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Abstract

Previous studies from PKP(AB^DF) differential travel times at large distances suggest that the central part of the
inner core is very anisotropic. These differential times, however, can be affected greatly by strong heterogeneity in the
lowermost mantle. Here we examine a unique data set of PKP travel times from global digital and analog stations at
near antipodal distances, where the effects of both inner core anisotropy and mantle heterogeneity are the greatest.
Our results show that the AB^DF residuals for the polar paths are consistently larger than those of the equatorial
paths by over 3^4 standard deviations. We also measured DF and AB absolute times, and found that the DF residuals
are negatively correlated with the AB^DF residuals while the AB residuals have a much weaker correlation with the
AB^DF residuals. We compare several mantle models with the data. Our results suggest that the mantle structure can
explain part of the residuals of the equatorials paths, but cannot explain the polar path anomalies. These results
strongly suggest that most of the AB^DF anomalies for the polar paths are likely from the inner core anisotropy and
not from mantle heterogeneity. Assuming a uniform cylindrical anisotropy model, the average inner core anisotropy
amplitude is about 2.5%. On the other hand, equatorial paths from events in the west Pacific and recorded at South
America show a steep azimuthal change in AB^DF times (about 4 s over a 60‡ azimuthal range). The sharp change is
well predicted by existing P and S tomographic models: the azimuthal change occurs as the AB paths sweep across the
great slow anomaly in the central Pacific. The high correlation between the P and S velocities suggests that the central
Pacific slow anomaly may be of thermal origin. 9 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The inner core is dominated by cylindrical ani-

sotropy with the axis of symmetry aligned ap-
proximately with the NS spin axis [1,2]. Compres-
sional P waves traversing the inner core in the NS
direction are about 3% faster than those in EW
directions (for recent reviews, see [3^6]). The ani-
sotropy is likely the result of preferred alignment
of hexagonal close-packed iron crystals in the in-
ner core [7^12]. The mechanism for such preferred
alignment is under debate. Proposed mechanisms
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include: (1) alignment arising from large-scale
convective £ow in the inner core [13^15], and (2)
alignment established during the solidi¢cation of
iron crystals at the surface of the inner core
[16,17]. Accurate models of inner core anisotropy
are also important in constraining the rotation of
the inner core [18^20]. Thus inner core anisotropy
has become an important tool to understand the
structure, composition, evolution and dynamics of
the Earth’s core.

An intriguing picture of a three-dimensional in-
ner core structure has recently started to emerge.
The inner core structure appears to vary laterally
and with depth. The very top 100^200 km of the
inner core appears to be isotropic [21^25], but
signi¢cant anisotropy (some 3%) seems to persist
to the center of the inner core [26,27]. A new inner
core seismic triplication was identi¢ed, providing
direct evidence for a transition from isotropy to
anisotropy in the inner core [23,28]. The thickness
of the upper isotropic layer may vary from 100^
250 km in the western hemisphere to over 400 km
in the eastern hemisphere [4,23,28,29]. The west-
ern hemisphere is much more anisotropic aver-
aged over the top few hundred kilometers of the
inner core than the eastern hemisphere [30,31].
The top 100 km of the inner core, while isotropic,
appears to be faster in the eastern hemisphere
than in the western hemisphere [24]. So far, two
seismological data sets have been used to study
the inner core: anomalous splitting of normal
modes (e.g. [32]), and anomalous travel times of
the waves penetrating the inner core, PKP(DF).
Fig. 1A shows the ray paths of various branches
of PKP waves and Fig. 1B shows PKP travel time
curves. The PKP branches include AB (which
turns at the mid-outer core), BC (which turns at
the bottom of the outer core), CD (which is re-
£ected from the inner core boundary, also known
as PKiKP), and DF (which transverses the inner
core). At distances from about 128‡ to 140‡, dis-
tinct DF and CD arrivals can be seen in short-
period (1 s) records. At about 147‡ to 155‡, there
are three arrivals, DF, BC (or di¡raction o¡ the
C-cusp), and AB. At 140‡ to 147‡ near the
B-caustic, individual phases are hard to distin-
guish and only waveforms can be used. At distan-
ces beyond about 155‡, only DF and and AB

branches are observable. Because these ray paths
are similar in the mantle, di¡erential travel times
between PKP branches are often used to reduce
the e¡ect of mantle heterogeneity.

