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Abstract We report that there exist a local maximum and minimum in the activation energy Ea describing
mechanical heat dissipation of olivine for a given initial temperature and amount of deformation. The
stationary point for the minimum dissipation is ~200 kJ/mol lower than that for the maximum. For larger
activation energy than the stationary point for maximum dissipation, plastic deformation is sharply
weakened and the temperature rise disappears altogether. Higher values of the initial temperature produce
a larger local maximum for activation energy. The amount of heat dissipation increases with Ea in a
nonlinear manner. Our results have direct ramiﬁcations on shear zone, which is governed by the amount of
mechanical heat dissipation. We have observed them over a wide range of temperature and deformation
boundary conditions. Our two-dimensional model study can provide valuable insight to enable greater
predictive capability for the development of geodynamic shear zone in planetary-scale plate tectonics.
1. Introduction
The development of geodynamic shear zone is one of the most important mechanisms for the ductile and
brittle failures in Earth, such as earthquakes [Ogawa, 1987; Regenauer-Lieb and Yuen, 2003; John et al., 2009],
subduction initiation [Regenauer-Lieb et al., 2001], and slab detachment [Gerya et al., 2004]. The shear
zone, which refers to the narrow zone of intensively localized plastic strain, occurs irreversibly, when materials
with the strain energy exceeding the energy storage capability begin to release abruptly the stored strain
energy as a form of heat or mechanical motion. Regarding the factors related to the development of shear
zone, there have been various mechanisms discussed, such as crack propagation [Andrews, 2005], the
inelastic interaction between granular grains [Scott, 1996; Mora and Place, 1998], ﬂash heating [Rice, 2006],
and the positive feedback between heat dissipation and strength softening [Braeck and Podladchikov, 2007].
Some theoretical works based on thermodynamics [e.g., Lieou and Langer, 2012] have contributed to derive
the equation of state for the shear zone. Since the main focus of our study is on the effects of activation
energy, which determines the degree of temperature dependence of rheology, we have paid attention to the
thermally activated positive feedback (i.e., shear heating). The shear zone formation with shear heating in
various materials has been extensively investigated to understand the transition from ductile to brittle
regimes [e.g., Lavier et al., 2013] and the shear instability with bimaterial elastic heterogeneities [e.g., So et al.,
2012]. However, the inﬂuence of activation energy on plastic ﬂow for given environmental conditions, such
as initial temperature and amount of deformation, has not been studied up to now. For more vigorous
feedback accompanying the stronger heat dissipation, attempts were made to determine factors that
decrease the activation energy, such as volatiles and water [e.g., Karato and Jung, 2003], because lower
activation energy is thought to allow a higher plastic strain rate. However, the material with low activation
energy may not support large stress. This means that low activation energy in a material does not
guarantee strong shear heating. On the other hand, high activation energy can maintain high stress, which
may cause strong heating even though the strain rate is small. Based on this mechanism, we may surmise
that there can exist certain stationary points in activation energy for sustaining local minimum and
maximum shear heating. To investigate this important issue, we perform a series of viscoelastoplastic
thermal-mechanical calculations to determine the precise conditions for providing minimum and maximum
dissipation for a given deformational setting.
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2. Numerical Method
In this viscoelastoplastic two-dimensional numerical study, we adopt the ﬁnite element code, ABAQUS
[Hibbit, Karlsson, and Sorensen, Inc., 2009], to solve the conservation laws of mass, momentum, and energy with
a power law rheology. To cover a wide range of rheological parameters, we perform a nondimensionalization
using melting temperature, shear modulus, and thermal diffusivity as scaling factors [Kaus and Podladchikov,
2006]. In sections A1 and A2 of the supporting information, we derive mathematically the dimensionless
forms of governing equations and power law rheology. Dimensionless continuity (equation (1)), momentum
(equation (2)), and energy (equation (3)) equations for constant thermal diffusivity are given by
∂e
vi
¼ 0;
∂e
xi

(1)

eij
∂σ
¼ 0;
∂e
xj

(2)

