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[1] We constrain structural features and shear-velocity structure of a low-velocity
anomaly in the lower mantle beneath the Pacific (we term it the ‘‘Pacific Anomaly’’) on
the basis of forward travel time and waveform modeling of the observed direct S, Sdiff,
ScS, SKS, and SKKS phases sampling a great arc across the anomaly from eastern
Eurasia to southern South America. After correction for the effects of earthquake
mislocation and the seismic heterogeneities outside the Pacific Anomaly, seismic
observations suggest that the Pacific Anomaly along the great arc consists of at least two
separated portions with a 740-km-wide gap between them. The western portion of the
anomaly is about 1050 km wide, extends at least 740 km above the core-mantle boundary
(CMB), and exhibits a trapezoidal shape with lateral dimensions increasing slightly with
depth. The velocity structure of the western portion varies from �3.0% at the top
(740 km above the CMB) to �3.5% at 100 km above the CMB and an average
shear-velocity reduction of �5% in the bottom 100 km of the mantle. The eastern portion
of the anomaly reaches at least 340 km above the CMB beneath the mid-Pacific with
an 1800-km-wide base and has a uniform velocity reduction of �3%. Waveform modeling
further suggests a very low velocity layer with a shear-velocity reduction of �10%
located at the edge of the western portion of the anomaly. Combining the latest results
from others, we present a general picture of structural and velocity structures of the
Pacific Anomaly. The structural and velocity features suggest that the anomaly represents
a cluster of metastable thermo-chemical piles.
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1. Introduction

[2] Seismic tomography has revealed two broad, seismi-
cally slow anomalies in the lower mantle beneath the Pacific
Ocean and Africa [e.g., Dziewonski, 1984; Su et al., 1994;
Masters et al., 1996; Li and Romanowicz, 1996; Ritsema et
al., 1999; Van der Hilst and Kárason, 1999; Ishii and
Tromp, 1999; Gu et al., 2001; Grand, 2002; Kustowski et
al., 2008]. We name them the ‘‘Pacific Anomaly’’ and the
‘‘Africa Anomaly,’’ respectively. Travel time analyses indi-
cate that the African Anomaly reaches 1300 km above the
core-mantle boundary (CMB) [e.g., Ritsema et al., 1998; Ni
and Helmberger, 2003; Wang and Wen, 2007]. Recent high-
resolution waveform and travel-time analyses show that the
African Anomaly exhibits an ‘‘L-shaped’’ base changing
from a north-south orientation in the South Atlantic Ocean
to an east-west orientation in the Indian Ocean [Wang and
Wen, 2004] and a ‘‘bell-like’’ geometry in the middle-lower
mantle along a great arc from the East Pacific Rise to the

Japan Sea, with both the southwestern and the northeastern
flanks tilting toward its center beneath southern Africa
[Wang and Wen, 2007]. Detailed waveform modeling fur-
ther revealed that the African Anomaly has steeply dipping
edges and rapidly varying thicknesses [Wen et al., 2001;
Wen, 2001], with a strong negative shear velocity gradient
from �2% (top) to �9 to �12% (bottom) in the lowermost
300 km of the anomaly [Wen et al., 2001; Wen, 2001; Wang
and Wen, 2004] and an average shear velocity reduction of
�2 to �3% in the middle-lower mantle [Wang and Wen,
2007]. The geometric and velocity features of the anomaly
indicate that the African Anomaly is compositionally dis-
tinct and geologically stable [Wen et al., 2001; Wen, 2001,
2006; Wang and Wen, 2004, 2007].
[3] Seismic tomographic models showed that the Pacific

Anomaly occupies a broad area at the base of the mantle
(about 10,000 km across) and probably extends several
hundred kilometers above the CMB. Some studies reported
that the Pacific Anomaly has bulk sound velocity increase
anticorrelated with shear velocity reduction [Masters et al.,
2000], a higher density [Ishii and Tromp, 1999] and sharp
edges [e.g., To et al., 2005; Ford et al., 2006; Takeuchi et al.,
2008]. Waveform studies also revealed existence of ultralow-
velocity zones (ULVZ) at the base of the mantle beneath
western Pacific for both P and S waves [e.g., Garnero and
Helmberger, 1996; Wen and Helmberger, 1998a, 1998b;
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Vidale and Hedlin, 1998; Rost and Revenaugh, 2003] and
some complex structures beneath the central Pacific [Mori
and Helmberger, 1995; Bréger and Romanowicz, 1998;
Russell et al., 2001; Wen, 2002; Avants et al., 2006; Lay et
al., 2006; Ohta et al., 2008].
[4] The important unresolved issues related to the Pacific

Anomaly are: the geographic extent of the anomaly; the
nature of transition from the Pacific Anomaly to the
surrounding mantle; whether the anomaly represents a
massive low-velocity province like the African Anomaly
or it consists of multiple portions; the depth extent and
geometry of the anomaly in the lower mantle; the connec-
tion between the portion of the anomaly in the middle-lower
mantle with its base; and the overall velocity structures of
the anomaly in the lower mantle. As the high-resolution
seismic studies of the African Anomaly have demonstrated,
resolving these issues is crucial to our further understanding
of the origin and dynamics of the Pacific Anomaly.
[5] With the deployment of many permanent and temporal

seismic stations in Eurasia, the Pacific Ocean and South
America, it becomes plausible to address some of these
outstanding issues related to the Pacific Anomaly. In a recent
study, we have mapped out some portion of the geographical
boundary of the base of the Pacific Anomaly beneath the
western Pacific Ocean and studied transitional structure from
the Pacific Anomaly to the surrounding lowermost mantle
along a cross section from Fiji to China [He et al., 2006]. In
this paper, we choose a great circle arc from eastern Eurasia to
southern South America on the basis of event and station
locations. We constrain structural features and shear velocity
structure of the Pacific Anomaly throughout the mantle along
the great arc using waveform modeling and travel-time
analysis of direct SH, Sdiff, ScS, SKS and SKKS phases,
and address other issues such as: whether the anomaly
represents a massive low-velocity province or consists of
multiple portions; the depth extent and geometry of the
anomaly in the lower mantle; the connection between the
portion of the anomaly in the middle-lower mantle with its
base; and the overall velocity structures of the anomaly in the
lower mantle. We present seismic data and our modeling
procedures in section 2, discuss detailed constraints on the
geometry and shear velocity structure in section 3, and
discuss the implications of the seismic results in section 4.