Most inner core studies focus on the shallow
part of the inner core using PKP waveforms or
di¡erential CD^DF times or BC^DF times. The
mantle biases on these di¡erential times are ex-
pected to be small because their ray paths are
very close together throughout the mantle,
although Bre¤ger et al. [33] argues in favor of an
important contribution from mantle heterogeneity
to the observed BC^DF time anomalies along NS
paths, which are attributed to the inner core ani-
sotropy by other studies. To sample the deeper
part of (and thus the whole) inner core, we need
to use DF arrival times or di¡erential AB^DF
times at distances beyond 160‡. Normal mode
data are not helpful in this case as the modes
lose sensitivity to the innermost part of the inner
core. Signi¢cant anisotropy appears to extend to
the center of the Earth from AB^DF times at near
antipodal distances [26,27]. However, AB^DF
times are in£uenced by structures both in the in-
ner core and in the lowermost mantle. They are
separated by a few thousand kilometers at the
core^mantle boundary (CMB). In particular, the
AB paths graze the CMB, so the e¡ect of lower-
most mantle heterogeneity on the AB phase could
be very large. Bre¤ger et al. [34] analyzed a global
dataset of AB^DF travel times residuals and con-
cluded that a large part of the signal for polar
paths could be explained by deep mantle struc-
ture. Thus, the e¡ects of deep mantle structure
on AB^DF travel times should be carefully con-
sidered in order to reliably estimate the aniso-
tropic structure of the central part of the inner
core.

In this study, we assemble and analyze system-
atically a unique set of PKP data at near antipo-
dal distances. Our goal is to test the in£uence of
lowermost mantle structure and to constrain the
degree of the anisotropy in the bulk of the inner
core, by examining di¡erential and absolute DF
and AB times. The advantages of using PKP
waves at near antipodal distances include the fol-
lowing. (1) The e¡ect of inner core anisotropy on
DF travel time is greatest as the DF ray travels
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the longest path in the inner core. (2) The e¡ect of
lowermost mantle heterogeneity on AB^DF time
is greatest because of the largest separation of the
two rays. (3) Antipodal waves have the peculiarity
that a small variation of source or receiver loca-
tions can produce a wide azimuthal coverage of
ray paths in the globe [35]. As an extreme exam-
ple, ray paths from a source, at the north pole to
a station at the south pole would cover all the
longitudes. Thus, even a limited number of sta-
tions that are at near antipodal distances to a few
active source regions may result in a good ray
coverage.

2. Data

We systematically searched digital data for the

period from 1970s to 2000 from stations of Incor-
porated Research Institutions for Seismology
(IRIS), GEOSCOPE, and Program for the Array
Seismic Studies of the Continental Lithosphere
(PASSCAL). We use vertical components of
broadband (BB) or short-period (SP) (if BB chan-
nels are not available) records. We also include
antipodal data from previous studies: (1) data
from Poupinet et al. [35] (courtesy of A. Souriau)
and Vinnik et al. [26] (courtesy of B. Romano-
wicz), which come from analog and digital sta-
tions of GEOSCOPE; and (2) data from Song
[27], which come from the Global Digital Seismo-
graph Network (GDSN), the Network of Auton-
omously Recording stations (NARS), and World-
Wide Seismograph Station Network (WWSSN)
¢lm chips at Lamont-Doherty Earth Observatory.
The epicentral distances of our data range from
168‡ to 180‡.

We use a waveform cross-correlation method to
measure the AB^DF di¡erential times. The DF
waveform is correlated with the AB waveform
after correcting the Hilbert transform in the AB
waveform. The cross-correlation coe⁄cients of
the selected AB^DF di¡erential times are greater
than 0.5. Whenever possible, we also pick abso-
lute arrival times. The DF arrival time is picked
¢rst and the AB arrival time is inferred from the
di¡erential AB^DF time and the DF arrival time.
We divide the absolute travel times in three cate-
gories : (1) excellent quality: both DF and AB
phases are clear and the background noise level
is low; (2) good quality: the noise level is moder-
ate and we are con¢dent on the arrival time picks;
(3) fair quality: the noise level is high and there
may be signi¢cant errors of up to about 1 s in the
arrival time picks. We sometimes convert BB seis-
mograms to short-period WWSSN seismograms
before arrival time picks, if the conversion reduces
the noise level.

