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Abstract

Room temperature investigations on the shear stress and deformation mechanisms of (Mg0:9Fe0:1)SiO3 perovskite
are performed in situ up to 32 GPa using radial X-ray diffraction and the diamond anvil cell as a deformation
apparatus. The uniaxial stress supported by the perovskite aggregate is found to increase continuously with pressure
up to 10.9( 3 1.9) GPa at 32( 3 1) GPa. Our measurements show no development of significant lattice preferred
orientations in the sample, which indicates that deformation by dislocation glide is not the dominant deformation
mechanism under these conditions. Assuming that the underlying cause for seismic anisotropy in the deep Earth is
elastic anisotropy combined with lattice preferred orientation, our results indicate that silicate perovskite deformed
under the conditions of this experiment would not be the source of seismic anisotropy.
6 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Silicate perovskite is the most abundant mineral
in the Earth’s lower mantle and, although it has
been subjected to numerous experimental and the-
oretical investigations, its rheological properties
remain poorly understood. Information on the

shear strength and deformation mechanisms of
(Mg,Fe)SiO3 is crucial for constraining mantle
convection and the development of seismic aniso-
tropy in the deep Earth (e.g. [1]). However,
(Mg,Fe)SiO3 perovskite is known to be extremely
di⁄cult to study with conventional laboratory de-
formation experiments: for the most part, only
analogs with the perovskite structure have been
investigated under the assumption that such ma-
terials have similar mechanical properties. From
such analog studies, creep laws and deformation
mechanisms of silicate perovskite were implied
(see [2^10] and references therein). Despite consid-
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erable e¡orts, these experiments have demon-
strated that the analog approach is problematic
[4]. Silicate perovskite is very unstable at ambient
pressure and it is very di⁄cult to obtain high
quality and large dimension samples. Therefore,
very few studies have investigated the rheological
properties of silicate perovskite directly. Among
them are micro-indentation hardness measure-
ments under ambient conditions [11], shear stress
estimations up to 60 GPa using an approximate
relation between pressure gradient and uniaxial
stress component in the diamond anvil cell [12],
shear stress measurements up to 20 GPa and 1073
K in large volume press [13], electron microscopy
analysis of samples quenched from multianvil ex-
periments [14], and lattice preferred orientation
(LPO) analysis of samples quenched from high
pressure diamond anvil cell experiments [15].
However, the understanding of the rheology of
silicate perovskite is still in its infancy. Most stud-
ies on lower mantle deformation are still based on
analogies with CaTiO3 perovskite ([1,7,9] for in-
stance) in spite of the considerable uncertainties
indicated above.
In recent years, a new diamond anvil cell X-ray

di¡raction technique has been developed to study
the strength and elasticity of materials under high
pressure [16^24]. This technique later emerged as
a powerful tool to obtain direct observations of
the deformation mechanisms and the develop-
ment of LPO of deep Earth materials in situ at
relevant pressure, as demonstrated with pilot ex-
periments on O-Fe and MgO [25,26]. We applied
this method to study the development of textures
in (Mg,Fe)SiO3 perovskite with pressure under
uniaxial stress and deduce information about its
strength and deformation mechanisms at room
temperature.

2. Experiment

In this study, we perform a deformation ex-
periment with a diamond anvil cell, analyzing
the stress state and polycrystalline texture using
X-ray di¡raction in a direction orthogonal to
the compression axis (Fig. 1). In order to obtain
reliable statistics in the analysis, we used an an-

gular-dispersive di¡raction technique [26]. The
background from the con¢ning beryllium gasket
was reduced by drilling an opening along the in-
coming X-ray path which was ¢lled with a mix-
ture of amorphous boron and epoxy to maintain
the gasket’s mechanical stability. The perovskite
sample with a Fe/(Fe+Mg) ratio of 0.01 was syn-
thesized from (Mg,Fe)SiO3 orthopyroxene on the
multianvil apparatus of the Center for High Pres-
sure Research. The grain size was reduced to the
order of a couple of Wm by crushing the chips
extracted from the multianvil runs between tung-
sten carbide cubes. The sample was then loaded
and repeatedly pressed until fully compacted in a
100 Wm hole along with ruby chips and a layer of
polycrystalline platinum. To ensure homogeneous
stress conditions in all sections of the sample, dia-
mond anvils with 500 Wm tip diameters were used.
The measurements were performed on the ID-30
beamline of the European Synchrotron Radiation
Facility in Grenoble, using a monochromatic
beam of wavelength 0.3738 AQ and the in-house
fast-scan detector. Each pattern took 1^5 min to
record. Details on the experimental technique and
data reduction are given elsewhere [26].
Pressures were estimated using the ruby scale,

