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Abstract

Anisotropy in the lowermost few 100 km of mantle, of Eegion, is indicative of deformation-induced alignment of crystals
and/or inclusions of material, and as such offers insights into the dynamic nature of this region. Observations of shear-wave
splitting in phases that transit this region provide constraints on such anisotropy. We investigate the effects of lower-mantle
seismic anisotropy on SKS and SKKS phases through linked effective-medium modelling and ray-based waveform modelling.
A mantle with vertical-transverse-isotropy (VTI) will not produce any splitting in such core phases. Instead we consider the
effects of azimuthal-anisotropy due to aligned disk-shaped and tubular inclusions and aligned perovskite, periclase and
columbite. Models are constructed subject to constraints imposed by observed anise&fyand plausible variations
in aggregate isotropic velocities:(+ 2.5%). Melt-filled inclusions are much more effective in generating anisotropy than
solid-filled inclusions and disk-shaped inclusions produce more anisotropy than tubular inclusions. In general the degree of
splitting produced by most of the models is small, similar to that produced by the eiu&g). The exceptions are melt-filled
vertically-aligned disk-shaped inclusions and horizontally aligned periclase, the former most likely in low-velocity regions,
the latter in high-velocity regions. Both models produce splitting significant enough to mask the effects of upper-mantle
anisotropy. Strong azimuthal variations in splitting and discrepancies in SKS and SKKS splitting are diagnostic of these
anisotropic models.
© 2004 Published by Elsevier B.V.
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1. Introduction of the solid Earth, one of the challenges facing such
analyses is constraining the anisotropy to a particular
The interpretation of seismic anisotropy in the region. Here, we investigate the effects of anisotropy
deep Earth provides insights into mineralogy, com- in the lowermost mantle, or ‘Dregion, on the seis-
position and dynamic processes. As seismologists mic phases SKS and SKKif. 1). These phases
find increasing evidence for anisotropy in most parts are more commonly used to investigate upper-mantle
anisotropy (e.g.Silver, 1996; Savage, 199%nd the
effects of anisotropy in deeper parts of the Earth are
* Corresponding author. generally neglected.
E}'l‘s:dﬁ%ezi T;Z‘(’j‘:gf'ﬁp(itlbw'izzg;ﬁ-k Hall), Interpretations of [ anisotropy are normally based
mirko@earth.leeds.ac.uk (M. van der Baan).‘ on evidence qf shear-wave splitting in phases which
1 present address: Laboratoire 3S, UJF-INPG-CNRS, Grenoble tUrn near or diffract along the core-mantle boundary
Cedex 9, France. (CMB). Such observations show regional variations
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Fig. 1. Example raypaths for the core phases SKS, SKKS and PKS. Units are in kilometers.

