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S U M M A R Y

A number of field observations suggest that sliding on fault planes may occur at very shallow

dip in the brittle field. The existence of active low angle normal faults is much debated because

(1) the classical theory of fault mechanics implies that faults are locked when the dip is less

than 30◦ and (2) shallow dipping fault planes do not produce large earthquakes (M > 5.5). To

reconcile observations and theory, we propose a new model for fault reactivation by introducing

an elasto-plastic frictional fault gouge as an alternative to the classical dislocation models with

frictional properties. Contrary to the classical model which implies that the dilation angle

ψ equals the friction angle φ, our model accounts for ψ < φ and permits ψ < 0 in the

fault gouge as deduced from laboratory and field observations. Whilst the predicted locking

angles differ in most cases by less than 10◦ from the classical model, a significant amount of

plastic strain (strain occurring in elasto-plastic regime) is predicted to occur on badly oriented

faults prior to locking in a strain-hardening regime. We describe four modes of reactivation

which include complete/partial reactivation with/without tensile failure in the surrounding

medium. This paper presents analytical solutions to separate those four different modes as

well as numerically computed estimates of the amount of plastic strain accumulated before

locking. We conclude that plastic strain on badly oriented faults is favoured by compaction of

the fault gouge and that those faults are probably aseismic because this strain always occurs

in a hardening regime.

Key words: Creep and deformation; Fault zone rheology; Rheology and friction of fault

zones; Fractures and faults.

1 I N T RO D U C T I O N

Some low angle normal faults (LANFs) preserve field evidence for

brittle-frictional behaviour, for example, a brecciated gouge. These

faults are often associated with vertical joints and veins, which show

that deformation occurred while the maximum principal stress was

nearly vertical (e.g. Collettini & Barchi 2002; Skarpelis 2002; Famin

et al. 2004; Mehl et al. 2005). Therefore, those faults can be classi-

fied as ‘weak’ faults in the sense that they occur at large angle (>45◦)

with respect to the maximum compressive stress σ1. Studying weak

LANFs presents several advantages compared to their strike-slip

equivalents (e.g. San Andreas fault). First, exhumation processes

and/or uplift produce vertical displacement, which allow fault zone,

processes that occurred at different depths to be observed at the

outcrop scale. Secondly, boundary conditions (i.e. the direction of

the principal stresses) are not well constrained on strike-slip faults

while, during the activity of the LANF, one component of stress

acting on the fault plane is known because the vertical stress (ρgz)

is not contained within the fault plane.

Exhumed LANFs are widespread and frequently associated with

metamorphic core complexes (Wernicke 1992). Some of them are

seismically active (Abers et al. 1997). However, it is rare to observe

earthquakes with significant magnitude (>M 5.5) on those faults

(McKenzie 1969; Jackson & White 1989; Collettini & Sibson 2001).

It is beyond the scope of this study to discuss whether such struc-

tures were formed at low angle in the ductile field (Lister & Davis

1989), or correspond to reactivated ancient thrusts or rotated high

angle normal faults (Wernicke 1981; Buck 1988). Similarly, pro-

cesses which allow a decrease of the friction coefficient of the fault,

such as the presence of talc in the fault gouge (Moore & Rymer

2007) or fluid overpressure (Rice 1992), are not considered here.

Instead we focus on the parameters, which favour elasto-plastic

deformation to occur on an extensionally reactivated pre-existing

low angle-dipping plane. The originality of our approach is that
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2 E. Lecomte et al.

Figure 1. Effective friction evolution (a and b) and stress rotation within the shear zone (c and d) during shearing along a normal fault with varying dip. The

strength of the fault depends on whether the dip of the fault is higher or lower than a critical dip of π /4 + ψ /2. The fault may evolve in a strain softening

(well-oriented fault) regime or in a strain hardening (badly oriented fault) regime. In the first case, the effective friction of the fault decreases from a peak value

to a steady state one whereas in the second case, the effective friction of fault increases up to a steady state value.

the faults are modelled as thin layers or shear zones, which de-

form with an elasto-plastic rheology (Vermeer 1990), rather than

as dislocations with frictional properties. This approach allows the

evolution of stresses to be modelled within the shear zone and in

the embedding medium when plastic flow occurs. The main differ-

ence with the classical reactivation model lies in the possibility to

quantify the amount of plastic strain within the shear zone before

it locks. This elasto-plastic formulation has already been used for

many geological problems (Poliakov et al. 1993; Gerbault et al.

