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Abstract

A new model of fine three-dimensional P-wave velocity structure
down to a depth of 1200 km beneath the Japanese Islands and their
vieinity is derived by a tomographic inversion of ISC travel time data
with resolution analyses. We used 103,023 arrival time data ob-
served at 548 stations from 833 earthquakes to determine the velocity
anomalies in a number of blocks and source parameter corrections
simultaneously. A block size of 0.5°x0.5° in horizontal dimension
and 50 km in depth (for the uppermost three layers 0.5°x 0.5° % 83 km)
was used in this study.

Detailed features of lateral heterogeneity in the upper mantle
are revealed. High velocity zones corresponding to the Pacific and
Philippine Sea slabs are well delineated. Low velocity anomalies
corresponding to the voleanic front are found. High or low velocity
anomalies in the crust or uppermost mantle correspond to positive or
negative Bouger anomalies. And high velocity anomalies correspond
to low heat flow.

In the lower mantle, siab-shaped high velocity anomalies are
found extending deeper than the termination of seismic activity
within the Pacific slab descending from the Japan Trench. A reso-
lution analysis confirms the existence of the slab-like high velocity
region in the lower mantle, though the extent of its depth is not
well resolved. On the other hand, the Pacific slab descending from
the Izu-Bonin Trench seems to be fingering; that is, high velocity
anomalies penetrate into the lower mantle at about 26°N, but do not
penetrate and bend horizontally to the west in the deeper portion of
the upper mantle at about 29°N.

1. Introduction

Since the works by AKI and LEE (1976) and AKI et al. 977,

three-dimensional seismic structures have been investigated in various
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Fig. 1. Index map of the Japanese Islands and their vicinity, which is
investigated in this study. Solid lines show the cross sections along
which seimice structures are shown in Fig. 10.

regions of the earth. Especially in Japan, many seismologists have
succesfully applied their method to reveal the detailed seismic velocity
struetures on local to regional scale.

On a local scale, for example, HASEMI et al. (1984) and OBARA et al.
(1986) investigated the detailed velocity structure beneath the Tohoku dis-
trict (see Fig. 1) using travel time data from local earthquakes observed
at highly sensitive seismic stations, and found a high velocity Pacific
slab and low velocity anomalies above the slab directly beneath active
voleanoes. The three-dimensional seismic structure beneath the Kanto-
Tokai district was obtained by HORIE and Ax1 (1982), IsHIDA (1984)
and IsgipA and HaseMI (1988), using local earthquakes, and the high
velocity Philippine Sea slab subducting beneath this region was revealed.
HirRAHARA (1981) investigated the three-dimensional seismic structure
beneath southwest Japan by using 2947 P-wave travel time data from
the Bulletins of International Seismological Center (ISC), and revealed
several remarkable features of the present and past subduction of the
Philippine Sea plate. NAKANISHI (1985) applied an approximate inversion
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method, called ART (Algebraic Reconstruction Technique), to investigate
the three-dimensional seismie velocity structure of the uppermost mantle
beneath the Hokkaido-Tohoku region. He used about 7,600 P-wave
arrival times from the JMA (Japan Meteorological Agency) Bulletin,
and a block size of 0.2°x0.2°x20km. He attempted to see time
variations of the seismic velocity structure, and found no significant
change. There are studies of the three-dimensional structure for
other regions in Japan (e.g. HIRAHARA et al., 1989; TAKANAMI, 1982;
MIYAMACHI and MORIYA, 1984).

Because different data sets, methods, block sizes and initial models
were used in these studies, it is very difficult to compare these
estimated structures with each other. But we often need a unified
velocity model beneath the entire Japanese Islands, for example, when
we determine earthquake hypocenters in and near Japan.

On a regional scale, however, there are only two studies of the
P-wave velocity structure covering the whole Japanese Islands, i.e.
HIRAHARA (1977) and WATANABE (1977). HIRAHARA (1977) investigated
only large-scale heterogeneities using a large block size of 2°x2°x
100 km. WATANABE (1977) did no resolution analysis, though he used
smaller block sizes of 1°x1°x100km and 0.5°x0.5°x50km. It is
impossible to discuss how unique the results are without resolution
analysis.