Finally we obtained 638 AB^DF di¡erential
travel time measurements and 470 DF, 466 AB
absolute travel time measurements. Fig. 2 shows
cross points of the DF and AB rays of all the AB^
DF data at the CMB. Although often sparse and
not uniform, the ray coverage of the AB rays at
the CMB is quite good, with data at all latitudes
and longitudes. Note that because the DF rays

Fig. 1. (A) PKP ray paths at selected distances. (B) PKP
travel time curves.
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are nearly vertical, the DF cross points roughly
represent the locations of sources and stations.

Among all the data used, the data newly ob-
tained in this study are 404 AB^DF, 360 DF, and
360 AB measurements; the rest of the data are
from previous studies. Of the 470 absolute travel
time picks, the numbers of picks that are of ex-
cellent, good, and fair quality are 104 (or 22%),
219 (47%), and 33 (7%), respectively. The rest of
the DF picks, 114 (24%) (from Poupinet et al.
[35]), have no data quality information.

Not surprisingly, most of the data are from
equatorial paths. Unless otherwise noted, we refer
to those paths whose ray angles with the spin axis
at the inner core (h) are greater than 50‡ as equa-
torial paths in this study. The most important
data for studying inner core anisotropy are from
polar paths (h6 40‡ unless otherwise noted). We
have 60 di¡erential AB^DF measurements from
polar paths and for 48 polar paths, we have
both absolute DF and AB arrival time picks
and di¡erential AB^DF measurements. Of the
48 DF picks, 85% of the data are excellent or
good quality data and the rest are fair quality
data.

3. Results

3.1. Inner core anisotropy

Fig. 3 shows all the data in the study. Plotted
are the travel time residuals relative to the Pre-
liminary Reference Earth Model (PREM) [36]
versus the DF ray angle with the spin axis (h)
for AB^DF (top), DF (middle) and AB (bottom).
The dashed lines for the DF and AB absolute
travel time residuals (Fig. 3, middle and bottom
panels) are the averages of the residuals for equa-
torial paths with h=60 to 90‡, which are
3.22T 1.55 s and 3.71T 1.73 s, respectively (all
the errors cited in this paper are one standard
deviation (S.D.)). The averages are somewhat dif-
ferent from the PREM baseline corrections for
DF and AB (2.18 s and 4.22 s, respectively), but
the di¡erences are within the one standard errors.
The average of AB^DF residuals for equatorial
paths with h=60 to 90‡ is 0.63T 1.19 s.

Clearly, AB^DF residuals of the polar paths
are anomalously large compared with those of
the equatorial paths. The averages of the residuals
at h=0^10‡ and h=0^30‡ are 6.01T 1.53 s and

Fig. 2. Cross points at the CMB of all the antipodal PKP rays in this study. Circles and crosses are DF and AB cross points, re-
spectively. The gray scale of the symbols represent cross points from equatorial (gray), polar (dark), and other paths (light), re-
spectively. Note that because DF rays are nearly vertical, DF cross points roughly represent the locations of sources and sta-
tions.
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4.63T 1.77 s, respectively. These averages exceed
the average of the residuals at h=60^90‡ by 4.5
and 3.4 S.D., respectively. The anomalies appear
to be anti-correlated with the corresponding DF
residuals and do not have obvious correlation
with the corresponding AB residuals (Fig. 3).
This suggests that the anomalous AB^DF resid-
uals for the polar paths come mainly from the DF
arrivals, which in turn suggests that the anomalies
are likely from inner core anisotropy rather than

mantle heterogeneity. We will explore this issue
later.

