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A periodic shear-heating mechanism for
intermediate-depth earthquakes in the mantle
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temperature perturbations, (2) using experimental flow laws, including grain boundary sliding, for olivine, and (3) limiting the maximum temperature.
Our model tracks the behaviour of a fine-grained, viscous shear
zone with width wsz, adjacent to a block of elastic peridotite with
width wez, and a constant velocity on the far side of the elastic zone
(Fig. 1). To model strain rate in the shear zone, we use olivine flow
laws for dislocation creep, diffusion creep, and grain boundary sliding26, plus low-temperature plasticity27, and sum these to determine
the total viscous strain rate, e_ viscous . The Supplementary Information
reports the flow laws.
Shear heating and diffusion control the shear-zone temperature:
dT =dt~{k½d2 T=dx 2 zs e_ viscous =(Cp r)

ð1Þ

for T , 1,400 uC, where k is thermal diffusivity, Cp is heat capacity
and r is density. The Crank Nicholson method is used to calculate
temperature over a 10-km-wide region around the shear zone.
At and above ,1,400 uC in shallow mantle peridotite, melting
would rapidly decrease viscosity, stress, and the amount of shear
heating, so we impose an upper bound for temperature by setting
the second term in equation (1) to zero when the shear zone reaches
1,400 uC. As discussed in the Supplementary Information, a more
complex formulation would incorporate the effect of melting on
viscosity and temperature.
We used far-field strain rates of 10212 to 10215 s21, set by the ratio
of the far-field velocity to the elastic zone width, wez. Total strain is

wez
Constant velocity

Intermediate-depth earthquakes1, at depths of 50–300 km in subduction zones, occur below the brittle–ductile transition, where
high pressures render frictional failure unlikely. Their location
approximately coincides with 600 to 800 6C isotherms in thermal
models2, suggesting a thermally activated mechanism for their origin. Some earthquakes may occur by frictional failure owing to high
pore pressure that might result from metamorphic dehydration2–5.
Because some intermediate-depth earthquakes occur 30 to 50 km
below the palaeo-sea floor6, however, the hydrous minerals required for the dehydration mechanism may not be present. Here
we present an alternative mechanism to explain such earthquakes,
involving the onset of highly localized viscous creep in pre-existing,
fine-grained shear zones. Our numerical model uses olivine flow
laws for a fine-grained, viscous shear zone in a coarse-grained,
elastic half space, with initial temperatures from 600–800 6C and
background strain rates of 10212 to 10215 s21. When shear heating
becomes important, strain rate and temperature increase rapidly
to over 1 s21 and 1,400 6C. The stress then drops dramatically,
followed by low strain rates and cooling. Continued far-field deformation produces a quasi-periodic series of such instabilities.
There is geological and geophysical evidence for our proposed
mechanism. In shallow mantle peridotite there are mylonitic shear
zones (1–100 mm olivine) within residual peridotite (,5–10 mm
olivine)7–9. Fine-grained shear zones form by recrystallization and
annealing of gouge along oceanic transforms, subduction-related
thrusts, and faults at the ‘outer rise’. Outer-rise earthquakes extend
to $40 km10, and their reactivation may play a role in intermediatedepth earthquakes11. Mixing of olivine and pyroxene in mylonites12
by viscous or cataclastic processes limits grain growth, owing to grain
size pinning. Thus, fine-grained shear zones probably persist for 108
to 109 years at shallow mantle temperatures13. Fine-grained shear
zones have a significantly lower viscosity than surrounding rock
when heated to higher temperatures. Some peridotite shear zones
reach extremely high temperatures, sufficient to form veins of melt
that rapidly cool and are chilled to glass, known as ‘pseudotachylites’
(see ref. 14), and some deep earthquakes may involve melting15.
Shear-heating instabilities have been the subject of previous studies16–21. Positive feedback between strain-rate-dependent shear heating and temperature-dependent strain rate drives rapidly increasing
strain rate. These studies indicate that instability can occur, but have
not yielded a model for periodic instability. Recent work has investigated unstable and stable deformation involving shear heating and
grain-size-sensitive creep22–24 and localization with transient heating
arising from low-temperature plasticity25.
Inspired by Whitehead and Gans16, we model periodic shear heating in pre-existing fine-grained shear zones. Our work differs from
previous studies in (1) positing pre-existing, fine-grained shear zones
which localize grain-size-sensitive creep, rather than ad hoc, localized
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Figure 1 | Schematic illustration of some numerical model conditions and
results. Blue lines show displacement at high stress and low temperature,
before any shear heating instability. At this point, viscous deformation in the
shear zone is negligible compared to the far-field displacement and
deformation is distributed. Red lines show displacement at low stress and
high temperature, after the first shear heating instability has occurred. At
this time, viscous displacement has accommodated most of the far-field
displacement, and deformation of the elastic zone has decreased.
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the product of total time elapsed and far-field velocity divided by
wez 1 wsz.
Stress is constant everywhere at each time step, and is the ‘elastic
stress’:
s~G ½(wez zwsz ):etotal {wsz eviscous =(wez zwsz )
ð2Þ

