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Abstract: Deformation experiments have been performed on polycrystalline stishovite at 14 GPa and 1300 °C in a multi-anvil press. The
easy slip systems have been determined by Transmission Electron Microscopy. We found [001]{100} and [001]{110} with minor slip in
the <100> direction. Analysis of the elastic energy of these slip systems together with previously reported systems in as-grown stishovite
reveals that easy glide [001]{100} and [001]{110} systems are unaffected by the stishovite to CaCl2 transformation, whereas the energy
of <110>{110} system decreases to zero at the transition, which is symptomatic of a plastic instability.

We have used the visco-plastic self-consistent (VPSC) model to simulate the crystal preferred orientation (CPO) of polycrystalline
stishovite in simple shear. The CPO in stishovite stability field shows a strong alignment of [001] axes parallel to direction of
maximum finite strain (X) and a girdle of [100] normal to X. At conditions close to the transition, simulated by making the CRSS of
[110](110) equal to easy glide [001] systems, the CPO were similar to the previous case, but slightly weaker. At the transition,
simulated by making the <110>{110} systems the only easy glide systems, the CPO of [001] axes is very weak.

The anisotropic seismic properties were calculated from the CPO. In the stishovite stability field at a pressure of 21 GPa the Vp
maximum is parallel to X and Vp minimum parallel to Z with an anisotropy of about 13%. The shear wave splitting has a maximum
in a girdle normal to X with anisotropy of 5 to 8%. Calculations near the phase transition at a pressure of 48 GPa for CPO with easy
<110>{110} and [001] systems showed similar patterns to those at 21 GPa except that S wave anisotropy was stronger (11-18%). In
conditions at the phase transition where <110>{110} are the only easy glide systems, the seismic properties are very different, with
Vp almost isotropic with anisotropy of 1.8% and a relatively low anisotropy of S waves with a maximum shear wave splitting of 4.5%
in a single peak parallel to Z.

Key-words: stishovite, dislocations, high pressure, plastic deformation, elastic instability, seismic properties, vico-plastic
modelling, CPO.

1. Introduction

In the Earth’s interior, stishovite is the stable form of free
SiO2 at pressures of the transition zone and of the top of the
lower mantle to a depth of 1200 to 1500 km. Although free
SiO2 is not expected to be a significant constituent in a ho-
mogeneous pyrolitic mantle, it might be present in subduct-
ed MORB’s (Ringwood, 1991). Moreover, stishovite is an
important high-pressure mineral as a prototype phase hav-
ing octahedrally coordinated silicon. Stishovite was first
synthesized in the laboratory by Stishov & Popova (1961).
Natural occurrences were later discovered in shocked speci-
mens from terrestrial impact structures such as Meteor cra-
ter (Chao et al., 1962), Ries crater (Shoemaker & Chao,
1961; Chao & Littler, 1963) and the Vredefort (Martini,

1978). The crystal structure of stishovite, determined by
Sinclair & Ringwood (1978), is a rutile-type structure with
space group P42/mnm in which the silicon is octahedrally
coordinated to oxygen. The Bravais lattice of stishovite is
tetragonal and the lattice parameters are a = b = 0.418 nm
and c = 0.26678 nm (Ross et al., 1990). The SiO6 octahedra
form edge-shared chains along the c-axis that are each con-
nected to four other parallel chains. Polycrystalline stishovi-
te is known to be a superhard material and the second hard-
est known oxide after the high-pressure phase cotunnite-
structured TiO2 (Dubrovinsky et al., 2001) with a hardness
of 32 GPa, hence its rheological properties are of great inter-
est to materials and Earth sciences.

At ca. 50 GPa (at room temperature) stishovite undergoes
a second-order phase transition to a CaCl2 structure (Tsuchi-
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da & Yagi, 1989; Andrault et al., 1998, Carpenter et al.,
2000). This phase transformation corresponds to a symme-
try change from P42/mnm to orthorhombic Pnnm, which on-
ly involves a slight tilting of the SiO6 polyhedra. The P42/
mnm to Pnnm transition is associated with a mechanical in-
stability as suggested by ab initio structure calculations (Lee
& Gonze, 1977) and by observed softening of the Raman
B1g mode (Kingma et al., 1995). Based on a Landau free en-
ergy expansion, Carpenter et al. (2000) also suggested that
the transition is accompanied by elastic anomalies. In par-
ticular, Carpenter et al. (2000) showed that the shear modu-
lus (Reuss or Voigt bounds) exhibits a marked softening in
the vicinity of the phase transition. This may have direct
consequences for plastic deformation close to the transition.
Indeed, recent x-ray diffraction experiments performed by
Shieh et al. (2001, 2002) in the diamond anvil cell have
shown a significant decrease in the differential stress sup-
ported by stishovite in the vicinity of the phase transition.
Kingma et al. (1995) and Karki et al. (1997) have suggested
that the transformation of the highly elastically anisotropic
SiO2 polymorphs stishovite to CaCl2 structure at 50±3 GPa
at room temperature may be the possible explanation of re-
flectivity in the top of the lower mantle. Kingma et al.,
(1995) have estimated the P42/mnm to Pnnm transformation
would take place at 60 GPa at lower mantle temperatures in
the range 2000 to 2500 K, corresponding to a depth of 1200-
1500 km. Kawakatsu & Niu (1994) and more recently Vin-
nik et al. (2001) have observed seismic reflectivity in the
lower mantle which may be explained by the SiO2 phase
transformation.

