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Abstract

The consequences of weak heterogeneities in the extension of soft and hot lithosphere without significant previous crustal
thickening has been analysed in a series of centrifuge models. The experiments examined the effects of i) the location of
heterogeneities in the ductile crust and/or in the lithospheric mantle, and ii) their orientation, perpendicular or oblique to the
direction of bulk extension. The observed deformation patterns are all relevant to the so-called “wide rifting” mode of extension.
Weak zones located in the ductile crust exert a more pronounced influence on localisation of deformation in the brittle layer than
those located in the lithospheric mantle: the former localise faulting in the brittle crust whereas the latter tend to distribute faulting
over a wider area. This latter behaviour depends in turn upon the decoupling provided by the ductile crust. Localised thinning in the
brittle crust is accompanied by ductile doming of both crust and mantle. Domains of maximum thinning in the brittle crust and
ductile crust and mantle are in opposition. Lateral differences in brittle crust thinning are accommodated by lateral flow in the
ductile crust and mantle. This contrasts with “cold and strong” lithospheres whose high strength sub-Moho mantle triggers a
necking instability at the lithosphere-scale. This also differs from the extension of thickened hot and soft lithospheres whose ductile
crust is thick enough to give birth to metamorphic core complexes. Thus, for the given lithospheric rheology, the models have
relevance to backarc type extensional systems, such as the Aegean and the Tyrrhenian domains.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Modes of extension strongly depend on the rheolog-
ical layering of the continental lithosphere (Buck, 1991)
but the location and distribution of rifts are often
controlled by pre-existing heterogeneities (e.g. Ziegler
and Cloetingh, 2004). Among the parameters that
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control the rheological layering of continental litho-
sphere, the thermal state is likely to be the most
important one. When the Moho temperature reaches
700–800 °C (which roughly corresponds to surface heat
flow of 70–75 mW/m2) the mantle peridotite becomes
entirely ductile inducing a drop in bulk lithospheric
strength (Buck, 1991; Ranalli, 2000; Alfonso and
Ranalli, 2004). This range of Moho temperatures
makes the difference between “cold and strong”
lithosphere, whose highest strength is located in the
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sub-Moho mantle, from “hot and weak” lithosphere,
whose only high strength layer is the brittle crust. When
extended strong and weak lithospheres give contrasting
modes of rifting (Buck, 1991; Brun, 1999). The
presence of a high strength mantle favours the
development of lithospheric-scale necking that can
lead to extreme crustal thinning, allowing the mantle
to reach the surface (Brun and Beslier, 1996). In the
absence of a high strength mantle, the low viscosity of
both lower crust and lithospheric mantle lead to a wider
distribution of the deformation and to the maintenance
of a flat Moho despite lateral variations in upper crustal
stretching (Block and Royden, 1990; Buck, 1991).
Therefore, because rock rheology is strongly dependent
on temperature, the initial thermal state of the
lithosphere plays a decisive role on the localisation of
extension — i.e. narrow rifting versus wide rifting.

Inherited heterogeneities can occur throughout the
whole lithosphere. For instance, pre-existing faults and
shear zones may represent a mechanical weakness at
upper and lower crustal levels (Daly et al., 1989; Sibson,
1995; Ranalli, 2000). In Europe, several deep seismic
profiles have illustrated the reactivation of pre-existing
fabrics of Caledonian or Hercynian age during Meso-
zoic or Cenozoic extensional events (Cheadle et al.,
1987; Klemperer and Mathews, 1987; Brun et al., 1991;
Brun and Tron, 1993; Ziegler and Cloetingh, 2004). It
has also been suggested that the source of structural
inheritance could be related to the preservation, within
the uppermost mantle, of a lattice preferred orientation
of olivine crystals formed during previous tectonic
phases (Vauchez et al., 1998; Tommasi and Vauchez,
2001). Geophysical data suggesting that the structural
inheritance controlling rift development may be hidden
in the upper lithospheric mantle also supports this view
(e.g. Babuška et al., 2002). Thus, zones of weakness can
either extend through the whole lithosphere, or be
localised in the lithospheric mantle, or in the crust. Both
analogue and numerical modelling have been used to
argue and illustrate the strong control that can be exerted
by the pre-existing weakness zones on rift evolution and
symmetry/asymmetry of the resulting structures (Braun
and Beaumont, 1987; Dunbar and Sawyer, 1988, 1989;
Braun and Beaumont, 1989; Harry and Sawyer, 1992;
Hopper and Buck, 1996; Corti et al., 2003a,b, 2004;
Corti, 2004; Van Wijk, 2005). However, most of these
studies have considered the extension of strong
lithosphere, whereas extension often develops in regions
of high surface heat flow like in back-arc-type tectonic
environments (Collins, 2002; Hyndman et al., 2005;
Currie et al., 2004). One of the major differences should
be the mechanical behaviour of the sub-Moho mantle
(where the heterogeneities are located) that can either be
of Mohr–Coulomb-type in the former category of
lithospheres or dominantly non-linear viscous in the
latter.

