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The lowermost portion of Earth’s mantle (D″) above the core−
mantle boundary shows anomalous seismic features, such as
strong seismic anisotropy, related to the properties of the main
mineral MgSiO3 postperovskite. But, after over a decade of inves-
tigations, the seismic observations still cannot be explained simply
by flow models which assume dislocation creep in postperovskite.
We have investigated the chemical diffusivity of perovskite and
postperovskite phases by experiment and ab initio simulation, and
derive equations for the observed anisotropic diffusion creep.
There is excellent agreement between experiments and simula-
tions for both phases in all of the chemical systems studied.
Single-crystal diffusivity in postperovskite displays at least 3 or-
ders of magnitude of anisotropy by experiment and simulation
(Da = 1,000 Db; Db ≈ Dc) in zinc fluoride, and an even more extreme
anisotropy is predicted (Da = 10,000 Dc; Dc = 10,000 Db) in the
natural MgSiO3 system. Anisotropic chemical diffusivity results in
anisotropic diffusion creep, texture generation, and a strain-
weakening rheology. The results for MgSiO3 postperovskite
strongly imply that regions within the D″ region of Earth domi-
nated by postperovskite will 1) be substantially weaker than re-
gions dominated by perovskite and 2) develop a strain-induced
crystallographic-preferred orientation with strain-weakening rhe-
ology. This leads to strain localization and the possibility to bring
regions with significantly varying textures into close proximity by
strain on narrow shear zones. Anisotropic diffusion creep there-
fore provides an attractive alternative explanation for the com-
plexity in observed seismic anisotropy and the rapid lateral changes
in seismic velocities in D″.
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The postperovskite phase (CaIrO3-type) of (Mg,Fe)(Si,Al)O3
is stable at pressures above ∼120 GPa (1–3), corresponding

to the D″ region of Earth’s lowermost mantle. Its strongly
anisotropic elastic and rheological properties have been in-
voked to explain observations of strong seismic anisotropy in
D″ which are interpreted as requiring creep by a dislocation
migration process. If we can determine the active flow
mechanisms of postperovskite, this then offers the possibility of
interpreting the D″ seismic anisotropy in terms of convective
patterns deep in Earth, and using them to map flow farther back
into deep time than current plate reconstructions allow (4–7).
This has important implications for understanding many first-
order questions about the deep Earth, such as the degree of
mixing, the ultimate fate of slabs, and the longevity of seismic
anomalies such as the large low-shear-velocity provinces
(LLSVPs).
In order to interpret the seismic observations, one must fully

understand the relationships between strain and texture gener-
ation in mantle rocks. Although there have been many studies
attempting to do this for postperovskite (5, 8–15), no unique
solution has been found which fits the globally observed seismic
anisotropy using a single slip system in postperovskite (e.g., ref.
14). In particular, strong changes in anisotropy observed around

hot regions of D″ are difficult to explain by simple flow and
dislocation creep. One aspect that has been relatively ignored is
the remarkably large anisotropy in diffusion rates along different
crystallographic directions predicted in ab initio calculations,
with up to 8 orders of magnitude difference between the fast and
slow diffusion directions in postperovskite (16). This would be
the largest diffusion anisotropy seen in any material, to the best
of our knowledge, and, if correct, might have significant impli-
cations for the dynamics of the core−mantle boundary region.
However, there have not, as yet, been any studies to test whether
the predicted diffusion anisotropy is real. Furthermore, only one
study has investigated the effect of the anisotropic diffusion on
the rheology of D″ (17) and only for deformation by either pure
dislocation glide or climb-assisted glide. And crucially, there have
been no studies, to date, of the effect of extreme anisotropic dif-
fusion on lattice diffusion creep. This is because the observation
of seismic anisotropy is generally thought to require dislocation
creep. However, the high temperatures and low stresses of the
core−mantle boundary, combined with the very small grain size
expected in postperovskite (11, 18), would argue for diffusion
creep to be the active deformation mechanism in D″. Here we
present a combined ab initio simulation and multianvil exper-
imental study of chemical diffusion in both the perovskite and
postperovskite structures in a fluoride analog system. Fluorides
have been shown to be a good analog for the silicate system with
similar crystal chemistry in both perovskite and postperovskite
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structures (ref. 19 and references therein) and transforming via
the same martensitic-like mechanism between the 2 phases (11).
We find that, similar to the silicate system, the fluoride system
also displays extreme anisotropy in chemical diffusivity in
the postperovskite phase. By developing an analytical solution
for strain in grains with anisotropic chemical diffusivities,
we show that diffusion anisotropy will create a strain-
weakening rheology, with the ultimate strain rate controlled
by the fastest diffusion direction. We observe that the crystal-
lographically controlled shape anisotropy of crystals deforming
in lattice diffusion creep leads to crystallographic-preferred ori-
entation in crystals deforming by lattice diffusion creep, and we
discuss the implications of anisotropic diffusion creep for the
D″ region.