zone remains small despite grain growth during periods of high
temperature and low stress (Fig. 2e). Displacement in the shear zone
is much larger than in the fictive ‘wall rock’ (Figs 2d, f), supporting
our assumption that viscous strain in the shallow mantle can remain
localized within pre-existing, fine-grained shear zones.
Between heating events, thermal diffusion cools the shear zone and
heats its surroundings. The shear zone never cools to its initial temperature; instead, the starting temperature increases for each successive heating event (Fig. 2a). Once the adjacent ‘wall rock’ temperature
reaches ,850 uC, subsequent displacement is accommodated by
steady-state creep in the shear zone, and instabilities cease.
To first order, the period between heating events is proportional to
the reciprocal of the far-field strain rate (see Supplementary Fig. S2).
In model runs with lower strain rates, more instabilities occur before
the system reaches steady-state, owing to longer cooling intervals.
Decreasing the initial temperature extends the time interval between
the onset of shear heating events and the transition to steady, viscous
deformation in the shear zone. At a given far-field strain rate,
decreasing the elastic-zone width wez decreases the period between
shear heating events and the viscous displacement during events, and
also tends to stabilize the model system.
A steady-state approximation provides a first-order confirmation
of the numerical results. At steady state, the diffusive temperature
flux is equal to the shear heating flux, which can be approximated
with a linear thermal gradient around the shear zone, extending over
a diffusion-zone width wdz. The grain size is set by a steady-state
piezometer28 (Supplementary equation S6), and the strain rate is
constant. We used the grain boundary sliding mechanism (Supplementary equation S3), the dominant creep mechanism in our
model. These assumptions yield:

where the shear modulus G 5 5 3 1010 Pa (inertial terms are discussed in the Supplementary Information).
Our results are essentially independent of grain size in the shear
zone for initial grain size =10 mm. Because grain growth may be
limited by second-phase pinning9,12, we could justifiably impose a
maximum grain size of 10 mm in our models. However, we model
grain-size evolution in the shear zone and in a fictive ‘wall rock’
because a crucial assumption is that viscous deformation remains
localized within fine-grained shear zones. This assumption would
be violated if (1) extensive viscous deformation took place via a grainsize-independent mechanism (dislocation creep, low-temperature
plasticity), or (2) if shear-zone grain growth during high-temperature,
low-stress periods (or wall-rock grain-size reduction during highstress periods) eliminated the grain-size contrast between shear zone
and ‘wall rock’. The ‘wall rock’ undergoes the same stress and temperature history as the shear zone, but has an initial grain size of
10 mm. We used a steady-state grain-size piezometer for olivine,
where the grain size is attained after a critical strain at a given stress,
and an expression for diffusive grain growth (see Supplementary
Information).
Typical results are illustrated in Figs 2 and 3, and in Supplementary
Fig. S1. Shear heating events occur with a period of 200 to 250 years
(Figs 2a, 3a). These are driven by accelerating viscous strain and shear
heating (Figs 2b, 3b), which result from increasing stress between
events (Fig. 2c) as viscous displacement lags behind far-field displacement (Figs 2d, 3d). About half the stress drop and displacement
during shear heating events occurs while strain rates are greater than
1 s21 (Figs 3c, d). Thus, our model includes pre- and post-seismic
creep as well as seismic deformation. The grain size in the shear

