel to the discontinuity. Except for very 
small and very high values of 8 (0 < 20” and 6 > 70”) where 
the plane of discontinuity is almost in the plane of one of 
the far-field principal stresses, a reaches high values when 
the angle between the discontinuity and the direction of 
the maximum principal stress ~1 at the boundaries, 8, is 
low whereas maximum values of /I are obtained for large 
values of 0. Thus, we conclude that major deviations are 
expected to occur for discontinuities for which 
20” < 0~ 70” and will be located near the tips of the 
discontinuity. For discontinuities trending close to the 
axis of the maximum regional principal horizontal stress 
(0 < 45”), largest deviations (maximum angular devia- 
tions of the stress state) should occur in the two 
extensional zones defined by the discontinuity in such a 
way that r.rl tends to become perpendicular to the 
discontinuities; for discontinuities trending nearly per- 
pendicular to the axis of the maximum regional principal 
horizontal stress (0 >45”), largest deviations will be 
located in the two contractional zones and should occur 
in such a way that crl tends to become parallel to the 
discontinuities. 

Stress perturbations as a function of the magnitude of the 
regional differential stress (0, - 03) 

Worldwide stress measurements (e.g. McGarr and 
Gay, 1978) indicate that, for the first few kilometres of 
the crust where brittle deformation plays a major role, 
stresses do not generally exceed 100 MPa. Here, we 
consider a differential stress within the range of 10 MPa 
to 100 MPa in order to characterize stress perturbations 
in the shallow brittle part of the crust in all contexts of 
deformation (platforms as well as collision belts). c3 was 
thus fixed at 10 MPa and we increased the magnitude of 
cl with a step of 10 MPa from 20 MPa to 110 MPa. 

Figure 7(a 8~ b) illustrates stress deviations around a 
discontinuity characterized by 8 = 30” and p = 0.12. The 
couple (a,/?) is equal to (8”, 4.5”) and (35”, 20”) when 
(CJ~ - g3) = 30 MPa and (ai - 03) = 90 MPa, respectively. 
With (pi - a3) increasing from 10 MPa to 100 MPa a and 
B increase progressively until threshold values (Fig. 7c & 
d) which are fixed by the strike of the discontinuity 
relative to the applied o1 (Fig. 5d). Note that, if the 
friction coefficient on the plane increases, these maximum 
values of a and /I are reached for a larger differential 
stress (Fig. 7c & d). Other models that we performed, not 
presented in this paper, indicate that for a constant 
magnitude of the differential stress, and when sliding 
occurs, the amount of stress perturbations decreases with 
increasing absolute stress magnitudes at boundaries. This 
can be compared with the results of rock mechanics 
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Fig. 7. 2-D distinct-element models of stress perturbations around a single discontinuity as a function of the magnitude of the 
differential stress (q -us). (a) and (b) Stress distribution (ur and us) for (ur -us) = 30 MPa and (q-us) = 90 MPa, respectively. 
For both models, 0 = 30” and p = 0.12. Captions as for Fig. 5(a & b). (c) and (d) Variations, respectively of p and B as a function 

of (ur - u3) in MPa, for various values of the coefficient of friction on the discontinuity, p. 

experiments in which, for uniaxial compression, the to consider all types of faults, we adopted a large range of 
increasing isotropic pressure results in an increasing friction coefficients, from p=O.Ol (that is, without 
differential stress magnitude for failure to occur. significant friction) to p = 1. 

Stress perturbations as a function of the coefficient of 

friction p on the discontinuity 

The laboratory experiments of Byerlee (1978) showed 
that, for normal stresses smaller than 200 MPa acting on 
a pre-existing fracture plane, the coefficient of friction, CL, 
averages 0.85 and is nearly independent of rock type. 
Zoback and Healy (1984) proposed a similar estimate: at 
depths from 0.1 to 3.7 km, the coefficients of friction 
deduced from in situ stress measurements lie within the 
range from 0.6 to 1. In contrast, frictional sliding 
experiments performed on clay-rich fault gouges of the 
San Andreas Fault (Morrow et al., 1982) provided lower 
coefficients of friction, ranging from 0.15 to 0.55. In order 

In our models, such as for Figs 5,7 & 8, the increase in 
the friction coefficient results in a decrease of the 
azimuthal stress changes. For instance, with an angle 
13 = 30” and a differential (ai -as) = 80 MPa, the couple 
(a,/?) decreases from (37”, 21.5”) to (27”, 16.5”) as the 
coefficient of friction increases from 0.01 to 0.27 (Fig. 8a 
& b). Figure 8(c & d) illustrates the decrease in stress 
perturbations with increasing friction coefficients. Note 
that, as p increases, the smaller the value of (ai - os), the 
larger the decrease of tl and 8. 

