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Abstract

Detailed regional body wave tomographic inversion of the Western Pacific region has been performed using P and
S travel times from common sources and receivers, with a joint inversion in terms of bulk-sound and shear wave-speed
variations in the mantle. This technique allows the separation of the influence of bulk and shear moduli, and hence a
more direct comparison with mineral physics information. The study region is parameterized with cells of side 0.5‡ to
2‡ and 19 layers to a depth of 1500 km, while the rest of the mantle was parameterized with 5U5‡ cells with 16 layers
between the surface and the core^mantle boundary. A simultaneous inversion is made for regional and global
structures to minimize the influence of surrounding structures on the regional image. A nested iterative inversion
scheme is employed with local linearization and three-dimensional ray tracing through the successive model updates.
The results of the regional tomographic inversion reveal the penetration of a subducted slab below the 660 km
discontinuity at the Kurile^Kamchatka trench, while flattening of slabs above this depth is observed in the Japan and
Izu^Bonin subduction zones on both the bulk-sound and shear wave-speed images. The penetration of a subducted
slab down to a depth of at least 1200 km is seen below the southern part of the Bonin trench, Mariana, Philippine,
and Java subduction zones. Fast shear wave-speed perturbations associated with the subducted slabs, down to the 410
km transition zone, are larger than the comparable bulk-sound perturbations for all these subduction zones except the
Philippines. The bulk-sound signature for the subducted slab is more pronounced than for shear in the Philippines,
Talaud, New Guinea, Solomon, and Tonga subduction zones, where penetration of the slab into the middle mantle is
observed. Variation in the amplitude ratio between bulk-sound and shear wave-speed anomalies correlates well with
the subduction parameters of the descending slab. Slabs younger than 90 Ma at the trench show bulk-sound
dominance in the upper mantle, while older slabs have a stronger shear wave-speed signature. Spreading of the fast
shear wave-speed zone between 800 and 1000 km is observed in the areas of deep subducted slab penetration, but has
no comparable expression in the bulk-sound images. This high-velocity feature may reflect physical or chemical
disequilibria introduced to the lower mantle by subducted slabs.
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1. Introduction

Tomographic techniques for Earth probing
have proved to be one of the most powerful tools
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of modern geophysical research. Starting from
small-scale studies [1] the technique has developed
to recent high-resolution global studies [2^4] in
which researchers try to infer the inner structure
of the Earth through estimation of the three-
dimensional distribution of seismic wave-velocity
anomalies. The aim of much tomographic inver-
sion has been to reconstruct the tectonic history
of the Earth or the peculiarities of modern tec-
tonic processes (e.g. [2,5^9]). Only recently the
analysis of tomographic models has focused on
the estimation of the physical properties of the
Earth’s mantle (e.g. [10^13]). A signi¢cant ad-
vance in these studies has come from the compar-
ison of bulk-sound speed and shear wave-speed
anomalies obtained from a joint P and S data
inversion [10] and attempts to compare P and S
wave-speed tomograms (e.g. [13^15]).
When attention is con¢ned to P and S wave

data which have equivalent path coverage, it is
possible to use the relative size of the bulk-sound
speed and shear wave-speed anomalies to reveal
the nature of seismic heterogeneity. This is partic-
ularly valuable for investigation of the physical
properties in subduction processes, because the
sources in the slab itself improve the sampling
of the region. Widiyantoro et al. [13] suggest the
dominance of shear wave-speed anomalies in the
rigid subducted slabs penetrating into the lower
mantle, whereas dominance of bulk-sound anom-
alies is an indicator of low £exural rigidity in
bent or stagnant slabs lying above the 660 km
discontinuity. This observation, based mostly on
the analysis of the Izu^Bonin and Tonga subduc-
tion zones, provides new possibilities for the
understanding of the physical properties in the
Earth. However, it is possible that these striking
results could be a feature of the geometry and
tectonic environment of the regions studied,
rather than a characteristic of the subduction pro-
cess.
We therefore undertake a comprehensive anal-

ysis of the Western Paci¢c region, which contains
much of the world’s subduction zones, using high-
resolution joint inversion of P and S arrival-time
data to generate tomographic images of bulk-
sound speed and shear wave-speed variation. We
focus attention on the relative amplitudes of the

bulk-sound and shear wave-speed anomalies and
their relation to the nature of the descending sub-
ducted plates in a region with a wide range of
di¡erent slab environments.