1999; Chéry 2001) and can be applied to all fault orientations

(Fig. 1 and Supporting Information). Vermeer (1990) showed

that the stress evolution during the slip on a reverse fault (σ3 =

constant = vertical) depends mainly on the dip of the fault. Here,

we adopt a similar formulation for normal faults (σ1 = constant =

vertical). We find that depending whether the dip of fault is higher

or lower than a critical dip of π

4
+

ψ

2
(ψ characterizing the dilation

angle of the fault), the fault may evolve in a strain softening (well

oriented fault) or strain-hardening (badly oriented fault) regime

(Fig. 1). The strength of a well oriented fault decreases from an

initial peak value to a steady state one whereas the strength of badly

oriented faults increases with strain up to a steady state value. In

both cases the strength changes due to the rotation of the principal

stress axes within the shear zone. The rotation continues until the

maximal principal stress axis σ1 reaches the limiting angle of π

4
+

ψ

2

with the shear zone (Fig. 1), defining the steady state of the system.

Our formulation is compatible with the model proposed by Byerlee

& Savage (1992), which suggested a limiting angle of π

4
, according

to a dilation angle equal to zero.
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An approach to quantify brittle strain 3

We present first the mathematical model used for computing the

stress evolution with increasing shear strain within and outside the

shear zone and second the results of a parametric numerical analysis.

The predictions of the model in terms of plastic strain and stress

rotation are discussed in the light of tectonic markers potentially

observed within natural LANF zones (e.g. secondary shears) or in

the surrounding medium (e.g. vertical veins and/or meso-scale high

angle normal faults). The paper further provides analytical solutions

that define the transition between the different structural patterns

associated with slip on the shallow-dipping plane as a function of

the rheological parameters.

2 PA R A M E T R I C A N D N U M E R I C A L

A NA LY S I S

2.1 Conceptual model

The shear zone is considered as a pre-existing thin layer of dip

δembedded in a brittle medium (Fig. 2a). Both media are charac-

terised by five mechanical parameters. The Poisson ratio υ and the

shear modulus Gcharacterise their elastic properties. The friction

angle φ, the dilation angle ψ and the cohesion Co characterize their

plastic properties. The superscripts in and out refer to parameters

Figure 2. (a) and (b) Setup of the model and Mohr circle constructions representing the state of stress within and outside the shear zone. At the onset of the

localisation, stresses within and outside the shear zone are equal (a). During localisation, the stress within the shear zone rotates from an orientation depending

initially on the dip of the shear zone δ, to an orientation depending on the dilation angle, δin
ss = π

4
+

ψ

2
(Fig. 1). (c) and (d) Evolution of the differential

stress and the pressure within and outside the shear zone, respectively. Differential stress and pressure are normalized to the lithostatic pressure. (e) Evolution

of the effective friction of the fault including a variation of the elastic properties between the fault zone and the embedded medium during elasto-plastic

deformation.

C© 2010 The Authors, GJI, 184, 1–11

Geophysical Journal International C© 2010 RAS

 at C
N

R
S - IST

O
 on February 4, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


4 E. Lecomte et al.

within and outside the shear zone, respectively. The stress and strain

rate tensors are written using the Voigt notation.

The surroundings of shallow dipping normal faults are commonly

subject to coeval occurrence of vertical veins and cracks (e.g. Mehl

et al. 2005). These observations attest for a sub-vertical maximum

principal stress σ1 during the activity of the fault, which allows

to use the Anderson’s principle (Anderson 1951). Therefore, we

consider that the maximum principal stress outside the shear zone

is vertical and equal to the lithostatic pressure, as described by

eq. 1:

σ out
1 = σv =

z
∫

0

ρ(z)gdz, (1)

where g is the Earth’s gravitational acceleration and ρ(z) the den-

sity at depth z. The shear zone defines a local orthonormal x − y

reference frame, in which the x-axis is parallel to the shear zone.

The dip of the shear zone, δ, is equal to the angle between the shear

zone and the minimum principal stress σ out
3 .

The stress and strain rates are homogenous inside and outside the

shear zone. Between the shear zone and the embedding medium,

the shear and normal components of stress acting on the interface

must be continuous, hence:

σn = σ in
yy = σ out

yy , (2)

τ = σ in
xy = σ out

xy (3)

and their ratio corresponds to the effective friction as defined by

Amonton’s law:

µe f f = tan φ =
τ

σn

. (4)

However, a stress discontinuity is introduced across the interface by

allowing σxx to be discontinuous across the shear zone boundary.

