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Abstract

In contrast to the liquid outer core, the earth’s inner core is mostly solid, and its composition is more pure iron. Based on
dynamic arguments related to the freezing process of the inner core, and the observation of much lower P-wave quality factor in
the inner core ( Q,<450) than in the outer core ( 0,>10,000), it has been suggested that a mushy layer with liquid inclusions
may exist at the top of the inner core. On the other hand, seismic measurements indicate that O, increases towards the center of
the inner core. We here present estimates of Q,, in the depth range 32—110 km beneath the Inner Core Boundary (ICB), based on
the measurement of PKIKP/PKiKP amplitude ratios after a narrow band-pass filtering (0.7-2.0 Hz). Our measurements indicate
that there are pronounced hemispherical differences in the values of Q, (~335 and ~160 in the western (180°W to 40°E) and
eastern (40°E to 180°E) hemispheres, respectively), and in the depth of transition from decreasing to increasing O, (<32 km
beneath the ICB in the eastern hemisphere and ~85 km in the western hemisphere). Below 85 km, the hemispherical pattern
disappears. We also confirm the existence of a correlated hemispherical pattern in P velocity down to 85 km. The P velocity and
0O, variations are compatible with an interpretation in terms of small hemispherical variations of temperature at the top of the
inner core and their influence on the morphology of porosity and connectivity of liquid inclusions in the mushy zone. The
disappearance of the differences in Q, beneath 85 km provide constraints on the likely depth extent of the mushy zone.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [1,2]. Because the outer core material is not pure iron
[3,4], some of the light elements are excluded from

The Earth’s inner core is formed by a freezing the inner core during this dynamic process, to power
process of iron as the liquid outer core gradually cools the geodynamo [3,5-7], while the residual is likely

kept within a mushy layer at the top of the inner core
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should give us important insights into the dynamics of
the Earth’s core.

Since the existence of seismic anisotropy in the
inner core was first suggested [12,13], its proposed
structure has become more complicated and more
controversial. The P-wave velocity anisotropy could
vary with depth [14-16]; in the 100-400 km depth
range, there may be a very weakly anisotropic quasi-
eastern hemisphere and an anisotropic quasi-western
hemisphere for P-wave velocity [17,18] and attenu-
ation [19,20]; at the top 80 km of the inner core, there
may be an isotropic layer characterized by faster P-
wave velocity in the quasi-eastern hemisphere than in
the quasi-western hemisphere [21-23]. However,
Romanowicz et al. [24] and Ishii et al. [25] questioned
the above complexity. Ishii et al. [25] suggested that
there might be no an isotropic layer at the top of the
inner core and that constant anisotropy in the whole of
the inner core may explain the bulk of the data. Bréger
et al. [26] and Romanowicz et al. [24] suggested that
the complex lateral variations of P-wave velocity
could be due to structure elsewhere in the earth.

The outer core Q, is usually regarded as infinite
(=10,000) [27], but the estimated Q,, in the inner core
is constrained to be less than 450 [28,29]. This huge
contrast indicates that a zone of decreasing Q, with
depth must exist beneath the Inner Core Boundary
(ICB) [9]. However, this zone of decreasing O,
should be confined to the top of the inner core,

Inner Core

because multiple seismic observations confirm that
Q. increases with depth below a depth of approx-
imately 100 km beneath the ICB [30-32,11]. There-
fore, the existence of a transition zone at the top of the
inner core, where Q, turns from decreasing to
increasing with depth, seems likely.

In order to study the seismic structure at the top of
the inner core, the most suitable body wave phases are
PKIKP and PKiKP in the epicentral distance range
from 120° to 144° (Fig. 1). In this distance range,
PKIKP samples the top 0-110 km of the inner core
and PKiKP is reflected from ICB. The two phases
have almost the same ray paths in the mantle and very
close ray paths in the outer core. Hence, the
assumption that they experience almost the same
heterogeneities in the mantle and outer core is valid in
a first approximation [33,21-23]. The differences in
travel times and amplitudes can therefore be attributed
to the vicinity of the ICB.