∂Te
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pl
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∼ denotes dimensionless quantities. σij and τ ij mean, respectively, the Cauchy and deviatoric stress tensor
[e.g., Karrech et al., 2011]. T, v, ρ, cP, G, Tm, and σY represent the temperature, velocity, density, speciﬁc heat,
shear modulus, the melting temperature at ambient pressure, and the predeﬁned plastic yield strength,
respectively. The time and spatial coordinates are t and x. The meaning and values of all parameters are
shown in Table S1 in the supporting information. Shear heating is a particular type of dissipative behavior,
which exhibits the multiscale nature of time-dependent release of stored elastic strain energy when the
shear zone appears after the medium has yielded plastically [Landau and Lifshitz, 1963]. Shear heating is
pl
mathematically approximated as eτ ij : ė
ε ij and included in the equation of energy conservation (see
equation (3)) [e.g., So et al., 2013].
Dimensionless total strain rate tensor is simply deﬁned by the sum of elastic and plastic strain rate tensors:
Deτ ij ∂eτ ij
∂eτ ij e
el
pl
1 Deτ ij ėpl
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e ik are, respectively, the objective Jaumann derivative and material spin rate tensor given by
D=Det and W
ð∂e
v i =∂e
x k  ∂e
v k =∂e
x i Þ. When the material satisﬁes the von Mises yield function [Hill, 1950]
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
eJ 2  1≥0 where eJ 2 is the second invariant of eτ ij defined by 1 eτ ij : eτ ij ;
(5)
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ij is activated and included into the calculation of equations (1)–(5). ε̇ ij shows power law stress and
exponential temperature dependences as a creeping ﬂow [e.g., Karato and Spetzler, 1990] written as
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ER is a predeﬁned reference activation energy of 500 kJ/mol. We calculate the dimensionless temperature of
calculation domain with different Ar and amounts of deformation (%) with a ﬁxed value of B, which means
that material properties, except for Ea, are kept constant. We have used olivine (Mg-Fe)2SiO4 for deriving
values of B and Ar. Olivine is the most dominant component of the mantle and lithosphere of terrestrial
planets [Karato, 2008]. According to experimental studies [e.g., Durham and Goetze, 1977], the representative
B value of the olivine is 6.5  10 4 (see Table S1). Although Tm can be altered by the conﬁned pressure [e.g.,
Davis and England, 1964] and composition (i.e., Mg to Fe ratio) [Roeder and Emslie, 1970], those effects are
negligible in our study. Thus, the value of D (i.e., the preexponential factor for the plastic creep) is constant in
all models, and only temperature effect is important in determining the relation between deviatoric stress
and plastic strain rate (see equation (6)).
We impose a defect with short wavelength in order to focus the strain [Poirier, 1980; Regenauer-Lieb and Yuen,
1998] (see Figure 1a). The domain has a dimensionless width L and height 1.7  10 1L with the square-shaped
defect 10 2L × 10 2L at the middle of the top boundary. The dimensionless initial temperature is uniformly
distributed at Te0 ¼ T 0 =T m . The fully coupled Jacobian matrix [Zienkiewicz and Taylor, 2000] derived based

on equations (1)–(6) is numerically solved using the ﬁnite element method. Around the defect zone in which the
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Figure 1. (a) Schematic description for our numerical model setup. The rectangular domain with aspect ratio of 1:6 is
deformed with constant strain rate boundary condition. The left vertical boundary is ﬁxed. All boundaries are thermally
insulated. Thus, the feature of geodynamic shear zone is determined by the interplay between mechanical heat generation
and heat conduction within the domain. (b) General feature of the shear zone formation in our study. The shear instability
initiates at the defect. Then, the instability propagates toward the bottom boundary with 45° inclination. The color bar
means the temperature. With different amounts of deformation and initial temperature, the temperature of the shear zone
is different, but general features are similar.

instability is expected to occur, we deﬁned Lagrangian quadratic type elements with grid size of 10 5L.
Otherwise, the grid size far from the defect is relaxed to ~ 10 3L. The total number of nodes is ~107. Under this
grid spacing, more than 200 elements exist across the shear zone, which means enough resolution to calculate
shear heating. In addition, we performed the same calculations over ﬁner and coarser grids to check for the
convergence of solution in grid size. Detailed description of the time-integration method is stated in section A3
in the supporting information. The domain is deformed with constant strain rate of 1013 s1, which is
geologically reasonable value for causing a strong shear heating [e.g., Kelemen and Hirth, 2007]. The domain is
extended up to ~60% from an initial conﬁguration. Since many extensional basins on the Earth show very large
extension (i.e., > 60%) [e.g., Chen, 2014], a large amount of deformation should be considered in this study. Since
all boundaries of domain are thermally insulated, the shear heating is generated under the near-adiabatic
condition. With a small amount of deformation (i.e., ~2.8% extension), the shear instability initiates around the
defect and propagates quickly toward the bottom (see Figure 1b). The instability reaches the bottom at ~3.1%
deformation. We determine the average temperature, plastic strain rate, and stress at the defect with varying
dimensionless Ar, Te0 , and duration of deformation.

