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1

INTRODUCTION

Localization of deformation in the Earth’s lithosphere 
is an essential ingredient for active plate tectonics, where 
strong, relatively undeformed plates are bounded to each 
other along mechanically relatively weak boundaries 
(Bercovici et al., 2000; Gurnis et al., 2000). In this regard, 
long-term strain localization at plate boundaries requires a 
certain amount of mechanical weakening of the lithosphere 
(Frederiksen and Braun, 2001; Holyoke and Tullis, 2006). 
Weakening and consequent strain localization in the 
lithosphere have been proposed to be the result of a variety 
of processes acting individually or concurrent, such as 
an increase in fluid concentration (Alevizos et al., 2014; 
Wibberley and Shimamoto, 2005), metamorphic reactions 
leading to growth of weaker phases (Ceccato et al., 2018; 
Oliot et al., 2010), fabric development during shearing 
(Montesi, 2013; Rast and Ruh, 2021), shear heating (Duretz 
et al., 2015; Kaus and Podladchikov, 2006; Thielmann and 
Kaus, 2012) and grain-size reduction and the subsequent 

activation of diffusion creep (Platt and Behr, 2011; Ruh et 
al., , 2022, 2024; Warren and Hirth, 2006).

Many studies pointed out the effect of shear heating 
on overall lithospheric strength (Hartz and Podladchikov, 
2008), temperature-related metamorphism (Burg 
and Gerya, 2005), and its role during the initiation of 
subduction (Thielmann and Kaus, 2012). Although there 
is a consensus that different weakening processes may 
act simultaneously, their individual effects on each other 
have often been neglected. Potential negative feedback 
effects are particularly important for shear heating, as 
it is derived from the deformational dissipation energy, 
which depends on the apparent stress state in a shear 
zone (Brun and Cobbold, 1980; Yuen et al., 1978). Vice 
versa, a temperature increase due to shear heating affects 
the viscosity and grain-growth rate in shear zones (Hirth 
and Kohlstedt, 2003; Speciale et al., 2020). Recent studies 
have furthermore shown that shear heating combined with 
grain-size reduction may explain the occurrence of thermal 
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runaway and intermediate depth seismicity (Spang et al., 
2024, 2025; Thielmann et al., 2015).

Here, I present numerical simulations that couple a 
composite dislocation and diffusion creep flow law with 
a self-consistent Grain-Size Evolution (GSE) model for 
olivine to investigate the effects of grain-size reduction on 
shear heating and the localization of ductile shear zones 
in the lithospheric mantle. I thereby take advantage of a 
recently published growth law for olivine (Speciale et al., 
2020) and new estimations on the partitioning factor that 
determines how much of the work done in dislocation creep 
goes into grain-size reduction (Holtzman et al., 2018; Ruh 
et al., 2022).

METHODS

Composite rheology, grain-size evolution and heat 
budget

The coupled thermo-mechanical grain-size evolution 
model is calculated for constant strain rates or stresses 
expected to occur in olivine-bearing lithospheric shear 
zones. The composite viscous relationship of stress and 
strain rate depends on grain-size-independent dislocation 
and grain-size-dependent diffusion creep for wet olivine 
(Hirth and Kohlstedt, 2003):

, 							     
						      (1)

where

	 (2)

with  and  A is a pre-exponent,  is 
fugacity, r is the fugacity exponent, σ is stress, n is the stress 
exponent, d is grain size, m is the grain-size exponent, E is 
activation energy, P is pressure, V is activation volume, R is 
the gas constant and T is temperature (see Table 1).

Grain-size evolution is implemented based on the 
paleowattmeter (Austin and Evans, 2007, 2009), where the 
total grain-size change rate depends on independent terms 
for grain-size reduction rate, , and grain-growth rate, :

			   (3)

dold and d are old and new grain sizes, and dt the time 
step. Grain-size reduction, , depends on the fraction λ 
of energy dissipated by dislocation creep ( ) going into 
grain-size reduction, a grain-shape parameter, c, and grain-
boundary energy, γ (see Table 1):

		  (4)

Recent studies demonstrated that the fraction of 
dissipation energy produced by dislocation creep that 
goes into grain-size reduction is significantly smaller 
than previously thought. A fraction of λ= 0.1 was often 
interpreted based on studies investigating metals that 
showed that ~90% of the dissipated energy goes converts 
into heat (Austin and Evans, 2009; Hodowany et al., 2000). 
However, recent work based on experimental data and 
thermodynamics suggested lower values of λ for natural 
rocks (Holtzman et al., 2018; Tokle and Hirth, 2021). Here, 
I apply a value of λ= 0.01, which is consistent with recent 
findings for natural olivine (Ruh et al., 2022).

