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The Earth's lithosphere behaves as a strain softening elasto-plastic material. In the laboratory, such materials
are known to deform in a brittle or a ductile manner depending on the applied geometric boundary
conditions. In the lithosphere however, the importance of boundary conditions in controlling the deformation
style has been largely ignored. Under general boundary conditions, both laboratory and field scale
observations show that only part of the deformation can localise on through going faults while the rest
must remain distributed in ‘process zones’ where spatially varying shear directions inhibit localisation.
Conventional modelling methods (finite difference, finite or discrete elements) use rheologies deduced from
laboratory experiments that are not constrained as a function of the geometry of the applied boundary
conditions. In this paper, we propose an alternative modelling method that is based on the use of an
appropriate distribution of dislocation sources to create the deformation field. This approach, because it does
not rely on integrating differential equations from more or less well-constrained boundary conditions, does
not require making assumptions on the parameters controlling the level and distribution of stresses within
the lithosphere. It only supposes that strain accumulates linearly away from the dislocation singularities
satisfying the compatibility equations. We verify that this model explains important and hitherto unexplained
features of the topography of the Dead Sea region. Following the idea that strain can only localise under
specific conditions as inferred from laboratory and field scale observations, we use our model of deformation
to predict where deformation can localise and where it has to remain distributed. We find that ~65% of the
deformation in the Dead Sea region can localise on kinematically stable through-going strike-slip faults while
the remaining ~35% has to remain distributed. Observations suggest that distributed deformation occurs at
stress levels that can be ten times greater than that associated with motion on well-localised faults. Thus,
although only representing a minor part of the total deformation, distributed deformation should provide the
greatest source of resistance to motion along this part of the Levant plate. These results can change
dramatically our view of the behaviour of this and other plate boundaries. If the lithosphere can be regarded as
a strain softening elasto-plastic material then similar behaviour should occur throughout, with important
implications not only for its mechanical behaviour, but also for heat generation and related issues like
metamorphism or magma genesis.
ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

In this paper we examine the implications of the continental
lithosphere behaving as a strain softening elasto-plastic solid. While
the existence of earthquakes on well-localised faults indicates that
strain softening occurs in the upper crust, there is ample evidence that
similar behaviour extends throughout the lower crust and mantle
lithosphere. This includes geophysical observations of narrow faults
or shear zones offsetting the Moho (e.g. Henstock et al., 1997;
Wittlinger et al., 1998; Zhu, 2000), field observations of exhumed
shear zones (e.g. Leloup and Kienast, 1993; Little et al., 2002) and
highly sheared mantle-derived xenoliths along major shear zones
(e.g. Titus et al., 2007). However, deformation in the lithosphere also
demonstrably occurs in a distributed manner whether on innumer-
able small faults or fractures or in a more continuous fashion. De Sitter
(1964) documents examples of distributed deformation throughout
the crust.

The difficulty of building quantitative models has led to the
emergence of several approaches with profoundly different assump-
tions. The lithosphere has been modelled as an assemblage of rigid
blocks or as a viscous fluid responding to the boundary conditions
dictated by plate tectonics. Models that assume rigid blocks have been
easy to construct (Meade et al., 2002; Meade and Hager, 2005; Nyst
and Thatcher, 2003). The fact that GPS vectors can be fitted within the
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Fig. 1. Plasticine experiment adapted from Peltzer and Tapponnier (1988). During
indentation, two stable faults form following simple shear directions as predicted by
the slip line theory. It is interesting to observe that no faults appear in some regions
undergoing high strain. There, strain cannot localise and accumulates in a distributed
manner. This experiment illustrates well the complementary role played by localised
and distributed deformation in releasing an applied strain and underlines the
importance of the kinematics and geometry of the boundary conditions in controlling
their interrelationship. McClintock (1971) had already emphasised this particular
behaviour of elasto-plastic materials but to our knowledge there are still today no
empirical or analytical laws describing it.
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measurement errors however mostly depends on a choice of block
boundaries which sometimes bear little relation to geological
observations and does not require that deformation indeed occurs
by rigid blocks relative motion. Models based on numerical solutions
of fluid flow equations that allow for spatially varying nonlinear
viscosity have been adopted otherwise even major faults are not
predicted. Molnar and Dayem, 2010 (and references therein) suggest
that major strike-slip faults form at viscosity gradients in the mantle.
However, these do not accord with observation. The Altyn Tagh fault
for instance has propagated across major pre-Cambrian lithospheric
structures (Meyer et al., 1998; Tapponnier et al., 2001).

The observation that major faults have evolved by propagation
provides powerful evidence for the long-term strength of the
continental lithosphere (e.g. Armijo et al., 1996, 2003; Flerit et al.,
2003, 2004; Hubert-Ferrari et al., 2003). Materials that retain long
term strength and experience strain localisation have been modelled
considering localisation to be entirely controlled by stress conditions.
In this approach, localisation starts and develops where stresses are
higher than a given yield stress (e.g. Regenaeur-Lieb et al., 2008). A
major problem with this approach is the difficulty of defining and
computing models with realistic boundary conditions. Modelling
realistic 3 dimensional structures is almost impossible. A further
problem is determining the appropriate stress conditions for localisa-
tion when even at the laboratory scale, the onset of irreversible
deformation (or plasticity) can vary with boundary conditions and is
thus not a readily definedmaterial property. An important objective of
this approach is to predict the appearance and growth of faults, but for
Earth problems this seems complicated and to some extent unneces-
sary. The dimensions and offsets or deformation rates of important
faults are known a priori from geological data rendering it more
reasonable to regard them as “knowns” rather than seek them as
“unknowns”.

