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Abstract. Using waveforms and travel times from deep earthquakes, we constructed 16 
seismic profiles, each of which constrains the radial variation in Vp over a small area 
beneath the northern Philippine Sea. Taken together, the azimuthal coverage of these 
profiles also places tight bounds on the lateral extent of a region of anomalously high Vp 
(up to 3% faster than average Earth models) originally suggested by travel time 
tomography. Unlike travel time tomography, which relies heavily on arrival times of the 
direct P phase, we utilize the waveforms and move-out of later arrivals that mainly 
sample the mantle transition zone of interest. Our results identify three important 
characteristics of the northern Philippine Sea anomaly that are distinct from previous 
results. First, being approximately a subhorizontal, laterally uniform feature, the 
anomaly is localized beneath the northwestern comer of the Philippine Sea, within a 
region of approximately 500 x 500 km 2 immediately east of the Ryukyu arc. Second, the 
anomaly is well constrained to occur in the lower portion of the transition zone, 
extending all the way down to the 660-km discontinuity. Third, the presence of such a 
distinct anomaly reduces the contrast in V, across the 660-km discontinuity from 
approximately 6% to 3%. Such a configuration •s consistent wath the interpretanon that 
the anomaly is caused by a remnant of subducted slab, as negative buoyancy should rest 
the slab just above the 660-km discontinuity where resistance to subduction is expected 
from a negative Clapeyron slope during the spinel-Mg-Fe-perovskite transition. 

Introduction 

The fate of subducted lithosphere is one of the 
fundamental issues in geophysics and geochemistry. In 
particular, the depth of penetration of subducted 
lithosphere constrains the extent of heat and mass transfer 
between the upper and the lower mantle [e.g., Anderson, 
1989; Lay, 1994; Silver et at., 1988]. Several recent 
studies showed evidence that the extent of slab penetration 
into the lower mantle seems to vary laterally along 
subduction zones such that at least some subducted slabs 
remain stagnant in the upper mantle [e.g., Glennon and 
Chen, 1995a; Ding and Grand, 1994], while others plunge 
steeply into the lower mantle [e.g., Jordan, 1977; Creager 
and Jordan, 1984, 1986]. For instance, on the basis of 
long-period (-20 s) converted and reflected body waves, 
Shearer and Masters [ 1992] and Shearer [ 1991 ] contended 
that the topography of the 660-km discontinuity shows 
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large-scale depressions extending over a width of 
approximately 2000 km across the Kuril and northern 
Japan subduction zones. Such a feature is expected if cold, 
subducted lithosphere of the Pacific is trapped just above 
the 660-kin discontinuity. 

Recent images from travel time tomography beneath the 
western Pacific also suggested that large, subhorizontal 
regions of anomalously fast P wave speed (V•), interpreted 
as subducted material, exist in the transition zone of the 
mantle (i.e., the zone between depths of approximately 400 
and 660 kin) [Fukao et al., 1992; van derHilst et al., 1991, 
1993]. The anomaly is most pronounced under the 
northern portion of the Philippine Sea plate, with a V• of up 
to 3% faster than average Earth models. In map view this 
feature seems to extend westward for almost 2000 kin, 
from the tip of the Izu-Bonin Wadati-Benioff zone to the 
back arc region of the Ryukyu-Kyushu trench where the 
Philippine Sea plate subducts beneath Eurasia. If this is 
true, both the magnitude of lateral variations in V• and the 
spatial extent of the anomaly beneath the northern 
Philippine Sea region are among the most pronounced in 
the transition zone of the mantle. 

In detail the geometry of this anomaly suggested by 
tomography is peculiar. Instead of resting just above the 
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Figure 1. Map showing the configuration and main results of the northern Philippine Sea experiment. 
Triangles mark the center of the CWB-TTSN short-period array and the locations of broadband 
stations of the Pre-POSEIDON array used in this study. Crosses mark epicenters of 16 intermediate- 
and deep-focus earthquakes (Table 1) used to construct the seismic profiles (P1-P 16). Ellipses show 
approximate locations of the mantle transition zone sampled by turning rays along the 16 seismic 
profiles. Each ellipse is numbered according to its associated profile. For regions 5-12 (dark 
shading), V• in the lower portion of the mantle transition zone is approximately 2% faster than the 
iasp91 average Earth model, while V,• in regions 1-2 and 13-16 (no shading) are close to the iasp91 
model. V• in regions 3 and 4 (light sthading) appear to fall somewhere in between the two extremes. 
The azimuthal equidistant projection is centered at the symbol for the CWB-TTSN array. 

660-km discontinuity, the most pronounced anomalies are 
reported to occur between depths of 490-570 km, in the 
middle of the transition zone [van der Hilst et al., 1993]. If 
the anomalies are indeed caused by subducted Pacific 
lithosphere, the tornographic images seem to imply that a 
remnant of the slab either encountered strong resistance to 
subduction in the middle of the transition zone or may 
even have become positively buoyant in a time period of 
the order of only 10 million years after subduction. Either 
scenario seems unusual. 

To investigate the nature of this anomaly in W, we 
utilized waveform and travel time data from two seismic 

arrays near the edges of the Philippine Sea: the Pre- 
POSEIDON broadband seismic network of Japan and the 
short-period Central Weather Bureau and Taiwan 
Telemetered Seismograph Network (CWB-TTSN) 
(Figure 1). The Philippine Sea plate is surrounded by 
several Wadati-Benioff zones of high background 
seismicity. For many earthquakes at epicentral distances 
of approximately 15ø-25 ø from the arrays (Figure 2), 

turning points of rays that comprise the P wave train 
primarily sample the mantle transition zone where the most 
pronounced lateral and radial variations in W have been 
suggested by tomography. 

Unlike in travel time tomography, which relies heavily 
on arrival times of the direct P phase reported in bulletins, 
we emphasize the rich information contained in the 
waveform and move-out (i.e., changes in arrival times with 
respect to distance) of later arrivals that mainly sample the 
depths of interest. This work complements the previous 
studies by providing resolution on several aspects of the 
anomaly that are of particular interest to geodynarnics. For 
instance, our results indicate that the anomaly of fast V• 
seems to occur in the lower portion of the transition zone, 
reducing the contrast in W across the 660-km discontinuity 
to approximately 3%. The lateral extent of the anomaly is 
constrained to be mainly beneath the northwestern corner 
of the Philippine Sea, immediately to the east of the 
Ryukyu-Kyushu trench. Moreover, if the fast W is 
associated with subducted Pacific lithosphere, cold 
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Figure 2. Triplication of travel time curves due to 
discontinuities near the transition zone of the mantle, as 
predicted by the iasp91 model. Travel time curves for two 
representative focal depths (h) are plotted. Events that 
occur below the 400-kin discontinuity will exhibit only one 
triplication caused by the 660-km discontinuity. Branches 
within this triplication are labeled according to standard 
nomenclature: branch AB, continuous refraction turning 
above the discontinuity; branch BC, pseudo-reflections off 
the discontinuity; and branch CD, continuous refraction 
mining below the discontinuity. Triplicated branches from 
the 400-kin discontinuity are labeled by primed letters. All 
figures displaying travel time curves (2-3, 5-11) are 
plotted with a reduction speed of 10 km/s. 

temperature in the slab may not be sufficient to fully 
account for the large magnitude of the anomaly, suggesting 
the presence of depleted mantle material. 