Anisotropic Diffusion in Postperovskite
We prepared diffusion couples of NaZnF3–NaXF3 (X =Mn, Co,
Fe) from presintered and polished pure end-member perovskite
samples and annealed them at pressures ranging from ∼2 GPa to
14 GPa and temperatures from 823 K to 1,073 K (see SI Ap-
pendix, section S1 for details). Recovered samples were analyzed
by energy-dispersive electron probe microanalysis for Zn–X
concentration gradient, and a Boltzmann−Matano analysis was
applied to the observed diffusion profiles. The zinc diffusivities
extrapolated to pure NaZnF3 composition (equivalent to zinc
self-diffusivity) are presented in Fig. 1. The perovskite diffusion
coefficients at 10 GPa and below are well fitted by the Arrhenius
relation.

D=D0e−
ΔH+PΔV

RT , [1]

with parameters ln D0 = 13.4 ±9.2 cm2·s−1; ΔH = 317 ±74 kJ·mol−1;
ΔV = 5.5 ±1.4 cm3. The 14-GPa perovskite datum falls signifi-
cantly above the predicted value from the Arrhenius fit; however,
this sample transformed to postperovskite during the experi-
ment, which means that its final measured diffusivity falls be-
tween that of perovskite and postperovskite. Presynthesized
postperovskite has a bulk chemical diffusivity at 14 GPa substan-
tially larger than the predicted value for perovskite at 14 GPa
and with a much smaller activation enthalpy (88 ± 15 kJ·mol−1,
based on 2 measurements; the end-member values of the Boltzmann−
Matano fits to all experiments are presented in SI Appendix,
Table S1). The increased chemical diffusivity in postperovskite

is also seen in the ab initio simulations of NaZnF3 postperovskite
which predict a difference in bulk Zn diffusivity between perovskite
and postperovskite of 2.8 orders of magnitude at 14 GPa and 1,073
K (Fig. 2). Direct comparison of the predicted ab initio vacancy
diffusivities with the experimental results requires knowledge of
the vacancy concentration, which is not trivial for transition
metal-bearing systems. A concentration of 3.5 parts per million
(ppm) zinc vacancies per formula unit brings the experimental re-
sults into excellent agreement with the simulations for both phases.
The simulated Schottky vacancy formation energies per atom at
14 GPa and resultant intrinsic Zn vacancy concentrations are, re-
spectively, 180 kJ·mol−1 and 5 ppb for perovskite, and 170 kJ·mol−1

and 13 ppb for postperovskite. It seems reasonable, therefore, that
the defect population is dominated by extrinsic vacancies under the
experimental conditions. Regardless of whether the value of
3.5 ppm for the extrinsic vacancy concentration is the correct
value, the ratio of zinc diffusivities in perovskite and postperov-
skite shows excellent agreement between the experiments and
simulations.
The NaZnF3 postperovskite simulations show a large anisot-