the equation of state of platinum [27] and that of
perovskite itself [28]. We collected data upon
compression between 0 and 32 GPa, and decom-
pression between 32 and 1 GPa. However, above
20 GPa in compression the large peak widths and

Fig. 1. Schematic of the experiment. The perovskite aggre-
gate is con¢ned under non-hydrostatic stress conditions be-
tween two diamond anvils. A monochromatic X-ray beam is
sent through the gasket with a direction orthogonal to the
diamond axis and the data collected on an area detector or-
thogonal to the incoming beam. The positions and intensities
of the di¡raction lines are analyzed as a function of the azi-
muthal angle N.
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low di¡raction intensities of perovskite made the
analysis impossible. This can be attributed to an
increase in stress inhomogeneities between grains
with compression. These problems disappeared
upon decompression as we relaxed the sample.
Therefore the results presented here will range
between 0 and 19 GPa upon compression and
32 and 1 GPa upon decompression. The distance
between the diamond anvils, estimated by record-
ing changes in X-ray absorption while moving the
diamond cell in a direction perpendicular to the
incoming beam, shows a continuous decrease
from 32 to 7 Wm during compression to 32 GPa
and a continuous increase from 7 to 10 Wm during
decompression (Fig. 2). Upon compression, this is
a good estimation of the sample thickness. Be-
cause the deformation is continuous over the
whole pressure range, we estimate that it cannot
be attributed to compaction and that our sample
was submitted to 65% plastic deformation. In or-
der to reduce the background from the sample
environment, a di¡raction image was collected
after removing the sample from the incident
beam at each pressure and dividing the di¡raction
pattern from the sample by this image. The pro-
cessed di¡raction images were then divided into
small arcs of 10‡ intervals to determine the in£u-
ence of the azimuthal angle N on the pattern. Figs.

3 and 4 show a representative di¡raction pattern
at 19 GPa and the spectra we extracted for N

between 0 and 360‡ with 10‡ intervals, respec-
tively. In Fig. 4, the variations of the peak posi-

Fig. 2. Distance between the diamond anvils as a function of
pressure. Upon compression, this is a good estimation of the
sample thickness. From this ¢gure, we estimate that the plas-
tic deformation imposed on the sample is of the order of
65%.

Fig. 3. Representative di¡raction pattern at 19 GPa after re-
moving the signal from the background. Selected di¡raction
lines for perovskite, stishovite (left over from synthesis) and
platinum (pressure calibrant) are indicated.

Fig. 4. Spectra extracted from the di¡raction pattern at 19
GPa (Fig. 3) for N between 0 and 360‡ with 10‡ intervals.
Di¡raction lines for perovskite (Pe), platinum (Pt) and
stishovite (St) are labeled in the ¢gure.
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tion with N are related to elastic deformation due
to non-hydrostatic stress while the variation of
the di¡raction intensities can be attributed to
LPO. For the following analysis, data for the
(002) and (110), (111), (020), (112), (200), and
(113) peaks of silicate perovskite were ¢tted using
pseudo-Voigt peak pro¢les.