In the present study, we investigate the effects of pre-
existing zones of weakness in soft lithosphere through
centrifuge models that have undergone extension.
Previous models (e.g., Corti, 2004) have shown that
pre-existing weakness zones in the lower crust are able
to control the architecture of continental rifts and related
transfer zones. Here we analyse the influence of
inherited fabrics on rifting in a more detail by
considering weakness zones that are i) located in the
lithospheric mantle and/or in the lower ductile crust and
ii) trend perpendicular and/or oblique to the direction of
extension. The position and symmetry of fault patterns
that develop in the upper crust are studied as functions
of depth, location and orientation of the weakness zones.
The tectonic response of these models of soft and hot
lithospheres is compared to those of strong and cold
lithospheres. The applicability of the experimental
results is discussed in particular with reference to
extensional environments of backarc-type.

2. Modelling set-up

2.1. General definition of the models

Our models intend to represent a non-thickened
lithosphere in a region of high surface heat flow, as
occurs in backarc basins. Consequently, they are made
of an upper brittle crust, a ductile lower crust and a fully
ductile lithospheric mantle. Three types of models are
used in the present paper: a) experiments investigating
lithospheric extension with laterally uniform rheological
stratification; b) experiments that simulate extension
with a weakness zone in the upper lithospheric mantle
trending at variable angles to the direction of extension
and c) models investigating extension with weakness
zones in both the upper lithospheric mantle and ductile
crust trending at variable angles. Similar models that
were carried out using the same technique but without
crust and mantle weak zones (Corti, 2005) provide a
context for the results of the present paper. In the
following, we refer to “α” as the angle between the
weakness zone in the ductile crust and normal to the
direction of extension, whereas “β” represents the angle
between this latter direction and the weak mantle trend
(Fig. 1c; Table 1). All models have been submitted to
symmetrical boundary displacement (see Fig. 1b).

The experiments were performed in an artificial
gravity field of gravitational acceleration 100 g at the



Table 1
Models parameters

Model α β Extension velocity Bulk extension
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HRTL of Uppsala University (Sweden) and at the
Tectonic Modelling Laboratory of the CNR-IGG at the
Earth Sciences Department of Firenze (Italy) (Fig. 1).
Fig. 1. (a) Top view of centrifuge cabinet showing loading conditions
in the centrifuge, where w represents the angular velocity and CF is the
centrifuge force field. (b) Schematic representation of the experimental
set-up. Removal of rectangular Plexiglas spacers allows the models,
under the centrifuge force field, to extend by filling the empty space.
For facilitating the description, the experimental results are discussed
by reference to the central axis of the models. BC: brittle crust; DC:
ductile crust; LM: lithospheric mantle; DCWZ: ductile crust weak
zone; MWZ: mantle weak zone. (c) Model top view showing the
different configurations of the weakness zones in the experiments,
where: “α” is the angle between the DCWZ and the normal to the
direction of extension and “β ” is the angle between the MWZ and the
normal to the direction of extension.

angle angle (mm/s) (%)

1 – 90° 5 10− 1 60
2 90° 90° 3 10− 1 60
3 – 30° 5 10− 1 65
4 90° 30° 5 10− 1 60
5 30° 90° 5 10− 1 55
2.2. Experimental deformation

The rheologically stratified models, with dimensions
8.5×7.0×2.5 cm,were built inside a transparent Plexiglas
box with internal dimensions 19.0×7.0×10.0 cm. Rect-
angular plastic blocks (spacers) confined the models that
were allocated in a pendulum system, which rotated in
response to the centrifugal body force. Progressive
removal of spacers was operated during successive runs
in the centrifuge (Fig. 1b). This allowed a vertical thinning
and lateral expansion of models in response to the
centrifugal body force field simulating gravity in nature
and resulting in a plane strain deformation (see also
Mulugeta, 1988; Bonini et al., 2001; Mulugeta and
Ghebreab, 2001). Layer thicknesses were chosen such as
sand layers, in particular, thatwere thick enough to allow a
clear visualisation of fault patterns. The Plexiglas wall
was lubricated with Vaseline oil in order to minimise
boundary shear. Accordingly, model top views (e.g. Fig.
1c) show that neither passive markers nor faults display
disturbance against lateral walls. The model surface was
free and the basal model boundary was in contact with a
low viscosity asthenospheric fluid. Therefore, neither the
top nor the base of the model underwent significant shear
stress. The extension velocity imposed on the models was
of ≈ 3.6×10− 1 mm/s as an average (see Table 1 for
details). All models have been deformed up to 65% bulk
extension. After deformation, the surface of the models
has been covered with sand in order to preserve the
topography. Models have been then soaked in water,
frozen and sectioned.

2.3. Experimental rheology and materials

The models represent a three-layer lithosphere with
embedded weak zones floating above a fluid-like model
asthenosphere (Fig. 2). The experimental set up is based
on the assumption that thermal and/or mechanical
processes decreased the mantle strength during previous
deformation phases. Rheological stratification of mod-
els was reproduced by using dry quartz-feldspar sand



Fig. 2. Experimental strength profiles at the onset of deformation, calculated in the central part of the models. The values of the integrated lithospheric
strength are also reported. All initials used here and for the rest of the figures are the same as in Fig. 1.
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mixture for simulating the brittle crust and viscous
mixtures for the ductile crust and upper lithospheric
mantle.