Models based on analogue experiments with sand or other
materials have also been extensively used and this approach has
provided insight (e.g. Peltzer and Tapponnier, 1988; Wu et al., 2009).
Although they can incorporate aspects of the behaviour of elasto-
plastic materials and features that are inherently 3 dimensional,
laboratory conditions do not allow all reasonable boundary conditions
to be tested. Moreover, the analogue materials have scale dependent
rheologies making the results difficult to extrapolate to the scale of
the lithosphere.

All of the foregoing methods are time consuming taking many
hours for each simulation. While having limitations, the models we
create take less than a minute to compute allowing many to be tested.
The reasons for adopting more time consuming techniques should be
seriously questioned. Our approach does not depend on integrating
from an assumption of small-scale rheology to predict large-scale
behaviour. We create a 3D kinematic model of the deformation field.
Except at such boundaries the material is assumed to deform in a
linear fashion. The validity of the linear approximation can be tested
directly by comparing the predicted deformation with geological and
geomorphological observations. We then use simple criteria based on
both laboratory and field scale observations to determine where
deformation can localise and where it must remain distributed.
Conveniently the use of dislocations allows us to quantify how much
of the deformation is localised and how much is distributed.
Combined with independent observations on the difference of
stresses involved in localised and distributed deformation, it eventu-
ally allows us to provide an estimate of the stress distribution without
having made assumptions either on the rheology or on the initial
stress field.

We illustrate this approach by examining the mechanics of the
Dead Sea region (Jordan and Araba valleys) of the Levant. A kinematic
model of the deformation field is created by distributing dislocations
in an infinite medium outside the region we wish to model. The
deformation field is chosen such that it reproduces the overall
morphological features of the region. Having found a suitable
deformation field we then determine where deformation can localise
on large faults and where it must remain distributed and explore the
implications for stress distribution within the lithosphere and at plate
boundaries.
2. Localised and distributed deformation

Features characteristic of deformation in a strain softening elasto-
plastic material are perfectly illustrated by the well-known plasticine
indentor experiments (Peltzer and Tapponnier, 1988). An example is
shown in Fig. 1. Plasticine behaves in an elasto-plastic manner and has
strain-softening properties. After a given amount of displacement has
been applied at the sample's boundaries, faulting appears, but not
everywhere. Faults first appear in regions of low strain where, once
initiated by some tiny defect, a fault can extend. To do so the fault
must follow simple shear directions, which extend in a straight line or
a simple arc over some distance. Such faults are kinematically stable
meaning that their strain environment permits them to acquire
substantial displacement without changing geometry. In other
regions, kinematically stable faults cannot develop even if the strain
is high. In these regions a fault can initiate but can only extend over a
small distance because simple shear directions change from place to
place. In these regions deformation accumulates in a distributed
manner. This can either be by creating many small faults with various
orientations that never accumulate large displacements, or in the
form of continuum deformation where individual faults cannot be
discerned. Although there is limited information concerning the
strength of elasto-plastic materials for different failure modes,
localised deformation seems to occur more readily than distributed
deformation.

Fig. 2 explains schematically how boundary conditions can
determine the deformation style for a strain-softening medium.
Fig. 2a shows the deformation field (shown as flow lines for
visualisation) in a linear material subject to simple shear boundary
conditions. Only one component of shear is applied and the resulting
deformation field is independent of position. Fig. 2b shows that in a
strain-softening material, the same boundary conditions can be
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Fig. 2. Deformation in strain softening plastic materials. a) Shows a displacement distribution in a linear material subject to simple shear boundary conditions. The strain field, which
has a single shear component, is independent of position. b) For the same boundary conditions, a single localised feature, a fault or a shear zone, can completely relieve the applied
displacement. Note that this fault has formed along a line of maximum shear strain. c) Shows displacements in a linear viscous material with more common boundary conditions.
Strain is a function of position and is not composed of a single shear component. d) In a strain softening plastic material, most of the deformation can be accommodated by localised
slip on faults with various orientations. However, there are kinematic incompatibilities where these faults meet. This results in zones of distributed deformation that can be referred
to as ‘process zones’ or ‘damage zones’ where strain cannot localise (cf. explanation Fig. 3). We see that distributed and localised deformations are both required in order to release
the applied boundary conditions and that the two deformation styles are intrinsically related. Their relative distribution is controlled first by the kinematics and geometry of the
applied boundary conditions and second by the kinematics and geometry of the system of faults that has developed in response to these boundary conditions.
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accommodated by localisation on a single feature (fault or shear
zone). The boundary conditions in Fig. 2c are more common. The
induced deformation has more than one component and is a function
of position. Fig. 2d shows schematically that in a strain-softening
medium, it is no longer possible to relieve the boundary conditions on
a single localised feature. Faults of different orientations develop
following simple shear directions but motion along them cannot
accommodate all the strain. In the regions where faults with different
orientations meet, the deformation field is locally affected by the
geometry and kinematics of the various faults. Zones of complicated
deformation field are createdwhere simple shear directions cannot be
collinear preventing localisation to occur over long distances. The
most basic form of fault interaction in two dimensions is a triple
junction (Morgan and McKenzie, 1969). Fig. 3 illustrates the case of a
junction between three strike-slip faults. Such a junction is kinemat-
ically unstable. Motion on the main faults must be accommodated at
the junction either by a volume change (Fig. 3a) or by inelastic
deformation off the main faults (Fig. 3b, c, d). In the lithosphere,
confining pressure prevents opening of large voids or overlapping of
material and thus inelastic deformation must accumulate off the main
faults in zones where, as shown in Fig. 3c and d, simple shear
directions are not collinear over long distances preventing localiza-
tion. Such zones accommodate large strains by distributed deforma-
tion and can be referred to as ‘damage zones’, or ‘process zones’. In
brittle materials, ‘process zones’ of distributed deformation can be
composed of a self-similar (fractal) complex of faults that continu-
ously require fracture of new material (see Figure S5 in Supplemen-
tary Material) (King, 1983; King, 1986).