Data and Analysis 

To constrain three-dimensional variations of V• in the 
manfie transition zone beneath the northern Philippine Sea, 

we constructed 16 seismic profiles over a range of 
azimuths (Figure 1). While each individual profile mainly 
constrains the radial variation in V• over a small area, the 
azimuthal coverage of the profiles places bounds on the 
lateral extent of anomalies in 

We used digital signals that originated from deep- and 
intermediate-depth earthquakes around the northern 
Philippine Sea (Table 1). These signals were recorded by 
two separate, regional seismic arrays. The Pre- 
POSEIDON array of Japan consists of approximately 12 
broadband (high-resolution) seismographs near the 
northern edge of the target region (Figure 1). The broad 
bandwidth and high dynamic range of these stations are 
highly effective in recording seismic signals from all 
distance ranges. For this reason, we were able to use travel 
time residuals from distant earthquakes to remove near- 
station structural effects (station corrections). For a given 
observed seismic profile we found that one-dimensional 
models of radially varying V• are sufficient to explain the 
observed waveforms. These waveforms include all 

relevant arrivals from triplications of the travel time curves 
that are caused by discontinuities in the transition zone of 
the mantle (Figure 2). For this data set, slowness of the P 
wave at particular depths in the transition zone is directly 
determined by the move-out of first arrivals over the array. 

Since data from most stations of the Pre-POSEIDON 

array were not available until May !993, we also used a 
large number of short-period, digital seismograms recorded 
in Taiwan by the CWB-TrSN, available since 1987. This 
is a dense array of approximately 75 stations distributed in 
and around Taiwan near the western edge of our target 
region (Figure 1). The primary purpose of this array is to 
record regional and local earthquakes. Data from few 
teleseismic events are retained. Consequently, we cannot 
obtain station corrections to account for structural 

heterogeneity within the CWB-TTSN array. Instead we 
utilized the relative timing and move-out of later arrivals 
with respect to those of the first arrivals. 

Table 1. Summary of Source-Receiver Geometry 

Event Information 

Origin Time a, Latitude a, Longitude a, Depth a, 
Date UT øN øE km mba 

July 21, 1994 1836:32 4234 132.87 471 6.5 
Mar. 31, 1995 1401:40 38.21 135.01 354 6.0 
Aug. 7, 1992 1111:42 35.73 135.15 358 5.6 
Jan. 22, 1992 0106:56 38.47 14031 116 5.6 
July 7, 1995 2115:19 33.97 137.13 333 5.8 
Aug. 29, 1992 1919:06 33.19 137.98 289 6.0 
Oct. 11, 1993 1554:21 32.02 137.83 351 6.4 
Oct, 30, 1992 0249:48 29.94 138.98 393 6.0 
Dec. 12, 1987 0451:51 29.69 140.02 164 63 
June I, I992 1829:20 29.74 140.70 134 5.5 
May 18, 1993 1019:34 19.91 122.45 169 6.4 
Dec. 3,1988 0313:46 27.80 141.06 106 5.5 
Oct. 2, 1987 0738:28 2735 139.94 463 5.5 
July 22, 1993 1215:36 21.76 144.26 127 5.6 
May 4, 1988 2347:02 18.51 145.86 122 5.9 
Feb. 10, 1991 1415:20 14.0! 144.74 156 5.5 

Profile 

P1 

P4 
P5 

P6 

P10 
Pll 
P12 
P13 
P14 
P15 

P16 

Profile Information 

Back Azimuth, Epiceritral Distances, Sampled Depths b, Preferred 
deg km 

25 2210-2520 
37 1910-2256 
43 1750-2060 
44 2301-2610 
51 1767-2097 
55 1797-2097 
58 1730-2024 
66 1730-2120 
67 1854-2103 
68 I919-2207 
40 e 2298-240 1 
74 1948-2168 
75 1810-2050 
91 2300-2541 
99 2564-2684 
110 2609-2750 

Values of parameters are from the monthly listing of Preliminary Determination of Epicenters (PDE). 
Range of bottoming depths for the rays comprising the P wave train, including all branches of traveltime triplication sampled by each profile. 
Azimuth, not back azimuth, is the appropriate parameter used for this profile. 

km Model 

593-728 iasp 
477-683 iasp 
458-670 ... 
380-679 
442-670 C34 
366-664 C34 
474-664 C34 
495-670 C34 
304-660 C34 
304--662 (234 
400-671 C34 
298-660 C34 

516-680 iasp 
480-685 iasp 
545-700 iasp 
558-708 iasp 

, , 
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To combine data from these two arrays, our analysis 
proceeded as follows. First, we searched for broadband 
seismograms from the Pre-POSEIDON project, 
concentrating on data from intermediate- and deep-focus 
earthquakes that occurred approximately 20ø+5 ø away 
from the densely spaced stations in central Japan 
(Figure 1). In this epicentral distance range, turning points 
of rays that comprise the P wave train occur in the 
transition zone of the mantle (Figure 2). We selected the 
azimuthal range of profiles such that these turning points 
fall near the region in which the most pronounced anomaly 
of fast V• beneath the northern Philippine Sea has been 
suggested by travel time tomography (Figure 1). By using 
only data from earthquakes deeper than !00 km we 
minimized any potential effects of structural complexity 
above the source. For each profile, observed waveforms 
were then matched by synthetic seismograms to generate a 
working model of V•. We found that simple, laterally 
homogeneous models are sufficient to explain each 
observed profile, and there is no evidence to suggest that 
more complex models are necessary. Obviously, each of 
the laterally homogeneous models is appropriate only in 
the vicinity of the region sampled by a particular profile. 

