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Abstract

In this paper we present seismological evidence for the influences of fluids and arc magma on
the generation of large earthquakes in the crust and the subducting oceanic slabs under the Japan
Islands. The relationship between seismic tomography and large crustal earthquakes (M 5.7-8.0) in
Japan during the period of 116 years from 1885 to 2000 is investigated, and it is found that most of
the large crustal earthquakes occurred in or around zones of low seismic velocity. The low-velocity
zones may represent weak sections of the seismogenic crust. Crustal weakening is closely related to
the subduction process in this region. Along the volcanic front and in back-arc areas, crustal
weakening may be caused by active volcanoes and arc magma, resulting from the convective
circulation process in the mantle wedge and dehydration reactions in the subducting slab. Recent
examples are the 1984 West Nagano earthquake (M 6.8) and the 2000 West Tottori earthquake (M 6.9),
both occurred adjacent to volcanoes. In the forearc region of southwest Japan, fluids are detected
in the 1995 Kobe earthquake source zone, which may have contributed to the rupture nucleation.
The fluids may originate from the dehydration of the subducting Philippine Sea slab. The recent
2001 Geiyo earthquake (M 6.4) occurred at 50 km depth within the subducting Philippine Sea slab,
and it may also be related to the slab dehydration process. A detailed 3-D velocity structure is
determined for the northeast Japan forearc region using data from 598 earthquakes that occurred
under the Pacific Ocean with hypocenters well located with sP depth phases. The results show that
strong lateral heterogeneities exist along the slab boundary, which may represent asperities and
results of slab dehydration, and may affect the degree and the extent of interplate seismic coupling.
These results indicate that large earthquakes do not strike anywhere, but only in anomalous areas
that may be detected with geophysical methods. The generation of a large earthquake is not a pure
mechanical process, but is closely related to the physical and chemical properties of materials in the
crust and upper mantle, such as magma and fluids.
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pressures in controlling the strength of crustal fault

A growing body of evidence suggests that fluids
(water, magma, and gases such as CO; and SO,) are
intimately linked to a variety of earthquake faulting
processes. These include nucleation, propagation,
arrest, and recurrence of earthquake ruptures, fault
creep or slow earthquakes, and the long-term struc-
tural and compositional evolution of fault zones. Be-

sides the widely recognized physical role of fluid

zones, it is also apparent that fluids can exert a
mechanical influence through a variety of chemical
effects. Fluids also play important roles in the dy-
namics and the evolution of the Earth, such as lower-
ing the melting temperature of the mantle, transport-
ing elements, enhancing diffusion and creep, and
possibly changing the location of the phase bound-
ary.

* e-mail : zhao@sci.ehime-u.ac.jp (2-5, Bunkyo-cho Matsuyama 790-8577 Japan)
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Fig. 1. Distribution of seismic stations of the Japan
University Seismic Network (solid squares). Curved
lines show the Japan Trench, Sagami Trough, and
Suruga Trough, which are the major plate
boundaries in the Japanese region.

In this paper we synthesize the seismological
evidence (in particular, tomographic images) re-
vealed so far to illustrate the influences of fluids and
arc magma on the generation of large earthquakes in
the crust and the subducting oceanic slabs under the
Japan Islands. Japan is a country that has suffered
greatly from seismic hazards during its long history.
Nearly one tenth of the earthquakes on Earth occur
in or around the Japan Islands, which are caused by
active subduction and collisions among four litho-
spheric plates in this region (Ishida, 1992; Seno et al.,
1993, 1996). The Pacific plate is subducting from the
east beneath the North America and Eurasian plates
in eastern Japan; the Philippine Sea plate is descend-
ing from the south beneath the Eurasian plate in
southwest Japan. Large interplate earthquakes oc-
cur frequently along the plate boundaries off the
Pacific coast of the Japan Islands. Intraplate earth-
quakes within the continental plate take place in the
upper crust beneath the Japan Islands and along the
coast of the Japan Sea. Although the crustal intra-
plate earthquakes do not occur as frequently as the
interplate earthquakes, they generally inflict greater
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Fig. 2. Distribution of active volcanoes (solid tri-
angles) and Quaternary volcanoes (open triangles)
on the Japan Islands. Curved lines show the Japan
Trench, Sagami Trough, and Suruga Trough, which
are the major plate boundaries in the Japanese
region.

Pacific
Ocean

damage, because they are shallow and near densely
populated areas. Recent examples of inland crustal
earthquakes are the 1995 Kobe earthquake (M7.2)
and the 2000 West Tottori earthquake (M 6.9).
Detailed tomographic images of the Japan sub-
duction zone have been determined using a large
number of arrival times from local, regional, and
teleseismic events recorded by the dense Japan Uni-
versity Seismic Network (Fig. 1) (Zhao et al., 1992, 1994,
2000a, b). The network is operated by eight national
universities in Japan and consists of over 300 seismic
stations equipped with short-period and broad-band
seismographs (Tsuboi et al., 1989). It densely and
uniformly covers all of the Japan Islands with an
average spacing between stations of 25-40km. In
addition to first P and S arrivals, we also picked
about 1400 P to S and S to P converted waves at the
upper boundary of the subducting Pacific plate and S
to P converted waves at the Moho discontinuity
(Zhao et al., 1997a). We also picked 12,759 P wave
arrival times from 174 teleseismic events (M 6.0-8.0)
with epicentral distances from 30° to 90° (Zhao and
Hasegawa, 1994; Zhao et al., 1994, 2000a). The hori-
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zontal resolution of tomographic images in Japan is
25 to 35m for the crust and mantle wedge, and 35 to
40km for the subducting Pacific and Philippine Sea
slabs and the mantle below it. The vertical resolu-
tion is 10 to 30 km.