Olivine grain growth, , depends on a temperature-
dependent growth term, , and a growth 
exponent, p (see Table 1):

	 (5)

Speciale et al. (2020) suggest that growth of natural 
olivine is significantly slower than the often-applied fast 
growth law by Karato (1989). In fact, applying Karato’s 
(1989) graingrowth law of olivine hampers grain-size 
reduction drastically and does not allow for the activation 
of grain-size-dependent diffusion creep in the upper 
mantle (Ruh et al., accepted), which is inconsistent with 
natural observations of diffusional creep processes in fine-
grained olivine-bearing lithospheric mantle shear zones 
(e.g. Hodowany et al., 2019). Here, I implement the recent 
growth law by Speciale et al. (2020) that allows for grain-
size reduction necessary to activate diffusion creep in 
localized shear zones.

The temperature evolution of lithospheric shear zones 
is described by thermal diffusion, viscous shear heating 
and heat produced during grain growth (Thielmann et al., 
2015):

 (6)

where ρ is density, Cp is heat capacity, κ is heat 
diffusivity, and L is the width of the shear zone (see Table 
1). The heat equation derivative is replaced by a simple 
second-order finite difference approximation across a 
width L:

	 (7)

which allows the temperature evolution in the shear 
zone to be defined as

(8)

Tsz is the temperature in the shear zone and Tbg is the 
background temperature outside the shear zone.
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Modelling strategy

A suite of zero-dimensional simulations are run 
for either constant strain rate or constant stress. Shear 
zone width is defined by the relationship between 
shear strain rate and the bulk shear velocity (boundary 
conditions):

				    (9)

All simulations are conducted for constant shear 
velocities vs of 3.16mm/yr or 3.16cm/yr, representing 
first-order estimations of natural plate boundary 
velocities. This implies that simulations at constant 
stress may result in variable strain rates according to 
equation (2), affecting shear zone width (equation 
9) and ultimately thermal diffusion (equation 6). 
Simulations at constant strain rates maintain their 
width over time.

Dislocation creep

Hirth and Kohlstedt (2003)

3.5

0

1.2

480

Diffusion creep

Hirth and Kohlstedt (2003)

1

3

1

335

Thermal diffusion

3300 Turcotte and Schubert (2002)

1000 Burg and Gerya (2005)

k (W/m/K) 0.73 + (1293/T +77)* Clauser and Huenges (1995)

* T is temperature in K

Grain size reduction

c (-) 3.1415 Austin and Evans (2007)

1.4 Duyster and Stöckert (2001)

0.01

Grain growth

3

p (-) 3.2

620

Adisl (Pa-n -p) 9·10-20

ndisl (-)

mdisl (-)

rdisl (-)

Edisl (kJ/mol)

Vdisl (m3/mol) 11·10-6

Adiff (Pa-n -p) 1·10-27

ndiff (-)

mdiff (-)

rdiff (-)

Ediff (kJ/mol)

Vdiff (m3/mol) 4·10-6

r (kg/m3)

CP (J/kg/K)

g (J/m2)

L (-) Ruh et al. (2022)

Kg (mp/s)*

Speciale et al. (2020)
Eg (kJ/mol)

Vg (m3/mol) 5·10-6

TABLE 1. Rheological, thermal and grain-size evolution parameters (Austin and Evans, 2007; Burg and Gerya, 2005; Clauser and Huenges, 1995; 
Duyster and Stöckhert, 2001; Hirth adn Kohlstedt, 2003; Speciale et al., 2020; Turcotte and Schubert, 2002)
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In a first series of simulations, the temporal evolution 
of pure olivine shear zones is conducted at mantle 
lithospheric conditions with an initial temperature of 
800°C, a pressure of 1.65GPa and a hydrogen concentration 
of COH= 50H/106Si. Simulations are run at various constant 
stresses (σ= 30, 40, 50MPa). To assess the effect of grain-
size reduction on shear heating and thermo-mechanical 
weakening, all simulations are run both with a dynamic 
grain-size evolution and at constant grain sizes. Initial grain 
size is 5mm, comparable to observations from low strain 
mantle xenoliths (Dygert et al., 2019). Additionally, a suit 
of simulations at variable constant stresses and boundary 
velocities for temperatures of T= 800 and 1100°C and 
hydrogen concentrations of COH= 50 and 600H/106Si are 
conducted that allow estimations on natural shear zone 
width and viscosities.