Laboratory experiments in rocks to reproduce the features shown
in Fig. 2d are difficult to mount. Fully triaxial tests on rocks show that
multi-directional faulting is created (e.g. Reches, 1983; Reches and
Dieterich, 1983) but only very small displacements can be applied
before the sample breaks apart – too small for process zones to be
(clearly) observed. Applying significant displacements for complex
boundary conditions while keeping the sample confined to prevent
fragmentation has not been successfully achieved. This is one reason
why materials such as sand, clay or plasticine are favoured for
laboratory experiments. They can localise at one scale but distribute
deformation at smaller scales and hence do not fragment. However,
this convenient scale dependent behaviour means that they can only
provide limited insight into how the lithosphere behaves.

Structural geologists have long appreciated that folding occurs by
distributed deformation either brittle (e.g. Suppe, 1984) or ductile
associated with faulting. King and Brewer (1983) document an
example of folding at seismogenic depths associated with the Wind
River thrust. Other examples can be found in De Sitter (1964) or King
and Yielding (1984). Process zones are more familiar to engineers
when referring to crack tip process in Linear Elastic Fracture
Mechanics (LEFM). The term ‘process zone’ has been used to describe
deformation associated with propagating faults (Armijo et al., 2003,
Cowie and Scholz, 1992, Flerit et al., 2004, Manighetti et al., 2004). In
these cases they form a transitory region of complex deformation that
appears prior to the propagation of a fault into a previously
unfractured material. Once the fault end has propagated past, the
old process zone becomes inactive. Although not generally described
as such in the past, process zones also form at complexities such as
bends or offsets in fault systems where, while the main fault
geometries are maintained they are permanent features where
damage evolves with each increment of slip on the main faults
(King, 1983). These long-lived process zones are recognised to play a
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Fig. 3. Junctions between strike-slip faults are kinematically unstable (Morgan and McKenzie, 1969). They are however observed at the Earth's surface (e.g. junctions between the
North and East Anatolian faults in Turkey). The deformation associated with such junctions can be accommodated in two ways. a) It can be accommodated by a volume change. A
void opens as finite motion accrued on the main faults separating three undeforming blocks. b) It can be accommodated by distributed deformation off the main faults. In the Earth's
lithosphere, confining pressure prevents large volume changes and deformation accumulates off the main faults in a distributed manner in order to respect the condition of zero slip
at the junction. c) The shear strain (in red see caption Fig.7) induced off faults around the junction is shown for a plane strain model (2D). Dashed curves illustrate the slip
distribution on the main faults. Slip comes to zero at the junction between the three faults. Symbols represent the predicted slip directions (see caption Fig. 7). Whereas mechanisms
are all strike-slip, they change directions from place to place preventing localisation to occur on long distances. Deformation can only be accommodated in a distributed manner,
which can occur for instance by motion onmany small faults (or shear zones) with different directions or in a more continuous fashion. d) The shear strain (in red) induced off faults
around the junction is shown for a plane stress model with a compressional out of plane principle strain. The strain distribution is changed and somemechanisms are normal faulting
but again deformation has to remain distributed, localisation cannot develop on long distances because of highly variable slip directions.
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key role in the seismic behaviour of fault systems (King, 1986; King
and Nabelek, 1985; Klinger, 2010; Klinger et al., 2006). At the scale of
the tectonic plates, process zones should be found at any junctions
between plate boundaries that are kinematically incompatible. The
junction between the North and East Anatolian faults in Turkey for
instance cannot be stable over time (Hubert-Ferrari et al., 2009). It has
however been maintained over at least the last three million years
thanks to the accommodation of deformation off the main faults. The
development of process zones of distributed deformation can help to
stabilise incompatible junctions but they can evolve in due course.

