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Abstract Deep-focus (>400 km) earthquakes in the subducting Pacific slab produce areas of anomalously
large and lengthy shaking along the fore-arc (Pacific ocean) side of northern Japan. This effect arises because
the slab acts as an efficient waveguide for seismic waves from earthquakes at depth within the slab. The
mechanism of such slab-induced waveguide effect can be explained by efficient propagation of seismic
waves in a cold and low-attenuation (highQ) slab, with multiple forward scattering of high-frequency (>1Hz)
waves in a quasi-laminar stochastic waveguide. In this study, we demonstrate an additional mechanism to
enhance the waveguide effect for deeper events, which is caused by reduction of the seismic wave speed in a
metastable olivine wedge (MOW) in the core of the slab for depths between 400 and 600 km. We present
evidence for the presence of the low-wave speedMOW from analysis of broadband waveforms of deep-focus
earthquakes in the Pacific slab descending beneath the Sea of Japan. For events below 400 km depth,
low-frequency and slightly dispersed P and S phases arrive ahead of the most energetic high-frequency
direct phases. Numerical simulations of high-frequency seismic wave propagation for both 2-D and 3-D
heterogeneous subduction zone models demonstrate a strong waveguide effect from the MOW due to
focusing of high-frequency seismic waves toward the up-dip direction in the slab. The presence of the
metastable olivine in slabs allows the development of very large and lengthy ground motion for stations on
the fore-arc side of northern Japan in good agreement with the observations.

1. Introduction

It has long been recognized that cold subducted slabs with low attenuation (high Q) can act as an efficient
waveguide to transport high-frequency (f> 1Hz) signals from intermediate to deep-focus earthquakes
within the slab to the surface. In Japan, such a slab-induced waveguide effect is often noticed for large
deep-focus earthquakes in the Pacific slab for depths down to about 600 km over a widespread large inten-
sity area in the eastern fore-arc (Pacific Ocean) side of northern Japan. This anomalous intensity zone is asso-
ciated with very lengthy high-frequency ground motions lasting several minutes.

Figure 1a displays a typical pattern of such anomalous intensities, from a Mw 6.8 deep event (h= 578 km),
which occurred beneath Vladivostok on 18 February 2010. The peak ground acceleration (PGA) recorded
by the dense Hi-net network across Japan [Okada et al., 2004] shows a significant extension of the PGA
contours along the Pacific Ocean side of northern Japan, almost parallel to the iso-depth contours of the
subducting Pacific slab. The enhanced accelerations are due to efficient guiding of the high-frequency signal
within the descending slab. In contrast, on the back-arc side (Japan Sea side) of northern Japan, where
the seismic waves do not travel within the slab, the PGA is very weak relative to the fore-arc stations. In
Figure 1b, we show the radial (R) component of ground motion from Hi-net stations for two profiles: (a-a′)
across Hokkaido and (b-b′) across Tohoku. It is worth noting that the Hi-net stations are placed in relatively
hard rock sites and sensors are placed in boreholes about 100–200m below the surface to minimize site
amplification effects. Thus, the observed PGA anomaly reflects enhancement due to deeper crustal and
upper mantle structures. For each profile, the high-frequency components in the signals increase significantly
from the back-arc stations to the fore-arc stations on the east coast. Large acceleration is associated with the
elongated high-frequency P and S coda. The development of such anomalous shaking intensity also occurs in
western Japan where the Philippine Sea plate subducts [Furumura and Kennett, 2008] and has recently been
reported for a number of different subduction zone environments where dense seismic instrumentation is
available, such as in Taiwan [Chen et al., 2013] and beneath the Mediterranean in Italy [Sun et al., 2014].

FURUMURA ET AL. ENHANCED SLAB WAVEGUIDE EFFECT OF MOW 6779

PUBLICATIONS
Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2016JB013300

Key Points:
• MOW in the Pacific slab enhances
waveguide effects for deep-focus
earthquakes

• The MOW has 5% P wave speed
reduction across 100 km width
inferred from observations and
numerical simulations

• Most deep (> 400 km) earthquakes in
the Pacific slab occur in the center of
the MOW

Supporting Information:
• Supporting Information S1
• Movie S1
• Movie S2
• Movie S3

Correspondence to:
T. Furumura,
furumura@eri.u-tokyo.ac.jp

Citation:
Furumura, T., B. L. N. Kennett, and
S. Padhy (2016), Enhanced waveguide
effect for deep-focus earthquakes in the
subducting Pacific slab produced by a
metastable olivine wedge, J. Geophys.
Res. Solid Earth, 121, 6779–6796,
doi:10.1002/2016JB013300.

Received 22 JUN 2016
Accepted 2 SEP 2016
Accepted article online 14 SEP 2016
Published online 30 SEP 2016

©2016. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
http://dx.doi.org/10.1002/2016JB013300
mailto:furumura@eri.u-tokyo.ac.jp


The anomalous distribution of the shaking intensity in Japan associated with deep events was first noticed in
the early years of the nineteenth century [Hasegawa, 1918], once modern instrumental seismic observation
had started. Later, Utsu [1967] and Utsu and Okada [1968] explained these anomalous high intensities by pro-
posing a high-velocity (high V) and high-Q slab with a large contrast with the surrounding low-velocity (low V)
and low-Q mantle. However, such a high-Q and high-V slab model by itself cannot explain the cause of
lengthy high-frequency ground motion. In addition, seismic wave energy can be expected to be shed from
the high-V subducting slab into the surrounding low-Vmantle, such effects are enhanced by the strong velo-
city gradient from the center to the outer part of the slab induced by the thermal regime.

Furumura and Kennett [2005] suggested that the high-frequency energy is trapped within the subducted slab
by a scattering waveguide effect. Multiple forward scattering in a heterogeneous slab, characterized by elon-
gated variations with longer correlation length (ah=10 km) along the slab and much shorter correlation
length (az= 0.5 km) in the cross-slab direction, is able to sustain high-frequency waves. Their numerical simu-
lations showed how the fluctuations of seismic wave speed within the high-velocity slab could act to trap
high frequencies and generate long coda. The net result of a high-Q and heterogeneous slab is an efficient
stochastic waveguide for high-frequency (f> 2Hz) seismic waves along the slab that allows the anomalously
large ground shaking at large distances in the fore-arc region where the energy escapes from the slab-
induced waveguide at shallow depth.