3. Results and Discussion
We calculate the temperature elevation by shear heating with varying Ar and the amount of deformation
in the case of Te0 = 0.25 (see Figure 2). We can clearly recognize that the nonmonotonic variation of the
temperature elevation with increasing Ar in each case with different amount of deformation. Two stationary
points in Ar, Armin, and Armax can be discerned for the two stationary points for shear heating. The Ar
difference between two stationary points, Armax-Armin, is generally ~15, which corresponds to ~200 kJ/mol.
Between two stationary points Armin and Armax, the dimensionless temperature elevation increases with
growing Ar values, which directly refers to the increasing Ea. This result is not consistent with the general
consensus that materials with large activation energy do not exhibit strong shear heating due to the large
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energy barrier against plastic
deformation. For the case of a small
amount extension (i.e., 10%, see the
blue line in Figure 2), the Armax exists
within the realistic range of Ar
(see the shaded zone in Figure 2),
while the Armin lies out of the range.
When the Ar is Armax (i.e., = 32), the
shear heating is locally maximum.
Therefore, we may deduce that the
shear zone can effectively act as a
weak zone. Otherwise, at the point of
Ar = 37, the shear heating is weaker by
a factor of ~10. The Ar difference of
5 corresponds to only 65 kJ/mol (in
activation energy), which can easily
appear in geological situation such as
Figure 2. Dimensionless temperature elevation with varying dimensionless
3
water content variation. It has an
Ar. For calculating the dimensionless parameter B, we used ρ = 3000 kg/m ,
10
important implication for geological
cP = 800 J/kg·K, G = 8·10 Pa, Tm = 2000 K, and σY = 500 MPa (see equation (3)
and Table S1). There are local minimum (at Ar = Armin, see dashed arrows)
deformation associated with shear
and maximum (at Ar = Armax, see solid arrows) of temperature elevation in
heating such as ﬁnite amplitude
each cases of different amounts of deformation. The retrogression, which the
folding and frictional sliding. If the
shear heating is stronger in larger Ar (i.e., larger Ea), is shown in cases that Ar
deforming domains have slightly
value is between Armin and Armax. The shaded zone refers the Ar range
different Ar number compared with
based on laboratory experiments. The temperature elevation of the case of
30% deformation seems to be great in the shaded zone.
Armax, there is no or very weak shear
heating. The deformation with shear
heating is signiﬁcantly sensitive in the Ar number. This means that precise measurement of activation
energy and its variation with volatiles should be fully determined. For the case of 20% deformation (see the
red curve in Figure 2), it is completely counterintuitive situation within the realistic range of Ar. The larger
activation energy is assigned; the larger shear heating is generated. According to our research, we found
that people need to consider this counterintuitive phenomenon in analyzing geological deformation. In
the case of 60% deformation (see the orange curve), it is a rather intuitive situation within the realistic
range. We may argue that lowering the activation energy can enhance the shear heating and the
subsequent dynamics deformation when the background deformation is large (i.e., >60%). This trend
suggests that the activation energy for the minimum and maximum heat dissipation could be dynamically
changed with deformation history. This ﬁnding should force greater attention on the relationship between
activation energy and the amount of deformation in predicting when the geological structure would fail or
would still remain intact.
The amount of shear heating is determined by the contraction between the deviatoric stresseτ ij and the plastic
strain rate ėε ij tensors (see the last term in equation (1)). To investigate the cause of the variations in heat
production as a function of Ar, the strain rate and stress should be considered separately and quantiﬁed. For
pl
this reason, we deﬁne two dimensionless quantities related with ė
ε ij and eτ ij . The ﬁrst is the dimensionless
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pl
pl
pl
equivalent plastic strain rate ėε eq ¼ 23 ė
ε ij (see Figure 3a), while the other is the dimensionless von
ε ij : ė
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pl
Mises deviatoric stress eτ v ¼ 32 eτ ij : eτ ij (see Figure 3b). In every time step, we calculate the ėε eq and eτ v , which
pl

pl
give measures of ėε ij and eτ ij , respectively. In Figure 3a, we plot the relationship between the dimensionless