Active arc volcanoes exist in Hokkaido, eastern
Honshu, and Kyushu (Fig. 2), which are associated
with the subduction of the Pacific and the Philippine
Sea plates (Yokoyama et al., 1987). Quaternary volca-
noes exist along the coast of the Japan Sea in
Chugoku, which are also associated with the subduc-
tion of the Philippine Sea plate. These volcanic areas

Fig. 3. (a) Contour map of heat flow on the Japan
Islands (after Yuhara, 1973). Values are in heat flow
unit (107%cal cm™3s7}). (b) Vertical geothermal
gradient (in °C/100m) on the Japan Islands (after
Okubo et al., 1989).

exhibit high heat flows and large geothermal gradi-
ents, indicating magma chambers beneath the volca-
noes, so they have high temperatures (Yuhara, 1973;
Okubo et al., 1989) (Fig. 3). Our tomographic images
show that seismic velocity is very slow in the vol-
canic areas, which is mainly caused by high tempera-
tures (Fig. 4, 5). In Kii and Shikoku, there is no
volcano and heat flows and geothermal gradients are
low (Fig. 2, 3), suggesting that those areas have lower
temperatures, and magma chambers may not exist.

2. Earthquakes in volcanic areas: Influence of arc

magma
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Fig. 4. P-wave velocitly image at a depth of 40km beneath northeast (a) and central Japan (b). Red and blue
colors denote low and high velocities, respectively. Circles denote earthquakes (M 5.7-8.0, depths 0-20 km) that
occurred during a period of 116 vears from 1885 through 2000. Solid triangles denote active volcanoes. Active
faults are shown by thick lines. The velocity perturbation scale and the earthquake magnitude scale are shown
on the right and at the bottom, respectively. Crosses and open squares in (a) show low-frequency
microearthquakes and S-wave reflectors in miderust, respectively.
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Fig. 5. P-wave velocity image at a depth of (a) 10, (b) 25, and (¢) 40 km beneath southwest Japan. Solid triangles

denote volcanoes. The star symbols denote the epicenters of the 1995 Kobe earthquake (M 7.2), the 2000 West
Tottori earthquake (M 6.9), and the 2001 Geivo earthquake (M 6.4). Other labelings are the same as Figure 4.
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2. 1. Distribution of large earthquakes and to-
mography

The tomographic images are compared to active
faults and 161 earthquakes with magnitudes of M 5.7
to 8.0 that occurred in the depth range of 0 to 20 km
during a period of 116 years from 1885 through 2000
(Fig. 4, 5). Hypocentral locations and magnitudes of
the large earthquakes are taken from Utsu (1982) and
Usami (1999). Their earthquake catalogs are com-
plete at the M>5.7 level. The accuracy of the hypo-
central locations is estimated to be about 10km for
earthquakes until 1960 and about 5km for events
thereafter. The accuracy of the magnitudes is 0.2-0.3
for earthquakes until 1960 and 0.1-0.2 for the events
thereafter. Because all of the large historic earth-
quakes used in this study occurred beneath the in-
land areas, their locations and magnitudes were rela-
tively well determined.

We computed P-velocity perturbations (AV/V)
in the crust and uppermost mantle at the epicenters
of the 161 large historic earthquakes in Japan and
found that for 70% of the earthquakes, —3% < AV/V
<0%, and 11% of them having AV/V<—3%. For
the remaining 19% of large earthquakes, 0% < AV/V
<1.5%. These results indicate that large historic
earthquakes generally occurred at the edge portion
of low-V zones or along the boundary between low-
and high-velocity bodies (Fig.4, 5). Only some
smaller events (M 5.7-5.8) are located in the central
part of the low-V zones. It was noticed earlier that
large earthquakes (M >6.0) do not occur within 10 km
of a volcano (Ito, 1993). A few of the earthquakes are
located in high-velocity (high-V) areas; those events
are generally smaller than M 6.0. Note that the reso-
lution of our tomographic images is 25 to 33km in the
horizontal direction and 10-15km at depths in the
crust and uppermost mantle. There is a possibility
that some low-V and high-V zones smaller than the
resolution scale may not be detectable in our current
tomographic maps.

Zhao (2001) compared the tomography to the
distribution of large crustal earthquakes that oc-
curred during a period of 1,322 years from AD 679 to
2000 in Japan, and found the same pattern: most of
the large crustal earthquakes are located in or
around the low-V zones in the crust and uppermost
mantle.