Unfortunately, these two phases present a great
challenge. The separation of PKIKP and PKiKP is
very small. For example, it is less than 1.3 s when the
epicentral distance is less than 135° (when referred to
the seismic reference model PREM [28]; Fig. 2b). On
the other hand, the source time functions are usually
longer than 3.0 s for events of m,>5.5 [33].
Interference between the two phases seems inevitable.

In order to solve this problem, both Wen and Niu
[23] and Garcia [22] adopted a waveform modeling

Outer Core

Fig. 1. Ray paths of PKiKP (reflected P wave from the ICB) and PKIKP (P wave passing through the inner core). The two phases may appear
simultaneously as early as 120°, but we can only obtain well-separated PKIKP and PKiKP phases in the epicentral distance range from 135° to

144°,
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Fig. 2. (a) Phase shift of the post-critically reflected PKiKP with
respect of PKIKP. (b) Differential travel time of PKIKP and PKiKP.
The reference seismic model is PREM [28].

technique. However, because they chose different
methods to deal with the problem of event source time
functions and directivities, their estimations of Q,, are
significantly different (at least by a factor of 3). In this
paper, we will present a direct, but arguably effective,
approach to circumvent the complex issue of event
source time functions and directivities. We discuss the
observed distribution of differential travel time resid-
uals and amplitude ratios in terms of structure near the
ICB.

2. Data, method, and results
We systematically downloaded both broadband

and short-period vertical component seismograms
from IRIS DMC, GRF, GRSN, Jarray, and F-net

seismic networks corresponding to recordings in the
epicentral distance range of 134—-144°, for intermedi-
ate and deep earthquakes (focal depth >70 km,
M,>5.5). These deeper events have shorter source
time functions and higher signal-to-noise ratios than
shallow events. To preprocess the seismograms, we
employed a strictly narrow band-pass filter with
corner frequencies of 0.7 and 2.0 Hz (corresponding
to 1.5 and 0.5 s in period). The goal is to try to retrieve
events whose 1.0 Hz energy was released in a short
time and impulsively (within about 1.0 s), no matter
how long their overall source time functions were. For
this kind of events, we expect to observe pairs of well-
separated PKIKP and PKiKP phases. Obtaining well-
separated pairs of PKIKP and PKiKP phases requires
us to apply a high frequency narrow band-pass filter.
Therefore, we will not use the slope of amplitude
spectrum ratio to estimate Q, as Souriau and Roudil
[31] did, taking advantage of the broadband naturally
well-separated PKIKP and PKPbc waveforms. In this
paper, we directly measure amplitude ratios of PKIKP
versus PKiKP in the time domain in order to estimate
0, at the top of the inner core.

Our method requires to account for the phase shift
of PKiKP with respect to PKIKP. Because PKiKP is a
post-critically reflected wave at the ICB, the phase
shift between PKiKP and PKIKP is approximately in
the range of 142° to 163° (arguably close to 180°) in
the epicentral distance range of our study (Fig. 2a).
This means that if we reverse (that is multiplying the
corresponding portion of the seismogram by —1) the
PKiKP phase, the two phases should be very similar,
as we verified using synthetic seismograms.

After data preprocessing, our data-picking criteria
are as follows: (1) the signal-to-noise ratio before the
identified PKIKP is ~6 or more; (2) the signal-to-noise
ratio within about one duration of the waveform after
the identified PKiKP is ~3 or more; (3) the identified
PKIKP and PKiKP phases are well-separated; (4) the
reversed PKiKP waveform is similar to the PKIKP
waveform. Following the above criteria, we success-
fully selected 280 pairs of high-quality PKIKP and
PKiKP phases (Fig. 3).