and suggest differences between regions of upwelling rection (i.e., a global average), is the cause of VTI
and downwelling (see reviews ibay et al., 1998; anisotropy in the uppermost mantle of the Earth
Kendall and Silver, 1998 Anisotropy in the D re- model PREM(Dziewonski and Anderson, 1981)
gion has been attributed to the lattice preferred align- It is important to note that, as with the isotropic
ment (LPO) of minerals, the preferred alignment of case, VTl anisotropy will not produce any SKS
small-scale inclusions or the layering of contrasting (SKKS, PKS) transverse-component energy as the
materials (Kendall and Silver, 1998; Karato, 1998; P-SV-wave system is mathematically decoupled from
Yamazaki and Karato, 2002 he latter two categories  that for SH-waves(Aki and Richards, 1980)The
are often referred to as shape-preferred-orientation core-transiting P-wave will only transmit a P- and
(SPO). SV-wave when entering the mantle. In other words,
In 1D isotropic Earth models, a P-wave in the SKS and SKKS will not produce any shear-wave
liquid outer-core converts to a vertically polarized splitting in a VTI mantle, regardless of epicentral
shear-wave (SV-wave) at the CMB and is thus not distance. Shear-wave splitting in such core phases
recorded on the transverse-component of a seismome-is produced by a more general form of anisotropy.
ter at the Earth’s surface. However, the presence of Here, we use the term azimuthal anisotropy to refer
transverse-component energy is often observed and isto a style of anisotropy where there are azimuthal
indeed an indication that the shear-wave (e.g., SKS) variations in velocities within the horizontal plane.
may have travelled through an anisotropic region  Discrepancies are sometimes observed in shear-wave
along its path from the CMB to the Earth’s surface. splitting in SKS and SKKS phases for a given source
A common class of anisotropy is vertical-transverse- and stationfJames and Assumpcéo, 1996he phases
isotropy (VTI), which is characterised by a lack of SKS and SKKS travel similar raypaths through the
azimuthal variation in velocity within the horizon- upper mantle but are nearly 1000 km apart at the
tal plane. This refers to hexagonal symmetry with a CMB (Fig. 1). Such discrepancies can be therefore
vertical symmetry axis and synonyms include polar attributed to lower-mantle effects, such as: CMB
or radial anisotropy. This style of anisotropy can be boundary topographyRestivo et al., 1998)signifi-
produced by fine-scale horizontal layering or the pre- cant lateral velocity gradients or azimuthal anisotropy.
ferred alignment of tabular inclusions in the horizontal Here, we investigate SKS and SKKS sensitivity to
plane. It can also be caused by crystal alignment, for a variety of plausible forms of azimuthal anisotropy
example, the vertical alignment of a particular crystal using constraints from current seismic observations.
axis with a random azimuthal orientation of the other Effective-medium modelling and Voigt—Reuss—Hill
crystal axes. The preferred alignment of olivine a-axes (VRH) averaging are used to determine the elasticity
in the horizontal plane, but not in any azimuthal di- and anisotropy in D due to potential SPO and LPO
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fabrics. This modelling allows the determination of
transmission coefficients and shear-wave splitting for
SKS and SKKS phases.

2. Elastic properties of possible SPO and LPO
fabricsin D”

A number of different plausible models have been
suggested to explain lower-mantle anisotropy. Firstly,
D” anisotropy could be caused by SPO fabric due
to the alignment of ellipsoidal inclusions within an
isotropic matrix. These inclusions could be solid or
melt-filled and either disk-shaped (aspect ratol)
or tubular (aspect ratio> 1) (Kendall and Silver,
1998) Hence, four different SPO models are consid-
ered in our numerical simulations. The elastic prop-
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shear-wave anisotropy must be less than 3% and that
the deviation from the observed isotropic velocities is
less than 2.5%.

Although the term percentage of anisotropy is
poorly defined in the literature, with respect to the
lower mantle the stated values of 2-3% generally re-
fer to the degree of shear-wave splitting observed in
horizontally propagating (i.e., turning) shear-waves in
the D’ region (Kendall and Silver, 1998)Therefore,
the percentage anisotropy is defined as

% anisotropy= 200 (M> , 1)

Vs, + Vs,

with v, andvy, the velocities of the fasf§;, and slow,
S», shear waves for a particular azimuth of horizontal
wave propagation.

erties of these aligned inclusions are obtained using Fig. 2 illustrates the seven different models

the effective-medium approach @andon and Weng
(1984) Use of effective-medium theories explicitly as-

used to examine the potential effects of azimuthal
anisotropy (i.e., non-VTI) in D on splitting mea-

sumes that the inclusions are much smaller than the surements of SKS and SKKS phases. In each case
characteristic wavelengths of the seismic phases andthe volume-fraction of aligned inclusions (for SPO
that frequency-dependent scattering effects can be ne-media) and degree of alignment (for LPO media)

glected.