No voids are permitted at the interface between the shear zone

and the embedding medium as required in continuum mechanics.

Displacements must therefore be compatible, resulting in:

ε̇in
xx = ε̇out

xx (5)

the two other components of the strain rate, ε̇yy and ε̇xy , may however

be discontinuous across the interface.

The discontinuities included in the model result in different rel-

ative angles between the shear zone and the maximum principal

stress axis depending on whether the state of stress is considered

within or outside the shear zone. The state of stress in the system

can be represented with two Mohr circles (Fig. 2) that must cross on

the fault plane (σn, τ ) to fulfil the requirement for continuity (eqs 2

and 3).

2.2 Description of the model

As the x − y reference frame forms an angle δ with the principal

stress reference frame, the stress can be written in the x−y reference

frame as a function of principal stress and δ:

σ
out =

⎡

⎢

⎣

σ out
xx

σ out
yy

σ out
xy

⎤

⎥

⎦
=

1

2

⎡

⎢

⎣

σ out
1 (1 − cos 2δ) + σ out

3 (1 + cos 2δ)

σ out
1 (1 + cos 2δ) + σ out

3 (1 − cos 2δ)

(σ out
1 − σ out

3 ) sin 2δ

⎤

⎥

⎦
.

(6)

In this frame, σ out
yy is σn and σ out

xy is τ . Introducing them into the

effective friction definition (eq. 4), we find a linear relationship

between σ out
1 and σ out

3 as a function of the effective friction and the

dip of the shear zone:

σ out
3 = σ out

1

sin 2δ − µe f f (1 + cos 2δ)

sin 2δ + µe f f (1 − cos 2δ)
. (7)

As σ out
1 is constant and equal to σv (Anderson principle), we now

aim to compute the effective friction of the shear zone to fully

constrain the surrounding state of stress.

To that end, we introduce a yield function and elasto-plastic rheo-

logical equations in the model (Vermeer & de Borst 1984; Vermeer

1990).

The model considers that the shear zone is yielding when function

F
in equals zero:

F in = τ ∗ − σ ∗ sin φin − Co cos φin = 0. (8)

Here, τ ∗ and σ ∗ correspond to the radius and to the centre of the

Mohr circle, respectively:
⎧

⎪

⎨

⎪

⎩

τ ∗ =
1

2

√

(

σ in
yy − σ in

xx

)2
+ 4σ in2

xy

σ ∗ =
1

2

(

σ in
yy + σ in

xx

)

. (9)

The Mohr circle constructions allow the stress state at the onset

of yielding to be constrained (Fig. 2a). It is possible to numeri-

cally compute the complete stress–strain state within and outside

the shear zone as a function of the amount of shear strain γ at a sin-

gle point in space, following Euler’s forward marching integration

scheme (Vermeer 1990). The computation accounts for an elasto-

plastic behaviour within the shear zone and Hooke’s law outside

(both rigidity matrices are described in Appendix A). It uses the

Anderson principle to fix the boundary conditions with the elastic

surrounding medium (eq. 1) while continuity (eqs 2 and 3) and

compatibility (eq. 5) conditions allow computation of the evolution

of strain and stress within the shear zone.

Since the shear zone is not parallel to the plastic flow direction,

part of the deformation within the shear zone is elastic. The elastic

strain causes a rotation of the principal stresses (Fig. 2b) in such a

way that the angle, β, between the plastic flow and the shear zone

decreases with increasing strain (β − ψ → 0). The stress within

the shear zone rotates from an orientation depending initially on the

dip of the shear zone δ, to an orientation depending on the dilation

angle, δin
ss = π

4
+

ψ

2
(Fig. 1).

For the range of tested shear zone orientations (0◦ < δ < 45◦),

plastic strain occurs in a hardening regime since the deviatoric

stresses within and outside the shear zone increase continually dur-

ing deformation (Fig. 2c). Notably, the pressure rises within the

shear zone, but decreases outside (Fig. 2d). This is consistent with

previous models, which describe an increase of mean stress within

a badly oriented fault (e.g. Chéry et al. 2004).