3. Results

Samples in these diamond anvil cell experi-
ments are subjected to a non-hydrostatic stress,
where the principal stress in the loading direction,
c3, is greater than the radial stress, c1, imposed
by the gasket. The angle M between the di¡racting
plane normal and the maximum stress axis can be
calculated from the azimuth angle on the detector,
N, with the relation:

cosM ¼ cosa cosN ð1Þ

where a is the di¡raction angle. Assuming a
Reuss^Voigt^Hill micromechanical model and ne-
glecting the e¡ect of preferred orientations, the
measured d-spacings vary with M as:

dmðhklÞ ¼ dPðhklÞ½1þ ð133cos2M ÞQðhklÞ� ð2Þ

where dm(hkl) is the measured d-spacing, dP(hkl)
the d-spacing under the equivalent hydrostatic
pressure P, and Q(hkl) is a function of the Miller
indices, lattice parameters, and elastic moduli [18].
The variations of the d-spacings of the (112)
planes of perovskite with M upon compression
and decompression are shown in Fig. 5 along

with results from least-squares ¢ts of Eq. 2. The
good agreement between the measured and theo-
retically predicted M dependence of the d-spacing
assesses the quality of the experimental data. The
results of these least-squares ¢ts can then be used
to estimate the uniaxial stress component sup-
ported by the sample with the relation:

Fig. 5. Variation of the d-spacing of the (112) plane of pe-
rovskite as a function of M upon compression and decom-
pression. Symbols and solid line are experimental data and
least-squares ¢ts of a Reuss^Voigt^Hill micromechanical
model to the data.

Table 1
Pressure, distance between the anvils, and uniaxial stress component t=c33c1 in perovskite calculated from the measured GQf

and the shear modulus G deduced from ¢rst-principles calculations [29]

P h GQf G t
(GPa) (Wm) (U103) (GPa) (GPa)

0.03 0.1 32 30.4 3 0.2 178.63 0.2 30.4 3 0.2
5.33 0.3 22 3.1 3 0.4 186.93 0.5 3.4 3 0.4
9.53 0.5 21 3.7 3 0.5 193.43 0.8 4.3 3 0.6
15.13 0.3 15 5.0 3 0.6 201.93 0.5 6.0 3 0.7
19.03 0.5 15 5.3 3 1.3 207.83 0.7 6.6 3 1.6

32.03 1.0 8 8.0 3 1.3 226.83 1.4 10.93 1.9
13.03 0.3 9 4.7 3 0.9 198.73 0.5 5.6 3 1.1
1.03 0.5 10 30.1 3 0.1 180.23 0.8 30.1 3 0.1
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t ¼ c 33c 1W6GGQðhklÞf ð3Þ

where G is the shear modulus of the aggregate
[18]. Since no experimental measurement of the
shear modulus of perovskite in the present pres-

sure range was available, results from ¢rst-princi-
ples calculations were used [29]. The results we
obtained are presented in Table 1 and Fig. 6.
Above 2 GPa the uniaxial stress in our sample
increases linearly with pressure up to 10.9( 3 1.9)
GPa at 32 GPa. The values of uniaxial stress in
the sample deduced upon compression and de-
compression cannot be distinguished.
In order to study the development of LPO with

compression, we use the relative intensity varia-
tions of di¡raction peaks to calculate the orienta-
tion distribution function (ODF) of the sample,
which contains all information about the crystal-
lite orientations and can be used for deformation
mechanism analysis. Fig. 7 presents the measured
di¡raction intensities for the (110)+(002), (020),
(112) (200) and (113) di¡raction lines of perov-
skite at the end of the decompression along with
those recalculated from the ODF. There is con-
siderable dispersion in the experimental data and
no clear systematic variation of intensities with M

can be observed, except for the weak re£ection
(200). The texture in the sample is axially symmet-
ric around the compression axis, consistent with
deformation performed in axial compression. It is
therefore most e⁄ciently displayed in the form of

Fig. 6. Uniaxial stress component t=c33c1 in perovskite vs.
pressure. Closed and open circles are data upon compression
and decompression, respectively, crosses are the results of
[12] measured using the pressure gradient method, open dia-
monds are results of multianvil experiments [13], and solid
line is a ¢t to the data of this experiment.

Fig. 7. Di¡raction intensities vs. M for perovskite at the end of the decompression. Open circles are experimental data and solid
lines are recalculated from the ODF.
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inverse pole ¢gures (Fig. 8), which show the ori-
entation distribution of the experimental compres-
sion axis relative to the crystallographic coordi-
nate system of the orthorhombic perovskite
structure. The inverse pole ¢gures show no signif-
icant changes with compression or decompres-
sion, which implies that the sample did not devel-
op any signi¢cant LPO in this experiment. This is
also apparent in Fig. 4, which shows very little
intensity variation with angle, for instance for re-
£ections (110)+(002), (111) and (113).