In the present study, we demonstrate an additional contribution to the slab waveguide effect for very deep
earthquakes occurring in the Pacific slab (h> 400 km). Metastable olivine, below the phase transition to
wadsleyite adds a wedge-like lowered wave speed zone (metastable olivine wedge; MOW) in the core of
the subducting slab, at depths between 400 and 560 km due to a delayed phase transformation from olivine
to spinel in the cold slab. This additional zone of lower wave speed helps to compensate for weakening of the
signal expected during propagation on the longer path lengths from very deep events.

Figure 1. (a) Peak ground acceleration (PGA) for the Mw = 6.8 deep-focus earthquake of 18 February 2010 beneath Vladivostok at a depth of 578 km, obtained by
interpolation of Hi-net stations (triangles) together with iso-depth contours of the subducting Pacific slab. (b) Radial component ground acceleration from the
earthquake along the profiles (a-a′) across Hokkaido and (b-b′) across Tohoku, with P and S wave travel times for the ak135 model superimposed. The station names
are indicated at the top of the sections.
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The existence of a MOW in the deeper part of the descending Pacific slab beneath Izu-Bonin trench was first
inferred by Iidaka and Suetsugu [1992] based on P and S wave travel time anomalies and subsequently was
confirmed for other subduction zones [e.g., Jiang et al., 2008; Pankow et al., 2002]. The physical properties
of the MOW, such as its structure inside the slab and the strength of anomaly, have been studied in detail
by using dense Hi-net records and ray-tracing techniques [Jiang et al., 2008] and by analyzing travel time
anomaly for teleseismic data from events in the Kurile slab [Pankow et al., 2002]. Kawakatsu and Yoshioka
[2011] applied a receiver function technique to image the MOW in the deep Pacific slab descending below
the Sea of Japan. The general characteristics of the MOW can be described by a narrow zone of lowered seis-
mic wave speed about 100 km wide at a depth of 400 km with decreasing thickness down to ~600 km, with a
contrast in wave speed of �5% (or more) compared to the surrounding high-velocity slab.

The way MOWmodifies the seismic wave field has been investigated using numerical simulation for teleseis-
mic waves [e.g., Vidale, 1991] and for regional waves [Koper and Wiens, 2000; Yoshioka and Murakami, 2002].
Kaneshima et al. [2007] analyzed the long-period motion of the teleseismic records from deep earthquakes
occurring in the Izu-Bonin arc and discussed the waveform effect of the MOW by comparing observations
with synthetic seismograms based on a 2.5-D finite difference method (FDM) simulation.

In this paper, we investigate the role of the MOW for the seismic wavefield associated with deep earthquakes
in the subducting Pacific slab beneath the Sea of Japan, using both broadband records at regional distances
and numerical simulations of wave propagation in 2-D and 3-D. In the following section, we show evidence
for lowered wave speed in the deeper part of the Pacific slab from waveform changes at large (h> 400 km)
source depths on F-net broadband records. This comes from strong low-frequency precursors to both P and
S wave arrivals and lengthy S coda. We confirm the behavior by the FDM simulation of high-frequency wave
propagation for different class of heterogeneous slab structure and show that we are able to explain the
distinctive seismograms for very deep events in the Pacific slab with a MOW. The numerical simulations
demonstrate that lowered wave speed in the MOW in the deep Pacific slab enhances the slab guiding effect.
The MOW induces focusing of seismic wave in the up-dip direction of the slab, thereby producing larger and
longer ground motions from very deep events in the Pacific slab.

2. The Waveform Anomaly of Deep-Focus Events

The subducting Pacific slab from the Kurile Trench to the Japan trench shows a complex morphology with
strong bending and thinning of parts of the slab [Miller et al., 2005; Kennett and Furumura, 2010]. Deep-focus
earthquakes in a broad depth range occur along a cusp in the slab shape. These events give rise to
high-frequency arrivals at stations along the Japan Sea coast. We illustrate the character of the records at
the F-net broadband station TMRF in Tohuku (Figure 2), with a display of records of ground velocity for the
vertical (Z) and tangential (T) components from events in the depth range between 180 km and 600 km
located along a line running west-northwestward from TMRF. Each trace is band-pass filtered (0.05–20Hz)
and normalized by the maximum velocity.

The broadband waveforms at this fore-arc station TMRF display prominent high-frequency (f> 1–2Hz) and
long-duration P and S wave codas for these deep events (Figure 2). There is similar amplitude on all three
components of motion (Figure S1 in the supporting information), indicating strong 3-D scattering of high-
frequency waves due to small-scale heterogeneities in the high-Q subducted slab. In addition, there are
low-frequency P and S wave forerunners ahead of the main high-frequency signals (f< 0.25Hz), which are
developed by multiple diffraction of low-frequency signal in the heterogeneous slab. Thick oceanic mantle
with laterally elongated heterogeneity features (quasi-laminar) develops strong forward scattering of high-
frequency signals with wavelengths shorter than the dominant scale of heterogeneities. The effect of the
scattering is that the arrival time of the higher-frequency signal is delayed and the coda develops a spindle
shape. The longer wavelength, lower frequency, signal can propagate somewhat faster in the quasi-laminar
heterogeneous slab as a result of multiple diffractions [Furumura and Kennett, 2005]. The result is low-
frequency P and S onsets with high-frequency longer-duration main signals. The separation time between
the low- and high-frequency signals is controlled by the strength of heterogeneity in the slab and by the geo-
metrical relationship between the stations and the configuration of the slab. The separation time increases
with increasing distance from the volcanic front where strong slab bending occurs [Furumura and Kennett,
2008]. A similar type of low-frequency forerunner and later high-frequency signal also occurs for shallow
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Figure 2. Record section of vertical (Z) and tangential (T) components of ground velocity from linearly aligned deep-focus
events (a–k) recorded at the F-net station TMRF in Tohoku. Each trace is normalized by the maximum amplitude. The map
in the lower panel shows the source location and the focal mechanisms of the events, together with the depth contours of
the Pacific slab. Yellow squares indicate the distribution of F-net stations.
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events in the brittle former ocean crust with guided waves in the lower velocity zone at the top of the slab
[e.g., Fukao et al., 1983; Hori et al., 1985].