s~f_e=½4:4|10{9 Ae{Q=(RTss ) g1=6:1

This expression is nonlinear because steady-state temperature (Tss)
and strain rate are functions of stress (Supplementary equations S3
and S12).
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Figure 2 | Numerical model results for T0 5 650 6C, wez 5 1 km, wsz 5 2 m,
s0 5 80 MPa, gs0 B 50 mm, adjacent ‘wall rock’ grain size of 10 mm, and
far-field velocity of 0.1 m yr21. The light blue rectangle highlights the time
interval from 7,600 to 8,600 years, shown in detail in Fig. 3 and
Supplementary Fig. S1. a, Time versus temperature. b, Time versus strain
rate. c, Time versus stress. d, Time versus displacement. ‘Far field’,
displacement on the free edge of the elastic zone (left side of Fig. 1); ‘shear
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initial grain size of 10 mm that undergoes the same temperature and stress
history as the shear zone. e, Time versus shear-zone grain size. f, Time versus
shear-zone and wall-rock grain size, with the difference (‘wall rock’ minus
grain size) shown in red.
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Figure 3 | Same model run as in Figs 2, 4 and Supplementary Fig. S1, but for
a 30 s time interval centred on the maximum heating rate in the shear
heating event at 8,040 years. The light blue rectangle highlights the
narrow time interval when strain rates are greater than 1 s21. a, Time versus
temperature. b, Time versus strain rates. ‘Total’, the sum of strain rates from

all four flow laws; ‘Disl’, dislocation creep (Supplementary equation S1);
‘Diff’, diffusion creep (Supplementary equation S2); ‘Gbs’, grain boundary
sliding (Supplementary equation S3), ‘Low T’, low-temperature plasticity
(Supplementary equation S4). c, Time versus stress. d, Time versus
displacement.

Equation (3) yields two sets of stable solutions (Fig. 4), one at high
stress and low temperatures and another for low stress and unrealistically high temperatures. Steady-state stress and strain can also be
calculated for constant temperature. At 1,400 uC, steady-state stress is
proportional to strain rate to the sixth power. The arrows in Fig. 4a
depict how the system jumps between low and high temperature
stable states. The non-dimensional Whitehead number:

the model shear zone from 650 to 670 uC occurs at low strain rates
with slow heating, close to steady state. However, because the velocity
along the moving wall of the shear zone is smaller than the far-field
velocity, stress rises. Above 670 uC, rapid heating and acceleration of
strain occurs, until the maximum temperature of 1,400 uC is attained.
At high temperature and high strain rates, model results again
approximate steady state. However, in this case, the velocity of the
model shear-zone boundary is greater than the far-field velocity, so
the stress decreases rapidly. As the stress decreases, the shear zone
cools, followed by a jump to a near-steady state at a new, slightly
higher T0.
Our results establish the possibility of repeated earthquake generation via viscous shear heating. Nucleation sites for the instability
may originate during earthquakes at oceanic transforms and the
outer rise of subduction zones10,29. Thus, pre-existing fine-grained

W ~(Tss {T? )=T? ~s e_ wsz wdz =(Cp r k T? )

ð4Þ

relates Tss to far-field temperature, T‘. When the Whitehead number
is ,1, shear heating has a significant effect on steady-state temperature and strain rate, and the shear zone jumps from the low- to the
high-temperature regime (Supplementary Fig. S3).
Steady-state solutions are compared to numerical model results in
Fig. 4b and c. For initial model temperature T0 of 650 uC, evolution of
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Figure 4 | Results of steady-state analysis, with T0 5 650 6C and 700 6C,
wsz B 1 m and wdz B 10 and 100 m. a, Steady-state strain rate versus stress.
The light blue field in the upper left encloses stable solutions for lowtemperature steady states. The black line joins steady-state solutions (yellow
circles) for a constant temperature of 1,400 uC. Large arrows schematically
illustrate the ‘limit cycle’ followed by a shear zone at a close approach to
steady state with an initial temperature of 650 to 700 uC and a maximum
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Whitehead number passes through ,1, temperature, strain rate and stress
jump from low to high temperature values. b, c, Plots of strain rate versus
stress, and temperature versus strain rate, comparing the numerical results
from the model run illustrated in Fig. 2 (blue line) to the predicted steadystate values from 650 to 670 uC (red circles) and at 1,400 uC (yellow circles).
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zones have dimensions appropriate for intermediate depth earthquakes as well. In the models, slip velocities greater than 1 m s21
occur in the shear zone for several seconds. As shown in the
Supplement, stress drops during heating events in our model are
limited by the rate of elastic relaxation because the hot, fine-grained
shear zone essentially has no strength, and far-field displacement is
negligible during these short events.
An intriguing feature of intermediate-depth earthquakes is that
they occur mainly between 600 and 800 uC (refs 2, 4, 9, 12). The shear
heating mechanism described in this paper operates only within
this restricted range of temperature. Above 850 uC, the shear zone
deforms at steady-state. Below 600 uC, the stress required to drive
the instability in our numerical model is very high (.1.6 GPa). This
is far below the brittle fracture strength at pressures of 4 to 6 GPa (ref.
30). However, at such high stresses, grain-size-independent, lowtemperature plasticity25 would distribute deformation over a broad
region. We conclude that periodic viscous shear heating instabilities
can account for intermediate depth earthquakes within the narrow
temperature interval in which they are observed.
Received 8 November 2006; accepted 26 February 2007.
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Supplement to “A periodic shear-heating mechanism
for intermediate depth earthquakes in the mantle”
Peter B. Kelemen and Greg Hirth
Section 1. Olivine flow laws
We use olivine flow laws as reported by Hirth & Kohlstedt26, plus a flow law for low
temperature plasticity27, as follows:
(S1) dislocation creep,