At large strain, β = ψ and the plastic flow is parallel to the shear

zone (Fig. 2b), hardening stops and the shear zone now behaves

effectively as a perfect plastic body. In the rest of the paper, we will

call that final stage the steady state because from that amount of

strain onward, the stress does not change anymore.

2.3 Reactivation associated to shear failure

in the surrounding medium

In shear we use the Mohr–Coulomb yield criterion to determine

whether a new fault can form in the surrounding medium (i.e. for

stresses outside the shear zone reaching the yield criterion) before

the steady state is established. Based on this approach, Sibson (1990)

C© 2010 The Authors, GJI, 184, 1–11
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An approach to quantify brittle strain 5

described the conditions of reactivation of a fault according to its

intrinsic parameters and defined the limit of reactivation as the

locking angle of the fault. However, our model allows to constrain

the amount of strain which can occur on the shear zone before it

locks. We show that plastic strain may take place before the shear

zone locks (see Section 2.5), so we prefer to describe the locking

angle defined by Sibson (1990) as the limit between partial and total

reactivation of the shear zone. We now seek to analytically describe

the state of stress at steady state to establish the locking angle for

our model. The normal and shear components of stress acting on

the shear zone can be written as a function of the stress invariants

of the shear zone and the dilation angle:
{

τ = τ ∗ cos ψ

σn = σ ∗ − τ ∗ sin ψ
. (10)

When the shear is yielding, τ ∗ and σ ∗ are linearly related (Fig. 2b),

so that the effective friction µeff only depends on the intrinsic pa-

rameters of the shear zone φin and ψ , hence:

τ ∗ = σ ∗ sin φin, (11a)

µeff =
sin φin cos ψ

1 − sin φin sin ψ
. (11b)

Since σv is constant and equal to ρgz which corresponds to σ out
1 in

extensional setting, it is possible to actually compute the full steady

state stress tensor in the embedding medium as a function of depth.

Integrating eq. 11b into eq. 7, the relation between the minimal and

the maximal principal stress outside the shear zone becomes:

σ out
3 = ρgz

sin 2δ (sin φin sin ψ − 1) + sin φin cos ψ(1 + cos 2δ)

sin 2δ (sin φin sin ψ − 1) − sin φin cos ψ(1 − cos 2δ)
.

(12)

The limit between complete and partial shear zone reactivation is

obtained when the system is in a steady state and the outside stress

reaches the yield criterion. Using Mohr circles, one can obtain an

expression for the minimal principal stress outside the shear zone

as a function of the parameters Coout and φout of the surrounding

medium given by:

σ out
3 = σ out

1

1 − sin φout − 2Coout cos φout

1 + sin φout
. (13)

Combining eqs 12 and 13, the friction angle of the shear zone can

be written as:

sin φin =
A sin 2δ

A cos(ψ − 2δ) + cos ψ
(

σ out
1 − Coout cos φout

) , (14)

with A = σ out
1 sin φout + Coout cos φout .

Eq. 14 determines the maximal friction angle within the shear

zone that allows a complete reactivation of the system (Fig. 3a).

We established it as a function of the dip of the shear zone to

quantitatively compare our model to the classical brittle models

(Sibson 1990; Collettini & Sibson 2001; Fig. 3a black curve). Grey

curves on Fig. 3(a) show the locking angle of the fault (i.e. the

limit between partial and total reactivation of the fault) according

to the dilation angle. One can see that the total reactivation of

a compacting shear zone can occur at higher friction coefficients

than those defined by Sibson (1990). Nevertheless, severely badly

oriented shear zones cannot be reactivated with a friction coefficient

higher than 0.1 and other processes, such as fluid overpressure (Rice

1992), are required to reduce the friction coefficient of the fault.

When the dilation angle is equal to the friction angle of the shear

zone, that is, in the case of associated plastic flow, the effective

friction on the shear zone (eq. 11b) can be written in terms of the

embedding media parameters only. Considering the least principal

stress σ out
3 as given in eq. 12 and combining it with eq. 13, the friction

angle within the shear zone required for a complete reactivation is

found in eq. 15. It corresponds to Sibson’s (1990) definition:

tan φin =
A sin 2δ

A cos 2δ + σ out
1 − Coout cos φout

. (15)