If we assume all of the polar path anomalies
come from the inner core anisotropy, we can infer
the degree of the anisotropy by ¢tting a cylindri-
cal anisotropy model to all the AB^DF residuals
(e.g. [3]). Assuming the anisotropy is uniform
throughout the inner core with the fast axis in
the NS direction, the ¢tted cylindrical anisotropy
curve is shown by the solid curve of Fig. 3 with

Fig. 3. Travel time residuals relative to PREM [36] versus the angle of the DF leg in the inner core from the spin axis (h). (A)
Residuals of AB^DF di¡erential times. Assuming a model of uniform anisotropy in the inner core with symmetry around the
spin axis, we obtained a least squares model with 2.5% anisotropy amplitude (solid line). The dotted line is the anisotropy model
from Song and Helmberger [37] with 3% anisotropy averaged over the top 500 km of the inner core. (B) Residuals of DF abso-
lute times. The dashed line is the average of the DF residuals of the equatorial paths with hs 60‡. Note the DF rays for the po-
lar paths are anomalously fast relative to equatorial paths. (C) The same as B, but for the AB residuals. Note the AB residuals
for the polar paths do not appear anomalous.
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the amplitude of the anisotropy 2.5%. This simple
model reduces the variance of the polar path data
by 50%. The depth extent of the anisotropy can
only be roughly constrained with the antipodal

data. Assuming the anisotropy amplitudes aver-
aged over the top 500 km of the inner core in
the western hemisphere and in the eastern hemi-
sphere are 3.0% ([37], dotted line) and 0.5%

Fig. 5. All the AB^DF residuals for the polar paths plotted at the DF ray turning points in the inner core. (A) Lines are surface
projections of the polar ray paths; circles represent positive residuals while crosses represent negative residuals. The symbol sizes
are proportional to the anomaly sizes. (B) The radius and the longitude of a turning point are represented by the radius and the
angle from bottom measured counterclockwise, respectively. The outer circle is one half of the inner core radius.

6

Fig. 4. Example data from polar paths at near antipodal distances. (A) The ray paths of selected polar paths. The earthquakes
and stations are marked by stars and inverted triangles, respectively. The paths are numbered according to their ray angles with
the spin axis (h) and are labeled at the turning points of the paths in the inner core. The ray angles range from 5‡ (path 1) to
36‡ (path 16). The AB^DF residuals for all these polar paths are positive, ranging from 1.6 to 5.8 s. The sizes of the circles of
the labels are proportional to the amplitudes of the anomalies. (B) Seismograms of the polar paths marked in A. The traces are
aligned with AB. The predicted DF arrivals (with ellipticity corrections) are marked.
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[30,31], respectively, the anisotropy at the inner-
most 700 km of the inner core is about 3.0%.

Fig. 4 shows some examples of polar path data,
sampling di¡erent parts of the world. The ray
angles (h) range from 5‡ (path 1) to 36‡ (path
16). Fig. 4A is a map of the ray paths. We can
see that although the locations of events and sta-
tions are limited to a few isolated areas, the ray
paths cover all the longitudes quite well. This is a
key advantage of using antipodal data as we dis-
cussed previously. The quality of all seismograms
for these polar paths is excellent (Fig. 4B). When
the seismograms are aligned with AB arrival
times, the DF arrivals are clearly earlier than
the predicted times. The AB^DF residuals of
these paths range from 1.6 to 5.8 s.

To examine the lateral variation of the aniso-
tropy in the central inner core, we plot all the
polar path data at DF ray turning points in the
inner core in a map view (Fig. 5A) and at the
radii and longitudes of the DF turning points
(Fig. 5B). The paths sampling the deepest part
of the inner core do not show hemispherical pat-

tern, but there is some indication of weaker ani-
sotropy in the eastern hemisphere at shallower
depths of the central inner core. At the sampling
radii of about 300^400 km, the residuals at sam-
pling longitudes of 20^200‡ appear to be smaller
and all the negative residuals are in these longi-
tudes.

3.2. E¡ect of mantle structure

As we mentioned before, AB^DF di¡erential
times can be a¡ected by lowermost mantle struc-
ture, which has been proven to be very heteroge-
neous [38^42]. Di¡erential AB^DF times at anti-
podal distances provide an ideal test for the
degree of in£uence of mantle heterogeneity on
the inference of inner core anisotropy using
PKP di¡erential times because of the greatest sep-
aration (by a few thousand kilometers) of the AB
and DF rays in the lowermost mantle.