4. Discussion

According to the von Mises yielding criterion,
the measured uniaxial stress (Fig. 6) provides a
lower bound on the yield strength of perovskite
as t=c33c19cy, where cy is the yield strength.
The uniaxial stress varies with sample environ-
ment and equality holds only if the sample de-
forms plastically. It should also be noted that
the experiments presented here are di¡erent
from mechanical tests at a given pressure, temper-
ature, and imposed strain-rate. In these experi-
ments, strain, strain rate and pressure cannot be
decoupled and therefore we rely on a more gen-
eral de¢nition of the yield strength that may in-

clude e¡ects of hardening. Above 2 GPa, we ¢nd
t=1.8(3) +0.28(2)P where t and P are in GPa.
Therefore:

c yv1:8ð3Þ þ 0:28ð2ÞP ð4Þ

for perovskite up to 30 GPa, where cy and P are
in GPa. Comparison with other measurements of
uniaxial stress in perovskite is shown in Fig. 6.
Between 15 and 25 GPa, our results agree with
those of [12] and [13]. However, the saturation
observed above 25 GPa in [12] is not seen in
our experiments. As mentioned above, the uniax-
ial stress is only a lower bound on the yield
strength and its actual value depends on sample
environment. Our results are thus not incompat-
ible with the previous work since t might have
saturated in their experiments for a variety of rea-
sons. One should also point out, however, that
these authors used a technique based on measur-
ing the pressure gradient across the diamond anvil
and estimating t by tWh(dP/dr) where h is the
sample thickness and r the radial distance from
the center of the diamond. The sample thickness
is poorly estimated at high pressure; moreover,
the above relation holds only if the sample con-
tinues to £ow plastically on each loading. Arrest
of plastic £ow often occurs in the vicinity of the
maximum pressures of these experiments, as does

563 max.

100
(= 1 m.r.d.)

20 min.
Log. Scale

Equal Area Proj.

Compression

Decompression

32.0 GPa                 130.0 GPa                  1.0 GPa

15.1 GPa                    19.0 GPa

0 GPa                      5.3 GPa                   9.5 GPa

100

001 010

Fig. 8. Experimental inverse pole ¢gures for perovskite upon compression and decompression.
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the increase of uniaxial stress below the diamond
tips [30]. We conclude that the saturation previ-
ously observed is not intrinsic to perovskite and
that its yield strength can be well over 10 GPa at
a pressure of 30 GPa at room temperature, mak-
ing it one of the hardest silicates of the Earth’s
interior. This conclusion is consistent with that of
[13] based on measurements up to 20 GPa and
1073 K, where perovskite was shown to display
very little relaxation and became much stronger
than other silicates, such as ringwoodite, upon
heating.
The dimensionless parameter d/G, where d is the

shear strength and G the shear modulus, is a use-
ful quantity for comparing strength between dif-
ferent materials [31]. Moreover, the quantity t/G is
measured directly in the radial di¡raction experi-
ments (e.g. Eq. 3) and no bulk parameter needs to
be assumed. Fig. 9 shows the results we obtain for
perovskite along with measurements on olivine
[32], ringwoodite [22], MgO [26], and SiO2 [24].
The t/G ratio for perovskite at ambient temper-
ature lies between those of SiO2 and the other
silicates. Notably, the trend for (Mg,Fe)SiO3 is
quite similar to that observed for SiO2 (stishovite
and CaCl2-type), which also has Si in octahedral
coordination.
However, the representation of uniaxial stress

as a function of pressure has been problematic :
results from di¡erent experiments can be incon-
sistent and the evolution of t or t/G with pressure
tends to be highly non-linear. Fig. 10 presents the
evolution of the normalized uniaxial stress t/G
with macroscopic strain Q= (h03h)/h0 where h is
the distance between the anvils (e.g. Table 1). In
this representation the evolution of uniaxial stress
can be easily decomposed into two domains where
t evolves linearly with Q (i.e. increasing strain and
decreasing strain). In our experiments, pressure,
strain, and uniaxial stress cannot be decoupled.
Therefore a comparison with results from me-
chanical tests at constant pressure, temperature
and strain rate is not trivial. However, because
strain is strongly related to plastic deformation,
we feel that this representation should provide
valuable information when data from other ex-
periments become available.
The absence of LPO in perovskite in our ex-