In a second series of simulations, the temporal evolution 
of shear zones is calculated at constant strain rates (
10-14, 10-13, 10-12s-1), with an initial temperature of 800°C, 
a pressure of 1.65GPa and a hydrogen concentration of 
COH = 50H/106Si. Additionally, simulations for variable 
constant strain rates, boundary velocities and hydrogen 
concentrations are run for temperatures and pressures 
between 600 to 1200°C and 1 to 3GPa, respectively, 
representing a vertical profile across a mantle lithosphere. 
Results from such simulations allow constructing vertical 
strength profiles and retrieving acting boundary forces 
(integrated strength profiles). The temporal evolution 
of shear zone temperature is calculated for both cases 
of constant grain size and dynamic grain-size evolution 
depending on hydrogen concentration, shear velocity, and 
strain rate.

RESULTS

Shear zone evolution at constant stress

Figure 1 illustrates the temporal evolution of grain 
size, percentage of diffusion creep of the total strain rate, 
strain rate and temperature of shear zones at constant 
stress for constant grain sizes (Fig. 1A-C) and with a self-
consistent grain-size evolution model (Fig. 1D-G). In case 
of constant grain sizes of 5mm, deformation is dominated 
by dislocation creep (Fig. 1A) and strain rates do not 
indicate intense strain localization (Fig. 1B). Temperature 
increase related to shear heating varies from some degrees 
for a stress of 30MPa to ~60°C at 50MPa, where steady 
state is reached, i.e. temperature production by shear 
heating and loss related to diffusion is balanced (Fig. 1C). 
Temporal evolution of simulations including GSE show a 
rapid decrease of grain size to ~20–50μm at 30–50MPa 
(Fig. 1D), leading to diffusion creep dominating long-term 
deformation (Fig. 1E). Temperature anomalies produced by 

shear heating are significantly lower than for simulations 
with a constant grain size, showing an initial peak and long-
term values <10°C at 30–50MPa, respectively (Fig. 1G). In 
general, steady-state strain rate and temperature conditions 
establish after ~3Myr at 50MPa and >10Myr at 30MPa, 
where temperature diffusion and shear heat production are 
balanced (Fig. 1F, G).

Shear zone width calculated from the strain rate 
(equation 9) after acquiring steady state is illustrated 
depending on constant applied stress and shear velocity 
vs for simulations at T= 800 and 1100°C and COH= 50 
and 600H/106Si (Fig. 2A-D). Generally, slower velocities 
and larger stresses lead to narrower shear zone widths. At 
a temperature of 800°C and a hydrogen concentration of 
50H/106Si, ideal shear zone width for vs= 3cm/yr and σ= 
20MPa is ~2km, while for vs= 1mm/yr and σ= 50MPa it 
is ~7m (Fig. 2A). Simulations at 1100°C and 50H/106Si 
result in shear zone widths between 1 to 20km, for stresses 
between 2 and 5MPa (Fig. 2C). An increase in hydrogen 
concentration from 50 to 600H/106Si results in a decrease 
in shear zone width of roughly one order of magnitude 
(Fig. 2B, D). The resulting shear zone viscosity is mainly 
dependent on the acting stress, while shear velocity has 
only a minor effect (Fig. 2E-H).

Shear zone evolution at constant strain rate

Figure 3 shows the temporal evolution of grain size, 
percentage of diffusion creep of the total strain rate, stress 
and temperature of shear zones at constant strain rate for 
constant grain sizes (Fig. 3A-C) and with a self-consistent 
grain-size evolution model (Fig. 3D-G). In case of constant 
grain sizes of 5mm, deformation is dominated by dislocation 
creep (Fig. 3A). Stresses do not significantly decrease in 
case of strain rates of 10-12 and 10-14s-1, showing little strain 
localization, whereas a drop of >50MPa occurs for strain 
rates of 10-13s-1 (Fig. 3B). Temperature increase related to 
shear heating is directly relatable to the observed stress 
drops, reaching almost 100°C for strain rates of 10-13s-1 (Fig. 
3C). For simulations with GSE, grain sizes reduce rapidly 
to ~20–90μm for strain rates of 10-12 to 10-14s-1 (Fig. 3D), 
resulting in diffusion creep being the dominant deformation 
mechanism (Fig. 3E). Stresses reduce within the first 
1Myr to 5–10MPa (Fig. 3F). Shear heating is significantly 
reduced compared to simulations without GSE, resulting in 
steady-state temperature anomalies of ~2–13°C for strain 
rates between 10-12 and 10-14s-1, respectively (Fig. 3G).