3. Modelling using dislocations

An alternative approach to solving the equilibrium and compat-
ibility equations by integration from applied boundary conditions is
using a distribution of strain sources representing displacement
discontinuities to produce the required deformation in a specified
region. Many problems in solid mechanics can be solved using an
array of dislocations. Dislocations can be described as Somigliana or
Volterra (Nabarro, 1967, Eshelby, 1973). In the former, the dislocation
is a surface on which the displacement discontinuity is defined by a
grid of points. In the second, the dislocation is a line along which the
displacement discontinuity is constant.While the two representations
are equivalent, they have different practical applications (Eshelby,
1973). Seismologists commonly use Somigliana dislocations to
represent slip on a fault plane, while those studying crystal
deformation use Volterra dislocations to describe the displacement
of a line of atoms. In each case, three modes describe two directions
of in-plane slip and one of opening. A combination of Volterra
dislocations can be used to reproduce a Somigliana one. A line
dislocation (Volterra) has a certain angle with respect to the slip
direction. A portion of dislocation where the dislocation line direction
is perpendicular to slip is called an edge dislocation. If it is parallel to
the slip direction, it is called a screw dislocation. A Volterra dislocation
with more general orientation is called a mixed dislocation.

Problems solved using dislocations obey the compatibility equa-
tions. Thus provided the gradient of displacement remains large
compared to its squares (roughly that the squares of strains are small
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compared to strains), the resulting deformation field has an analytic
solution. Although commonly referred to as an elastic solution Jaeger
et al. (2007) (p 106) point out that it provides a close approximation
for many problems that involve permanent deformation. As Nabarro
(1967) says “The idea of dislocation is essentially geometrical” and
using a distribution of dislocations to model deformation in a given
region is an approach that is essentially kinematic. Poisson's ratio is
the only material parameter required because the problems are
specified in terms of displacements and not in term of stresses. The
technique hence remains valid when substantial deformation occurs
and is not limited to infinitesimal deformation.

A similar approach can be taken to numerically solve general
problems by the use of dislocations (e.g. Crouch and Starfield, 1983). It
is important to emphasise that provided the deformation field in the
region we study is correct, it is not important to know how this is
achieved. A common example of this approach is the use of image and
other dislocations to create analytic expressions for a rectangular
plane of slip in a half space (e.g. Jaeger et al., 2007; Okada, 1985). The
only significance of the image dislocations is that they produce a
surface that is stress free at the appropriate place in the infinite
medium. The part of the medium containing the image sources is
disregarded. Although expressions for dislocations in a half space are
analytic they are complicated and producing a debugged computer
code is time consuming. Okada (1985) however developed a reliable
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Fig. 4.Modelling deformation in a region using dislocations. a) The deformation is represent
infinite depth. The dislocation has a constant offset in the y, z directions. The model can also
results of Okada (1985) can model this geometry. b) The deformation is represented as being
one at infinite depth are shown. Two vertical line dislocations lie outside the plane in the x d
with Burgers vectors to give the appropriate deformation. c) A single edge dislocation can b
from two antithetic faults defined by four edge dislocations: two at the surface and two at
region. d) The two lower dislocations could be distributed to represent a zone of distribute
results in some long wavelength deformation in the modelled region.
kinematic code, which describes rectangular dislocations with
uniform slip in a linear half-space. We adopt Okada's code to provide
a stress free ground surface and we do not show image sources
explicitly. In our application, we refer to rectangular Somigliana
dislocations as “elements” and to their Volterra boundaries as
“dislocations”. Deformation predicted outside the region is ignored.
We do not need all of the dislocations that are included to define a
rectangular area. The unnecessary ones can be ignored by placing
them at (approximately) infinite distance.

Fig. 4 shows the basis of the modelling in cross-section. In Fig. 4a, a
rectangular dislocation extends from 15 km to infinite depth. There
are three directions of slip: two directions of in-plane slip and one of
opening. Relative displacement in the y–z plane is shown by arrows.
An out of plane displacement is applied in the x-direction. Using a
rectangular dislocation is equivalent to bounding the area of this
dislocation with line dislocations as shown in Fig. 4b. The line
direction of these dislocations is perpendicular to the slip direction.
They are called edge dislocations. Since the deformation associated
with a dislocation decays with distance it is clear that dislocations at
an infinite distance from themodelled region can be ignored. Only the
mixed dislocation at a depth of 15 km determines the deformation
field in themodelled region. At a distance from the region themedium
moves as two undeformed blocks. This is considered to be the plate
motion and need not be specified in any other way. Provided the
mixed 
dislocation
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Distributed
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ed as being modelled using a Somigliana dislocation extending from a depth of 15 km to
be specified in the x direction assumed to be plus and minus infinity for this figure. The
modelled using Volterra dislocations. Two line dislocations one at a depth of 15 km and
irection at plus andminus infinity. The dislocations include edge and screw components
e decomposed into two or more dislocations. The same deformation field could result
a finite depth. The latter result in some long wavelength deformation in the modelled
d deformation that can be cut by a strike slip fault. Again this dislocation distribution
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deformation in the modelled region is satisfactory (in the following,
this will be done by comparing the vertical component of the
modelled deformation field with surface topography) it is not
necessary to provide a physical explanation for what the dislocations
could represent, however some guide is provided in Fig. 4c and d. An
edge dislocation can be separated into two dislocations, such as
illustrated in Fig. 4c, and the deformation field could result from two
antithetic faults. The upper dislocations at a depth of 15 km dominate
the deformation in the modelled region. If the lower dislocations are
at infinite depth, the deformation in the modelled region remains
identical to that for an equivalent single edge dislocation. If they are
brought closer to the surface some long-wavelength deformation can
become superimposed on deformation in the modelled region due to
the upper dislocation (Fig. 4d). Models of this sort (e.g. Armijo et al.,
1996; Stein et al., 1988) result in a small back tilt as indicated in the
Fig. 4c and d. Deformation at depth could alternatively be distributed,
as illustrated in Fig. 4d. But again, this would not affect significantly
the deformation in the modelled region.