2. Seismic Data and Method

2.1. Seismic Data

[6] The direct S, Sdiff, ScS, SKS and SKKS phases
(Figure 1c) provide excellent constraints on the structural
and velocity features of the Pacific Anomaly across the
great arc. The absolute travel times of S and SKS phases can
be used to place constraints on the thickness and the
horizontal extent of the anomaly, respectively. Because
SKKS and SKS phases have similar raypaths in both the
source- and receiver-side upper mantle, the differential
SKKS-SKS travel-time residuals are most sensitive to the
velocity heterogeneities in the lower mantle and can be used
to place constraints on the geometry and velocity structure
of the Pacific Anomaly. The additional ScS travel-time
residuals and waveforms provide further constraints on the
geometry and velocity structure of the Pacific Anomaly.

[7] We collect broadband displacements of direct S, Sdiff,
ScS, SKS and SKKS phases recorded at a distance range
between 55� and 130� for all the events occurring in the
Pacific Ocean from 1994 to 2008 with a magnitude greater
than 5.8. We select seven events with simple source time
functions and high signal-to-noise ratios. Because we ana-
lyze each phase and each event, we adopt a criterion of
selecting a few events with the highest waveform quality
without sacrificing the sampling coverage of the available
data. These selected events occurred in the Solomon
Islands, the Tonga-Fiji subduction zone, and the southern
East Pacific Rise (see Figure 1b and Table 1), and encom-
pass the sampling coverage of all the other events sampling
the great circle arc. They are recorded in several permanent
and temporary seismic networks. The permanent networks
include the Global Seismographic Network (GSN), the
Kazakh Network (KZ), the New China Digital Seismo-
graphic Network (NCDSN), the China National Digital
Seismographic Network (CNDSN), the Chinese Capital
Seismic Network (CCSN), the GEOFON, the GEOSCOPE
and the F-net in Japan. The temporary arrays include the
Northern China Interior Seismic Project (NCISP), the
Southwest Pacific Seismic Experiment, the Micronesia
Seismic Network, the Seismic Experiment in Patagonia
and Antarctica and the Chile Argentina Experiment. Seis-
mic data collected for these event-station pairs sample a
great arc across the Pacific Anomaly from eastern Eurasia to
southern South America within an azimuthal range of 18�
(Figure 1b) and provide good sampling coverage in the
lower mantle beneath the western Pacific (Figure 1a).
[8] All seismograms are deconvolved using their

corresponding instrument responses, and are rotated to
tangential, radial and vertical components. A butterworth
filter with a frequency range of 0.008–1 Hz is applied to all
seismograms.

2.2. Modeling Procedure

[9] Because the seismic data sample the Pacific Anomaly
within a small azimuthal range of 18� (Figure 1b), we
use simplified two-dimensional (2-D) models in our
forward modeling. Our forward modeling consists of three
procedures:
[10] 1. We re-determine location and origin time of the

chosen earthquakes using seismic observations recorded by
the GSN and a three-dimensional (3-D) shear velocity
tomographic model (S. Grand, personal communication,
2004). Detailed relocation results are presented in the
Appendix.
[11] 2. We correct for the travel-time residuals that are

caused by the seismic heterogeneities outside the Pacific
Anomaly. The corrections consist of travel-time residuals
predicted on the basis of the shear velocity tomographic
model and an additional component associated with the
underestimation of the shear velocity tomographic model.
The corrected travel-time residuals can be attributed to the
Pacific Anomaly.
[12] 3. We obtain the best fitting model for the Pacific

Anomaly through trial-and-error forward modeling of the
corrected shear wave travel-time residuals. When the direct
S, Sdiff, and ScS phases are involved, we apply the SH
hybrid method [Wen, 2002] to calculate synthetic seismo-
grams and travel-time residuals are obtained on the basis of
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those synthetic seismograms. The hybrid method is a
combination of the generalized ray theory, a finite difference
technique and the Kirchhoff theory, so the finite frequency
effect of wave propagation is taken into account in the
forward calculations of travel time.
[13] The absolute travel times of direct SH, SHdiff, ScS

and SKS phases are obtained by the cross-correlation
method. We first choose one record with the best signal-
to-noise ratio and hand pick the onset of the phase; we then
obtain the relative onset time of the phases on other records
by the cross-correlation method. SKKS waveforms are
Hilbert transformed before differential SKKS-SKS travel-
time residuals are obtained by the cross-correlation method.

Most of the cross-correlation values of different phases in
our selected data are larger than 0.9, indicating little effect
of attenuation or interference of other phases on the
obtained travel times.

2.3. Travel-Time Corrections for the Effect of Seismic
Heterogeneities Outside the Pacific Anomaly

[14] Two components of corrections for the effect of the
seismic heterogeneities outside the Pacific Anomaly are
considered. One component is the travel-time residuals
predicted by the seismic heterogeneities outside the anomaly
on the basis of Grand’s model. The second component is
additional travel-time variations owing to the underestima-