The broadband waveform of very deep events (h> 400 km; Figure 2 a, b, c, and d) shows pronounced time
separations between low- and high-frequency signals. The low-frequency P and S forerunners are clearly
observed to separate from the high-frequency later signals. Such characteristics of the P and S waveforms
changes as source depth increases beyond 400 km. Similar effects can be seen in the records of other sta-
tions: in Hokkaido (KMUF) and in Tohoku (TYSF) (Figure S2 in the supporting information). Thus, the time
separation of the different frequency arrivals arises from source and path effects in and along the Pacific
plate, rather than having a site-specific cause.

The deepest (h> 400 km) events have much larger S waves relative to P with a longer duration of high-
frequency signals. Further, the sudden change in the prominence of the low-frequency component of wave-
form for source depths below 400 km suggests a change in the structure in the deeper part of the
slab, providing an additional waveguide effect for the deepest sources.

In Figure 3, we compare Z component seismograms at TMRF for four events with depths h= 320, 445 km,
513 km, and 578 km. We display both the broadband (BB) and a high-pass filtered (HF: f> 2Hz) records.
For the waveform of the shallowest event (Figure 3a; h= 320 km), the time separation between low- and
high- frequency signals is about 1 s for P and 2 s for S. As mentioned earlier, this time separation occurs from
a delay of high-frequency scattered waves that depends on the strength of the heterogeneity in the stochas-
tic waveguide [see Furumura and Kennett, 2005]. These time separations are maintained when the source
depth increases to 445 km (Figure 3b). The two deepest sources (Figure 3c; h= 513 km and Figure 3d:
h= 577 km) have much larger time separation, about 2 s for P and over 3 s for S for the h= 513 km event,
and even larger for the 577 km event, with over 2 s delay to the onset of high-frequency for P and 6 s for S.
The increase in the delay time of the high-frequency signals traveling through the deeper part of the slab

Figure 3. Vertical component seismograms for four deep-focus events (a) 10 April 206; h = 320 km, (b) 2 September 2013;
h = 445 km, (c) 19May 2008; h = 513 km, and (d) 18 February 2010; h = 578 km recorded at TMRF (indicated in Figure 2 as i, e,
c, and a), with broadband waveforms (BB) and high-pass filtered seismograms above 2 Hz (HF).
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cannot be explained by assuming much
larger (>2.5%) heterogeneities in the
deeper part of the slab due to petrologi-
cal and mineralogical constraints. Thus,
the observations indicate the need for
another cause, such as the presence of
a low-wave speed anomaly (i.e., the
MOW) at that depth range.

The low-frequency S wave arrival shows
weak dispersion features with a faster
arrival of low-frequency signals (normal
dispersion; see Figure S3 for frequency-
time analysis). Such a dispersion prop-
erty can also be noticed in the P waves
but is not so clear as S because the
wavelength of P wave is much longer
than that of S wave, and the overlap
with the high-frequency signal comes
at an earlier time. The dispersion prop-

erties of P and S waves traveling in the deep slab indicate the existence of a narrow zone of reduced wave
speed such that high-frequency waves with shorter wavelength are strongly affected but low-frequency sig-
nals with longer wavelength sense the faster slab wave speed on the outside.

The increase in the delay time between low- and high-frequency signal from h=445 km to h= 577 km events
is about 3 s, the distance between two events is D= 290 km, and the average Swave speed of the slab at that
depth is about 5.5 km/s. Hence, the expected anomaly of the Swave speed (dVs) between the two events can
be roughly estimated to be around�6% compared to the surrounding high-V slab. This estimate is consistent
with previous work on shear wave speed anomalies in the MOW from S wave travel times of regional and
teleseismic events [e.g., Jiang et al., 2008; Pankow et al., 2002] and theoretical expectations from thermal
models [Yoshioka and Murakami, 2002].

3. FDM Simulations of Deep Slab Events

We examine the effect of a lowered wave speed MOW at depth in the Pacific slab using FDM simulations of
high-frequency seismic wave propagation employing heterogeneous Pacific slab subduction models
(Figure 4). In particular, we look at the way that structural effects modify the P and Swaveforms of deep events
(h> 400 km). We first conduct a suite of 2-D FDM simulations for high-frequency seismic wave traveling in dif-
ferent classes of heterogeneous slabmodel to infer how the loweredwave speed anomaly in thedeeperpart of
the slab affects the wave propagation for deep events and make comparisons with observed broadband
records.

The 2-D simulation is taken along a profile cutting across Tohoku through the F-net broadband station
TMRF, nearly perpendicular to the trench, extending to the region of deep events in the Pacific slab (line
a-a′ in Figure 1). The area of the simulation covers a region of 1728 km horizontally and 800 km in depth,
discretized with a small grid interval of 0.075 km to allow high-frequency simulation in the heterogeneous
subduction zone (Figure 4). The wave propagation simulation is conducted in the Cartesian coordinate
system, and the sphericity of the Earth is compensated by Earth flattening to produce modified P and S
wave speeds.

In all the simulations the depth of the upper, middle, and lower crust and physical parameters of each layer is
taken from the CRUST 1.0 model [Laske et al., 2013]. The configuration of the Pacific slab is derived from the
JIVSM model [Koketsu et al., 2008], in which the thickness of the oceanic crust is taken as 8 km and the thick-
ness of the oceanic mantle as 90 km. The physical parameters of the heterogeneous Pacific slab follow
Furumura and Kennett [2005] including the thermal regime inside the high-V and high-Q slab (Figure 4).
The slab has velocity and density 2% larger than the ak135 model [Kennett et al., 1995], with in addition a

Figure 4. Model used for 2-D FDM simulation of seismic wave propaga-
tion across profile A-A′ shown in Figure 2, illustrating the depth and
lateral variation of S wave structure. The wedge structure of the low-wave
speed MOW with 5% and 7% velocity reduction for P and S wave speed
and width W at the top is placed in the depth range between 400 and
610 km.
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small (1%) linear increase in velocity and density from the top to the base of the slab. The thermal regime
inside the slab is approximated by a 2% larger velocity and density in the center of the slab, which decrease
to normal values toward top and bottom of the slab using a cosine function. A low-V former oceanic crust
with 8% slower velocity and density than the surrounding mantle is placed at the top of the slab to depth
to 150 km. However, such a thin layer in the shallow slab does not have a strong influence on wave propaga-
tion from deep events. We assumed high-Q values for P and S waves (Qp= 1600, Qs= 1200) and relatively
smaller values for the former oceanic crust (Qp= 600, Qs=300). Stronger attenuation (Qp= 150, Qs=100) is
placed in the mantle above the slab on the fore-arc side of the subduction zone (i.e., mantle wedge), com-
pared with that of the surrounding mantle (Qp= 450, Qs= 330).