The rheological behaviour of the silicone mixtures
representing the ductile experimental units was analysed
by a coni-cylindrical viscometer. For details see Table 2,
where the parameters of the material properties are
summarised.

2.4. Scaling of models

Scaling of the models to the natural prototype was
achieved by maintaining similarity in geometry, dy-
namics, kinematics and rheology (e.g., Ramberg, 1981).
The models were intended to represent a geometrical
scale of h⁎=hm/hn≈3×10− 7 (where h⁎is the adimen-
sional model length ratio, and hm and hn are the
corresponding lengths in model and nature, respective-
ly). This implies that 1 cm in the experiment
Table 2
Characteristics of experimental materials for the different series

Material Prototype
layer

Thickness
(mm)

De

Dry Quartz–Feldspar
Sand mixture

Brittle crust
(BC)

10 136

Rhodorsil Gomme 70009
(manufactured by Rhone
Poulenc, France)+ Qz
Sand 5:4.5(% in weight)

Ductile crust
(DC)

5 142

Ductile crust mixture+
Oleic acid 5:1 (% in weight)

Ductile Crust
Weak Zone (DCWZ)

5 143

Rhodorsil Gomme 70009
(manufactured by Rhone Poulenc,
France)+Qz Sand 5:5 (% in weight)

Lithospheric
mantle (LM)

10 147

Lithospheric mantle
mixture+Oleic acid (% in weight)

Mantle Weak
Zone (MWZ)

10 148

Gypsum Glycerol mixture Asthenosphere 15 160

(⁎) Measured at room temperature (23 °C ±0.5 °).
corresponds to ≈ 30 km in nature. Dynamic similarity
was achieved by maintaining the resistance of the single
layers and the analogue lithosphere scaled to nature.
Similarity conditions were checked by calculating
dimensionless ratios relating gravitational stresses to
differential stresses for brittle and ductile deformation
(e.g., Corti et al., 2004).

Scaling analysis indicates that the models simulate
extension, at rates of ∼ 3 cm/yr, of a ∼ 80-km thick
continental lithosphere characterised by a total resis-
tance between 7.5×1012 and 1.1×1013 Pa m. The
experimental strength profiles, reported in Fig. 2, are
valid for the very early stages of deformation.

2.5. Limitations of modelling

Since lithosphere rheology and thermal boundary
conditions are simplified in the models, extrapolation of
model results to the nature must be carried out with care.
nsity Coefficient of
internal friction

Cohesion Rheological
characteristics

Power-law
parameters

0 kg m− 3 μ=0.6 80 Pa s Brittle
behaviour

0 kg/m3 Power-law n=1.2 A=2.5
10−6 (⁎)

0 kg/m3 Power-law n=1.3 A=4.5
10−6 (⁎)

5 kg/m3 Power-law n=1.3 A=5
10−7 (⁎)

0 kg/m3 Power-law n=1.7 A=1.5
10−7 (⁎)

0 kg/m3 Newtonian η=40 Pa s (⁎)
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Our initial lithospheric layering was intended to reflect
thermal conditions of backarc-type environments at the
onset of extension – i.e., hot lithosphere – but the models
do not take into account any thermal effect that could
occur during extension. Specifically, for backarc-type
settings such an assumption can be justified by the fact
that extension is generally fast and therefore the
contribution of possible thermal readjustments could be
limited. This prevented rheological modifications in the
layering and destabilisation of both the brittle–ductile
transition in the crust and the Moho discontinuity. Simi-
larly, syn-extension surface processes as erosion and
sedimentation were not considered during the experi-
Fig. 3. Final deformation stage of model-1, with orthogonal MWZ, at 60% bu
indicates the position of the cross-section; (c) cross-section photograph with i
model has been added after deformation to preserve the surface topography)
defined as the ratio of individual layer thickness to total experimental lithosp
the MWZ, while the thinning of the brittle crust and mantle are in opposite pha
the same place. In this figure and for the following the initials, i and f corre
ments. Despite these simplifications, the current analogue
models were able to trace the large-scale response to
extension of the continental lithosphere and allowed
analysis of the effects of pre-existing crustal and/ormantle
weaknesses on the rifting process.

3. Experimental results

3.1. Main outcomes from previous works

Previous experimental work has shown that extension
of brittle–ductile multilayers with only one brittle layer
lying above one or several ductile layers resulted in
lk extension. (a) Initial set-up; (b) top surface photograph. The line AB
nterpretation of the fault pattern (note that the white sand on top of the
; (d) plot of horizontal distance versus normalised thickness, which is
heric thickness. The maximum values of horizontal stretching occur in
se. The maximum thinning of the lithosphere and brittle crust appears at
spond to initial and final stage, respectively.