So could most of the observed AB^DF anoma-
lies of the polar paths discussed above come from
mantle heterogeneity? Two observations from the

Fig. 6. Observed AB^DF residuals vs. DF residuals (A) and AB residuals (B) for the polar paths. The lines are linear regressions
excluding the four outliers. The AB^DF, DF, and AB residuals are shifted by the averages of equatorial paths with h=60^90‡,
0.63 s, 3.22 s, and 3.71 s, respectively. The DF residuals explain most of the AB^DF anomalies (from 0 to about 6 s) and corre-
late well with the AB^DF residuals.
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previous sections argue against it. (1) The AB^DF
residuals appear to be anti-correlated with the DF
residuals and do not appear to have obvious cor-
relation with the AB residuals (Fig. 3). (2) The
AB rays of the polar paths sample all the longi-
tudes and latitudes (Fig. 2) and thus should be
a¡ected by both slow and fast mantle anomalies.
The regions sampled by the AB rays of the polar
paths are well sampled by the AB rays of the
equatorial paths (Fig. 2). Yet all the AB^DF re-
siduals of the polar paths are larger than the aver-
age of the residuals of the equatorial paths
(Fig. 3). We explore this issue in details below.

Fig. 6 compares the AB^DF residuals with the
DF residuals (A) and the AB residuals (B) of
those polar paths (a total of 48) that have simul-
taneous measurements of absolute and di¡erential
times. The residuals are plotted relative to the
averages of equatorial paths with h=60^90‡, i.e.
the AB^DF, DF, and AB residuals of the polar
paths are shifted by 0.63 s, 3.22 s, and 3.71 s,
respectively. The lines are linear regressions ex-

cluding the four outliers. The DF residuals ex-
plain most of the AB^DF anomalies (from 0
to 6 s), and correlate well with the AB^DF resid-
uals. The slopes of linear regressions with and
without the four outliers are 30.62T 0.10 and
30.74T 0.07, respectively. The correlation coe⁄-
cients between the DF residuals and the AB^DF
residuals are 30.90 and 30.96 with and without
the four outliers, respectively. The negative sign
indicates anti-correlation. The AB residuals, on
the other hand, scatter around 0 s. The slopes
of linear regressions of AB^DF residuals on AB
residuals are 0.38T 0.10 and 0.26T 0.07 with and
without the four outliers, respectively. The corre-
lation coe⁄cients between the AB residuals and
the AB^DF residuals are 0.34 and 0.23 with and
without the four outliers, respectively. Thus,
although there may be some contribution to the
AB^DF anomalies from the AB phase, most of
the AB^DF anomalies of the polar paths come
from the DF phase.

We now examine in detail the e¡ect of mantle

Fig. 7. Observed AB^DF residuals of the polar paths plotted at the cross points of the AB rays with the CMB. On the back-
ground is SH12WM13 model [38] at the CMB. Note some of the large anomalies occur at the fast velocity region (blue) and
some of the small anomalies occur at the low velocity region (red).
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structure on the AB^DF residuals by comparing
with predictions for mantle tomographic models.
Fig. 7 shows the polar paths and the AB cross
points at the CMB, plotted on top of S tomo-
graphic model SH12WM13 [38] at the CMB.
Note that the observed large AB^DF anomalies
lie in both slow and fast areas of the CMB. A
slow anomaly slows down the AB phase, increas-
ing the AB^DF time; a fast anomaly speeds up
the AB phase, decreasing the AB^DF time. But in
Fig. 7, some of the large AB^DF residuals lie in
the area with fast velocity anomalies, such as in
the circum-Paci¢c rim and north-eastern Africa.
In the central Paci¢c with large slow velocity
anomaly (‘the central Paci¢c plume’), the AB^
DF residuals are small. These observations suggest
that it is di⁄cult to explain the AB^DF anomalies
of the polar paths with mantle heterogeneity.