Recently it is frequently argued whether the lithospheric slab
penetrates into the lower mantle or not. JORDAN (1977) proposed that
the lithospheric slab penetrates at least to a depth of 1000 km beneath
the Sea of Okhotsk. He obtained a slab model which explains the
distribution pattern of travel time residuals on the focal sphere from
the deep-focus earthquake of January 29, 1971. The slab model he
found has a shear velocity contrast of 5% and extends to a depth of
at least 1000 km. By the same method as JORDAN (1977), CREAGER
and JORDAN (1984) conclude that the Kuril-Kamchatka slab must pene-
trate to depths of at least 900-1000 km and the Japan slab deeper than
800 km. CREAGER and JORDAN (1986) applied the residual sphere method
to earthquakes in the Mariana and other subduction zones of the
Northwest Pacific. They obtained depths of penetration reaching at
least 1000 km, 1100-1200km and 1100km in the Marianas, Kuril-
Kamchatka and Japan subduction zones, respectively, and concluded
that the Izu-Bonin slab extends into the lower mantle. SUETSUGU
(1988) obtained slab-like high velocity anomalies in the lower mantle
beneath the Sea of Okhotsk by inversion of P-wave travel times and
forward modeling of the teleseismic P-wave amplitude.

In this study we attempt to derive a fine three-dimensional seismic
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structure beneath the Japanese Islands and their vicinity with resolution
analyses using a block size of 0.5° 0.5 x50 km. The main purpose of
this study is to reveal the structure beneath this region in more detail
and to investigate the subducting Pacific and Philippine Sea slabs with-
out any assumption on the configuration of the slab and surrounding
mantle. Thus the modeling space is extended to the lower mantle, to
a depth of 1200 km, so that it is possible to put some constraints on
the problem of slab penetration. A brief report has already been
given by KAMIYA ef al. (1988). Here we give a full desecription of
our result.

2. Data

The total amount of travel time data used here is 103,032. The
data are taken from ISC Bulletins. We selected 833 earthquakes
observed at more than 50 stations from 1971 to 1983. The source
parameters determined by ISC are used as initial input parameters in
later calculations. Figure 2 shows the distribution of epicenters with
different colors for different hypocentral depth ranges.

Depth

0 km

100

T

Fig. 2. Distribution of earthquakes used in this study. The focal depth
of each event is distinguished in color. The total number of events
is 833.
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Standard travel times from these earthquakes to each of the
stations are computed from the JEFFREYS (1939) velocity model with
ellipticity corrections (DzIEWONSKI and GILBERT, 1976) and station-
elevation corrections. In the present study, <P and P arrival times
are adopted only when the following criteria are satisfied: 1. the
absolute travel time residual is less than 5.0 sec, 2. for stations outside
the modeling space, epicentral distance ranges from 30° to 100°, and
3. for each station, the number of readings is more than 50. As in
HIRAHARA (1977), for stations within the modeling space, the travel
time residuals are used as input data without station corrections. For
stations outside the modeling space, deviations from the average of
travel time residuals at each station are used as input data. The use
of these reduced residuals approximately removes the effect of lateral
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Fig. 3. The stations located within the modeling space. The number of
the stations is 1783.

heterogeneity outside the modeling space. Figures 3 and 4 show the
distribution of stations within the modeling space and that of all
stations used in this study, respectively.
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Tig. 4. Lambert equal-area projection centered at 85°N, 185°E, showing
the distribution of stations used in this study all over the world. The
number of stations is 548.

3. Method

For the modeling space, we take the latitude range of 20°-50°,
the longitude range of 120°-150°, and the depth range of 0-1200 km.
To reveal fine structure a block size of 0.5°%x0.5°x50km (for the
uppermost three layers 0.5°x0.5°x33 km) is used. Figure 1 shows
the area investigated in this study.