Next we turn to profiles constructed from the CWB- 
TTSN short-period data that sample approximately the 
same portion of the mantle as do broadband waveforms 
obtained from the Pre-POSEIDON seismic array. Along a 
given profile using CWB-TrSN data, the first arrival time 
at each station is manually picked and then time corrected 
to that predicted by the working model on the basis of 
broadband (Pre-POSE!DON) data. Observed arrival times 
of later arrivals and move-out with respect to the first 
arrivals are then compared with those predicted by the 
working model. Whenever possible, observed short-period 
waveforms are also compared with synthetic seismograms 
generated from this working model. Each working model 
originally developed from Pre-POSEIDON data is 
modified iteratively until synthetic seismograms and 
predicted arrival times generated from the model match 
both the broadband and short-period profiles. This entire 
process is repeated for different geographic regions 
sampled by distinct profiles. Additional details on the 
processing of broadband and short-period data are 
presented in Appendices A and B, respectively. 

Results 

In the region sampled by our data where Vp is 
anomalously high, one-dimensional models are sufficient 
to explain each seismic profile. Furthermore, a single, 
uniform model can adequately represent the entire 
anomalous region as a laterally homogeneous structure, 
referred to as the northern Philippine Sea anomaly. Within 
this anomaly our data placed constraints on the slowness of 
the P wave, the vertical gradient of Vp in the transition 
zone, and the change in V• across the 660-kin 
discontinuity. The lateral extent of the anomaly is 
constrained by surrounding profiles that can be explained 
well by average Earth models (Figure 1). Since it is not 
the purpose of this study to investigate average Earth 
models, in the following discussions we have used the 
iasp9! model [Kennett and Engdahl, 1991] that happens to 
be suitable for profiles surrounding the northern Philippine 
Sea anomaly. 

Northern Philippine Sea Anomaly 
Broadband Data. In the short time period since Pre- 

POSEIDON data became available, profile 11 is the only 
broadband data set we identified that directly sampled the 
northern Philippine Sea anomaly (Figure 1). Twelve 
stations in the Pre-POSEIDON array recorded the event. 
Among them, excellent data with high signal-to-noise 
ratios (S/N) are available from six stations near Tokyo, 
with an average spacing of only 20 km over an aperture of 
100 km (Figure 3). The source-receiver geometry is 
approximately linear, within 10 ø in back azimuthal range 
from the source (Figure 1). 

Data shown in Figure 3 have been corrected for static 
time shifts due to near-station structure. Waveforms have 
been deconvolved to remove effects of a finite earthquake 
source whose parameters, in turn, were precisely 
determined by the inversion of teleseismic waveforms 
following a procedure described by Glennon .and Chen 
[1993, 1995b]. During deconvolution the data are band- 
pass filtered between 0.75 and 0.1 Hz. The layout of the 
final data set places an arrival from a forward branch of a 
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Figure 3. Comparisons between observed (solid traces) 
and synthetic (dash-dotted traces), broadband seismograms 
from the Pre-POSEIDON array along profile 11. Smooth 
curves show predicted travel times, while solid dots show 
visually picked first arrivals from unprocessed 
seismograms. (a) The simple model C34 (Figure 4). (b) 
Model C27 with a 520-km discontinuity (Figure 4). At the 
near end of the array the cusp (B") produced by the 520- 
km discontinuity provides a good fit to the beginning of 
the waveform. 
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triplication as a peak of an acausal, symmetric wavelet. 
For comparison, visually picked first arrivals are also 
plotted (Figure 3). The deconvolved data set is used for 
waveform analysis. Details of data processing are 
presented in Appendix A. 

Given the approximate linear geometry of each profile 
in Figure 1, we calculated synthetic seismograms using the 
WKBJ algorithm [Chapman, 1978; Chapman et al., 1988]. 
We performed both forward modeling and waveform 
inversion to find the best fitting models, and the results 
from both approaches are similar. Each model of V• is 
subject to a priori constraints regarding its gradient with 
respect to depth in the transition zone, contrasts in Vp 
across major discontinuities, and depths of such 
discontinuities. We used bounds on these parameters 
summarized by Kennett [1993]. The best fitting model is 
then perturbed by forward modeling to estimate 
uncertainties of parameters. 

In Figure 3, move-out of first arrivals across the Pre- 
POSEIDON array is approximately 10 km/s (in a spherical 
Earth). This apparent speed and the distance range over 
which the speed is measured indicate that these arrivals 
mainly sample the middle to lower portion of the transition 
zone. Indeed, results of modeling the waveforms show 
that the largest arrivals are from refractions turning in the 
middle of the transition zone (branch AB, Figure 3a). The 
precise depths for the turning points of rays are model 
dependent. We found the Vp to be 10.0-•_0.13 km/s at a 
depth of approximately 580-+15 km. 

With a Nyquist frequency of 10 Hz in the raw data the 
high S/N of the data can resolve differences as small as 
0.2-0.3 s in travel times between observed and synthetic 
waveforms. Thus, observed first arrivals are sensitive to 
changes in the gradient of V• with respect to depth. Given 
the limited aperture of the Pre-POSEIDON array, however, 
a more robust constraint on the gradient comes from the 
near end of the array, where a conspicuous secondary 
arrival is identified to be the caustic arrival from the 

400-kin discontinuity (cusp B', Figures 2 and 3). 
In addition to the fact that synthetic seismograms match 

observed waveforms from this cusp (Figure 3b), the 
identification of the location of cusp B' is corroborated by 
short-period seismograms from Taiwan along profiles 10 
and 5 to be discussed in Figures 5 and 11, respectively. 
Timing of this cusp gives an estimate of the root-mean- 
square (RMS) Vp above the 400-kin discontinuity. Taken 
together with the timing and move-out of the first arrivals, 
the observed waveforms can only be matched with a steep 
gradient in V• across the transition zone. This feature is 
illustrated •hen one compares the iasp91 model, a 
commonly used one-dimensional, radially varying model 
representing the average Vp of the Earth, with our preferred 
model, C34, which is used to generate synthetic 

, 

seismograms in Figure 3a (Figure 4). 
Notice that the identification of cusp B' in the data 

constrains only the RMS V• above the 400-km 
discontinuity. IChus in model C34, variations in V• above 
depths of 400 km are simply taken from the Model of 
Erdogan and Nowack [1993], the most recent, average 
model for the Philippine Sea area as a whole. Similarly, 
since there is no indication from travel time tomography 
that any anomaly in Vp exists in the lower mantle beneath 
the entire Philippine Sea [Fukao et aL, 1992; van der Hilst 
et aL, 1991, 1993], we assumed that Vp in the lower mantle 

is adequately represented by the iasp91 model. As a result 
we have varied only values of Vp and the thickness of the 
transition zone in our modeling. In the simplest case of a 
single layer in the transition zone such as model C34, there 
are only four free parmeters: depths to and contrasts in V• 
across the 400- and 660-kin discontinuities, all subject to a 
priori constraints discussed earlier in this section. 