Direct comparisons of the observed AB^DF re-
siduals with predictions for four tomographic
models are shown in Fig. 8. The mantle predic-
tions are calculated by tracing the ray paths
through the tomographic models. The four tomo-
graphic models are the P model from van der

Hilst et al. [39] and the S models from Grand
[40], Su and Dziewonski [38] (SH12WM13), and
Kuo et al. [42]. The Grand model used is the most
recent version. The Kuo et al. model was an in-
version of the lowermost mantle S heterogeneity
from di¡erential S-SKS times. All the other mod-
els are inversions of the whole mantle. In calcu-
lating the PKP travel time perturbations for the S
tomographic models, we map S perturbations to P
perturbations with an S to P scaling factor of 1
(i.e. dln(Vs)/dln(Vp) = 1).

The perturbations for the van der Hilst et al.
model have been ampli¢ed three times since the
perturbations are too small, compared with the
scatter of the data. This assumes that the P model
underestimates the level of heterogeneity, particu-
larly in the lowermost mantle, which has been
suggested [43]. We see that except for a couple
of points of the mantle predictions around ray
angle h=30‡, none of the models can explain
the large AB^DF residuals of the polar paths
(Fig. 8). The averages of the model predictions
for the polar paths are about the same as those
for equatorial paths.

Fig. 8. Comparisons of observed AB^DF times (circles) with predictions (triangles) for four tomographic mantle models: P model
by van der Hilst et al. [39] (ampli¢ed by a factor of 3) and three S models: Grand [40], Su and Dziewonski [38] (SH12WM13),
and Kuo et al. [42]. Note the mantle predictions cannot explain the observed large positive anomalies in NS directions.
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Similar to Fig. 8, Fig. 9 shows direct compar-
isons of the observed DF residuals with predic-
tions for the four tomographic models. Since our
interest is the anomalous residuals of the polar
paths relative to those of the equatorial paths,
we shift the data residuals and the mantle predic-
tions by the corresponding averages for the equa-
torial paths at h=60^90‡. Fig. 9 shows that the
mantle models cannot explain the anomalously
fast DF anomalies of the polar paths. The average
of the observed DF residuals for the polar paths
at h=0^30‡ is about 4 s faster than the corre-
sponding averages of the mantle predictions. In
fact, contrary to the observed residuals, the aver-
ages of the mantle predictions at h=0^30‡ are
slightly (by up to 0.8 s) slower than the averages
of the mantle predictions for the equatorial paths
at h=60^90‡ (i.e. the zero baseline).

Thus most of the observed AB^DF anomalies
of the polar paths cannot come from mantle het-
erogeneity. Can the mantle models explain some
of the observed AB^DF residuals? We consider
the equatorial and the polar paths separately.
The majority of our data are from equatorial

paths, which are not sensitive to the inner core
anisotropy. We ¢rst examine the e¡ect of a mantle
model by subtracting scaled mantle predictions
from the equatorial data. After applying di¡erent
scaling factors from 0 to 3 to the mantle predic-
tions, we select the best scaling factor that reduces
the variance of the data the most. Fig. 10 shows
the observed AB^DF residuals corrected by vari-
ous mantle models with the best scaling factors.
The van der Hilst et al. P model achieves 13%
variance reduction of the equatorial data with
the best scaling factor of 1.1.

For the Grand S model, we divide the mantle
into two parts: the lowermost 300 km with a var-
iable scaling factor and the rest of the mantle with
a ¢xed scaling factor of 0.5 (i.e. the S to P con-
version dln(Vs)/dln(Vp) = 2). This is motivated by
the recent work of Bre¤ger et al. [34]. They found
that the observed trends in the AB^DF times
from equatorial paths and a large part of the
AB^DF signal from polar paths could be ex-
plained by tomographic mantle models, when
the amplitudes of the models at the lowermost
mantle are increased and the ultra-low velocity

Fig. 9. Same as Fig. 8, but for observed DF residuals (circles) and mantle predictions (triangles). The residuals and predictions
have been shifted by the corresponding averages for the equatorial paths with hs 60‡. The averages of the values for the polar
paths with h6 30‡ are marked by the solid lines (observations) and the dashed lines (predictions). Note the mantle predictions do
no show large negative anomalies at NS directions as in the data.

