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The Earth’s lower mantle consists mainly of (Mg,Fe)SiO3 per-
ovskite and (Mg,Fe)O magnesiowüstite, with the perovskite
taking up at least 70 per cent of the total volume1. Although
the rheology of olivine, the dominant upper-mantle mineral, has
been extensively studied, knowledge about the rheological beha-
viour of perovskite is limited. Seismological studies indicate that
slabs of subducting oceanic lithosphere are often deflected
horizontally at the perovskite-forming depth, and changes in
the Earth’s shape and gravity field during glacial rebound
indicate that viscosity increases in the lower part of the mantle.
The rheological properties of the perovskite may be important in
governing these phenomena. But (Mg,Fe)SiO3 perovskite is not

stable at high temperatures under ambient pressure, and there-
fore mechanical tests on (Mg,Fe)SiO3 perovskite are difficult.
Most rheological studies of perovskite have been performed on
analogous materials2–7, and the experimental data on
(Mg,Fe)SiO3 perovskite are limited to strength measurements
at room temperature in a diamond-anvil cell8 and microhardness
tests at ambient conditions9. Here we report results of strength
and stress relaxation measurements of (Mg0.9Fe0.1)SiO3 perovs-
kite at high pressure and temperature. Compared with the
transition-zone mineral ringwoodite10 at the same pressure and
temperature, we found that perovskite is weaker at room tem-
perature, which is consistent with a previous diamond-anvil-cell
experiment8, but that perovskite is stronger than ringwoodite at
high temperature.

The perovskite sample was synthesized at 26 GPa and 2,100 K
from a glass of composition (Mg0.9Fe0.1)SiO3. X-ray diffraction
confirmed the pure perovskite phase. In situ stress measurements
were performed using a large-volume press (SAM85) at the X17B
beamline of the National Synchrotron Light Source11. Stress in the
sample was measured by monitoring the broadening of diffraction
peaks from the sample at high pressure and temperature. The
experiment is described briefly below; details of the methodology,
along with previous studies on mantle-related materials, can be
found elsewhere10,12,13.

The synthesized sample was powdered at liquid-nitrogen tem-
perature to prevent amorphization, and loaded into a high-pressure
cell together with a layer of NaCl as an internal pressure calibrant.
The experiment was conducted by first increasing the pressure to
20 GPa, and then increasing the temperature. At each temperature,
energy-dispersive X-ray diffraction patterns were collected as a
function of time to characterize the stress relaxation. The sample
pressure was monitored by comparing the compression of NaCl to
the Decker scale14, and the sample temperature was measured by a
W97Re3–W75Re25 thermocouple. In all the X-ray diffraction pat-
terns from the sample at the pressures and temperatures reported
here, no back transformation was observed. When temperature was
later increased above 1,273 K, the diffraction pattern showed a back
transformation in the sample because the experiment was carried
out at a pressure lower than the perovskite stability field. Our stress
measurements are therefore limited to the data collected up to
1,073 K.

Heterogeneous deviatoric stress at each grain of the powdered
sample, together with very small grain sizes, gives rise to diffraction

Figure 1 Differential stress supported by Mg0.9Fe0.1SiO3 perovskite and Mg2SiO4 spinel

as a function of time at several constant temperatures under ,20-GPa confining

pressure. Filled diamonds, perovskite (this work); open triangles, spinel (from previous

study10). Data in the shaded area correspond to stresses of the sample during loading.
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peak broadening. In the case of energy dispersive X-ray diffraction,
stress-induced peak broadening is proportional to the photon
energy of the X-ray, whereas the broadening caused by small grain
size is energy independent15, that is:

FWHM2 ¼ ð21EÞ2þ ðKhc=2P sinV0Þ
2

where FWHM represents the sample contribution to the peak
broadening (full-width at half-maximum of a gaussian profile),
21 is the differential strain (which is equal to the differential stress
multiplied by the aggregate Young’s modulus (442.4 GPa is used for
the perovskite)), E is the X-ray photon energy, K is the Scherrer
constant, h is Planck’s constant, c is the velocity of light, P is the
average grain size, and 2v0 is the fixed scattering angle. The results
reported here are derived by deconvoluting the peak broadening of
the sample diffraction patterns from observed signal10,13.