ε˙disl = 10 5 σ 3.5e−530,000 / RT

(S2) diffusion creep,

ε˙diff = 10 9 σ gs−3e−375,000 / RT

€
(S3) grain boundary sliding,

ε˙gbs = 6500 σ 3.5 gs−2e−400,000 / RT

€
(S4) Peierls Law or low T plasticity, ε˙ peierls = 5.7 ⋅1011[1− σ /(8.5 ⋅10 3 )]2 e−540,000 / RT
€
and sum the strain rates for all four mechanisms to determine the total viscous strain rate,

ε˙viscous . In these expressions,€units are stress, σ, in MPa, grain size, gs, in microns,
activation enthalpy in the exponential term in J/mol, gas constant, R, of 8.314 J/(mol K),
€

temperature, T, in Kelvin. The time step is the smallest of 1°/dT/dt, 1mm/dgs/dt, wsz 2/κ or
0. 1/ε˙viscous . Initial values of stress, temperature and grain size are typically 50 to 100 MPa,
600 to 800°C, and ~50 microns.
€

These flow laws were determined by nominally steady-state experiments at lower
strain rates and stresses than predicted at times in our model. The accelerating viscous
deformation that we model may be accompanied or superceded by cataclastic
deformation (at relatively low pressure), or by viscous flow of melt, during intervals of
high strain rate. However, we emphasize that our model provides a simple, viscous
mechanism that initiates periodic, high strain rate events.
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We used relatively low pressure, experimental values of thermal activation energy,
and have not explicitly included a pressure effect in the activation enthalpy. The
activation volume is only known for dislocation creep of olivine, for which it is ~ 10-5
m3/mol. If we assume a nominal pressure of 4 GPa, incorporation of a pressure effect
raises the activation enthalpy in equation S1 by 4 104 J/(mol K). To evaluate the
importance of this effect, we made a test run in which we increased the activation
enthalpy by 4 104 in equations S1-S4. Results of this test are discussed in Section 5 of this
Supplement.
Section 2. Effect of melting on shear heating
At and above ~ 1400°C in shallow mantle peridotite, extensive melting would rapidly
decrease viscosity, stress, and the amount of shear heating, so we use an upper bound of
1400°C for temperature. Future models will incorporate melting as a function of
temperature, and the experimentally determined effect of melt fraction on viscosity. At
small melt fractions, the viscosity decreases exponentially with increasing melt fraction,
(e.g.,31 and Figure 8 in26, 32), while the lower bound stress supported by the shear zone is
limited by
(S5)

τ = η meltε˙viscous ≈ 0.1 to 10 Pa

at maximum ε˙viscous and ~ 100% melting, where ηmelt is the viscosity of ultramafic to mafic
€ melt.
€
A full treatment of this problem will be non-linear, because in addition to the effect of

decreasing viscosity due to melt, lowering stress and shear heating rates, the heat of
fusion during melting will limit heating. The heat of fusion for basaltic to ultramafic
melts is ~ 400,000 to 750,000 J/kg, while the heat capacity of partially molten silicates is
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~ 1250 J/(kgK). In isobaric, near-equilibrium partial melting of mantle peridotite, melt
productivity is ~ 0.25%/K33, and thus requires ~ 1000 to 1900 J/(kg K), which is
comparable to the heat capacity. Thus, it may be sufficient to adopt the approximation
that during melting the rate of heating may be reduced by a factor of two to three.
However, it will also be necessary to add an additional flow law for a partially molten
suspension, and perhaps to use variable heat capacity and thermal diffusivity. As a result,
we have not yet implemented a melting function. As it is, the stress in our model drops to
~ 1 MPa when the temperature reaches 1400°C.
Section 3. Grain size evolution
Deformation experiments on fine-grained olivine aggregates yield a steady state grain
size “piezometer”28, 34,
(S6)

gsss = 15,000 σ −1.3

for stress in MPa and grain sizes in microns. The reduction in grain size toward steady