Fig. 4. Model-2 at 60% bulk extensionwith orthogonalMWZandDCWZ. (a) Initial set-up; (b) top view photograph. The line AB indicates the position of
the cross-section; (c) photograph of the cross-sectionwith fault pattern interpretation. The cross-section depicts classical rift geometry, withmajor thinning
below the central rift depression associated with asthenosphere upwelling; (d) plot of horizontal distance versus normalised thickness. It displays mirror-
type symmetry on the response to thinning between the experimental brittle crust and mantle. The maximum thinning of the lithosphere and brittle crust
appears at the same place.
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distributed faulting — i.e., wide rifting (Faugere and
Brun, 1984; Brun et al., 1994; Corti, 2005; Tirel et al.,
2006). Three experiments realised in the frame of the
present project, but not presented here, confirmed this
conclusion. The brittle crust deformation consists of
closely spaced tilted fault-bounded blocks and/or conju-
gate normal faults, distributed throughout the models.
Nearly uniform thinning dominates the ductile layers, so
that the deformation mechanism may be broadly
considered as of pure shear type.

In these models, characterised by distributed faulting,
high strain rates – i.e., strong coupling between brittle and
ductile layers – favour parallel faulting and block tilting
(Faugere and Brun, 1984; Brun, 1999). Conversely, low
strain rates – i.e., weak brittle–ductile coupling – favour
conjugate normal faulting and the development of horst
and graben structures (Allemand, 1990; Brun, 1999).
Lateral variations of viscosity or the presence of viscosity
anomalies below the brittle–ductile interface strongly
modifies the pattern of faulting. A local anomaly with a
viscosity of only one order of magnitude lower than the
rest of the ductile layer can initiate a strong strain
localisation in the overlying brittle layer leading to the
exhumation of the ductile layer and formation of a core
complex (Brun et al., 1994).

Where a series of tilted blocks affect the brittle layer,
the direction of fault dip depends on the sense of shear in
the underlying ductile layer (Faugere and Brun, 1984)
and therefore tilted blocks can be used as shear criteria
for the kinematic analysis of more complicated models.
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3.2. Weakness orthogonal to the direction of extension

3.2.1. Weakness only in lithospheric mantle

3.2.1.1. Model-1 (Fig. 3). In reference to the central
axis (Fig. 1b), the deformed model-1 exhibits mirror-type
symmetry in terms of both thinning variations and location
as well as internal symmetry of fault zones (Fig 3).

Faulting in the brittle crust is situated in three
domains that are located one above and two aside the
weak mantle zone (MWZ) (Fig. 3b, c). Each of them is
associated with a smooth upward bending of the brittle–
ductile transition (Fig. 3c, d). In the ductile layers,
Fig. 5. Final deformation stage of model-3 with oblique MWZ. (a) Initial set-u
lines AB and CD specify the position of the cross-sections; (c) cross-section
the MWZ is located to the right of the central axis of the model while in line
located to the left of the central axis. They exhibit mirror-type fault pattern sym
response of the mantle and brittle crust towards thinning is the same but in
lithosphere and brittle crust takes place at the same spot.
maximum values of horizontal stretching occur in the
MWZ, as is also demonstrated by its marked thinning.
All three faulting domains display conjugate fault
patterns. In the central domain faulting leads to a
symmetrical variation in layer thickness. In contrast, the
two lateral domains exhibit asymmetrical thickness
variations with the maximum layer thinning located
toward the central axis.

The opposite sense of thinning of the brittle crust and
mantle is clearly shown in the plot of horizontal distance
versus normalised thickness (Fig. 3d). In this work the
term “normalised thickness” is defined as the ratio of
individual layer thickness to total experimental
p; (b) top surface photograph of the model at 65% bulk extension. The
photograph with interpretation of the fault pattern. In this cross-section
CD (the photograph of the section is not presented here) the MWZ is
metry; (d) plot of horizontal distance versus normalised thickness. The
opposite direction, while the maximum thinning of the experimental



Fig. 6. Final deformation stage of model-4 with oblique MWZ and orthogonal DCWZ. (a) Initial set-up; (b) top surface photograph of the model at
60% bulk extension. The line AB specifies the position of the cross-section; (c) cross-section photograph with interpretation of the fault pattern. This
cross-section shows two main domains of faulting, located at the extremities of the ductile crust anomaly. The conjugate fault pattern is slightly
asymmetric; (d) plot of horizontal distance versus normalised thickness. Note that the response to thinning of the brittle crust and mantle is in the
opposite sense; additionally, the maximum thinning of the lithosphere and brittle crust appears at the same place.
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lithospheric thickness. From the same plot we can
deduce that the maximum thinning of the lithosphere
and brittle crust appears at the same place.

3.2.2. Weaknesses in both ductile crust and lithospheric
mantle

3.2.2.1. Model-2 (Fig. 4). Faulting in the brittle crust
can be divided in three domains orthogonal to the bulk
extension direction. The deformation is localised at the
central part (central axis) of the model-2 where the more
developed central, wider graben domain is accompanied
by two less developed marginal ones (Fig. 4b, c). The
conjugate fault pattern is present in all three domains but
with a very pronounced normal fault at the right side of
the central axis. This fault is located at the edge of the
ductile crust anomaly.