Figure 1. (a) Best fitting model (green contour) and raypaths of the seismic phases used to constrain the
structural features and shear velocity structure of the Pacific Anomaly in a two dimensional cross section
along Eurasia (EA) to southern South America. Black and red traces represent propagation paths without
and with observed travel-time delays that can be attributed to the Pacific Anomaly, respectively. Seven
selected events (from 1 to 7; see Table 1) occurred in the Solomon Islands (SI), the Santa Cruz Islands
(SCI), the Fiji Islands (FI), the Kemadec Islands (KI), and the Easter Island (EI). The best fitting model of
the western portion has a shear-velocity structure with velocity reductions gradually decreasing from
�3.0% at 740 km above the CMB to �3.5% at the 100 km above the CMB, and an average shear-
velocity reduction of �5% in the bottom 100 km of the mantle. The eastern portion has a uniform
velocity structure of �3%. Black stars represent seismic events. The background is shear-velocity
perturbations from a global shear-velocity tomographic model (S. Grand, personal communication,
2004). (b) Map view of great circle paths (gray traces), locations of earthquakes (red stars), and seismic
stations (blue triangles). The purple curve represents the 2-D cross section illustrated in Figure 1a.
(c) Raypaths of direct S, Sdiff (red lines), ScS at epicentral distances from 70� to 80� (blue lines), SKS at
epicentral distances from 90� to 130� (green lines), and SKKS at epicentral distances from 120� to 130�
(purple lines). These raypaths are calculated on the basis of PREM and a source depth of 300 km.
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tion of Grand’s model. The correction of the first component
is straightforward. We modify Grand’s model by setting the
velocity perturbation inside the Pacific Anomaly to be zero;
we then calculate the travel-time perturbations along the
raypaths associated with the actual event and station loca-
tions on the basis of the modified tomographic model.
Because seismic stations are located in different tectonic
provinces in Eurasia and southern South America, it is
necessary to correct for underestimations on the basis of
Grand’s model.
[15] To calculate the underestimations of the tomographic

model, we select events 2000/11/07, 2002/04/24 and
1998/01/26, whose S or SKS waves propagate outside the
Pacific Anomaly, as reference events so that the additional
corrections do not remove any contributions from the
Pacific Anomaly. The additional correction at each station
is the difference of the travel-time residual observed for the
reference event and the prediction on the basis of Grand’s
model for the reference event. For both S and SKS, the
predicted travel-time residuals on the basis of Grand’s
model exhibit similar patterns to those of the observed
travel-time residuals across the stations, and can account
for a large fraction of the observed travel-time delays (left
and middle panels, Figure 2). We choose two events
occurring in the Solomon Islands (2000/11/07) and the
southern East Pacific Rise (2002/04/24) as reference events
for corrections for the S waves recorded in the stations in
Eurasia and southern South America (Figures 2a and 2d).
After source relocation and correction on the basis of the
tomographic model, most of the travel-time residuals for the
reference events are smaller than 1.5 s (Figures 2c and 2f).
Since some of the SKS waves in the selected data exit a
high-velocity region in the CMB beneath Eurasia, we also
select an event (1998/01/26) whose SKS phases propagate
through the high-velocity region, but outside the Pacific
Anomaly, to estimate the contribution of the high-velocity
anomaly. This event occurs off the west coast of South
Island, New Zealand, and is recorded in seismic stations in
Eurasia (Figure 2g). The observed SKS travel-time residuals
exhibit a complicated pattern from eastern Asia to mid-
Eurasia that is well estimated on the basis of Grand’s model
(Figures 2g and 2h). Most underestimations of SKS travel-
time residuals are smaller than 1 s (Figure 2i). These

underestimations (Figures 2c, 2f, and 2i) are used as the
second component of travel-time corrections for the effect
of seismic heterogeneities outside the Pacific Anomaly.

3. Structural and Velocity Features of the Pacific
Anomaly

[16] In this section, we first provide evidence for the
existence of a structural gap that separates the Pacific
Anomaly into two portions. We then present results of
geometry and shear velocity structure of the two portions
on the basis of waveform modeling and travel-time analysis.
The data presented in this section have been corrected for the
effects of earthquake mislocation and seismic heterogeneities
outside the Pacific Anomaly, i.e., after procedures 1 and 2
outlined in section 2.2.

3.1. Structural Gap Between Two Portions

[17] The SKS travel-time residuals for four events
1997/09/04, 2001/05/26, 2000/01/09 and 2001/12/23, and
the differential SKKS-SKS travel-time residuals for event
2001/05/26 clearly show the existence of a structural gap
inside the Pacific Anomaly (Figure 1a). The seismic waves
for the first 3 events sample the Pacific Anomaly in the
northwest direction toward Eurasia, and the SKS waves for
event 2001/12/23 sample the anomaly in the opposite
direction toward southern South America. The SKS phases
of event 1997/09/04 exhibit no travel-time delay between
88� and 98� and increasing travel-time delays from 1 s at
102� to 1.5 s at 115� (Figure 3a). The SKS phases for event
2001/05/26 show little travel-time delay between 86� and
120� (with the exception of one record having travel-time
delays of �0.8 s within the error bars of no travel-time
delay; see Figure 3b), while the differential SKKS-SKS
travel times exhibit positive residuals from 4 s at 95� to
3 s at 115� (Figure 3b). The SKS travel-time residuals for
event 2000/01/09 decrease from 1.8 s at 93� to 0 s at 113�
(Figure 3c) and those for event 2001/12/23 scatter around
±2 s between 116� and 123� (Figure 3d). Note that no
travel-time delays are observed for the SKS waves sampling
a lower-mantle region beneath the Fiji Islands for all the
events (Figure 1a). These observations are a robust feature
and cannot be attributed to the mislocation of the earth-

Table 1. Event Lista

Numberb Event Origin Time Latitude (deg N) Longitude (deg E) Depth (km) Time Correction (s)

1998/01/26c 1998.01.26.23.06.01 �47.51 (�47.51) 165.19 (165.29) 33 (44) 5.0
2000/11/07d 2000.11.07.07.50.09 �5.43 (�5.43) 154.02 (154.12) 91 (76) 0.5
2002/04/24d 2002.04.24.11.00.00 �56.14 (�56.04) �122.31 (�122.31) 10 (20) 3.5