The method of analysis used here is ARTB (HIRAHARA 1988), i.e.,
an ART-type Bayesian reconstruction method which is one of the ART-
type iterative tomographic inversion methods, based on the Bayesian
optimization criterion. It is possible to estimate a large number of
model parameters at the same time because ART-type computation
saves memory.

Here, we will briefly describe this method. Let us assume the
following linerized equation.

d=Gm

where d and m are the data vector and model vector, respectively.
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G is the coefficient matrix. The Bayesian optimization criterion gives
the following,
(d—Gm)'Ci'(d —Gm)+ (m—m,)'C (m—m,)
--->min .
where m, is the initial model vector and C, and C, are a priori esti-

mated covariance matrices of the data and model parameter, respec-
tively. It is assumed that C, and C, have the following forms

C,=c31
'O'Eni 0
C,= O
0

2
O.mm

where ¢% and g3, are a priori estimates of the covariance for each datum
and for the 4-th model parameter, respectively, and the matrix I is
the nxXn identity matrix. Then the solution of the above equation is
written as

m—m,=G~(d—Gm,)
where
G7=(G'C;'G+C) G C
The ARTB algorithm is as follows.
u"=0
m®=m,

loop p=1 to P (p-th global iteration)
loop ¢=1 to N (i-th data iteration)
E=NXx{(p—1)+1
M =\ ® 1/g4(d,—<{g,m"™)) —u
1+|g.
u(k+1) _.:u(l:) +C(k)ei

m(k+1) :m(k) +C(I:)§i

end loop %
end loop p
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Here e, is the n-dimensional unit vector in which only the i-th com-
ponent is 1 and the others are zero, and g,, g, and g, are defined as
follows,

gzz(Gm M) Gim)‘
9:=1/040mGus ***) CrnGin)
§i=1/0'd(0'3anm sy OnnGin)t

{g;m™ indicates the inner product of g, and m*™. Following HIRA-
HARA (1988), we obtain resolution matrices by ART-type methods. The
following standard deviations are assumed for inversion parameters:

0=0.7 sec (for data),

0,=2.2% (for slowness perturbations) ,

0:=0,=0.03° (for latitude and longitude corrections),
0,=3.0km (for depth corrections) and

0:=0.1 sec (for origin time corrections) .
A=0.1 is adopted for the relaxation parameter .

4. Results and Discussions

We solved 833x4 source parameters and 64,197 slowness pertur-
bations for blocks hit by rays simultaneously. Figure 5 shows root-
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Fig. 5. Root-mean-square residual versus number of global iterations. The root-mean-
square residual approximately converged after the 30th iteration.
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Fig. 6. Results of inversion after the 30th global iteration. The amplitude of slowness
perturbations from the model of JEFFrREYS (1939) is distinguished in the color of
the symbols. Only blocks more than 50 seismic ray penetrations are plotted in
each layer. Figs. 6-1 to 6-25 correspond to the results from layer 1 to layer 25,
respectively.

mean-square residual of arrival times versus number of global iterations.
After about the 30th iteration, the reduction in the residuals is very
small. So, we show the results after the 30th iteration in later dis-
cussions. Root-mean-square residuals before and after are 1.13 sec
and 0.83 sec, respectively. The results are shown in Fig. 6. Figure 7
shows the Wadati-Benioff zone. The distributions of gravity anomalies
(HAGIWARA, 1967) and heat flow (YUHARA, 1973) are shown in Figs. 8 and
9, respectively. The obtained velocity structure can be compared with
these figures.

Layer 1 (0-33 km, Fig. 6-1)

The obtained structure in layer 1 partly includes the effect of local
struecture close to the stations within the modeling space, because no
station corrections are considered for those stations.