The cross-section depicts classical rift geometry, with
major thinning below the central rift depression
associated with asthenosphere upwelling (Fig. 4c, d).
This area corresponds to the main central zone of
deformation observed in the brittle layer, while the two
others are related to marginal grabens. No significant
thinning of the ductile layers is observed below the
marginal grabens, whereas strong thinning characterises
the central graben. The plot of horizontal distance versus
normalised thickness displays mirror-type symmetry of
the response to thinning of the experimental brittle crust
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and mantle. The maximum thinning of the lithosphere
and brittle crust appears at the same place (Fig. 4d).

3.3. Mantle weakness oblique to the direction of
extension; β=30°

3.3.1. Model-3 (Fig. 5)
Surface observation points out that the central part of

the model is free of faulting (Fig. 5b). The cross-section,
line AB, presented here is such that the centre of MWZ
is located to the right of the central axis of the model. It
displays two domains of faulting symmetrically dis-
posed with reference to the central axis where right-
dipping normal faults dominate the internal fault system.
In the cross-section, line CD (the photograph of the
Fig. 7. Final deformation stage of model-5 with orthogonal MWZ and obliqu
55% bulk extension. The line AB specifies the position of the cross-sectio
originate along the external DCWZ boundaries; the right side of the mantle an
of horizontal distance versus normalised thickness. Note the mirror-type sym
mantle; the maximum thinning of the lithosphere and brittle crust appears at
section is not presented here), the MWZ is located to the
left of the central axis. It exhibits a comparable fault
pattern but with the faults dipping to the left. In other
words, even if the model appears rather symmetrical in
terms of thinning it is not in terms of faulting (Fig. 5c).
The system of parallel faults indicates a layer parallel
shear into the underlying ductile layer (see arrows in
Fig. 5c).

Looking at the plot of horizontal distance versus
normalised thickness, we may state that the response of
the mantle and brittle crust to thinning is quite similar
but opposite in direction (Fig. 5d). Another straightfor-
ward observation is that the maximum thinning of the
experimental lithosphere and brittle crust takes place at
the same spot.
e DCWZ. (a) Initial set-up; (b) top surface photograph of the model at
n; (c) cross-section photograph showing that the main normal faults
omaly, MWZ, seems to be related to an overlying normal fault; (d) plot
metry on the response to thinning of the experimental brittle crust and
the same place.



Fig. 8. Layer-parallel shear in the ductile crust related to the presence of a weak zone in the ductile mantle. Upper diagram: The upper crust being more
resistant than the underlying lower crust and stretching being stronger in the weak zone than in the surrounding mantle, a horizontal shear top to the
weak zone results in the ductile crust. Lower diagram: Reversal of layer-parallel sense of shear around a mantle weak zone trending oblique to the
stretching direction. Bc: brittle crust, Dc: ductile crust, Dm: ductile mantle.
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3.4. Mantle weakness oblique to the direction of
extension with orthogonal weakness in the ductile
crust; α=90° and β=30°

3.4.1. Model 4 (Fig. 6)
The surface fault pattern is characterised by a central

zone of deformation consisting of closely spaced fault-
bounded blocks (Fig. 6b). The cross-sections show two
main domains of faulting located close to the extremities
of the ductile crust anomaly. The conjugate fault pattern
is slightly asymmetric (Fig. 6c). Plotting the horizontal
distance versus normalised thickness, two observations
can be made. First, the response to thinning of the brittle
crust and mantle is in an opposite sense. Second, the
maximum thinning of the lithosphere and brittle crust
appears at the same place (Fig. 6d).

3.5. Mantle weakness orthogonal to the direction of
extension with oblique weakness in the ductile crust;
α=30° and β=90°

3.5.1. Model-5 (Fig. 7)
The surface fault pattern is characterised by one broad

zone of faulting with a major fault situated above the right
side of the ductile crust anomaly (Fig. 7b). The cross-
section, lineAB, shows that the two normal fault zones are
located above the DCWZ boundaries (Fig. 7c). However,
it must be noted that the right fault zone is also located
above the mantle anomaly, MWZ. So, the presence of the
oblique DCWZ determines the development of a
prominent extensional fault oblique to the extension
direction, while the MWZ seems to play a rather limited
role on the development of the surface fault pattern. Once
again, the plot of horizontal distance versus normalised
thickness displays mirror-type symmetry on the response
to thinning of the experimental brittle crust and mantle.
Again, the maximum thinning of the lithosphere and
brittle crust appears at the same places (Fig. 7d).

4. Interpretation of deformation patterns in relation
with the presence of weak zones

Considering that all models were built with the same
materials and deformed at the same rate and with the
same bulk extension, their comparison provides inter-
esting information on the effects of location and
orientation of weak heterogeneities in the lithosphere.

4.1. Localised versus distributed deformation in the
brittle crust

The brittle crust deformation patterns vary as a
function of the depth of the weak zone(s) as well as their
obliquity with reference to the direction of extension.



