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Abstract

A model is presented that simulates anisotropy development in a subducting slab from the upper–lower mantle boundary
(661 km) to the core–mantle boundary (2891 km). Two phases are considered: orthorhombic MgSiO3-perovskite and cubic
magnesiowuestite (Mg,Fe)O. Single crystal elastic properties at mantle conditions are obtained from existing density functional
theory calculations and quasiharmonic approximation. It is assumed that deformation is accommodated by slip. A polycrystal
plasticity model predicts strong texture development for perovskite and weaker texture for magnesiowuestite. When averaging
single crystal elastic properties with the orientation distribution this results for both phases in weak P-wave anisotropy and shear
wave splitting in the upper part of the lower mantle but pronounced anisotropy near the core–mantle boundary (up to 4% for Vp and
7% for Vs). The anisotropy pattern is complex and asymmetric and local heterogeneity is expected. These predictions are consistent
with seismic observations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In many parts of the earth seismologists have
established that seismic waves travel at different
velocities in different propagation directions. This is
the case in large parts of the upper mantle [1,2], in the
lowermost few hundred kilometers of the mantle (the D″
layer) [3,4] and in the inner core [5,6]. In the upper
mantle such anisotropy is best understood and has been
related to preferred orientation of olivine that was
attained during convection [2,7,8]. This interpretation
relies on a detailed knowledge of microscopic deforma-
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tion mechanisms, the effects of these mechanisms on
reorientation of crystals in a macroscopic deformation
field, and on the elastic properties of single crystals at
given temperature–pressure conditions.

For the upper mantle, where parameters are best
defined from experiments, linked micro–macro scale
simulations have been successful in predicting realistic
seismic anisotropy and relating it to the convection
pattern induced by a temperature gradient [9,10].
Similar simulations for the inner core are much more
hypothetical [11].

Little is known about local anisotropy in the lower
mantle that composes most of Earth's volume and may
be of great geodynamical importance for processes that
occur near the surface [12,13]. Conditions in the lower
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Fig. 1. Snapshot of the temperature field from the convection
calculation from which the Lagrangian tracer's streamline was taken
from. Gray shades give relative temperature (dark: cold, light: hot).
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mantle are beyond ordinary deformation experiments
and knowledge about deformation mechanisms is highly
speculative. Also, seismic coverage is very incomplete,
leading to assumptions that lack of evidence for
anisotropy must indicate diffusion creep or superplas-
ticity [14–17].

In this paper we present a first quantitative model for
anisotropy development that relies on physical princi-
ples and incorporates recent advances in elasticity and
plasticity for perovskite and magnesiowuestite at high
pressure. We are fully aware of the limitations in the
three main ingredients of the model, (a) the macroscopic
deformation field as established by geodynamics, (b)
microscopic deformation mechanisms, particularly
intracrystalline slip systems and (c) elastic properties
of single crystals. We will address those limitations in
detail in later sections. But with many recent advances
on all three of these issues we venture a first attempt to
simulate anisotropy development in the lower mantle in
a subducting slab. While uncertainties may prevent
direct application of results to any specific location, they
nevertheless give realistic magnitudes of anisotropy that
can be expected in a convecting lower mantle and the
model is easily expanded as new information becomes
available.

2. Ingredients

2.1. Geodynamic model

For this work, we use deformational information
derived from the two-dimensional geodynamical model
put forth by McNamara et al. [18] which is represen-
tative of a suite of possible parameter sets [19]. This
model investigates the deformational characteristics of a
subducting slab descending through the lower mantle
and coming into contact with the core mantle boundary.
It should be noted that this model is isochemical, in
contrast to thermochemical mantle models which
employ a thin dense mantle component at the base of
the mantle [e.g. 20–24]. However, these thermochem-
ical studies indicate that a possible denser component is
expected to be swept away from subducting slabs,
therefore, the isochemical assumption [22] is expected
to be valid in downwelling regions.