The effective friction of the shear zone allows us to define the po-

tential reactivation of the shear zone as a function of the reactivation

angle θr = 90◦ − δ (Sibson 1990); θr then corresponds to the angle

between the direction of the maximal principal stress outside the

shear zone (here, vertical) and the shear zone. Expressing eq. 12 in

terms of differential stress and plotting it versus θr (Fig. 3b, grey

line) allows a direct comparison with the locking angle computed

in previous studies (e.g. Collettini & Sibson 2001). The maximum

locking angle is obtained for a dilation angle equal to the friction

of the shear zone (ψ = φin) corresponding to an associated plastic

flow rule (black line on Fig. 3b). In that case, the shear zone is found

to behave exactly like the brittle model (Sibson 1990). Rocks how-

ever, typically have ψ ≃ 0 and mature faults actually display severe

compaction due to grain size reduction (Niemeijer et al. 2009). A

small to negative dilation angle allows the shear zone to be fully

reactivated at smaller dips δ. The grey line on Fig. 3(b) indicates that

the maximum dip for the reactivation of a shear zone with a friction

angle µin = 0.6, is close to δ ≈ 20◦ (θr ≈ 70◦). Hence, taking into

account more realistic parameters, we show that the locking angle

may differ by up to 10◦. This result is obtained assuming an extreme

compaction coefficient (ψ = −φin). However, we note that for small

friction values, the coefficient of compaction also remains small.

2.4 Reactivation associated to tensile failure

in the surrounding medium

As mentioned earlier, LANF’s are frequently associated with tensile

failure of the embedding medium. We therefore seek to determine

the set of parameters for which shear zone reactivation leads to such

tensile failure. The limit between reactivation with or without ten-

sion can be characterised by introducing a yield criterion in tension

that we simply define as σ out
3 ≤ 0. Inserting this failure criterion

into eq. 13 and solving for the cohesion of the surroundings, we find

that tensile failure only occurs if the following condition is satisfied:

Coout ≤ σ out
1

1 − sin φout

2 cos φout
. (16)

The limit of the partial reactivation in the context of an embedding

medium in tension therefore does not depend on the mechanical

properties of the shear zone. However, the limit between complete

reactivation in a tensional setting is related to the dip and the intrinsic

parameters of the shear zone (eq. 17). To compute it, we substitute

eq. 11b into eq. 7 and solve for σ out
3 = 0. The limiting shear zone

friction for a complete reactivation of the shear zone associated with

tensile failure thus becomes:

sin φin =
sin 2δ

cos ψ(1 + cos 2δ) + sin ψ sin 2δ
. (17)

The outcomes of the parametric analysis can therefore be classi-

fied into four modes of reactivation to be compared to geological

observations.

The modes include a complete (Fig. 4, cases I and II) or partial

(Fig. 4, cases III and IV) reactivation of the shear zone with (Fig. 4,

cases II and III) or without (Fig. 4, cases I and IV) tensile failure

C© 2010 The Authors, GJI, 184, 1–11
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6 E. Lecomte et al.

Figure 3. (a) Analytical solution limiting partial reactivation and steady state as a function of the friction and the dip of the shear zone. (b) Analytical solution

limiting partial reactivation and steady state as a function the differential stress outside the shear zone and its dip (after Collettini & Sibson 2001).

in the surrounding medium. The partial mode of reactivation define

sets of parameters which do not allow a complete reactivation (i.e.

the steady state) of the system. In that case, stresses in the embedded

media reach the yield criteria; the system is then considered locked.

2.5 Numerical analysis

The numerical model allows the quantification of the plastic strain

in partial reactivation mode before the system locks. For each set of

parameters, a unique mode of reactivation is found and the numer-

ical analysis is well described by the analytical formula previously

derived (Fig. 5). A large range of the set of parameters tested herein

do not reach a steady state. Nevertheless, significant plastic strain

can occur on the LANF prior to the formation of a new fault. The

amount of plastic strain is higher (1) when the system is close to

the steady state and (2) for high confining pressure. This amount

thus depends on the initial dip of the shear zone and on the intrinsic

parameters of the embedding medium.

The limit between the steady state and the partial reactivation

(Fig. 5, blue line), defined by eq. 14, depends mainly on the dip of the

shear zone and on the ratio between the cohesion outside the shear

zone and the confining pressure Coout∗ = Coout

σv
. Increasing Coout∗

favours the complete reactivation for higher shear zone friction.

Therefore, the reactivation at steady state of the system requires

a lower shear zone friction for high confining pressure. However,

the strain accumulated on the shear zone prior to locking is much

higher at high confining pressure and therefore should favour the

coexistence of high angle normal faults and LANFs.