2. 2. Geophysical indicators of arc magma

In Tohoku (Fig. 4a), low-frequency microearth-
guakes occur in or around the low-V zones, which
are caused by the upward intrusion of magma cham-
bers (Hasegawa and Zhao, 1994; Hasegawa and Ya-
mamoto, 1994). A total of 153 low-frequency micro-
earthquakes during July 1976 to July 1991 were de-
tected in the depth range of 22 to 47 km around the
Moho discontinuity. These events have anomalously
low predominant frequencies (1-5.5Hz) for both P
and S waves, in contrast to those (8-20 Hz) of normal
crustal events (depths 0-15km) in the brittle seismo-
genic layer. The magnitudes of these events are
small (M<2.2). The proximity of these events to the
active volcanoes and the low-V zones in the upper-
most mantle suggests that these deep, low-frequency
microearthquakes are generated by magmatic activ-
ity of mantle diapirs.

S-wave reflectors are detected in the crust and
they are also located in or around the low-V zones in
volcanic areas (Matsumoto and Hasegawa, 1996; Ho-
riuchi et al., 1997) (Fig. 4a). Reflectors with a thick-
ness of only about 100m were detected in the mid-
crust below the brittle seismogenic layer. They gen-
erated reflected S waves with anomalously large am-
plitudes, which can be explained by a large velocity
contrast across a discontinuity underlain by very
low-rigidity materials, such as magma or water in a
super critical fluid state (Matsumoto and Hasegawa,
1996).

Attenuation tomography imaged high attenua-
tion (low-Q) zones in the crust and mantle wedge
beneath active volcanoes (Sekiguchi, 1991; Tsumura
et al., 2000). The Q images have a resolution of about
40km. The low-Q zones coincide with the low-V
zones (Fig. 4) in both location and spatial extent. In
addition, seismic waves passing through the mantle
wedge low-V/low-Q zones show strong shear wave
splitting, indicating that the low-V/low-Q zones are
very anisotropic (Iidaka and Obara, 1994; Okada et
al., 1995; Hiramatsu et al., 1998). The origin of anisot-
ropy in the low-V/low-Q zones is thought to be
partial melting. The fraction of melts is estimated to
be 2% from the degree of anisotropy and the velocity
reduction.

Taking into account the coincidence of the ac-
tive volcanoes, low-V/low—Q and anisotropic zones,
low-frequency microearthquakes and crustal S-

wave reflectors, the low-V zones in the uppermost
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East-west vertical cross-section of P-wave tomography of the crust under Unzen Volcano in Kyushu.
Red and blue colors denote low and high velocities, respectively.

The velocity perturbation scale is shown at
In the insert map

the red triangle shows Unzen Volcano, white triangles denote other active volcanoes.

mantle (Fig. 4, 5) are interpreted to represent the
magma bodies that form the source zone of the arc
magmatism and volcanism (Zhao et al., 1992, 1994;
Hasegawa and Zhao, 1994). The volcanic areas under-
lain by the low-V zones generally have high topogra-
phy and larger contractive crustal strain (>10 7) in
the plate convergence directions (Hasegawa et al.,
2000).

There are large lateral variations in the tempera-
ture of the crust and the cut-off depth of microearth-
quakes in the volcanic areas (Ito, 1993; Hasegawa et
al., 2000; Zhao et al., 2000a). A typical example is that
beneath Unzen Volcano in northern Kyushu (Fig. 6)
(Asamori and Zhao, 2001). A cone-shaped low-V
zone exists in the crust under Unzen Volcano, which
may represent high-temperature anomalies contain-
ing melts or partial melts. This tomographic image is
generally consistent with previous seismic and grav-
ity studies in this region (e.g., Komazawa and Ka-
mata, 1985; Suyehiro, 1988; lidaka ef al., 1993; Ohmi
and Lees, 1995). The cut-off depth of crustal micro-

earthquakes becomes clearly shallower toward the

276

crater of the volecano, and is in good agreement with
the upper boundary of the low-V zone (Fig. 6). These
features indicate a thinning of the brittle seismo-
genic layver beneath the volcano.

2.3.

A qualitative model is proposed to explain these

Are magma and large crustal earthquakes
observations for volcanic areas (Fig. 7). The low-V
zones in the uppermost mantle (Fig. 4, 5) may be a
manifestation of mantle diapirs associated with the
ascending flow of subduction-induced convection in
the mantle wedge and dehvdration reactions in the
subducting slab (Zhao et al., 1992, 1997b). As men-
tioned above, magma rising further from the mantle
diapirs to the crust may cause low-frequency micro-
earthquakes at levels of the lower crust and upper-
most mantle, and make their appearance as S-wave
reflectors at midcrustal levels. Their upward intru-
sion raises the temperature and reduces the seismic
velocity of crustal materials around them, causing
the brittle seismogenic layer above them to become
locally thinner and weaker.

Subject to the horizontally compressional stress
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Fig. 7. Schematic illustration of across-arc vertical cross-section of the crust and upper mantle under a
subduction zone region. Two processes are considered to be important: one is the corner flow in the mantle
wedge, the other is the dehydration of the subducting oceanic crust at the top of the subducting slab. In the
forearc region, the temperature is lower, and hence magma cannot be formed. The fluids from the slab
dehydration may migrate up to the crust. If the fluids enter an active fault, pore pressures will increase and
fault zone friction will decrease, which may trigger large crustal earthquakes. Under the volcanic front and
back-arc regions, the temperature is high because the mantle wedge corner flow brings in the hot materials
from the deeper mantle. Slab dehydration may contribute to the generation of arc magma. Migration of
magma up to the crust produces arc volcanoes and causes lateral heterogeneities and weakening of the

seismogenic upper crust, which can affect the occurrence of large crustal earthquakes.