Alternatively, anisotropy in D could be caused by
the alignment of anisotropic minerals, such as per-
ovskite, yielding an LPO fabric. Alignment of min-
eral grains due to flow, can produce both azimuthal
anisotropy or a VTI symmetry. Slip-planes of minerals
align parallel to the flow plane. If the slip directions
are randomly oriented within a horizontal slip plane
then the resultant medium displays VTI symmetry
(Stixrude, 1998) However, with most minerals (e.g.,
olivine) an LPO is generated in a slip direction paral-
lel to the flow direction thus generating an azimuthally
anisotropic medium. Partial development of the fabric
results in a limited degree of anisotropy. Hence, align-
ment of minerals which are inherently anisotropic will

is such that the horizontal shear-wave anisotropy is
maximised (but less than 3%) while retaining aggre-
gate isotropic properties which deviate by less than
2.5% from the given physical parameters. The start-
ing isotropic model is outlined ifrig. 3. For the four
SPO models, the inclusions are embedded in a matrix
with standard lower mantle properties with an ori-
entation that produces azimuthal anisotropy (hexag-
onal symmetry with a horizontal symmetry axis).
The symmetry axis is aligned along. The three
LPO models considered are a weighted VRH aver-
age of known isotropic lower-mantle properties and
the properties of aligned perovskite (orthorhombic),
periclase (cubic) or columbite (orthorhombic) (see
Fig. 2). The elastic constants of the aligning minerals

usually lead to azimuthal anisotropy in the aggregate are taken fronStixrude (1998)who determined them
material. The elastic coefficients of such an aggregate numerically for lower-mantle pressure conditions, but

medium can be determined using Voigt—Reuss—Hill
averaging(Hill, 1952; Anderson, 1965)

The overall seismic properties of the lowermost
mantle and its isotropic P- and S-wave velocities are
constrained from from both global and regional stud-
ies. Therefore, any modelling of the LPO or SPO fab-
rics must fit within these known limits. The seismic

at absolute-zero temperature. Perovskite elasticities
have been calculated for lower-mantle pressures and
temperaturegOganov et al., 2001)but we have yet

to test the temperature effects in our modelling. The
symmetry of the assemblages are rotated to respec-
tively align the slip-plane and slip-direction parallel to

a horizontal flow-plane and flow along (Stixrude,

constraints we use are that the maximum horizontal 1998)
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Vol. Frac. %Anis. Vp-dev. Vs-dev.

Tubules % Melt 335 113 -11 -25
(aspect ratio = 20) Solid 1005 028 -25 -17
SPO “
X3
X Vol. Frac. %Anis. Vp-dev. Vs-dev.
. 2
D| §<s Melt 0.02 2.94 -0.4 -1.2
(aspect ratio = 0.001) x, Solid 923 105 -25  -17
X3
Slip plane Slip direction % aligned %Anis. Vp-dev. Vs-dev.
Perovskite (010) [100] 12 171 23 25
X
Q N 2
LPO OWP'ane Periclase {110}  <111> 13 227 24 25
Columbite (101) [101] 55 08 22 24

Fig. 2. Possible mechanisms for azimuthal anisotropy in D” used in

the numerical modelling. Model parameters are chosen to be consistent

with seismic observations (i.e., anisotropy <3% and changes in isotropic aggregate velocities < + 2.5%). Vol. Frac. is the percentage
volume occupied by inclusions; %Anis. is the degree of shear-wave anisotropy (equation 1); Vp-dev. and Vs-dev. indicate the percentage
deviation of the VRH-average model velocities from the known lower-mantle values.

If the anisotropy is caused by aligned ellipsoidal
inclusions (SPO), melt-filled inclusions provide a
more effective mechanism for inducing anisotropy
than solid-filled inclusions, without causing large de-

viations in the bulk-average seismic velocities (see
table in Fig. 2). Note the small quantities of melt
needed to produce a large percentage of anisotropy.
Tubules (cigar-shaped inclusions) are less effective
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L |4 X (isotropic) vs=7260mis ]
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Fig. 3. Model used for ray tracing, which isin turn used to determine CMB transmission coefficients and shear-wave splitting parameters.

Raypaths for SKS and SKKS phases that travel to an epicentral di

stance of 110° are also shown.
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in generating anisotropy than disks (penny-shaped
inclusions). Partial alignment of perovskite and per-
iclase minerals (LPO) quickly causes significant
anisotropy without introducing large deviations from
bulk-average isotropic velocities, presumably because
the lower mantle is primarily comprised of perovskite
and periclase. On the other hand, columbite is very
high in seismic velocity and quickly introduces large
increases. In order to limit the bulk increase in veloc-
ity to 2.5%, only small amounts of aligned columbite

N
]

can be included, thereby reducing the amount of
predicted anisotropy (Fig. 2).