2. Data and method

We use the global catalog of event locations
and phase arrival times of Engdahl et al. [16],
incorporating subsequent updates. This catalog
is derived from bulletin data with iterative reproc-
essing and relocation of events using the ak135
model [17] and subsequent re-association of phase
identi¢cations. The incorporation of depth-phase
information helps to improve the accuracy of the
hypocentral information.
Only P and S arrival times with source and

receiver in common were selected to ensure as
close a match as possible between the ray paths
traversed by the P and S waves. Within the West-
ern Paci¢c region we have included all available
pairs of P and S times. The regional structure is
represented with 19 layers in depth, with cells of
size 0.5U0.5‡ in the uppermost mantle, 1U1‡ in
the transition zone and lower mantle, and 2U2‡
below continents down to a depth of 1500 km. In
order to reduce the size of the system of equations
that needs to be solved, we have used a coarser
parametrization for the rest of the mantle. In the
mantle surrounding the Western Paci¢c region we
used 16 layers of 5U5‡ cells, and cumulated P and
S path information into station^event clusters
with a size of 2U2‡U50 km. The ak135 model
[17] was used as the reference. In order to account
for the large residuals associated with paths
through ancient shields and mantle plumes we
include well-associated phases with residuals from
ak135 up to P 7 s for P waves and P 25 s for
S waves. The resulting dataset for the joint in-
version contains 900 000 pairs of P and S ray
paths.
The broad span of residuals is designed to cap-

ture the spread of residuals associated with the
zones of major heterogeneity at the top and bot-
tom of the mantle. In the epicentral distance
range from 30‡ to 80‡ fewer than 70 observations,
out of more than 650 000, have S residuals greater
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than 11 s and in consequence there is negligible
impact on the images from maintaining the broad
bounds.
The technique of joint bulk-sound and shear

wave-speed tomography for arrival-time data was
introduced by [10] and our inversion algorithm
is based on this formulation. The main improve-
ment is the application of 3-D ray tracing [18] to
take into account the in£uence of 3-D Earth
structure on the trajectory of seismic-ray propa-
gation in passage from source to receiver. This

ray-tracing scheme has been tested and success-
fully applied for global tomography for P waves
[9] and for S waves [19]. The tomographic inver-
sion was undertaken with a nested iterative ap-
proach. The ¢rst stage was to estimate 3-D mod-
els for P and S wave speed using conventional
linearized travel-time inversion. The resulting P
and S models were taken as starting models for
the subsequent non-linear joint tomographic in-
version for bulk-sound and shear wave speed.
Three-dimensional ray tracing was carried out

Fig. 1. Location of the cross-sections of the dual tomographic images discussed in the text. Summary of the relative behavior of
the bulk-sound speed and shear wave speed through the Western Paci¢c subduction zones is presented by bars. Three bars are
shown for each section, representing the upper mantle, transition zone and lower mantle (denoted u, t, l for clarity). The bars
are white if bulk-sound is dominant, black if shear wave speed dominates, and a broken bar indicates similar amplitude anoma-
lies. A thin line for the lower mantle indicates no evident penetration. Shaded gray zones on the sea£oor indicate areas older
than 100 Ma, according to [27].

EPSL 6630 19-5-03

A. Gorbatov, B.L.N. Kennett / Earth and Planetary Science Letters 210 (2003) 527^543 529



through P and S models derived in the ¢rst stage.
The joint inversion uses the P and S arrival-time
datasets simultaneously using the approach de-
tailed in the appendix to [10]. The iterative scheme
works alternately with sets of linear equations fo-
cused on bulk-sound speed or shear wave speed,
with linkage between the equation sets introduced
by successive updates of cross-coupling terms.
The decrease in variance reduction was approxi-
mately 1% between the third and fourth iteration
of this linked inversion scheme with no visual
change in the resulting image, and so the process
was terminated at the fourth iteration. The solu-
tion of the large individual sets of linear equations
with sparse matrices was carried out using the
LINBCG method (iterative biconjugate gradient
solution). The initial and joint inversions for re-
gional and global structures were performed si-
multaneously to minimize the in£uence of the sur-
rounding structures on the image of the Western
Paci¢c region.
Even with the joint inversion for bulk-sound

speed and shear wave speed we have to take
care to ensure that the tomographic images can
be directly compared. We have selected P and S
data with common source^receiver pairs so the
ray paths will be similar, and because of the dif-
ference in frequency between P and S arrivals the
wavelengths employed will be close. However,
there is some potential for frequency-dependent
in£uences in regions of low Q. We therefore focus
attention on the high wave-speed anomalies cor-
responding to the subducted slabs, which are ex-
pected to be colder than their environment in the
mantle and have high Q.