ropy, with diffusion in the <100> direction 4.5 orders of mag-
nitude faster than diffusion in the slowest, <010>, direction. This
sense of anisotropy is the same as that predicted for MgSiO3
perovskite (16), and the 6-hop cycle previously found in the com-
puter simulations to be faster than direct diffusion in the <010>
direction also dominates here for <010>. While the experimental
measured bulk diffusivity in postperovskite agrees well with the
bulk average of the predicted single-crystal values, it is necessary to
compare the simulations with experimental single-crystal mea-
surements to confirm the predicted anisotropy.
Fig. 3 shows a single crystal of NaCoF3 postperovskite em-

bedded in finely crystalline NaZnF3 from a diffusion experiment
at 14 GPa and 823 K. The fluoride postperovskites form with rod
or needle habits (with aspect ratios ranging from 4:1 for CaIrO3
to >10:1 for NaNiF3) with their a axis parallel to the rod/needle
axis (19–21). The observed diffusion profile in the direction of
the long axis of the crystal is well fitted, with a codiffusivity in
the single crystal of 5.3 ± 0.42 × 10−14 cm2/s and a matrix Zn
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Fig. 1. Measured zinc chemical diffusivity in NaZnF3 perovskite (circles)
and postperovskite (diamonds). The Arrhenius fit to the perovskite data at
pressures of 1.6 to 10 GPa are shown as solid lines, and the dashed line is the
Arrhenius fit to the postperovskite diffusion data. Data are color-coded by pres-
sure. Error bars are ±2 SEs; the postperovskite error bars are similar to the size of
the symbols.

Fig. 2. Zinc vacancy diffusivity in NaZnF3 perovskite (solid diamonds) and
postperovskite (solid circles), as a function of pressure at 1,073 K, predicted
from ab initio simulations. The diffusivity in perovskite is isotropic, but
postperovskite shows ∼4.5 orders of magnitude difference between the
fastest <100> and slowest <010> directions. The Voigt−Reuss−Hill average
of the postperovskite axial diffusivities (cross) is 2.8 orders of magnitude
higher than perovskite diffusivity at 14 GPa and 1,073 K. This is in excellent
agreement with the bulk diffusivity experiments (open symbols) which are
plotted after conversion to vacancy diffusivities by a constant vacancy con-
centration of 3.5 ppm.
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diffusivity of 2.0 ± 1.0 × 10−14 cm2/s (Fig. 3B). The radial (i.e.,
perpendicular to the long axis of the crystal) diffusivity is sub-
stantially smaller, with a diffusion profile length which is similar to
the analytical spot size (Fig. 3C). In this case, the beam convolution
is significant to the fit—the dashed line in Fig. 3C is the best-fitting
diffusion profile, and the solid line is this diffusion profile convolved
with a Gaussian beam correction (22) with an SD of 0.35 μm. The
effect of the beam convolution in the axial direction is so small that
the 2 lines are indistinguishable in Fig. 3B. The measured radial
diffusivities are 6.1 ± 3.4 × 10−17 cm2/s and 7.1 ± 2.2 × 10−15 cm2/s,