€ state occurs via dynamic recrystallization during dislocation creep, grain boundary sliding
and low temperature plasticity, but not diffusion creep (e.g.,35). Thus, grain size reduction
– and in some cases, grain growth – at each time step occurs at a rate
(S7)

dgs /dt = (gsss − gs) ⋅ (ε˙disl + ε˙gbs + ε˙Peierls ) /εcritical

During deformation over a given time interval, the value of critical strain, εcritical,

€ depends on the difference between initial and steady state grain size. Thus, new steady
state grain size is achieved in ~10% strain for relatively small changes in the steady state
flow stress28, while large strains (~200%) are required when the steady state grain size is
much smaller than the initial grain size (e.g.,36, 37). We used
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(S8) εcritical = 10% +

(gs − gsss ) gst 
(200% −10%)
tanh 
−

2
gsss 
 gsss

where transition grain size, gst , was 250 microns, at each time. As can be seen in Figure
€

2F, this resulted in very slow grain size reduction in the fictive wall rock with a starting
€ but rapid grain size variation between 1 and 150 microns in the
grain size of 10 mm,

shear zone.
Diffusive grain growth occurs at a rate
(S9)

gs = {(1.8 ⋅10 8 e−300,000 / RT dt + gs2 }1/ 2

for grain sizes in microns (e.g.,13, 38) when diffusion creep is the dominant deformation

€ mechanism. In other regimes, grain size is controlled by equations S6-S8, except that
grain growth (gsss>gs) cannot exceed the grain size specified by equation S9 at each time
step.
Section 4. Detailed results of numerical model
Figure S1 provides some more detailed results of the numerical model with T0 = 650°C,
wez = 1 km, wsz = 2 m, _0 = 80 MPa, gs0 ~ 50 microns, adjacent wall rock grain size of 10
mm, and far field velocity of 0.1 m/yr. Other results of this model were summarized in
Figures 2, 3 and 4. Figure S1 focuses on the time period from 7600 to 8600 years,
encompassing five shear heating events. Note that, as is important for our model, the
deformation is dominated by grain size dependent grain boundary sliding (equation S3).
This is important, because we assumed that viscous deformation will be localized entirely
within the fine-grained shear zone. If the model predicted substantial deformation via
grain size independent dislocation creep and low temperature plasticity, the actual zone of
deformation would include coarser wall rocks as well as the fine-grained shear zone,

www.nature.com/nature

4

doi: 10.1038/nature05717

SUPPLEMENTARY INFORMATION

potentially invalidating our modeling assumption. Also, one can see in this figure that the
total displacements are ~ 20 meters for each shear heating event, accompanied by stress
drops of ~ 1 GPa.
Figure 3, in the main text, focuses on a shear heating event at ~ 8040 years. Note that
here, the time scale is in seconds. The results illustrate that our numerical calculations are
well resolved. An important result is that the time interval with strain rates greater than
1/s (shear velocities greater than 2 m/s across the shear zone) lasts for less than two
seconds. Within this time interval, the displacement is ~ 10 meters and the stress drop is ~
500 MPa. Thus, although the time interval with shear velocities greater than 1 m/s along
the shear zone wall would correspond to a seismic event, not all of the displacement and
stress drop during the shear heating events occurs during the seismic interval.
Section 5. Effects of varying strain rate in time dependent model
The model run illustrated so far has a fairly high strain rate, ~ 3 10-12/s. We have
investigated the effects of decreasing the strain rate, by increasing the elastic zone width
from 1 km to 10 km with constant far field velocity, and by decreasing the far field
velocity at constant elastic zone width, all at an initial temperature of 650°C. As can be
seen in Figure S2A, the period between shear heating events is approximately
proportional to the reciprocal of the strain rate. This shows that the period is almost
entirely controlled by the accumulation of elastic strain, with negligible contribution from
viscous deformation between the unstable shear heating events. Longer periods lead to
more extensive cooling by diffusion between shear heating events, and thus more events
before the system becomes stable.
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Figure S2 also shows that, at even lower far field velocities, it becomes possible for
the fine-grained shear zone to reach steady state at a temperature close to the initial
temperature of 650°C. Thus, for T0 = 650°C, wez = 1 km, wsz = 2 m, _0 = 80 MPa, gs0 ~ 50
microns, adjacent wall rock grain size of 10 mm, there are no periodic shear heating
events for far field velocity less than ~ 0.01 m/yr, corresponding to strain rates less than ~
3 10-13/s. However, if the shear zone width, wsz, is decreased to 0.02 m, then periodic
shear heating events are predicted at a far field velocity of 0.001 m/yr (strain rate ~ 3 1014

