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Abstract

Recent studies on slab structure in the northwest Pacific have imaged variable geometries of the subducted oceanic

lithosphere along the plate margin. Tomographic images show portions of the subducted Pacific plate penetrate vertically into

the lower mantle below the Mariana arc, whereas below the Izu–Bonin arc, the slab appears to be lain down horizontally on top

of the 670-km discontinuity. Using new technology to grid and visualize regional seismic tomography data even more detail

about the structure of the subducting plates can be extracted from the three-dimensional images. We investigate the morphology

and geometry of the subducting Pacific plate as it changes between horizontal to nearly vertical using P-wave tomographic

images. The most profound result from these new models is the presence of a distinct change of seismic property in the

downgoing Pacific slab beneath the Izu–Bonin arc at a depth of 350–400 km. The position of this anomaly corresponds to a

region north and west of the Ogasawara Plateau. We propose the change in morphology and physical property of the slab is

related to the distortion of the Pacific plate geometry as its shape converts from near horizontal to vertical, together with the

subduction of the Ogasawara Plateau.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction plate and has been the focus of seismic and deep
The Izu–Bonin–Mariana arc system, consisting

of the Izu–Bonin arc in the north and the Mariana

arc in the south, reaches an extent of almost 3000

km from Japan to Palau (Fig. 1). The Pacific plate,

which is late Cretaceous to early Jurassic in age at

the trench, is subducting beneath the Philippine Sea
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subduction research for decades. One of the most

intriguing aspects of the region is the variation in

the geometry of the subducted slab along the arc.

Past tomographic research has characterized the

changing slab structure, with the Mariana slab

penetrating vertically into the lower mantle and the

Izu–Bonin slab being deflected in the upper mantle

at the 670-km discontinuity [1,2]. Although the

deflection of the plate in the northern portion of

the arc system and the penetration of the slab into

the mantle in the southern region has been known

for some time, the details of the slab structure in the



Fig. 1. Map of the northwest Pacific with the major features of the Izu–Bonin–Mariana arc system, hypocenters of events with magnitudes of

5.0 and greater from the NEIC catalog, and locations of the cross sections used in Fig. 4. PA= Pacific Plate, PH= Philippine Plate,

EU=Eurasian Plate.
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region between these two different geometries have

not been well imaged. We find an anomalous region

of the subducting slab in the southern portion of the

Izu–Bonin arc. Utilizing complementing data sets

and improved technology, we are able to interpret

how local tectonic processes and events are reflected

in the subducted Pacific slab.
2. New insights using tomography data

Seismic tomography is based on imaging contrast-

ing seismic properties in a three dimensional structure.

The differences in the seismic properties are directly

reflected in the arrival times of seismic phases. By

examining the differences between the observed prop-



Fig. 2. P-wave tomographic image with the coastline of Asia in

purple and plate boundaries in red. The cyan colors represent the

percentage of velocity perturbation that are faster than the reference

model ak135, while the brown colors represent the velocities slower

than the reference model ak135 [4].

Fig. 3. Three-dimensional P-wave tomographic model sliced to

illustrate the Pacific plate subducting beneath the Philippine plate

with earthquake hypocenters color coded by depth. Earthquake data

was obtained from the NEIC/USGS catalog from events with

magnitude greater than 4.5 between 1967 and 1995.
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erties of the seismic wavefield and the predictions for a

reference model, one can begin recovering and inter-

preting the 3D structure. Aside from significant advan-

ces in the refinement, model parameterization, 3D ray

tracing, inversion, and the use of both local and global

earthquakes in the last decade, visualization technolo-

gy has also advanced tremendously. EarthVisionk
computer software (http://www.dgi.com/) was used to

reprocess existing data, create tomographic images,

and develop an interpreted visual model of the sub-

ducting Pacific plate in the Izu–Bonin Mariana arc.

2.1. Tomography data

The tomographic inversion we have used [1,3] is

an interpretation of P-wave travel-time residuals in

terms of velocity perturbations relative to the ak135

reference velocity model [4]. P-wave time residuals

were inverted for an aspherical mantle structure using

the relocated global data set from Engdahl et al. [5] to

create the delay-time regional tomographic inversion.

The entire data set included approximately 13 million

arrival times for P, pP, pwP, PKP, and regional S

waves from 6000 global stations between 1964 and

1998, which were reported to International Seismo-

logical Centre (ISC) and the National Earthquake
Information Center (NEIC). Data with common event

and station pairs were selected to construct summary

rays based on 1j�1j regions with 50-km depth

intervals for the event clusters. Single rays with both

P and S readings were used for events and stations

within the study area to optimize data coverage. Rays

were included if the travel time residual for a P

reading were in the F 5.0 s range and an S reading

were in the F 15.0 s range relative to the ak135

reference model [4]. Mantle structure was parameter-

ized into a non-overlapping grid of 5j� 5j with 16

layers ranging from 110 to 250 km down to a total

depth of 2889 km. The study area consisted of a finer

grid of 1j�1j, with 19 layers ranging from 35 to 200

km to a depth of 1600 km, in order to resolve small-

scale structures and minimize contamination from

structures outside the area of interest.