In the bounds of our models, the largest perturbations, 
for a given orientation of the discontinuity relative to the 
far-field stress, occur for threshold values of the friction 
coefficient and the differential stress. As an example, 
when 8= 30”, p =O.Ol and (0, --as) =40 MPa, these 
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Fig. 8. 2-D distinct-element models of stress perturbations around a single discontinuity as a function of the friction 
coefficient, p, on the discontinuity. (a) and (b) Stress distribution (al and us) for p = 0.01 and P = 0.27, respectively. For both 
models, 0 = 30” and (ur -crs) = 80 MPa. Captions as for Fig. 5(a & b). (c) and (d) Variations respectively, of tl and B as a 

function of n, for various values of the remote differential stress, (cl - (rs). 

values are reached (Figs 7c & d & 8c & d). Neither an 
increase in the differential stress, nor a decrease in the 
friction coefficient will result in an increase on the amount 
of stress perturbation. Below these threshold values, the 
amount of stress perturbations depends on both the 
friction coefficient on the discontinuity, p, and the 
differential stress, (al - c3), at the boundaries. 

Our modelling (Figs 5, 7 & Fig. 8) confirms that the 
reactivation of a finite pre-existing discontinuity (that 
means displacement along the fault) generates changes in 
the local state of stresses in terms of both direction and 
magnitude. Stress perturbations are directly related to 
the existence of contractional and extensional zones at 
the tips of the discontinuity (Fig. 6), and are thus located 
predominantly near these tips. The amount of shortening 
and stretching in the two contractional and extensional 
zones is probably controlled by the amount of displace- 
ment along the discontinuity which increases for larger 

values (0, -g3) and also increases for lower values of p. 
As a consequence, the magnitudes of stress perturbations 
increase with the amount of the displacement. Figure 9 
illustrates the relation of the couple (a$) for p = 0.12 and 
(aI - a3) increasing from 10 MPa to 100 MPa as a 
function of the ratio between the displacement along the 
discontinuity and the discontinuity length, u/l. However, 
the complete characterization of the displacement as a 
function of both the differential stress (aI -aj) at the 
boundaries and the friction p on the discontinuity, for 
given rock mass properties, remains difficult. This 
problem will be considered in a forthcoming work. 

PALEOSTRESS DISTRIBUTION AROUND THE 
MOREZ FAULT ZONE 

The structural pattern and the tectogenesis of the Jura 
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Fig. 9. Variations of CL and p as a function of the ratio between the 
displacement along the discontinuity and the length of the discontinuity, 
u/l (in percentage) for p= 0.12. Different data points correspond to 
(6, - ~3) increasing from 10 MPa to 100 MPa. u, 8, p and (o,- 0,) are as 

defined in the text. 

are well known from numerous regional studies (Glan- 
geaud, 1949; Caire, 1960; Laubscher, 1965; Chauve and 
Perriaux, 1971; Chauve et al., 1980). In the internal part 
of the belt, the Morez Fault Zone (Fig. 1) is a good 
example of a discontinuity reactivated as a major strike- 
slip fault which will provide geological constraints on our 
modelling (see earlier section concerning the aim of our 
study). The Morez Fault Zone is one of the most 
characteristic transverse faults of the Jura. During the 
Mio-Pliocene major tectonic event, folding and thrusting 
on both sides of the fault were accommodated indepen- 
dently so that the Morez Fault Zone should rather be 
considered as a left-lateral transfer fault. Moreover, 
because the Morez Fault is somewhat similar to other 
major radial faults of the Jura mountains (e.g. the Vuache 
Fault) the characterization of stress distribution around 
such a fault will allow improvement of our understanding 
of the tectogenesis of the Jura mountains. 