/s), and if wsz, is decreased to 0.002 m, shear heating events are modeled at far field

velocity of 0.001 m/yr (strain rate ~ 3 10-15/s). The effect of decreasing shear zone width
is best understood by considering the viscous strain rate required to accommodate the far
field velocity at steady state, which is simply the far field velocity divided by wsz. When
this value is greater than ~ 10-10/s, periodic shear heating instabilities are predicted at T0 =
650°C. While mylonitic shear zones with widths less than a centimeter are rare,
millimeter scale banding within mylonites is common (e.g. photomicrographs in 8,12). This
banding is defined by grain size contrasts of a factor of 10 or more, indicative of strain
localization on the millimeter scale. Thus, shear heating instabilities are possible at very
low far field strain rates.
Figure 2D illustrates strain rate versus time for runs that lack periodic shear heating
instabilities. Even in these cases, shear heating during the initial increase in stress and
strain rate generally leads to a transient maximum in strain rate prior to the establishment
of steady state viscous deformation. We speculate that similar, transient shear heating,
perhaps in metasediments or serpentinites rather than peridotites, could be the cause of
transient creep events at shallower depths in subduction zones.
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Section 6. Effects of varying other parameters in time dependent model
Here we describe the effects of varying some other parameters for comparison with the
model run illustrated in Figures 2, 3, 4 and S1. Decreasing the initial temperature from
750°C to 600°C extends the time interval over which shear heating instabilities occur, but
other results are very similar to the model with T0 = 650°C.
Given the possibility for grain size pinning, in addition to uncertainties in the kinetics
of recrystallization, we ran models with a constant grain size. With a grain size of 50
microns, and all other parameters the same as in Figure 2, steady state is attained sooner,
at a minimum temperature between events of ~825°C instead of ~ 850°C.
The activation enthalpies in the viscous flow laws we used are based on relatively low
pressure, experimentally determined values. We evaluate the influence of pressure by
using the activation volume for dislocation creep as though it applied to all four flow
laws, increasing the activation enthalpy by 4 104 J/(mol K) in each of equations S1-S4.
With this change and all other parameters the same as those for Figure 2, the maximum
stress is ~1600 MPa instead of ~1400 MPa, and shear heating instabilities continue until
the minimum temperature between events is ~900°C instead of ~850°C.
While we explored how a wall rock might deform viscously over the stress and
temperature conditions of the shear zone, a more complete model would incorporate
visco-elastic rheology for both wall rocks and shear zone, and extend over the length
scales of fault displacement. Preliminary results of such models are qualitatively similar
to those presented in this paper, but the time and temperature intervals that produce
periodic shear heating events are shorter because some viscous deformation is
accommodated by slow creep over a broad region in the wall rock39.
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The stress drops and periodic viscous displacements in our model results are
considerably larger than those inferred for earthquakes. However, we anticipate that
stress drops would be smaller in a similar model with a shear zone surrounded by coarsegrained wall rocks in two- or three-dimensions, since the wall rocks would resist slip upand down-dip from the shear zone. Furthermore, as seen in Figure 3C, about half of the
stress drop and half of the displacement occur during the time interval with slip rates
greater than 1 m/s. Thus, displacements and stress drops estimated from seismic data for
intermediate depth earthquakes may sample only part of the total displacement and
relaxation during shear heating events.
We anticipate that the steady state olivine flow laws used in our model are not fully
applicable to model accelerating strain rates that ultimately exceed 1/s. Understanding
stress – strain rate relationships under such transient conditions is an area of currently
active research. However, in the meantime, note that our formulation yields a continuum
model that incorporates both pre- and post-seismic creep as well as seismic deformation.
Finally, at high strain rates, an inertial “damping” term may become important. In
some runs we used
(S10) σ = G(w ezεtotal − w szεviscous ) /w ez − ε˙viscousw szG /(2Vs ) ,
in which Vs is the shear wave velocity in m/s40. Including this damping term has no

€ significant effect on the results.
Section 7: Details of steady state approximation
At steady state, the diffusive temperature flux is equal to the shear heating flux, which
can be approximated using a linear thermal gradient around the shear zone extending
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from the steady state temperature in the shear zone (Tss) to the far-field temperature (T∞)
over a width wdz,
(S11) κ C p ρ (Tss − T∞ ) /w dz = σ ε˙ w sz ,
so that the steady state temperature is