In the Hokkaido district, high velocity anomalies are found only
along the Pacific coast of the eastern part. On the other hand, it
appears that low velocity anomalies occur not only near voleanoes but
almost all of Hokkaido. The high velocity region corresponds to positive
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Fig. 7. Contour map of the Wadati-Benioff zone. Solid lines show the
Wadati-Benioff zone. Broken lines show volcanic fronts. Triangles
show active volcanoes.

Bouger anomaly distribution both of short and long wavelength (Figs.
8a and 8b). However, the low velocity anomalies do not correspond to
observed Bouger anomalies.

In the Tohoku district, the low velocity areas in the central and
southern parts correspond to the distribution of volecanoes (Fig. 7).
This is consistent with previous studies of three-dimensional seismic
velocity structure (HASEMI et al., 1984; OBARA et al., 1986) and at-
tenuation structure (HASHIDA and SHIMAZAKI, 1987). The high and
low velocity anomalies correspond to positive and negative Bouger
anomalies of short wavelength, respectively. This represents hetero-
geneity in the crust in this district, as suggested by OBARA et al.
(1986).

In the Kanto district, low velocity anomalies are found in and
around Tokyo Bay, and high velocity anomalies in northern Kanto, Izu
Peninsula, and Boso Peninsula. This feature is consistent with the
previous studies by HORIE and AKI (1982), and ISHIDA (1984), but not
with that by HIRAHARA (1981). And it also corresponds very well to
the distribution of Bouger anomalies of short wavelength; that is low
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(a)

(b)
Fig. 8. Bouger anomaly distribution of long (a) and short (b) wavelength

Hatched regions show negative Bouger anomalies (after

in Japan.

Contour interval is 50 mgal.

HAGIWARA, 1967).
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velocity anomalies correspond to negative Bouger anomalies and high
velocity anomalies to positive ones. The low velocity anomalies occur
in thick sedimentary layers covering Tokyo Bay, and high velocity
anomalies correspond to crust with a higher density.

Across the Fossa Magna, the remarkable geological boundary be-
tween northeast and southwest Japan, a velocity contrast appears.
There exist relatively high veocity anomalies on the eastern side and
low velocity on the western side. This velocity contrast has been
suggested from explosion studies (OKADA et al., 1979). The low velocity
anomalies in the Chubu region west of the Fossa Magna correspond to
negative Bouger anomalies. The low velocity anomalies probably reflect
a thick upper crustal layer with low velocity and low density, because
it is known that the crust is not so thick, less than 80 km, from ex-
plosion seismic observations (AOKI ef al., 1972).

The low velocity anomalies extend through Kinki to eastern Chu-
goku. This feature is not consistent with previous studies of seismic
velocity (e.g., HIRAHARA, 1981) and attenuation (HASHIDA, 1987) strue-
ture. It is also inconsistent with Bouger anomalies, as the negative
Bouger anomalies of long wavelength in the Kinki district don’t extend
westward. High velocity anomalies are found in the southwestern part
of the Kii Peninsula. These anomalies were also found by HIRAHARA
(1981), they correspond to positive Bouger anomalies of long and short
wavelength.

In the Kyushu district and northern Taiwan, low velocity anomalies
are found. Several active volcanoes exist at the northern tip of Taiwan
(CHEN and Wu, 1971) and on Kyushu region. Low velocity anomalies
in this region are considered manifestations of the volcanism.

Layer 2 (833-66 km, Fig. 6-2)

In this layer, high velocity anomalies appear from the Hokkaido
to Kanto regions along the Pacific coast and from the Tokai to Okinawa
regions along the Philippine Sea coast. These anomalies are thought
to reflect the Pacific and Philippine Sea slabs, respectively, because
seismic activities are found in these high velocity regions. The Philip-
pine Sea slab is not so clear as the Pacific slab in Fig. 6-2. This is
partly because the Philippine Sea slab is thinner, about 30 km (e.g.
HIRAHARA, 1981), than the Pacific slab. Also, the small number of
stations along the Philippine Sea coast, especially along the Ryukyu
Trench, makes it difficult to obtain a clear picture of the slab. Another
high velocity anomaly is found beneath the source area of the 1983
Akita-Oki earthquake. SATO and KosucA (1987) estimated high P,
velocity (8.20-8.27 km/sec) in the area, using arrival time data of after-
shocks. The result of the present study is consistent with the estimated
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high P, velocity.