Figure 1 shows the measured differential stress supported by the
perovskite sample as a function of time. The grey panel shows data
obtained as pressure was first increased at 300 K; the other panels
show data obtained at several other constant temperatures at ,20-
GPa confining pressure. For comparison, the data for g-Mg2SiO4

spinel (ringwoodite)10 are superposed on the plot. The stresses in
both the perovskite and the ringwoodite samples increase with load
pressure, and a downward curvature of the stress versus load
pressure indicates plastic yielding of the sample. At room tempera-
ture, the strength of the (Mg0.9Fe0.1)SiO3 perovskite is about
0.5 GPa lower than that of the ringwoodite. However, the perovskite
becomes much stronger relative to the ringwoodite at higher
temperatures. At 873 K, the strength of the (Mg0.9Fe0.1)SiO3 per-
ovskite is about 1 GPa higher than that of the ringwoodite, and the
difference increases to 2 GPa at 1,073 K. We find that the strength of
perovskite at room temperature is slightly less than that of ring-
woodite; this result is qualitatively consistent with that of ref. 8.
However, at high temperature, the perovskite is definitely stronger
than the ringwoodite.

All of these measurements are in a regime of high stress and
relatively low temperature. At these conditions, there are a few
possible deformation mechanisms that may be operative. Assuming
a constant total strain (elastic þ plastic) during the relaxation
process13, we derived the plastic strain rate from the time-resolved
data at temperatures of 673 K, 873 K and 1,073 K in order to explore
the possible operative mechanism. Dislocation glide is often the
dominant deformation mechanism under high stress and low

temperature16. The strain rate is generally described by the Arrhe-
nius equation:

_1¼ A1
j

m

� �2

expð2QðjÞ=RTÞ ð1Þ

where 1̇ is the strain rate, A1 a constant, m the shear modulus, R the
gas constant, T the temperature, and Q the activation energy (which
is a function of the stress j). We could not find an adequate set of
parameters to fit the experimental data at all three temperatures.
When we divided the data into two sets—(1) 673 K and 873 K, and
(2) 873 K and 1,073 K—and expressed the stress effect on Q as
Q(1 2 j/t), where t represents the Peierls stress (that is, lattice
friction stress at temperature of 0 K), we found that both t and Q
change as a function of temperature (5.8 GPa and 183 kJ mol21 for
case (1); 7.6 GPa and 236 kJ mol21 for case (2)).

Another possible deformation mechanism is power-law creep by
climb-plus-glide, which is characterized by:

_1¼ A2
Dn

RT

j

m

� �n

ð2Þ

where A2 is a constant, and Dn the lattice diffusion coefficient. The
exponent n normally varies from 3 to 10. However, the stress
relaxation in the perovskite is so slow that the derived exponent n
is about one order of magnitude higher than the typical values.
Therefore this power-law creep is also unlikely to be the operative
mechanism.

Thus it is likely that among the competing deformation mech-
anisms in the perovskite system, some other relaxation process is
weaker than dislocation glide and power-law creep, and hence
controls the strength in this temperature region. One possibility is
twinning. Twinning domains are easily generated in (Mg,Fe)SiO3

perovskite on (110) and (112) planes because of its ferroelastic
character17. The (110) twinning results in an interchange of the a
and b axes between adjacent twin domains18,19, and can be induced
by differential stress. Under a cylindrical stress field, as in our
experiment11, the twinning on the (110) plane during compression
gives rise to an increase of relative diffraction intensity (I (200)/I (020))
in the perovskite structure20. Because of the clear observation of
such features in our experiment (Fig. 2) and the support from the
previous related studies20, we suggest that mechanical twinning may
be a favourable candidate for an operative deformation mechanism
in the (Mg,Fe)SiO3 perovskite under the high-stress and low-
temperature regime. However, this suggestion still needs to be
confirmed by some more-direct evidence, although the preferred
mechanical twinning mechanism with respect to dislocation glide at
low temperature is also observed in other minerals21. Although the
strain rate for the twinning mechanism can be estimated by an
equation similar to equation (1), it has been demonstrated that both
effective activation energy (Q) and twinning nucleation stress (t)
are temperature dependent16. This is consistent with the character-
istics of our data.