equivalent plastic strain rate ėε eq and the deformation ratio (%) with varying Ar. For Ar < Armin, very large
plastic strain rate appears quickly as soon as the deformation begins because the material is too deformable
pl

pl
due to the small Ea. The ė
ε eq in steady state is smaller for a larger Ar (compare black and red dotted lines in
pl
Figure 3a). In contrast, the ė
ε eq increases with increasing Ar when Armin ≤ Ar ≤ Armax. This opposite trend

between ė
ε eq and Ar indicates that more efﬁcient thermal strain feedback occurs regardless of increasing Ea, if
pl
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Figure 3. (a) The variation of dimensionless plastic strain rate with different Ar numbers. Generally, smaller Ar (i.e., smaller
activation energy) shows larger strain rate following power law nature of rheology. However, between Armin and Armax,
the retrogression appears. (b) The variation of deviatoric stress with different Ar. The models with larger Ar can support
larger stress. (c) The total amount of shear heating during the deformation. Considering the case of Ar < Armin, the plastic
strain rate is very high, while the stress is very low. Consequently, the shear instability is strong enough to heat up the
defect of domain. The multiplication of strain rate and deviatoric stress at Ar = Armax is optimal.

pl
the condition of Ar is between Armin and Armax. For values above Armax, the ė
ε eq values are very small, and
steady state is not achieved within the deformation time. The stress regime with different Ar also needs to
be determined. In Figures 3b, the von Mises deviatoric stress eτ v is plotted with different amounts of
ev exceed the predeﬁned yield strength e
deformation and Ar numbers. Even though the elements of σ
σY ¼ 1,
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the elements do not immediately
exhibit strain-softening behavior, but
rather, the strain hardening is shown
for a certain duration because of the
energy barrier (i.e., Ea) against the
initiation of plastic creeping.
Then, we calculate and display the
integrated heat release over time

∫ eτv  ėεeq det in Figure 3c for the case of
e
T 0 = 0.25 and 20% deformation.
Results from Figure 3c are seen to be
consistent with the trend in Figure 2.
Both strain hardening and softening
during the deformation of the model
with Ar < Armin (i.e., the cases of
Figure 4. Dimensionless temperature elevation at 20% deformation for
Ar
= 0 and 5) are very small. However,
e
varying dimensionless T 0 values as well as Ar. Since the weaker strength
(right after the plastic yielding) in the case of higher Te0 cannot support large because a large plastic strain rate
compensates for the developed weak
stress, the higher Te0 case requires the larger Armax.
stress, shear heating can be
vigorous. Although this condition
seems to be suitable for fast material failure, these small values of Ar are unrealistic, based upon the
rheology of various materials such as rocks and metals. Ar = 0 and 5 are corresponding to Ea = 0 and ~62 kJ/mol,
respectively. In the case of Ar > Armax, the state of strain rate and stress is opposite to that of the case of
Ar < Armin. In the case of Ar = 60, the applied stress is large. However, this larger stress apparently does not
compensate for the small plastic strain rate. The amount of heat dissipation is consequently small. At
Ar = Armin, both the stress and the strain rate are small. This situation causes the local minimum shear
heating (see the orange line in Figure 3). In the case of Ar = Armax (see the purple line in Figure 3), the values of
∫eτv  ėεeqdet is the local maximum because of sufﬁciently large strain rate and deviatoric stress, and the
subsequent strong energy dissipation cooperatively induces the maximum shear heating. We may propose the
existence of two values of Ar for the local stationary points of shear heating. Although present paper did not
include multigrain system, some laboratory experimental studies have reported that the heterogeneous
distribution of strain weakening during the dynamic grain size evolution causes the shear instability [Hansen
et al., 2012]. In addition, some theoretical studies have proposed the important connection between grain size
and mechanical work under a two-phase environment [Bercovici and Ricard, 2012].
The 2-D contour plot in Figure 4 shows the increase in temperature by shear heating versus the initial
temperature Te0 and Ar at a deformation of 20%. Similarly with Figure 2, we ﬁnd that there exist clear
stationary points Armin (see the dashed arrow in Figure 4) and Armax (see the solid arrow in Figure 4)
corresponding to the local minimum and maximum of temperature rise, respectively. The realistic Ar values
based on experimentally derived Ea (see the shaded zone in Figure 4) are between 24 (i.e., ~300 kJ/mol of
wet olivine) and 37.30 (i.e., ~465 kJ/mol of dry olivine) [Evans and Kohlstedt, 1995]. We can recognize clearly
that the predeﬁned values of Te0 determine the location of the stationary points Armin and Armax within