In northeastern Japan, low velocity anomalies are mostly distributed
west of the voleanic front (Fig. 7), except south of the Kurile Islands,
the Hidaka region, the northern part of Sanriku and the southern part
of Kanto. In the southern Kurile Islands, it seems that low velocity
anomalies lie beneath the high velocity blocks in layer 1. Resolution
analyses show that the low velocity anomalies are not influenced so
much by the high velocity blocks lying above. Thus these lows are
probably not due to an artifact but are existing features of unknown
origin. In the Hidaka region, the anomalies are thought to reflect the
thick crust and low P, velocity. This is supported by previous studies
(TAKANAMI, 1982; MiyaMAcHI and MORIYA, 1984), an explosion study
(OKADA et al., 1978), and the negative Bouger anomalies of long wave-
length. In southwestern Japan, low velocity anomalies are distributed
west of the voleanic front, except for the southwestern part of Chugoku,
the western part of Shikoku and the eastern part of Kyushu. The low
velocity anomalies in these regions are consistent with the negative
Bouger anomalies of long wavelength. Low velocity anomalies are
found in most parts of Taiwan. This feature is also consistent with
the negative Bouger anomalies.

Layers 3 to 7 (66-300 km, Fig. 6-8 to Fig. 6-7)

In these layers, high velocity anomalies correlate well with hypo-
centers of earthquakes from the Kuriles to the Izu-Bonin Islands, parallel
to the Kurile, Japan, and Izu-Bonin Trenches, and also from Kyushu
to Taiwan, parallel to the Ryukyu Trench. The amplitude of these
high velocity anomalies is about 2-5%. This indicates that they reflect
the Pacific and Philippine Sea slabs. These high velocity anomalies
corresponding to the slabs are clearer than those in layer 2. This
is because more seismic rays penetrate these high velocity blocks.
However, high velocity anomalies no longer appear in southwestern
Honshu and Shikoku below layer 8. In this region, it is recognized
that the Philippine Sea slab does not reach to these depths as was
suggested by HIRAHARA (1981). Almost no seismic activities exist at
these depths.

Low velocity anomalies are found overriding the Pacific and Philip-
pine Sea slabs, especially beneath the Philippine Sea and the southeast
rim of the Japan Sea above the Pacific slab. The amplitude of these
low velocity anomalies is about 2-4%. ANDERSON and SPETZLER (1970)
used the Eshelby-Walsh theory and calculated the compressional and
shear velocities in a solid matrix with penny-shaped melt zones as a
function of melt concentration and aspect ratio of the melt zones.
Using their result, low velocity anomalies of 2-4% can be explained



476 S. Kamiva, T. MivATAKE and K. HIRAHARA

Fig. 9. Contour map of heat flow in Japan (after YUunARA, 1973). Values
are shown in HFU.

by 1% melt if the aspect ratio is 107%. And the velocity contrast
between the slab and the overriding mantle in this study is about
4-7%, which is consistent with previous studies (e.g. MATSUZAWA et
al., 1986).

Low velocity anomalies cannot be seen beneath the Kinki and
Chugoku regions above the Pacific slab. In these regions the observed
heat flow is relatively low (Fig. 9).

Layers 8 to 14 (300-650 km, Fig. 6-8 to Fig. 6-14)

High velocity anomalies are found corresponding to the Pacific slab
which is estimated from earthquake hypocenters. The anomalies are
not continuous from the Kurile to Izu-Bonin ares, but divided into
several parts. The areas of high velocity anomalies become smaller as
the layer becomes deeper. This is because the number of deep focus
earthquakes used is less than that of shallow or intermediate-depth
ones, and deep earthquakes occur only in a few specific regions.
Therefore, many seismic rays penetrate only a few blocks.