EPSL 6195 21-5-02 Cyaan Magenta Geel Zwart

X. Sun, X. Song / Earth and Planetary Science Letters 199 (2002) 429^445 439



zones at the base of the mantle that have been
identi¢ed are included. We found that the Grand
model reduces the variance of the equatorial data
by 22% with the best scaling factor of 0.4 for the
lowermost 300 km. The Kuo et al. model achieves
23% variance reduction of the equatorial data
with the best scaling factor of 0.6. These results
suggest that current mantle models can explain
part of the AB^DF anomalies of the equatorial
paths.

However, mantle models explain little of the
large AB^DF anomalies of the polar paths (Fig.
10). When the Grand or Kuo et al. model is ap-
plied, no matter what scaling factor is used, the
data variance increases. For the van der Hilst et
al. model, we do achieve some but negligible (less
than 0.5%) variance reduction when the scaling
factor is less than 0.6; when the scaling factor
increases, the variance increases steadily. If we
apply mantle corrections with the same scaling

Fig. 10. Observed AB^DF residuals corrected by mantle models of van der Hilst et al. [39] (top panel), Grand [40] (middle pan-
el), and Kuo et al. [42] (bottom panel). The solid lines are from the uniform anisotropy model of this study. The mantle predic-
tions are scaled before the corrections to achieve the smallest variances of the corrected residuals for the equatorial paths
(hs 50‡). Note mantle corrections increase the data variances for the polar paths (h6 40‡) when the best scaling factors for the
equatorial paths are used.
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factors as those for the equatorial paths, the var-
iances of the polar data increase by 3%, 10%, and
7%, for the van der Hilst et al., Grand, and Kuo
et al. models, respectively.

4. Equatorial paths from west Paci¢c to South
America

Among all the equatorial paths, a data set from
earthquakes in the west Paci¢c to stations in
South America (Fig. 11) appears very interesting.
Over a half of the data are from 1994 PASSCAL
experiment BANJO (S.L. Beck, T.C. Wallace, P.
Silver, Principal Investigators) and 1996^1997
PASSCAL experiment APVC (G. Zandt, Princi-
pal Investigator). The rest of the data are from
permanent stations of global digital seismic net-
works. The data provide a good coverage of the

central Paci¢c plume with rays sweeping from the
south Paci¢c to the north Paci¢c. The observed
AB^DF residuals shows a distinct trend: they in-
crease slightly from back azimuth 230‡ to 260‡
and then decrease sharply by about 4 s over a
60‡ azimuth range (from back azimuth 250‡ to
310‡) (Fig. 12). We see a similar azimuthal varia-
tion in the AB residuals but only a slight increase
in DF residuals over the same azimuth range.
This suggests that the AB^DF variation comes
from the AB rays sampling the central Paci¢c.

We calculated travel time perturbations along
these paths for four mantle models (van der Hilst
et al.’s, SH12WM13, Grand’s, and Kuo et al.’s)
(Fig. 13). All the predictions for these models re-
veal azimuthal trends strikingly similar to the
trend in the observed data. The predicted AB^
DF residuals correlate well with the observed
data. The cross-correlation coe⁄cients are 0.75.

Fig. 11. Ray paths at near antipodal distances from earthquakes in the west Paci¢c to stations in South America. On the back-
ground is Grand’s most recent S model at the CMB. The cross points of the DF and AB rays with the CMB are marked with
circles and crosses, respectively. Note the rays sweep across the great slow anomaly (red color) at the CMB beneath the central
Paci¢c.
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0.69, 0.81, and 0.81 for van der Hilst et al.’s mod-
el, SH12WM13, and Grand’s and Kuo et al.’s
models, respectively. If we correct the observed
AB^DF residuals for the mantle predictions with
various scaling factors, the variance reductions
are 56%, 47%, 67%, and 61% with the best scaling
factors of 3.3, 0.7, 0.5, and 1.0 for van der Hilst et
al.’s model, SH12WM13, and Grand’s and Kuo et
al.’s models, respectively.