Under these conditions a steep linear gradient of 
approximately 5.35_+0.3 x 10 '3 km/s/km appears to be 
required to explain the data, and model C34 is our best 
fitting model. Overall features of observed waveforms are 
matched by synthetic seismograms generated from this 
model, with a maximum mismatch in timing of only 0.2 s 
(Figure 3a). The only noticeable mismatch in the 
waveforms is at the near end of the array at a distance of 
2300 km. For this station a prominent peak arrives 
approximately 1 s after the first arrival. Since no such 
arrival is expected if the entire transition zone is 
represented by a single layer, the most straightforward 
interpretation of this mismatch is to introduce a small 
discontinuity in the middle of the transition zone. This 
procedure results in two additional free parameters, the 
contrast in V• and the depth to the discontinuity. 

Following the work of Shearer [1990, 1991] and 
Revenaugh and Jordan [ 1991], we experimented with 
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Figure 4. Comparison of three models for V. in the upper 
mantle. Both models C34 and C27 are char•tcterized by a 
high V• in the lower portion of the transition zone, 
approx!mately 2% faster than that of the iasp91 average 
Earth model. 
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models that included a small (1-2% contrast in 
discontinuity near a depth of 520 km. Under this category 
of models, C27 is our best fitting model that matches the 
seismogram at a distance of 2300 km in detail, particularly 
regarding the location of cusp B" (Figure 3b). For the 
other stations along this profile, synthetic seismograms 
generated from models C34 and C27 match observations 
equally well (Figure 3). With a small jump in Vp in the 
middle of the transition zone, model C27 decreases the 
linear gradient in Vp to 4.86+0.2 x 10 -3 km/s/km in each of 
the two layers straddled by the 520-km discontinuity. To 
match the observed waveforms, results of modeling show 
that the discontinuity can occur over depths up to 
10-15 km, but no more than 20 km. Otherwise, models 
C27 and C34 are quite similar (Figure 4). In particular, in 
the lower part of the transition zone, Vp in both models are 
approximately 2% faster than the iasp91 velocity model. 

The existence of the 520-km discontinuity as a global 
feature is controversial [cf. Shearer, 1996; Benz and 
Vidale, 1993; Bock; 1994; Cummins et al., 1992; Jones et 
al., 1992]. Although model C27 seems to explain data 
along profile 11 better than models without a 520-kin 
discontinuity, we have no other evidence to corroborate the 
existence of such a discontinuity beneath the northern 
Philippine Sea. Therefore, we shall use the simple model 
C34 to describe the northern Philippine Sea anomaly. 
Given the limited aperture of the broadband profile, one 
may question whether all features of the transition zone 
associated with model C34 can be confidently resolved. In 
the next few sections we shall revisit these features as they 
are borne out by short-period data. 

Short-period data. Using short-period data from the 
CWB-TTSN array in Taiwan, we find that portions of the 
manfie transition zone sampled by several profiles are 
close to the area examined by profile ! !. In particular, the 
source-receiver geometry for profile 10 is approximately 
the reverse of profile 11, minimizing the possible effect of 
dipping structures (Figure 1). Indeed, similar results from 
profiles 10 and 11 support the notion that a laterally 
homogeneous model is sufficient to explain the northern 
Philippine Sea anomaly. Data and results of our analysis 
for profile 10 are shown in Figure 5, whose layout of 
seismograms is similar to that of Figure 3. Details of 
processing and selection of data for the CWB-TTSN array 
appear in Appendix B. 

In Figure 5, both the relative travel times and 
amplitudes of later arrivals with respect to the first arrival 
are well explained by synthetic seismograms generated 
from model C34. Notice that first, no late arrivals of large 
amplitude are observed close to the near end of the array 
(distance of--1950 km; Figure 5a). The only likely 
candidates for large, late arrivals near a distance of 
2000 km are phases associated with cusp C, at the near end 
of the triplication due to the 660-km discontinuity 
(Figure 5c). Thus the short span of branches BC and CD is 
consistent with a small contrast in Vp across the 660-kin 
discontinuity, characteristic of model C34 but 
approximately half the contrast predicted by the iasp91 
average Earth model (Figures 4 and 5c). 

Second, at distances larger than 2000 km the effect of a 
small contrast in Vp across the bottom of the transition zone 
is also observed from the arrival times of phases associated 
with turning refraction (branch CD) and pseudo-reflection 

(branch BC) in the transition zone. Such arrivals occur 
within 5 s of the first arrivals (Figure 5a), approximately 
2-3 s earller than predictions based on the iasp91 model 
(Figure 5c). In model C34 the early arrival times are a 
direct consequence of fast Vp in the lower transition zone. 
The alternative interpretation that Vp just below the 660-kin 
discontinuity is anomalously slow is inconsistent with the 
move-out of observed first arrivals from broadband data 
along profile 11 (Figure 3). 

Finally, judging from the simple pulse shape of the first 
arrival at the near end of the array, the total duration of the 
source time function is approximately only 1 s or less 
(Figure 5a). Thus at distances of 2075-2200 kin, large 
arrivals associated with the cusp B' are interpreted to be 
among the sequence of gulses that occur within 5 s of the 
first arrivals (Figure 5a). The assertion that cusp B' 
terminates beyond a distance of 2200 km is consistent with 
our identification of this cusp at the very near end of the 
broadband profile (Pll) near 2300 km (Figure 3). The 
location of this cusp was also correctly predicted by model 
C34 along profile 5, to be discussed in Figure 11. 

For the short-period profiles in general, the average 
spacing between stations is only 20 km, and the arrival 
time of each phase can be determined to within _+0.5 s. 
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Figure 5. Results for profile 10, approximately sampling 
the same region as profile 11 but with a reversed source- 
receiver configuration (Figure 1). (a) Observed 
seismograms (solid traces) overlain b5/ predicted travel 
times of the preferred model C34 (smooth curves). (b) 
Synthetic seismograms (solid traces) and travel times 
predicted by model C34. Both'the timing and amplitude of 
synthetic waveforms match observations shown in 
Figure 5a. (c) Comparison of travel time curves predicted 
by models C34 and iasp91. Notice differences in the 
locations of cusps C and B' and in the timing of BC-CD 
branches with respect to first arrivals. 
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Figure 6. Results for profile 9, sampling a region between 
profiles 10 and 11 within the northern Philippine Sea 
anomaly (Figure !). (a) Observed seismograms (solid 
traces) overlain by predicted travel times of the preferred 
model C34 (smooth curves). (b) Comparison of travel 
time curves predicted by models C34 and iasp91. Notice 
differences in the location of cusp C and in the timing of 
late arrivals with respect to first arrivals. 