€ (S12) T = σ ε˙ w w /(C ρκ ) + T .
ss
sz dz
p
∞
The grain size is set by the piezometer (equation S6), and the strain rate is constant. In

€ this approximation we use only the grain boundary sliding mechanism, (equation S3),
because the numerical models show that this is the dominant creep mechanism during the
proposed shear heating instability. These assumptions yield
(S13)

ε˙ = Aσ 3.5 (15,000 σ −1.3 )−2 e−Q /(R Tss ) , and simplifying

(S14)

ε˙ = 4.4 ⋅10−9 Aσ 6.1e−Q /(R Tss ), so that

€
(equation 3, in main text)

σ = {ε˙ /[4.4 ⋅10−9 Ae−Q /(R Tss ) ]}1/ 6.1 .

€
These equations are non-linear because the strain rate and steady state temperature are

€ of stress and strain rate (equations S3 and S12).
functions of the product
The non-dimensional “Whitehead number”,
(4) W = (Tss − T∞ ) /T∞ = σ ε˙ w sz w dz /(C p ρκ T∞ ) ,
relates Tss to far-field temperature (T∞). When the Whitehead number is ~1, shear heating

€

has a significant effect on steady state temperature and strain rate, and the shear zone
jumps from the low- to the high-temperature regime (Fig. S3).
Section 8. Stress drops and elastic relaxation
It is commonly accepted that earthquake instabilities occur when a fault or shear zone
becomes so weak that the rate of strength drop is limited only by the rate of elastic
relaxation (e.g.,41). The rate of elastic relaxation per meter of displacement is a function
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of the shear zone length. Assuming slip on an elliptical shear zone in an infinite elastic
medium, the stress relaxation is
(S14) Δτ /displacement = −

E /2
(1− ν 2 ) ⋅ lsz

~ −

1011 Pa /2
(1− 0.25 2 ) ⋅ lsz

,

where E is the elastic modulus, ν is Poisson’s ratio (~0.25), and lsz is the length of the

€

shear zone. For our one dimensional model, the shear zone does not have length.
€
However, results of one to three dimensional models of€brittle faults suggest that our

elastic zone width imposes a length scale approximately equivalent to the shear zone
length in two or three dimensions (Alan Rubin, pers. comm., 2005). Thus, for our models
with an elastic zone width of 1000 meters, the rate of elastic relaxation should be ~ 53
MPa/m. The stress drop during shear heating events in a typical run of our numerical
model is ~ 52 MPa/m (slope in Fig. S4). In general, varying the shear modulus at constant
elastic zone width yields stress relaxation rates similar to those predicted by equation S14
(Fig S5). This demonstrates that the shear zone has essentially no strength when heated to
1400°C, so that the stress drop is limited only by the rate of elastic relaxation.
Section 9. Additional references
For brevity, several useful references were omitted from the main body of the text. These
will be of interest to those who wish to pursue this topic in more detail.
In addition to a more recent review1, Frohlich et al.42 also reviewed data on
intermediate depth and deep focus earthquakes. In addition to the references cited in the
main text1-5, Green and Houston43 and Kirby44 discussed the “dehydration embrittlement”
hypothesis for intermediate depth earthquakes. Recent papers presented experimental
evidence relevant to this hypothesis5, 45.

www.nature.com/nature

10

doi: 10.1038/nature05717

SUPPLEMENTARY INFORMATION

In addition to the initial paper on shear heating and formation of pseudo-tachylite
(melt veins quenched to glass) in the Balmuccia peridotite of northern Italy14, Jin et al.46
demonstrated that strain in the surrounding ductile shear zone increases toward pseudotachylite. Similarly, Morishita47 reported on a possible pseudo-tachylite occurrence in the
Horoman peridotite of northern Japan.
In addition to an early paper10 on the depth extent of earthquakes at the outer rise near
subduction zones, and possible reactivation of faults formed in that setting during
subduction, newer papers on the same topic focus on Japan48, 49, Tonga29, and Central
America50.
Shear heating instabilities had been discussed prior to the seminal paper by
Whitehead and Gans16. For example, a simple version of this idea was presented by
Griggs and Baker51.
van der Wal et al.28 presented data constraining the relationship between stress and
recrystallized olivine grain size in poly-crystalline rocks. That work built on earlier
studies of recrystallization of olivine single crystals34.