Figure 4 illustrates the temporal evolution of the 
temperature anomaly induced by shear heating at constant 
grain size (Fig. 4A-D) and with GSE (Fig. 4E-H), together 
with the resulting strength profiles after 2Myr (Fig. 4I-L), 
for a typical vertical pressure-temperature profile across a 
continental lithosphere. Maximum shear heating occurs at 
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shallow depths (T= 600°C) for all simulations. Compared 
to the simulation with = 10-12s-1, vs= 3.16cm/yr and 
COH= 600H/106Si (Fig. 4A), an increase in hydrogen 
concentration and a decrease of shear velocity both result 
in reduced shear heating (Fig. 4B, C). Slower strain rates 
at equal shear velocity, i.e. wider shear zones, result in 
slower but more intense shear heating (Fig. 4D). For all 
cases, the activation of grain-size reduction leads to very 
effective weakening and a reduction of shear heating 
(Fig. 4E-H). Strength profiles indicate the lithospheric 
weakening induced by shear heating alone (red lines) 
and for a combined effect of (now reduced) shear heating 
and grain-size reduction (Fig. 4I-L). Even though shear 
heating can reduce stresses at shallow levels by several 
hundreds of MPa, grain-size reduction remains the main 
driver in weakening.

DISCUSSION

Effect of grain-size reduction on shear heating and 
shear zone strength

A comparison of simulations with constant grain 
sizes (5mm) versus ones with a self-consistent grain-
size evolution clearly demonstrate the effect of grain-
size reduction on shear heating and overall strength of an 
olivine-dominated mantle lithosphere. Independent on 
whether a constant stress or strain rate is assumed, work-
related grain-size reduction rapidly activates diffusion creep 
and increases strain rates or reduces stresses, respectively 
(Fig. 1; 3). In both cases, shear heating is undermined by 
this effect: i) At constant stresses, increasing strain rates 
result in narrower shear zones and therefore faster heat 

-2

-3

-4

-5

100

50

-16

815

805

800

0.05

840

820

800

0.025

0 2 4 6 8 100 2 4 6 8 10

810

-14

-12

00

-16

-15

-14

-13 -11

-13

-15

G
ra

in
 s

iz
e 

(lo
g1

0 m
)

D
i�

us
io

n 
cr

ee
p 

(%
)

St
ra

in
 ra

te
 (l

og
10 

1/
s)

Te
m

pe
ra

tu
re

 (°
C)

D
i�

us
io

n 
cr

ee
p 

(%
)

St
ra

in
 ra

te
 (l

og
10 

1/
s)

Te
m

pe
ra

tu
re

 (°
C)

Time (Myr)Time (Myr)

Constant stress:
σΔ = 30 MPa
σΔ = 40 MPa
σΔ = 50 MPa

A

B

C

D

E

F

G

vs = 3.16 cm/yr, COH = 50 H/106Si

FIGURE 1. Temporal evolution of simulations at constant stress at PT conditions of 800°C and 1.65GPa, a shear velocity of 3.16cm/yr and hydrogen 
concentration of 50H/106Si. Left column: Constant grain size of 5mm. Right column: Self-consistent grain-size evolution. A, E) Percentage of 
diffusion creep adding to the total strain rate. B, F) Strain rate. C, G) Temperature. D) Grain size. Colors indicate applied stress.
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loss by diffusion. ii) At constant strain rates (i.e. constant 
shear zone width), reduced stresses result in lesser shear 
heat production. However, independent of the induced 
shear heating within a shear zone, the consequent thermo-
mechanical weakening remains a fraction of the weakening 
resulting from grain-size reduction and the activation of 
grain-size-sensitive diffusion creep (Fig. 4I-L).

Several studies pointed out the importance of shear 
heating for weakening and strain localization in the 
lithosphere (Burg and Gerya, 2005; Duretz et al., 2015; 
Hartz and Podladchikov, 2008; Kaus and Podladchikov, 
2006; Kiss et al., 2020; Mako and Caddick, 2018; 
Schmalholz and Duretz, 2015; Thielmann and Kaus, 2012), 
while they are not negating that other processes such as 
grain-size reduction may also play an important role (Behn 
et al., 2009; Bercovici and Ricard, 2012; Braun et al., 1999; 
Dannberg et al., 2017; De Bresser et al., 2001; Fuchs and 
Becker, 2021; Jain et al., 2018; Platt, 2015; Schierjott et 
al., 2020). Kiss et al. (2020) for example demonstrated that 
temperature anomalies related to shear heating may reach 
>200°C, significantly weakening the uppermost mantle 
lithosphere. In this regard, the present study shows that shear 
heating within shear zones is hampered by strength loss due 
to grain-size reduction (Fig. 4A-H). However, Thielmann 
et al. (2015) showed that shear heating up to melting 
point temperatures can develop locally in case of seismic 
velocities. But there, thermal anomalies occur as transient 
processes and are dependent on either higher stress or 
faster strain rates than discussed here. Here, I demonstrate 
that thermal anomalies, and therefore temperature-related 

weakening, are largely restricted to the upper part of the 
mantle lithosphere.

