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Abstract

We evaluate the parameters that control the thickness of ductile shear zones that are
generated by viscous heating. We employ two-dimensional thermomechanical numerical models to
simulate shear zone development under compression. Results show that the shear zone thickness is
essentially independent on the numerical resolution and the initial size of a weak inclusion that triggers
shear localization. A simple scaling law is derived which predicts the thickness with six physical parameters:
far-ﬁeld stress and strain rate, thermal conductivity (both constant and temperature dependent), initial
temperature, activation energy, and stress exponent. The scaling law is conﬁrmed by numerical simulations
for a wide range of parameters. For crustal deformation conditions typical temperature increase ranges
between 50◦ C and 200◦ C, and the predicted thickness is between 1 km and 7 km. These thicknesses agree
with natural crustal and lithospheric shear zones suggesting that shear heating is a process controlling
crustal shear zone formation.

1. Introduction
Ductile shearing is a widespread mode of lithospheric deformation, and the occurrence of kilometer-scale
shear zones at plate boundaries is a key ingredient of plate tectonics [Gibbons, 2008]. These shear zones represent essential features of subduction zones [Yuen et al., 1978; Cloos and Shreve, 1996], lithospheric extension [Davis, 1983; Wernicke, 1985], and transcurrent deformation [Yuen et al., 1978; Brun and Cobbold, 1980;
Thatcher and England, 1998; Leloup et al., 1999]. At the crustal scale, ductile shear zones are well represented
in orogens [Ramsay, 1980] where tectonic nappes are often considered as plurikilometric ductile shear
zones [Steck, 2008; Steck et al., 2013]. At these scales, thermal weakening due to viscous heating is generally
considered as an important process for the development and maintenance of shear zones [Yuen et al.,
1978; Brun and Cobbold, 1980; Fleitout and Froidevaux, 1980; Regenauer-Lieb and Yuen, 2003; Kaus and
Podladchikov, 2006; Braeck and Podladchikov, 2007; John et al., 2009; Thielmann and Kaus, 2012; Minakov
et al., 2013; Schmalholz and Podladchikov, 2013; Walley, 2007; Wright, 2002; Dodd and Bai, 2012; Takeuchi
and Fialko, 2012]. Viscous heating is also considered as an important mechanism taking place during
intermediate depth earthquake rupture [Prieto et al., 2013]. The geodynamic interpretation of natural
pressure-temperature estimates within or in the vicinity of shear zones requires a thorough understanding of their thermomechanical behavior [Bird, 1978; England and Molnar, 1993; Duprat-Oualid et al.,
2013]. The thickness of shear zone has indeed a strong impact on the strain rate, stress, pressure, and
temperature distribution inside shear zones [Fleitout and Froidevaux, 1980]. However, the parameters
that control the thickness of ductile shear zones within rocks are until now still not well understood.
Here we employ two-dimensional (2-D) thermomechanical numerical simulations, based on the ﬁnite
diﬀerence/marker-in-cell (FD/MIC) method, to model the development of shear zones due to viscous heating. The shear zones are triggered by a weak circular inclusion, and the employed rheologies are described
by ﬂow laws typical for crustal rocks. We show that the thickness of these shear zones is only controlled by
the material properties and far-ﬁeld loading conditions. Furthermore, we derive an approximate scaling law
for the shear zone thickness which can be used to predict the shear zone thickness.

2. Mathematical Model
We consider the deformation of power law viscous incompressible ﬂuid with thermomechanical coupling. The transient energy balance equation is hence coupled to the heat dissipated by irreversible
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Table 1. Material Parameters Used in the Reference Simulationsa
Material

A (Pa−n s−1 )

Matrix

3.20 × 10−20

3.0

276

2.5

1.72 +

Inclusion

3.16 × 10−26

3.3

186

2.5

1.72 +

n

Ea (kJ/mol)

k (W/m/K)

k(T) (W/m/K)
807
T+350
807
T+350

Cp (J/kg/K)

𝜌 (kg/m3 )

1050

2700

1050

2700

a The

temperature-dependent conductivity law was employed for the experiments depicted on
Figure 4. The parameters were modiﬁed after Clauser and Huenges [1995] in order to provide a conductivity equal to the reference conductivity (k = 2.5 W/m/K) when the initial temperature is equal to the
reference temperature (T0 = 400◦ C).