This large data set of well-separated and similar
PKIKP and reversed PKiKP waveforms provides us a
unique opportunity to explore the seismic structure at
the top of the inner core. In order to study the P-wave
velocity structure, we adopt two distinct methods to
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Fig. 3. Examples of well-separated PKIKP and reversed PKiKP phases. The original broadband or short period seismograms are filtered with a
strictly narrow band-pass filter (around 1.0 Hz from 0.7 to 2.0 Hz). Grey traces are with PKIKP turning points in the western hemisphere, and
black ones are with PKIKP turning points in the eastern hemisphere. In the distance range from 141° to 144° (panel c), we observe well-
separated pairs of PKIKP and reversed PKiKP as both in the shorter (a) and longer (b) distance ranges.

measure the differential travel time between PKiKP
and PKIKP. The first one is handpicking [21,23,34]
before reversing PKiKP phases, and the second is
cross-correlation after reversing PKiKP phases.
Results from these two methods differ a little (less
than ~0.1 s). Then we calculate the differential travel
time residuals between PKiKP and PKIKP with
respect to the reference seismic model PREM [28].
In order to study the Q. structure, firstly, we
measure the peak-to-peak amplitude ratios of PKIKP
to PKiKP in the narrow band considered. Our
measurements are carried on with Seismic Analysis
Code (SAC). The measurement error of these ampli-
tude ratios is negligible. Thus any possible source of
random error should be related to the background
noise. Our strict criteria of selection above can help us
reduce this kind of random error significantly.
Secondly, we apply geometrical spreading, trans-
mission, and reflection corrections for the measured
amplitude ratios [35], based on the reference seismic
model PREM [28]. The ratios of PKIKP and PKiKP
geometrical spreading factors are functions of take-off

angles, ray parameters, and their corresponding
derivatives. The transmission and reflection coeffi-
cients are calculated with respect to various disconti-
nuities (solid—solid, solid—liquid, and liquid—solid) in
the earth.

Finally, we directly estimate Q, from corrected
amplitude ratios according to the definition of the
seismic attenuation in the time domain:

APKIKP 110,

Apxikp

where 4piixp and Apg;kp are the corrected amplitudes
for PKIKP and PKiKP, respectively; ¢ is the travel
time of PKIKP in the inner core; f is the frequency,
and Q, is the quality factor which characterizes the
seismic attenuation at the top of the inner core.
Although, theoretically, the phase shift between
PKIKP and PKiKP does not affect the measurement
of amplitude ratios, we verified this in an experiment.
We computed a series of phase shifted waveforms
(140°, 145°, 150°, 155°, 160°, and 180°, respectively)
with respect to an observed PKIKP phase. The
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resulting variations of amplitude ratios are ~0.01,
which is too small to cause a noticeable change of the
estimated Q,.

The uncertainty of our O, estimations can be
divided into random and systematic errors. The
systematic error is related to the reference seismic
model. When we estimated O, using AK135 [36] and
PREM2 [37] instead of PREM model, results are very
compatible. The difference between Q, estimated
from AK135 and PREM2 is less than +10, and both
estimates are consistently higher (~30) than those
estimated from PREM model. In these three models,
P-wave velocity contrasts (or sharpness) at the ICB
and seismic structure near (both above and below) the
ICB are rather different, but their influence on our O,
estimations are small.

(a) 135°=<A<142°

As for the random error (corresponding to our first
step), an ideal way to estimate it is to use a number of
different events in similar locations recorded by the
same stations. Unfortunately, we do not have this kind
of data. Thus we try to estimate standard deviations by
distinguishing three cases: (1) in the epicentral
distance range from 142° to 144°, we directly estimate
a standard deviation ~43; (2) in the shorter epicentral
distance range, we look for the regions where
azimuths, sampling depths, and turning points of
PKIKP are close (~2°%2°) in the eastern hemisphere.
We obtain an average standard deviation ~24. (3)
Similarly, in the western hemisphere, we obtain an
average standard deviation ~50. These estimated
standard deviations cannot be completely attributed
to the background noise because of the likely

(b) 142°=<A<144°
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Fig. 4. Geographical distribution of differential travel time residuals between PKiKP and PKIKP and estimations of Q,, (referring to seismic
model PREM [28]). (a) and (c) show clear hemispherical patterns of residuals and Q,, respectively, in the epicentral distance range from 135° to
142° (corresponding to ~32 to ~85 km beneath the ICB). (b) and (d) show that hemispherical patterns disappear deeper than ~85 km beneath the
ICB. Dashed lines are ray paths from events (stars) to stations (squares), and the bold lines are the inner core portion of PKIKP ray paths. The

circles are the turning points of PKIKP in the inner core.
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contribution from small-scale heterogeneity at the top
of the inner core.