To clarify the mechanisms responsible for the behaviour
observed by Shieh et al. (2001, 2002), we have carried out
the first deformation experiments of stishovite at high pres-
sure and high temperature in the multianvil apparatus. The
dislocations and slip systems activated in this mineral are
characterized by Transmission Electron Microscopy
(TEM). In a second stage, we calculate the elastic energy of
the various slip systems that exist in stishovite as a function
of pressure. This enables us to model the effect of the elastic
instablity at the transition on the plastic properties. Based on
this estimates of the active slip systems, we calculate the
crystal preferred orientations of a deformed aggregate using
a visco-plastic self-consistent model. The seismic proper-
ties of the deformed aggregate are finally derived.

2. High-pressure deformation experiments

2.1. Experimental procedure

Routine deformation experiments can be performed in the
multianvil apparatus at pressures up to 25 GPa and tempera-
tures up to 2100°C. In a previous study, Cordier & Sharp
(1998) have shown that <100>, [001], <110> and <101>
dislocations are present in polycrystalline stishovite sam-
ples, synthesized in a multi-anvil apparatus at 15 GPa and
1200°C. However, these dislocations are likely to include
growth defects and may not be representative of the easy
slip systems of stishovite under mantle conditions. Cordier
& Rubie (2001) have shown that deformation experiments

Fig. 1. Schematics of the 14 mm octahedral high-pressure deforma-
tion assembly used in the multianvil apparatus. Differential stress re-
sults from the two hard alumina pistons placed on both ends of the
specimen.

could be performed in this pressure-temperature range by
converting the hydrostatic environment of the specimen as-
sembly to non-hydrostatic. In the present study the sample
was first synthesized in a standard (nominally hydrostatic)
multianvil experiment from a wet silica glass. The glass
core was placed in a rhenium capsule and annealed for over
10 hours at 14 GPa, 1300°C in a 14 mm high-pressure as-
sembly. The dense specimen was then recovered and placed
in a second 14 mm assembly designed to induce plastic de-
formation (Fig. 1), and compressed again. The deformation
conditions were 14 GPa and 1300°C, for one hour. After the
deformation experiment, the specimen was recovered and
doubly polished thin sections were prepared for TEM.

2.2. Microstructural characterization and deformation
mechanisms in stishovite

Optical examination of the thin sections shows that two de-
formation mechanisms have been activated in this sample:
deformation twinning and dislocation creep (the latter
mechanism is suggested by undulose extinction). Deforma-
tion twinning will be discussed in another paper, we will fo-
cus here on dislocation activity only. At the TEM scale, all
grains show pervasive evidence for dislocation activity
(Fig. 2). Most of the dislocations have [001] Burgers vectors
as confirmed by Large Angle Convergent Beam Electron
Diffraction (LACBED see Cordier et al. (1995) and Cordier
& Sharp (1998) for more details about this technique).
These [001] dislocations are found to glide in {100} and
{110} planes. Dislocations in {100} are mostly screws
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Fig. 2. [001] screw dislocations gliding in (100). Weak-beam dark-
field TEM micrograph, g: 002.

Fig. 3. <100> dislocations. Residual contrasts (arrowed) correspond
to [001] dislocations. Bright-field TEM micrograph, g: 110.

whereas glide in {110} seems to be controlled by edge seg-
ments. A second kind of dislocations with Burgers vectors
compatible with <100> has been observed. These disloca-
tions were found only in grains containing a large density of
[001] dislocations (Fig. 3). For this reason, their glide planes
could not be identified. Glide interaction between disloca-
tions from these different slip systems leads to the build-up
of irregular subgrain boundaries. As in our previous study
(Cordier & Sharp, 1998), no dissociated dislocations have
been observed using weak-beam dark-field (WBDF) tech-
nique.