The model of small-scale heterogeneity in the subducting slab also builds on Furumura and Kennett [2005],
using a von Karmán distribution function with horizontal correlation length of ah= 10 km along the plate
dip direction and much shorter correlation distance of az= 0.5 km across the plate thickness. Based on the
work of Kennett and Furumura [2015], we introduce a sinusoidally increasing strength of heterogeneities with
standard deviation ε ranging from 0.5% at the top to 2.5% at the bottom of the slab, superimposed on the
background P and S wave velocities and densities of the oceanic mantle (80% of the standard deviation
for P and S wave speeds). The heterogeneity model in the continental and oceanic crust are modeled by

Figure 5. Snapshots of seismic wave propagation at 40 and 100 s from the earthquake initiation and the record section of vertical motion derived by the FDM
simulation using the (a) base subduction zone model of Figure 4 without MOW and (b) with MOW. The markers at the top of the snapshots and blue seismic
trace indicate the position of the F-net station TMRF. The P waves are shown in red and the S waves in green.
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ah=0.25 km and az= 0.5 km with ε= 2%, and much larger scale but weaker heterogeneity (ah=20 km,
az= 5 km, ε=1%) is introduced in the mantle.

A double-couple source using the Global Centroid Moment Tensor (GCMT) focal solution (strike = 175°,
dip = 87°, and rake = 76°) for the 18 February 2010 Vladivostok event is placed in the center of the low-wave
speed MOW at depth of 578 km. The source rupture of the Mw= 6.7 event is simply approximated with
unilateral rupture propagation over a 5 km long fault with a rupture speed of Vr=3.5 km/s, based on typical
event size and the S wave speed in the source region. The source time function is taken as pseudo-delta
function [Herrmann, 1979] with maximum frequency of f=8Hz less than the maximum frequency of the
FDM simulation.

The FDM simulation is conducted by using a fourth-order staggered-grid scheme with anelastic attenuation
(Qp and Qs) introduced into the finite difference modeling using a generalized Maxwell-body model
comprising three Zener bodies (LL = 3 in Moczo et al. [2007]). This yields nearly constant Q over a wide fre-
quency band between f=0.05 and 5Hz. A perfect matched layer absorbing boundary is introduced in the
outer 10 grid points of the model to eliminate artificial reflections. With a minimum S wave speed of
Vs=2.7 km/s and a grid size of 0.075 km, the present FDM simulation can evaluate wave propagation with
maximum frequency up to f= 16Hz with sampling of six grid points per minimum S wavelength.

3.1. The 2-D Simulation Results

In Figure 5, we present comparisons of high-frequency wave propagation in the heterogeneous slab with
high-Q regime from the deep-focus Vladivostok event, with and without a MOW. In each case we show snap-
shots of the seismic wavefield at 40 s and 100 s after event initiation, along with record sections of the Z com-
ponent of ground velocity since the peculiar low-frequency P forerunner is more clearly found on Z
component rather than on R. In the snapshots, the Pwavefield is marked in red and the SVwavefield in green;
these contributions are derived by calculating the divergence and curl of the wavefield. The record section of
the Z component ground motion is shown in the upper panel; a thicker trace corresponds to the waveform
for station TMRF. A band-pass filter (0.05–10Hz) together with waveform correction from a 2-D line source to
simulate a 3-D point source is applied, based on the convolution procedure of Hikima [2006], to allow
comparison with observed seismograms.

3.1.1. Model Without MOW
In Figure 5a, we consider the case without a low-wave speed MOW in the deeper part of the slab to provide a
reference wavefield for evaluating the effect of the MOW. The snapshots show the efficient propagation of P
and SVwaves in the high-Q and high-V slab with much larger amplitude than in surrounding low-Q and low-V
mantle, demonstrating the waveguide effect enabled by the high-Q and heterogeneous slab. With propaga-
tion in the slab containing laterally elongated small-scale heterogeneities (quasi-laminar), long P and S wave
codas are gradually built up by multiple forward scattering of high-frequency waves with wavelengths
shorter than the dominant scale of heterogeneities. The synthetic record section shown in Figure 5a demon-
strates a remarkable contrast in the nature of the waveforms in fore-arc and back-arc side of the subduction
zone across the volcanic front (VF) at an epicentral distance of about 750 km, showing intense P and S waves
with distinct and long high-frequency signals at stations on the fore-arc (Pacific Ocean) side beyond the VF. In
the later time snapshot (100 s), the development of a low-frequency P forerunner becomes apparent as a
result of multiple diffractions of P wave in the heterogeneous slab followed by large-amplitude high-
frequency P coda (see Movie S1 in the supporting information for detail). The bend of the slab in the shallow
part (h< 200 km) of the slab below Tohoku, which starts across the VF, helps to release the low-frequency P
forerunner from the slab, this means that it is more clearly visible in the records of the fore-arc stations with
larger distances from the VF. In the record section there is a weak separation between the low-frequency fore-
runner and the later high-frequency signal of about 1 s.