field in the plate convergence direction, contractive
deformations take place mainly in the low-V, low-Q
areas because of the thinner brittle seismogenic layer
and the weaker crust and uppermost mantle, due to
the higher temperature and the existence of magma-
or fluid-filled, thin, inclined reflectors that are inca-
pable of sustaining the applied shear stress. The
deformation proceeds partially in small earthquakes
but mainly in plastic deformation, causing crustal
shortening, upheaval and mountain building (Hase-
gawa ef al., 2000). Large crustal earthquakes cannot
occur within the weak low-V zones, but can occur in
edge portions where the mechanical strength of the
materials is higher than those of the low-V zones,
but is still weaker than the normal sections of the
seismogenic layer. Thus the edge portion of the low-

V areas becomes the ideal location to generate large
earthquakes that produce faults reaching the Earth’s
surface or blind faults within the brittle upper crust
(Fig. 7.).

3. Earthquakes in non-volcanic areas: Influence

of fluids

Figure 5 shows a comparison of the distribution
of large crustal earthquakes with the velocity images
of the crust and the uppermost mantle in southwest
Japan. The velocity images in the upper crust (Fig.
ba) are consistent with the surface geology. The
high-velocity zones in Kii Peninsula and Shikoku at
25 and 40 km depths are associated with the subduct-
ing Philippine Sea slab. We can see that many of the
large earthquakes occurred along the Japan Sea
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(a) Epicentral distribution of 3,634 events used in the tomographic imaging of the source area of the 1995

" Kobe, Japan, earthquake (star). Crosses denote the events that occurred after 17 January, 1995; most of them
were aftershocks of the Kobe earthquake along the fault zone (parallel to cross section line A-B). Circles denote
microearthquakes that occurred from January 1990 to December 1994. (b) Distribution of seismic stations that

recorded the earthquakes in (a).

Solid triangles denote portable stations that were set up following the Kobe

mainshock. Solid squares denote permanent stations. Solid lines represent the surface traces of the Nojima,

Suma, and Suwayama faults.

coast of Chugoku, where Quaternary volcanoes exist
and seismic velocities are lower. These large earth-
quakes may have the same cause as that in the active
volcanic regions (Fig. 4.). In Kii, Shikoku, and south-
ern Chugoku, prominent low-V zones are visible, and
large crustal earthquakes occurred also in or around
the low-V zones. But it is difficult to attribute such
low-V zones to high temperature because no volcano
exists and heat flows and geothermal gradients are
low in those non-volcanic areas (Fig. 2, 3).
3. 1. Fluids in the 1995 Kobe earthquake source
To unravel the cause of large earthquakes in the
non-volcanic areas, we have made detailed investi-
gations of the 1995 Kobe earthquake (M 7.2), which
may be representative of large crustal earthquakes
in southwest Japan. Zhao et al. (1996) and Zhao and
Negishi (1998) determined high-resolution 3-D P and
S wave velocity and Poisson’s ratio structures in the
Kobe source area, and relocated the aftershocks with
the 3-D velocity model obtained. They used 64,337 P
and 49,200 S wave high-quality arrival times from
3,634 Kobe aftershocks and local microearthquakes
recorded by over 100 permanent stations and 30 port-
able stations that were set up following the Kobe

mainshock (Fig. 8.). The velocity models have a spa-
tial resolution of 4-5km in the Kobe fault zone.
Significant velocity variations of up to 6% are
The Kobe main-
shock hypocenter is located in a distinctive zone

revealed in the aftershock area.

characterized by low P and S wave velocities and
high Poisson’s ratio (Fig. 9). This anomaly exists in
the depth range of 16 to 21 km, and extends 15 to 20
km laterally. This anomaly is interpreted to be a
fluid-filled, fractured rock matrix, which contributed
to the initiation of the Kobe earthquake. This inter-
pretation has been supported by many pieces of evi-
dence from hydrological, geochemical, seismological,
and geophysical investigations conducted in the
Kobe earthquake region (for details, see Zhao and
Negishi, 1998).

There may be two origins of fluids in the Kobe
fault zone: one is shallow origins such as meteoric
water, pore fluids, and mineral dehydration in the
crust (Kerrich et al., 1984); the other is deep origins
such as the dehydration of the subducting oceanic
plate.

3. 2. Shallow origins of fluids
Zhao and Mizuno (1999) estimated the crack den-
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Fig. 9. Vertical cross-sections of (a) P-wave velocity (Vp), (b) S-wave velocity (Vs), and (c) Poisson’s ratio (g)
along the Kobe fault zone. Slow velocity and high Poisson's ratio are shown in red; fast velocity and low
Poisson's ratio are shown in blue. Vp and Vs perturbations range from -6% to 6% from the average 1-D
velocity model. Poisson's ratio ranges from 0.225 to 0.27 (-10% to 8% from the average value). Small crosses

denote the Kobe aftershocks within a 6-km width along the Kobe fault zone. Star denotes the hypocenter of

the Kobe mainshock; its focal depth is 1Tkm. The vertical exaggeration is 2: L.
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sity and the saturation rate in the Kobe fault zone by
applying the partial saturation crack model of O’Con-
nell and Budiansky (1974) to the 3-D P and S velocity
and Poisson’s ratio data obtained from the tomo-
graphic inversions by Zhao and Negishi (1998). The
crack density parameter (g) is defined as the product
of the number of circular cracks per unit volume and
the cube of the average radius of the cracks. The
saturation rate (€) is defined as the ratio of the num-
ber of cracks filled with fluids to the total number of
cracks (O'Connell and Budiansky, 1974). Their results
show that € is in the range of 0.02 to 0.15, and £ is from
20 to 90% in the Kobe area. At the mainshock
hypocenter, € exhibits its maximum value of 0.15 and
£ reaches to 90%, which are 5-10 times greater than
those of the surrounding areas off the fault zone.