respectively, for the cobalt in the crystal and zinc in the matrix,
giving an observed anisotropy for this crystal of 3 orders of mag-
nitude for the single crystal but a reasonable agreement for the
matrix diffusivity measured in the axial and radial directions.
Multiple measurements give mean single-crystal codiffusivities in
the axial and radial directions of 5.5 ± 0.3 × 10−14 cm2/s and
3.7 ± 1 × 10−17 cm2/s, respectively, and a Zn diffusivity of 8.2 ± 1 ×
10−15 cm2/s in the matrix. We therefore observe an apparent
anisotropy in NaCoF3 postperovskite of 3 orders of magnitude at
823 K, but we consider this to be a minimum anisotropy, as our
errors are likely to cause an overestimate of the diffusivity in the
radial direction (SI Appendix, section S1). The inability to de-
termine the crystal orientation in the diffusion couple, due to the
small crystal size and weak metastability of fluoride postperovskite,
means we are limited to comparing the axial value with the mean
radial value. The long axis of postperovskite crystals is invariably
the a axis in a range of systems (10, 19–21), but we cannot identify
the orientation of the other 2 axes in our diffusion couple. The
observed radial diffusivity displays the most variability in the ex-
periments; if we assume that this arises from differences in the
diffusivities in the b and c axial directions, then, by comparison
with the simulations, we can ascribe the smallest and largest radial
diffusivities to the b and c directions, respectively. This would give
Da = 5.6 ± 0.3 × 10−14 cm2/s, Db = 4.6 ± 1.2 × 10−18 cm2/s, and
Dc = 1.7 ± 1.3 × 10−16 cm2/s, or 4 orders of magnitude difference
between the fastest and slowest directions, in reasonable agree-
ment with ab initio-predicted value of 4.5 orders of magnitude.
We stress here that these experiments are likely to provide minimum
estimates of the anisotropy in single-crystal postperovskite diffusion.
In addition to the close agreement between experiment and

simulations in the fluoride system studies, we have also found
close agreement between (ab initio) predictions and experi-
mental measurements of anisotropy in CaIrO3 postperovskite
single crystals for Pt−Ir interdiffusion (23); however, the total
anisotropy in this system was only Da ≈ 4Db, necessitating the
present study to confirm the extreme anisotropy predicted for
the silicate system. It is therefore clear that the ab initio simu-
lations do correctly predict the anisotropy across a range of
postperovskite analogs with widely varying anisotropies, as well
as the absolute values for relevant systems [fluoride perovskite
and postperovskite, MgSiO3 perovskite (16), (Mg,Fe)O (16)]
which have been measured experimentally. This sense of an-
isotropy can be explained by the same crystal chemical argu-
ments as explain the more moderate anisotropy in olivine and
feldspars, and the extreme values of anisotropy are largely ex-
plicable by the effect of the pressure acting on the activation
volume of the diffusion in the different directions (SI Appendix,
section S2). We are therefore confident that the anisotropy of
chemical diffusivity from the simulations in silicate postperovskite
(16), with Da ≈ 104 Dc ≈ 108 Db, is correct, and we now explore
some consequences of extreme anisotropic chemical diffusivity for
diffusion creep deformation of postperovskite in D″.

Anisotropic Diffusion Creep in Postperovskite
First, we reiterate that shape anisotropy is seen in all low-
pressure analog postperovskite-structured materials (19–21, 24)
(and related structures such as stibnite, Sb2S3) and suggest that
magnesium silicate postperovskite will also grow with a [100]-rod
morphology. This is consistent with postperovskite morphologies
which would be predicted from growth morphology theories
based on lattice spacings (25–27) or attachment energies (28).
Anisotropic crystal shapes result in anisotropic rheology for de-
formation by diffusion creep of the form _«i ∝D=X2

i , where _«i is
the strain rate and Xi is the length of the crystal in the ith di-
rection (SI Appendix, section S3). This shape-controlled creep
anisotropy can be modified during the rotation of grains which is
required by diffusion creep. Grain rotation during deformation

A

B

C

Fig. 3. Postperovskite diffusion couple of a NaCoF3 single crystal em-
bedded in NaZnF3. (A) Back-scattered electron image. (B and C) chemical
analysis profile for cobalt in the (B) axial and (C ) radial directions. The
dashed lines are best-fitting compositionally dependent diffusion profiles,
and the black lines are these profiles convolved by the analytical spot size.
In the axial direction, the effect of the convolution is smaller than the
width of the line.
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tends to break up needles and rods by microboudinage, leading
to deformation-induced reduction of grain-shape anisotropy of
needles (29). The processes which cause this boudinage vary
depending on strain rate and temperature (30), but at least some
of them can operate in the diffusion creep regime (29, 31), and
can be accompanied by other processes which reduce grain size
during crystal stretching in diffusion creep (31). In general, this will
result in a reduction in diffusion creep strength by needle breaking
and a reduction in the aspect ratio of needles, as has been seen in
some industrial materials (32), but, in postperovskite, shape
anisotropy does not operate in isolation, and the extreme
anisotropy of chemical diffusivity must also be considered.
We derive an analytical solution for the case of rectangular