Details of the geodynamical model and method are
found in McNamara et al. [18,19], and only a brief
summary is given here. The geodynamical model uses a
composite rheology consisting of both dislocation creep
which promotes the development of lattice preferred
orientation (texture) and diffusion creep which may
randomize mineral fabrics. Viscosity parameters were
derived from mineral physics experiments [25]. La-
grangian tracers were utilized to track the deformational
properties of the slab. Dislocation creep induced strain
in subducting slabs was calculated. In these first studies,
strain was used as a measure for fabric development
without using detailed intracrystalline mechanisms. It
was found that subducting slabs are under high stress
and are likely to flow by dislocation creep. Dislocation
creep induced strain within slabs builds up slowly in the
upper portion of the lower mantle and sharply increases
as slab material approaches the lowermost mantle. The
resultant strain patterns were similar for several cases in
which rheological parameters were varied within
mineral physics constraints, indicating that deforma-
tional characteristics are not highly sensitive to the
precise rheological formulation. This new work is quite
different in that fabric development is simulated based
on intracrystalline deformation mechanisms and the
deformation history and anisotropy is calculated from
the texture patterns that evolve.

Deformational parameters from the tracer are used to
define the deformation history. The representative
Lagrangian tracer is positioned in a subducting slab
(sketched in Fig. 1). Deformation is recorded for 5000
time steps as the tracer descended from 700 to 2760 km
depth (Fig. 2). At mid-lower mantle depths, the tracer
had brief temporal excursions into the diffusion creep
regime resulting in a discontinuous record of strain. To
overcome problems associated with applying discontin-
uous deformation parameters at these depths to the



Fig. 2. Strain evolution along a streamline in a subducting slab recorded by a tracer. Maximum and minimum stretch of the Lagrangian particle as a
function of timestep [18]. The core–mantle boundary surface is horizontal.

Table 1
Slip systems and critical resolved shear stress coefficients assumed in
the polycrystal plasticity simulations

Perovskite Magnesiowuestite

(010)[100] 1 {111}<101̄> 1
(100)[010] 1 {110}<1̄10> 0.8
(001)<110> 1 {100}<011> 1
(001)[100] 1
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texture models, we assume a constant deformation for
depths greater than 2300 steps. For the tracer particle,
which is close to the center of the subducting slab, we
obtain a total von Mises strain of 2.5 near the core–
mantle boundary.

2.2. Deformation mechanisms

In our model we assume that deformation was
accommodated by slip. It is conceivable that other
mechanisms occur during lower mantle deformation,
particularly if diffusion is significant. Superplasticity,
typical of fine-grained materials near the melting point,
has been suggested as a possibility [25,26]. This
mechanism generally does not produce preferred
orientation as long as grains are equiaxed. Also climb
and recovery associated with slip do not contribute to
orientation changes. Dynamic recrystallization may
occur and either strengthen or weaken existing crystal
orientation patterns [27,28]. Since we assume disloca-
tion glide as mechanism and homogeneous deformation,
the predicted texture strengths may be close to the
maximum that can be expected for the envisioned
subduction geometry.

While deformation of the upper mantle is reasonably
constrained by experiments, even novel high pressure
apparatus such as rotational Drickamer [25] or multi-
anvil [29] only extend to pressure conditions of the
transition zone. For pressures corresponding to the
lower mantle, radial X-ray diffraction experiments in the
diamond anvil cell [30] are presently the main
experimental method to obtain information about
deformation mechanisms.

Slip systems of magnesiowuestite (Fe,Mg)O and
periclase (MgO) have been investigated at intermediate
to high pressures. At high pressure and low temperature
{110}<11̄0> is the dominant slip system [31,32], at
intermediate pressure and high temperature {111}<11̄0>
and {001}<11̄0> become active [33–35]. This is
analogous to isostructural halite [36] and for the
simulations it is assumed that at temperatures of the
lower mantle all slip systems are potentially active
(Table 1). Even though we assign a lower critical shear
stress to {110}, the most active system in the polycrystal
is {111} due to symmetry multiplicity. Mechanisms for
periclase and magnesiowuestite appear to be similar
[33]. Recent theoretical estimations of Peierl's stresses
confirm the experimental results that increasing pressure
favors the {110} system [37].

