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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 & Kohlstedt™, plus a flow law for low
temperature plasticity”’, as follows:

(S1) dislocation creep, &, =10°0 e 70K

(S2) diffusion creep, £y =107 g5 e IR

(S3) grain boundary sliding, € = 0500 o gs e NIRT

(S4) Peierls Law or low T plasticity, £ ., =5.7-10"[1-0/(8.5-10%)]? e %

peierls
and sum the strain rates for all four mechanisms to determine the total viscous strain rate,
€,...ons- 1N these expressions, units are stress, 0, 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°/d7/d¢, Imm/dgs/dt, w,,*/x or

0.1/¢ 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deformation that we model may be accompanied or superceded by cataclastic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 ~ 107
m’/mol. If we assume a nominal pressure of 4 GPa, incorporation of a pressure effect
raises the activation enthalpy in equation S1 by 4 10* J/(mol K). To evaluate the
importance of this effect, we made a test run in which we increased the activation
enthalpy by 4 10* 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,

26, 32

(e.g.,” and Figure 8 in** ), while the lower bound stress supported by the shear zone is
limited by
(S5  t=1,. w0 =0.11010 Pa

at maximum € and ~ 100% melting, where 1, 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%/K™, 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””"
(S6)  gs,, =15,00007"
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.,””). Thus, grain size reduction
— and in some cases, grain growth — at each time step occurs at a rate
(S7)  dgs/dt =(8S,— 89 g+ Egps + Epvionss) Ecriical
During deformation over a given time interval, the value of critical strain, €_;;..»
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 stress™, while large strains (~200%) are required when the steady state grain size is

much smaller than the initial grain size (e.g.,””"’). We used

www.nature.com/nature 3



doi: 10.1038/nature05717 SUPPLEMENTARY INFORMATION

(200%-10%) . [(85-8s,) &5,

gSSS gSSS

(S8) ¢ =10% +

critical

where transition grain size, gs,, 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
grain size of 10 mm, but rapid grain size variation between 1 and 150 microns in the
shear zone.

Diffusive grain growth occurs at a rate
(Sg) gs= {(18 . 108 e—SO0,000/RTdt + gs2}1/2

for grain sizes in microns (e.g.,"**

) when diffusion creep is the dominant deformation
mechanism. In other regimes, grain size is controlled by equations S6-S8, except that
grain growth (gs,>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 T, = 650°C,
w,, = 1 km, w, =2 m, _, = 80 MPa, gs, ~ 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,
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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"*/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 T, = 650°C, w,, = 1 km, w, =2 m, _, = 80 MPa, gs, ~ 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 "/s. However, if the shear zone width, w_, is decreased to 0.02 m, then periodic

Sz9

shear heating events are predicted at a far field velocity of 0.001 m/yr (strain rate ~ 3 10°

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

velocity of 0.001 m/yr (strain rate ~ 3 10"°/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 w,,. When
this value is greater than ~ 10™'%/s, periodic shear heating instabilities are predicted at T, =
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 *'*). 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 T, = 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 10* 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 rock™.

www.nature.com/nature 7



doi: 10.1038/nature05717 SUPPLEMENTARY INFORMATION

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 coarse-
grained wall rocks in two- or three-dimensions, since the wall rocks would resist slip up-
and 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) o=G(w

-w_€ Yw,_—&

erotal = WiEriscous) | Wez = EnigeansW G 12V,

in which V, is the shear wave velocity in m/s*. 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

www.nature.com/nature 8



doi: 10.1038/nature05717 SUPPLEMENTARY INFORMATION

from the steady state temperature in the shear zone (7,) to the far-field temperature (7,)
over a width w .,
(S11) kC,p(T,-T)/Iw, =0éw,
so that the steady state temperature is
(S12) T,=0éw,w,/(C,pK)+T,.
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) é=A0"(150000"7)2e?" ") "and simplifying
(S14) §=4.4-10"Ac*'e @ ®") 50 that
(equation 3, in main text) o ={£/[4.4-107 Ae @/ KT 10 1
These equations are non-linear because the strain rate and steady state temperature are
functions of the product of stress and strain rate (equations S3 and S12).

The non-dimensional “Whitehead number”,
@D W=(T,-T)/IT,=0éw,w, (C,pKT,),
relates T, to far-field temperature (7). 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.,”"). 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

11
(S14) At/displacement = __En2 ~ 10 Pa/2

(1-v?)- 1, C(1-0.25%)-1_

9

where E is the elastic modulus, v is Poisson’s ratio (~0.25), and [ 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 review', Frohlich et al.”* also reviewed data on
intermediate depth and deep focus earthquakes. In addition to the references cited in the
main text'”, Green and Houston" and Kirby* discussed the “dehydration embrittlement”
hypothesis for intermediate depth earthquakes. Recent papers presented experimental

evidence relevant to this hypothesis™ .
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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 Italy'*, Jin et al.™
demonstrated that strain in the surrounding ductile shear zone increases toward pseudo-
tachylite. Similarly, Morishita’’ reported on a possible pseudo-tachylite occurrence in the
Horoman peridotite of northern Japan.

In addition to an early paper'’ 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 Japan™ *’, Tonga™, and Central
America™.

Shear heating instabilities had been discussed prior to the seminal paper by
Whitehead and Gans'®. For example, a simple version of this idea was presented by
Griggs and Baker’'.

van der Wal et al.” 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 crystals™.

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, w,,, or by changing the far field velocity. We also
varied the shear zone width, w,. In all runs, T, = 650°C, o, = 80 MPa, and gs, ~ 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, w,, (meters) and shear zone width, w,,
(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"%/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 w,,. 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%/s, deemed “aseismic”. There is a break between
aseismic and seismic models where the steady state viscous strain rate passes through ~ 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 non-
dimensional 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 T, = 600°C, elastic zone width = 1 km, shear zone width =2 m, o,
= 80 MPa, gs, ~ 50 microns, and far field velocity of 0.1 m/yr. Also shown is the slope from
Figure S4, for a model with T, = 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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