Reconstruction of the Mio-Pliocene stress field around the 

Morez Fault Zone from tectonic data 

The Morez Fault Zone is nearly 20 km long in the 
internal Jura (Fig. 1). In some places, the fault splits into 
two branches, about 0.25-l km apart (Fig. 2). In order to 
characterize the paleostress pattern related to the activity 
of the Morez Fault Zone, we collected 1730 brittle 
tectonic data at 42 sites in natural outcrops and quarries 
(Fig. lob). Striated fault planes, tension gashes and 
stylolites were systematically measured, as well as the 
attitude of bedding at each site. Inversion of the data (see 
below for description of the method) permits the 
reconstruction of three main tectonic events. In this 
paper, all trends (stress axes or fault strikes) are indicated 
in terms of azimuth (e.g. N80”W is noted as NlOO”). 
Chronology criteria (cross-cutting relations between 
faults, superposed striations on fault surfaces, etc.), 
suggest the following succession of the deformation 
events in this region, in agreement with that of the West 

European Platform (Bergerat, 1987): (1) a N-S compres- 
sion associated with the Eocene compression which 
occurred during the ‘Pyrenean’ orogeny; (2) a WNW- 
ESE extension attributed to the Oligocene continental 
rifting of the West European Platform; and (3) a mean 
NW-SE late compression corresponding to the Mio- 
Pliocene tectogenesis of the Jura during the Alpine 
orogeny. In this paper, we only describe the last event 
which is responsible for the main large-scale deforma- 
tion. 

Using the direct inversion method of Angelier (1990) 
we reconstructed local reduced paleostress tensors in the 
area of Fig. 10(b). For each site, we thus determined the 
orientations of the three principal stress axes, ol, 02, g3 
and the ratio 0 = (g2 - os)/(oi - crs) (Fig. lOa). This table 
of data summarizes the results of paleostress inversion 
for the Mio-Pliocene event recognized in the area studied. 
The number of data used for each tensor determination 
ranges from 5 to 94. The quality of the results does not 
only increase with the number of data, but also depends 
on their distribution, especially where conjugate systems 
are present. Two misfit estimators, a’ and R, support 
quality estimates (Fig. 10a): a’ is the average observed 
slip-computed shear angle, within the range O-180” as 
inaccuracy increases; R is a function of both the angle and 
the relative magnitude of shear stress, within the range of 
O-200% as inaccuracy increases. Detailed presentation 
and discussion of these misfit estimators are given in 
Angelier (1990) where they are named ANG and RUP, 
respectively. For all calculations, we used the INVD 
method except for strike-slip systems of sites 10, 15, 17, 
38, where stress tensors were determined with the R4DT 
method (see Angelier, 1991 for comparison of both 
methods). 

Minor faults trending N145” to N155”, that is parallel 
to the Morez Fault, show in several cases a dextral slip 
older than their common sinistral slip. This earlier dextral 
slip, associated with sinistral slip on some minor faults 
trending NE-SW, is compatible with the N-S ‘Pyrenean’ 
compression, Eocene in age. For this reason, and also 
because nearly vertical faults with the same direction 
have been found based on seismic reflection profiling 
within the basement of the external Jura (Chauve et al., 
1988) we think that the Morez Fault already existed 
before the Mio-Pliocene. This indicates that during the 
Mio-Pliocene, the studied area was characterized by the 
presence of a major discontinuity in the crust, corre- 
sponding to the present Morez Fault Zone. 

The data collected at five sites (sites 16, 17, 21, 28, 31) 
strictly located in the Morez Fault Zone, with an average 
spacing of about 5 km, allow accurate characterization of 
the displacement along this fault and the related 
paleostress directions. Numerous strike-slip fault data 
were collected on minor and major faults, and the trends 
of the left-lateral strike-slip faults include the direction of 
the Morez Fault Zone itself, which provides further 
evidence that the sinistral slip along this fault zone is 
related to the Mio-Pliocene tectonic phase. In this area, 
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S Formation N o1 =2 =3 + a' R 

1 Sequanian 20 34109 06656 24632 0.36 9 29 
5 28509 13380 01505 0.54 6 17 

2 Kimmeridgian 10 28602 17787 01606 0.51 2 22 
3 Purbeck.Kimmerido. 32 30705 17582 03806 0.26 23 46 

6 12001 21112 02478 
8 Valangin. Purbeck. 12 12602 31787 21600 
9 Kimmeridgian 30 27902 15587 00902 
10 Valanginian 24 12819 34367 22013 
11 Barremian 18 30201 20186 03204 
12 Sequanian 16 28814 11576 01801 