Much less is known about magnesium perovskite.
From experiments on analog materials with similar
structures a variety of slip systems and deformation
mechanisms have been proposed, including (010)[100],
(100)[010], (001)[100] and (001)<110> (in orthorhom-
bic setting, Table 1) [26,38–42]. Inferences from
analogs, particularly if they are of different symmetry
(cubic rather than orthorhombic), are unreliable as
numerous examples testify (e.g. zinc–zirconium, cal-
cite–magnesite), but compression of MgSiO3 perovskite
in large volume press apparatus at lower mantle pressure
produced dislocations that are consistent with the slip
systems listed above [43].

The conclusions are also supported by recent
deformation experiments in diamond anvil cells at
lower mantle pressure that produced texture patterns in
MgSiO3 perovskite [44,45]. A variety of texture types
were observed but the most common one has [001] axes
nearly parallel to the compression direction as is
illustrated in an inverse pole figure (Fig. 3a). Assuming
deformation by dislocation glide and activity of the slip
systems in Table 1 a pattern is simulated that closely
matches the experiment (Fig. 3b). It is noteworthy that
all experimental textures for perovskite are strongly



Fig. 3. Texture development in perovskite deformed in axial compression. Inverse pole figures of the compression direction, equal area projection,
linear contours in multiples of a random distribution (m.r.d.). (a) Radial diamond anvil cell experiment. Perovskite transformed from enstatite and
compressed to 42 GPa. (b) Texture simulation for slip systems listed in Table 1 [45].
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orthorhombic (and not cubic), consistent with calcula-
tions suggesting that the orthorhombic character of
structure and elasticity increases with pressure [46–48].
Admittedly, these experiments were all performed at
room temperature and high stresses, far from conditions
prevailing in the lower mantle. At this point we can only
speculate about the effect of temperature, though in the
future ab initio calculations may allow extrapolations.
As in the case of MgO it is expected that at high
temperature potential slip systems are activated more
equally. Increasing pressure may have a similar effect on
critical shear stresses as decreasing temperature. A
similar tendency is true for volume changes (and for
compressional moduli), thermal vibration and bonding.
For MgSiO3 perovskite the temperature relative to the
melting point does not change very much along the
geotherm. Based on experimental results about the
melting temperature of (Mg,Fe)SiO3 and MgSiO3

[49,50], the homologous temperature (T /TMelting) of
MgSiO3 along the cold geotherm used in our calculation
changes from 0.49±0.01 to 0.59±0.04. In the polycrys-
tal simulations we assume that all four potential slip
systems are active and have the same critical shear stress
coefficient (Table 1) but we find that (001)<110> slip is
most active.

In addition to slip systems the relative strength of the
contributing phases is important. High temperature
experiments on MgSiO3 perovskite suggest that this
phase is considerably stronger than MgO and this could
have a significant effect on the rheology [51]. We will
discuss this issue further in the section on polycrystal
plasticity simulations.

2.3. Elastic properties

Elastic properties of the minerals of the lower mantle
have been the subject of both experimental and
computational studies and there are considerable
discrepancies between results of different approaches.

There are only two experimental measurements of
the elastic constants of MgO at simultaneous high
pressure and high temperature [52,53]. Mixed deriva-
tives ∂M /∂P∂T (where M represents the elastic
modulus) retrieved in these two studies either disagree
in sign (in the case of the individual elastic constants
C11, C44, and the bulk modulus K), or their values differ
by an order of magnitude (as in the case of C12 and the
shear modulus G). In addition, these measurements are
restricted to small pressure and temperature ranges, far
removed from lower mantle conditions. There are
several high pressure studies up to 50 GPa at room
temperature [54–57] and high temperature studies at
ambient pressure [58]. Even though the results at
ambient conditions agree between the different studies
within 1% for all the constants, the individual pressure
derivatives differ up to 15% for both bulk and shear
modulus when extrapolated to pressures characteristic
of the deep lower mantle.