TEM and LACBED characterizations suggest that [001]
glide is the dominant deformation mechanism in stishovite
at 14 GPa, 1300°C. Stishovite has a tetragonal structure with
large differences between a and c lattice parameters (c/a =
0.643 at 15 GPa). The predominance of [001] dislocations is
thus consistent with the fact that these dislocations have the
lowest elastic energies (the elastic energy of a dislocation
line is roughly proportional to µb2 where µ is the shear mod-
ulus and b is the Burgers vector’s modulus, see the next sec-
tion for more details). [001] dislocations are found to glide
in the densely packed planes of the structure: {100} and
{110}. The dislocations exhibit preferred line orientations
corresponding to edge dislocations in the {110} planes and

to screw dislocations in {100}. The origin of the preferred
line orientations is probably related to contrasting mobilities
related to the core structures of the dislocations. [001]
screws in {100} and [001] edges in {110} are probably the
dislocations which bear the largest lattice friction. This lat-
tice friction might be due to some degree of sessile dissocia-
tion of the dislocations, however, no evidence for dissocia-
tion could be found in the TEM using WBDF. This means
that either the dislocations are not dissociated, or the partial
separation is below the resolution in WBDF (10-15 nm).

A single slip direction does not satisfy the Von Mises cri-
terion for strain compatibility for plastic deformation of a
polycrystal. In this respect, it is not surprising to find dislo-
cations with Burgers vectors of the <100> type, although
they exhibit higher elastic energies than [001] dislocations.
<100> dislocations are usually found in grains that contain
a high density of [001] dislocations, i.e. in grains that are
strain-hardened. It is thus likely that <100> slip is character-
ized by a larger critical resolved shear stress than [001] slip.

Finally, the observed microstructure shows no evidence
for dislocation climb. The subgrain boundaries observed are
not equilibrated and probably formed through interaction of
intersecting slip systems in pure glide.

Altogether, these observations suggest that at 14 GPa,
1300°C, stishovite deforms by dislocation glide. The easy
slip systems are [001]{100} and [001]{110} although sec-
ondary slip along <100> is also observed.

3. Mechanical instability at the stishovite-CaCl2
transition: implications on crystal plasticity

A large number of mechanisms have been proposed to ac-
count for the mechanical weakness of a material subjected
to an applied stress while it is undergoing a solid-state phase
transformation (Poirier, 1982; Meike, 1993). The specific
case of phase transformations associated with a drop in
shear modulus has been discussed by Poirier (1982). He re-
marks that the critical length for activating a Frank-Read
source varies as µ/ c and that a drop in modulus increases
dramatically the dislocation density, causing an extra creep
rate. Stishovite represents an interesting case study, be-
cause, beyond the elastic instability, the stishovite-CaCl2
transition corresponds to a slight orthorhombic distortion of
the tetragonal unit cell of stishovite. The change of lattice
parameters associated with this phase transition is modest
(Andrault et al., 1998). Provided that there are no drastic
pressure-induced changes of the dislocation core structures
(which cannot be verified at present and must be taken as a
working hypothesis), one can speculate that the dislocation
stabilities and slip systems should not be strongly affected
by the phase transition from the crystal chemistry point of
view.

We will now examine the possibility that the easy slip
systems observed at 14 GPa, 1300°C are elastically weak-
ened at the stishovite-CaCl2 transition. Since the shear mod-
ulus is the relevant parameter as far as plastic deformation is
concerned, it is necessary in a very anisotropic material such
as stishovite to consider the elastic energy of a given dislo-
cation line, including all the anisotropic effects. In particu-
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Fig. 4. Elastic energy of dislocations in stishovite at 15 GPa for several possible slip systems as a function of the dislocation character (0 and
180°: screw, 90°: edge).

Fig. 5. Elastic energy of dislocations in stishovite at 48.9375 GPa (i.e. at the transition) as a function of the dislocation character (0 and 180°:
screw, 90°: edge).

lar, this includes the shear modulus µ[uvw](hkl) corresponding
to a shear stress applied along a given [uvw] direction (par-
allel to the Burgers vector) within a given (hkl) plane (the
slip plane). To test the influence of the elastic behaviour
across the transition on the plastic deformation, we have cal-
culated by numerical integration the elastic energy of a dis-
location line using the anisotropic theory of Stroh (1958).
The elastic energy of a dislocation can be considered to have
two parts, one part associated with the core and the other
part due to elastic distortions outside the core. From the the-
ory of Stroh (1958) and similar methods based on classical