mechanical work:
𝜌Cp

DT
𝜕
=
Dt
𝜕xi

(
k

𝜕T
𝜕xi

)
+ 𝜖̇ ij 𝜏ji ,

(1)

where T, 𝜌, Cp , xi , and k, respectively, stand for the temperature, density, speciﬁc heat capacity, spatial coordinates, and thermal conductivity (Table 1). The latter can be either constant or temperature dependent
[Clauser and Huenges, 1995] (Table 1). The inner product of the viscous deviatoric stress (𝜏ij ) and strain rate
tensors (𝜖̇ ij ) represents the viscous heating source term. For steady state creep and in the absence of body
forces, the momentum balance can be written as
𝜕𝜏ij
𝜕xj

−

𝜕P
= 0,
𝜕xi

(2)

where P stands for the pressure (mean stress). Mass conservation is ensured by constraining the ﬂow to be
divergence free such that
𝜕vi
= 0,
𝜕xi

(3)

where v corresponds to the velocity vector. The deviatoric stress tensor relates to the strain rate tensor via
the constitutive relationship:
𝜏ij = 2 𝜂eﬀ 𝜖̇ ij .

(4)

The viscosity (𝜂eﬀ ) follows a thermally activated power law ﬂow law, representative for dislocation creep
deformation mechanism [Ranalli, 1995]:
)
(
1−n
1 1 −1
Ea
2 n
,
𝜂eﬀ = 1+n A− n 𝜖̇ IIn exp
(5)
nRT
3 2n
where A, n, and Ea are experimentally derived material parameters (Table 1) and 𝜖̇ II is the second invariant of
the deviatoric strain rate tensor, which is formulated as
√
1
𝜖̇ 𝜖̇ .
𝜖̇ II =
(6)
2 ij ij
2.1. Model Conﬁguration
The conﬁguration consists of a 70 × 40 km domain containing a half-circular inclusion with a radius of
3 km, whose center is located at the bottom middle of the domain (Figure 1a). The lower boundary is free
slip (zero tangential shear stress, zero normal velocities), whereas the upper, left, and right sides satisfy a
constant background strain rate 𝜖̇ BG (time-dependant normal velocity and zero tangential shear stress) of
5 × 10−14 s−1 . All thermal boundary conditions are zero ﬂux which yields to upper estimates of the temperature increase due to shear heating. The background material has Maryland diabase rheology [Carter and
Tsenn, 1987], and the inclusion has a weaker dry Westerly granite rheology [Carter and Tsenn, 1987] (Table 1).
The initial temperature is set at 400◦ C which yields to a reference stress (𝜎BG ) of 980 MPa within the Maryland diabase matrix. After a few percent of bulk shortening, shear zones with naturally developed thickness
develop spontaneously. A viscosity ratio of ∼100 develops at the material interface; hence, no viscosity
cutoﬀ is needed.
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2.2. Approximate Scaling Law
We aim at a ﬁrst-order approximation of the
quasi-stationary shear zone thickness. The
initial temperature rise due to viscous heating is assumed to outpace the conductive
cooling leading to the onset of instability
and progressive shear localization (see Kaus
and Podladchikov [2006] for the quantiﬁcation of the initial temperature rise) thus
justifying the use of insulating boundary
condition. Based on systematic numerical simulations, we found that the thermal
anomaly must be on the order of
T03 R2

ΔT ∝

(7)

n2 EA2

With time, the sharpening of the thermal
gradient may lead to quasi steady state balance between shear heating and conductive
cooling. The time derivative in equation (1)
is set to zero under quasi-static approximation; the remaining two terms balance
each other:
k

T03 R2
n2 EA2 D2

∝ 𝜖̇ BG 𝜎BG

(8)

The length scale, D, represents here the
shear zone thickness, and this length scale
appears due to the second derivative with
respect to space in the diﬀusion term of
equation (1). Solving for D yields
√
Figure 1. (a) The initial model conﬁguration. (b–d) The model
evolution until 25% bulk shortening. The color map indicates the
second invariant of the strain rate tensor (𝜖̇ II ). The white contours
indicate model areas with higher strain rates than the background
strain rate (𝜖̇ II > 𝜖̇ BG ). Black contour indicates the shape of the weak
inclusion. The red line in Figure 1d corresponds to the location of
evaluation of 𝜖̇ II proﬁle.

RT
D=K 0
n EA

k T0
,
𝜖̇ BG 𝜎BG

(9)

where K is a nondimensional constant to
be determined. The above scaling law will
be tested next with 2-D thermomechanical
numerical simulations.