3. Bulk-sound and shear wave-speed anomalies

Numerous tomographic inversions have been
performed focusing on the structure of the West-
ern Paci¢c subduction zones (e.g. [2,20^22]). Our
tomographic results, in general, are in good agree-
ment with those studies. Therefore, our main at-
tention will be focused on the balance between
bulk-sound and shear wave-speed amplitudes
and we will pay less attention to the shape of
the high-velocity anomalies associated with the

subducted slab of well-known subduction zones
that have been widely described in previous stud-
ies. We will use a consistent nomenclature for the
parts of the mantle : the uppermost mantle extends
from the Earth’s crust down to a depth of 410
km, the transition zone covers the depth range
from 410 to 660 km, and the lower mantle lies
below a depth of 660 km.
We illustrate the variations in the character of

the subduction processes in the Western Paci¢c
with cross-sections across the di¡erent subduction
zones. We start with subduction in the northwest
Paci¢c and then consider subduction in the south-
west Paci¢c and Indonesian regions (Fig. 1).

3.1. Kurile

The Kurile convergent boundary is character-
ized by subduction of the Paci¢c plate of Late
Cretaceous age (e.g. [23,24]). Deep penetration
of the subducting slab into the Earth’s mantle
down to a depth of V1000 km was previously
reported by [9] and [25]. This deep slab penetra-
tion can also be seen in our tomographic models
(Fig. 2). The amplitude of the slab signal in shear
wave speed is more pronounced in the upper man-
tle than for bulk-sound speed. Although the
upper surface of the slab is similar in the two
images, we see some di¡erences in the morphol-
ogy of the slab. This suggests that we are seeing
some di¡erence in the character of the physical
properties within the slab in the upper mantle.
The slab can be tracked in both images into the
lower mantle.

3.2. Japan

The subduction of the Paci¢c plate below the
Japanese islands has been studied in numerous
tomographic researches (e.g. [20,22]). The average
age of the descending plate is Early Cretaceous
(e.g. [23,24]) and the slab can be mapped down
to a depth of V660 km with some £attening in
the mantle transition zone. The amplitude of the
fast shear wave-speed anomaly associated with
the Paci¢c plate is noticeably higher than that
for bulk-sound along the whole length of the sub-
ducted slab.
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Fig. 2. Cross-sections through the bulk-sound speed (left column) and shear wave-speed (right column) models for the northwest-
ern Paci¢c region: (AAP) Kurile arc, (DDP) Mariana arc, (EEP) Philippine arc.
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3.3. Izu^Bonin

The Izu^Bonin region presents a striking exam-
ple of a stagnant slab with a substantial horizon-
tal portion lying on top of the 660 km disconti-
nuity. Widiyantoro et al. [13] have used separate
P and S tomographic images to argue for a
change in the physical properties of the subduct-
ing material in the stagnant slab. The £at portion
of the subducted Paci¢c slab shows a much more
distinct fast anomaly in P wave speed than for S
wave speed. This was interpreted in terms of a
stronger contribution from the bulk-sound speed
because of low £exural rigidity, while the part of
the slab penetrating the 660 km discontinuity is
more rigid and pronounced in the shear wave
speed.
The in£uence of 3-D ray tracing and the itera-

tive non-linear inversion on the joint tomography
can be judged by comparison with images com-
puted using a single-pass linearized inversion with
ray tracing through just the 1-D reference model
(Fig. 3). The results from many di¡erent facets of
the models indicate that the single-pass inversion

generally underestimates velocity perturbations by
about 30% compared with a 3-D inversion with
the same inversion parameters. The 3-D ray-trac-
ing tomography also produces sharper images
than those obtained with 1-D ray tracing. These
di¡erences at the regional scale are similar to the
results presented by [9] and [19] for global tomog-
raphy. The relative behavior between the bulk-
sound and shear wave-speed anomalies is similar
in both inversions. Our tomographic images (Fig.
3) along the same section through the Izu^Bonin
and Ryukyu arcs support these results. In each
case they show a more pronounced feature in
bulk-sound speed for the subducted structures ac-
cumulated above the 660 km discontinuity. The
fast anomaly for the shear wave speed in the Pa-
ci¢c slab in the Izu^Bonin arc is rather strong in
the upper mantle and into the transition zone be-
fore the point of £exure. The Ryukyu arc has a
very distinct fast shear wave-speed anomaly down
to about 300 km and then stops rather abruptly,
with a possible slight extension in the bulk-sound
speed image. However, we ¢nd larger di¡erences
between the two wave speeds in the lower mantle