6 13717 04603 30773 0.54 4 15 
13 Portlandian 13 12007 00275 21113 0.32 11 37 
14 Valanoinian 11 30001 03478 20912 0.57 16 42 

18 Raurac. Argov. 23 32406 1 
9 31013 04206 15876 0.62 4 14 
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41 11607 02501 28383 0.60 16 38 
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Fig. 10. Paleostress orientations related to the Mio-Pliocene compression. (a) Paleostress tensors reconstructed using fault 
slip data. S: reference number of the sites, N number of fault slip data considered for calculation. cl, ~2, (rs axes defined by 
their trends and plunges, in degrees. 4 = (ua - us)/(ut -us). a’ and R: misfit estimators (see Angelier, 1990) defined in text. N*: 
back rotated stress tensor. (b) Location of sites. 1: reference of sites, 2: reference of sites mentioned in Fig. 10(c). Captions as 
for Fig. 2. (c) Examples of fault slip data (lower hemisphere, equal area projection). Stars with 5,4,3 branches (respectively): 
cr,, Q, 17s. Convergent and divergent large black arrows: directions of 6, and 03 (respectively). Fault planes as solid great 
circles, slickenside lineations as dots (double and inward directed arrows for strike-slip and reverse motion, respectively). Poles 

to tension gashes as white squares and stylolites as black diamonds. Bedding planes as dashed great circles. 
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the largest amount of the Mio-Pliocene deformation was 
accommodated by the horizontal sinistral displacement 
along the Morez Fault Zone. We also studied 37 sites in 
the surrounding poorly deformed zones, away from other 
faults (Fig. lob). This allows us to reconstruct the 
paleostress field in a large area around the Morez Fault 
Zone, but excluding most of the local perturbations 
related to other geological discontinuities (see section 
concerning the aim of our study). 

In the area studied, the Mio-Pliocene compression is 
essentially marked by subvertical strike-slip faults. In 
general, the trends of minor left-lateral strike-slip faults 
vary between azimuths 100” and 190”, and right-lateral 
ones vary between azimuths 025” and 120” (Fig. lOc, sites 
17 and 34). Hence, all these data cannot be accounted for 
by a single set of stress axes, because of the domain of 
azimuthal overlap (1 OO”-120”): a conclusion which 
reflects the presence of significant perturbations in the 
horizontal plane of the compressional trend in the area 
studied. In addition, reverse faults have been found in 
several places, striking on average N-S to N60” which are 
generally consistent, in terms of oI direction, with strike- 
slip faults (Fig. 10a & c, site 20). Orientations of sets of 
stylolites and tension gashes support the computed 
attitudes of cl and cr3 axes. 

This brittle deformation generally post-dates folding 
but is directly related to it. The direction of compression 
computed from fault slip analyses and that inferred from 
fold axis orientation are very similar (considering that 
fold axes are on average perpendicular to the maximum 
principal stress axis, 0,). The o1 axes being nearly 
horizontal in all sites (Fig. lOa), we used the software 
proposed by Lee and Angelier (1994) in order to 
reconstruct paleostress trajectories through interpolation 
of the local directions of ci. For four sites [sites 22,24,25, 
33 with N (number of data) followed by a star] where 
faulting occurred before folding (Fig. lOa), we adopted 
the back rotated direction of o1 (backtilting of stress axes 
around the local strike of tilted strata). 

We finally obtained a trajectory map of the direction of 
compression during the Mio-Pliocene tectonic phase 
around the Morez Fault Zone (Fig. 2). The direction of 
compression displays a very particular pattern. Away 
from the Morez Fault Zone, the compression trends 
N130”, whereas it trends NllO” in the very close vicinity 
of the fault (Figs 2 & lOa, sites 16, 17,21,28,31,36). This 
counterclockwise deviation of 20” is restricted to a 
narrow strip, 1 km wide, located along the Morez Fault 
Zone. In sites located less than 8 km away from the fault, 
the direction of compression averages N120”, but most 
noteworthy is the sudden change of the direction of 
compression very close to the fault (compare, for 
example, sites 32 and 28, or sites 15 and 16 in Figs 2 & 
10a). We conclude that whereas the Mio-Pliocene phase 
is generally characterized by a N130” compressional 
direction, such as for the neighbouring areas of the 
external Jura (Homberg et al., 1994) it is locally deviated 
counterclockwise along the Morez Fault Zone. In that 

way, the paleostress pattern around the Morez Fault 
Zone reveals stress perturbations directly related to the 
presence of the fault. 