2.3. Numerical Method
We use the FD/MIC numerical method [Gerya, 2010]. The momentum balance and continuity equation
are discretized on a staggered grid. The energy balance equation is solved implicitly using second-order
backward diﬀerence formula on a cell-centered grid. Energy and material properties are transported by
Lagrangian markers employing an explicit fourth-order Runge-Kutta advection scheme. The mapping
between the markers and cells is carried out by one-cell interpolation [Duretz et al., 2011] and arithmetic
averaging. The nonlinearity inherent to the non-Newtonian rheological model is treated by using Picard
iterations coupled to a line search algorithm.
2.4. Shear Zone Thickness Measurement
The thickness of the shear zone is measured using second strain rate tensor invariant (𝜖̇ II ) proﬁles obtained in
the zones of localized deformation. Within such shear zones, the stress is constant and 𝜖̇ II is therefore directly
proportional to the temperature. 𝜖̇ II proﬁles hence follow a Gaussian distribution where the maximum 𝜖̇ II
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Figure 2. Transient evolution of the shear zone characteristics with progressive bulk shortening (𝜖 ). (a) Evolution of
shear zone thickness according to criteria explained in section 2. (b) Evolution of the shear zone angle. (c) Evolution
of temperature increase (𝛿T ) within the shear zone. (d) Evolution of strain rate ampliﬁcation within the shear zone
(𝜖̇ F = max 𝜖̇ II ∕𝜖̇ BG ).

coincides with the center of the shear zone. For each numerical simulation, we deﬁne the shear zone thickness as twice the variance (2𝜎 ) of the best ﬁtting Gaussian distribution (Figure 1d). A similar approach to
determine the thickness of shear zones developing in ﬂuid-saturated gauge material was employed by Platt
et al. [2014].
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Figure 3. Shear zone after 20% shortening. (a) Results obtained for three diﬀerent initial inclusion radii for the same
numerical resolution (800 × 400 cells). (b) Results obtained with diﬀerent numerical resolutions for the same inclusion
radius (3 km). At low resolution (200 × 100 cells) less than 10 cells are needed across the shear zone. The color map and
contour correspond to those used in Figure 1.
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Figure 4. Dependence of the shear zone thickness (D) on the controlling physical parameters. (a) The dependence of D
on the background strain rate for a constant background stress (𝜎BG ). (b) The variation of D for a variable background
stress and constant background strain rate. (c) The dependence of D on the thermal conductivity. (d) The variation of D
with the stress exponent n. (e and f ) The sensitivity of D to EA and T0 are depicted. Thicknesses were evaluated at 25%
shortening; crosses depict experiments that ran using a constant thermal conductivity, whereas the diamonds correspond to simulations utilizing temperature-dependent conductivity (see Table 1). Models with variables n, EA , and T0
were computed for a ﬁxed background strain rate and stress; the preexponent factor A was hence varied accordingly.
The solid black lines correspond the analytical scaling law described in section 3.

3. Results
3.1. Reference Model
The time evolution of the reference model is presented in Figures 1 and 2. Shear localization initiates from
the stress perturbation generated by the inclusion (Figure 1a). The shear zones start to develop at < 5% bulk
shortening. Up to ≈ 15%, the shear zones are in a strongly transient stage (Figure 2a). During that period the
shear band narrows to reach a thickness of ≈ 2.5 km. Coevally, a temperature rise of ≈ 120◦ C, and one-order
of magnitude 𝜖̇ II ampliﬁcation takes place within the shear zone (Figures 2c and 2d). Shear band rotation
and advection occur during the ≈ 40% shortening and is not aﬀected by the transient stage (Figure 2b). This
eﬀect is the result of ﬁnite strain and records of the memory of the thermal weakening, which is inherent to
thermomechanically coupled models.
According to the physical prediction of section 2.2, the thermomechanical models are controlled by physical
parameters, excluding the dimension of the initial perturbation. Figure 3a shows the insensitivity of the reference model to the radius of the circular inclusion after 20% shortening. Although the size of the inclusion
aﬀects the transient stage of the inclusion [Kaus and Podladchikov, 2006], a variation of inclusion radius over
1 order of magnitude does not notably impact on the shear zone thickness, nor the strain rate amplitude, at
large deformation.
Furthermore, since shear zone generation is only controlled by physical parameters, the models should
exhibit essentially no dependence on the numerical resolution as long as the physical scales relevant for the
physical processes are resolved. Figure 3b displays the model evolution for three diﬀerent grid resolutions at
20% shortening. The three simulations exhibit a similar localization pattern and strain rate amplitude within
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the shear zones which are essentially independent on the resolution. Similar mesh insensitive behavior of
thermally activated shear localization was reported by Takeuchi and Fialko [2012].
3.2. Approximate Scaling Versus Numerical Results
Systematic numerical simulations were performed to validate the analytical prediction of section 2.2.
Figure 4 shows the comparison of numerical results with the scaling law for variable controlling physical parameters. The scaling law was computed using a scaling coeﬃcient K , equal to 30. For variations
of either background strain rate (at constant background stress), background stress (at constant background strain rate), thermal conductivity, stress exponent, activation energy, or initial temperature, a
good ﬁt was obtained. This indicates that the proposed scaling law is a robust tool that allows to predict ductile shear zone thickness over a large range of geological parameters. Models taking into account
temperature-dependent thermal conductivity were also performed, and we could show that such nonlinearity does not notably aﬀect the scaling (Figures 4a and 4b).