elasticity we only have access to the non-core part of the
elastic energy. Evaluation of contribution from the core is
very difficult as unlike the non-core part it will change as the
dislocation moves; most estimates suggest it is only 10 to
30% of the non-core elastic energy (e.g. Hull & Bacon,
1995). The non-core elastic energy has been calculated with
DISDI. This program written by J. Douin (ONERA) allows
calculation of the elastic energy as a function of the disloca-
tion character for any crystal system, based on elastic an-
isotropy (Douin et al., 1986). Fig. 4 presents the elastic ener-
gy (per unit length) calculated at 15 GPa as a function of
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the dislocation character for several potential slip systems in
stishovite. We have used the Landau theory parameterisati-
on of Carpenter et al. (2000) for the stishovite to CaCl2-type
transformation to obtain the detailed variation of the single-
crystal elastic constants and the unit-cell parameters as a
function of pressure. One can see in Fig. 4 that, in good
agreement with the observations made in deformed sam-
ples, [001] slip is energetically favourable. The evolution of
the elastic energies as the stishovite-CaCl2 transition is ap-
proached, is shown in Fig. 5. The [001] slip systems are al-
most unaffected by the pressure increase and by the vicinity
of the transition. On the contrary, the other slip systems
show marked anisotropic effects, two of them showing ex-
treme changes. The elastic energy of [110](110) dislocation
is found to fall to zero when the transition is approached.
This variation is governed by the evolution of the anisotropic
shear modulus µ[110](1-10). Close to the transition to CaCl2,
stishovite shows that its resistance to shear along [110], par-
allel to (110) vanishes. It is worth noticing that lattice fric-
tion, that is proportional to the shear modulus, will also van-
ish. There is no longer any resistance to plastic shear by lat-
tice friction and [110] dislocations can freely expand their
lines at no cost. The [100](010) dislocation also show very
large variations of elastic energy, with the one of edge seg-
ments falling to zero at the transition pressure. In this case,
the effect is not due to a softening of the µ[100](010) shear mod-
ulus as the screw segments would also be affected in that
case. Pure anisotropic effects are responsible for the reduc-
tion of the energy of [100](010) edge dislocations. Having
virtually no line tension, these dislocation segments are like-
ly to expand under very small stresses although the question
of their mobilities (dissociation, lattice friction,…) might be
more complex and cannot completely be predicted here.

These calculations show that the elastic instability ob-
served by Raman spectroscopy at the stishovite-CaCl2 tran-
sition is likely to have major implications on the plastic
properties. Dislocation line instabilities as well as aniso-
tropic elastic softening can account for the weakening re-
ported by Shieh et al. (2001, 2002). This effect is likely to be
very similar to the one reported recently in quartz (Schmidt
et al., 2003) at the [ - q transition which corresponds to a
comparable elastic instability. Moreover, our calculations
support the hypothesis of a change in dominant slip systems
at the vicinity of the transition. Easy [001] slip should be re-
placed by [110](110) and possibly [100](010) as the CaCl2
stability field is approached.

4. Self-consistent modelling of crystal preferred
orientations

4.1. The self-consistent polycrystal model

The single crystal plastic properties are fundamental to our
understanding of mechanical behaviour, but for geodynami-
cal applications we are more concerned with the polycrys-
talline behaviour. Over the last 10 years considerable pro-
gress has been made in the modelling of polycrystalline be-
haviour using the dislocation slip systems determined for
the majority of cases on single crystals data. The pioneering

work in Earth sciences of Wenk and co-workers (e.g.Wenk
et al.,1991) has established that visco-plastic self-consistent
(VPSC) model, originally developed by Molinari et al.
(1987) and extended to anisotropic materials by Lebensohn
& Tomé (1993), provides a robust solution which repro-
duces the essential features of crystal preferred orientations
of experimentally deformed plastically anisotropic miner-
als. Recently, this model has been successfully applied to
polycrystalline ice (Castelnau et al., 1996), probably one of
the geomaterials with the highest plastic anisotropy, olivine
(Tommasi et al., 2000) and clinopyroxene (Bascou et al.,
2002). The VPSC provides rigorous mechanical framework
for the CPO development and the mechanical evolution as a
function of finite strain. Although the robustness of the
model has been firmly established for CPO, the verification
of the mechanical predictions has received much less atten-
tion and from the work of Castelnau et al. (1996) would
seem less certain and more sensitive to model parameters. In
what follows we will confine our attention to the model pre-
dictions of the CPO.

The VPSC model is based on three assumptions: (i) the
crystals that constitute the polycrystal deform uniquely by
homogeneous intracrystalline slip, (ii) individual crystals
obey a viscous rheology with shear strain rate proportional
to shear stress raised to a power n, and (iii) the aggregate be-
haviour may be calculated as a volume average of the be-
haviour of the individual crystals. Locally, from crystal to
crystal, stress and strain are heterogeneous and crystals in an
easy glide orientation deform faster than those in unfavou-
rable hard orientations. Strain compatibility and stress equi-
librium are ensured at the macroscopic scale, i.e. the poly-
crystalline stress ( 7 ij) and strain rate (Ekl) tensors are taken
to be the volume average of the stress ( c ij) and strain rates
( 5 kl) tensors of the individual component crystals. The inter-
action between an individual crystal and a homogeneous ef-
fective medium (HEM) (i.e. the polycrystalline aggregate)
is treated using the inclusion formalism of Eshelby (1957),
where each crystal is considered as an ellipsoidal inclusion.
Eshelby has shown that the ellipsoidal inclusion has the
unique property of having uniform internal stress, strain and
strain rate fields. The uniform stresses and strain rates of the
individual crystals are thus related to the macroscopic HEM
polycrystalline quantities through,