3.1.2. MOW Model
In Figure 5b, we introduce a low-wave speed MOW in the deeper part of the slab, which is expected to
significantly modify the P and S waveforms for very deep events. The MOW model builds on prior studies
[e.g. Jiang et al., 2008; Pankow et al., 2002], which show that the thickness of the MOW can be taken to be
about 100 km at 400 km depth, narrowing to 5 km at 610 km depth. We assume a wave speed reduction of
dVp=�5% for P wave and dVs=�7% for S wave, allowing for a stronger thermal effect for S, in the wedge
structure of the MOWwhich extends in depth from 400 to 610 km. The strength of the wave speed reduction
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in the MOW (dVp=�5% and dVs=�7%) is relative to the background high-V slab (about 4.5% faster than the
ak135 model in the center of the slab, as described above). The depth of the source for the Vladivostok event
(h= 578 km) is slightly modified to h=580 km to place it at the center of the MOW.

The snapshotsof thewavefield foramodelwith theMOWareshown inFigure5b.Theydemonstratestrongfocus-
ingofPandSwaves toward theup-dipdirectionof the slab following the low-Vanomaly inside the slab. ThePand
Swaveseismicenergies traveling in theslabaremuchenhancedbythe low-wavespeedanomaly in theMOWand
the enhanced contrast with the surrounding mantle. This provides a further contribution to the slab-induced
waveguide effect in addition to the reference high-Q and scattering waveguide model (Figure 5a).

Figure 6. (a–g) Synthetic seismograms of vertical (Z) component groundmotion derived from the FDM simulations with different widths (W) of the MOW; (a) without
MOW, (b) MOW with W = 40 km, (c) W = 80 km, (d) W = 100 km, (e) W = 120 km, (f) W = 160 km, and common velocity reduction in the MOW of dVp =�5% and
dVs =�7%, together with (g) Broadband record at TMRF. The lower panel displays snapshots of the simulated wavefield at the time just after the P waves leave the
MOW to illustrate the developing properties of the low-frequency P precursor: (bottom left) model with small size of MOW (W = 40 km) and (bottom right) large MOW
(W = 160 km), which can be compared with moderate size MOW (W = 100 km) shown in Figure 5b.
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The snapshots also demonstrate how an enhanced low-frequency forerunner is built up from P and S waves
propagating inside the MOW; the early parts of the P and S waveforms propagate in the fast slab, like Pn and
Sn head waves propagating along the Moho interface. On the other hand, the high-frequency signals propa-
gating in the heterogeneous slab with multiple forward scattering are amplified and captured in the thinner
low-wave speed MOW anomaly and travel with decreased wave speed (see Figure S4 for a schematic illustra-
tion of the raypaths of the low- and high-frequency waves traveling in the slab). With the propagation of the
high-frequency signal in the low-wave speed anomaly, the separation of low-frequency and high-frequency
signals increases nearly linearly with the extent of passage through the MOW.

The synthetic seismograms from the very deep event in Figure 5b show a marked increase in the P and S
wave amplitudes at fore-arc stations due to the strong focusing of the P and Swaves caused by the low-wave
speed MOW wedge in the deeper part of the slab. The apparent radiation pattern of the P and S waves is
much modified from that for the original focal mechanism after interference with the large-scale anomaly
in the slab. We note that the amplitude of the S wave for back-arc side at distances around 450 km is
weakened by the defocusing effect of the MOW. The enhanced Swave due to the MOW is several times larger
and has longer-duration of ground motions than for the simulation without the MOW (Figure 5a).
3.1.3. Comparison With Observed Waveforms
Figure 6 compares the observed broadband record at the F-net station TMRF with synthetic seismograms of the
vertical (Z) component of ground velocity for the deep-focus Vladivostok event derived from the 2-D FDM simula-
tionswith varyingwidthof the low-wave speedMOW.Aband-passfilter (0.05–10Hz) is applied to all seismograms.

All of the simulated waveforms traveling through the high-V and high-Q slab with laterally elongated small-
scale heterogeneities inside the slab exhibit characteristics similar to those for deep events in the Pacific slab.
The common features are the dominance of high-frequency P and Swaves with long coda developed bymul-
tiple forward scattering of high-frequency signals in the heterogeneous and high-Q slab. When the low-wave
speed MOW is introduced in the deeper part of the slab, the amplitude of the simulated P and S waves is
much enhanced as compared to the model without a MOW (Figure 6a). The amplification gradually increases
when the width of the MOW anomaly is increased from 40 km to 160 km (Figures 6b–6f). However, the ampli-
tude and duration of the later P and S wave codas are not much influenced by the existence of the MOW,
even for the largest width (W= 160 km; Figure 6f). The late coda has a similar amplitude and duration to

Figure 7. Synthetic seismograms of vertical component ground motion derived from the FDM simulation with varying
strength of reduced wave speed in the MOW: (a) dVp =�1%, (b) dVp =�3%, (c) dVp =�5%, (d) dVp =�7%, (e)
dVp =�9%, and common MOW size of W = 100 km and dVs = dVp × 1.4, and (f) broadband record at TMRF.
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the model without MOW (Figure 6a). Once the scattered waves emerge from the MOW, they propagate
throughout the slab and after multiple scattering lose their memory of the initial anomaly.

A thinner (W=40 km) MOW causes no significant enhancement of the guiding of the high-frequency seismic
waves or the development of the low-frequency P onset (Figure 6b, bottom left). However, when the width of
MOW reaches 80 km, the visibility of the low-frequency P and S wave onsets is enhanced. The shape of the P
and Swave onsets for the moderate (W=80 km) MOWmodel (Figure 6c) explains the observed feature of the
broadband record at TMRF quite well (Figure 6g) with a time separation between low- and high-frequency
signals for the P wave of about 5 s. The introduction of the MOW into the model also improves the match
to observations with amplification and elongation of the S wave coda. For the widest MOW model
(W= 160 km), for which the top of the MOW at 400 km depth occupies most of the high-V slab, the synthetic
seismograms show anomalously enhanced S wave pulses with reduction of the high-frequency coda. Also,
the time separation of low and high frequencies at the P onset becomes very short compared to the former
moderate scale MOW models and the observations.

When we compare the snapshots of the simulated wavefield for the moderate size MOWmodel (W= 100 km)
shown in Figure 5b and that for the largeMOWmodel (W=160 km) shown in the lower panel of Figure 6b, we
find that the extension of the MOW over almost the whole of the slab blocks the high-V head wave that pro-
pagates through the narrow zone of the residual high-V slab.