The single-crystal elasticity data available for
MgSiO3 perovskite are limited to two complete sets of



Table 2
Single crystal elastic constants of periclase [64] andmagnesium silicate
perovskite [48] along lower mantle geotherm from density functional
theory and lattice dynamics in quasiharmonic approximation

Depth (km) 661 952 1304 1764 2270 2757
Pressure (GPa) 23.4 36.4 52.7 75 101.2 127.9
Temperature (K) 1737 1919 2143 2391 2634 2841
Temperature (°C) 1464 1646 1870 2118 2361 2568
MgO
Density (103 g/m3) 3.862 4.046 4.256 4.508 4.75 4.978
C11 (GPa) 428.8 532.8 657.1 821.0 1008.6 1197.9
C12 (GPa) 133.0 151.0 173.0 201.7 233.4 264.2
C44 (GPa) 153.2 162.2 171.4 181.5 191.5 200.6
MgSiO3-perovskite
Density (103 g/m3) 4.357 4.506 4.69 4.929 5.165 5.375
C11 (GPa) 543.9 597.0 652.4 720.1 802.8 895.1
C12 (GPa) 219.6 265.7 319.0 389.9 477.1 567.0
C13 (GPa) 207.2 240.8 281.6 334.6 392.5 457.1
C22 (GPa) 606.5 676.4 756.2 862.3 990.9 1127.0
C23 (GPa) 226.9 261.9 303.5 357.9 422.7 489.9
C33 (GPa) 567.4 648.5 735.7 846.2 974.9 1106.3
C44 (GPa) 191.5 208.9 229.3 255.0 282.5 313.1
C55 (GPa) 181.9 193.8 205.2 220.1 240.2 259.2
C66 (GPa) 161.7 182.9 206.1 235.2 267.0 299.4

Fig. 4. (a) Single crystal P-wave anisotropy and (b) ΔS anisotropy for
the two main lower mantle minerals periclase MgO and perovskite
MgSiO3 with depth along a cold mantle geotherm based on first
principles calculations [48,64].
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elastic constants at ambient conditions [59,60] which
show differences up to 13% for the individual constants,
and 4% and 1% for the aggregate bulk and shear moduli.
Pressure and temperature dependence of the aggregate
moduli K and G of MgSiO3 perovskite have been
determined by ultrasonic interferometry on polycrystal-
line samples [61–66]. The results of these studies are in
substantial agreement, but they are limited to 9 GPa and
900 K.

Single crystal elastic constants have been calculated
by various authors for both MgO and MgSiO3 at
lower mantle condition by density functional theory
using different theoretical approaches for the thermal
effects. In a series of studies the quasiharmonic
approximation was used to calculate the thermal
contribution to free energy for MgO and MgSiO3

respectively [48,62,64]. In two studies a more rigorous
ab initio molecular dynamics approach was used for
MgSiO3-perovskite [46,47] which directly takes into
account anharmonic effects [65]. The results of these
different approaches for MgSiO3 are similar (see for
instance [48]), with an average 2% difference for the
compressional constants (C11, C22, C33), 1% difference
for the off-diagonal constants (C12, C13, C23), and
10% difference for the shear constants (C44, C55, C66)
through wide pressure and temperature ranges (38–
88 GPa, 1500–3500 K). The agreement between the
different techniques is especially good in terms of
averaged elastic moduli, K and G (0.9% and 2.5%
respectively) as also independently confirmed by a
self-consistent thermodynamic approach [66]. The
differences are smaller than other uncertainties of the
model.

Here we use theoretically derived elastic properties
for both minerals, rather than results from experimental
studies, which cover a limited pressure and temperature
range, the available pressure and temperature deriva-
tives are often in disagreement and this causes large
uncertainties in the extrapolations to deep mantle
conditions. We chose the results from Karki et al. [64]
for MgO and Wentzkovitch et al. [48] for perovskite
because of their extensive pressure and temperature
coverage. The calculated elastic properties of the two
minerals along the lower mantle geotherm are listed in
Table 2.

From elastic properties we calculated P and S-wave
velocity surfaces, including shear-wave splitting and
corresponding anisotropies. Periclase (MgO) displays at
ambient conditions a single-crystal P-wave anisotropy
of 11% (defined as 100×(VPmax−VPmin) /VPavg, where
VPavg is 1/2(VPmax+VPmin)). The shear-wave splitting
anisotropy (ΔVS, defined as 100×max(VS1−VS2) /
(VSavg) where max(VS1−VS2) is the maximum value of



307H.-R. Wenk et al. / Earth and Planetary Science Letters 245 (2006) 302–314
the difference between the two polarizations of the S-
velocity along the same direction of propagation, and
VSavg is 1/2(VSmax+VSmin)) is 21%. Along the mantle
geotherm, periclase becomes isotropic at 28±2 GPa,
with inversion of fast and slow compressional velocity
directions between [111] and [100]. The fast and slow
shear polarization directions switch from [100] and
[110] at the same pressure (Fig. 4). P-wave velocity
anisotropy and ΔS anisotropy steadily increase to 19%
and 48% at the base of the lower mantle, based on theory
(Fig. 4).