On the other hand, another mechanism—dynamic recrystalliza-
tion—is known to produce strength that may have a weak tempera-
ture dependence in some cases22,23. This process might also seem to
be a potential candidate for the operative deformation mechanism
because of the observed weak temperature dependence of the
perovskite strength (Fig. 1). But dynamic recrystallization has
been documented to take place mostly at high temperature
(T . 0.6Tm)16, Tm being the melting temperature and our data
are limited to the temperatures ,0.5Tm.

Although the operative deformation mechanism is not known for
sure, our experiments show that perovskite is very strong (stronger
than ringwoodite) at these conditions. If twinning is the mechan-
ism, it could only operate for small strains and would not be viable
once the entire sample had obtained the minimum-energy twin
state: a stronger deformation mechanism might then become

Figure 2 Change in the relative intensities of the (020) and (200) diffraction peaks of

Mg0.9Fe0.1SiO3 perovskite owing to compression. The data from the compressed sample

indicate an increase in the population of (200)-oriented grains (parallel to the loading axis)

relative to (020)-oriented grains. This is evidence for a twinning process that converts the

b axis to the shorter a axis under uniaxial loading (see text).
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operative. The current result represents the lower limits of strength
of the perovskite at these conditions.

We note that the pressure, temperature and stress levels in our
experiment are not the same as the conditions in the Earth’s lower
mantle, where the temperature is probably 1,000 K higher and the
stress level is about two orders of magnitude lower. Therefore the
deformation mechanism probably falls into a different regime, and
the current result can not be directly applied to the lower mantle.
But this study reveals the rheological behaviour of (Mg,Fe)SiO3

perovskite at high pressure and temperature, and suggests a revision
of expectations that are based on room-temperature results8. It is
probably more reasonable to predict the rheological behaviour of
perovskite in the mantle from the present high-pressure and high-
temperature experimental result, than from high-pressure but
room-temperature data. Under the experimental conditions,
using the data for both perovskite and ringwoodite (Fig. 1), we
estimated the viscosity ðh¼ j= _eÞ of perovskite to be one order of
magnitude higher than that of ringwoodite at 1,073 K. Once again,
as the deformation in the Earth’s lower mantle is likely to be
dominated by diffusion creep, a more accurate comparison should
be made on the basis of the diffusion creep data when they become
available.

On the other hand, 1,073 K is a very reasonable temperature to be
expected in subducted slabs at the bottom of the transition zone.
Our experiment clearly shows that at this temperature perovskite is
definitely much stronger than ringwoodite. This fact helps to
explain why some subducted slabs deflect at top of the lower mantle,
as the perovskite may create a mechanical barrier to subduction of
the weaker ringwoodite24. Ultimately, the determination of the
relative strengths of the different media must also consider other
characteristics, such as grain-size effects as discussed by Karato
et al.25. These authors showed that coarsening of the grain size
increases the slab strength, and therefore a coarse-grained slab can
penetrate into the lower mantle.

The mechanism of deep-focus earthquakes along subducted slabs
has been a long-standing question, because the traditional brittle
failure model is not likely to be operative in the deep mantle. With
the progress in understanding the rheological properties of min-
erals, the early model of a thermal runaway instability26,27—when
deformation of a material occurs so rapidly that heat is accumulated
in the region of high strain—has regained special attention25,28.
Using existing rheology data, Karato et al.25 have modelled the
rheological structure of subducted slabs in a fashion that satisfies the
depth variation of seismicity down to the bottom of the transition
zone. Lacking the rheology data for perovskite, these authors
inferred that the clear shut-off of seismicity at the top of the
lower mantle is probably attributable to loss of strength of the
slabs in this depth region, owing to superplasticity and/or the
absence of strong forces. In fact, following the thermal runaway
instability model, thermal weakening (for example, the tempera-
ture-sensitive strength of olivine and ringwoodite10) enhances the
positive feedback between deformation-induced heating and defor-
mation. If the subducted slabs in the lower mantle consist of cold
perovskite which does not weaken significantly with temperature as
we observed (Fig. 1), the thermal runaway instability may not be
promoted, with the result that earthquakes would not occur in the
perovskite portion of the slab. A
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The relative importance of natural selection1 and random drift2

in phenotypic evolution has been discussed since the introduc-
tion of the first population genetic models3–5. The empirical
evidence used to evaluate the evolutionary theories of Fisher1

and Wright2 remains obscure because formal tests for neutral
divergence6–8 or sensitive attempts to separate the effects of
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