3.1.4. Strength of the MOW Anomaly
The analysis of travel time anomalies associated with deep-focus earthquakes occurring in the Pacific slab
subducting beneath the Izu-Bonin trench [Iidaka and Suetsugu, 1992] and waveforms recorded at teleseismic
distances [e.g., Kaneshima et al., 2007] suggest that the strength of the lowered wave speed anomaly asso-
ciated with the MOW in the deeper slab is about -5% relative to surrounding high-V slab. Here we consider
the way the strength of the MOW anomaly modifies the waveform of the regional records.

Figure 7 compares simulated seismograms for the Z component of ground velocity for the Vladivostok event
recorded at station TMRF using a suite of MOW models with different level of velocity anomaly from
dVp=�1 to�9% for P wave speed and dVs=�1.4 to�12.6% for S (1.4 times larger than dVp) and a common
MOW size of W= 100 km. We see that the low-frequency P and S wave onset and the delay to the high-
frequency main signal change noticeably with different strengths of the low-V anomaly inside the slab. With
increasing strength of wave speed reduction in the MOW, the time separation of the low-frequency and
high-frequency P wave onsets increases gradually, and the main P and S wave packets get larger. The disper-
sion properties of the P and S wave onsets are also more evident with a larger MOW anomaly. The simulated
waveforms for MOW models with low-wave speed anomalies of dVp=�5 to �7% and a width of about
W=80 to 120 km provide a good representation of the nature of the observed record at TMRF (Figure 7f) in
terms of the properties of the P and S wave onsets with separation from the high-frequency signal and the
length of the Swave coda (see, comparison of low- and high-pass filtered seismograms in Figure S5 for detail).
The strength of the low-wave speed MOW anomaly suggested by the simulations (dVp=�5% to �7%) is
slightly larger than that caused by phase transition of (Mg, Fe)2SiO4 from olivine to wadsleyite structure at
the 410 km discontinuity (about�3.5% in the ak135 model).

Much stronger MOW anomalies than �7% for dVp are not as effective in representing the character of the
observations. The corresponding results show a delay of the first arrival of low-frequency S wave as well as
the later high-frequency S phase and also reduce the time separation of low- and high-frequency compo-
nents for P.

The results of 2-D simulation with a low-wave speed MOWmodel explain the observed features of the broad-
band waveform at TMRF from the deep 18 February 2010 event occurring in the MOW (Figure 3d). However,
the simulated seismograms do not show a clear separation between the low-frequency S onset and the
following high-frequency S wave coda. There is a time separation of a couple of seconds at TMRF due to
the overlap of the lengthy high-frequency P coda with large-amplitude low-frequency S wave pulses that
emerge in the synthetic seismograms, especially for larger MOW anomalies. These features are likely to be
associated with the limitations of the structural and source models used in the simulation and the restrictions
due to the 2-D simulation itself. Fine details of wave propagation and scattering process that arise in the
actual 3-D wavefield are not represented. Moreover, the propagation and scattering of S waves are more
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sensitive to the details of the structural
model, because the wavelength of the
S waves is much smaller than that of
P waves.

3.1.5. The Nature of the Wave Speed
Distribution Within the MOW
The character of the guided P and S
waves and the balance between the dif-
ferent frequency components help in
providing insight into the detailed nat-
ure of the MOW. So far we have
assumed a simple MOW model with a
uniform reduction of P and S waves
(dVp=�5% and dVs=�7%). We now
look at a more realistic distribution of
the MOW anomaly as expected from
the thermal regime inside the cold slab
to see if this produces additional effects
on the character of the P and
S waveforms.

Figure 9. Fourier spectral ratio of the synthetic seismograms at TMRF for
S wave derived from the FDM simulation with different size of MOW
(W = 40, 80, 120, and 160 km) relative to the model without MOW.

Figure 8. (a–d) Results of the FDM simulations with differing distribution of lowered wave speed within the MOW. The seis-
mograms for (a) uniform velocity reduction of dVp =�5% in the MOW with width ofW = 100 km at the top, (b) sinusoidal
velocity reduction from top to bottom of the MOW, and (c) cosinusoidal velocity reduction model from the top to the
bottom of theMOW (see lower panel). All models have the same strength (area × velocity reduction) of velocity reduction in
the MOW. (d) Observed seismograms for the Vladivostok event at TMRF. (bottom) Models for lowered wave speed in MOW.
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In particular, we examine whether concentrating the reduction in seismic wave speed at the center and
upper surfaces of the MOW, as suggested by some thermal models, modifies the guided P and Swave shapes.
We conduct simulations using modified MOW models with sinusoidal velocity reduction from �7.5% to 0%
for dVp (�10.5 to 0% for dVs) from the top to the bottom of the MOW or cosinusoidal velocity reduction from
�10% to 0% for dVp (�14% to 0% for dVs) in the same manner. In each case, we retain overall velocity anom-
aly (strength × area) as that for the uniform �5% velocity reduction model in the MOW. We find a disruption
of the P forerunner pulse for both the modified MOWmodels (Figures 8b and 8c) as would be expected from
the earlier simulations of models with a narrower MOW (W= 40 and 80 km model in Figure 6). The modified
MOWmodel with a sinusoidal internal velocity reduction overestimates the low-frequency components for S
wave due to the focusing of short-wavelength S waves in the core of the slab. Such an overestimate of
low-frequency S wave can be suppressed when we employ the cosinusoidal velocity reduction model
(Figure S5c), but instead we get a stronger disruption of the P pulse. The comparison of the simulation results
for different MOWmodels with the observation at TMRF from the Vladivostok event suggests that the simple
MOW model with a uniformly reduced P and S wave velocities inside is preferable to explain observed
features of the slab-guided waves.

3.1.6. Frequency Response of the MOW Waveguide
In order to see the way that lowered wave speeds in the MOW modify the frequency characteristics of the
wave propagation for very deep events, we construct the spectral ratio for the synthetic seismograms at
TMRF between the differing MOW models and the reference case without an MOW. The Fourier spectrum
is calculated for a time window of 20 s long starting at the S wave arrival.