4. The Dead Sea region

Choosing a ‘right’ natural example to illustrate the distribution
between distributed and localised deformation within the lithosphere
and explore the role of the kinematics and geometry of the boundary
conditions is not straightforward. Choosing the 'right' scale to address
the issue is difficult. It seemed reasonable for us to focus our study at
the scale of a ‘relatively simple’ plate boundary, that of the Levant. We
have chosen a window extending for a few hundred kilometres
distant from the plate boundary extremities where the interaction
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Fig. 5. Topographic representations of the Dead Sea valleys. a) Shows a Landsat thematic ma
data (SRTM 3) to give a 3D effect. The vertical exaggeration is 25. The most prominent featur
feature there are no clear normal faults along the valley flanks (unlike Carmel fault) such as
data) coloured by altitude. c) Shows uplift and subsidence rates predicted by the model.
with other plate boundaries complicates the scheme. The region of the
Dead Sea is of particular interest because althoughmost agree that the
Dead Sea valleys are tectonic in origin, no one agrees on the processes
that have led to its formation. There has been a wide range of
interpretations and changing views of the history of valley opening,
which have not always been consistent (see Supplementarymaterial).

Fig. 5 shows a south looking 3D view of the Dead Sea region with a
satellite image (Fig. 5a) and colour coded topography (Fig. 5b) draped
on the topography. There are two striking features. First, the two
valleys average more than 600 m in depth. Second there is an ~11.5°
change of direction between them. The form of the two valleys is
similar. However, the valley floor is below sea level in the north and
partly above sea level in the south. Fig. 5a shows mapped active faults
between Lebanon in the north to the Gulf of Aqaba in the south where
they are unambiguous. With the exception of the Carmel fault, these
are predominantly strike-slip. Although it has been suggested that the
Carmel fault has a substantial component of strike-slip it has the
classic features of simple normal faulting: a single dipping and eroded
escarpment with the hanging wall down-warped and the footwall up-
warped. Long-term motion on this fault has created the present day
topography (see other examples in Armijo et al., 2003 and Stein et al.,
1988). An intriguing observation is that there are no simple large
normal faults running along the valley's flank that could account for
its formation. The most prominent normal fault within the valleys is
the east–west Amaziahu fault (~50 m of vertical offset), which is a
clear feature, local to the Dead Sea itself and roughly perpendicular to
the trend of the main valleys. A close examination of the valleys using
Google Earth perhaps reveals a few possible normal faults associated
with the valley flanks (e.g. Amit et al., 2002; Garfunkel et al., 1981;
-0.1 0.0 0.1-0.2

 vertical exaggeration x25

1000500
 metres

 vertical exaggeration x100

vertical displacement metres for 
strike-slip 1.0m, opening 0.2m, dip-slip 
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pper image (band 2-red, 4-green, and 7-blue) draped over exaggerated digital elevation
e is the 11.5° change of valley strike occurring at the Dead Sea. While the valley is a clear
in true rifts like Corinth or East Africa. b) Shows a 3D image of the topography (SRTM3
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Klinger et al., 2000). However they are notable by their modest length,
small throw and insignificance compared to the greater than 600 m of
offset between the valley floor and flanks. The immediate region of
the Dead Sea has been explained mechanically as a pull-apart
(Garfunkel, 1981) with less attention being paid to the role of the
change in strike, which can be thought of as producing a releasing
bend. Whatever the mechanical processes it is locally a very deep
trough both filled and masked by sediments making it difficult to
study the kinematics in any detail.

In the following, we concentrate on the large scale features of
deformation in the region and explore whether they can be explained
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Fig. 6. Deformation is modelled using dislocations. a) Rectangular elements lie beneath the a
elements are used to characterise most of the valley, but to avoid end effects, elements exten
(see Supplementary Material). b) c) and d) show surface uplift and subsidence for a simplifi
outside the region plotted. b) Shows the surface displacement due to opening (y-direction).
and subsidence that results from the change of strike of the strike-slip motion. Horizontal mo
that causes the Jordan valley to be below sea level and the Araba valley above sea level.
by a combination of localised and distributed deformation on the basis
of simple kinematical assumptions.