A significant discrepancy exists between € and &
beneath Osaka Bay where the crack density is low
but the saturation rate is high (see the color figures in
Zhao and Mizuno, 1999). £ is generally high beneath
seas but low beneath land areas. The reason for this
difference is not clear. An apparent explanation is
that sea waters could permeate down to the deep
crust during the long geological history. Note that
Osaka Bay and the present sea/land distribution in
southwest Japan have existed for two million years
(Taira and Nakamura, 1986). This period is long
enough for sea water to permeate down to the deep
crust through many active faults there, such as the
Osaka Bay fault and Nojima fault, which would have
been ruptured during many earthquakes cycles in
the past two million years. Note that the crustal
earthquake cycle is 1,000-2,000 years in the Kobe
region (Taira and Nakamura, 1986). In addition to the
tomographic results, however, we still need other
observational evidence to confirm this scenario.

3. 3. Fluids from slab dehydration

Kobe is located in the forearc region of the
Nankai subduction zone. To unravel the structure of
the subducting Philippine Sea slab and its possible
effect on the Kobe earthquake, Zhao et al. (2000a)
determined the detailed 3-D velocity structure of the
crust and upper mantle under Shikoku and Chugoku
(Fig. 10). The subducting Philippine Sea slab is im-
aged clearly with a thickness of 30-35km and a P-
wave velocity 4-6% higher than that of the normal
mantle. Intermediate-depth earthquakes occur
within the high-velocity slab. Slow velocity anoma-

lies are visible in the crust and mantle wedge be-
neath the Kannabe Quaternary volcano and above
the subducting slab (Fig. 10), indicating that the Kan-
nabe volcano was caused by the dehydration of the
Philippine Sea slab and convective circulation
process in the mantle wedge, similar to the active arc
volcanoes in northeast Japan.

A prominent low-V zone exists in the lower
crust (16-30km depth) beneath Kii Channel and
Awaji Island, directly above the subducted Philip-
pine Sea slab (Fig. 10). This low-V zone has the
properties of the anomaly at the Kobe hypocenter,
which was detected by the high-resolution imaging,
which shows low Vp, low Vs, and high Poisson’s ratio
(Zhao et al., 1996). Two inversions were conducted to
confirm this feature (Zhao et al., 2000a). One uses
data from earthquakes that occurred from 1985 to
1994, the other uses data from earthquakes that oc-
curred after the 1995 Kobe earthquake. Both of the
inversion results clearly depict the same low-V
anomaly under Awaji Island and above the Philip-
pine Sea slab (Fig. 10), indicating that the low-V
anomaly existed before the 1995 Kobe earthquake.

These results suggest that the fluids that may
have contributed to the initiation of the 1995 Kobe
earthquake (Zhao et al., 1996) may be related to the
dehydration process of the subducted Philippine Sea
slab, in addition to the shallow origins such as mete-
oric water, pore fluids and mineral dehydration in
the crust (Kerrich et al., 1984; Zhao and Mizuno, 1999).
The Philippine Sea plate is descending at a very
small dip angle in Shikoku and eastern Kii Peninsula,
and the subducting slab is located directly under the
crust (Fig. 11), thus the fluids from the slab dehydra-
tion may easily rise to the crust. When the fluids
enter the active faults in the crust (such as the No-
jima Fault), fault zone frictions decrease, thus fault
ruptures may be triggered to generate large crustal
earthquakes (Fig. 7).

This scenario is also supported by geochemical
studies. The helium isotope ratio, *He/*He, is uni-
formly high in the volcanic areas on the Japan Is-
lands, which is interpreted to be associated with the
diapiric uprise of magmas resulting from the dehy-
dration process of the subducting Pacific and Philip-
pine Sea slabs (Sano and Wakita, 1985). In Kobe,
Osaka and western Kii Peninsula where no volcano

exists, however, high values for the helium isotope
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ratio were also observed (Wakita et al., 1987), suggest-
ing that volatiles from the slab dehydration contain-
ing helium with a high *He/ 'He ratio have risen up
to the crust and the Earth surface. Similar geochemi-
cal results are also obtained for the forearc region in
southern [taly where melts and fluids from the dehy-
dration of the subducting Adriatic plate may have
intruded into the active lithospheric faults and thus
affect the genesis of large crustal earthquakes (I[tali-
ano el al., 2000).