3. Effects of azimuthal anisotropy in D” on SKS
and SKKS splitting

To examine the effect of azimuthal anisotropy on
observations of SKS and SKKS phases within the
mantle, azimuthal variations in transmission coef-
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Fig. 4. D” anisotropy due to aligned, melt-filled, tubular inclusions. Results are for SKS and SKKS phases at an epicentral distance of
110°. The figure (from top to bottom) shows azimuthal variations in transmission coefficients at the CMB, shear-wave splitting times, and
the resulting radia (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s is
shown for the 0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.
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ficients, shear-wave splitting and synthetic wave-
forms are calculated for the 7 models described in
Fig. 2. Transmission coefficients for a core transiting
P-wave incident on the CMB are determined using
the approach outlined in Guest and Kendall (1993).
Transmission coefficients between an anisotropic
solid/liquid interface are computed using expressions
given in Mallick and Frazer (1991). The P-waves

»
1
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converted at the CMB are taken to have angles of
incidence of 30° and 55° for SKS and SKKS, respec-
tively, and correspond to an epicentral distance of
roughly 110°. The azimuth is measured with respect
to the x; direction (see Fig. 2). The transmission
coefficient is given as the total displacement ratio of
the transmitted wave amplitude to the incident wave.
Shear-wave splitting, due to the D” anisotropy, in SKS
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Fig. 5. D” anisotropy due to aligned, solid, tubular inclusions. Results are for SKS and SKKS phases at an epicentra distance of 110°.
The figure (from top to bottom) shows azimutha variations in transmission coefficients at the CMB, shear-wave splitting times, and the
resulting radia (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s is
shown for the 0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.
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and SKKSis aso computed as a function of azimuth.
Finally, radial and transverse components of synthetic
waveforms are modelled by means of raytracing
(Guest and Kendall, 1993). The synthetic data are
convolved with Ricker wavelets of 0.2Hz and 15Hz,
respectively. The 0.2 Hz wavel et represents a more re-
alistic waveform for SKS and SKK'S, whilst the 15Hz
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Cocfficients

o
~
T

Total displacement ratio
S 5
T T

wavelet provides a better indication of the energy
distribution of the two shear-waves across the two
components.

A number of factorsinfluence whether or not appre-
ciable shear-wave splitting is generated when an SKS
or SKKS phase passes through the D” region. The
transmission coefficients at the CM B must be such that
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Fig. 6. D” anisotropy due to aligned, melt-filled, disk-shaped inclusions. Results are for SKS and SKKS phases at an epicentral distance
of 110°. The figure (from top to bottom) shows azimuthal variations in transmission coefficients at the CMB, shear-wave splitting times,
and the resulting radia (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s
is shown for the 0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.
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Fig. 7. D” anisotropy due to aligned, solid, disk-shaped inclusions. Results are for SKS and SKKS phases at an epicentral distance of
110°. The figure (from top to bottom) shows azimuthal variations in transmission coefficients at the CMB, shear-wave splitting times, and
the resulting radial (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s is
shown for the 0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.

they effectively generate both fast and slow transmitted
shear-waves. The anisotropy must be strong enough
to generate resolvable splitting. Finaly the transmit-
ted shear-wave must be not aligned with a principle
axes of the anisotropy.

The upper row in Figs. 4-10 displays the computed
transmission coefficients for P-to-S conversion as a
function of azimuth for both SKS and SKKS phases

at 110°. With al 7 models (4 SPO and 3 LPO) two
shear-waves are transmitted at azimuths away from
the principle axes. These principle axes are the direc-
tions of propagation where the P-SV-waves are de-
coupled from the SH-phase and so no transverse (SH)
energy is produced. For the SPO (Figs. 4—7) and per-
ovskite (Fig. 8) models, these axes coincide with the
coordinate axes (parallel and perpendicular to flow).
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Fig. 8. D” anisotropy due to partialy aligned perovskite. Results are for SKS and SKKS phases at an epicentral distance of 110°. The
figure (from top to bottom) shows azimuthal variations in transmission coefficients at the CMB, shear-wave splitting times, and the resulting
radial (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s is shown for the
0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.

