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Slab segmentation revealed by anisotropic P-wave tomography
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[1] Seismic anisotropy is a useful indicator for identifying
the physical and chemical condition of the Earth’s interior,
such as stress and flow fields, and in situ constituent
minerals. Using traveltime tomography, we examined threedimensional anisotropic P-wave velocity structure of the Kii
Peninsula, southwest Japan, where source regions of
megathrust earthquakes along the Nankai Trough are
presumed to exist. The tomography revealed that the
Philippine Sea slab beneath the peninsula is segmented,
i.e., a high-velocity slab with E– W anisotropy obtained
during seafloor spreading is broken by an anomalous lowvelocity region with N– S anisotropy. The anomaly lies
along the segmentation boundary of two previous rupture
zones, the 1944 Tonankai and 1946 Nankai earthquakes,
and can be explained by the occurrence of a fracture zone
with N – S oriented fractures and fault planes revealed by
wide-angle seismic data. It is likely that this anomalous
region will form a clear segmentation boundary during
future earthquakes. Citation: Ishise, M., K. Koketsu, and
H. Miyake (2009), Slab segmentation revealed by anisotropic
P-wave tomography, Geophys. Res. Lett., 36, L08308, doi:10.1029/
2009GL037749.

1. Introduction
[2] Segmentation of a subducting slab and incoming
plate is recognized as a key feature controlling the geodynamics and tectonics of the Earth. Although the term of
‘‘segmentation’’ is yet to be clearly defined, segmentation is
reflected in changes in the features and phenomena, such as
the seismic velocity, seismicity, earthquake mechanism, and
rupture process [Turner and Hawkesworth, 1998; Shapiro et
al., 2008]. Recognizing the slab and plate segmentation is
therefore key to understanding the subduction system.
[3] Seismic anisotropy provides significant auxiliary
information to investigate the in situ physical properties of
the active regions such as subduction zones, because it is
mainly caused by the alignment of cracks, inclusions, and
crystal lattices formed under certain stresses and flow fields
[Savage, 1999]. Recently, theoretical and observational
studies have shown that nonrandom structures, such as
well-developed geological belts, also cause anisotropy in
propagating seismic waves [e.g., Saito, 2006; Ishise and
Oda, 2008]. It is expected that seismic anisotropy may be a
potential diagnostic of plate and slab segmentation.
[4] The Kii Peninsula is located in the middle part of the
southwest Japan arc (Figure 1). The subduction zone has
been developed by the subduction of the young Philippine
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Sea (PHS) plate, which is divided along the Nankai trough
into three parts with different formation processes by N – S
trending inactive ridges [Okino et al., 1999], beneath
the Amurian plate. Along the trough, a number of large
recurrent earthquakes have occurred every 100– 150 years
on the plate boundary region in the Nankai, Tonankai, and
Tokai regions [Ando, 1975]. The Tonankai and Nankai
segments were ruptured during the 1944 Tonankai and
1946 Nankai earthquakes, respectively; the boundary of
their rupture areas is located on the south of the peninsula.
Although the isotropic structure and the rough geometry
of the slab, which includes potential source regions, have
been shown by various structural analyses [Honda and
Nakanishi, 2003], further information from diverse
perspectives is needed to understand the subduction zone
including recurrent megathrust earthquakes in the near future.
[5] In this paper, we estimate the 3D structure of P-wave
anisotropy beneath the Kii Peninsula to investigate the
seismic structure of the subducting PHS slab around the
presumed source region of the megathrust earthquakes.