In Figure 9, we consider different widths of the MOW (W=40, 80, 120, and 160 km; see Figure 6). We see
strong amplification of ground motion in a wide frequency band between 0.3 and 5Hz compared to the
reference case. The strength of the amplification increases with increasing size of the MOW (W=40, 80,
120, and 160 km), from 1.0 to 2.5 times larger on average. For the simulated seismogram with moderate size
MOW (W= 80 and 120 km) we note a much larger (×2.5� 3.5) amplification in a narrow frequency band
between 1.5 and 3Hz, showing strong frequency selectivity in the waveguide effect of the MOW. We note
that both felt shaking and damage to wooden-frame houses are concentrated in the frequency band around
f=0.5–2Hz, so that the frequency selective response of the slab-induced waveguide is important for consid-
ering the damage associated with strong ground motion.

3.2. The 3-D Simulation of Intensity Anomaly

We have so far examined the slab-induced waveguide effect caused by different classes of heterogeneous
slab model with and without an MOW anomaly for propagation of seismic wave in 2-D cross sections through
the Pacific slab subduction zone. We now extend the seismic wave simulation to 3-D and examine the

Figure 10. Configuration of the Paficic slab and area of 3-D FDM simulation of seismic wave propagation for the deep Vladivostok earthquake, diaplaying snapshots
of seismic wavefield at (a) 15 s, (b) 75 s, and (c) 240 s after event initiation. The P and S wavefronts are marked.
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distribution of ground motion across Japan from the deep-focus earthquake beneath Vladivostok on 18
February 2010. We incorporate a realistic 3-D geometry of the Pacific Plate subduction coupled to a full crus-
tal model and compare the predicted intensity pattern with that obtained from the dense Hi-net stations for
the actual earthquake. Earlier 3-D simulations for similar deep events [Chen et al., 2007] have been restricted
to frequencies below 0.15 Hz and so have not been able to consider the effects at intermediate and high fre-
quencies. We here extend the frequency range significantly by exploiting recent improvements in large-scale
parallel supercomputers (K computer at RIKEN) to conduct 3-D wave propagation simulation to relatively
high frequencies of 3 Hz.
3.2.1. The 3-D Simulation Model
The volume used for the 3-D simulation for the deep Vladivostok event covers an area of 1728 km by 1400 km
in the horizontal directions and 800 km in depth, with a grid discretization of 0.25 km (Figure 9). The 3-D FDM
simulation requires very considerable computational resources, and so we used a relatively large grid spacing
compared to the 2-D simulation (0.075 km). This means that the simulation is restricted to a maximum fre-
quency of 3Hz with a resolution of four grid points per minimum S wave length (Vs= 3.2 km/s). In the 3-D
experiment, we look at the way in which the pattern of intense ground shaking is modified by the waveguide
effect from the low-V zone and compare with the observed intensity pattern.

Building on the results of the 2-D simulation, we have assumed a velocity anomaly of dVp=�5% for P waves
and dVs=�7% for S waves and a maximum width of 100 km at the top of the MOW anomaly. The MOW is
placed 5 km below the top of the Pacific slab for depths between 400 and 610 km. The configuration of
the crust and mantle structure and the descending Pacific slab and their relevant physical parameters are
built in a similar way to the 2-D simulation model. The descending Philippine Sea plate beneath western
Japan is not included in the 3-D model since the effect of the Philippine Sea slab is considered to have only
a small effect on the shaking intensity pattern across Japan from this deep event in the Pacific slab.

Figure 11. Comparison of 3-D FDM simulation results for the deep-focus 2010 Vladivostok event with observed Hi-net seismograms along a profile through
Hokkaido along line a-a′ (see also triangles in Figure 1) for the radial component of acceleration and the ground motion patterns across Japan for PGA: (a) Model
without MOW; (b) model with MOW; and (c) observations. A band-pass filter in the band 0.1–3 Hz is applied to all seismograms and to make the PGA map.
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3.2.2. The 3-D Simulation Results
Figure 10 illustrates snapshots of seismic wave propagation from the deep Vladivostok event at 15 s, 75 s, and
240 s after earthquake initiation in the descending Pacific slab. The wavefield develops a widespread area of
large intensity along the fore-arc side associated with the efficient slab-induced waveguide for higher-
frequency waves. Figure 11b shows the peak ground acceleration (PGA) for horizontal ground motion
derived from the 3-D FDM simulation for the 578 km Vladivostok event, which is placed inside the MOW.
For comparison purposes, simulation results without a MOW (Figure 11a) and the pattern of observed PGA
from the Hi-net stations are shown in Figure 11c. For both simulation and observed ground motions, we
apply a band-pass filter with pass band between f=0.1 and 3Hz, so that Figure 11 allows us to compare
the relative changes in the shaking intensity pattern between the observations and the simulations with
and without a MOW. The Hi-net velocity records are differentiated in time to obtain the accelerograms.

The result of the FDM simulation using the heterogeneous Pacific slab model with a MOW (Figure 11b) pro-
duces an extended area with large PGA from Hokkaido to Tokyo along the Pacific Ocean side of Japan. The
maximum ground acceleration in the pass band (f= 0.1 to 3Hz) is over 5 cm/s2. The guiding of the higher fre-
quencies through the scattering waveguide effect of the high-Q Pacific plate combined with the additional
waveguide effect of the MOW produces an asymmetric PGA pattern between the fore-arc and back-arc sides
across the VF and is quite similar to the observed features of the anomalous PGA pattern from the deep

Figure 12. (a–e) Comparison of vertical component synthetic seismograms for the deep-focus event with modifying
source depth above, center, and below MOW. The seismograms for the source located (a) just below the slab surface
and out of MOW (h = 550 km), (b) inside the MOW (h = 578 km), (c) just below MOW (h = 596 km), and (d) below MOW
(h = 624 km); see locations in bottom panel. (e) Observed seismograms for the Vladivostok event at TMRF. (bottom)
Configuration of MOW and source locations.
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Vladivostok event shown in Figure 11c. The simulated waveforms show elongated high-frequency P and S
wave coda for stations on the fore-arc side, which is almost comparable to the observed Hi-net records for
this deep event.