1 2001/12/23 2001.12.23.22.52.54 �9.61 (�9.51) 159.53 (159.63) 16 (23) 5.0
2 1998/07/16 1998.07.16.11.56.36 �11.04 (�11.04) 166.16 (166.16) 110 (90) �1.0
3 2000/01/09 2000.01.09.21.54.40 �18.82 (�18.78) 174.37 (174.62) 33 (30) 4.5
4 2001/05/26 2001.05.26.10.57.26 �20.29 (�20.19) �177.84 (�177.54) 407 (407) 0.5
5 1997/09/04 1997.09.04.04.23.37 �26.47 (�26.42) 178.69 (178.59) 593 (592) �1.0
6 1998/07/09 1998.07.09.14.45.39 �30.49 (�30.49) �178.99 (�178.59) 130 (145) 3.0
7 1995/09/08 1995.09.08.01.15.28 �56.22 (�56.02) �122.42 (�122.42) 10 (16) 3.0

2003/10/15e 2003.10.15.02.19.44 �17.82 (�17.97) �178.70 (�178.45) 583 (569) 0.0
aValues in parentheses are relocated latitude, longitude, and depth.
bEarthquakes used to constrain the structural features and velocity structure of the Pacific Anomaly. Events are represented by corresponding numbers in

Figures 1, 3, 5, 6, 7, 8, 11, and 12.
cEarthquake used as reference event for the additional correction for the SKS data.
dEarthquakes used as reference events for the additional correction for the SH data.
eEarthquake used to discuss velocity structure and geometry of the northwestern boundary of the Pacific Anomaly.
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quakes. First, these four events are relocated with very
different data coverage, and, for all four events, the geo-
graphic locations of the entry points of these SKS phases
without travel-time delays coincide with a same location in
the lowermost mantle (Figures 3a–3d). Second, if we force
the SKS phases of these events to have some travel-time
delays and relocate these events, the root-mean squares of
the differences between the observed direct S travel times
and the calculated direct S travel times of those events
become larger for all these events, and so do the differences
for most of the stations (see examples in Figures 4a and 4b).
In addition, such relocations yield uniform SKS travel-time
residuals for the records at other stations in the similar

azimuth. These relocation tests indicate that the observed
no-travel-time delays of the SKS phases sampling the lower-
mantle region beneath the Fiji Islands cannot be explained
by changing earthquake locations.
[18] Note that SKS and SKKS phases of event 2001/05/26

exhibit different patterns of travel-time residuals (Figure 3b).
Because these waves propagate along similar paths in the
source-side upper mantle and receiver-side upper mantle
and crust, they cannot be explained by seismic heterogene-
ities in the source and receiver-side upper mantle or crust.
Note also that the observed travel-time residuals correlate
with their entrant points in the source-side lower mantle
(Figures 3a–3d), but not with the exit points in the receiver-

Figure 2. (a, d, and g) Observed direct S or SKS travel-time residuals for reference events, (b, e, and h)
predicted S or SKS travel-time residuals for reference events on the basis of Grand’s model, and (c, f, and
i) observed S or SKS travel-time residuals for the reference events after corrected for the effects of the
seismic heterogeneities outside the Pacific Anomaly on the basis of Grand’s model. Note that the direct S
or SKS phases for the reference events propagate outside the Pacific Anomaly. All these travel-time
residuals are plotted with respect to the predictions on the basis of PREM and at the locations of each
seismic station. The additional corrections in Figures 2c, 2f, and 2i are obtained by subtracting the travel-
time residuals predicted on the basis of Grand’s model (Figures 2b, 2e, and 2h) from those observed
(Figures 2a, 2d, and 2g). Squares and circles denote positive and negative travel-time delays, respectively,
with their sizes proportional to the magnitudes of travel-time delay. The great circle paths, event location of
the reference event, and station locations are plotted in the bottom right corner of Figures 2a, 2d, and 2g.
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Figure 3. Left panels show SKS or SKKS raypaths with respect to the location of the best fitting model,
with the paths of no-travel-time delays shown in a heavy color. The event numbers are the same as those
in Figure 1. Right panels show observed SKS travel-time residuals (black triangles) or SKKS-SKS
differential travel-time residuals (black circles) with respect to PREM as a function of epicentral distance
and predictions (gray triangles or circles) on the basis of the best fitting model. The error bars in travel-
time picks of 1 s are also shown.
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side mantle. We show an example in Figures 3a and 3b, the
SKS phases recorded for events 1997/09/04 and 2001/05/26
have similar propagation paths in the receiver-side mantle,
but show different patterns of travel-time delay. The travel-
time residuals observed for these events are thus not caused
by the seismic structure beneath the receiver-side lower
mantle. The no-travel-time delays of the SKS phases indi-
cate a structural gap in the source-side lower mantle beneath
the Fiji Islands within the Pacific Anomaly.

3.2. Structural and Velocity Features of the Western
Portion of the Anomaly

[19] The direct S, Sdiff, ScS phases of events 1998/07/16,
1998/07/09, 2001/05/26 and 2000/01/09, the SKS phases of
events 2000/01/09, 2001/12/23 and 1998/07/16, and the
SKKS phases of event 2001/05/26 are used to constrain the
geometry and velocity features of the western portion of
the anomaly (Figures 1, 3, and 5). The direct S, Sdiff and SKS
arrivals of event 1998/07/16 clearly identify the western
boundary of the western portion of the anomaly. No travel-
time delay is observed for the S and Sdiff phases of event
1998/07/16 between 60� and 120�, but travel-time delays of
3 s from 100� to 120� are observed for the SKS phases from
the same event (see the right panel of Figure 5a). These
observations indicate that the western boundary of the
western portion of the anomaly is between the SKS and
SH propagation paths of event 1998/07/16 (see the left panel
of Figure 5a). The direct S travel-time residuals of events
1998/07/09 and 2001/05/26 are used to place constraints on
the depth extent of the western portion of the anomaly
(Figures 5b and 5c). The direct S phases of events 1998/07/09
and 2001/05/26 show no travel-time delay before 77�,
suggesting the thickness of the western portion of the
anomaly is about 740 km (Figures 5b and 5c). The eastern
boundary of the western portion of the anomaly is con-
strained by SKS and SKKS arrivals from event 2001/05/26
(Figure 3b). Different from the SKS travel-time residuals,
the travel-time delay of SKKS phases of event 2001/05/26
varies from 4.0 s at 95� to 3.0 s at 115� (Figure 3b). These