From seismic reflection and geoelectricity pros-
pectings in western Canada, Hyndman (1988) found a
dipping zone of trapped free pore water in the lower

crust under the Cascadia forearc region. The [ree
water is interpreted to be generated by the dehydra-
tion of the subducting Juan der Fuca slab associated
with the transformation of metabasalt to eclogite,
Is also imaged
(Zhao et al., 2001).

which by a tomographic imaging
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4. The 2001 Geiyo earthquake: Slab rupture and
dehydration

The 24 March 2001 Geivo earthquake (M 6.4) oc-
curred at a depth of 50 km under the Seto Inland Sea
and caused two dead, hundreds injured, and tremen-
dous property losses (Japan Meteorological Agency,
2001) (Fig. 12).

normal faulting under an east-west tensional stress

The earthquake was generated by a
regime. The seismogenic fault is north-south ori-
ented and dips toward the west with a dip angle of
30

along the N-§ oriented fault zone with a length of

from the vertical. Aftershocks are distributed
approximately 30 km. The mainshock hypocenter is
located at the northern end of the aftershock zone. [t
is considered that the Geiyo earthquake was caused
by a tensional fracture of the subducted Philippine
Sea slab (Japan Meteorological Agency, 2001).

Recently, a high-quality and dense broad-band
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Upper boundary of the subducting Philippine Sea plate beneath southwest Japan as derived from

hypocentral distribution of intermediate-depth earthquakes (after Ishida, 1992),
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Fig. 12. Vertical cross-section of P-wave tomography along line AB
in insert map. Blue and fast and slow
velocities, respectively. The velocity perturbation scale is shown at
the bottom.

the red colors denote

The star symbol shows the hypocenter of the 2001
Geivo earthquake (M6.4). While circles denote microearthquakes
that occurred from January 1985 to December 1993 within a 20- km
width along the profile.
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seismic network, Hi-net, has been installed on the
Japan Islands by the National Research Institute for
Earth Science and Disaster Prevention (Obara ef al.,
2000). The Hi-net stations are installed in areas that
are not well covered by the Japan University Seismic
Network (Fig. 1.). Now the Hi-net and the university
networks cover the Japan Islands densely and uni-
formly with a station spacing of about 20km. Re-
cently, we have used about 45,000 P and S arrival
times from 876 shallow and intermediate-depth
earthquakes (0-80km depth) recorded by Hi-net
from October 1999 to December 2000 to determine the
3-D velocity structure of southwest Japan (Fig.
5, 12). The subducting Philippine Sea slab is clearly
imaged as high-V zones under Shikoku Island and
Kii Peninsula. Prominent low-V zones are visible
along the Japan Sea coast in the upper crust (Fig. 5a)
and under the northern part of Chugoku region in
the lower crust (Fig. 5b). In the upper mantle wedge
the low-V zones are shifted toward the south under
Chugoku (Fig. bc). In the cross-sectional view (Fig.
12), we can see the low-V zone dipping toward the
south. In the north the low-V zone is connected to
the volcanic front at the Japan Sea coast of the
Chugoku region, while to the south it extends to a
depth of about 50 km, directly above the subducted
Philippine Sea slab (Fig. 12). Apparently, the low-V
zone represents a high-temperature anomaly con-
taining magmas caused by dehydration of the sub-
ducted slab and convective circulations of the man-
tle wedge, as observed previously in other subduc-
tion zones (e.g., Zhao et al., 1992; 1995, 1997b, 2001).
Under Shikoku, intermediate-depth earthquakes
seem to occur in the central to lower portions of the
high-velocity Philippine Sea slab (Fig. 12). The
lower part of the slab was not imaged well, because
few rays from the local events pass that area. A
better image may be obtained by adding regional
and teleseismic rays.

The Geiyo mainshock hypocenter is located
where the mantle-wedge low-V zone is nearly con-
nected to the subducting Philippine Sea slab, where
slab dehydration should be active (Fig. 13a). In addi-
tion, very few intermediate-depth earthquakes occur
north of the Geiyo mainshock hypocenter (Japan
Meteorological Agency, 2001). Hence the Geiyo hypo-
center may just represent the northern edge of the
seismic portion of the Philippine Sea slab, where the

North
e

Seto Iniand Sea

Chugoku Shikoku

subducting
Philippine Sea slab

W brittle - ductile
boundary (a)

West

Kyushu Shikoku

orth
2001 Geiyo Eq.

—

Philippine Sea slab

(b)

Fig. 13. Schematic illustration of the cause of the
2001 Geiyo earthquake (M 6.4). See text for details.

brittle to ductile transformation may take place in
the slab. These features suggest that the 2001 Geiyo
earthquake may be related to structural anomalies
associated with the dehydration and the brittle to
ductile transformation of the subducting Philippine
Sea slab.

The geometry of the subducting Philippine Sea
slab changes around the epicentral area of the Geiyo
earthquake (Fig. 11, 13b). The slab is flat under
Shikoku, but steeply dips toward the west under
Kyushu. The local stress regime of the east-west
extension in the Geiyo earthquake area may be asso-
ciated with the curvature of the Philippine Sea slab
between Shikoku and Kyushu. The occurrence of
the 2001 Geiyo earthquake may be caused by the
joint effects of the local tensional stress regime,
structural heterogeneities related to the brittle to
ductile transformation within the slab, and the
strength weakening and triggering effects due to
slab dehydration.