periments is consistent with previous observations
on (Mg,Fe)SiO3 perovskite [15]. In those experi-
ments, perovskite had been deformed under uni-
axial compression in the diamond anvil cell and
quenched to ambient conditions. No texture could
be observed. In our experiments, we followed the
development of texture under uniaxial compres-
sion in situ up to 30 GPa, with 10 GPa uniaxial
stress at the highest pressures, after 65% plastic

Fig. 9. Ratio of uniaxial stress component to shear modulus
t/G as a function of pressure. Solid squares are measure-
ments on perovskite from this study, open triangles, squares,
diamonds, and circles are results for MgO [26], olivine [32],
ringwoodite [22], and SiO2 [24], respectively.

 

Fig. 10. Normalized uniaxial stress component t/G in perov-
skite vs. strain. Closed and open circles are data upon com-
pression and decompression, respectively. Solid lines are line-
ar ¢ts to the data from 0 to 32 GPa and from 32 to 0 GPa.
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deformation, and a homologous temperature
T/TmW0.1, and found no clear sign of LPO.
Although further experiments are required to
identify the speci¢c deformation mechanism, the
absence of signi¢cant LPO indicates that plastic
deformation by dislocation is not dominant. This
is in agreement with deduction from high temper-
ature relaxation at high pressure where the evolu-
tion of stress and strain in perovskite was shown
to be incompatible with both dislocation glide and
power-law creep [13]. This has also been docu-
mented for ¢ne-grained CaTiO3, from which it
was inferred that silicate perovskite undergoes
superplastic deformation [7]. Deformation mech-
anisms depend strongly on stress, temperature
and grain size. Thus, the in£uence of all these
factors needs to be further investigated in order
to infer the behavior of silicate perovskite in the
lower mantle. To this end, the in situ experiments
described here should be extended to higher tem-
perature and grain sizes varied.
The major cause for seismic anisotropy in the

deep Earth is elastic anisotropy combined with
LPO. Therefore, a perovskite aggregate deformed
in conditions similar to those of this study would
not generate any seismic anisotropy. While the
e¡ect of higher temperature, controlled strain
rate and grain size should be investigated to fully
understand the rheology of silicate perovskite in
the deep mantle, our in situ experiments have
demonstrated the feasibility of direct investiga-
tions on the strength and deformation mecha-
nisms of silicate perovskite under high pressure.
The lack of signi¢cant LPO in perovskite is
in contrast with similar experiments on another
lower mantle mineral, magnesiowuestite, where
strong LPO was observed at low temperature
and high pressure [26].
Seismological observations about the anisotro-

py in the deep mantle have only recently been well
documented. There have been numerous reports
of anisotropy in its lowermost boundary layer, DQ

(e.g. [33,34]), and near the 660 km discontinuity
[35,36] the few studies that concentrated on the
mid-to-lower mantle region found little evidence
for anisotropy [15,35]. These studies, however,
were limited in global coverage and recent numer-
ical calculations assuming composite mantle

rheology have shown that the deformation of sub-
ducting slabs in the lower mantle occurs mostly
by dislocation creep and could therefore exhibit
signi¢cant anisotropy [1,37]. Reliably detecting
anisotropy in these regions requires careful seis-
mological experiments. Moreover, interpreting
data from geological settings which exhibit 3D
variations in heterogeneity and anisotropy is dif-
¢cult as the nature of wave propagation in such
complex settings is not well understood [34]. Re-
cent experiments have documented the develop-
ment of signi¢cant LPO in magnesiowuestite,
both under low pressure and high temperature
[38,39] and high pressure and low temperature
[26]. In contrast, our experiments have shown
that it is extremely di⁄cult to generate signi¢cant
LPO in silicate perovskite. Although the critical
parameters of the e¡ect such as temperature and
grain size should be investigated for a direct com-
parison with the lower mantle, this implies that
perovskite is less likely to be the source of seismic
anisotropy than these other silicates.
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