Fig. 3. Cross-section through the bulk-sound (left column) and shear wave-speed (right column) models for the Izu^Bonin and
Ryukyu arcs following the line of section of [13]. The upper row of sections represents the inversion with the standard one-di-
mensional ray-tracing approach, while the lower row uses the three-dimensional ray tracing in an iterative non-linear inversion.
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images that we use to judge the possible penetra-
tion of the Paci¢c plate. The amplitudes of the
heterogeneity are similar with slightly faster val-
ues than for the ak135 reference model. However,
the shear wave-speed anomalies seem to form a
linear extension of the subducted slab along the
dip plane, while the bulk-sound anomalies extend
down to the mid-mantle starting approximately
from the center of the area formed by accumu-
lated material above the 660 km discontinuity. A
low-amplitude fast zone in shear wave speed
spreading across the image at a depth of V1000
km is not visible on the bulk-sound image.

3.4. Mariana

The zone of elevated wave speeds below the
Mariana trench (Fig. 2) extends down through
the lower mantle at least to a depth of V1500
km, which represents the base of our detailed re-
gional mesh. Synthetic resolution tests suggest
that our inversion should be able to recover
such a feature in both bulk-sound and shear
wave speed to the base of this grid.
The amplitudes of the fast bulk-sound and

shear wave-speed anomalies are somewhat muted
compared with the Izu^Bonin zone to the north,
but are detectable along the full depth of the
slab. The subducted slab is of Jurassic age [26]
and shear wave-speed anomalies are dominant
throughout. Similar results were reported by [13]
based on separate inversions for P and S tomo-
graphic images. Low-amplitude high-velocity
anomalies, spreading at a depth of V1000 km
around the subducted slab can be seen on the
shear wave tomographic image. This feature is
not as evident in the bulk-sound image.

3.5. Philippines

The southwest Philippine plate of Eocene age
[27] descends westward beneath the Philippines
trench at a rate of V80 mm/yr. The location of
the trench has not changed signi¢cantly during
the last 25 Myr, with almost half of the Philippine
plate consumed by subduction [28]. Traces of the
subducted slab are visible down to a depth of
V1500 km (the bottom of the regional parame-

Fig. 4. Resolution calculations for the Philippine arc struc-
ture. The initial synthetic model is presented in the upper-
most cross-section. Middle and lower cross-sections show the
recovery of the synthetic model for bulk-sound and shear
wave speed, from P and S times contaminated with random
noise.
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terization model) on both the bulk-sound and
shear wave-speed tomographic images (Fig. 2).
Resolution tests (Fig. 4) suggest that the image
of subducted slab can be recovered along its com-
plete extension. Moreover, the velocity anomaly
structures visible on the bulk-sound images can
be retrieved in the shear wave speed with the
same amplitude and vice versa.
The following approach was adopted to test the

seismic-velocity anomalies. A synthetic Earth
model was constructed for the resolution tests
with a wavelength of seismic-velocity anomalies
matching that of the joint inversion for both
bulk-sound and shear wave speeds. This common
single synthetic model contains the features visible
in both bulk-sound and shear models. Therefore
we can test the two classes of structures simulta-
neously. For each cell where the inversions indi-
cate high-velocity perturbations are greater than
0.5%, a 2% deviation was assigned automatically
to each wave speed. The sign of the perturbations
was changed for each pair of layers, separated by
a blank layer, to create a pseudo-checkerboard
pattern (Fig. 4). The ray paths corresponding to
the source^receiver pairs used for the observations
were retraced through the synthetic model. The
corresponding travel times were used in the joint
tomographic inversion with the addition of nor-
mally distributed noise with a variance of 1 s2 for
P waves and 2.25 s2 for S waves. The recovered
models from this noisy data are displayed in Fig.
4 for both bulk-sound speed and shear wave
speed. The same inversion parameters were used
for this resolution test as were used in the joint
tomographic inversion using the observed data.
This approach allows us to detect di¡erences in
the models arising from the di¡erences in the ray
path coverage between P and S data. The resolu-
tion tests show that the recovered synthetic mod-
els are nearly identical, indicating that di¡erences
between bulk-sound and shear models are domi-
nated by the information contained in the travel
times and the di¡erences in the ray paths for P
and S data are not signi¢cant.
The Philippine slab is di⁄cult to pick up close