grains oriented with their crystallographic axes normal to crystal
faces and explore various scenarios in SI Appendix, section S3.
Strain rates in each direction are strongly influenced by Di=X2

i ,
where i denotes the ith direction, and X is the dimension in that
direction. For anisotropies where one diffusing direction is much
slower than the other 2 directions, as in postperovskite (Da,
Dc >> Db), there is no significant strain in the slow direction for
any reasonable values of stress, and strain is confined to the X−Z
plane. However, the relative strain rates in the other 2 directions
are a complex interplay between the chemical diffusivities and
crystal dimensions in those directions. The evolution of a grain

of MgSiO3 postperovskite, with initial dimensions of 1 mm ×
1 mm × 1 mm, under core−mantle boundary conditions and an
applied differential stress of 5 MPa is presented in Fig. 4. The
figure shows that it is easy to stretch equant grains parallel to the
a-axial direction and shrink them in the c-axial direction, but
difficult to do the stretch along c. Thus, beginning with a random
crystallographic preferred orientation (CPO), we predict the
preferential development of bladed needles with the long axis
parallel to a. Strain rates for extension parallel to X, parallel to
the fast diffusing axial direction, are up to 500 times higher than
for shortening parallel to X. Extension parallel to X also pro-
duces strain weakening by a factor of 50 after the first ∼50 Ma,
while shortening just induces gradual strengthening. Both these
observations are a consequence of the strain being initially rate
limited by Dc=Z2; for stretching along X, the crystal is shrinking
in the Z dimension, whereas, for compressions along X, Z must
increase to conserve volume. However, once X is sufficiently
large, the strain becomes rate-limited by Da=X2, and, with con-
tinued strain, the strain rate decreases. Taken at face value, this
would suggest that the strain weakening is transient, but, as
discussed above, large shape anisotropies tend to be unstable
against shear, with boudinage processes limiting the aspect ratio
of grains. The maximum strain rate for the scenario shown in Fig.
4 occurs when X = 11 mm, Y = 1 mm, and Z = 90 μm which, with
an aspect ratio of over 100:1, will be susceptible to boudinage
and hence grain size (and aspect ratio) reduction. We therefore
suggest that ongoing deformation will result in continued strain
weakening by stretching along X accompanied by repeated
boudinage.

Deformation in D″
We have shown that the extreme anisotropy of diffusivity in
postperovskite should result in strain-weakening rheology. In
addition to strain weakening, the formation of bladed needles of
the form shown in Fig. 4 will result in development of a shape-
preferred orientation, since anisotropic grains undergoing shear
settle with their long axes parallel to elongation and their in-
termediate axes perpendicular to the shear profile plane as
shown in numerical models of anisotropic ellipsoids under shear
strain (SI Appendix, sections S4 and S5). Since the shape an-
isotropy is a result of diffusion anisotropy, this also implies CPO
formation with a axes oriented parallel to the stretching direction
and b axes oriented perpendicular to the shear profile plane.
There are several experimental studies which show that the gen-
eration of CPO is possible during diffusion creep deformation of
olivine (33, 34) and anorthite (35). Here we show that, in addition
to those examples of texture generation in diffusion creep, an-
isotropic chemical diffusivity should, in itself, generate texture by
formation of strongly anisotropic crystal shapes. Development of
CPO in mica has been observed in micaceous metapelites ac-
companied by preferential diffusion creep along the fast diffusion
direction [in that case, diffusion within the mica (001) plane is ∼4
orders of magnitude faster than diffusion perpendicular to this
plane] (36). For MgSiO3 postperovskite, deforming by diffusion
creep in a horizontal flow field along the core−mantle boundary
texture will develop with a axes oriented parallel to the flow di-
rection with c axes oriented vertically.
As dislocation creep is generally thought to be a requirement