Modelling of the Mio-Pliocene stress field around the 
Morez Fault Zone 

Our modelling (see above section on numerical 
modelling, and Figs 5, 7 & 8) shows that the presence 
and displacement along a discontinuity can generate 
local stress perturbations in terms of direction and 
magnitude, which vary according to several parameters. 
Because the Morez Fault Zone pre-existed, the observed 
perturbations in the direction of the Mio-Pliocene 
compression should be compared to those generated by 
the presence of a pre-existing discontinuity. The Morez 
Fault is a nearly vertical discontinuity and the Mio- 
Pliocene stress regime is mainly a strike-slip fault regime 
(the 02 axis being nearly vertical), so the study of the 
paleostress and displacement fields can be carried out in 
two dimensions and with plane strain conditions. Thus, 
we built a model similar to those previously described 
(Fig. 4) with the following conditions, as shown in Fig. 
11. 

(1) The Morez Fault Zone is considered as a single 
N155”-trending discontinuity of finite length which obeys 
a MohrCoulomb friction law. For friction coefficient, 
we adopted the value of 0.85 proposed by Byerlee (1978). 

(2) The surrounding rock mass has been considered as 
an elastic medium and the following properties were 
used: d= 2600 kg rnm3, E = 55 GPa, v = 0.29 (see above for 
definitions of d, E, v). These parameters were chosen 
because the surrounding rock mass essentially consists of 
upper Jurassic limestones (with some lower Cretaceous 
marls and limestones); we thus adopted the average 
rheological parameters determined in the Argovian 
limestones (Broquet et al., 1993) of the Samson 
borehole in the Ornans plateau (external Jura), the 
Bajocian limestones (Mannia, personal communication, 
unpublished report) of a Besancon tunnel (external Jura) 

a,= 25 MPa 

& i fNOrth 

/: n 

Fig. 11. Boundary conditions and mechanical properties for the 2-D 
distinct-element model of the Morez Fault Zone. Double and simple 
black arrows: direction of 6, and g3 at the boundaries, respectively. See 

text for significance of d, E, v and p. 
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and the upper Jurassic limestones (Riffaut, 1969) of the 
quarry of Hauteville (southern Jura). 

(3) We applied a N130” compression at the boundaries 
of our model. This choice of far-field stress conditions is 
appropriate, because in less deformed zones such as the 
plateaus of the external Jura (Tschanz, 1992; Lacombe 
and Angelier, 1993; Homberg et al., 1994), we observed 
little or no perturbation in the N130” trends of the Mio- 
Pliocene compression. 

(4) cl, g2 and cr3 are, respectively, equal to 50 MPa, 
25 MPa and 5 MPa. These values were adopted because 
calcite twins studies in the Burgundy platform (Lacombe 
and Laurent, 1992) indicate that the (ai -as) and 
(c2- (TV) values effectively range between 30-60 MPa 
and 15-25 MPa, respectively. We chose the following 
mean values: (a, - c3) = 45 MPa, (cr2 - a3) = 20 MPa and 
situated our model in the middle of the cover (depth of 
about 1 km). The intermediate stress, 02 being vertical 
and equal to the lithostatic load, we can thus obtain the 
magnitudes of cl, c2 and g3. Note that these 
determinations apply to dry conditions, and in terms of 
effective stresses should have been modified depending on 
water pressure and type of porosity. 

As in the theoretical models (Figs 5,7 & 8), we observe 
changes in the direction of compression essentially 
located at the tips of the fault (Fig. 12). For example, in 
the eastern block, at the northern tip of the fault there is a 
maximum clockwise rotation of the direction of compres- 
sion (/I = loo) where stresses increase in magnitude with a 
maximum of g1 = 78 MPa and ~3 = 11 MPa, whereas at 
the southern tip, the direction of compression is deviated 
counterclockwise by as much as a=21” and stresses 
decrease in magnitude with a minimum of g1 = 35 MPa 
and o3 = -4 MPa (Fig. 12). (The significance of a and /I is 
shown in Fig. 5c.) 