4. Discussion
In numerous geodynamic numerical models of shear zone formation, weakening is caused by material softening (or strain softening). The application of strain softening causes mesh dependencies in shear zone
modeling [Bažant, 1988] and hence non grid-convergent numerical solutions. Regularization techniques
must be used to avoid the mesh dependency [Bažant, 1988; de Borst and Sluys, 1991; de Borst and Mühlhaus,
1992]. Application of a regularization means that a characteristic length scale is introduced in the governing equations, and this length scale controls the shear zone thickness. Hence, the shear zone thickness
is deﬁned a priori and is not controlled by the physics. The regularization therefore limits the predictive
power of numerical simulations employing strain softening with respect to the shear zone thickness and
hence with respect to magnitudes of stress, pressure, and temperature within the shear zone. Using a thermomechanical feedback, shear zones can develop spontaneously and have a ﬁnite width controlled by
well-determined material parameters and far-ﬁeld loading conditions. Shear localization due to viscous
heating is presumably one of the simplest self-consistent models that provides a physics-controlled shear
zone thickness in crustal rocks dominated by viscous deformation. For shallow crustal conditions and seismic slip rates, Platt et al. [2014] could also show that thickness of shear zones ((10) μm) in ﬂuid-saturated
gauge is controlled by the physical properties of the material.
Our thermomechanical parameters and loading conditions are representative for the deformation of the
continental crust. For stresses <1 GPa our model predicts shear zone thicknesses between ≈1 km and ≈7 km
(Figure 4). These values are typical for ductile shear zones within the crust and lithosphere [Davis, 1983; Cloos
and Shreve, 1996; Pili et al., 1997] and are in agreement with the results of Takeuchi and Fialko [2012]. Moreover, such thicknesses correspond to the characteristic thickness of many tectonic nappes observed in the
European Alps [Steck, 2008]. Many of these tectonic nappes are considered to be formed by ductile shear
zones [Steck, 2008] which is supported by our shear zone thickness estimates for crustal conditions. The
agreement between predicted shear zone thickness and observed shear zone thickness suggests that viscous heating was a controlling process during the formation of crustal and lithospheric shear zones, and of
tectonic nappes. The predicted temperature increase for crustal conditions is between 50◦ C and 200◦ C. Such
temperature rise seems feasible for natural crustal shear zone [Camacho et al., 2001] and is in agreement
with previous modeling results [Takeuchi and Fialko, 2012]. In addition to shear heating, viscous deformation
may be assisted by grain size reduction [e.g., Kameyama et al., 1997] or occur in an exponential ﬂow regime.
Both deformation mechanisms can yield to an increase of the eﬀective stress exponent, further enhancing strain localization [Montési and Zuber, 2002; Schmalholz and Fletcher, 2011]. Such increase of the stress
exponent will, according to our scaling law, results in smaller-scale shear zones. Additionally, mineral reactions [e.g., Oliot et al., 2010] may as well act as a softening mechanism, which will further contribute to the
long-term memory of the strained lithosphere.

5. Conclusions
Our results show that the thickness of ductile shear zones that are caused by viscous heating is controlled by
thermomechanical material properties and far-ﬁeld loading conditions. Numerical simulations show that the
shear zone thickness is essentially independent on the numerical resolution and the size of the initial perturbation. The shear zone thickness can hence be predicted by a simple scaling law that includes parameters
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that are not related to the shear zone (e.g., strain rate or stress inside the shear zone). For parameters that are
typical for crustal deformation our model predicts shear zone thickness between 1 km and 7 km, which is in
agreement with the thickness of natural crustal shear zones. Our results hence suggest that viscous heating
is a controlling process during the formation of these crustal shear zones.
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