Tensile cracks and veins in the embedding medium may develop

when the LANF is reactivated, either partially or completely (Fig. 5,

pink and green lines). In the case of complete reactivation (no

high angle normal fault around), their occurrence is independent

of the confining pressure. Interestingly, the coeval occurrence of

tensile cracks and high angle normal faults and LANFs (Fig. 5,

mode of reactivation III) is only possible for a very small range of

parameters.

3 D I S C U S S I O N A N D C O N C LU S I O N

3.1 Main results

This contribution formulates a new model for extensional fault re-

activation in which faults follow a non-associated Mohr–Coulomb

plastic flow, controlled by two parameters: the friction angle φ and

the dilation angle ψ . This rheological model is used in most of

the geodynamic codes to simulate the formation and reactivation

of faults in the crust (e.g. Chéry 2001; Le Pourhiet et al. 2004)

using a dilation angle of zero. In this paper, we derived an analyt-

ical solution for fault reactivation using the non-associated plastic

flow rule theory. Results include the solution of the classical fault

C© 2010 The Authors, GJI, 184, 1–11
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An approach to quantify brittle strain 7

Figure 4. The four modes of reactivation including a complete or partial reactivation of the shear zone with or without tensile failure in the surrounding

medium. Modes I and II suggest a steady state whereas modes III and IV suggest partial reactivation of the shear zone. Modes II and IV include the possible

development of tensile failure in the surrounding medium.

Figure 5. Plastic strain rate obtained in partial reactivation before locking as a function of the shear zone friction and the ratio between the cohesion outside

the shear zone and the confining pressure Coout∗. Modes of reactivation are those described in Fig. 3.

reactivation model (eq. 15; Sibson 1990) as an end-member case

in which rock plastic dilation ψ is equal to the friction angle φ.

However, we proved that the angle of locking gets smaller as plastic

dilation ψ decreases. For compacting shear zones (ψ < 0) with By-

erlee friction coefficients, the locking angle may drop from 30◦ to

20◦. Shear compaction thus allows faults dipping as shallow as 20◦

to be reactivated for friction consistent with laboratory observations

(µ = 0.3–0.5) although the classical theory would predict locking

at dips of 20◦ for a maximum friction coefficient of 0.3. Our model

also includes the incompressible model of fault reactivation such as

the one proposed by Byerlee (1992) to explain the weakness of the

San Andreas Fault. Interestingly, Byerlee (1992) derived this model
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using slip on Riedel shears within an incompressible shear band and

predicts the exact same stress rotation and effective friction drops

within the shear as our model does.

3.2 Implications of the model for LANF

Repeated events of slip on a LANF alternating with formation of

new high angle faults in the surrounding medium are observed in

nature, the examples of the Black Mountain detachment (Death

Valley, USA; Hayman et al. 2003) and the Cycladic detachment

faults (e.g. Mehl et al. 2005, 2007; Jolivet et al. 2010) like that

of Mykonos (Voreadis 1961; Skarpelis 2002; Lecomte et al. 2010)

being representative from that mode. Those two examples differ one

from each other by the development of tensile veins in the Cycladic

case. However, Hayman et al. (2003) and Lecomte et al. (2010)

suggest that these detachments can be active close to the surface.

Those two cases fall into the partial reactivation mode described

on Fig. 5. In this mode, for a dip of 15◦ (Mykonos detachment)

and 24◦ (Black Mountain detachment), the model predicts friction

close to 0.3 and 0.45, respectively. The friction coefficient found

for the Black Mountain detachment is similar to those obtained by

Hayman et al. (2003) using the Extensional Coulomb Wedge Model

(Xiao et al. 1991). Considering cohesion less sedimentary rocks as

Hayman et al. (2003) did, the ratio Coout∗ between the cohesion

of the embedded medium and the lithostatic pressure decreases to

nearly 0. In that case, our model predicts a plastic strain higher than

10 per cent, which is consistent with the 14 per cent of extension

observed across the fault system.

The Altotiberina fault (Apennines, Italy) is an example of an

active LANF, with a dip of 15◦, highlighted by microseismicity

(Chiaraluce et al. 2007). Seismological data and seismic reflection

profiles reveal the presence of steeply normal faults soling into

the detachment. Chiaraluce et al. (2007) show that the detachment

accumulated about 3 per cent of displacement at depths ranging

from 3 to 15 km. In those conditions, our model predicts a friction

coefficient of the fault less than 0.3. This value is consistent with

average friction coefficient of 0.25–0.3 found by Collettini et al.