to the surface but from 200 km downwards shows
a clear set of fast wave-speed features. In this
region the bulk-sound component is more distinct

than the shear wave-speed anomalies, particularly
in the upper mantle and the transition zone. We
note that the con¢guration of the fast wave speeds
for the two wave types is somewhat di¡erent in
the lower mantle. A broadening of the shear
wave-speed anomalies is seen above a depth of
V1000 km, but does not have a counterpart in
the bulk-sound image.

3.6. Tonga^Kermadec

Although magnetic anomalies near the Tonga^
Kermadec subduction zone have not been deter-
mined north of 16‡S, the age of the Paci¢c plate
can be assumed to be approximately 170 Ma [29].
Fast rollback of the trench (by about 160 mm/yr,
[30]) may have signi¢cantly altered the normal
mechanics of the subduction process, which is
characterized by a convergence rate of approxi-
mately 80 mm/yr between Australian and Paci¢c
plates [31]. Widiyantoro et al. [13] suggest that the
retreat of the trench can a¡ect the physical prop-
erties of the subducted slab and, therefore, the
balance between amplitudes of bulk-sound speed
and shear wave-speed anomalies. Since the rate of
the trench rollback is maximum at the northern
end of Tonga and minimum at the southern
extremity (Kermadec), the balance between the
two wave speeds would therefore be expected to
vary signi¢cantly from north to south along the
trench.
Our joint tomographic images for the northern

Tonga to Fiji region (Fig. 5) show a prominent
bulk-sound high-velocity anomaly extending down
to the 660 km discontinuity with £attening in
the transition zone. This bending and £attening
of the slab in the transition zone can be induced
by trench rollback, as suggested by numerous au-
thors (e.g. [32^34]). A further bulk-sound high-
velocity zone extension is traced down to the bot-
tom limits of the tomographic model (Fig. 5) and
is a resolved feature (Fig. 6). Shear wave-speed
anomalies associated with the subducted slab are
weak in this northern zone and can be seen only
in the uppermost mantle and do not reach the
boundaries of the transition zone.
The cross-section through the central part of

the Tonga subduction zone (Fig. 5) reveals the
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presence of a fast shear wave-speed anomaly
along with the elevated bulk-sound speed. Al-
though the bulk-sound anomaly is more prom-
inent, the shape of the shear wave-speed anomaly
corresponds to that of bulk-sound along the full
extent of the slab. Some spreading of the shear
high-velocity zone is detected above a depth of
V1000 km. The resolution calculations in Fig. 6
indicate that once again there should be good res-
olution of the nature of the slab.

The southernmost cross-section (Fig. 5) across
the Kermadec subduction zone is characterized by
a stronger anomaly in shear wave speed in the
upper mantle and a weakening of the bulk-sound
speed feature compared with the previous two
cross-sections in Fig. 5. Resolution tests show
good recovery for seismic-velocity anomalies asso-
ciated with the subducted slab (Fig. 6). Both bulk-
sound and shear wave-speed anomalies can be
retrieved with the same amplitude. Although

Fig. 5. Cross-sections through the bulk-sound speed (left column) and shear wave-speed (right column) models for the southwest-
ern Paci¢c region: (GGP) Fiji region, (HHP) Tonga region, (IIP) Kermadec region.
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some smearing is observed around the area of
plate penetration in the bulk-sound and shear
wave-speed images, this smearing has similar val-
ues and behavior in both images and, therefore,
cannot bias our comparisons. One useful measure
of the data coverage available for the inversion is
given by the density of ray paths. A convenient

measure of this quantity is the sum of the lengths
of ray segments traversing each cell (Fig. 7). For
the Fiji^Tonga region there is a very consistent
and high ray density across the regions where
subduction-related structures might be expected.
Nevertheless, the resolution tests show that the
amplitude of the velocity perturbations in the low-

Fig. 6. Resolution tests for the Fiji^Tonga^Kermadec subduction zone. The uppermost row represents the cross-sections through
the initial synthetic model. The middle and lower rows are the cross-sections through the recovered bulk-sound and shear wave-
speed structures.
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er mantle is likely to be somewhat underesti-
mated.