2.2. P-wave tomographic images

The P-wave inversion data set from Widiyantoro

[1,3] was reformatted and gridded in to create a new

3D visual model (Fig. 2). The new model vastly

improves visualization of the subducting slabs and

their relation to seismicity in the region (Fig. 3). The

new P-wave tomographic inversion images reveal

detailed high-wavespeed anomalies interpreted as the

old lithosphere of the Pacific plate subducting below

the northwestern Pacific island arcs. Earthquake foci

created from events (1976–1996) listed in the Har-

vard Centroid Moment Tensor catalog [6] are plotted

on the P-wave inversion, which expresses the similar
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dip between the imaged slab and the Wadati–Benioff

zone (Fig. 4). Vertical slices along the cross sections

illustrated in Fig. 1 show the variations along the arc

and with depth of the geometry of the subducting slab

from the Izu–Bonin arc and the Mariana arc, which

demonstrate the variation in stress orientations. Cross

sections A–AVand B–BVimage the shallow dipping

Pacific plate beneath Japan, C–CVreveals the horizon-
tally positioned slab along the 670 km discontinuity,

while D–DVand E–EVindicate the slab beneath the

southern portion of the Izu–Bonin arc and Mariana arc

penetrating vertically into the lower mantle. Details of

theMariana arc are not as well imaged due to the lack of

close seismic stations and the relative narrowness of the
Fig. 4. (A–E) Cross sections of the P-wave velocity perturbation model ba

illustrate the shallow dipping Pacific plate, C–CV the deflected slab, D–D

Bonin arc and the Mariana arc, respectively.
slab (approximately 100 km thick), which is the width

of the cells used in the inversion matrix. Despite the

poorer resolution to the south, the slab below the

Mariana arc can still be imaged with the P-wave

inversion as penetrating below the transition zone to

about 1200 km (Fig. 4d–e). The image of the vertical

position of the slab is also consistent with the shape of

the deep seismicity in the Mariana arc.
3. Interpretation

Researchers have predicted arc-parallel extension

and/or tearing within the slab in order to accommo-
sed on data from Widiyantoro [1,3]. Cross sections A–AVand B–BV
V and E–EV the vertical penetration of the slab at the southern Izu-



Fig. 6. Interpreted morphology and geometry of the subducting

Pacific slab beneath the Izu–Bonin arc. The absent block illustrates

the region where the change in seismic property or ‘‘tear’’ occurs.

The earthquakes acquired from the NEIC catalog for events from

1967 to 1995 illustrate a cluster of events positioned within the

anomalous region.
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date its change in shape from horizontal to vertical

in just a few degrees of latitude along the Izu–

Bonin arc [7,8]. However, evidence for tears in the

slab had yet to be found. Therefore, we examined

this region in detail in order to understand how this

change in geometry can exist, and to seek geometric

data (enhanced by the 3D visualization of earth-

Visionk) that might allow clarification of the pro-

cesses that led to this complex shape in the

subducting slab.

3.1. Three-dimensional model

An interpreted morphological model was created

by picking the top and bottom of the downgoing

Pacific plate based on the P-wave tomographic

images of the subducting slab. The morphology of

the Pacific plate as it subducts beneath the Philippine

Sea plate was interpreted by not solely selecting a

specific contour in the gridded tomography data, but

by picking the largest contrast in velocities in the

tomographic image (Fig. 5). The maximum velocity

contrasts were digitized for the top of the slab, which

are displayed in magenta dots in Fig. 5, and the

bottom of the slab (yellow dots in Fig. 5). [From the

results of this process, it was noticed that the P-wave

velocity was significantly slower at about 350–400

km depth between latitudes 28j and 31.5j (Fig. 5)].

After interpreting the top and bottom of the slab

within the region between the horizontally imaged
Fig. 5. Representation of the method of interpreting the change in

property within the downgoing Pacific plate from the P-wave

tomography model. The property anomaly occurs just above the

410-km discontinuity with a northern extent of 31.5jN and

continues southward to about 28jN. The magenta points are the

interpreted picks of the top of the Pacific slab while the yellow

points are the bottom of the Pacific slab.
plate and the vertically imaged plate, a solid three-

dimensional model was produced. This 3D schematic

representation of the subducting plate beneath the

Izu–Bonin arc illustrates the anomalous area in the

Pacific plate and the varying slab geometry in the

region (Fig. 6). The absent block demonstrates the

region where the change in seismic velocity or

‘‘tear’’ occurs.