For differential travel time residuals, our results
show a striking hemispherical pattern in the epicentral
distance range 135° to 142° (corresponding to depths
of approximately 32 to 85 km beneath the ICB) (Figs.
4a and 5a), in agreement with the observations of Niu
and Wen [21] and Garcia [22]. Beyond 142°, the
hemispherical pattern is not as clear (Fig. 4b).

For the quality factor Q,, our results also show a
reliable hemispherical pattern almost in the same
epicentral distance range (135-141.5°) (Figs. 4c and
5b). In the western hemisphere, Q,, steadily decreases
as a function of distance, with a mean of about
335450 which is lower than Niu and Wen’s [21]
estimate (Q,~600).

In the eastern hemisphere, O, increases as a
function of distance, with a mean of about 160, which
is also lower than Wen and Niu’s [23] estimate
(04~250). In the distance range overlapping that of
Garcia [22] (from 135° to 136°), the mean of Q, is
about 125424, which is relatively compatible with his
values (<100).

Beyond an epicentral distance of 141.5°, the
hemispherical pattern in Q, disappears (Figs. 4d and
5b), as does that in the differential travel time
residuals. The O, measurements are consistent with
a mean of 210+43. This value is compatible with
Souriau and Roudil’s [31] estimate ( Q,~200).

We also examine the variation of O, versus ¢
(PKIKP ray angle with respect to the Earth’s spin
axis) and differential travel time residuals versus ¢,
respectively (Fig. 6). Our observations do not show
any evidence for seismic anisotropy; however, our
range of ¢ is too limited to draw any definitive
conclusions.

3. Discussion
3.1. Measurement robustness

In comparison with the method of waveform
modeling, our approach has several advantages. We
do not have to consider source time functions,
directivities, and station-sided crustal structure, which
are usually regarded as the main source of the
uncertainty in the Q, measurement [22]. In compar-

ison with the method of amplitude ratio of PKIKP
versus PKPbc, which is used at larger distance and
therefore samples deeper in the inner core, the
sampling depth range of PKIKP is much closer to
the ICB and so the revealed seismic structure may be
more directly related to the freezing process at the
ICB. Also, the entry (and exit) points of PKIKP and
PKiKP into the core at the CMB are much closer
(less than ~120 km) than those of PKIKP and PKPbc
(from ~210 to ~550 km). The two phases PKIKP and
PKiKP are so close that we may assume that they are
affected in the same way by heterogeneities in the
crust, mantle, and even the outer core. If we assume a
10% velocity perturbation at the base of the D", its
influence on our estimation of Q, is less than 1%.
On the other hand, for the reflection of PKiKP at the
ICB, if we assume a 5% velocity change (keeping its
super critical reflection), the coefficient variation is
also less than 1%, and so resulting influence on Q,
estimations is negligible. Finally, the difference in
take-off angle between PKIKP and PKiKP at the
source is significantly smaller (less than 1.5°) than
that between PKIKP and PKPbc (from ~3.0° to
~6.0°). So the uncertainty related with the P-wave
radiation pattern can be more confidently ignored in
our estimation of Q.

The noise sources for our measurements are mainly
the random background noise near stations, PKP
precursors scattered in the mantle [39], and the
possible interference with the PKPbc phase beyond
an epicentral distance of 141°. The reference seismic
model PREM [28], IASP91 [38], and AK135 [36] all
predict that PKPbc does not appear until 144.5°, but it
has been pointed out that in practice PKPbc might be
observed as early as at the epicentral distance of 141°
[31]. We believe our strict data picking criteria can
effectively avoid the possible influence from the
unexpected PKPbc in our range of study and expand
the distance range of PKiKP versus PKIKP to the
epicentral distance of 144°: (1) the waveforms of
PKIKP and PKPbc are very similar. Once the PKPbc
starts to appear, its travel time should be very close to
that of PKIKP, and so a strong constructive interfer-
ence usually happens. (2) In our epicentral distance
range of study, the travel time difference of PKIKP
and PKiKP is at most 3.2 s. If PKPbc appears between
PKIKP and PKiKP we could not identify two almost
completely separated phases. (3) If PKPbc arrives
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closer to PKiKP, the two phases would destructively
interfere with each other. Consequently, no PKiKP
could be identified. (4) The most important point is
that we are always looking for two well-separated
phases and the latter one is almost reversed in polarity
with respect to the first one. Therefore, as we showed
in Fig. 3c, we cannot wrongly identify PKPbc as
PKiKP even if it might occasionally appear before
144°. In fact, the potential PKPbc in our range of
study is most likely a kind of low frequency diffracted
wave near B cusp (Cormier, personal communica-
tion). After our relatively high frequency filtering, it
will not to affect our identification of PKiKP.