Low velocity anomalies are found overriding the Pacific slab beneath
the Philippine Sea to a depth of 450 km, and beneath the Japan Sea to
a depth of 650 km. From 450 km to 650 km the low velocity anomalies
beneath the Japan Sea appear very clearly, though they are obscure
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above this depth range. SUYEHIRO and SACks (1983) investigated
P-wave travel time residuals for local intermediate and deep focus
earthquakes, and concluded that there are lower velocity regions below
a depth of about 800 km and above the deepest earthquakes beneath
the southern Okhotsk Sea and the western Japan Sea. Our velocity
model obtained here is consistent with their result.

Running parallel to the Ryukyu Trench, high velocity anomalies
are found to a depth of 600 km. These high velocity anomalies, which
are not accompanied by seismic activity, shall be discussed later.
Layers 15 to 25 (650-1200 km, Fig. 6-15 to Fig. 6-25)

No earthquake occurs deeper than 650 km within the Pacific slab
e.g. YOsHII, 1979). Our results, however, show that the high velocity
anomalies extend beneath the area west of Vladivostok from 650 km
to 1200 km, and beneath the west of the Izu-Bonin Trench to a depth
of 850 km, well beyond the termination of seismic activity. In a
previous paper (KAMIYA et al., 1988), we have briefly discussed high
velocity anomalies beneath the Japan Sea. In this paper, we shall
discuss these in detail using three cross sections of AA’, BB’ and CC’
(Fig. 10), whose locations are indicated in Fig. 1.

Vertical section across the Japan Trench

In cross section AA’ (Fig. 10a), high velocity anomalies are found
dipping westward with a dip angle of about 80° in the upper mantle.
We conclude that this high velocity zone corresponds to the Pacifie
slab, because hypocenters of intermediate-depth and deep events lie
within the high velocity anomalies.

At a depth of 600 km, seismic activity ends and the dip of the
high velocity zone changes from 30° to 50°. Beyond this depth, the
high velocity zone further continues down to a depth of 1200 km.

This feature is similar to the result of CREAGER and JORDAN (1986),
although their dip angle of 55° in the lower mantle is slightly greater
than that of the present study. This difference may be attributed to
the omission of three-dimensional ray tracing in our analysis, because
the inclusion of high velocity anomalies causes the rays to have smaller
take-off angles, hence the dip angle becomes larger.

This high velocity zone seems to be the Pacific slab penetrating
to the lower mantle. However, there exists a possibility that this
slab-like high velocity anomaly may be the seep caused by artificial
spreading of high velocity in the upper mantle because of the lack of
resolution.

By resolution analyses it is confirmed that there exist high velocity
anomalies in the lower mantle. The resolution kernel of the target
block is shown by the asterisk in Fig. 10a. As seen from Fig, 11,
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showing an enlarged map of this resolving kernel along the same cross
section, the solution is unresolved in the dip direction, well-resolved
in the direction perpendicular to it. The resolving kernel has only
small values in the upper mantle. Accordingly, we can say positively
that the high velocity anomaly in the target block is little influenced
by those in the upper mantle. Even if we move the target to a
shallower depth, this conclusion holds, for example, for a target in
layer 15 (depth of 650-700 km). However, the diagonal values of the
resolution kernel are relatively low in the lower mantle, and the values
of velocity anomalies obtained are possibly underestimated.

These high velocity anomalies in the lower mantle are considered
to be the penetrating slab (e.g. CREAGER and JORDAN, 1936), while they
are also considered to be thermal coupling between convections within
upper and lower mantles, without penetrating slab into the lower mantle
(e.g. HONDA, 1987). In this study it is impossible to deny either of
these conclusions.