Fig. 9. Bulk lithospheric thinning in relation to the position of the weak zone(s). The curves represent the final normalised thickness of the experimental
lithosphere. The maximum bulk lithospheric thinning (indicated by numbers) is directly related to the position of the weak zone in the ductile crust.
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Weak zones located in the lower crust exert a more
pronounced influence on localising deformation in the
brittle crust, whereas those located in the upper mantle
tend to distribute deformation over a wider area. In all
models, the mechanical effect of mantle weak zones is
damped and/or converted by the ductile lower crust.
Models 1 and 3 that have no lower crust weak zones
differ only by the orientation of the mantle weak zone.

When the weak zone is perpendicular to the stretching
direction the deformation is partitioned in three zones of
conjugate faults in the brittle layer. When the weak zone
trends oblique to model boundaries, only one or two fault
zones are observed with a strong asymmetry in cross-
section. This effect directly depends on the location of the
weak zone in a given section (Fig. 8). At the onset of
deformation, when the upper brittle layer is not yet
faulted, because the weak zone undergoes more intense
stretching than the surrounding mantle the lower crustal
layer undergoes a horizontal shear, whose top is directed
toward theweak zone. Consequently, if the shear couple is
strong enough, faulting occurs with parallel faults whose
sense of shear is similar to the one of the underlying
horizontal shear (Fig. 8a). In 3D, because the position of
the weak zone changes across the model the sense of
horizontal shear responds accordingly (Fig. 8b).
4.2. Lithospheric thinning

In all models bulk lithosphere thinning is heteroge-
neous and in direct relation with the position of weak
zones (Fig. 9). However, thinning is more distributed in
models that have only one weak zone in the mantle
(Fig. 9a and c). The presence of a weak zone in the
lower crust always contributes to localisation of thin-
ning (Fig. 9b, d and e).

The analysis of individual layer thinning shows that
the location of thinning localisation also corresponds to
the strain localisation in the brittle crust and smaller
thinning in the mantle (Figs. 3–7). This indicates that
lateral variations in the brittle crust thinning are partially
compensated by mantle thinning (i.e. maximum brittle
crust thinning corresponds to minimum mantle thinning,
and vice versa) such as to minimise the lateral gradients
of body forces. It is therefore important to recognise the
role of weak zones located in the lower crust as they can
significantly obscure the role of mantle weak zones.
Moreover, when they are not superposed vertically to the
mantle weak zones (Fig. 9d and e), they contribute
strongly not only to locating the zone of maximum
lithosphere thinning but also to controlling the large-
scale thinning asymmetry.
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4.3. Conjugate versus parallel fault patterns

In most models, cross-sections display fault patterns
involving conjugate faults that define either grabens
(Figs. 4, 6 and 7)) or large zones of narrow spaced
faulting (Fig. 3). Only one model displays a dominant
system of parallel faults (Fig. 5). Previous experiments
illustrated that conjugate normal faults and graben
structures are favoured by low strain rates and weak
brittle–ductile coupling. On the contrary parallel faulting
and block tilting is the result of strong brittle–ductile
coupling (Allemand, 1990; Brun, 1999). Additionally, a
conjugate fault pattern could also indicate that finite
strain is of pure shear type whereas parallel fault systems
result from a non-coaxial progressive deformation, due
to a combination of pure and simple shear (Brun, 1999).
In the present series of experiments, where the rheology
of the materials and the bulk rate of extension was kept
the same for all models, we cannot invoke variations in
strain rate and therefore in the degree of brittle–ductile
coupling. It is therefore most likely that the variations in
the asymmetry of fault patterns directly reflect variations
in strain regimes.
Fig. 10. Summary of the surface fault pattern in relation to the position and
extension develop in the brittle crust only when the oblique weak zone is l
boundary accommodate large displacement and control the surface width of th
the mantle, the faults trend orthogonal to the direction of extension and no si
extension, while white lines indicate the main faults.
The sense of layer-parallel shear in the ductile crust
depends directly on the position of theweak zones (Fig. 8).
However, it must also be realised that the shear intensity is
itself dependent upon the same parameter. As the sense of
shear reverses across the model the intensity of shear
decreases with the distance to the axis of shear sense
reversal. Conjugate fault patterns would be favoured in
areas where shear intensity is low while parallel fault
systems will be favoured by shear intensity increase.

4.4. Oblique faulting

Among the models that contain an oblique weak zone,
oblique faults develop in the brittle crust only when the
weak zone is located in the ductile crust (Fig. 10a). In the
two other models where the oblique weak zone is located
in the mantle the fault pattern is regularly oriented
and does not show significant variation in the fault trend
(Fig. 10b and c). Oblique faults located above aweak zone
boundary (Fig. 10a) accommodate large displacement and
control the surface width of the main grabens. In
mechanical terms, weak zones located in the mantle
have a “far field” effect as they contribute to distribute the
orientation of the weak zones. (a) Faults oblique to the direction of
ocated in the ductile crust. Oblique faults located above a weak zone
e main grabens. On the contrary, when the oblique weak zone occurs in
gnificant oblique faults develop (b, c). Arrows indicate the direction of
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deformation in the brittle crust whereas those located in
the ductile crust have more localising effects.