2. Data and Anisotropic P-wave Tomography
[6] In order to estimate 3D anisotropic P-wave velocity
structure beneath the Kii Peninsula region, we used
75,000 picks of P-waves, listed in the Japan Meteorological
Agency (JMA) catalog, for 4027 earthquakes and 120 seismic
stations distributed in the study area (Figure 1). We
redetermined both the hypocenters of the earthquakes and
the 1D isotropic P-wave velocity structure using these
picked data and the initial velocity model based on
JMA2001 [Ueno et al., 2002]. Exclusion of events with
large traveltime residuals or events relocated outside of
the study area reduced the number of events used in the
3D anisotropic velocity analysis to 4009. The relocated
hypocenters and the obtained 1D isotropic P-wave velocity
structure are shown in Figure 1. The obtained velocity structure was used as an initial velocity structure in the 3D P-wave
anisotropic velocity inversion.
[7] It is well known that the Earth’s interior is elastically
anisotropic. In particular, in an active region such as the Kii
Peninsula, the effect of the anisotropy on the traveltimes of
the propagating seismic waves is too large to ignore.
Therefore, it is essential to consider the effect of the
anisotropy on the traveltime. We used P-wave anisotropic
tomography described by Ishise and Oda [2008]. This is a
slightly improved method from that used by Ishise and Oda
[2005]. A 3D grid architecture, which is parameterized by
specifying the fast direction and the strength of P-wave
anisotropy and isotropic P-wave velocity, is set to describe
the seismic velocity structure at any point continuously
using 3D linear interpolation.
[8] Since only the horizontal axes are displayed in this
current anisotropic tomography, there may be concerns
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Figure 1. Tectonic setting of the Japan Islands arc. Black dashed lines denote traces of the Median Tectonic Line (MTL)
and the Itoigawa-Shizuoka Tectonic Line (ISTL). Gray dashed line shows the Tonankai and Nankai earthquake rupture
areas. The Kii Peninsula is identified by the rectangular enclosure. The Kii Peninsula with 4009 relocated hypocenters
(crosses) and 120 stations (triangles). The rupture areas of the Tonankai and Nankai earthquakes are surrounded by a gray
dashed line. The star symbols show the epicenters of the 1944 Tonankai and 1946 Nankai earthquakes listed in the JMA
unified catalog. Initial and obtained 1D P-wave isotropic velocity structures for the hypocenter relocation.
about the validity of the resultant anisotropic velocity
structure. However, numerical experiments verify that the
distribution of the azimuth of the anisotropy is sufficiently
reliable even if the anisotropy of the medium is described by
tilted symmetry axes [Ishise and Oda, 2008].

3. Evidence of Slab Segmentation
[9] Figure 2 shows the resultant velocity structure at
different depths in the upper mantle, including that of the
subducting PHS slab. On the basis of the anisotropic and
isotropic properties, the mantle and slab region beneath the