However, for periclase and columbite (Figs. 9 and
10) the principle axes are shifted from the coordi-
nate axes since the orientation of the slip-planes and
slip-directions are not along the principle axes of the
mineral anisotropy. The principle axes of periclase,
when aligned in flow, are rotated about the vertical by
45° (Fig. 9). For columbite the principle axes are ro-
tated in the vertical plane by 135°. Hence, the SKS

and SKKS phases pass through the principle axes at
different azimuths, about 47° (SKS) and 69° (SKKS),
respectively (Fig. 10).

The transmission coefficients of the tubules (Figs. 4
and 5) and disks (Figs. 6 and 7) are similar even though
the models initially appear to be very different. This
is because both models have hexagonal symmetry
with the symmetry axis along x;. For the tubules, the
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Fig. 9. D” anisotropy due to partially aligned periclase. Results are for SKS and SKKS phases at an epicentral distance of 110°. The figure
(from top to bottom) shows azimutha variations in transmission coefficients at the CMB, shear-wave splitting times, and the resulting
radial (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s is shown for the
0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.

isotropy plane, xo—x3, is a plane of slow P-waves and
for the disks this is a plane of faster P-wave veloci-
ties. The perovskite model shows similar transmission
coefficients (Fig. 8). Although strictly speaking per-
ovskite has orthorhombic symmetry, it can be nearly
approximated as aso having hexagonal symmetry.
The other LPO models on the other hand display
quite different azimuthal variations since their sym-

metry is quite different from hexagonal: columbite is
orthorhombic (Fig. 10), and periclaseis cubic (Fig. 9).

The second row in Figs. 4-10 displays the pre-
dicted shear-wave splitting for al 7 models and the
lower part the numerical waveforms for 0.2Hz and
15Hz, respectively. Again, azimuth-dependent varia-
tions in shear-wave splitting are clearly visible ex-
cept for the tubule-inclusion models (Figs. 4 and 5).
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Fig. 10. D” anisotropy due to partially aligned columbite. Results are for SKS and SKKS phases at an epicentral distance of 110°. The
figure (from top to bottom) shows azimuthal variations in transmission coefficients at the CMB, shear-wave splitting times, and the resulting
radial (R) and transverse (T) component waveforms with 0.2Hz and 15Hz dominant frequencies. A time window of 15s is shown for the
0.2Hz waveforms and a shorter time window of 3s is shown for the 15Hz waveforms.

These variations show that the maximum splitting may
be observed near to one of the principle axes. How-
ever, aong these axes, only one shear-wave is pro-
duced since the transmission coefficient is zero for the
other shear wave (upper row in Figs. 4-10). Hence, a
null measurement would result at these particular az-
imuths. This can aso be seen in the synthetic wave-
forms (lower rows).

For aligned disk-shaped inclusions (Figs. 6 and 7),
the shear-wave group-velocity surfaces cross at partic-
ular phaseangles. Thisresultsin zero shear-wave split-
ting at these shear-wave intersection singularities and
the polarity of the leading shear-wave will be orthog-
onal on either side of the intersection (Crampin and
Yedlin, 1981). It isinteresting that in our case thissin-
gularity only affectsthe SKKSphaseand not SKS. The
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SK S phase does not pass through the shear-wave inter-
section singularity due to its more vertical incidence
angle at the CMB. Asthe SKKS phase passes through
the singularity, a change in polarity of the waves
is observed in both the 15Hz and 0.2Hz wavelets
around 45° and 35° for the melt and solid inclusions,
respectively. It should be noted that our ray-based
modelling of the waveforms does not account for any
coupling between the two shear-waves near this sin-
gularity (Chapman and Shearer, 1989), but as these
models are laterally continuous and the anisotropy is
homogeneous there should not be any coupling.