4.5. Ductile doming

Below zones of intense brittle crustal thinning the
ductile layers are uplifted into smooth domes. In the
present experiments the amount of stretching has not
been large enough to allow their complete exhumation.
But obviously, stronger extension would bring not only
the ductile crust but also the ductile mantle up to the
surface. In other words, extension would not ultimately
produce core complexes in the classical sense – i.e.,
made of continental crust materials – but would mostly
exhume the lithospheric mantle like in passive margin
formation and continental break up (Brun and Beslier,
1996).

5. Discussion

5.1. Comparison with the necking of a strong and cold
lithosphere

The mechanical behaviour of cold lithospheres
strongly depends on the presence of a high strength
sub-Moho mantle that plays a major role in the process
of lithospheric-scale necking as this layer must undergo
necking and boudinage to allow further extension of
multiple lithospheric layers (Buck, 1991; Brun and
Beslier, 1996; Nagel and Buck, 2004; Ziegler and
Cloetingh, 2004). The necking and rupture of the high
strength mantle provides a localisation at lithosphere
scale. If weak zones – e.g., magmas – are present in the
upper part of the lithospheric mantle the high strength
sub-Moho mantle is interrupted. As an example, such a
situation can take place above mantle hot spots.
Extension is therefore localised from the earlier stages
of lithospheric extension, leading to rapid continental
break-up, a process that is directly relevant to the
formation of volcanic passive margins (Callot et al.,
2001, 2002). Other types of inherited structures, like
ancient suture zones or large-scale strike–slip shear
zones (which also exist in the upper part of the
lithospheric mantle) will also play an important role in
lithospheric extension, as illustrated in many natural
examples. The break-up of Gondwana occurred along
old mobile belts (Dunbar and Sawyer, 1989). Rifting in
the Central Atlantic (between Africa and North America)
followed the trend of the Permo-Carboniferous Allegha-
nian–Hercynian orogenic belt (Vogt and Tucholke,
1989); in the southern part of the North Atlantic, rifting
and oceanic opening followed approximately the
Variscan orogeny (Manatschal and Bernoulli, 1999).
Further north between Norway and East Greenland,
extension of the lithosphere and continental break-up
was almost completely confined to the Palaeozoic
mobile zones between old cratonic blocks (e.g., Hill,
1991; Skogseid and Eldholm, 1988; Knott et al., 1993).
The rifting of Antarctica from Africa was largely
confined to Late Proterozoic mobile belts (Hill et al.,
1991). In such tectonic situations the direction of
extension is not necessarily orthogonal to the inherited
structures leading to so-called oblique rifting where the
normal faults do not initiate at right angle to the direction
of extension (Tron and Brun 1991). In summary, the
extension of a strong and cold lithosphere may lead
narrow continental rifts to become passive margins. This
process is characterised by a strong strain localisation at
lithosphere scale – i.e., necking instability – and a high
sensitivity to inherited zones of weakness, in particular
those interrupting the high strength sub-Moho mantle.

The series of experiments presented here illustrates
that the extension of hot lithosphere, without a high
strength sub-Moho mantle, produces specific deforma-
tion patterns that significantly differ from those that
result from the necking of a strong and cold lithosphere.
The models do not exhibit necking-type behaviour
despite the presence of weak zones in either the
lithospheric mantle or the ductile crust. The only
model that could possibly be interpreted in terms of
lithosphere necking is model-2 that contains two weak
anomalies in the mantle and ductile crust (Fig. 4).
However, considering that the amount of extension is
higher than 50%, the observed effect of necking remains
moderate and cannot be compared with what occurs in
volcanic passive margins (e.g. Callot et al., 2001). All
other models display almost no necking effects. Models
containing an oblique weak zone do not show significant
effects of oblique rifting. Only the model in which the
weak zone is located in the ductile crust shows some
oblique normal faults in the brittle crust but, even in this
model, faults orthogonal to the direction of extension
dominate. In summary, the extension of such soft and hot
lithospheres appears unable to develop a significant
necking instability, despite the presence of weak zones,
and rather leads to a wide rifting-type of deformation.
The experiments illustrate that such soft lithospheres
remain rather insensitive to inherited zones of weakness.

5.2. Comparison with the extension of hot and thick
lithosphere

The extension of hot and thick lithospheres,
corresponding to domains that are thermally relaxed
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after continental collision (e.g. England and Thompson,
1986), is characterised by wide rifting and core complex
modes of deformation (Wernicke, 1990; Buck, 1991;
Brun, 1999; Bertotti et al., 2000; Wijns et al., 2005)
leading to large scale extensional systems such as the
Basin and Range of western US (Sonder et al., 1987;
Wernicke, 1992; Snow and Wernicke, 2000). Dynamic
modelling (e.g. Block and Royden, 1990; Wdowinski
and Axen, 1992; Tirel et al., 2004, 2006) shows that the
structure and development of core complexes requires a
ductile crust viscosity low enough to flow rapidly,
allowing the surface and Moho to remain relatively flat
during dome rise and continuing extension.