Figure 2. Distribution of P-wave anisotropy and isotropic P-wave velocities at 35, 40, 45, 50, and 55 km depths. The
azimuthal anisotropy of P-wave velocity is superimposed to P-wave isotropic tomography image. For the anisotropy
distribution, the direction and length of bars represent the orientation and strength of obtained P-wave azimuthal anisotropy,
respectively. The red bar indicates the fast direction of P-waves in the angular range of NE – SW to SE– NW, and the blue
bar indicates the direction in the angular range of NW – SE to NE – SW. In the isotropic velocity distribution, warm colors
represent low-velocity anomalies and cold colors represent high-velocity anomalies, compared to the obtained 1D velocity
structure shown in Figure 1. Crosses are hypocenters of the earthquakes used. Solid black lines surround the areas where
the number of penetrating seismic rays is 800 or more.
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Figure 3. Vertical cross sections of P-wave anisotropy and isotropic P-wave velocity distributions along AA0 and BB0
lines of the left map. Isotropic velocities are plotted using the coloration described in Figure 2, and the anisotropy
distribution depicts only the fast propagation direction. Hypocenters relocated within a 10-km-wide zone along each of the
profiles are plotted as crosses. The star symbols show the rupture starting points of the Tonankai and Nankai earthquakes.
Red triangles denote sites where a high 3He/4He ratio was observed. The areas where the number of penetrating seismic
rays is 800 or more are surrounded by black solid lines. Black bars at the top of each plot denote the land area.
Kii Peninsula is segmented into three sections: the western,
eastern, and central parts. In the western and eastern parts,
E– W trending anisotropy (red bar) characterizes the isotropic
high-velocity anomaly (cold color) region, whereas in the
central part, N– S trending anisotropy (blue bar) is shown
in the isotropic low-velocity anomaly (warm color)
region. The N – S anisotropy with the isotropic low-velocity
anomaly in the central region begins to appear at a depth of
approximately 30 km and continues until a depth of
approximately 60 km, the deepest layer that can be resolved
in this analysis. The location of the low-velocity anomaly
moves toward the northwest with increasing depth. The
depth variation in the tomography images suggests that
there is a latitudinally elongated body in the central region
and that a low-velocity anomaly body with N –S anisotropy
exists within the pervading isotropic high-velocity region
with E– W trending anisotropy.
[10] Figure 3 shows the vertical cross sections of anisotropy orientation and isotropic velocity distributions parallel
to the strike of the Nankai trough (AA0) and in the
subduction direction of the PHS slab (BB0). Referring to
the distribution of the earthquakes, it is increasingly evident
that the low-velocity anomaly and N– S anisotropy characterizes the central part of the PHS slab between the highvelocity anomaly regions with E – W anisotropy. These
profiles show clearer segmentation than the lateral variation
tomography images in Figure 2. It is noted that the central
part characterized by isotropic low-velocity anomaly and
N – S anisotropy includes the boundary between the rupture
areas of the historical megathrust events along the Nankai
trough, i.e., the 1944 Tonankai (Mw = 8.1) and 1946 Nankai
(Mw = 8.4) earthquakes, and that the rupture starting points
are located on the edge of the low-velocity anomaly region
with N– S anisotropy.
[11] The characteristics mentioned above occur in the
region delineated by black solid lines in Figures 2 and 3,
where a number of ray paths penetrate from all directions,
ensuring reliable simulation. In fact, good recovery has been
1
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achieved in the region during numerical experiments using
synthetic traveltimes (Figure S1 of the auxiliary material).1
In addition, similar segmentation is suggested by receiver
function analysis [Shiomi and Park, 2008].