In each model the transmission coefficients aso
show azimuths where the relative strength of the two
shear-waves changes sign. Near these azimuths the
energy on the transverse component of the 15Hz
waveforms can get quite large. However, with the
longer-period and more redlistic 0.2Hz waveforms
there are constructive and destructive interference
effects between the fast and slow shear-waves. As a
conseguence, in most cases the radial component dis-
playslarge amplitudes due to constructive interference
and the transverse component shows smaller ampli-
tudes due to destructive interference. The exceptions
are SKKS at most azimuths in the periclase model
(Fig. 9) and SKS very near azimuths of 90° in the
columbite model (Fig. 10). These are the two models
that are not hexagonal in their anisotropic symmetry.

4. Conclusions

Our modelling suggests that SKS and SKKS split-
ting accrued in the D” region can be significant.
However, the nature of the splitting is not aways
intuitive. A VTI mantle will not generate any SKS
or SKKS splitting due to the nature of the P-to-S
conversion at the CMB. Only azimuthal anisotropy
will cause SKS and SKKS splitting. In terms of SPO
anisotropy, oriented low-vel ocity inclusions are much
more effective in generating shear-wave splitting
than high-velocity inclusions. Horizontally-aligned
tubule-shaped inclusions produce small amounts of
splitting, little azimuthal variation in splitting and
similar SKS and SKKS splitting. Vertically-aligned
disk-shaped inclusions are more effective at generat-
ing splitting. This model shows strong azimuthal vari-
ations in splitting with clear discrepancies between

SKS and SKKS. Aligned perovskite produces small
amounts of splitting, with little azimuthal dependence
and little discrepancies between SKS and SKKS. In
contrast, aligned periclase produces large amounts of
splitting, large azimuthal variationsin SKKS splitting,
but not SK'S splitting, and significant discrepanciesin
SKKSand SKS splitting. Aligned columbite produces
little splitting, but significant azimuthal variations in
the strength of the transmitted waves. Columbite is
strongly anisotropic, but because it has such high
seismic velocities it cannot occur in quantities large
enough to produce appreciable splitting and still be
compatible with data-derived seismic models.

Results were presented for SKS and SKKS wave-
forms at an epicentral distance of 110°. Shear-wave
splitting measurements can be made for both phases
only over a limited range of distances, ~100-120°.
The incidence angles at the CMB for these phases
varies by less than 10° over this range. We therefore
do not expect significant variations in the results over
the limited range of distances where both SKS and
SKKS can be observed.

It is important to note that all models, including
VTI models, would produce appreciable shear-wave
splitting in phases which turn or reflect in the lower
mantle (e.g., S at distances beyond 90°). It is difficult
to predict how these models will affect waveforms of
phases like ScS, S and Sdiff. Simple ray theory is
not appropriate for modelling such waveforms in an
anisotropic D” model. Complications due to waveform
coupling, travel-time triplications and coupling with
the liquid outer core make this a more challenging
problem. Maupin (1994) has shown, for example, how
complicated Sdiff phases can beinaVTI D” layer.

In summary, most of the mechanisms for D”
anisotropy considered here produce small amounts
of SKS and SKKS gplitting, on the order of that
produced by the crust (<0.5s). The exceptions are
vertically-aligned disk-shaped melt-filled inclusions
and aligned periclase. Splitting due to these two
mechanisms could significantly mask the effects of
upper-mantle anisotropy. Diagnostics for these styles
of lower-mantle anisotropy are strong azimuthal vari-
ations in splitting and discrepancies between SKS
and SKKS splitting. However, assessing azimuthal
variations in splitting for a particular region of lower
mantle is difficult due to the sparsity of earthquakes
and receivers. Discrepancies between SKS and SKKS
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splitting, as observed, by James and Assumpcgéo
(1996), provide more hope. Nevertheless, the effects
of CMB topography (Restivo et a., 1998) and lat-
eral variations in mantle velocity-structure should
also be considered when interpreting SKS and SKKS
discrepancies.

Our modelling provides a means for assessing the
effects of mantle anisotropy on arange of phases. New
model s can be tested as our knowledge of the el asticity
and deformation mechanismsfor deep mantle minerals
improves.
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