The latter is equivalent to an uncertainty of +_0.7 s for 
differential travel times. Such a resolution in space and 
time is comparable to that expected from the uncertainties 
cited earlier based on modeling of broadband waveforms. 

Along profiles 5-9 and profile 12, model C34 also 
provides a satisfactory explanation for observed 
seismograms. Figure 6 shows another example, profile 9. 
The apertures of profiles 9 and 10 are similar, but profile 9 
incorporates data from smaller epicentral distances. The 
termination of cusp C near the distance of 1950 km is 
particularly clear in this case (Figure 6), corroborating a 
small contrast in Vp across the 660-km discontinuity in 
model C34. Along profiles 5-12 the turning points of rays 
sample a region of approximately 500 x 500 km 2 within 
which Vp of the transition zone appears to be laterally 
uniform' (Figure 1). This result corroborates that the 
northern Philippine Sea anomaly is mainly a subhorizontal 
feature [Fukao et al., 1992; van der HiIst et al., 1991, 
19931. 

Lateral Extent of the Anomaly 
Southern termination of the anomaly. The anomaly 

terminates to the southeast and south of the region sampled 
by profile 12, as no anomalous V• in the transition zone is 
detected along profiles 13-16 (Figure 1). For instance, the 
horizontal separation between regions sampled by profiles 
12 and 14 is approximately 300 km, yet observations along 
profile 14 can be fully accounted for by the iasp91 model 
and are clearly inconsistent with a fast V• in the transition 
zone. 

Data plotted in Figure 7a show that in this particular 
layout, move-outs of all later arrivals have negative slopes 
over the entire range of profile 14. Time delays between 
secondary and first arrivals decrease from approximately 
4 s at a distance of 2300 km to about 2 s at 2450 km. Such 

a move-out is precisely that predicted by the iasp91 model 
for refraction (branch CD) and pseudo-reflections 
(branch BC) bottoming in the transition zone. Were the 
lower portion of the transition zone to have anomalously 
high Vp, such as in model C34, these delays must be 
considerably smaller than those observed (Figure 7b). 

Notice that in Figure 7b, move-outs of arrivals 
associated with the triplication due to the 400-km 
discontinuity, if any, will show a positive slope (e.g., 
branch B'C'; Figure 2). Such arrivals are absent in the data 
(Figure 7a). The absence of cusp B' in profile 14 indicates 
that this profile samples the mantle transition zone outside 
the southern boundary of the northern Philippine Sea 
anomaly (Figure 1). In contrast, data from profile 12 can 
be explained by model C34 but are clearly incompatible 
with model iasp91. 

The southern limit of the anomaly is further constrained 
by profile 13, whose source occurs on the southern edge of 
the Izu-Bonin arc, and by profiles 15 and I6, whose 
sources are events along the Mariana arc (Figure 1). 
Although no cusps are present in the waveforms sampled 
along profile 13, the observed differences in timing 
between later and first arrivals are consistent with the 
iasp91 model (Figure 8). These differences decrease from 
approximately 3 s at the near end of the array to slightly 
less than 2 s at the far end. In contrast, model C34 predicts 
a nearly constant interval of approximately 1 s across the 
entire array (Figure 8b). Similarly, data from all three 
profiles (13, 15, and 16) are consistent with the iasp91 
model, with no indication of an anomalously fast V• in the 
transition zone south or east of profile 12. These 
observations lead us to conclude that the southeastern edge 
of the northern Philippine Sea anomaly terminates between 
the regions sampled by profiles 12 and 13 (Figure 1). 

Northern termination of the anomaly. The 
northwestern limit of the northern Philippine Sea anomaly 
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Figure 7. Results for profile 14, sampling the mantle 
transition zone due east of Taiwan beneath the northern 

Philippine Sea (Figure 1). (a) Observed seismograms 
(solid traces) overlain by predicted travel times of the 
preferred iasp91 model (smooth curves). (b) Comparison 
of travel time curves predicted by models C34 and iasp91. 
Notice differences in the locations of cusp B' and in the 
timing of later arrivals with respect to first arrivals. 
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Figure 8. Results for profile !3, sampling a region just to 
the east of the northern Philippine Sea anomaly (Figure 1). 
(a) Observed seismograms (solid traces) overlain by 
predicted travel times of the preferred iasp91 model 
(smooth curves). (b) Comparison of travel time curves 
predicted by models C34 and iasp91. When compared 
with the observations, time intervals between later and first 
arrivals predicted by model C34 are too small and nearly 
constant across the array. 
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Figure 9. Results for profile 1, sampling the transition 
zone in the back arc region beneath South Korea 
(Figure 1). (a) Observed seismograms (solid traces) 
overlain by predicted travel times of the preferred iasp91 
model (smooth curves). On the basis of detailed 
investigation of the source-time function [Chen et at., 
1996] we used the arrival times of the second, larger pulse 
of observed signals. (b) Comparison of travel time curves 
predicted by models C34 and iasp9!. No trip!ication is 
predicted by model C34 at distances greater than 2175 kin. 

is largely constrained by profiles 1, 2, and 5 (Figures 1 and 
9-11). The source for profile 1 is a recent, large 
earthquake whose source time function consists of two 
bursts of seismic moment release. Chen et al. [1996] 
studied this event in detail and reported that each of the 
two body wave pulses has a duration of approximately 4 s, 
with a time separation of approximately 4 s between them. 
Consequently, we have picked the first arrivals according 
to the onset of the second, larger burst of moment release 
in Figure 9a. 

Since the source depth is well below the 400-kin 
discontinuity (Table 1), only the triplication due to the 
660-kin discontinuity can be expected from this profile 
(Figure 2). A prominent second arrival is clearly observed 
over the entire distance range of this profile (Figure 9a). 
Delay times and move-out of this second phase in relation 
to the fu:st arrivals are well explained by the iasp91 model, 
placing cusp B at a distance of approximately 2500 km 
(Figure 9a). Incidentally, like profile 10 (Figure 5), short- 
period waveforms from this event can be matched by 
synthetic waveforms. These observations cannot be 
explained by a high W in the transition zone, because such 
an anomaly would reduce the contrast in Vp across the 
660-krn discontinuity and place cusp B at a distance of 
several hundred kilometers smaller than that observed 

(Figure 9b). This particular result is consistent with that of 
Tajima and Grand [1995], who studied a similar problem 
beneath the Japan Sea. 