4. Origin of Slab Segmentation
[12] In general, the subducting slab mantle has higher
isotropic velocity relative to the surrounding mantle because
of mineral composition and temperature differences
between the slab and the surrounding mantle. Before the
slab enters the subducting system, its anisotropy is likely to
be parallel to the spreading direction of the seafloor because
of the lattice preferred orientation (LPO) of mantle minerals
induced by the flow during the spreading [Morris et al.,
1969]. Because the PHS slab beneath the Kii Peninsula
formed through E– W spreading [Okino et al., 1999], it is
expected that the PHS slab had E– W anisotropy at the time
of formation. Considering the foregoing general anisotropic
and isotropic properties of the slab, we found that the
western and eastern regions, characterized by high-velocity
anomaly and E– W anisotropy, maintained their original
form, whereas the central region acquired low-velocity
anomaly and N – S fast anisotropy.
[13] What could have caused the low-velocity and N – S
fast anisotropy in the central part of the PHS slab? Many
geophysical and geochemical anomalies have been
observed in the peninsula region, such as high 3He content
in the gas emanations in an area called the ‘‘Kinki-Spot’’
(see Figure 1) [Sano and Wakita, 1985], low-frequency
tremors [Obara, 2002], and strong later phases following
weak initial P and S phases [Hori et al., 1985]. It is believed
that most of these geophysical and geochemical anomalous
phenomena can be explained by the mobility and melting
point depression of the material due to aqueous fluid. In
fact, the existence of fluids is suggested by the low-velocity
anomaly widely imaged under the Kii Peninsula in previous
isotropic tomography studies [Honda and Nakanishi, 2003],
which support the hypothesis of earthquake generation,
dehydration embrittlement [Seno et al., 2001]. In the present
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study, a similar low-velocity anomaly is found in the
subducting PHS slab, although the anomaly areas imaged
by anisotropic tomography are concentrated within the
narrow zonal region with N – S anisotropy. The present
isotropic velocity structure may suggest that the narrow
band area preserves a large quantity of fluid. It is interesting
to note that extremely anomalous geophysical and geochemical data are observed around the band area.
[14] A seismic profiling study off the Kii Peninsula
[Kodaira et al., 2006] provides a clue about the origin of
the fluid; low-velocity anomaly regions were also present in
the oceanic lithosphere before it enters the subduction
system. The velocity anomaly regions in the seafloor lie
in a belt zone located along a seaward extension of the lowvelocity band in the subducting PHS slab. Thus, the PHS
oceanic lithosphere is characterized by a low-velocity belt
both before and after it enters the subduction system. Along
with the low-velocity anomaly, Kodaira et al. [2006] report
the existence of highly fractured oceanic crust relating to the
strike-slip fault system along the segmentation boundary in
the incoming PHS plate, and interpret the low-velocity
anomaly as serpentinized peridotite. Since these fractures
behave as conduits that feed fluids into the underlying
mantle, they partially serpentinize the original mantle
peridotite. If we assume that the low-velocity anomaly in
the subducting PHS slab is identical to that in the incoming
PHS plate, the fault fracture zone should exist continuously
after the PHS plate enters the subduction system. In such a
situation, the likely cause of the low-velocity anomaly in the
PHS slab is explained by the hydrated mantle. Conveniently,
from this assumption, the N – S anisotropy in the lowvelocity anomaly region is easily understood using the fault
fracture alignment.
[15] Another likely mechanism of anisotropy concerns
the preferred orientation of faults, cracks, and tabular
intrusions, and the fine layering of a medium with different
elastic properties (shape preferred orientation, SPO). In the
area where Kodaira et al. [2006] suggest the strike-slip
fault system exists, microearthquake studies report a focal
mechanism with N –S to NW – SE strike of the nodal planes
[e.g., Obana et al., 2005]. In this case, it is expected that fault
fractures align in the direction parallel to the nodal planes and
that the fractured medium causes the N– S to NW– SE fast
anisotropy. The expected anisotropy from the SPO model
coincides with the observed anisotropy in this study.
[16] A recent study suggests that the preferred orientation
of hydrated faults over the slab provides good estimation of
the amount and geometry of seismic anisotropy in the
forearc region [Faccenda et al., 2008]. From the general
relationship between the subducting slab strike and the
seafloor spreading process [Masson, 1991], the incoming
oceanic lithosphere of the study area should have faults
oriented in approximately the E – W direction. As a result,
the SPO of the fault orientation in the lithosphere provides
E– W anisotropy. The expected anisotropy is similar to the
estimated E– W slab anisotropy in the eastern and western
regions (Figures 2 and 3). If such a fault set is formed over
the lithosphere, the SPO-induced E– W anisotropy would
enhance the E– W anisotropy caused by LPO during seafloor spreading. On the other hand, the expected E– W
anisotropy would reduce the observed N – S anisotropy in
the segmentation boundary region with low-velocity

L08308

anomalies. Since we use first arrival time to estimate
anisotropic structure, only the strongest anisotropy in the
region is imaged when more than two types of anisotropies
exist simultaneously. Thus, this means that in the segmentation boundary, the N– S fault orientation system is robust
compared to the E– W fault system. We therefore conclude
that a likely scenario is that the boundary region results in
clear segmentation during future events.

5. Conclusions
[17] Our 3D P-wave anisotropic tomography results
show evidence of PHS slab segmentation beneath the Kii
Peninsula. This is the first time that slab segmentation has
been revealed by seismic tomography. The boundary region
is characterized by N– S anisotropy with an isotropic lowvelocity anomaly, which includes the segmentation boundary between the rupture areas of the Tonankai and Nankai
megathrust events and extends beyond the northern leading
edges of the rupture areas. The anisotropic anomalies can be
explained by the orientation of N– S fractures and fault
planes. It is likely that the anomaly region forms a clear
segmentation boundary during future earthquakes.
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