to produce CPO, the observation of seismic anisotropy in D″ has
led to the common assumption that dislocation creep must dom-
inate deformation in D″. However, our results show that aniso-
tropic diffusion creep in postperovskite is also able to produce
CPO, and, as discussed earlier, diffusion creep is, in fact, more
consistent with the strain rates and stress expected in the D″ re-
gion (37) and the likely grain size of postperovskite (SI Appendix,
section S6). An anisotropic diffusion creep controlled deformation
mechanism of the form described here has a number of fundamental

A

B

Fig. 4. Time evolution of grain dimensions for an initially cubic crystal of
MgSiO3 postperovskite of volume 1 mm3 under a differential stress of 5 MPa
for (A) tension parallel to a and (B) tension parallel to c. The axial diffusivities
are Da = 10−16 m2/s, Db = 10−22 m2/s, and Dc = 10−20 m2/s, consistent with ref.
16 at 120 GPa and 4,000 K and a vacancy concentration of 10−5. The crystal
axial lengths, X, Y, and Z, are parallel to crystallographic axes a, b, and c, and
Insets show strain rates parallel to X for situations in A and B (the strain rate
in Y is near zero, and that in Z is equal, but opposite, to that in X). The
length evolution of Y, being negligible, is omitted. Starting crystal shape and
shape at maximum strain rate are sketched in A.
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implications for the Earth’s lowermost mantle. The first is that
postperovskite will be much weaker than perovskite, even when
cooler. This is because postperovskite deforming by diffusion
creep will be controlled predominantly by the fastest diffusing
direction. This is also consistent with recent atomistic simulations
which show that postperovskite deforming by dislocation creep
will also be weak (13), so, regardless of which deformation
mechanism is operating, this finding is robust. Weak post-
perovskite means that cool subducting slabs in D″ will be weaker
than warmer perovskite-bearing LLSVP regions, making LLSVPs
more resistant to being deformed or pushed about by slabs. Sec-
ondly, the anisotropy formed by diffusion creep will not have the
same dependence on strain as dislocation creep, and so mapping
mantle flow from anisotropy with diffusion creep will produce a
different flow pattern than flow models previously based on dis-
location creep. The third implication is that postperovskite
deforming by diffusion creep in D″ will exhibit a strain-weakening
rheology. Strain weakening results in localization of deformation
onto shear zones (38). This is observed on all length scales in both
brittle and plastic deformation, and is a key to generating plate
tectonic-style convection in Earth (38). We suggest that a similar
process might operate in the D″ region, resulting in strain being
localized in narrow shear zones of strongly textured postperovskite
with larger regions between these shear zones suffering relatively
little deformation. This will allow previously developed textures to
survive in the nondeforming regions, something that would be very

problematic when mapping seismic anisotropy onto mantle flow.
Also, rapid changes in observed seismic wave speed (39) which are
currently interpreted as compositional variations might simply be
due to adjacent regions of very different anisotropy brought into
close proximity along shear zones. In addition, shear zones which
display a substantially different seismic anisotropy from their
surroundings might contribute to scattering in the lowermost
mantle. The development of shear zones within postperovskite-
dominated regions might also contribute to the long-term survival
of the large low shear velocity regions by localization of strain to
their outermost margins. Strong localization of strain may also
have a strong effect on heat flow in D″, due to the anisotropic
thermal conductivity of postperovskite (40, 41). If, as we argue,
postperovskite dominated regions of D″ are, in fact, deforming by
diffusion creep, texture generation and strain localization are
likely to exert strong controls on the dynamics of D″. These pro-
cesses should therefore be considered in future geodynamical and
seismic studies of this region.

Data Availability Statement
All data are available in the main text or SI Appendix.
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