(2009) for the exhumed Zuccale fault (Apennines, Italy). High fluid

overpressures are related to detachments in the Apennines (Chiodini

et al. 1999; Collettini et al. 2006) which helps to explain the relative

low friction coefficient of those detachments (Rice 1992). However,

our model does not consider fluid overpressure and its mechanical

implications. This could explain the difficulties of our model to

account for the coeval occurrence of high angle faults and vertical

joints at high depths as described for the Zuccale fault (Collettini

et al. 2006; Smith et al. 2007) or for some Cycladic detachments

(Famin et al. 2004; Mehl et al. 2005).

Field observations of the above-mentioned detachments show

kilometre-scale displacement. In our model, these detachments are

characterized by the partial reactivation mode, which permits a

significant amount of plastic strain to occur before locking. How-

ever, this plastic strain cannot explain the entire displacement on

such faults and weakening processes have to be considered to al-

low a complete reactivation of the system and thus kilometre-scale

displacement on the fault. This weakening may correspond to a

decrease of the friction, of the cohesion, or of the dilation angle

with increasing strain. Lavier et al. (1999) have shown that with a

decrease of the friction or of the cohesion, it is possible to cumu-

late several tens of kilometers of displacement on a LANF. Since

decreasing the dilation angle has a similar weakening effect on the

fault zone, we believe that including a decrease with strain of the

dilation angle in large strain simulations will lead to similar find-

ings.

3.3 Predicted stress rotation versus tectonic markers

in natural fault zones

As the plastic dilation angle ψ is much smaller than the friction

angle φ in most of the natural cases, our model predicts that slip

on faults will affect the orientation of the principal stress axes

within the fault zone and perhaps also the slip lines within the

shear zones. Elasto-plastic behaviour of faults can easily be defined

by field observations (striated fault plane, brecciated gouge,. . .).

However, few direct field evidence may support the compacting

nature of fault zones. The stress rotation predicted by our model

can nevertheless be tested through the examination of micro/meso-

structures observed in natural fault zones, such as subsidiary shears

like Riedel shears, among others. Fig. 6 shows the orientations of

the internal shear structures (α- and β-shear bands) that should

form in the shear zone as it slips in the steady state regime, for three

characteristic values of dilation (ψ = −φ, ψ = 0, and ψ = φ). In

the incompressible case (ψ = 0), we see that α- and β-shear band

correspond to the R–R′ conjugate system of Riedel shear (Fig. 6) as

Byerlee suggested in 1992. In the compacting shear band case (ψ =

−φ), the internal shear structure α is parallel to the shear zone and

may correspond to the Y-band orientation that appears in mature

fault zones (Tchalenko 1970). In a general case, the maximum

principal stress makes an angle of π /4+ψ /2 with the shear zone

and the internal shears α and β make an angle of π /4−φ/2 with

the direction of the maximum principal stress (Fig. 6). We therefore

argue that accurate characterization of the orientation of subsidiary

shear planes within a natural fault zone may allow to discriminate

between the various possible mechanical behaviours predicted by

our modelling. Especially, the occurrence of Y-bands would provide

evidence for large-scale compaction of the frictional shear zone.

Stress rotation within the fault zone has also been explained by

invoking a decrease of the elastic compressibility towards the fault

(e.g. Faulkner et al. 2006). Interestingly, both the model proposed by

Faulkner et al. (2006) and our compacting model suggest a rotation

of the maximum principal stress to an angle favourable to nucleate

well-oriented faults within the fault core. Whilst the two models are

conceptually very different, they reach very similar predictions in

term of stress orientation. In Faulkner et al. model (2006), the stress

rotation is due to elastic strain within the shear zone prior to yielding.

With that model, the fault gouge is well oriented and plastic yielding

is predicted to onset in a strain-softening (i.e. unstable) regime at

the scale of the fault zone.

In our model, the direction of the principal stresses rotates with

plastic yielding in a hardening regime and it is only after a com-

plete rotation that the small patches, as Riedel shears, may form

in softening regime within the shear zone. In the case of a com-

pacting fault, the patch may even be parallel to the fault zone. The

apparent similarity of the behaviour of the two models relies on the

fact that our elasto-plastic rigidity matrix has the same form as the

anisotropic elastic rigidity matrix (e.g. Healy 2009).