Temporal evolution of boundary forces, i.e. vertically 
integrated mantle lithospheric strength, shows that without 
a sophisticated grain-size evolution, values of up to 30TN/m 
are necessary to maintain large-scale shear zones at given 
strain rates (Fig. 5). On the other hand, grain-size reduction 
and consequent weakening reduces boundary forces below 
2TN/m within less than half a million years for variable 
strain rates and shear velocities (Fig. 5), comparable to 
typical values interpreted to act along plate boundaries and 
thus allowing for the localization of strain along those (Bird 
et al., 2008; Gurnis et al., 2004).

Natural constrains of shear heating

Simulations of pure wet olivine rheologies presented in 
this study suggest that shear heating in the upper mantle is 
of minor importance and thermal anomalies above 10–20°C 
are not expected (Fig. 4E-H). However, this does not imply 
that shear heating is absent throughout the lithosphere. 
Studies on natural shear zones have shown that maximum 
temperatures may be significantly increased relative to the 
surrounding, undeformed host rock. For example, Camacho 
et al. (2001) reported temperature anomalies of ~200°C 
in eclogite facies shear zones from central Australia. This 
may be explained by granulite and eclogite rheologies that 
are significantly stronger than wet olivine (Jin et al., 2001), 
hence resulting in larger stresses and increased shear 
heating. Also Kienast and Leloup (1993; see also Leloup et 
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al., 1999) reported significant shear heating along the Ailao 
Shan–Red River shear zone. There, observed shear heating 
can be explained by quartz deforming predominantly by 
grain-size-independent creep, i.e. dynamic recrystallization 
does not necessarily result in mechanical weakening (Stipp 
et al., 2002a, b). Shear heating in olivine-bearing mantle 
rocks significant enough for being responsible for the 
initiation of subduction or continental break up has not 
been reported yet from natural shear zones.

Limitations of the modelling approach

This study presents a simplified, but physically valid 
numerical approach coupling composite diffusion-
dislocation viscous rheologies with a self-consisting grain-
size evolution model with the main goal to demonstrate that 

grain-size reduction severely affects the ductile strength of 
olivine-bearing mantle shear zones, leading to a reduction 
of shear heating in contrast to pure dislocation creep, for 
example by assuming constant grain sizes. While the effects 
of grain-size evolution on the thermal and mechanical 
evolution of a shear zone are evident, the numerical 
approach does not consider geological conditions or 
processes such as phase mixing that is followed by 
increasing strain (Bercovici and Skemer, 2017), chemical 
reaction (Furusho and Kanagawa, 1999), and melt and/or 
water infiltration (Kelemen and Dick, 1995). Furthermore, 
these processes may also play a role in producing or loosing 
heat. For example, polymineralic systems with phase 
mixing show hampered grain-growth rates in contrast to 
mono-mineralic systems without mixing (Bercovici and 
Ricard, 2012; Herwegh et al., 2011; Linckens et al., 2015; 
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Linckens et al., 2011). However, the implementation of 
phase mixing into the equation would result in smaller 
grain sizes and therefore further diminish the effect of shear 
heating and therefore not undermining the main argument 
of this study. In fact, the present work shows that numerical 
models often exhibiting dislocation creep rheologies for 
pure olivine generally overestimate shear heating produced 
along lithospheric shear zones due to the lack of alternative 
processes of mechanical weakening.

CONCLUSIONS

Many studies interpret shear heating to be an important 
factor in weakening and localization of deformation in the 
mantle lithosphere. The presented simulations demonstrate 
that grain-size reduction is not only a much more efficient 
weakening process, but it also undermines shear heating 
due to drastically reduced stresses and hence dissipated 
mechanical energy along shear zones. Simulations at 
constant stress reach a steady state, when shear-heating 
production matches heat loss by diffusion, giving insights 
into preferred shear zone width and viscosity depending 
on shear velocity and stress. Simulations at constant strain 
rate allow constructing strength profiles and calculate 
acting boundary forces. In contrast to shear heating, a self-
consistent grain-size evolution allows for fast (<500kyr) 
lithospheric weakening that allows sustaining active plate 
tectonics with strong plates and weak boundaries.
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