The energy level of scattered PKP precursors is
usually ~10% of the PKIKP’s [39]. Sometimes they
are hard to be discerned from the background noise
without stacking and sometimes they are clear even in
single station traces. Our required signal-to-noise
ratios may help us limit the influence of both
background noise and anomalous PKP precursors.
Also, the requirement of similarity of PKIKP and
reversed PKiKP phases further reduces the influence
of noise through our data selection.

Although we employ a strictly narrow filter, we
cannot obtain any well-separated pairs of PKIKP and
PKiKP phases in the epicentral distance range from
134° to 135°. Our observations show that the duration
of the PKIKP waveform is usually longer than 1.3 s
(Fig. 3), which is larger than the predicted differential
travel time between PKIKP and PKiKP in the distance
range less than 135°. So the interference is a
significant issue when using PKIKP and PKiKP
phases to study the structure at the very top of the
inner core [33,22]. It is possible to measure the
differential travel time of the interfering phases of
PKIKP and PKiKP using waveform modeling, but it
seems very difficult to accurately measure the
amplitude ratio of PKIKP versus PKiKP. Garcia [22]
and Wen and Niu [23] used distinct methods to do the
waveform modeling of PKIKP and PKiKP. They both
proposed a hemispherical pattern for P-wave velocity
but they obtained incompatible estimates of O, in the
eastern hemisphere (by a factor of more than 3.0). In
the epicentral distance range (135° to 136°), our
estimate of Q, in the eastern hemisphere is closer to
Garcia’s [22] result. This suggests to us that the direct
consideration of source time functions and directiv-
ities is important for PKIKP and PKiKP waveform

modeling due to the likely interference of these phases
in a broadband sense. On the other hand, our Q,
measurements are compatible with Souriau and
Roudil’s [31] broadband estimates in the overlapping
distance range (142° to 144°), further adding con-
fidence in our results.

3.2. Interpretation

Our observations not only present additional
evidence for a seismically isotropic hemispherical
structure (high velocity low Q. in the eastern hemi-
sphere and low velocity high Q. in the western
hemisphere) at the top of the inner core [21-23], but
also further indicate that this hemispherical isotropic
structure disappears at a depth of about 85 km beneath
the ICB. The most intriguing point is that our
observation of O, provides evidence for a pronounced
transition region of seismic attenuation at the top of
the inner core, with hemispherical differences (Fig. 7).

So far, both scattering related with the iron crystal
structure [40] and diffusion related with liquid
inclusion [11] can account for previous observations
that Q. increases with depth (deeper than 100 km)
[30-32]. As for which is the dominant factor, it is still
an unsettled issue. Possibly this question depends on

500

200 -

100

»
| =

Depth(km)

T T T
32 85 110
Fig. 7. Cartoon diagram of the hemispherical transition of seismic
attenuation at the top of the Earth’s inner core, where O, turns from
decreasing to increasing with depth. Our sampling range is
approximately from 32 to 110 km. In the deeper depth range, the
increase of Q, with respect to depth was suggested by a number of
previous studies [31]. The grey thinner lines in the shallower depth
range are inferred from our observation and Stroujkova and
Cormier’s [34] result.
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the depth range of study. Cormier and Li [41]
suggested that the inner core can be roughly divided
into three sections based on iron crystal texturing:
perfectly aligned deep part, incomplete aligned upper
part, and a mushy zone at the top of the inner core. In
the mushy zone, there would be significant exchange
of fluid with the outer core because the estimated
mushy zone Rayleigh number is at least one thousand
times supercritical [40]. In what follows, we discuss
our results under the assumption that the mushy zone
exists, although alternative interpretations could be
sought in terms of solid state texture effects. The
mushy zone at the very top of the inner core may
exhibit lateral variations in its melt fraction content,
related to possible differences in heat flow near the
ICB induced by lateral variations in temperature at the
CMB. In the mushy zone, it is reasonable to assume
that the porosity (or melt fraction) decreases with
depth, due to the compaction of the solid-liquid
composite resulting from expulsion of liquid towards
the outer core [9,10]. Singh et al.’s [11] experiment, in
which they assume that melt inclusions are not
connected to each other, explicitly demonstrates that
0O, decreases as a function of the increasing melt
fraction. Based on their experiment, we can readily
infer that Q, should increase with depth.