the shaded region. In cases of Te0 < 0.3, neither Armin nor Armax lies in the shaded zone, indicating that the
larger Ea overcomes the nonlinearity and subsequent heat dissipation. For cases of e
T 0 > 0.3, at least one

stationary point exists in the shaded zone. In these cases, the Ea inﬂuences the amount of heat dissipation in a
nonmonotonic manner where increasing of Ea causes both increasing and decreasing of the shear heating.
The case of the higher Te0 exhibits a larger Armin and Armax. Otherwise, under the environment of low Te0 ,

the low Ea can create the local maximum shear heating. In the two contrary cases of e
T 0 = 0.1 and 0.4, the
values of Armax are 30 and 45, respectively. Because the strength of the material with high Te0 is weak right after

the plastic yielding occurs, the material with a higher Te0 value requires a long duration of deformation, which
is regarded as the duration of strain-energy accumulation. This behavior has an important implication for
the ductile creep and shear localization leading to the ultimate failure. In particular, the shear zone in the
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Earth can appear under both low- (i.e., near-surface) and high-temperature (i.e., deep interior) environments.
In the near-surface, the most puzzling phenomena related with shear heating are subduction initiation,
which refer to the situation where an oceanic plate begins to underthrust the continental plate [Stern, 2004].
Since this instability is formed in a low-temperature condition, reducing Ea by water [e.g., Regenauer-Lieb
et al., 2001] can enhance the destabilization. In contrast, the deep interior of terrestrial planets is very hot
because of collisional heating during the formation of the protoplanet and radioactive heating [Safronov,
1978]. Adiabatic shear heating and subsequent rock melting [Orowan, 1960] have been suggested as
mechanisms of deep focus earthquake. For high-temperature conditions, the Ea for maximum shear heating
can be large and thus enable sufﬁcient strain-energy accumulation and vigorous heat dissipation. Moreover,
this study is relevant for the problem dealing with the creep of amorphous rock near the glass transition
temperature [Meade and Jeanloz, 1987].
We applied the elasticity (see equations (3) and (4)) in modeling of shear zone formation. In long timescale
geodynamics such as a ductile shear zone development, the elasticity has been relatively ignored compared
with viscous behavior, because people have thought that the elasticity covers only the short timescale
phenomena. However, recent numerical studies revealed that the elasticity determines the amount of elastic
energy storage in early stage of deformation, then can dominantly control the long-term geodynamical
process [e.g., Regenauer-Lieb et al., 2012]. We have proposed that the elasticity should be considered in
handling of long timescale geodynamical problems.

4. Concluding Remarks
We report here that stationary values of Ea exist for the local maximum and minimum of shear heating for a
given amount of deformation and initial temperature. When we assign a larger amount of deformation and/
or higher initial temperature, the required Ea for the maximum shear heating also becomes higher. The
power law relationship between ε̇ pl
ij and τ ij is linked tightly to the deformation history and the background
thermal structure. This ﬁnding does have important bearing for geodynamics, because of these connections.
A larger Ea guarantees a greater strength of the material, yet it cannot allow a larger ε̇ pl
ij . On the other hand,
a smaller Ea allows the material to creep easier, but the applied stress is weak. This trade-off effect between ε̇ pl
ij
and τ ij induces stationary points in activation energy for local maximum and minimum of heat dissipation.
Since the development of geodynamic shear zone is an important mechanism for the plastic failure, which can
occur over a wide range of initial temperature and spatial scales, our research for the stationary Ea in a given
condition provides vital information on evaluating the possibility of the formation of a shear zone in
lithospheric dynamics. The difference in the two stationary Ea values of Armax and Armin is generally ~200 kJ/mol
for olivine mineral. However, the Ea difference of two stationary points could be much smaller in different
material with different and more complicated rheology (e.g., the power law exponent, n), which means that the
role of heat dissipation in lithospheric dynamics with deformational history and initial temperature can be
much more sensitive than olivine. Moreover, the size ratio between the entire domain and the defect
may inﬂuence the existence of stationary points. The size of defect can span from nanometers to thousands of
kilometers. Therefore, further investigation should be performed with various materials and sizes of defect
and domain, because this may shed light on the multiscale features observed in plate tectonics.
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