These results, however, fail to explain in detail the 
paleostress states observed in the vicinity of the fault (Fig. 
2). In the model of Fig. 12, we consider the Morez Fault 
as a single plane. In fact, the Morez Fault includes several 
segments of faults parallel to each other. Local geological 
observations additionally indicate that the Morez Fault 
consists of a large deformation zone with highly fractured 
rocks. The Morez Fault should thus be considered as a 
fault zone with a certain thickness rather than a single 
fault plane. Taking these parameters into account, we 
constructed a new model, treating the Morez Fault Zone 
as a discontinuity surrounded by a weak strip, 500 m 
wide, characterized by a small Young’s modulus. Strain- 
stress tests on shock-damaged limestones (Hongliang and 
Ahrens, 1994) showed a dramatic decrease in the Young’s 
modulus, reaching a value equal to 5% of the value for 
undamaged rock. From the VP/V, well log (VP and V, are 
the velocities of compressional and shear waves) in the 
Samson borehole (Broquet et al., 1993), a similar 
variation can be calculated, although the value of the 
Young’s modulus in the fractured rock mass reaches 70% 
of that of the intact rock. We therefore examine different 

4kJn 100 MPa 
I I I I 

Fig. 12. 2-D distinct-element model of stress perturbations around the 
Morez Fault Zone considered as a single disconinuity. Double and 
single black arrows: direction of 01 and CT~ at the boundaries, 

respectively. Captions as for Fig. S(a & b). 

models, with a ratio F between the Young’s modulus of 
the weak zone and that of the surrounding medium 
ranging from l/2 to l/10. 

Figure 13 illustrates the stress field obtained for Fequal 
to l/6. Comparing these results with those of the former 
model (Fig. 12), we note that: (1) the stress deviations 
increase near the tips of the discontinuity and for F= l/6, 
a and /I reach 36” and 1 l”, respectively; (2) the stress 
states in the weak zone are characterized by a counter- 
clockwise rotation, which increases as F decreases. For 
F= l/6, this rotation is 20” on average and cl trends are 
Nl 10”. Far away from the fault, no directional perturba- 
tion is observed, as before. 

DISCUSSION 

This modelling accounts well for the actual paleostress 
pattern determined through inversion of brittle tectonic 
data (Fig. 2). The direction of the Mio-Pliocene compres- 
sion is regularly trending N130”, except along the Morez 
Fault where it trends NllO”; this deviation is well 
accounted for by the distinct-element model (compare 
Figs 2 & 13). We conclude that the reactivation of the 
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/.L= 0.85, F=l/ 8 
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Fig. 13. 2-D distinct-element model of stress perturbations around the 
Morez Fault Zone considered as a single discontinuity within a weak 
zone. Double and single black arrows: direction of O, and CT~ at the 
boundaries, respectively. Shaded zone: weak strip with a smaller 
Young’s modulus. Pre-existing discontinuity as thick line. Captions as 

for Fig. 5(a & b). See text for significance of F. Compare with Fig. 2. 

Morez Fault Zone and the presence of a zone of weak 
fractured rocks related to this reactivation play a major 
role in the accommodation of the Mio-Pliocene deforma- 
tion in the area studied. This interpretation resembles 
that of Zoback et al. (1987) concerning the San Andreas 
Fault; although the origin of the weakness of the fault 
zone is different, deviations of the present-day stress field 
in the vicinity of the San Andreas Fault have also been 
related to the weakness of the fault zone. 

However, in contrast with modelling experiments, our 
field study did not provide evidence of significant stress 
changes near the tips of the fault (compare Figs 2 & 13). 
Two explanations can account for this apparent dis- 
crepancy. 

(1) The location of the southern tip is difficult to define 
precisely and the fault zone may extend farther south. 
The absence of suitable outcrops did not allow 
determination of paleostress states in this southern area. 
Concerning its northern tip, the Morez Fault terminates 
against a fault zone that represents the transition towards 
the Champagnole Fault Zone and the Chaux du Dombief 
Thrust which trend N18” and N33”, respectively (Fig. 2). 

This major fault zone separates the external Jura from the 
internal one. In this area, the stress states may be 
simultaneously influenced by these three fault zones 
(Morez, Champagnole and Chaux du Dombief Fault 
Zones). 

(2) The friction on the Morez Fault Zone may be 
larger than that defined in the model, so that the 
perturbations near its tips should be smaller. 
Furthermore, it is likely that the friction coefficient 

along the fault was variable and increasing near the tips, 
resulting in less perturbations there. Because it is still 
difficult to correctly quantify the amount of displacement 
along the fault (the geological structure differs within the 
two blocks separated by the Morez Fault because strike- 
slip and folding developed simultaneously), we cannot 
check the amount of friction on this fault. 