3.7. New Hebrides

The New Hebrides subduction zone was initi-
ated at about 10 Ma with opening of the North
Fiji basin and cessation of southwest subduction
along the Melanesian arc [35]. Paleomagnetic
studies suggest an age of V50 Ma [36] for the
lithosphere subducted at the trench in this zone.
A high-velocity zone, which can be associated

with the subducted slab, is observed down to a
depth of about 1000 km (Fig. 8). The bulk-sound
component is dominant for the full extent of the
subducted slab. Weak traces of a fast shear wave
anomaly are only seen in the transition zone and
mid-mantle. The subducted slab in the uppermost
mantle dips in the northeast direction, as expected
from the present tectonic framework. The maxi-
mum depth of penetration also ¢ts the present
subduction velocity of V80^90 mm/yr for 10
Myr of subduction history. However, the high-

velocity anomalies in the transition zone and
mid-mantle are oriented in the opposite, south-
west direction. We speculate that this bending of
the slab could re£ect strong mantle £ow associ-
ated with the opening of the North Fiji basin.

3.8. Solomon Islands

The northeast boundary of the Australian plate
was formed about 40 Myr ago by numerous rift-
ing processes [37]. The structure of the region is
further complicated by the collision of the On-
tong^Java plateau with the arc system [35]. The
tomographic images from the joint inversion (Fig.
8) show a high-velocity zone dipping northeast
down to a depth of about 1000 km. The fast fea-
tures in the bulk-sound image are more prominent
than those of the shear wave speed, which are
weak and have a scattered distribution.

3.9. Molucca

The tectonics of the area around the Molucca

Fig. 7. Cross sections representing the density of ray-length segments (in km) for P wave (upper row) and S wave seismic rays
(lower row) for the cross-sections shown in Fig. 5.
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Fig. 8. Cross-sections through the bulk-sound speed and shear wave-speed models for the southwestern Paci¢c region: (JJP) New
Hebrides arc, (KKP) Solomon arc, (FFP) Molucca region.
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Sea involves numerous small plates and plate
boundaries that have shifted and evolved on time-
scales of a few million years [28,35]. Our tomo-
graphic images (Fig. 8) show two sub-parallel
zones of fast wave speed descending deep into
the mid-mantle down to depths of about 1500
km for the right-hand sheet and about 900 km
for the left-hand sheet, which form an inverted
U-shape anomaly. This double-sheet zone of ele-
vated seismic velocities can be associated with the
Molucca Sea plate [38] bordered by Sangihe and
Halmahera arcs. The Molucca Sea plate has
largely been subducted and has been overridden
by the Halmahera arc [35]. The con¢guration of
the 3-D seismic wave-speed structures in this re-
gion is rather complex and simple 2-D cross-sec-
tions can be quite misleading. The shallow seis-
micity down to depths of 200^300 km below the
Halmahera arc [38] is associated with the easterly
dipping segment of the slab, which is clearly visi-
ble in the shear wave-speed image. The deepest
seismicity to about 600 km depth corresponds to
the slab subducted below the Sangihe arc (left-
hand sheet) [38].
There is a strong, fast anomaly in bulk-sound

speed below the Halmahera arc with a westerly
dip, although the clear, shallow shear wave anom-
aly shows an easterly dip correlating with the seis-

micity. The westerly dipping component at depth
is comparatively weak, particularly in the transi-
tion zone. In contrast, a very similar behavior for
the two wave types is seen below the Sangihe arc.
Spreading of the fast shear wave-speed anomaly
can be seen around a depth of 800 km.

3.10. Java^Sumatra

The Java^Timor subduction zone is character-
ized by collision between Australian and Asian
plates and subduction of terrains associated with
the Australian plate. At Timor itself present-day
subduction has initiated beneath the Australian
plate as buoyant continental material associated
with the ancient Australian craton appears to
have blocked the former subduction [35].
In the Java region, fast zones of shear wave

speed associated with the subducted slab are
most prominent in the uppermost mantle and
within the transition zone. However, below the
transition zone down to the maximum depth of
the regional tomographic model the bulk-sound
signature is dominant. The zone of fast shear
wave speed extends down to a depth of about
1500 km with northward £attening above a depth
of V1000 km. The combination of the bulk-
sound and shear wave-speed anomalies creates a