3.4 Seismogenic predictions

Our model finally allows some aspects of the seismogenic behaviour

of LANF zones to be captured. Any normal fault dipping between

0◦ < δ < 45◦ deforms in a strain hardening regime because the

effective friction of the fault increases continually with strain due
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Figure 6. Predicted newly formed micro/meso-structures after the stress rotation within the fault zone for the three characteristic dilation angles (ψ = −φ,

ψ = 0 and ψ = φ). For ψ = 0, α- and β-shear band correspond to R–R′ Riedel shears. In the compacting shear band case (ψ = −φ), the α-shear band is

parallel to the shear zone margin and may correspond to the Y-band orientation.

to stress rotation. In this regime, it is possible to dynamically prop-

agate shear instabilities like earthquakes (Leroy & Ortiz 1990) but

complex mechanisms, such as very high fluid overpressures (Rice

1992), are required to trigger unstable slip. However, our model

would allow small earthquakes to nucleate along secondary, well-

oriented faults like Riedel shears within the core of a large scale low

angle shear zone behaving in a hardening regime. Slip along these

Riedel faults may account for some characteristics of the micro-

seismicity associated with active LANF zones as for instance below

the Corinth Rift (Rigo et al. 1996); some of the multiplets observed

(Pacchiani 2006) could correspond to these Riedel shears and could

therefore reflect the internal slip fabric of the fault core. Our model

is well in agreement with the lack of M > 5.5 earthquakes on LANF

(Jackson & White 1989; Collettini & Sibson 2001) but allows for

elasto-plastic deformation to occur aseismically on very badly ori-

ented shear zone (with a dip less than 30◦) as it is observed at the

outcrop scale (e.g. Hreinsdóttir & Bennet 2009).
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A P P E N D I X A : E L A S T O - P L A S T I C

R H E O L O G Y

The elasto-plastic strain rate is decomposed into an elastic ε̇e and a

plastic ε̇ p components assuming their summation:

ε̇ = ε̇
e + ε̇

p. (A1)

Applying Hooke’s law, the elastic strain rate can be related to the

stress rate:

ε̇
e = D

−1
σ̇ . (A2)

The rigidity matrix D is expressed in terms of shear modulus G and

the Poisson’s ratio ν:

D = 2G

⎡

⎢

⎣

(1−υ)

1−2υ

υ

1−2υ
0
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0
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⎦
. (A3)

The plastic potential Q (eq. A4) differs from the yield criterion F in

that the dependence upon pressure is expressed in terms of plastic

dilation ψ rather than friction φ:

Q = τ ∗ − σ ∗ sin ψ. (A4)

The plastic flow is expressed as the derative of the plastic potential

function versus stress multiplied by a plastic scalar multiplier
.

λ:

ε̇
p = λ̇

∂Q

∂σ

. (A5)

It results that the plastic flow is not normal to the yield envelope

unless ψ = φ, therefore the plastic flow considered here is said

non-associated. Assuming that the fault continues to yield, that is,
.

F = 0, it is possible to write
.

λ as a function of strain rate to build

the elasto-plastic rigidity matrix according to Hill (1950):

σ̇ =

[

D −
1

d
D

∂Q

∂σ

∂F

∂σ

D

]

ε̇, (A6)

where d is a scalar plastic hardening modulus defined as d =
∂F

∂σ
D

∂Q

∂σ
.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-

sion of this article:

Figure A1. Stress evolution using Mohr circles of the extensional

reactivation of a well-oriented normal fault. The black point corre-

sponds to the fault plane. Stresses are normalized to σ v.

Figure A2. Stress evolution using Mohr circles of the extensional

reactivation of a badly-oriented normal fault. The black point cor-

responds to the fault plane. Stresses are normalized to σ v.

Figure A3. Stress evolution using Mohr circles of the partial ex-

tensional reactivation of a badly-oriented normal fault. The black

point corresponds to the fault plane. Stresses are normalized to σ v.

The locking of the fault occurs when stresses outside the shear zone

(blue circle) reach the yield criterion.

Please note: Wiley-Blackwell are not responsible for the content or

functionality of any supporting materials supplied by the authors.

Any queries (other than missing material) should be directed to the

corresponding author for the article.
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