However, our modelling leads us to conclude that, for 
faults surrounded by a high deformation zone and in 
compressive deformational contexts, large stress pertur- 
bations will occur along the discontinuities in such a way 
that cl tends to become perpendicular to the disconti- 
nuities. In other areas of the Jura, paleostress reconstruc- 
tions (Homberg et al., 1994 and work in progress) also 
indicate that the direction of the Mio-Pliocene compres- 
sion is locally deviated near major pre-existing fault 
zones (such as for the Euthe Fault Zone), in such a way 
that o1 tends to become perpendicular to the fault trend. 
We conclude that the mechanical decoupling within the 
crust significantly influenced the accommodation of the 
Mio-Pliocene deformation in the Jura mountains. 

CONCLUSIONS 

Based on the results of 2-D distinct-element modelling 
and field studies (Jura mountains), it appears that, in 
terms of stress orientation, pre-existing structures in the 
crust play a major role in the accommodation of the later 
deformation. The reactivation of pre-existing disconti- 
nuities of various strikes is responsible for major stress 
perturbations, with directional deviations as large as 50”. 
We have shown that the magnitude of the directional 
deviations varies as a function of (1) the magnitude of the 
remote differential stress (ai - os), (2) the rheological 
properties of the discontinuity (including the weakness of 
the fractured fault zone), and (3) the strike of the pre- 
existing discontinuity reiative to the far-field stress. 

Considering a fractured crust submitted to a strike-slip 
tectonic regime (as for the Morez Fault case), the stress 
deviations (e.g. Figs 5, 7 & 8) occur in the close vicinity 
of reactivated discontinuities and, for the largest ones 
(in terms of angles of deviation), they occur as follows. 
First, for discontinuities trending close to the far-field 
direction of compression, gl tends to become perpen- 
dicular to the discontinuity, but only in the extensional 
zones near fault tips (Fig. 6). Second, for discontinuities 
trending nearly perpendicular to the far-field direction 



Stress perturbations near major fault zones 717 

of compression, cl tends to become parallel to the 
discontinuity, but only in the contractional zones near 
fault tips (Fig. 6). Third, crl tends to become perpendi- 
cular to the faults where high deformation occurs and 
rocks are crushed and this perturbation is distributed 
along the fault trace (Fig. 13). 

Stress deviations induced by fault reactivation are 
related to the decreasing amount of slip along the faults 
that leads to the existence of contractional and exten- 
sional zones at fault tips (Fig. 6). Stress perturbations are 
thus located at the tips of the faults. This point is of great 
importance. During one tectonic episode, the slip patch 
of a fault zone can differ at each seismic event. 
Consequently, edges of the slip patch also move. A 
stress state at a given place can thus vary in trend because 
of slip patch migration; it may successively adopt a 
perturbed direction (due to the proximity of the slip patch 
edges) during one seismic event and later adopt the 
orientation of the far-field stress state (due to a larger 
distance to the slip patch edges). This gives rise to the idea 
that, in compressional contexts for instance, several stress 
states characterized by different directions of compres- 
sion at a single site close to a main fault zone can be 
related to a single tectonic event. 

We also conclude that stress perturbations occur more 
probably in large deformation domains because (1) large 
faults may appear during the deformation and then act as 
major discontinuities, and (2) a high differential stress 
allows larger displacements along faults and induces 
larger directional stress deviations. In contrast, stress 
states reconstructed in platform areas often reflect the 
orientation of the far-field stress. Thus, considering the 
Jura mountains, the fan-shaped distribution of the 
direction of the Mio-Pliocene compression proposed by 
several authors (Plessmann, 1972; Tschanz, 1990; Phi- 
lippe, 1993) may probably be explained (at least in part) 
by the activity on the major faults. The average Mio- 
Pliocene compressional trends in the Jura are N70” in its 
southern part, N130” in the centre, and N160” in its 
northeastern part; that is nearly perpendicular to the 
successive strikes of the major faults (N145”, N45” and 
NSO”, respectively). In addition to the indenter effect due 
to the Alpine collision, and considering at a wider scale 
the results of our modelling, the mechanical decoupling 
within the crust of the Jura mountains may be partly 
responsible for the fan-shaped distribution of the Mio- 
Pliocene direction of compression, considering the 
orientation of the major zones of weakness. 
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