5. Modelling the Dead Sea region

The features of thedeformation in theDeadSea regionare associated
with opening, strike-slip motion and possibly relative uplift of the
eastern sides of the valleys relative to their western side. Two
rectangular elements characterise most of the valley (Fig. 6a). The
elements extend from 15 km to 5000 km. Details of the elements are
shown in the Supplementarymaterial. Fig. 6b, c anddusea two-element
0.8 -0.4 0.0 0.4 0.8

-0.2 -0.1 0.0 0.1 0.2

metres/1m slip

metres/1m slip

xis of the valley at a depth of 15 km and extend to a depth of 5000 km (~infinity). Two
d to the north into Lebanon and Syria and south into the Gulf of Aqaba and the Red Sea
ed model that includes the elements drawn in a) but extending to a very large distance
c) Shows the surface displacement due to dip-slip motion (z-direction). d) Shows uplift
tion due to strike-slip motion (x-direction) is not shown. It is this uplift and subsidence
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model (Fig. 6a) to show respectively the vertical displacements at the
surface due to opening, dip-slip and strike-slip motion. Adjusting their
contributions provides the major features of the deformation in the
modelled region. This two-dislocationsmodel could of course be refined
in order to model second order features of deformation within the
valleys. For proof of concept however, we settle for using the
simplest model possible. We add further elements to model
the north end of the Gulf of Aqaba and Mount Hermon and
avoid the large strains that would result from abruptly terminating
the model, but for simplicity are not included in Fig. 6. Opening
creates the overall distributed deformation that forms the valleys
(Fig. 6b). Dip slip causes the eastern flank to be uplifted relative to
the western flank (Fig. 6c). Fig. 6d shows that the change of strike
of the strike-slip motion results in distributed uplift to the south
and distributed subsidence to the north (discussed by Bilham and
King, 1989). To our knowledge this important effect is not
included in any other modelling of the Dead Sea valleys' system.

Fig. 5c shows uplift and subsidence for the complete model with
1 m of strike-slip. The best prediction is obtained when both
valleys are assigned 0.2 m of opening and 0.03 m of dip-slip. The
topography predicted in Fig. 5c can be compared with the present
day topography shown in Fig. 5b. A similar rainbow colour scheme
is used to represent altitude. The broad topography correlates well
with uplifted and subsided regions. Our approach provides a view
of the deformation that is not time-dependent and can hence
accommodate varying assumptions about timing. It is widely
accepted that the Dead Sea fault system was initiated about 15 Ma
ago. Local sediment formations show however that the transform
margins were not much uplifted until 10 Ma ago (see Garfunkel,
1997 for a review). Although a consensus accepts a 107 km of
horizontal offset for the southern part of the Dead Sea fault (the
region addressed in this paper), definitive timing remains
uncertain. Of this offset, only 40–45 km appears to be of post-
Miocene age (e.g. Freund et al., 1968). With the ratio of strike-slip
to opening used in Fig. 5c and for a strike-slip component lying
between 5 and 10 mm/year, the predicted average opening rate
lies between 5 and 10 mm/year over that period. These values are
reasonable given the limited geological evidence (Supplementary
material). The mechanical discussion that follows remains valid
provided that some strike-slip and opening have acted together.

6. Identifying regions of localised and distributed deformation

The approach we adopt is similar to that used to explain slip
partitioning by upward propagation of deformation (Bowman et al.,
2003; King et al., 2005). In these papers, kinematically stable faults
were considered to form where predicted fault directions allowed a
fault to initiate and, once created, to extend and accommodate a
substantial part of the applied deformation field. As noted earlier, for
faults to fully relieve the boundary conditions (see caption to Fig. 2),
they must follow simple shear directions.

Fig. 7a shows the fault mechanisms predicted at the surface for the
same model as Fig. 5c. White lines indicate currently active faults with
strike-slip faults predominating. The interpretation of the symbols
indicating themechanisms is shown in Fig. 7b. It can be seen thatwithin
the valley, strike-slip mechanisms predominate and are co-linear
fulfilling the kinematic requirement for the creation of stable faulting.
At the edges and flanks of the valley, normal and oblique faulting is
predicted, but in highly variable directions. Fig. 7c shows a schematic
cross-section and indicates the location of the three depth sections
shown in Fig. 7d. These show that while strike-slip faulting is predicted
at all depths beneath the valley, themechanisms predicted beneath the
flanks changes with depth. Thus strike-slip faults can become stable
both laterally and with depth, but dip-slip and oblique faultings can do
neither and require the creation of further faulting with various
orientations to accommodate the deformation. The multiple and
multi-scale faulting associated with these regions must continuously
evolve to form a process zone. Such multi-direction faulting has been
mapped along parts of the valley flanks by Sagy et al. (2003) and has
been related to the work of Reches and Dieterich (1983) and Reches
(1983) discussed earlier. Large valley parallel normal faults are not
predicted. The calculation to create Fig. 7 adds a regional extensional
strain field. As in Coulomb stress interaction calculations (review King,
2007), it ensures that most of the predicted mechanisms are consistent
with the direction of the horizontal principal axis determined from
seismic data by Hofstetter et al., 2007. In the Supplementary material,
we show two alternative regional strain conditions. Fig. S4a shows the
result with no added regional strain field and Fig. S4b for a small vertical
contraction. For the regions of high strain the predicted style of faulting
is almost identical. Outside the region the mechanisms can be different
but with minor exceptions no valley parallel normal faulting is
predicted. No reasonable regional strain field can be found that predicts
valley parallel normal faulting.