observations indicate that the SKKS phases of event
2001/05/26 propagate inside the western portion of the
anomaly, while the SKS phases at distances larger than 86�
propagate outside it, placing constraints on the eastern bound-
ary of the western portion of the anomaly. The SKS travel-time
residuals for event 2000/01/09 decrease from 1.8 s at 93� to
0.0 s at 113�, and those for event 2001/12/23 scatter around
±2 s between 116� and 123�, providing constraints on the
geometry and velocity structure of the eastern boundary of
the western portion of the anomaly (Figures 3c and 3d).
[20] The above observations suggest that the western

portion of the anomaly extends about 740 km above the
CMB beneath the western Pacific with a 1050-km-wide
base. With the thickness, and eastern and western bound-
aries of the western portion of the anomaly constrained, we
test different geometries and velocity structures of the
western portion of the anomaly on the basis of fitting
the travel-time data. In additional to the SKS and SKKS
travel-time residuals discussed above, the S, Sdiff and ScS
travel-time residuals of events 1998/07/09, 2001/05/26 and
2000/01/09 are used to place further constraints on the
structural feature and velocity structure of the western
portion of the anomaly (see Figures 5b, 5c, and 5d, and
the event locations in Figure 1). The direct S travel-time
residuals of event 1998/07/09 increase rapidly with epicen-
tral distance from 0 s at 78� to 5.6 s at 88�, and remain at
about 4.5 s at distances between 90� and 108� (Figure 5b).
The S travel-time delays of events 2001/05/26 and 2000/
01/09 show similar patterns as those of event 1998/07/09
with maximum values of 5 s and 3 s, respectively (Figures 5c
and 5d). Meanwhile, the ScS travel-time delays vary around
6.0 s from 75� to 79� for event 1998/07/09 (Figure 5b),
decrease with increasing epicentral distance from 6.0 s at 70�
to 5.0 s at 77� for event 2001/05/26 (Figure 5c), and decrease
from 5.0 s at 65� to 3.0 s at 75� for event 2000/01/09
(Figure 5d). These observations are consistent with a
trapezoidal-shape model (Figures 5a–5d).
[21] The S waves observed before 88� for event 1998/

07/09 propagate a long distance inside the top part of the

Figure 4. (a) Travel-time residuals of SH phases (black circles and squares) with respect to PREM
predicted on the basis of the best fitting location of event 1997/09/04 and (b) a new location by forcing
the travel-time residuals of SKS phase to be 2 s larger than shown in the original data. The effects of the
seismic heterogeneities outside the Pacific Anomaly were corrected on the basis of Grand’s model.
Travel-time residuals are plotted at the locations of each station, along with the great circle path from
event to stations.
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Figure 5. Left panels show SH, ScS, or SKS raypaths with respect to the location of the best fitting
model, with the paths of no-travel-time delays shown with a heavy line. Events are numbered the same as
in Figure 1. Right panels show observed SH travel-time residual (black triangle), ScS travel-time residual
(black circle), or SKS (black diamond) travel-time residuals with respect to PREM and predictions
(corresponding gray symbols) on the basis of the best fitting model. The error bars in travel-time picks of
1 s are also shown.

B02309 HE AND WEN: STRUCTURE OF THE PACIFIC ANOMALY

8 of 17

B02309



western portion of the anomaly and exhibit anomalously
large travel-time delays (Figure 5b). Those observations are
sensitive to the geometry and velocity structure of the top
part of the western portion of the anomaly. To match the
abruptly increasing S travel-time delays of event 1998/07/09
between 78� and 88�, a velocity reduction of �3.0% and a
width of 1000 km are needed in the top part of the western
portion of the anomaly. There are some trade-offs between
velocity structure and lateral extent of the anomaly. The
absolute travel times calculated by a model with a wider
(narrower) top part of the western portion of the anomaly
and a smaller (larger) velocity reduction would also fit the
observations well. However, a shear velocity reduction
larger than �4.0% in the top portion of the anomaly would
generate SKS travel-time delays larger than those observed
for event 1998/07/16 (Figures 6a and 6c). Besides, if the
velocity reduction is �4.0% in the top part of the western
portion of the anomaly, a decrease of velocity reduction to
�3.0% toward the CMB are needed to match the observed
SKS travel-time delays of event 1998/07/16 (Figure 6b). In
that case, the ScS travel-time delays calculated on the basis
of such model would not fit the observations of event 1998/07/
09 (Figure 6d). The ScS travel-time residuals would require
the velocity reductions in the lowermost mantle to be larger
than �4.0%. On the other hand, if the shear-velocity

reduction is smaller than �2.0% in the top part of the
western portion of the anomaly, a large increase of shear-
velocity reduction with depth and a decrease in lateral
dimension would be required to reproduce the large SH
travel-time delays observed for event 1998/07/09
(Figures 7a and 7b). Such a model, however, would gener-
ate ScS travel-time delays between 55� and 65� larger than
those observed for events 2001/05/16 and 1997/09/04
(Figures 7c and 7d), and therefore is unacceptable. The best
fitting model for the western portion of the anomaly has a
shear velocity reduction of about �3.0% in the top part of
the anomaly. To explain all the data, the shear velocity
reduction needs to increase from �3% in the top to �3.5%
at the 100 km above the CMB and reach an average of �5%
in the lowermost 100 km of the mantle.
[22] The best fitting model constrained by the above

observations has a trapezoidal shape with its lateral dimen-
sion slightly increasing with depth. It extends 740 km above
the CMB beneath the western Pacific and has a 1050-km-
wide base extending both northwestward and southeast-
ward. The model has a shear velocity structure with velocity
reductions gradually increasing from �3.0% at 740 km
above the CMB to �3.5% at the 100 km above the CMB,
and an average velocity reduction of �5% in the base.