The single crystal P-wave velocity surfaces (normal-
ized so that the maximum value is 100%) of MgO at five
different depths are shown in Fig. 5a and that for shear
wave splitting ΔS in Fig. 5c (normalized to express ΔS
in % of the average S-wave velocity). At depth the
fastest P-wave is along <100> and the largest splitting
along <110>. At ambient conditions 10–20 mol% Fe
Fig. 5. Normalized single crystal surfaces for P-wave (a,b) and ΔS anisotro
(Mw) [64], (b,d) perovskite MgSiO3 (Pv) [48]. Equal area projection, linear c
color scale are: (a) 85–100%, (b) 90–100%, (c) 0–27%, (d) 0–9%.
substitution for Mg slightly decreases the elastic
anisotropy of magnesiowuestite [67].

Magnesium silicate perovskite is metastable at
ambient conditions [68]. Experiments at ambient
conditions suggest 8% P-wave anisotropy and 15%
shear-wave splitting anisotropy [52]. Quasiharmonic
calculations [48] suggest that P-velocity anisotropy
increases along the lower mantle geotherm to 12% and
ΔS anisotropy first decreases to 5% at 40 GPa and then
increases to 14% at the core–mantle boundary (Fig. 4).
Comparing ab initio calculations [46–48] we estimate
uncertainties of about 10% and 25% for P-wave
anisotropy and S-wave splitting anisotropy at depth.
The normalized single crystal P- and ΔS- surfaces for
perovskite are shown in Fig. 5b and d respectively. The
P-waves are fast along [010] (or more precisely [0.4 1
0]) and slow along [100]; ΔS is strong along [110] (or
more precisely [1 1 0.4]) (up to 14%). Notice the strong
py (c,d) evolution along a streamline with depth. (a,c) periclase MgO
ontours with color patterns indicated. Minimum and maximum on the
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orthorhombic nature of the pattern. The effect of 10–
20 mol% Fe substitution for Mg on anisotropy
investigated by quasiharmonic calculations is minimal
[69]. The recently observed high- to low-spin transition
in magnesiowuestites and Fe–Mg silicate perovskites
[70,71] may complicate the picture of elastic properties
of these minerals [72].

3. Polycrystal plasticity model and results

Texture development along a streamline model for
a subducting slab (Figs. 1,2 [18]) was simulated with
the tangent approximation of the viscoplastic self-
consistent model, implemented in the Los Alamos
VPSC code [73]. This polycrystal plasticity model
relies on the concept of grain inclusions in a
homogeneous but anisotropic medium and is interme-
diate between the Taylor model that enforces strain
compatibility and the Sachs model that is based on
equilibrium. The model does not take grain interaction
or intragranular heterogeneity into account and is thus
still a simplification of real processes but the VPSC
approach has been reliable in simulating textures of
many low symmetry materials [74]. The system under
consideration consists of two phases, a major phase
perovskite (70 vol.%) and a minor phase magnesio-
wuestite (30 vol.%). It is likely that perovskite has
higher critical shear stresses than magnesiowuestite
under most conditions [51]. The VPSC code has been
applied to multiple phases [75] but results for multi-
phase composites can be unrealistic because of local
heterogeneities. Sophisticated finite element models
that would allow for boundary processes do not exist
and neither do experimental data to provide informa-
tion about grain interaction. We used two approaches
in the VPSC calculations: First we simulated defor-
mation of a two-phase composite [75] and then for
each phase individually, adjusting for volume fractions
in the strain contribution.