In fact, profile 2 provides evidence that the anomaly 
does not extend beyond the west coast of southern Japan 
(Figure 1). At the near end of the array (-!900 km), 
arrivals from branches BC and CD are delayed by more 
than 4 s from the first arrivals (Figure 10a). These arrival 
times agree well with predictions of the iasp91 model but 

are clearly incompatible with those of model C34, which 
predicts a delay of only 1.5 s at this distance (Figure 10b). 

In contrast, profile 5 indicates that the northern 
Philippine Sea anomaly does extend beneath the 
southernmost tip of Japan near a latitude of 30øN 
(Figure 1). At distances near 1800 km, arrivals from 
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Figure 10. Results for profile 2, sampling the mantle 
transition zone in the back arc region just west of Kyushu 
(Figure 1). (a) Observed seismograms (solid traces) 
overlain by predicted travel times of the iasp91 model 
(preferred, smooth curves). (b) Comparison of travel time 
curves predicted by models C34 and iasp91. The 
difference in predicted move-outs of later arrivals is most 
conspicuous at the near end of the array (!900 km). 
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branches BC and CD are observed within 4 s of the first 
arrival, as predicted by model C34 (Figure 11a). 
Meanwhile, model iasp91 predicts too large a delay of 
more than 6 s at the same distance (Figure 11b). 
Moreover, arrivals from cusp B' predicted by model C34 
are also present in the data near the distance of 1775 km 
(Figure 1 !a). 

Thus the termination of the northern Philippine Sea 
anomaly must have occurred within the 300 km distance 
between the regions sampled by profiles 2 and 5 
(Figure 1). However, the exact northern limit of the 
anomaly cannot be further refined. Along profiles 3 and 4, 
predicted differences in arrival times and move-outs 
between models C34 and iasp91 are small. Consequently, 
we cannot confidenfiy resolve whether regions sampled by 
profiles 3 and 4 are pan of the northern Philippine Sea 
anomaly or a transitional region near the edge of the 
anomaly. 

In summary, results of 16 seismic profiles indicate that 
the lateral extent of the anomaly seems much smaller than 
that inferred from travel time tomography of first arrivals 
[cf. Fukao et aI., 1992; van der Hilst et al., !991, 1993]. 
The most pronounced anomaly in the transition zone is 
mapped out by profiles 5-12, approximately centered just 
east of the Ryukyu are beneath the northwestern comer of 
the Philippine Sea (Figure 1). Within this region the 
anomaly can be approximated as a subhorizontal, laterally 
uniform feature in the transition zone. However, instead of 
centering near a depth of approximately 530+40 km 
[Fukao et al., 1992; van der Hilst et al. , !991, 1993], fast 
V• appears to occur in the lower portion of the transition 
zone, reducing the contrast of V• across the 660-kin 
discontinuity from approximately 6% to 3% (Figure 4). 

Interpretation and Discussion 

Our results bolster the interpretation that the northern 
Philippine Sea anomaly is caused by remnants of 
subducted Pacific lithosphere, even though we disagree 
with the assertion of Fukao et al. [ 1992] and van der Hilst 
et al. [1991, 1993] that the anomaly mainly occurs in the 
middle of the transition zone. The reason is twofold. First, 
since the thermal constant for old oceanic lithosphere is 
approximately 80 Ma [e.g., Parsons and Sclater, 1977], 
cold Pacific lithosphere should remain negatively buoyant 
for tens of millions of years after subduction. 

Second, since the phase transition across the 660-kin 
discontinuity has a negative Clapeyron slope [e.g., Ito and 
Takahashi, 1989], this discontinuity presents a resistance 
to slab penetration [Turcotte and Schubert, 1971]. As 
subduction continues along the !zu-Bonin [van der HiIst 
and Seno, 1993], negative buoyancy would rest the slab 
just above the 660~km discontinuity where considerable 
resistance to slab penetration is expected [Turcotte and 
Schubert, 1971]. The presence of a cold slab should 
increase the depth to the 660-km discontinuity. Shearer 
[!99 !] reported that on average, the difference in depths to 
this discontinuity between large-scale tectonic provinces is 
of the order of 10 km. However, we cannot prove that 
such a depression of the 660-kin discontinuity exists under 
the northern Philippine Sea anomaly, because this value is 
approximately the limit of resolution in our data for this 
particular parmeter. 
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Figure 11. Results for profile 5 near the northernmost 
limit of the northern Philippine Sea anomaly (Figure 1). 
(a) Observed seismograms (solid traces) overlain by 
predicted travel times of model C34 (smooth curves). (b) 
Comparison of travel time curves predicted by models C34 
and iasp91. Note that the presence of cusp B' is predicted 
correctly by model C34. 

If the northern Philippine Sea anomaly is due to 
subducted lithosphere of the Pacific plate, an obvious 
interpretation is that the high Vp is a result of cold 
temperatures associated with subducted lithosphere. We 
estimated the temperature difference, AT, m, between the 
coldest interior of the slab and the surrounding 
asthenosphere by an analytical approximation of McKenzie 
[!970]. Since we are interested only in the temperature 
difference between the asthenosphere and subducted slab, 
adiabatic heating and latent heat associated with phase 
transformation have no effect on AT, nax. We specified a 
slab length of 1500 km, slab thickness of 100 km [ran der 
Hilst and Seno, 1993], and convergence rate of 45 mm/yr 
[Seno et al., !993] in our calculations. Values for the other 
parameters are assumed to be the same as those of 
Molnar et al. [1979]. The estimated AT,• is 300øK. 
Thus, on average, the suspected slab remnant is 
approximately 150øK cooler (AT) than the asthenosphere. 

It is important to bear in mind that even at relatively 
shallow depths, all estimates of AT are subject to 
considerable un.certainty [e.g., Peacock, 1996]. Using 
parameters whose values are similar to those listed above, 
we compared the results from different schemes of thermal 
modeling. For instance, for a 60ø-dipping slab at a depth 
of 400 km where a number of published results are 
available, the analytical solution seems to underpredict the 
AT. The amount of underprediction, however, ranges from 
as small as 20% up to nearly 60%, when compared with 
the finite element model of Davies and Stevenson [1992] 
and a finite difference model of Stein and Stein [1996], 
respectively. Thus our estimated AT for the northern 
Philippine Sea anomaly is likely to be uncertain by at least 
the same magnitude. 