The predicted DF perturbations show no
change or a slight increase with azimuths and
the predicted AB perturbations show azimuthal
trends very similar to the predicted AB^DF per-

turbations. This agrees with the observed AB^
DF, DF, and AB residuals, suggesting that the
observed AB^DF azimuthal variation indeed
comes from the AB paths. Looking closely at
the ray paths (Fig. 11), we can see that the azimu-
thal change occurs when the AB paths sweep
across the great slow anomaly in the central Pa-
ci¢c at the CMB. At back azimuth around 240‡,
the AB rays sample the southern edges of the slow
anomaly. At back azimuth around 270‡, the AB
rays cross the very low velocity zones at both the
event and station sides, slowing down the AB ar-
rivals and thus increasing the AB^DF times. As
the back azimuth increases, the AB ray paths miss
the slow anomaly and sample the normal region
underneath the north Paci¢c and then the fast
anomalies underneath the Aleutian and central
America around the Paci¢c rim, so that the AB
arrivals become normal and then fast, producing
the decreasing trend in the AB^DF times.

5. Conclusion and discussion

We gathered and analyzed systematically di¡er-
ential and absolute AB and DF travel times for
both polar and equatorial paths at near antipodal
distances. We observed large AB^DF anomalies
(up to 8 s) for the polar paths. We conclude
that most of the polar path anomalies come
from the inner core based on the following results.
(1) The regions sampled by the AB rays of the
polar paths are well sampled by the AB rays of
the equatorial paths, and yet all the AB^DF re-
siduals of the polar paths are larger than the aver-
age residuals of the equatorial paths. (2) The DF
residuals explain most of the AB^DF anomalies
and they anti-correlate strongly with the AB^DF
residuals. The AB residuals, on the other hand,
scatter around 0 s, and they correlate weakly with
the AB^DF residuals. Thus, most of the polar
AB^DF anomalies are from the DF rays. (3)
We compared the observed di¡erential and abso-
lute travel times with predictions for various man-
tle tomographic models. The mantle models can
explain part of the overall observed AB^DF re-
siduals of the equatorial paths and can explain
most of the AB^DF residuals of the equatorial

Fig. 12. Residuals of AB^DF (top), DF (middle), and AB
(bottom) travel times from earthquakes in the west Paci¢c to
stations in South America (see ray paths in Fig. 11), plotted
as a function of back azimuth. Note a very sharp decrease in
the AB^DF residuals by about 4 s over a 60‡ azimuth range
and a similar decrease in the AB residuals, suggesting that
the AB^DF variation comes from the AB rays sampling the
central Paci¢c.
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paths sampling the central Paci¢c. But the same
mantle models cannot explain the large di¡eren-
tial AB^DF residuals or absolute DF residuals of
polar paths at all.

Assuming a uniform cylindrical anisotropy
model with the fast axis in the NS direction, the
average inner core anisotropy amplitude is about
2.5%. If we take into account the isotropy at the
upper inner core as suggested by previous studies,

the degree of anisotropy in central inner core
would be higher.

We also observed a steep azimuthal variation in
AB^DF times (about 4 s in a 60‡ azimuth range)
from earthquakes in the west Paci¢c recorded at
South American stations, sampling the central Pa-
ci¢c plume at the CMB. Current tomographic
models can explain the general azimuthal trend.
The azimuthal variation arises when the AB rays

Fig. 13. Predictions of AB^DF (left column), DF residuals (middle column), and AB residuals (right column) for tomographic
models by van der Hilst et al. (ampli¢ed by a factor of 3), Su and Dziewonski (SH12WM13), Grand, and Kuo et al. All the
models predict the azimuthal trend as in the observed AB^DF di¡erential and AB absolute times well. Grand’s and Kuo et al.’s
models predict the azimuthal variation the best with cross-correlation coe⁄cients (CC) of 0.81, suggesting P and S anomalies are
well correlated for this region.
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pass through the low velocity anomalies at CMB
in central Paci¢c. Among the mantle models we
considered, only van der Hilst et al.’s model is a P
velocity model while the other three are S models.
The high correlation coe⁄cients between these S
models and the PKP data seem to indicate that in
this region, the P and S velocities correlate very
well, leading us to speculate that the central Pa-
ci¢c slow anomaly may be of thermal origin. The
result also shows the potential of using PKP data
across the Paci¢c, which are abundant, to image
the ¢ne structure of the central Paci¢c anomaly.
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