Supplemental Figure Captions

Figure S1: Same model run as in Figures 2, 3 and 4, here focusing on the time interval 7600 to
8600 years, encompassing four shear heating events. Light blue rectangle highlights the shear
heating event at ~8040 years; a 30 second interval in this event is shown in Figure 3. A. Time vs.
temperature. B. Time versus strain rates. In the legend, “total” is for the sum of strain rates from
all four flow laws, “disl” is for dislocation creep (equation S1), “diff” is for diffusion creep
(equation S2), “gbs” is for grain boundary sliding (equation S3), “Low T” is for low temperature
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plasticity (equation S4). C. Time versus stress. D. Time vs. shear zone grain size. E. Time versus
displacement. In the legend, “far field” is diplacement on the free edge of the elastic zone (left
side of Figure 1), “shear zone” is the moving side of the shear zone, and “wall rock” is
displacement in a fictive wall rock with an initial grain size of 10 mm that undergoes the same
temperature and stress history as the shear zone. F. Time vs. shear zone and wall rock grain size,
with the difference (wall rock – grain size) shown in red.

Figure S2: Results of many model runs investigating the effect of changing the overall strain
rate, by increasing the elastic zone width, wez, or by changing the far field velocity. We also
varied the shear zone width, wsz. In all runs, T0 = 650°C, σ0 = 80 MPa, and gs0 ~ 50 microns. (A)
Overall strain rate versus time to maximum strain rate for a large number of runs (blue squares),
and versus average period for first four shear heating events, for models with periodic instabilities
(red diamonds). The period shows a power-law relationship to the overall strain rate, and is nearly
inversely proportional to the overall strain rate. Each point is labeled with values of far field
velocity, ffv (meters per second), elastic zone width, wez (meters) and shear zone width, wsz
(meters) for a particular model run. Red labels indicate runs that show periodic instabilities, blue
labels indicate runs with a single, gentle maximum in strain rate prior to steady state viscous
creep, and the purple label is for a run with a single shear heating event (maximum strain rate
83/s) followed by steady state creep, The run with a strain rate of ~ 3 10-15/s and a shear zone
width of 0.002 meters (red label, asterisk) is periodic, but we have not completed model runs long
enough (~ 1 million years) to measure the average period between the first four instabilities.
Right hand panels illustrate variation in maximum stress, MPa (B), and maximum viscous strain
rate in the shear zone, 1/s, (C), as a function of the fictive strain rate required for steady state
viscous deformation, which is the far field velocity divided by wsz. Red symbols are for runs in
which the maximum strain rate is greater than 10/s, deemed “seismic” because all of these
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correspond to maximum velocities greater than 0.2 m/s. Blue symbols correspond to runs in
which the maximum strain rate is less than 10-8/s, deemed “aseismic”. There is a break between
aseismic and seismic models where the steady state viscous strain rate passes through ~ 10-10/s.
(D) Time, normalized to the time of the maximum strain rate, versus strain rate for models that do
not show periodic instabilities, illustrated in blue symbols in panels (A), (B) and (C). All runs
show a transient maximum in strain rate, prior to reaching a lower, steady state strain rate.

Figure S3: Steady state temperature,°C (A), strain rate, 1/s (B), and stress, MPa (C), versus nondimensional Whitehead number defined in the text and in Supplement Section 7. Symbols as
defined in legend of Figure 4A in the main text. When increasing Whitehead number passes
through ~ 1, temperature, strain rate and stress jump from low to high temperature values.

Figure S4: Stress vs displacement in the same model run as illustrated in Figures 2, 3, 4 and S1,
focusing on the same time interval as in Figure 3. The slope (i.e,, the stress relaxation rate) is ~ 52
MPa per meter of displacement, as predicted for elastic deformation along a fault with essentially
no strength. See text of Supplement Section 8 for more discussion.

Figure S5: Stress relaxation (MPa/m) as a function of shear modulus from numerical models,
compared to the elastic relaxation limit (MPa/m as a function of elastic modulus) in equation S14,
assuming that the elastic modulus is about twice as large as the shear modulus, and the elastic
zone width is approximately equivalent to the shear zone length. For most data, results are for the
first shear heating event, with T0 = 600°C, elastic zone width = 1 km, shear zone width = 2 m, σ0
= 80 MPa, gs0 ~ 50 microns, and far field velocity of 0.1 m/yr. Also shown is the slope from
Figure S4, for a model with T0 = 650°C, and minimum T = 730°C at ~ 8030 years just before the
shear heating event at ~8040 years. See text of Supplement Section 8 for more discussion.
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