The second case is more useful because we can then
assess the effects if one of the phases, or both phases of
the aggregate develops texture. This way we can also
make better use of grain statistics. Among several
scenarios two may occur: The weak phase may
segregate into layers as quartz in granitic mylonites
and deformation may concentrate on these layers,
developing shear bands. Alternatively the weak subor-
dinate phase may concentrate in pockets at grain
boundaries and deform heterogeneously without much
texture. When the grains of the dominant hard phase
make contact, they will dominate the deformation, as in
some peridotites. In diamond anvil experiments at room
temperature perovskite and magnesiowuestite both
deform and develop textures but magnesiowuestite
textures are very weak [44].

In the simulations 2000 grains were deformed in
5000 steps, starting at the upper–lower mantle
boundary (661 km) and proceeding towards the
core–mantle boundary (maximum depth 2757 km). It
was assumed that during transformations from spinel
structures to perovskite and magnesiowuestite at the
base of the transition zone orientations were ran-
domized. Each deformation step was defined by a
displacement gradient tensor obtained from the tracer
geometry of the geodynamic model. A viscoplastic
strain-rate sensitive flow law with a stress exponent
n=3 was used. Activity of slip systems in all 2000
grains is evaluated in each of the 5000 orientation
steps and orientations are updated accordingly. From
the orientation distribution of 2000 grains, pole figures
were calculated to illustrate crystal orientation pat-
terns. Aggregate elastic properties were calculated,
using a geometric mean [76]. All texture-related
calculations have been performed with the software
Beartex [77].

Texture patterns are shown as pole figures (Fig. 6a,b)
in the same orientation as the streamline in Fig. 2 with V
indicating the vertical and H the horizontal direction.
Color shades display orientation densities. Red regions
are characterized by high densities, green regions
correspond to densities close to those of a random
distribution, and blue and white regions are deficient in
orientations. The five columns in Fig. 6 correspond to
1000 steps (952 km, 36.4 GPa, 1646 °C), 2000 steps
(1304 km, 52.7 GPa, 1870 °C), 3000 steps (1764 km,
75.0 GPa, 2118 °C), 4000 steps (2270 km, 101.2 GPa,
2361 °C) and 5000 steps (2757 km, 127.9 GPa,
2568 °C). All pole figures have monoclinic symmetry
consistent with the plane strain deformation history. The
(100) pole figures for magnesiowuestite (Fig. 6a)
illustrate that a distinct pattern develops after 2000
steps. The texture continues to strengthen moderately,
with maxima up to 3.5 multiples of a random distribution
(m.r.d.) after 5000 steps. For perovskite (Fig. 6b) (001)
pole figures show already a strong texture after 2000
steps; the texture continues to strengthen to 40 m.r.d.
after 5000 steps. The texture patterns are oblique with
respect to earth coordinates because of the contribution
of simple shear deformation along the streamline.

Normalized aggregate P-velocity surfaces and ΔS
anisotropy surfaces, calculated by averaging single
crystal elastic properties over all orientations at
corresponding pressure temperature conditions for
magnesiowuestite are shown in Fig. 7a,c and for



Fig. 7. Normalized aggregate surfaces for P-wave (a,b) and ΔS anisotropy (c,d) evolution along a streamline with depth. (a,c) Magnesiowuestite
(Mw), (b,d) perovskite (Pv). Same coordinates as Fig. 6. Equal area projection, linear contours with color patterns indicated. Minimum and maximum
on the color scale are (a,b) 96–100%, (c,d) 0–7%.

Fig. 6. Texture evolution along a streamline with depth. (a) (100) pole figures for magnesiowuestite, (b) (001) pole figures for perovskite. Equal area
projection with top corresponding to the vertical direction and horizontal plane corresponding to the core–mantle boundary plane. Logarithmic
contours with minimum and maximum on the color scale (a) 0.2–3.5 multiples of a random distribution (m.r.d.), (b) 0.2–40 m.r.d.
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perovskite in Fig. 7b,d. For both minerals anisotropy
increases with depth such that at the bottom of the lower
mantle P-wave anisotropy and ΔS anisotropy reach
values of 4% and 7% for both magnesiowuestite and
perovskite. For this particular texture pattern the
magnesiowuestite P-velocity surface is nearly opposite
to that of perovskite; thus in a mixture in which both
phases develop texture the anisotropy would be reduced
to about 3%. The largest shear-wave splitting of the two
minerals is in similar directions.