In this profile, it appears that deep earthquakes occur in the low
velocity anomalies in a depth range of 500-600 km, which was also
suggested by HIRAHARA (1977) and ZHOU and CLAYTON (1938).
Vertical section across the Izu-Bonin Trench

Cross sections BB’ and CC’ (Figs. 10b and 10¢) reveal the Pacific slab
subducting from the Izu-Bonin Trench. From the trench to a depth
of 400 km, the dip of high velocity anomalies increases downward. The
high velocity anomalies are well correlated with the seismicity in the
upper mantle, i.e., the Wadati-Benioff zone, though it is rather unclear
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Fig. 10. Profiles of seismic structure of three cross sections in Fig. 1. Slowness
perturbations of all solved blocks are distinguished in color. They also shown
hypocenters whose magnitude is more than 1.0 by the ISC which occurred within
1.0 degree on both sides of each section projected onto the vertical cross section.
The locations of the cross sections of Figs. 10a, 10b and 10¢ correspond to AA/,

BB’ and CC’ in Fig. 1, respectively. The block asterisked in each profile is the
target of resolution analysis.
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at shallow depths in section CC'.

For cross section BB’ (Fig. 10b), the high velocity region becomes
almost horizontal at a depth of 500-550 km. This suggests that the
Pacific slab is bent westward at this depth. Looking at the resolving
kernel of the target block shown by the asterisk in Fig. 10b, strong
correlation is not found with the other blocks in the same or near-by
layers. And the deep seismicity extends not downward but westward
in this layer. Moreover, high seismicity is found in the high velocity
region in the depth range from 350km to 550 km, where the slab
appears to be bent.

However, in another cross section CC’ (Fig. 10c), the southern
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Fig. 11. Enlarged map of resolving kernel for the target block shown by the
asterisk in Fig. 10. Contour lines indicate values of off-diagonal elements

for the corresponding column of the resolution matrix, which is normalized
by the diagonal element.

profile of the Izu-Bonin region, the high velocity zone is not horizontal
at a depth of 550 km, but it appears to extend vertically to 850 km.
No concentration of earthquakes suggesting that the slab bends as in
cross section BB’ is found in this profile.

CREAGER (1984) analyzed residual spheres of travel times for five
earthquakes near the Bonin Islands at latitude about 26°N, near the
cross section CC’ in this study, and asserted that the slab penetrates
into the lower mantle in this region. North of these events, the
residual sphere patterns are very complicated and a complicated mode
of subduction is suggested (CREAGER, personal communication). These
results are consistent with the velocity structures in this study.

Therefore, along the Izu-Bonin Trench the slab may be fingering
and extend in various directions at a depth of 500-550 km.

5. Conclusions

Detailed features of lateral heterogeneity in the upper mantle
beneath the Japanese Islands has been revealed by applying the in-
version technique of ARTB. High velocity zones corresponding to the
Pacific and Philippine Sea slabs are well defined.

In the lower mantle, slab-shaped high velocity anomalies are found
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beyond the termination of the Wadti-Benioff zone along the Japan and
Izu-Bonin Trenches. By resolution analyses, it is ascertained that slab-
like anomalies are actually present in the lower mantle and that they
are not seep caused by spurious apparent spreading of the high velocity
anomaly of the slab in the upper mantle. However, it is impossible
to see how far the slab-like anomalies continue downward, because
most of the ray paths in the high velocity region have almost the
same direction and the obtained high velocity region extends along
the ray paths.

Two probable causes are considered for the high velocity anomalies
in the lower mantle. One is a penetrating slab (e.g., CREAGER and
JORDAN, 1986). Another is thermal coupling between convection within
the upper and lower mantles, without penetration of a slab into the
lower mantle (e.g. HONDA, 1987).

On the slab descending from the Izu-Bonin Trench, if the slab-
shaped high velocity anomalies are penetrating, the slab is considered
to be fingering. At latitude about 26°N, the slab-shaped high velocity
anomaly penetrates vertically into the lower mantle. On the other
hand, at latitude about 29°N, the high velocity anomaly is bent hori-
zontally westward at a depth of 500-550 km. Corresponding to this
high velocity anomaly, the deep seismicity exists in the depth range
from 350 km to 550 km and it extends westward at the depth of 500 km.
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