5 kl – Ekl = – [ Mijkl ( c ij – 7 ij)

where Mijkl is the interaction tensor which depends on the
rheological properties of the polycrystal and the ellipsoidal
shape of the inclusions. The constant [ describes the inter-
action between crystals and the HEM, i.e. it imposes more
or less stringent kinematics conditions on crystals. A zero
value of [ corresponds to the Taylor (1938) model (the up-
per mechanical bound approach) that imposes homoge-
neous strain on all crystals (i.e. 5 kl = Ekl ) and requires that at
least 5 independent slip systems are available. A value of
one corresponds to the tangent VPSC model of Lebensohn
& Tomé (1993), and an infinite value corresponds to the
stress equilibrium model (i.e. the lower bound approach;
Chastel et al., 1993). The VPSC and stress equilibrium
models can operate with less than 5 independent slip sys-
tems as locally strain compatibility is not required.
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Fig. 6. Stishovite [100] and [001] pole
figures for VPSC models 1, 2 and 3 far
from the phase transition. X, Z are finite
strain axes with X and Z being the direc-
tion of maximum and minimum exten-
sion directions respectively. The XY fi-
nite strain plane is marked by a horizontal
line. SD is the shear direction in the shear
plane (marked by inclined line). All plots
lower hemisphere. Contours are given in
multiples of a uniform distribution. Mini-
mum contour is a dashed line

4.2. Prediction of stishovite textures

To perform a model calculation we need to define the initial
CPO, initial crystal shape, interaction parameter [ 2 , power
law stress exponent (n), a constant imposed velocity gradi-
ent tensor, a set of slip systems and their relative critical re-
solved shear stresses. Here we have taken the initial CPO to
be composed of 1000 random individual orientations with
spherical shape. If non-glide mechanisms contribute signifi-
cantly to the aggregate strain, for example dislocation climb
or grain boundary sliding, then one could approximate this
by relaxing the strain compatibility requirements provided
by glide by making the interaction parameter [ greater than
one and hence approach the stress equilibrium model. How-
ever TEM observations did not show any evidence for dislo-
cation climb and hence we chose the tangent model with [
= 1 for all simulations. We have no information about the
stress exponent for stishovite from our experiments and we
have assumed a value of 3, which is typical of many miner-
als at high temperature. The VPSC model is not very sensi-
tive to n between 3 and 5 and almost all minerals have stress
exponents in this range. Larger values of n increase the de-
gree of CPO for a given finite strain. A constant velocity
gradient tensor for simple shear was accumulated for 40
identical steps of 0.025 equivalent strain giving a final
equivalent strain of 1.0 (shear strain * =1.73). The slip sys-
tems were determined by TEM, but the CRSS are unknown.
TEM investigations suggest that <100> glide is restricted to
grains that already contain a high density of [001] disloca-
tions. This suggests that <100> slip is characterized by a
higher critical resolved shear stress than [001] slip. We have

set the relative CRSS for [001] and <100> at 1 and 2 respec-
tively, meaning that stress to activate <100> is twice that of
[001]. For the [001] Burgers vector the [001](100) and
[001](110) slip systems are assumed to have the same
CRSS. For the <100> Burgers vector the slip plane was not
determined, we chose the most general solution for this slip
system with <100> {0kl}. Cordier & Sharp (1998) have
shown that <110> and <101> Burgers vectors are present in
stishovite, the most likely slip systems are <110>(110) and
<011>(110). These systems have not been observed in the
present experiment and it is assumed that their CRSS would
be higher. To estimate the CRSS, we take the stress neces-
sary to initiate dislocation bowing or loop multiplication
which is proportional to the elastic line energy per unit
length. This quantity has been calculated earlier using the
anisotropic elastic theory of Stroh (1958). Hence the ratio of
elastic energies should be a first-order proxy for relative
CRSS in the absence of direct experimental determination.
This leads us to take a value of 3 for <110>(110) and
<011>(110). We can take this a stage further to model the
CPO evolution close to the phase transition by calculating
the elastic energies for each system and assigning new
CRSS.

