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図３ 2000年鳥取県     

西部地震 
 気象庁のHPより．  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

３．断層が縦ずれの場合 

 地震断層が縦ずれの場合，断面図を図４に示しました．水平ずれのときと同じように，震

源を通って断層に直交する補助線（点線）を引き，４つの象限に分けますと，押しの領域と

引きの領域に分けられます．そこで，震源を中心に仮想的な球を考えます．図４は断面図で

すので円になっています．この球殻上（図では円周上）に，押しは黒丸，引きは白丸をプロ

ットしますと図２と同じようなビーチボールの元図ができます． 

ところで，図４で下の方の押しの黒丸はどうやってプロットするのでしょう．地震波がま

っすぐ伝わるとすると，真下は地球の裏側のブエノスアイレスあたりになります．実際には 
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Distribution of the 14,229 earthquakes with magnitudes equal to or greater than 5 for the period 1980-1990. Data from 
National Geophysical Data Center/NOAA.
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especially for its shallower portion down to 150–200 km. In the
present article, these studies are summarized, and the inferred
generation mechanisms for interplate, intraslab, and inland crustal
earthquakes and arc magmatism are discussed.

2. Plate subduction

2.1. Configuration of subducting Pacific and Philippine Sea plates

Fig. 2 shows the epicenter distribution of earthquakes of
magnitude 4 or greater (MN4) for the period from 1995 to 2005 in
the Japan region. The subduction of the Pacific (PAC) plate along the
Japan Trench in the Tohoku region forms a deep planar seismic zone
known as the Wadati–Benioff zone, which extends to a depth of
approximately 600 km. To the north, the deep seismic zone undergoes a
distinct bend at Hokkaido and continues along the Kuril arc. To the
south, the deep seismic zone undergoes a distinct bend near the Kanto
region at the triple junction of the PAC, Philippine Sea (PHS), and North
American (NAM) plates, and continues along the Izu–Bonin arc. The
geometry of the deep seismic zone in the Japan regionwas presented in
a reviewbyUtsu (1971). That studyalso reported evidence that thedeep
seismic zone is located within a seismic high-Q, high-velocity zone
underlyinga low-Qmantle, a zone thatwas inferred to correspond to the
subducting PAC slab.

Intermediate-depth earthquakes occurring within the subducting
PAC slab in the Hokkaido, Tohoku, and Kanto regions form a double-
planed deep seismic zone that lies at depths of 70–180 km (Tsumura,
1973; Umino and Hasegawa, 1975; Hasegawa et al., 1978a; Suzuki
et al., 1983). Hasegawa et al. (1978b) first investigated the geometric

relationship between this double-planed deep seismic zone and the
subducting PAC plate using ScSp waves (ScS-to-P converted waves at
the plate boundary) originally reported by Okada (1971). The upper
boundary of the subducting plate thus estimated was found to lie
immediately above the upper seismic plane of the double seismic
zone. This observation was subsequently confirmed by Matsuzawa
et al. (1986, 1990), who located the upper surface of the subducting
plate based on the detection of converted waves originating from
intermediate-depth earthquakes (S-to-P and P-to-S conversion at the
plate boundary). It was further shown that events in the upper plane
of the double seismic zone occur down to a depth of approximately
150 km within the oceanic slab crust, which has a lower seismic
velocity than the mantle wedge above (Matsuzawa et al., 1986). Zhao
et al. (1997a,b) later estimated the configuration of the upper surface
of the subducting PAC plate in Tohoku by inverting the arrival times of
these converted waves. These studies indicated that the upper plate
interface is approximately coincident with the upper envelope of
intraslab earthquakes at depths deeper than ca. 50 km.

Adopting the upper envelope of intraslab seismicity as the upper
plate interface, as indicated by the above observations, Nakajima et al.
(2008) and Kita et al. (2008) estimated the configuration of the upper
surface of the subducting PAC slab for the entire region of Japan
(Fig. 3). In their estimation, the plate interface at shallower depths
(bca. 50 km) was located using the hypocenters of low-angle thrust-
type earthquakes and small repeating earthquakes (Uchida et al.,
2003) which are considered to be interplate events. At deeper depths
(Nca. 150 km), intraslab earthquakes tend to occur in the slab mantle
as will be described later (see also Fig. 14), which indicates that their
upper envelope does not absolutely show the plate interface but

Fig. 2. Epicenter distribution of M N4 earthquakes located by USGS for the period 1995–2005 (Headquarters for Earthquake Research Promotion, Ministry of Education, Culture,
Sports, Science and Technology, http:// www.jishin.go.jp/main/index.html). Focal depths are indicated by the color scale.
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inclined upwelling flow at depths of 100–150 km. Such a supply of
water into the upwelling flow is expected to lower the solidus
temperature. The temperature of the upwelling flow, estimated by
Nakajima and Hasegawa (2003a) by comparison of the seismic
attenuation structure with laboratory experiment data, is higher than
the wet solidus of peridotite, suggesting the occurrence of partial
melting. Nakajima et al. (2005) reported the existence of melt-filled
pores with aspect ratios of 0.10–0.01 andmelt volume fractions of 0.1 to
several percent within this upwelling flow based on a comparison of
observed fall-off rates of P-wave and S-wave velocities with a diagram
of Takei (2002) showing the relative role of liquid compressibility
and pore geometry in determination of the Vp/Vs ratio.