Figure 6. SKS raypaths of event 1998/07/16 (event 2 in Figure 1) and ScS raypaths of event 1998/07/09
(event 6 in Figure 1) with respect to the location of (a) a model with uniform velocity reduction of �4%
and (b) another model with velocity reduction varying from �4.0% at the top to �3% at the bottom. The
geometry of models shown in Figures 6a and 6b are constructed to be consistent with the observed
abruptly increasing SH travel-time delays of event 1998/07/09. (c) Observed SKS travel-time residuals
with respect to PREM for event 1998/07/16 (black triangles) and predictions for the best fitting
model (black line) and models shown in Figures 6a and 6b (black and gray dashed lines,
respectively). (d) Observed ScS travel-time residuals with respect to PREM for event 1998/07/09 (black
triangles) and predictions for the best fitting model (black line) and models shown in Figures 6a and 6b
(black and gray dashed lines, respectively).
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3.3. Structure and Velocity Features of the Eastern
Portion of the Anomaly

[23] The geometry and velocity features of the eastern
portion of the anomaly are constrained by the travel
times of direct S and ScS phases of events 1995/09/08 and
1997/09/04, Sdiff phase of event 1995/09/08, and SKS phase
of event 1997/09/04 (Figures 1, 3, and 8). The direct S travel-
time residuals of event 1995/09/08 place bounds on the
depth extent of the eastern portion of the anomaly (Figure 8a).
The direct S phases show no travel-time delay between
55� and 82�, indicating that the eastern portion of the
anomaly extends to 650 km above the CMB. However,
because of the absence of constraints from the S phases
between 82� and 90�, the S wave travel-time delay of 3.0 s
at 90� only confirms that the eastern portion extends more
than 340 km above the CMB (Figure 8a). The western
boundary of the eastern portion of the anomaly is con-
strained by the SKS phases of event 1997/09/04 recorded at
the Eurasian stations (Figure 3a). The SKS phases of that
event exhibit no travel-time delay at 88� and a gradual
increase of delay to about 1 s at 92� and 1.5 s at 115�
(Figure 3a). These observations can be explained by the
model that the SKS wave recorded at the epicentral distance
of 88� propagates outside the eastern portion of the anomaly

and the SKS waves recorded at larger distances travel
through the western boundary of the eastern portion of the
anomaly. The eastern boundary of the eastern portion of the
anomaly is constrained using the S, ScS and SKS phases of
event 1997/09/04 recorded in stations in southern South
America (Figure 8b). The S and ScS phases of event
1997/09/04 show no travel-time delay at 80�, and SKS
phases exhibit travel-time delays of about 1.0–3.0 s between
82� and 105� (Figure 8b). These observations indicate that
the eastern boundary of the eastern portion of the anomaly
should locate between the propagation paths of the ScS and
SKS phases of event 1997/09/04. The travel-time delays of
S phases of event 1995/09/08 reach 9.0–11.2 s at the diffracted
distances, and the ScS phases of event 1995/09/08 exhibit
travel-time delays increasing from 2.0 to 3.0 s at 58� to 6.0 s
at 76�, providing further constraints on the eastern bound-
ary, geometry and velocity structure of the eastern portion of
the anomaly (Figure 8a).
[24] Seismic data indicate that the eastern portion of the

anomaly reaches at least 340 km above the CMB beneath
the mid-Pacific and exhibits a trapezoidal shape with lateral
dimension increasing slightly with depth. The base of the
eastern portion of the anomaly is about 1800 km wide
extending both northwestward and southeastward. A shear-

Figure 7. ScS raypaths of events 2001/05/26 (event 4 in Figure 1) and 1997/09/04 (event 5 in Figure 1)
with respect to the locations of models are shown in Figures 7a and 7b. The model in Figure 7a has a
shear-velocity structure of velocity gradually decreasing from �2.0% at 740 km above the CMB to
�3.5% at the 100 km above the CMB, and velocity reductions of �5% in the base. The model shown in
Figure 7b has a shear velocity structure of velocity gradually decreasing from �1.0% at 740 km above
the CMB to �4.0% at the 100 km above the CMB, and velocity reductions of �5% in the base. The
geometries of the models shown in Figures 7a and 7b are constructed to be consistent with the observed
abruptly increasing SH travel-time delays of event 1998/07/09. Figures 7c and 7d show observed ScS
travel-time residuals with respect to PREM for events 2001/05/26 and 1997/09/04 (black triangles) and
predictions for the best fitting model (black line) and test models including those shown in Figures 7a and
7b (black and gray dashed lines).
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velocity structure with a uniform velocity reduction of �3%
can fit the observations well. Because of the data sampling,
the geometry and the velocity structure of the eastern
portion of the anomaly are not well resolved.

3.4. General Structural Feature and Velocity Structure
of the Pacific Anomaly

[25] Dense seismic data sampling has suggested that the
detailed seismic structures within the Pacific Anomaly are
more complex. Many localized ultralow-velocity zones
(ULVZs) were detected near the CMB beneath the western
Pacific region using anomalous SKS-SPdKS waveforms
[e.g., Garnero and Helmberger, 1996;Wen and Helmberger,
1998a], PKP precursors [Vidale and Hedlin, 1998; Wen and
Helmberger, 1998b], ScP precursors and postcursors [Rost
and Revenaugh, 2003] and ScS travel times and waveforms
[He et al., 2006].
[26] The waveform data recorded in the NCISP and the