4. Discussion

We have simulated texture and anisotropy develop-
ment in a slab that is subducted into the lower mantle
for the two main likely phases, perovskite and
magnesiowuestite. The results suggest that, if part of
the deformation is accommodated by dislocation glide,
strong textures develop in perovskite and more
moderate textures in magnesiowuestite. The texture
strength increases with depth and the pattern is
asymmetric relative to earth coordinates due to
significant simple shear. Single crystal elastic anisotro-
py also increases with depth, according to ab initio
computational results. Due to these combined contribu-
tions, anisotropy is weak in the upper part of the lower
mantle and becomes more pronounced with depth. Of
course aggregate anisotropy can never exceed that of
the single crystal. Due to the moderate and complex
single crystal P-wave anisotropy of perovskite (12%),
even strong textures do not produce strong aggregate
anisotropy. This is different from olivine, the main
component of the upper mantle, where P-wave
propagation along [100] is 25% faster than along the
[010] direction [78]. The model predicts that anisotropy
varies both laterally and with depth. Of particular
significance for seismology is that texture (and
anisotropy) patterns are oblique and thus are most
likely invisible in any seismic reconstruction that relies
on transverse averaging.

We reemphasize that perovskite and magnesiowues-
tite were treated as separate phases to best permit
evaluation of their relative deformation. Isotropic finite
element simulations with no change in grain topology
[79] indicate that at large strains both phases deform,
with the dominant phase perovskite forming a frame-
work and magnesiowuestite in heterogeneous pockets
along grain boundaries.

It is appropriate to compare simulations with seismic
observations and explore if they are compatible or not.
For some time, seismologists observed shear wave
anisotropy in the lowermost few hundred kilometers of
the mantle, the D″ region [e.g. 3,4,80,81]. This
anisotropy is typically mapped at the level of 1–3%
[82], but most commonly near the 1–1.5% range [83–
85]. Evidence for lower mantle anisotropy has been
mainly under past or present subduction or upwelling
regions, which has resulted in proposing geodynamical
mechanisms that invoke crystal preferred orientation in
giving rise to the observed seismic shear wave splitting
[22,23]. One region (beneath the central Atlantic) that
appears neither associated with past subduction nor
upwelling has been mapped as lacking D″ anisotropy
[86]. In comparison to the upper mantle [1,2], deep
mantle anisotropy is generally much weaker in magni-
tude. Anisotropy in the range of 1–3% is compatible
with the predictions of our model and could thus be
attributed to preferred orientation of magnesiowuestite
and perovskite. Conceivably anisotropy could be
enhanced if a postperovskite phase is present [87] with
a larger single crystal elastic anisotropy [88]. We have
excluded this phase from our model because it would
only apply to the very deepest part of the subducting
slab [89]. Also recent studies indicate that the seismic
anisotropy contribution of postperovskite in an aggre-
gate may be minor [90] but this should be further
investigated in the future.

One challenge in mapping anisotropy in the lower
mantle is constraining its depth distribution. Two seismic
phases are the main deep mantle anisotropy probes: the
core-reflected ScSwave, and the core-grazing Swave (or
diffracted Sdiff, see Fig. 8). ScS does not have the ability
to constrain anisotropy depth distribution, since it is
commonly far away from the phase it is referenced to, the
more shallowly bottoming direct S wave (Fig. 8a). The
role of the direct S wave at epicentral distances greater
than 85° changes from being the reference phase of ScS
to the D″ anisotropy probe, as it penetrates to D″ depths
at these distances. This probe is referenced to the SKS
arrival, which arrives too close in time to the S wave to
make reliable shear wave splitting measurements at
distances smaller than around 90°. It greatly reduces our
ability to constrain the depth distribution of lower mantle
anisotropy (if present) in the several hundred km above
the D″ layer. However, there are some observations
where the S wave is predicted to bottom above the D″
layer that suggest anisotropy. For example, SKS and S
data are shown in Fig. 8b, where shifts in the onsets of the
direct S wave between the SH (dotted) and SV (solid)
component are visible at distances less than 90°.
Recordings at distances less than around 88° theoreti-
cally turn at depths above a 300 km thick D″ layer, thus
should not contain shear wave splitting in an isotropic
lower mantle. In some cases, splitting of the S wave