In contrast, the simulated PGA pattern shown in Figure 11a using the slabmodel without a MOW showsmuch
weaker PGA over northern Japan, even though both scattering and high-Qwaveguide effects are considered
in this model. The amplitude of the PGA in Tohoku and Hokkaido is about one half to one fifth of that for the
MOWmodel. Further, the duration of the P and S wave coda in the simulated waveform is much shorter than
that of the MOW model and observation. The 3-D simulations confirm the significance of the enhanced
waveguide effect from the MOW in the core of the slab.

4. Discussions and Conclusion

From the 2-D and 3-D numerical simulations, we see that the presence of a MOWmakes a considerable con-
tribution to the guiding of high-frequency energy from the deepest seismic events in the Pacific slab, so that
stronger amplitudes are injected into the scattering waveguide above the 400 km depth. Both effects are
underpinned by the low attenuation (high Q) in the subducting slab, which must be sustained in the
MOW. The lowered wave speed of the MOW in the core of the slab duct waves and counteract the tendency
for the high-V subducting slab to shed energy into the lower wave speed mantle outside the slab. The
enhanced waves can then be carried to the surface in the stochastic waveguide formed by the quasi-laminar
structures with elongation along the slab dip.

4.1. Frequency Selective Slab-Induced Waveguide Effect

For intermediate and deep earthquakes in the Pacific slab, efficient slab-induced waveguide effects are man-
ifested in the observations of significantly distorted isoseismal patterns of shaking intensity with intensity
contours stretched along the fore-arc zone where the ground motion is both lengthy and large. However,
when we look, in detail, into the propagation process of high-frequency seismic waves, we see the influence
of competing trends in different frequency bands, as a result of the multiple classes of heterogeneity in
the slab.

Up to the intermediate frequency band of around 0.5 Hz, it is easy for the seismic waves to escape from the
high-V Pacific slab into the surroundingmantle with lower wave speed by refraction. As a result, the observed
seismograms on the fore-arc side are depleted of such intermediate frequencies compared to the back-arc
stations. The upper frequency limit of this antiwaveguide effect depends on the thickness and scale of the
heterogeneities within the slab; see Furumura and Kennett [2008] for details. Low-frequency (f< 0.2 Hz) sig-
nals with much longer wavelength than the slab thickness are only slightly affected by the presence of
the slab.

The retention of high frequencies (f> 2Hz) is achieved by the presence of heterogeneities whose correlation
length across the slab thickness is much shorter (Az= 0.5 km) than the wavelength, so that multiforward scat-
tering within the quasi-lamina structure creates an efficient stochastic waveguide.

The slab waveguide effect is enhanced for the deepest events by the presence of a low-wave speed MOW in
the core of the slab below 400 km, which has the effect of amplifying the higher frequencies in 1–3Hz band.
The net result of the multiple waveguide mechanisms for very deep (h> 400 km) events leads to anoma-
lously large and lengthy ground motions at the surface from deep-focus earthquakes.

We note that both felt shaking and damage to wooden-frame houses are concentrated in this intermediate-
to high-frequency band (f= 1–3Hz), which is, therefore, very significant for considering the damage potential
posed by strong ground motion from large, deep-focus earthquakes.

4.2. Location of the Deep-Focus Earthquakes in the Pacific Slab

We have assumed that most deep-focus earthquakes occur within the MOW in the slab rather than at the top
and bottom of the slab, since we would expect that the observed properties of low-frequency precursor and
the strong guiding of high-frequency signal would not be present for events placed outside of the MOW. It is
likely that many deep events initiate in the MOW, and in this case high-frequency energy will be injected
directly into the zone of lowered wave speed.
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We can confirm that significant changes in waveform arise when the source location changes slightly relative
to the MOW. Figure 12 compares synthetic seismograms at station TMRF from events with the same epicen-
ter but slightly modified source depth and also displays the observations at this station. The amplification and
waveguide effects are most prominent when the source is located inside the MOW (Figure 12b). A shallower
source lying above the MOW develops much simpler P and S wave codas (Figure 12a), whereas the deepest
source (Figure 12d), below theMOW, shows a very weak Swave because of the escape of the Swaves into the
lower velocity mantle. No clear low-frequency P and S onsets are developed for such a deep source outside
the MOW. In the case where the source is placed just below the MOW (596 km), the intermediate frequencies
are enhanced and there is much less high frequency in the coda.

The typical characteristics of the observed broadband seismograms (Figures 2, S1, and S2) support the
concept that most deep events occur in the MOW. The evidence comes from the low-frequency precursors
and the strong guiding of high-frequency signal from the deep-focus Pacific slab events occurring beneath
Sea of Japan and the comparison with the synthetic seismograms shown in Figure 12. With an event in
the MOW high-frequency energy will be injected directly into the zone of lowered wave speed. Rupture
through the MOW will also be effective in initiating such high frequencies.

4.3. Mitigation of the Impact of Slab-Guided Wave

In order to evaluate the potentially disastrous impacts from deep and large earthquakes in the Pacific slab, we
need an improved simulation of high-frequency wave propagation using a detailed subduction zone model.
At present the result of 3-D simulation for the deep Vladivostok event shown in Figure 11 gives a somewhat
smaller PGA than the observations at the coast of Hokkaido, and alsomedium PGA extends further south than
in the observations. We consider that these differences most likely arise from limitations of the current sub-
duction zone models, since the seismic wavefield is very sensitive to gradients in wave speed, and the config-
uration of the slab in 3-D. There could also be a contribution to the distorted PGA pattern from an anisotropic
distribution of small-scale heterogeneity in the heterogeneous slab. The subducting Pacific slab will carry in
heterogeneity from the incoming plate. Such heterogeneity is expected to be linked to the orientation of
the magnetic fabric lineation (N70°E) [see, e.g., Nakanishi, 2011]. These lineations are inclined at about 60°
to the trench axis (N10°E) in northern Honshu and thus 30° away from the direction of the Pacific plate motion
expected from the NUVEL-1 model [Argus and Gordon, 1991]. We anticipate that detailed comparison
between observed intensity pattern and simulated intensity for much higher frequencies (>3Hz) will offer
important insights into the nature of the heterogeneities in the slab, as well as the detailed 3-D slab geometry.
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