CCSN for an earthquake 2003/10/15 occurring in the
Tonga-Fiji subduction zone indicated existence of an ULVZ
located near the edge of the western portion of the anomaly.
The stations and source of this event are located along the
great circle arc, and the ScS phases recorded for this event
sample the northwestern boundary of the western portion of
the anomaly (Figure 9a). In a previous study, we showed
that the tangential displacements of event 2003/10/15 can be
explained by a shear-velocity model with a velocity jump of

about 2% at about 145 km above the CMB and a thin
(30-km-thick) basal layer with a shear wave velocity reduc-
tion of �13% [He et al., 2006], on the basis of one-
dimensional modeling. Two dimensional (2-D) modeling,
taking into consideration the geometry of the anomaly
constrained along this great arc, suggests a similar feature,
but the ULVZ could be localized just near the edge of the
anomaly with a larger vertical scale of 100 km (Figure 9b).
Such two-dimensional models could explain the seismic
observations of event 2003/10/15 equally well (Figures 9c
and 9d). The statement by Takeuchi et al. [2008] that our
model was obtained under the assumption of the existence
of an ultralow-velocity basal layer is incorrect. While the
vertical scale of the ULVZ would depend on the overall 2-D
structure adopted, an ULVZ is required to match the
observed large amplitude of SuS phases (the S phase
reflected off the top of the ULVZ) (Figure 9). The wave
propagation through a complex three-dimensional structure
may produce additional pulses in the seismograms through
multipathing effects [Helmberger and Ni, 2005; Ni et al.,
2005]. In this case, we suggest that the observed large
amplitudes of the SuS phases are likely caused by the 2-D
effect, because the SuS phases have a similar moveout as
that of the ScS phases more consistent with a reflection from
the top of a thin layer above the CMB than from an off great
circle path. The existence of the high-velocity layer adjacent
to the Pacific Anomaly can also explain the observations

Figure 8. (a and b) Left panels show direct SH, ScS, and SKS raypaths of events 1995/09/08 (event 7 in
Figure 1) and 1997/09/04 (event 5 in Figure 1) with respect to the location of the best fitting model. The
paths of no-travel-time delays are shown with heavy lines. Right panels show observed SH travel-time
residuals (black triangles), ScS travel-time residuals (black circles), and SKS travel-time residuals (black
diamonds) with respect to PREM and predictions (corresponding gray symbols) on the basis of the best
fitting model.
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Figure 9. (a) Locations of event (gray star), seismic stations (triangles), and great circle paths (gray
lines) of event 2003/10/15. The selected great circle arc is also shown by a bold line. (b) Schematic
illustration of the raypaths of SH, Sbc, Scd, SuS, and ScS phases generated by the 2-D model. The arrivals
of these phases are also labeled in the synthetics in Figure 9d. (c) Tangential displacements records for
event 2003/10/15. The seismic waveforms are aligned along the calculated SH arrival on the basis of
PREM. (d) Synthetics calculated on the basis of a 2-D model shown in Figure 9b.
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that the direct S travel-time residuals of event 1998/07/09
decrease from 5.6 s at 88� to about 4.5 s at distances
between 90� and 108� (Figure 5b).
[27] The general structure of the Pacific Anomaly along

the great arc from eastern Eurasia to southern South
America is schematically illustrated in Figure 10. The
Pacific Anomaly consists of two large separated portions
extending into the middle-lower mantle and small-scale
ULVZs situated at its base and edge. There is a 740-km-
wide gap between two major portions. The western portion
of the anomaly extends about 740 km above the CMB
beneath western Pacific and exhibits a trapezoidal shape
with a 1050-km-wide base. The eastern portion of the
anomaly reaches at least 340 km above the CMB beneath
the mid-Pacific and exhibits a trapezoidal shape with lateral
dimensions increasing slightly with depth. The base of the
eastern portion of the anomaly is about 1800 km wide
extending both northwestward and southeastward. The
western portion of the anomaly has a shear velocity struc-
ture with velocity reductions from �3.0% at the top to
�3.5% at 100 km above the CMB, and to �5.0% in the
bottom 100 km of the mantle. The eastern portion of the
anomaly has a uniform velocity reduction of �3.0%. At
the base of the mantle, the Pacific Anomaly is surrounded
by a high-velocity region in northwest with a velocity jump
of about 2% at 220 km above the CMB. An ULVZ with a
thickness of 100 km and a shear velocity reduction of �10%
extends beneath the high-velocity layer.

4. Discussion

[28] In this section, we examine various geometries and
shear-velocity structures of the Pacific Anomaly and discuss
implications of the inferred geometry and seismic structure
of the anomaly. As not many constraints on the shape of the
eastern portion of the anomaly exist, we focus our discus-
sions only on the western portion of the anomaly.

4.1. A Model With Bell-Like Geometry

[29] A bell-like geometry is found for the African Anom-
aly in the lower mantle, with both flanks tilting toward its
center and the width increasing with depth [Wang and Wen,
2007]. As we discussed above, the shear-velocity reduction
in the top part of the anomaly should be between �2.0%
and �4.0% in order to fit the magnitude of the abruptly

increasing SH travel-time delays of event 1998/09/07 and
the SKS travel-time residuals of event 1998/07/16. For this
magnitude of velocity reduction, the width of the top part of
the western portion of the Pacific Anomaly should be larger
than 750 km (Figure 11). This minimal width of the top of

Figure 10. Inferred seismic structure across the Pacific Anomaly along the selected great circle arc from
Eurasia to southern South America. The anomaly consists of two separated portions with a 740-km-wide
gap between them. The western portion extends 740 km above the core-mantle boundary with a
1050-km-wide base. The eastern portion of the anomaly reaches at least 340 km above the core-mantle
boundary and has an 1800-km-wide base. Ultralow-velocity zones (ULVZs) are located at the edge of the
northwestern boundary of the western portion of the anomaly and at the base of the anomaly.

Figure 11. (a) Direct S raypaths of event 1998/07/09
(event 6; see Figure 1a) with respect to the location of a
trapezoid-shaped model. The velocity structure varies from
�3.5% at the top to �5% at the base of the mantle. The
paths of no-travel-time delays are shown with thicker lines.
(b) Observed direct SH travel-time residuals with respect to
PREM for event 1998/07/09 (black triangles) and predic-
tions for the best fitting model (black line) and trapezoid-
shaped models with various widths in the top part of the
anomaly (dashed lines; labeled with the widths).
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the anomaly is only slightly smaller than the lateral extent of
the base (1050 km), indicating the flanks of the western
portion of the anomaly are steeper than those of the African
Anomaly.