We verify that a combination of localised and distributed de-
formations can explain the main features of deformation observed in
the region of the Dead Sea and in particular the absence of large valley
parallel normal faults. Such faulting however has been observed to
occur under different boundary conditions in another tectonic
context. Fig. 8 gives the example of the Kunlun fault in Tibet along
which slip was partitioned between a pure normal and a pure strike-
slip fault. Fig. 8a shows the picture of the cumulative normal fault
scarp that is parallel to, and 2 km from the Kunlun strike-slip fault.
Surface rupture associated with the Kokoxili earthquake, 2001 can be
seen along the normal fault scarp and strike-slip rupture in the
foreground (Klinger et al., 2005). Fig. 8b shows the slip directions
predicted for a model of oblique faulting at depth. The reader can find
more detailed modelling in King et al. (2005). The complete
partitioning into two distinct faults results from a locally generated
strain field being superimposed on a regional strain field with a
different extension direction. To create a similar effect for the Jordan
valleys would require a regional extension direction of between 95°
and 145°E. There is no evidence that such a field exists and ample
evidence for an extension axis of about 50°E (Hofstetter et al., 2007).

7. Estimating the relative proportions of localised and
distributed deformation

We have shown that the topography observed in the region of the
Dead Sea valleys is well reproduced by applying a Burger's vector
having a component (u=1) of strike-slip, (v=0.2) of opening and
(w=0.03) of dip-slip on two main fault elements with an angle of
α=11.5° between them (Fig. 9). The choice of these values
corresponds to the best fit and has been discussed earlier. The
deformation is proportional to the Burgers vector with the relative
contribution of each component being equal to

strike� slip = 1:00 × 100 = 1:23 = 81:3%

opening = 0:20 × 100= 1:23 = 16:3%

dip� slip = 0:03 × 100= 1:23 = 2:4%

If we assume to a first approximation that the dislocations are
semi-infinite in length, the two Somigliana elements can be described
using three line (Volterra) dislocations. The strike-slip contribution is
divided into strike-slip deformation on the two dislocations parallel to
the surface (L1 and L2) and distributed deformation caused by the
change in strike. The latter results from the vertical edge dislocation H
that has a Burger's vector equal to 2u sin(α/2)=0.2 u and induces the
uplift and subsidence shown in Fig. 6d and also shear in the horizontal
plane (not shown). Assuming to a first approximation that the
dislocations are semi-infinite, 20% of the 81.3% i.e. 16.3% of the strike-
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slip contribution, associated with the change of strike, is therefore
distributed. In summary,
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kinematically stable strike slip faults while a smaller proportion
cannot result in kinematically stable faulting and has to be
accommodated by distributed deformation.

8. Discussion

In this paper, we describe deformation in the lithosphere
considering it to behave as a strain weakening elasto-plastic material.
This approach is different from modelling the lithosphere using an
assemblage of rigid blocks or as a fluid. Such models are built by
making extreme assumptions about the rheology. Within these
frameworks, the co-occurrence of localised and distributed deforma-
tion in the lithosphere has been difficult to explain. The use of more
andmore complicated rheologies, taking into account the dependency
of viscosity on various parameters such as temperature, pressure, fluid
environment, grain size etc. has not led to any significant improve-
ment. The difficulty for such modelling arises for two reasons. First,
because three dimensional calculations with realist kinematic
boundary conditions are unmanageable with existing computing
capacity and probably for computing capacity in the foreseeable
future and second because even at the lab scale, the dependency of the
deformation of strain weakening elasto-plastic materials on the
geometry and kinematics of the boundary conditions are not
understood.

On the basis of simple geometric and kinematic considerations
however we show how in strain-softening materials such as the
lithosphere, most boundary conditions induce a complicated strain
field that can only be released by a combination of localised and
distributed deformation. The latter occurs in process zones that are
located at complexities on the fault systems along which deformation
localises.

Considering that the lithosphere behaves as a strain-softening
material, we produce a model of the deformation in the Dead Sea
region that is consistent with creating features of the morphology
observed today. We use a combination of dislocations to reproduce
the deformation field. The only assumption made using this approach
is that the medium is continuous and responds linearly to each
increment of strain. The only material parameter that is required is
Poisson's ratio. The resulting model (Fig. 5c) reproduces major
features of the observed topography much better than using other
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deformation, discussed in the text.

Fig. 10. Focal mechanisms along the Dead Sea valleys, modified from Hofstetter et al.
(2007). The multiple orientations of the fault planes are consistent with resulting from
distributed brittle deformation. See also more detailed maps in the same paper. Similar
multiple mechanism faulting and associated strain relief for northern California is
discussed by Amelung and King (1997a,b).
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modelling approaches. It provides, in particular, an explanation for the
relatively high elevation of the Araba compared to the Jordan valley,
an observation hitherto unexplained.