Fig. 9. The variation in the relative average amplitude of the bulk-sound speed and shear wave-speed anomalies along the sub-
ducted plate in the Java^Sumatra subduction zone. The cells with high-velocity anomalies associated with the subducted plate
were isolated and averages made through the thickness of the plate of the di¡erence between the wave-speed variations from the
ak135 reference model [17]. The bulk-sound speed values are subtracted from the shear wave-speed values, and the results are
then projected on the vertical section. Thus large bulk-sound velocity anomalies appear as negative values (patterned gray tone),
while high shear wave speed is presented as positive anomaly (solid gray tone). The points where the age of the sea£oor changes
are indicated and show a strong correlation with the changes in the balance between the two wave types. Solid black dots are
seismic hypocenters.
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tomographic image for P wave speed of the sub-
ducted plate that is similar to the results of [39]. A
strong shear signature of the slab below the Java
subduction zone was noted in [13].
Further west, where the Australian plate of

Late Cretaceous age [40] subducts below Sumatra,
the amplitude of the shear wave-speed anomaly
abruptly decreases. Flattened segments of the
shear wave anomaly are not observed in the
mid-mantle. In this area the slab is marked out
by elevated bulk-sound speeds from the upper-
most mantle down to the middle of the transition
zone.
The variation along the arc is most clearly seen

by projecting the relative amplitude of the bulk-
sound and shear wave-speed anomalies onto the
depth variation of the slab (Fig. 9). The di¡erence
between the variations in the bulk-sound speed
and shear wave speed from the ak135 reference
model [17] is constructed on a cell-by-cell basis
for the high-velocity anomalies associated with
subduction and then projected onto the subduc-
tion zone. The very distinct changes in the relative
behavior of the two wave types correspond closely
to where there is a change in the age of the sub-
ducted sea£oor determined from signi¢cant shifts
in the patterns of magnetic anomalies [35].

4. Discussion and conclusions

The results from our joint bulk-sound and
shear wave-speed tomographic inversion strongly
support earlier observations [13] that variations in
the amplitude ratio between the two wave types,
and hence a di¡erence in physical properties, oc-
cur in the portions of the subducted slabs that are
de£ected above the 660 km discontinuity or which
penetrate into the lower mantle. Subducted slabs
de£ected above the 660 km discontinuity, such as
in the Izu^Bonin or Tonga subduction zones, are
usually associated with strong, fast bulk-sound
anomalies accompanied by only slightly fast shear
wave-speed variations. Several scenarios for bulk-
sound dominance in the de£ected slabs were dis-
cussed by [13], who concluded that the strong
bulk-sound perturbations but little signature in S
imply low rigidity, while the slab fragments that

show clear penetration into the lower mantle have
a strong shear signature.
However, our tomographic models clearly show

that the slabs that penetrate deep into the low
mantle (Philippine, Solomon, New Hebrides) can
still be dominated by the bulk-sound perturba-
tion, whereas a signi¢cant shear wave-speed sig-
nature exists in the de£ected slab below Japan.
These new results suggest that the de£ection or
penetration of the slab is not the only indicator
of the prominence of the bulk-sound or shear
wave speeds within the subducted slabs.
We need to seek a reason for a change of phys-

ical properties in the slab and so we analyze the
spreading history for the subducted slabs at the
trench and try to relate it to the dominance of the
bulk-sound or shear wave-speed anomalies. Only
wave-speed anomalies in the uppermost mantle
are used to simplify interpretation and to reduce
the in£uence of the older (and hidden) spreading
history of the slab.
Generally, subducted slabs that have not been

a¡ected by strong present-day trench migration
are more pronounced in shear wave speed if the
subducted crust at the trench is older than about
90 Ma. Pronounced bulk-sound anomalies are
more common for younger slabs or those a¡ected
by fast trench retreat regardless of their £attening
above or penetration through the 660 km discon-
tinuity.
When we consider those subduction zones