5. Slab boundary heterogeneity and interplate
earthquakes
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The majority of earthquakes in subduction
zones occur along the interplate thrust zone between
the subducting oceanic plate and the overriding con-
tinental plate. The frequent occurrences of great
thrust earthquakes have caused widespread damage
to coastal areas through strong shakings and tsuna-
mis. Information on the detailed structure of the
forearc region of subduction zones is crucial for our
understanding of the initiation of subduction, the
interplate seismic coupling and the rupture nuclea-
tion of destructive interplate earthquakes. However,
such information is very scanty, because the forearc
regions are generally covered under oceans, so there
are few seismic stations available. Observations with
ocean bottom seismometers are very expensive and
are limited in both time and space (e.g., Ito et al., 2000
; Hino et al., 2000).

Recently, we attempted to investigate the 3-D
velocity structure under the Pacific Ocean between
the Japan Trench and the Pacific Coast of Northeast
(NE) Japan. We used two groups of earthquakes (Fig.
14). One group consists of 1,216 shallow and interme-
diate-depth earthquakes, which occurred beneath
the NE Japan land area, therefore they were located
well by the seismic network. The other group con-
sists of 598 earthquakes that occurred under the
Pacific Ocean, whose hypocentral locations were de-
termined well by Umino et al. (1995) with sP depth
phases (radiated upward as an S-wave from an earth-
quake under the Pacific Ocean, reflected at the ocean
floor and at the same time converted into P-wave,
and then recorded by a seismometer on the land
area). The total of 1,814 events were recorded by the
dense seismic network of Tohoku University, which
covers the NE Japan land area (Fig. 1.). The 1,216
events under the land area were also recorded by the
temporary seismic stations deployed in central To-
hoku during 1997-1998 (Hasegawa and Hirata, 1999).
We applied the tomography method of Zhao et al.
(1992) to 86,024 P and 47,756 S wave arrival times from
the 1,814 events to determine tomographic images for
the whole NE Japan arc from the Japan Trench to
the Japan Sea coast. The 1,216 events under the land
area were relocated in the inversion process, while
the hypocentral parameters of the 598 events under
the Pacific Ocean determined by Umino et al. (1995)
were fixed during the inversion process.

Fig. 15 shows the depth distribution of the upper

boundary of the subducting Pacific plate under the
NE Japan arc (Zhao et al., 1997a). Fig. 16 shows the
P-wave tomographic image along the upper bound-
ary of the Pacific plate (Fig. 15). There are strong
lateral heterogeneities in the slab boundary (Fig. 16).
Between 38.7° and 39.8° north latitude, an east-west
oriented low-V feature is visible from the Pacific
coast under Sanriku to the Japan Trench. Around
the low-V zone, several slow and ultra-slow large
earthquakes occurred (Kawasaki et al., 2001). A north
-south oriented low-V zone of 30-40km in width is
visible off the Pacific coast and parallel to the Japan
Trench, which is consistent with a forearc dehydra-
tion zone appearing in the numerical simulation re-
sults of Iwamori (1998). Comparing the tomographic
image along the slab boundary with the distribution
of large interplate earthquakes (M 7.0-8.5), we found
that most of the interplate earthquakes occur outside
the low-V zones (Fig. 16). The low-V zones may
represent decoupled areas, perhaps containing fluids.
Most of the large interplate earthquakes are located
in areas with velocities higher than the average,
which may represent strong-coupled asperities. S-
wave velocity and Poisson’s ratio images are also
determined along the slab boundary, but have a
lower resolution. More S-wave data will be collected
toimage Vs and Poisson’s ratio, which would provide
plenty of information on physical properties and
fluid contents in the slab boundary, and their effects
on interplate seismic coupling.

Husen et al. (2000) determined Vp and Vp/Vs
tomographic images in the forearc region of north
Chile, where the great Antofagasta earthquake
(M 8.0) occurred on July 30, 1995. They detected a
zone of high Vp/Vs ratio within the rupture area of
the Antofagasta mainshock, just above the sub-
ducted slab. They interpreted that the high Vp/Vs
ratio indicates postseismic fluid migration from the
subducted oceanic crust into the overlying lower
crust. But it is also possible that fluids on the slab
boundary might have triggered the rupture of the
great Antofagasta earthquake.

These results suggest that lateral heterogenei-
ties (strong coupled sections or asperities and weakly
coupled or decoupled patches probably containing
fluids) exist along the slab boundary, which may
control the degree and the spatial extent of the inter-
plate seismic coupling and the rupture nucleation of
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Fig. 14. Plan view (a) and three-dimensional view (b) of the distribution of 1,814 earthquakes used in the
tomographic inversion of the northeast Japan forearc region. Circles denote 598 events that were located well
with sP depth phase data. Crosses denote 1,216 events that were locately by the land seismic network. The
curved line and solid triangles in (a) show the location of Japan trench and active arc volcanoes, respectively.
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42N

40N
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36N

Fig. 15. Depth distribution of the upper boundary of
the subducted Pacific plate beneath northeastern
Japan (Zhao etal, 1997a). The slab boundary
deeper than 45km is determined with SP converted
waves; shallower than 45km, it is estimated from
earthquakes below the Pacific Ocean located well
with sP depth phases. Numerals attached to the
contours indicate the depths in  Kilometers.
Hatched areas (A, B and C) denote the oceanic
fracture zones. Active volecanoes are shown by
solid triangles. Open circles denote large historic
interplate earthquakes that occurred from 830 to
1995, with magnitudes equal to or greater than 7.0
and focal depths shallower than 60 km. The magni-
tude scale is shown at the bottom. Note that the
contour line showing the Japan Trench has a water
depth of 7,000 m.

thrust earthquakes. The occurrence of slow and
ultra-slow large thrust earthquakes (Kawasaki et al..
2001) may be closely related to the fluid contents

along the slab boundary.