Fig. 8. (a) Ray paths of two main seismic probes for mapping lower mantle anisotropy: ScS (lower left), which is referenced to the direct S-wave, and
at larger distances, S (then Sdiff), which is referenced to SKS. The latter has greatest potential for mapping the depth distribution of deep mantle
anisotropy, but is challenged by the close proximity in time to its reference SKS wave, as shown in (b) for examples of real data. SV (solid) and SH
(dashed) traces are shown for seven seismogram pairs. Information to left of data indicate epicentral distance in degrees, seismographic station name,
shear wave splitting time (if measurable), and earthquake date (mm.dd.yyyy).
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cannot be confidently assessed, due to proximity of the
tail of SKS. These data have been corrected for
predictions of upper mantle anisotropy at the seismic
receivers. One challenge, as seen for the 85.7° distance
record at station ISP, is that upper mantle anisotropy
corrections are not always successful at removing the
SKS phase from the tangential component seismogram.
This introduces significant uncertainty on any D″ shear
wave splitting for such data. The four largest distance
data in the Figure show much better SKS correction, in
that SKS energy is typically absent from the corrected
SH component. Anisotropy in the rest of Earth's lower
mantle, e.g., roughly 700–2500 km depth, is uncon-
strained in traditional deep mantle anisotropy analyses,
though it would be expected to see significant S wave
splitting for mid-lower mantle S waves, which has not
been reported to date.

Mapping the depth extent of anisotropy in the deep
mantle is important, especially in the vicinity of
subducted material. As we expect high strains in the
deepest mantle beneath subduction [18] may give rise to
locally heterogeneous fabric development, high resolu-
tion seismic mapping could document such variations.
Thus studies that utilize the relatively high frequency
portion of the broadband seismic spectrum may hold
hope in elucidating such details.

As we have mentioned earlier, our simulations go
far beyond conditions that can be experimentally
verified, and we can identify different sources of
uncertainties in our results. Because of the uncertainty
associated with material parameters of lower mantle
minerals, we expect a wide variability of possible
mantle models at all scales. On the macroscopic scale,
many parameter sets were explored [19], and it appears
that the expected first-order deformational patterns in
the lower mantle are not strongly sensitive to input
parameters. Therefore, we propose that the parameters
used in this study are representative of most convection
models and do not expect the strain evolution to change
appreciably as material and convection parameters are
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varied. Similarly elastic properties at lower mantle
conditions will be further refined but we do not foresee
major changes. The largest uncertainty lies in micro-
scopic mechanisms. Slip systems for perovskite have
been inferred from room temperature experiments and
observations on analogs. If more systems become
active at high temperature, this might change the
detailed texture pattern, but not the overall strength of
the lattice preferred orientation. We have discussed
issues of relative strength and volume fractions of the
components, the possibility of concentration of defor-
mation in shear bands etc. and the need for experiments
as well as more realistic models along lines used in
metallurgy [91]. For texture development we relied on
polycrystal plasticity and rotations produced by
intracrystalline slip. If other mechanisms are also
active, including diffusion and dynamic recrystalliza-
tion, texture development is likely reduced.

5. Conclusions

In conclusion, the model presented here predicts
strong textures and moderate and asymmetric P-wave
anisotropy of 3–4% and ΔS wave polarization
anisotropy of up to 7% in a subducting slab in the
lower mantle. The pattern is confined to the slab and
should be different in other regions of the lower mantle.
Such predictions are consistent with seismic observa-
tions though detailed seismic evidence is scarce. The
results of this study have also implications for
anisotropy near the core–mantle boundary that we
have not emphasized but where the model predicts large
local variations in strain and thus texture and
anisotropy. In the future the same model can be easily
expanded to a three-dimensional geodynamic model
that is in preparation and can incorporate new data on
mechanisms and elastic properties, including those of
the newly discovered postperovskite polymorph of
MgSiO3, as they become available, thus advancing our
understanding of the dynamics in a large segment of
Earth's interior.
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