Using a temperature derivative of-0.4 to -0.5 m/s øK 
[e.g., Kern, 1982; Creager and Jordan, !986], we expect a 
AT of 1500K to raise the V• by 0.06-0.075 km/s when 
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averaged over the thickness of the slab. If the temperature 
anomaly is 60% larger, as suggested by the models of Stein 
and Stein [ 1996], V• will increase by 0.10-0.12 km/s. In 
this case, thermal effect alone may be sufficient to explain 
the anomaly in V• observed at a depth near 580 km under 
the northern Philippine Sea. On the other hand, if the AT is 
only 20% greater, as is suggested by the calculations of 
Davies and Stevenson [ 1992], petrological effects may be 
needed to explain the observed anomaly in Vp, unless the 
actual value of Vp is at the lowest possible bound allowed 
by uncertainties in our measurements. It is interesting to 
note that a AT in excess of 200øK is expected to depress 
the depth of the 660-km discontinuity by approximately 
20 krn [Ito and Takahashi, 1989; Shearer, 1991], an effect 
we did not observe. 

Minerals expected to be stable under temperature and 
pressure conditions in the transition zone fall into three 
categories [Duffy and Anderson, 1989]. First is [•- and ?- 
spinel, both being high-pressure forms of olivine with fast 
Vp. Second is a garnet-majorite solid solution, 
characterized by Vp values slower than those of spinels. 
Third is a minor component, jadeitc, a clinopyroxene with 
very slow V•. If the temperature effect associated with a 
c61d subducted slab is much less than 250øK, the high 
value of observed V• associated with the northern 
Philippine Sea anomaly suggests that [5- and T-spinel are 
the only candidates that can account for an additional 
increase in Vp. If so, the lower portion of the transition 
zone under investigation must be enriched in high-pressure 
forms of olivine relative to the average Earth. 

In general terms this petrologic interpretation is 
consistent with the notion that this anomaly is a result of 
subducted Pacific lithosphere, trapped just above the 
660-kin discontinuity. First, both travel time tomography 
and our results indicate that the anomaly is a subhorizontal 
feature, probably extending continuously westward from 
the tip of the Izu-Bonin Wadati-Benioff zone 
[Fukao et aI., 1992; van der Hilst et al., 1991, 1993]. This 
geometry suggests that original layering of subducted 
Pacific lithosphere would be largely intact. The bulk of 
subducted lithosphere is expected to be depleted mantle 
material (i.e., relatively enriched in olivine), overlain by a 
veneer of enriched eclogite crust. A remnant of thick, 
depleted lithospheric mantle is a suitable candidate for fast 
Vp in the bottom portion of the transition zone. 

Second, O'Neill et al. [1993] reported that hydrous, 
calcium-rich garnet, likely to be stable under high 
pressures, has an extremely low seismic wave speed. Thus 
a veneer of hydrothermally altered oceanic crust, which is 
expected to turn into ec!ogite (mainly garnet and 
clinopyroxene) if it is subducted with the rest of the 
lithosphere, may be sufficient to account for the relatively 
slow Vp in the upper portion of the transition zone beneath 
the northern Philippine Sea. This interpretation is 
speculative, and the relatively slow Vp over a large 
thickness in the upper portion of the transition zone is 
difficult to explain. 

Conclusions 

Using 16 seismic profiles, each including relevant 
arrivals from triplications of travel time curves associated 
with the mantle transition zone, we constrained three- 

dimensional variations in Vp associated with the northern 
Philippine Sea anomaly. Azimuthal coverage of the 
profiles indicate that the lateral extent of the anomaly is 
much smaller than that inferred from travel time 
tomography using mainly first arrivals. Nonetheless, the 
anomaly does stand out as a subhorizontal, laterally 
uniform feature in the transition zone beneath the 
northwestern comer of the Philippine Sea (Figure 1). 

On the basis of seismic rays whose turning points occur 
within the anomaly, an important characteristic of the 
anomaly is that fast Vp occurs in the lower portion of the 
transition zone, reducing the contrast in V• across the 
660-km discontinuity to approximately 3% (Figure 4). 
Although these features differ from images of travel time 
tomography, constraints presented here actually help 
bolster the interpretation that the northern Philippine Sea 
anomaly is associated with subducted Pacific lithosphere. 
On the basis of estimates of temperature fields associated 
with subduction, Vp of stable mineral assemblages under 
mantle conditions, and expected layering within subducted 
slabs, we interpret that a remnant of subducted Pacific 
lithosphere is trapped in the transition zone just above the 
660-kin discontinuity. 

Appendix A: Processing of Pre-POSEIDON 
Broadband Data 

Station Corrections 

The Pre-POSEIDON stations are located in Japan near 
the junction of the Pacific, Philippine Sea, and Honshu 
plates where the geology is complex [e.g., DeMets, 1992]. 
On the basis of short-period P arrivals, station corrections 
(statics) of the order of _+1 s have been reported for this 
general area [e.g., Hager and Clayton, 1989]. Azimuth- 
dependent station corrections of similar magnitude have 
also been reported across the Gr•ifenberg broadband array 
in Gemany [Weber, 1994]. We determined statics for the 
Pre-POSEIDON stations by taking weighed averages of 
travel time residuals from earthquakes at teleseismic 
distances (Table A1). 

Within the 1-year period of May 1993 to May 1994 we 
were able to determine precise arrival times from eight 
large teleseismic earthquakes whose epicentral distances 
varied from 30 ø to 90 ø . In this distance range, 
complications due to triplications in the upper mantle and 
phases interacting with the core are minimized. For each 

Table A1. Hypocenter Information of Calibration Earthquakes 

Origin Time, Latitude, Longitude, Depth, 
Date UT øN øE km mb 

May 11, 1993 1826:51.3 7.22 126.57 59 6.1 
May 15, 1993 0155:38.8 7.23 126.64 31 5.6 
Aug. 4, 1993 1131:18.0 - 1.63 99.62 32 5.9 
Aug. 29, 1993 0957:54.9 -7.01 !29.56 147 5.8 
Sept. 1, 1993 1148:38.4 -4.33 102.57 71 5.8 
Sept. 29, 1993 1116:03.5 0.49 121.53 97 6.1 
Dec. 9, 1993 0432:19.5 0.49 126.00 15 6.5 
Dec. 9, 1993 1138:27.9 0.43 !25.89 !6 63 

Values of parameters are from the monthly listing of Preliminary 
Determination of Epicenters (PDE). 
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Figure A1. Travel time residuals at five Pre-POSEIDON stations (solid circles) used in Figure 3 
relative to global station MAJO, whose absolute residual is close to zero. At each station the solid 
square shows the station correction that is a weighed average of residuals. The events (Table A1) are 
chosen with back azimuths appropriate for the geometry of profile 1!. Travel times predicted by 
iasp91 are used as the reference model. 

earthquake the back azimuths are within a +_20' range from 
the source-receiver geometry of profile ! 1. We then 
calculated travel time residuals, using the hypocenter 
information of the Monthly Listing of the Preliminary 
Determination of Epicenters and the iasp91 travel time 
curves [Kennett and Engdah!, 1991]. 