The present experiments also consider a hot litho-
sphere but non-previously thickened. Consequently, the
ductile crust is not thick enough to allow the easy lateral
flow that could promote the development of core
complexes, keeping the Moho flat. On the contrary, the
experiments show that below the zones where the brittle
crust was strongly stretched the Moho is bent upwards in
broad ductile domes. At higher values of stretching, these
domes would reach the surface allowing the mantle to
exhume. Such an exhumation of lithospheric mantle does
not happen in wide domains of extension like the Basin
and Range where, after 40 Ma of extension, the crust still
has a thickness of around 30 Km. This emphasises the
need to recognise the difference between thickened and
non-thickened lithosphere. Whereas both types have in
common a wholly ductile mantle, and therefore can be
characterised by wide rifting when submitted to exten-
sion, they differ in their source of those deep rocks, either
from the crust or mantle, that can be exhumed in zones of
intense brittle crust stretching.

5.3. Applicability to back-arc-type tectonic environments

The physical conditions simulated in our models fit
those commonly observed in back-arc-type tectonic
environments (Currie et al., 2004, Hyndman et al., 2005;
Cloetingh et al., 2005), namely, high surface heat flow –
i.e., at least 70–75 mW/m2 – and 30–45 km thick crust.
From this point of view the deformation features of our
models are interesting to compare with Mediterranean
back-arc domains, in particular the Aegean and the
Tyrrhenian, that have undergone large-scale extension
related to more than 500 km of trench retreat (Jolivet and
Faccenna, 2000). In the Aegean, the first phase of the
core complex stage of extension, during Oligocene–
Miocene times, brought the crust that was previously
thickened during Cretaceous–Eocene times to a mean
thickness of 30 km. Then, during Pliocene–Quaternary
times, grabens developed at the scale of the whole
domain, in a still hot environment as demonstrated by
high surface heat flow (Jongsma, 1974; Göktükler et al.,
2003). The models presented here have a strong
potential to explain the development of these late
Tertiary grabens, in particular related to deep seated
weak zones inherited from previous tectonic events. It is
especially interesting to note that grabens are concen-
trated in and around the previously exhumed metamor-
phic core complexes (Rhodope: Brun and Sokoutis,
2004, Cyclades: Gautier and Brun, 1994, Menderes:
Bozkurt, 2003). This is more likely related to the
presence below the core complexes of a ductile crust
hotter and weaker than in surrounding areas. This is in
agreement with still very high present day heat flow
values, reaching magnitudes higher than 100 mW/m2 in
the Rhodope (Kolios et al., 2005) and in the Menderes
(Göktükler et al., 2003). In the Tyrrhenian Sea, oceanic
rifting occurred as the end product of back arc extension
related to subduction rollback (e.g. Faccenna et al.,
1996). In this region, that previously underwent
extension with mid-crustal detachment faults (Jolivet
et al., 1998), it is especially significant, as predicted by
our models, that extreme thinning of continental crust
lead to mantle exhumation in the Vavilov basin (Kastens
et al., 1987; Bonatti et al., 1990).

6. Conclusions

The current series of experimental models was
designed to explore the consequences of weak hetero-
geneities in the extension of a soft and hot lithosphere
with no significant previous crustal thickening. Such
conditions should in particular apply to backarc type
extensional systems. The experimental tests examined
the effects of i) the location of heterogeneities in the
ductile crust and/or in the lithospheric mantle, and ii) the
orientation of weaknesses which may be either perpen-
dicular or oblique to the direction of extension. Model
results suggest the following main conclusions:

1) The observed deformation patterns are all relevant to
the so-called “wide rifting” mode of extension.

2) Weak zones located in the ductile crust exert a more
pronounced influence on localisation of deformation
in brittle layer than those located in the lithospheric
mantle. In particular, the former localise faulting in
the brittle crust whereas the latter tend to distribute
faulting over a wider area. This latter behaviour
depends in turn upon the decoupling provided by the
ductile crust.

3) Whatever the depth location and the orientation of
weak zones, maximum thinning domains in the
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brittle crust and ductile crust and mantle are in
opposition.

4) Localised thinning in the brittle crust is accompanied
by ductile doming of both lower crust and mantle. It
may be locally amplified by strain localisation above
the rheological boundaries of ductile crust weak
zones, becoming a potential locus for triggering
mantle exhumation.

Such patterns of wide rift-type extension are
mainly dependent on the lack of a high strength
sub-Moho mantle. Lateral differences in brittle crust
thinning are accommodated by lateral flow in the
ductile crust and mantle. This contrasts with “cold and
strong” lithospheres whose high strength lithospheric
mantle triggers a necking instability at lithosphere-
scale. This also differs from the extension of hot and
soft lithospheres that result from the thermal relaxa-
tion of a previously thickened crust whose ductile
crust is thick enough to give rise to metamorphic core
complexes.

The mechanics of some characteristic structures of
back-arc-type extension, like those observed in the
Mediterranean, could be examined in the light of our
experimental results. This would in particular concern
the development of narrow spaced grabens above
previously exhumed metamorphic core complexes in
the Aegean, and mantle exhumation in the Tyrrhenian.
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