4.2. A Model With Mushroom-Like Geometry

[30] A mushroom-like geometry may result from a buoy-
ant, thermal or thermochemical mantle plume, erupting
from the CMB [e.g., Richards et al., 1989; Davaille et al.,
2003]. Here we test a series of plume-like models, consist-
ing of a wide head, a narrow tail and a wide basal layer
(Figure 12a). As the velocity structure and the lateral extents
of the top and bottom of the anomaly are independently
constrained by the seismic data discussed above, we set the
velocity structure and the top and bottom lateral extents of
the anomaly as those in the best fitting model. We test
models with the width of the narrowest part of models
varying from 750 to 0 km. Synthetics calculated on the basis
of these models show a decrease or slight increase of SH
travel-time delays with increasing distance after 82� when
width of the tail is smaller than 750 km, while the

observations show that the SH travel-time delays increase
from 0 s at 78� to 5.6 s at 88� (Figure 12b). Our observa-
tions indicate that, if the western portion of the anomaly has
a mushroom-like geometry, its tail width cannot be smaller
than 750 km.

4.3. Implications of the Inferred Geometry and Seismic
Structure

[31] The trapezoidal shape with a wide top and steep
flanks of the Pacific Anomaly is consistent with the geom-
etry inferred for a metastable thermochemical pile in the
study of Tan and Gurnis [2005]. Both the geographic gap
and geometry of the western portion of the Pacific Anomaly
indicate that the Pacific Anomaly is less stable compared to
the African Anomaly, possibly owing to slight differences in
composition and/or enrichment of heat-producing elements
between the two anomalies. The presence of ULVZs at the
base and edge of the Pacific Anomaly further indicates
existence of vigorous small-scale convection at the base of
the Pacific Anomaly. Partial melt is likely required to
explain the large velocity reductions inferred for these
ULVZs. The geographic locations of these ULVZs support
the hypothesis that these ULVZs may represent similar
chemical heterogeneities like the African and Pacific
anomalies, but in different length scales with different
degrees of melt [Wen et al., 2001]. Because the current
seismic data prevent us from resolving a velocity structure
between an average shear-velocity reduction of �5% and a
strong negative shear-velocity gradient in the bottom 100 km
of the Pacific Anomaly, it is also possible that partial melt in
the Pacific Anomaly may extend a few hundred kilometers
above the CMB as it does at the base of the African
Anomaly [Wen et al., 2001].

5. Conclusion

[32] We determine structural and shear-velocity features
of the Pacific Anomaly on the basis of forward travel-time
analysis and waveform modeling of direct S, Sdiff, ScS, SKS
and SKKS phases sampling a great arc across the anomaly
from eastern Eurasia to southern South America. The
seismic data suggest that the Pacific Anomaly consists of
two large separated portions extending into the middle-
lower mantle and small-scale ULVZs situated at its base and
edge. There is a 740-km-wide gap between the two major
portions. The western portion of the anomaly extends 740 km
above the CMB beneath the western Pacific and exhibits a
trapezoidal shape with a 1050-km-wide base. The eastern
portion of the anomaly reaches at least 340 km above the
CMB beneath the mid-Pacific and exhibits a trapezoidal
shape with an 1800-km-wide base. The shear velocity
structure of the western portion has velocity reductions of
�3.0% at the top increasing to �3.5% at 100 km above the
CMB, and an average velocity reduction of �5.0% in the
bottom 100 km of the mantle. The eastern portion has an
average shear-velocity reduction of �3.0%. At the base of
the mantle, waveform modeling further suggests the Pacific
Anomaly is surrounded by a high-velocity region in north-
west with a velocity jump of about 2% at 220 km above the
CMB and an ULVZ with shear velocity reduction of �10%
extends beneath the high-velocity layer. The geographic
gap, geometry and velocity structure of the Pacific Anomaly

Figure 12. (a) Direct SH raypaths of event 1998/07/09
(event 6; see Figure 1a) with respect to the location of
plume-like models. The models have a wide head of
1000 km, a narrow tail, and a widened base layer with the
same extent in the best fitting model. The paths of no-travel-
time delays are shown with heavy lines. (b) Observed direct
SH travel-time residuals with respect to PREM for event
1998/07/09 (black triangles) and predictions calculated on
the basis of the best fitting model (bold line) and plume-like
models with various widths for the tail (dashed lines; labeled
with the widths).
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suggest that the Pacific Anomaly represents a cluster of
metastable thermochemical piles. The presence of ULVZs at
the base and edge of the anomaly indicates existence of
vigorous small-scale convection and partial melt at the base
of the anomaly.

Appendix A: Earthquake Relocation

[33] We hand-picked the onset of the arrival times of direct
S and sS phases recorded by the Global Seismographic
Network (GSN) between 20� and 75� to relocate all the
earthquakes used in this study (see Table 1 and Figure A1).
We have excluded the S and sS phases recorded at distances
larger than 75�, because they could sample, and be affected
by, the Pacific Anomaly in the lower mantle. The relocation
process consists of two steps.
[34] 1. Within a 4� � 4� � 20 km � 10 s space-time

range (longitude, latitude, focal depth and time) centered at
the original event longitude, latitude, focal depth and origin
time presented in the Incorporated Research Institution for
Seismology (IRIS), we carry out a grid search with an
interval of 0.5� in longitude, 0.5� in latitude, 2 km in focal
depth and 1 s in origin time for the best fitting location and
origin time. The best fitting location and origin time is the
one that predicts the smallest root-mean square of the
differences between the observed direct S and sS travel
times and the calculated direct S and sS travel times on the
basis of the assumed new location and origin time and a
global shear velocity tomographic model (S. Grand, personal
communication, 2004).
[35] 2. Repeat the process, using the new longitude,

latitude, focal depth and origin time as the original earth-
quake parameters and perform the search within a 1� � 1� �
4 km � 7 s space-time range with a grid with intervals of
0.1� in longitude, 0.1� in latitude, 1 km in focal depth and
0.5 s in origin time. Relocation results are presented in
Table 1. The relocation significantly reduces the travel-time
misfits for the GSN observations (Figure A1).
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