Armed with the deformation model we consider the implications
of the crustal rocks exhibiting a strain-softening behaviour. In such
materials deformation localises to form faults or shear zones where
slip directions are collinear on long distances. Deformation occurs in a
distributed manner elsewhere. The model predicts that deformation
can localise along strike-slip faults within the valleys but must remain
distributed elsewhere, occurring on small faults with various
orientation. This is consistent with the observation of large-scale
strike-slip faulting within the valleys and the absence of major
normal faults outlining the valley sides. The multi-scale multi-
direction faulting predicted for the distributed deformation is strongly
supported by the highly variable focal mechanisms for small
earthquakes along the valleys (Fig. 10, Hofstetter et al., 2007).

There are numerous other examples of the distributed deforma-
tion that we describe here. They include the northern and southern
parts of Death Valley and Fish lake valley, which like the Dead Sea
valleys exhibit strike-slip faults but no significant normal faults; yet
both strike-slip and extension are active. They are very similar in form
to the Dead Sea valleys. The relation between motion in the southern
East California Shear Zone (Imperial, Panamint and Death Valleys) and
deformation in the Eastern Mojave also requires distributed defor-
mation. In Greece, the North Anatolian fault in the Aegean is clearly
kinematically related to the Gulf of Corinth (e.g. Armijo et al., 1996),
but the connection must be accommodated by distributed deforma-
tion since no simple connecting structures can be found.

On theoretical grounds, it has been proposed that process zones
should be stronger than established faults (Cowie and Scholz, 1992),
but quantitative values could not be assigned. Although commonly
considered to be weak the level of shear stress along major strike-slip
faults has been a controversial topic. The stress-heat flow paradox of
the San Andreas fault has largely fuelled the debate (Brune et al.,
1969; Lachenbruch and Sass, 1980; Scholz, 2000; Scholz, 2006;
Zoback et al., 1987). The lack of a significant heat-flow anomaly along
the fault suggests a low level of shear stress and argues against shear
heating on the fault plane as being an important heating mechanism.
Interpretation of stress orientation data has proved to be controver-
sial, but nonetheless has led many to conclude that major faults were
very weak (Townend and Zoback, 2004, Zoback et al., 1987). Others
have concluded that they were stronger (Miller, 1998; Scholz, 2000)
although not as strong as frictional coefficients measured in
laboratory experiments would suggest (Byerlee, 1978). The idea of
weak faults is supported by various publications, among which that of
Lavier et al. (2000) who show that significant weakening is required
in order to create very large offset faults in continental rift settings.
Processes of dynamical weakening (thermal pressurisation of pore
fluid, flash heating at microasperities for instance) have been invoked
to explain the weakness of a well-localised fault plane during a
rupture propagation (e.g. Rice, 2006; Sibson, 1977).
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John Suppe (2007) has recently shown directly that the strength
of the distributed deformation of an accreting wedge where
deformation is distributed is ten times greater than that of the
underlying localised detachment fault. This is a robust measurement
of the relative strengths. Furthermore it is at the scale of the problem
that we are considering and does not require extrapolation of
laboratory scale data to scales 107 times greater. If the same relation
applies between the percentage of strike-slip and of distributed
deformation calculated for the Dead Sea valleys then the strike-slip
motion will contribute at most to a quarter of the resistance to
motion for this part of the plate boundary. Distributed deformation
associated with geometric complexities will therefore provide most
of the resistance to motion along the plate boundary and not faults
themselves. It then follows that process zones of distributed
deformation should be the locus of most energy dissipation, much
of which will be converted into heat.

9. Conclusions

Deformation in the lithosphere has often been thought to depend
only on pressure, temperature, fluid environment, material compo-
sition and microstructure (e.g. Kohlstedt et al., 1995). The importance
of the geometric and kinematic evolution of boundary conditions in
controlling the deformation style has largely been ignored. In strain-
softeningmaterials however, it seems to control the deformation style
causing some deformation to localise along simple shear directions
and some deformation to remain distributed in process zones where
kinematic incompatibility prevents localisation to occur over long
distances. This geometric and kinematic control on deformation is
observed from scales of centimetres or less to tens of kilometres or
more. We explore the implications of modelling the lithosphere,
where both localised and distributed deformations occur, as a strain-
softening material. To that end, we determine the deformation field
associated with the creation of the Dead Sea valleys. Our kinematic
model can demonstrably explain the creation of the major features of
today's topography. It allows us to quantify the distribution between
localised and distributed deformations and to estimate the stress
levels associated with each contribution. We find that although only
35% of the deformation is distributed, it provides 3 times more
resistance to motion on the Levant boundary than strike-slip motion.
It is important to underline that this estimate of the distribution and
level of stresses at plate boundaries only relies on kinematics and not
on the extrapolation of small-scale rheological laws, which behav-
iours are still poorly understood. Our approach therefore provides an
important alternative method for improving our understanding of
lithosphere deformation. Although our case study concerns the crust
it can be applied to the whole lithosphere if it is considered to behave
in a similar way. We suggest that the resistance to motion results
mainly from distributed deformation in process zones associated with
geometric complexities on fault systems and not from faults
themselves. These process zones must therefore be the locus of
most energy dissipation, most of which must be converted into heat.
This has implications for our understanding of the origin of
metamorphism and magma genesis in the lithosphere.
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