3.2. Distribution of earthquakes within the anomalous

region

A cluster of earthquakes is located within this

anomalous area (Fig. 6). Focal mechanisms for these

events are varied (Fig. 7), but predominately have a

NNW–SSE strike. Nearly all the focal mechanisms

show near vertical dip slip, representative of the

fault orientations, however, deeper events are char-

acterized by a shallower dip slip. It is therefore

apparent that there is a variation in stress orienta-

tions within the anomalous region. This variation

could be related to mechanical breakup and distor-

tion of the plate as it is extended along the bend in

the slab. Alternatively, failure of the slab has already

taken place, and seismicity is the result of faulting as

the adjacent mantle is drawn into the ‘‘boudin



Fig. 7. Interpreted 3D visualization model with focal mechanisms

plotted with data acquired from the Harvard CMT catalog [6] for

events occurring within the slab between 1967 and 1995 with blue

indicating compression and yellow representing dilation.
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neck’’. The final possibility is that the clustered

earthquakes in this region of the slab are therefore

accommodating the strain that is necessary for the

slab to fail, and tear, or, as the result of the large

variation in geometry along arc.
4. Discussion

The tomographic images using earthVisionk have

provided additional insight and views of how to

interpret the tomograms. This imaging depicts the

Pacific slab subducting beneath the Philippine Sea

plate in its various geometries along the plate bound-

ary. The slab below the Izu–Bonin arc lies on the 670-

km boundary (Fig. 2 and 3), which is in agreement

with previous studies by Widiyantoro et al. [1] and

van der Hilst and Seno [2]. Below the Mariana arc, the

slab is almost vertical, which is in accord with the

seismicity data and other independent studies. The

zones of higher seismic velocity match the zones of

seismicity as shown in Figs. 3 and 4.

The presence of an area of anomalous seismic

velocity in the downgoing slab is well constrained
in the P-wave model based on [1,3] and is also

confirmed by comparison of bulk-sound speed and

shear wave-speed anomalies from joint P and S

inversions [9], which can reveal the nature of seismic

heterogeneity and physical properties in subduction

processes. The bulk-sound inversion indicates that

there is a weak anomaly at 350–400 km depth and

between 28j and 31j latitude and the shear wave-

speed inversion suggests a thinning of the slab in the

same anomalous region. Gorbatov and Kennett [9]

and Kennett and Gorbatov [10] have proposed that

bulk sound dominance with little signature in S

implies a low rigidity within the deflected slab, and

is especially apparent for areas affected by strong

present-day trench migration such as the Izu–Bonin

arc. The joint inversion of P and S data confirm the

existence of an anomaly in the slab and imply that the

plate is relatively not rigid within this region. This

supports the model that suggests seismicity is related

to heterogeneous flow of mantel within the actively

forming ‘‘tear’’.

4.1. Slab geometry and tectonic history

The Izu–Bonin trench migrated from south to

northeast with clockwise component of rotation since

48 Ma, and in the last 17 Myears, the trench–trench–

trench triple junction has moved westward by about

50 km [11]. Relatively young lithosphere was sub-

ducted beneath the Izu–Bonin arc during the fast

trench migration of the Oligocene–Mid Miocene

[2,11–14]. The combination of young oceanic litho-

sphere and rapid trench migration produced a shallow

subduction angle with the slab being laid down in the

transition zone of the mantle. Tomographic images of

the horizontal slab are consistent with this model and

in accordance with other studies on residual sphere

analyses, hypocenter distributions, and discontinuity

topography [8,15,16].

In contrast, during this time, the Mariana trench

was not migrating as fast due to the clockwise rotation

of the Philippine plate and this caused the subducted

lithosphere to ‘‘pile up’’ at the transition zone [2].

This dense lithosphere could have then proceeded

through the transition zone when enough mass accu-

mulated to penetrate into the lower mantle, as is

evident in the tomography images. Thus, the slab

had become anchored and the trench continued to
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migrate ocean-ward but at a rate that is comparable to

the rate of back-arc spreading, which is evident in the

present-day back arc rifting.

4.2. Slab property anomaly

Since the location of the slab at depth is dependent

on the historical motion of the plates, it is possible to

hypothesize the relationship of the anomaly identified

within the slab beneath Izu–Bonin and the geology at

the current trench location [7,8]. Note that since the

Pacific plate is subducting obliquely along the Izu–

Bonin–Mariana arc system, the slab will have a

significant component of northward directed flow in

order to avoid unsustainable strain rates. Thus, Bur-

bach and Frohlich [17] estimate that material at 30jN
would enter the trench at 24jN, but fail to consider the
impact of the Ogasawara Plateau on the Pacific plate

at approximately 24jN. The Ogasawara Plateau is a

volcanic seamount chain that is much younger than

the material surrounding of the Pacific plate, which is

Jurassic in age. We propose that the subduction of this

younger, thicker oceanic lithosphere has contributed

to the anomalous area in the slab detected in the P-

wave velocity images.
5. Conclusions

Improved technology and 3D imaging has success-

fully improved our understanding of the subduction of

the Pacific plate along the Izu–Bonin–Mariana arc.

The change in morphology of the slab at the southern

end of the Izu–Bonin arc is accommodated through a

region with changed physical properties in the depth

range from 350 to 400 km, which appears almost as a

‘‘tear’’ in the P-wave images. We suggest that this

change in seismic property is related to the distortion of

the Pacific plate as its shape transforms from a uniform

gently dipping orientation to near horizontal and ver-

tical segments, driven by the subduction of the Ogasa-

wara Plateau.
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