The values of the CRSS for three models in the stishovite
stability field are given in Fig. 6. The resulting [100] and
[001] pole figures at a shear strain of 1.73 are shown in this
figure. The <100> axes form a girdle distribution approxi-
mately perpendicular to the shear direction with a maximum
density of X, Y, Z multiples of a uniform distribution
(m.u.d.) for models 1, 2 and 3 respectively. Notice that there
is not a significant difference in the distribution between the
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Fig. 7. Stishovite [100] and [001] pole
figures for VPSC models 1, 2, 3 and 4
near the phase transition. Other details as
in previous figure.

models just a slight increase of the maximum density as the
ratio of CRSS of the hard systems, [100](0kl), [110](110)
and [011](110), to the soft [001](100) and [001](110) sys-
tems increases. The [001] pole figures show point maxi-
mum close to the shear direction with a maximum density of
X, Y, Z m.u.d. for models 1, 2 and 3 respectively. As for the
[100] pole figures the [001] does not show a significant dif-
ference in the distribution between the models just a slight
increase of the maximum density. As one might expect the
easy glide in [001] direction causes a strong preferred orien-
tation of c-axes in the shear direction.

4.3. Evolution of textures close to the phase transition

Using the anisotropic elastic energies of the dislocations we
have assigned the CRSSs close to the phase transition and
they are given in Fig. 7 along with the calculated pole fig-
ures. We have constructed 3 models where the [001](100)
and [001](110) systems remain weak as their elastic ener-
gies do not change at the phase transformation. In addition
to the weak [001] systems we have now weak [100](010)

and [110](110) systems with the same CRSS as their elastic
energies decrease sharply at the transition. In models 1, 2
and 3 we have changed the relative strengths of the higher
CRSS systems [100](0kl) and [011](110) compared to the
weaker systems. As shown in Fig. 7 the general distribution
of crystal axes is very similar in models 1, 2 and 3, although
strength of maximum [001] pole figure density increases
from 3.8 to 5.4 to 5.7 m.u.d. as the CRSS ratio between the
strong to weak systems increases. However, the general dis-
tribution of axes is very similar to previous models in Fig. 6
where [100](010) and [110](110) where relatively strong. It
is known that there is an experimentally observed decrease
strength at the transition, hence one should observe some
change in the microstructure components such as disloca-
tion density and crystal preferred orientation. We have cal-
culated that elastic energies of [100](010) and [110](110)
decrease to zero and are therefore significantly below the
others. Also the [010](100) has a very low energy and is
symmetrically equivalent to [100](010), so specifically de-
fining that [010](100), [100](010) and [110](110) are weak-
est systems at the transition and making all other systems
significantly harder, we can better define a new model (4)

Mechanical instability near the stishovite-CaCl2 transition 393



5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Model 1

Shear Strain

5

10

15

20

25

30

35

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Model 2

Shear Strain

0

5

10

15

20

25

30

35

40

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Model 3

Shear Strain

(100)[001]
(110)[001]
(0kl) [100]
(110)[110]
(011)[011]

-
-

Slip Systems

S
lip

 s
ys

te
m

 a
ct

iv
ity

 (
%

)

S
lip

 s
ys

te
m

 a
ct

iv
ity

 (
%

)

S
lip

 s
ys

te
m

 a
ct

iv
ity

 (
%

)

Fig. 8. Slip system activity as a function of shear strain ( * ) far from the stishovite to CaCl2 transition.

which takes into account that these dislocation systems be-
come elastically unstable at the transition. The result is giv-
en in Fig. 7 and the CPO is very different from all previous
models because [001] slip is no longer weak and preferred
orientation has become very weak. Models 1, 2, 3 represent
a situation close to the transition, whereas model 4 would be
at the transition.

To further understand the development of the CPO we
have plotted the glide system activity as a function of shear
strain ( * ) for the VPSC models far from the phase transition
in Fig. 8. In model 1 the [100](0kl) appears to be dominant
with an activity of about 28% of the total. One has to moder-
ate this impression because there are of course many geo-
metrical possibilities for slip on (0kl) planes. The activity of
this system remains constant with increasing strain, whereas
the weak [001](100) and [001](110) have individual contri-
butions of 22% which increases to 24% at high strains. The
combined contribution of these weak [001] systems is over
40%. The harder systems [011](110) and [110](110) con-
tribute less to the overall slip activity as expected. The same
pattern is repeated in models 2 and 3, but here weak

[001](100) and [001](110) systems are increasingly domi-
nant contributing 70% of the slip activity in model 3.