Assuming Gaussian statistics and taking into account 
uncertainties in reading arrival times, we calculated the 
correction for each station as weighted averages of travel 
time residuals with respect to station MAJO, a long- 
standing, standardized global seismograph station whose 
arrival times have often been included in building 
reference Earth models (Figure A1). The resulting station 
corrections are approximately +_1 s, consistent with values 
reported by Weber [1994] and Hager and Clayton [1989]. 
Note that if station corrections were not applied, the move- 
out of first arrivals shown in Figure 3 would have 
exceeded 13.Skm/s (in a spherical Earth), an 
unrealistically fast V• for the transition zone or the lower 
manfie. 

Finally, to match the absolute arrival time of cusp B' 
shown in Figure 3, the thin (!.4 kin) veneer of sediments in 
the model of Erdogan and Nowack [1993] is replaced by 
extending their upper crustal layer to the surface. 

Source Parameters of the Event on May 18, 1993 

Using the P wave train from the near real time data 
retrieval system SPYDER of the Data Management Center 
of the Incorporated Research Institutions for Seisinology 
(IRIS DMC), we determined the focal mechanism, the 
depth, the scalar seismic moment, the duration, and the 
shape of the far-field source time function of this event by 
waveform inversion. This technique analyzes P and SH 
wave trains by minimizing the differences between 
observed and synthetic seismograms in a least squares 

sense. This algorithm was originally developed by 
Ndbelek [1984] to investigate shallow earthquakes. 
Glennon and Chen [1993, 1995b] and Chen [1995] 
modified N•ibelek's routines to study deep earthquakes, and 
we have used the same procedure here. The readers are 
referred to those papers for technical details. 

Figure A2 shows the result of the inversion. The source 
depth of this event is determined to be approximately 
169-•_5 kin. This is a necessary step in our analysis because 
to first order, erroneous source depth maps into erroneous 
epicentral distances across the entire array. Inspection of 
direct P phases at teleseismic distances indicated that the 
main burst of moment release was preceded by a small 
precursor (Figure A2). Consequently, we enhanced the 
high-frequency component of the signals recorded at Pre- 
POSEIDON stations by using the teleseismic, direct P 
phase recorded at COL as the basis for deconvolution. The 
signal at COL was chosen because this station lies in the 
same general azimuth of the source-receiver configuration 
for profile 11. Any effect of directivity for this station is 
approximately the same as the effects at Pre-POSEIDON 
stations. 

In fact, strong directivity in the general direction of 
south is evident from the narrow pulse width at CTAO 
(Figure A2). The source model used in Figure A2 is a 
Haskell line source with a rupture velocity of 4 km/s 
toward south-southwest. Consequently, only the direct P 
pulse recorded at COL has the appropriate azimuth to be 
used as a basis for deconvo!ving the Pre-POSEIDON data 
along profile 11. 

in terms of tectonics this earthquake is unusual. The 
Wadati-Benioff zone of the source region is associated 
with the east dipping slab of the South China Sea under the 
Luzon arc [e.g., Hamburger et al., !983]. The focal 
mechanism of the earthquake, strike 203', dip 44 ø, and 
rake -150 ø, has an east-northeasterly plunging P axis 
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Figure A2. Comparison between observed (solid traces) and synthetic broadband P wave trains 
(dashed traces) at selected teleseismic stations. After normalization to an epicentral distance of 50 ø, 
amplitudes of both observed and synthetic ground displacements are plotted with a common absolute 
scale. Orientations of nodal surfaces for direct P phases and locations of observations on the focal 
sphere are shown in equal-area projection of the lower hemisphere of the focal sphere. Vertical bars 
on seismograms indicate time windows used in the inversion. The shape of the source-time function is 
also plotted. Notice the narrow pulse width at CTAO, indicating strong directivity toward the general 
direction of south. 

(Figure A2), indicating downdip compression in the 
subducting lithosphere. Such a pattern of strain is rare at 
intermediate depths [e.g., Kao and Chen, 1991]. 

Appendix B: Processing of CWB-TTSN 
Short-Period Data 

The present configuration of the combined CWB-TTSN 
array includes 75 three-component, short-period stations 
densely located over an aperture of approximately 
3.5øx 1.5 ø The array has been operated jointly by the 
Central Weather Bureau and the Institute of Earth 

Sciences, Academia Sinica. The TTSN network began 
digital recording in July 1987, with only vertical 
component seismographs sampled at 100 Hz [Wang, 
1989]. In March 1991 the CWB network began recording 
three-component data at the same sampling rate. For both 
networks, data are archived for a 3 min duration when 
triggered by an event. Since the main purpose of the 
CWB-TTSN array is to record local and regional 
earthquakes, data for few teleseismic events are retained. 

We searched all available data and selected 

seismograms that satisfy the following criteria: (1) on- 
scale recordings with high S/N ratios; (2) signals produced 
by intermediate- and deep-focus earthquakes to avoid 
potential interference from pP and s P or any effects of 
structural complexity above the source; (3) epicentral 
distances within 20ø+5 ø where turning points of rays 
associated with triplications of travel time curves are 
expected to mainly sample the transition zone of the 
mantle; and (4) back azimuths appropriate for the target 
area. 

The selected data are down-sampled to 25 Hz after anti- 
alias tiketing. For display and modeling purposes we then 
applied a zero-phase (acausal), sixth-order Butterworth 
filter, with bandpass comer frequencies set at 1.0 and 
0.1 Hz. Without reliable estimates of station corrections, 
average time shifts between observed and synthetic first 
arrivals are typically near 3 s, with occasional values as 
small as 1 s to as large as 5 s. In nearly all cases there is 
redundancy in data coverage when seismic profiles are 
plotted. To avoid clutter, we showed only a small number 
of traces that more or less uniformly cover the entire 
aperture of each profile in Figures 5-9. In addition, 
stations located in sedimentary basins were not used, as 
long coda of the first arrival often obscured later arrivals 
on the same seismogram. 
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