6. Discussion and Conclusions

Fluids exist widely in the crust and uppermost
mantle in the forearc regions of subduction zones
(Tatsumi, 1989; Peacock, 1990; lwamori, 1998). The
existence of fuids beneath the seismogenic laver
may alfect the long-term structural and composi-
tional evolution of the fault zone, change the
strength of the fault zone, and alter the local stress

regime (Sibson, 1992; Hickman et al., 1995). These
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139E

Fig. 16, P-wave tomography along the upper

boundary of the subducting Pacific plate (Fig. 15).
Blue and red colors denote fast and slow velocities,
respectively, The velocity perturbation scale is
shown to the right. Open circles denote large
historic interplate earthquakes that occurred from
830 to 1995, with magnitudes equal to or greater
than 7.0 and focal depths shallower than 60km.
The magnitude scale is shown at the bottom. The
curved line and solid triangles denote the Japan
trench and active arc volcanoes, respectively.

influences may enhance stress concentration in the
seismogenic layver leading to mechanical failure. Spa-
tial and temporal variations in the crustal stress field
have been reported for the source areas of the Kobe
ecarthquake (Katao etal., 1997) and the 1994
Northridge earthquake (M 6.7) in southern California
(Zhao et al., 1997c), which have been associated with-
fluids in the fault zones.

As described above, we attributed the seismic
velocity variations mainly to temperature changes in
the volcanic areas and to fluids in the forearc regions
in southwest Japan. In the forearc areas of Hokkaido
and eastern Honshu, where the Pacific plate is sub-
ducting, there may also be effects of fluids from the
dehydration of the Pacific slab. Heat flow and geo-
thermal gradient are lower in the Pacific coast areas,
and so lower temperatures are expected there. Litho-

logical variations in the crust may also contribute to
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the heterogeneity of material properties and stress
field, and cause the slow seismic velocity and the
weakening of the seismogenic layer (Magistrale and
Zhou, 1996). To distinguish the effects of magma,
fluids, and lithological changes on the seismic veloc-
ity, much future work is needed using and combin-
ing different geophysical imaging methods (such as
gravity, magnetotelluric, geoelectric, geothermal,
and seismic investigations), numerical simulations,
and laboratory experiments. Future theoretical and
experimental work of seismology should pay more
attention to the inelastic structure and processes
(magma, fluids and their migrations) in the Earth’s
interior.

Hauksson and Haase (1997) found that four
earthquakes (M >5.9) in the Los Angeles basin area
occurred in or adjacent to high-velocity zones. They
interpreted that the high-velocity zones form the
upper block of a thrust fault or a thin skinned struc-
ture, i.e, the earthquake ruptures actually happened
at the boundary between high- and low-velocity
zones, as shown in their Fig. 13. Hence their results
for Southern California do not contradict our obser-
vations in Japan. The tectonic background is very
different between Japan and California (e.g., there is
no active volcano in California), which would also
cause differences in the earthquake dynamics and in
the relationship between tomography and earth-
quake distribution.

The 1995 Kobe earthquake has a right-lateral
strike-slip focal mechanism caused by an east-west
compressional stress field, and so it is generally con-
sidered that the subduction of the Philippine Sea
plate makes little contribution to the generation of
the Kobe earthquake. However, our present work
shows that the Philippine Sea slab may have contrib-
uted to the Kobe earthquake through chemical and
mechanical processes such as dehydration and fluid
flow, instead of providing the driving stress. If this is
true, it is important from the viewpoint of hazard
mitigation, to detect the fluid-related anomalies in
the fault zones in forearc areas of subduction regions.

The many pieces of evidence mentioned above
suggest that the generation of a large earthquake is
not a pure mechanical process, but is closely related
to the physical and chemical properties of materials
in the crust and upper mantle, such as magma and

fluids. The rupture nucleation zone should have a

three-dimensional spatial extent, not just limited to
the two-dimensional surface of a fault, as suggested
earlier by Tsuboi (1956) in the concept of earthquake
volume. Complex physical and chemical reactions
may take place in the source zone of a future earth-
quake, causing heterogeneities in the material prop-
erty and stress field, which may be detected using
seismic tomography and other geophysical methods.
The source zone of a M6 to 8 earthquake extends
from about 10km to over 100km (Kanamori and
Anderson, 1975). The resolution of our tomographic
imaging is close to that scale of the earthquake
sources, which may have enabled us to image the
earthquake-related heterogeneities (i.e,, earthquake
volumes) in the crust and the uppermost mantle in
Japan.

These results indicate that large earthquakes do
not strike anywhere, but only in anomalous areas
that may be detected using geophysical methods.
Higher-resolution seismic imaging and combining
seismological studies with geological, geochemical,
and geophysical investigations would certainly pro-
vide us with a better understanding of the earth-
quake generating process, and would also contribute
to the mitigation of earthquake hazards.
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