Near the phase transition the slip activity changes with
the introduction of the ‘new’ weak systems [100](010) and
[110](110). The [110](110) has a very high slip activity in
models 1, 2 and 3. The [100](010) and [110](110) both show
decreasing activity with increasing strain. In contrast the
[001](100) and [001](110) show increasing activity with in-
creasing strain and eventually become the dominant sys-
tems at higher strains. In model 4 the picture is entirely dif-
ferent with significant activity being confined to ‘new’
weak systems [100](010) and [110](110). Notice the sym-
metrically equivalent systems [100](010) and [010](100)
have exactly the same activity and this provides an internal
consistency check for the model.

5. Implications on seismic properties

There has already been some speculations on the seismic
implications for the mantle of the changing elastic proper-
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Fig. 9. Slip system activity as a function of shear strain ( * ) near the stishovite to CaCl2 transition.

ties around the stishovite to CaCl2 transition based on the
single-crystal properties (e.g. Karki et al., 1997; Carpenter
et al., 2000). Using the CPO provided by the VPSC models
we can calculate a predictive model for the seismic proper-
ties of polycrystalline stishovite with a CPO. Single-crystal
stishovite has one of the highest seismic anisotropies of any
mantle mineral, with Vp and Vs anisotropy of 27% and 36%
respectively (see Mainprice et al., 2000 for a review of man-
tle minerals).

For crystalline mantle rocks the seismic properties can be
routinely calculated by making a volume-weighted average
of elastic constants of the single-crystal elastic tensor in an
orientation defined by the CPO. The volume-averaged elas-
tic constants <Cijkl> are then used to calculate the velocities
(V) and displacement directions of the three waves (P and
two orthogonally polarized S) are given by the eigenvalues
(velocities) and eigenvectors (displacement directions) of
the second-order symmetrical Christoffel matrix Til defined
by the Christoffel equation,

|Til – ρV2 · il | = 0 where Til =<Cijkl> nj nk

where · il is the Kronecker’s delta, n is a unit vector that de-
fines the propagation direction, and ρ is the density of the
aggregate. The Christoffel equation is solved in every prop-
agation direction at 6° intervals over a hemisphere and the
resulting grid is contoured to produce the velocity pole fig-
ures. We have used the Voigt-Reuss-Hill average for <Cijkl>
in all the results presented here.

To simulate conditions far from the phase transition and in
the stishovite stability field we have used elastic constants of
Karki et al. (1997) at a pressure of 21 GPa, corresponding to
about 600 km depth. As there are not, to our knowledge, any
single crystal elastic constant temperature derivatives avail-
able for stishovite, our constants are at room temperature. The
density was corrected for pressure and a temperature of 1550
°C corresponding to 600 km. For the conditions close to the
phase transformation, but still inside the stishovite stability a
pressure of 48 GPa was used, which corresponds to a depth of
1200 km. The elastic constants of Carpenter et al. (2000) were
used at 48 GPa as they capture details of the changes near the
transition. The density was corrected for pressure and a tem-
perature of 1770°C corresponding to 1200 km.
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Fig. 10. Polycrystalline stishovite seismic anisotropy corresponding to the pole figures given in Fig. 6 for conditions far from the phase transi-
tion at a pressure of 21 GPa. Contours for Vp in km/s, dVs in % anisotropy and trace of the Vs1 polarization plane.

As expected, all the calculated seismic properties for the
three models at a pressure of 21 GPa (Fig. 10) have a similar
general pattern with high P wave velocities parallel to the
maximum finite strain elongation direction X and a high
shear wave splitting anisotropy normal to X. The seismic
anisotropy of Vp increases from 4.7% to 13.3% to 13.4%
from model 1 to 2 to 3 respectively. Similarly the S wave
maximum anisotropy increases from 4.7% to 8.1% to 8.2%.
Notice that models 2 and 3 are very similar. The fastest S
wave (S1) polarization direction is parallel to the finite
strain XY plane for all propagation directions. The general
pattern is remarkably similar to that reported for olivine ag-
gregates (see for example Mainprice et al., 2000).

The calculated velocities near the transition at a pressure
of 48 GPa show similar trends to those seen at 21 GPa (Fig.
11), but there are some differences. Firstly the Vp distribu-
tion is slightly different in models 1, 2 and 3 with double
maximum near the X direction. The Vp anisotropy is rather
lower at 4.4%, 7.0% and 7.3% for models 1, 2 and 3 respec-
tively. The maximum S wave anisotropy (shear wave split-
ting) is also characterized by a double maximum about the
intermediate finite strain direction Y (normal to X and Z).
The orientation of the fastest S wave (S1) polarization direc-
tion is parallel to the finite strain XY plane for directions of
high S wave anisotropy and normal to the XY plane for all
directions of low S wave anisotropy. The seismic properties
of model 4 are very different, firstly the P wave anisotropy

is very low at 1.8%. Secondly the S wave anisotropy is not
very high at 4.5%, but the fastest S wave (S1) polarization
has no clear pattern or relationship to XYZ finite strain axes.
To a first approximation we could consider model 4 to be
close to isotropic.