which are not a¡ected by trench rollback we
¢nd that they separate into two groups. The ¢rst
group, dominated by shear wave speed, mostly
consists of the old Paci¢c slabs below Kuriles,
Japan, Mariana, and Kermadec. The second
group, dominated by bulk-sound, includes Philip-
pine, New Hebrides, Solomon and Sumatra sub-
duction zones. The noticeable changes with the
age of the subducted material along the Suma-
tra^Java arc are consistent with these results. It
would appear that oceanic lithosphere older than
90 Ma, which has reached full thickness and ther-
mal maturity, has also begun to modify its phys-
ical properties. It is possible that this arises
through the in£uence of anisotropy, which would
map into wave-speed variations in the joint inver-
sion based on an isotropic model.
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The Izu^Bonin and Tonga subduction zones
are clearly a¡ected by fast trench retreat and
show dominance of bulk-sound variations as re-
ported by [13]. Although the strong in£uence of
the trench rollback on the physical properties of
the subducted slab (re£ected in the dominance of
the bulk-sound) is con¢rmed by our study, the
detailed analysis of the Tonga^Kermadec subduc-
tion zone reveals additional details of this phe-
nomenon.
The images of the fast wave speeds associated

with the subducted Paci¢c plate below northern
Tonga are dominated by a bulk-sound anomaly
along the full extent of the slab from the upper-
most mantle to the lower mantle, both for the
£attened as well as the penetrating portions of
the subducted slabs. The shear wave anomaly is
only visible in the uppermost mantle. This obser-
vation suggests that the apparently reduced ri-
gidity of the slab does not prevent slab penetra-
tion into the lower mantle. The part of the slab
£attening above the 660 km discontinuity could
correspond to the split metastable wedge of the
former oceanic lithosphere [13]. In the southern
portion of the same subduction system near Ker-
madec, which is much less a¡ected by trench roll-
back, we ¢nd the fast wave speeds dominated by
shear structure in the upper mantle. From our
results for the other subduction zones, this is
what would be expected for the age of V170
Ma of the Paci¢c plate at the trench. Thus, the
mechanical in£uence of fast trench retreat can sig-
ni¢cantly a¡ect the physical parameters of the
slab and, therefore, be detected by joint bulk-
sound and shear wave-speed tomography.
The relative behavior of the bulk-sound speed

and shear wave speed through the Western Paci¢c
subduction zones is summarized in Fig. 1, in
terms of the behavior of a number of di¡erent
cross-sections. All these observations suggest
that the physical properties of the subducting
plate relate to the age of the subducted slab.
The information on the properties of the upper-
most mantle from the sections in Fig. 1 is replot-
ted as a function of the age of the sea£oor at the
trench in Fig. 10. With the exception of the north
Philippine region, where there is considerable un-
certainty in the age of the sea£oor, there is a clear

separation between bulk-sound speed dominance
for younger slabs (6 90 Ma) and shear wave-
speed dominance for older slabs (s 90 Ma).
A similar dependence on the age of the sub-

ducted lithosphere was proposed for the relation-
ship between the maximum depth of seismicity
and the thermal parameters of the subducted
plate (e.g. [41]). The similarities between the two
phenomena can be illustrated by the Java^Suma-
tra subduction zone, where the amplitude ratio
between the bulk-sound and shear wave speed
correlates with the maximum depth of seismicity
(cf. Fig. 9).
Another prominent feature revealed in our

study is a £attened zone of elevated shear wave
speed between 800 and 1000 km around the re-
gions where subducted slabs penetrate deeply into
the lower mantle. There is no comparable feature
in the bulk-sound speed images. Frequently, a
depth close to 1000 km is regarded as the bottom
of the transition zone near subduction zones [42].
Seismic anomalies near 1000 km depth have been
reported by [43] from ScS reverberations and by

Fig. 10. Summary of the relative behavior of the bulk-sound
and shear wave speed in the upper mantle as a function of
the age of the sea£oor at the trench. The size of the ball rep-
resents the average value of the dominance of one modulus
compared with the other within the subducted plate (the
scale is shown in the inset). Velocity perturbations within a
band 300 km wide around the individual cross-sections were
selected for the analysis.
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[44^46] from direct observations of the converted
phases below the Western Paci¢c region. Al-
though these seismic anomalies are not accepted
as a general attribute of the lower mantle, these
direct observations could be related to the zone
of elevated shear wave speed detected in our to-
mographic inversion. There is a possible expla-
nation of discontinuities near 900 km depth in
terms of changes in the symmetry of silicate pe-
rovskite crystals [43]. The detection of this V900
km discontinuity only within the Western Paci¢c
region might be explained by the presence of deep
subduction in this region; slab penetration into
the lower mantle could introduce chemical or
thermal disequilibria relative to the surrounding
mantle at a depth of V900 km, with strongest
e¡ects on the shear wave speed.
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