In the eastern hemisphere, at least up to 32 km
beneath the ICB (the upper limit of our sampling in
the inner core), our O, estimates are compatible with
such a model. In the western hemisphere, however,
the behavior is different. From ~32 to ~85 km beneath
the ICB, Q. decreases from ~335 to ~210. We suggest
that in the western hemisphere porosity is higher and
melt inclusions are connected and exchange fluid with
the outer core [40], resulting in higher Q.. P-wave
velocity may, in turn, be reduced. Nevertheless, the
well-linked or concentrated liquid may not be
distributed evenly in the western hemisphere. In some
regions (for example, the offshore northwest of
Africa) or other yet unsampled areas (Figs. 4c and
5b), there may be well-isolated liquid inclusions.

The contrast between high O, and low P-wave
velocity in western hemisphere and low O, and high
P-wave velocity in the eastern hemisphere most likely
reflects significant hemispherical difference of the
freezing rate at the ICB. Sumita and Olson [42]
suggest that a thermally heterogencous mantle could
control the convection in the liquid outer core and

result in different heat flow near the ICB. On the cold
western side, the rapid freezing might lead to higher
porosity.

The disappearance of the hemispherical pattern in
0O, suggests to us that there is no significant differ-
ence in the nature of liquid inclusions in the two
hemispheres within the depth range from ~85 to 110
km. In consequence, the resulting contributions to
attenuation, due to the thermal and material diffusion
[9], are basically compatible (Fig. 5b). However, the
more scattered differential travel time residuals (Fig.
5a) imply that the perturbation of velocity in this
depth range cannot be controlled by the texturing
difference of liquid inclusions as in the upper portion
of the top of the inner core. At this time, we have too
few travel time measurements at distances greater than
142° to propose a unique interpretation of this scatter.

4. Conclusion

Our estimations of Q,, at the top of the inner core
strongly suggest the existence of a transition zone of
the seismic attenuation in the western hemisphere,
where Q,, first decreases from almost infinite [27] at
the ICB to ~210 at about 85 km beneath the ICB and
then increases with depth into the inner core [31]. In
the eastern hemisphere, we do not directly observe the
transition but we infer that it must be located in the
top 32 km of the inner core, which is supported by
Stroujkova and Cormier’s [34] most recent result that
there is a low velocity layer in the upper most inner
core in this region. The observed striking hemi-
spherical pattern in seismic attenuation is presumably
related to the melt fraction and the connectivity of the
liquid inclusions. We infer that the liquid inclusions
may be well isolated in the eastern hemisphere, while
in the western hemisphere, they are better connected
(as a result, the porosity is also higher). This kind of
hemispherical pattern is probably caused by hemi-
spherical temperature differences at the ICB [42]. On
the cold western side, a faster freezing rate of the
liquid material at the ICB can lead to higher porosity.

Our measurements of differential travel time
residuals of PKiKP versus PKIKP confirm the
existence of a hemispherical pattern of the isotropic
P-wave velocity at the top of the inner core [21,22].
Low velocity, high O, and high porosity are present
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in the western hemisphere, and high velocity, low
0O., and low porosity, respectively, in the eastern
hemisphere.

However, the hemispherical patterns of O, and P-
wave velocity cannot extend very deep into the inner
core. Both of them disappear almost simultaneously
~85 km beneath the ICB. Below this depth, as Creager
[18] suggested, the isotropic average velocities may
be the same in both hemispheres.
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