The seismic velocity of P and S waves will gradually de-
crease towards the phase transition in the stishovite field and
will rapidly increase in the CaCl2 structure field. Seismic
anisotropy in the stishovite field is also likely to decrease
towards the transition. This is likely to produce seismologi-
cally observable phenomena in regions of high SiO2 con-
tent, such as subducted MORB with 20% SiO2 at lower
mantle depths (e.g. Ono et al., 2001).

6. Conclusions

Using a multidisciplinary approach to the plastic deforma-
tion of stishovite we have deformed a coarse-grained poly-
crystal at mantle pressure and temperature using a multian-
vil press. The active slip systems have been characterized by
TEM and we have shown for the first time that [001](100)
and [001](110) are dominant with secondary slip in [100]
direction. These observations add to the previous identifica-
tion of [110](110) and [011](011) in as-grown stishovite.
Detailed analysis of the elastic energy of these slip systems
using anisotropic elasticity theory shows that in the stishovi-
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Fig. 11. Polycrystalline stishovite seismic anisotropy corresponding to the pole figures given in Fig. 7 for conditions near the phase transition,
pressure of 48 GPa. Contours for Vp in km/s, dVs in % anisotropy and trace of the Vs1 polarization plane.

te stability field, [001](100) and [001](110) have the lowest
energy and [110](110) and [011](110) have the highest,
which is compatible with the TEM observation that the low-
er energy systems dominate the dislocation microstructure
of the plastically deformed crystal and higher energy sys-
tems are present, as growth defects, in as-grown crystals. At
the phase transition, elastic energy analysis reveals that en-
ergy of dislocations in the [110](110) and [100](010) drops
to near zero at the phase transition, whereas the low energy
systems [001](100) and [001](110) are unaffected. The dra-
matic drop of elastic energy is characteristic of a plastic in-
stability where [110](110) and [100](010) will glide freely
at very low deviatoric stresses.

The CPO of polycrystalline stishovite has been modelled
using the observed slip systems and the VPSC scheme for
simple shear deformation. In the stishovite stability field the
predicted CPO has a strong alignment of the [001] between
the shear direction and maximum finite strain axis (X) and

girdle of [100] axes normal to X. The general pattern of this
CPO is not very sensitive to CRSS ratio between soft and
hard slip systems. Analysis of the slip system activity in the
VPSC model confirms that the soft [001](100) and
[001](110) systems have an increasingly dominant role with
increasing shear strain. The CPO development near the tran-
sition was simulated by making [110](110) and [100](010)
soft systems with a CRSS equal to [001](100) and
[001](110), the resulting CPO is very similar to the previous
CPO, although slightly weaker. The slip system activity re-
veals that although [110](110) dominates at low strains the
soft [001](100) and [001](110) systems become dominant at
high strains which explains the similarity in CPO patterns.
To simulate the CPO at the phase transition the [110](110)
and [100](010) were assigned a very low CRSS and all other
systems were considered to be hard, including [001](100)
and [001](110). In this case a very weak CPO develops, be-
ing nearly random with weak alignment of [001] normal to

Mechanical instability near the stishovite-CaCl2 transition 397



X. The [110](110) and to a lesser extent [100](010) slip sys-
tems dominate the slip activity at all strains.

The anisotropic seismic properties have been calculated
from the CPO in stishovite stability field at 21 GPa. The cal-
culations show that Vp is maximum parallel to X and mini-
mum parallel to Y with a high anisotropy (4.7-13.4%). For
S waves the maximum shear wave splitting is in girdle nor-
mal to X with values between 4.7% and 8.2%. The polariza-
tion plane of the fastest S wave is parallel to XY finite strain
plane for all propagation directions. Similar calculations
made at pressure of 48 GPa to simulate conditions near the
transition show similar trends to CPO with dominating
[001](100) and [001](110) glide. The main differences are
that Vp maximum is a double peak around X with slightly
lower anisotropy (4.4-13.4%) and shear wave splitting has a
higher anisotropy (11.2-18.9%) with a double peak around
Y (normal to X and Z). The polarization plane of the fastest
S wave is parallel to XY finite strain plane only for propaga-
tion directions with high shear wave splitting. For the CPO
corresponding to dominant [110](110) the seismic proper-
ties are completely different. The Vp maxium is now paral-
lel to Y, but the anisotropy is very low (1.8%) so one can
consider this to be isotropic for P waves. The maximum
shear wave splitting is a single peak parallel to Z with an an-
isotropy of 4.5%. The polarization plane of the fastest S
wave is normal to the XY finite strain plane for propagation
directions with high shear wave splitting near Z and is gen-
erally at high angle to the XY finite strain plane.
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