The inferred paths of H2O transport in Tohoku based on seismic
observations are shown schematically in Fig. 21(a). The migration of
H2O into the hot mantle material from below causes partial melting
with a volume fraction in the range of 0.1 to several percent within the
upwelling flow. Melt is formed both by decompressionmelting and by
melting due to the addition of water. The observation that the inclined
low-velocity zone can only be clearly resolved at depths shallower
than 150 km (Zhao and Hasegawa, 1993; Zhao et al., 1994 ) suggests
that melting due to the addition of water plays an important role in
magma generation in this region. Water originating from the
subducting slab is thus eventually incorporated into the melt within
the upwelling flow, which accumulates immediately below the arc
Moho along the volcanic front. The volume fraction of the accumu-
lated melt, estimated from the fall-off rates of P-wave and S-wave
velocities, is approximately 1% (Nakajima et al., 2005). The melt then
rises, penetrating the crust, and may ultimately reach the surface to
form volcanoes. The volcanic front is thus inferred to be formed at
locations where the sheet-like inclined upwelling flow in the mantle
wedge reaches the arc Moho (Fig. 21).

Seismic tomography has also provided important information on
the variability of magma generation along the Tohoku arc, as well as
on the mechanism of back arc volcano formation. Quaternary
volcanoes in Tohoku are grouped into 10 volcanic clusters distributed
in a long and narrow band oriented perpendicular to the arc (Kondo
et al., 1998; Tamura et al., 2002). The clusters extend for approxi-
mately 50 km, separated along the arc by volcanic gaps of 30–75 km.
Tamura et al. (2002) found that this volcanic clustering is spatially
correlated with topography highs in the back arc region, low-velocity
zones along the volcanic front beneath the arc Moho, and local
negative Bouguer gravity anomalies along the Japan Sea coast. Based
on these observations, the clustering of Quaternary volcanoes was

Fig. 20. Cross-arc vertical cross-section of S-wave velocity perturbations in central Tohoku (Nakajima et al., 2001). Red triangles denote active volcanoes, solid black bar denotes land
area, open circles denotes earthquakes, red circles denote deep low-frequency earthquakes, solid lines denote the Conrad and Moho of the upper plate and upper and lower surfaces
of the PAC slab from top to bottom.

Fig. 21. Schematic illustration showing the inferred pathway of H2O transportation
(Hasegawa and Nakajima, 2004 ). (a) Cross-arc vertical cross-section of crust and upper
mantle in Tohoku. (b) Three-dimensional expression.

387A. Hasegawa et al. / Gondwana Research 16 (2009) 370–400�������	
���

Nakajima et al�(2001)

����
→



���������	�




�������




��������

������7300	������30cm



�����
�
��
�	����


�����$��",

��()&'%���
	����� ����
"�

��
�*41My+��!�
�#�����"���
�,



����������

�	�+<5<+��,�)!
(.�100EF.��
*�1�
<@8>((+����0#
���.�%&�"+/�)�	
3:786;78(���

$�0���+/�*�:786
;78+�39?B8���#�
�	�C:786;78A8=74D
�' 1(��2-/��



• ������	���
��



������
��	���������



����
�����	����



�����	���
Y. ASANO et al.: AFTERSHOCK DISTRIBUTION OF THE 2011 TOHOKU EARTHQUAKE 671

Fig. 2. Distribution of CMTs and Kagan’s angles of earthquakes in periods (a) (c) (e) January 1, 2003–March 11 5:45, 2011 (before the mainshock)
and (b) (d) (f) March 11 5:46–May 24, 2011 (after the mainshock). (a) and (b) show horizontal distributions; (c) and (d) show depth distributions
along the thick black line AB. The size of the focal mechanism indicates the moment magnitude. The color scale denotes the centroid depth. Larger
earthquakes plotted with their dates and times correspond to the 12 large events listed in Table 1. In (a) and (b), the inset shows the distribution of the
CMTs of the foreshocks (focal mechanisms with thick outlines) that occurred in the two days prior to the mainshock in the rectangular area. The star
indicates the mainshock epicenter. The gray thick and thin lines respectively denote the trench axis and depth contour of the subducting Pacific Plate
(Hasegawa et al., 1994). In (c) and (d), red, green, blue, and black focal mechanisms respectively denote interplate type, thrust type, normal-fault
type, and others. Thrust and normal-fault type earthquakes were selected from non-interplate earthquakes based on Frohlich (1992). In (e) and (f),
the histograms show the angular distributions of Kagan’s angles for the earthquakes. White, gray, and black respectively denote the histograms for
all earthquakes, earthquakes that occurred within 20 km from the plate boundary, and earthquakes with rake λ ≥ 0.

that occurred within 20 km from the plate boundary in-
ferred from the depth distribution of the upper seismic plane
along the subducting Pacific Plate (Hasegawa et al., 1994).
On the other hand, the Kagan’s angles of the aftershocks
are broadly distributed even for selected earthquakes within
20 km from the plate boundary, which also include normal-
fault-type aftershocks near the trench and in the outer-rise.
It is difficult to omit such normal-fault aftershocks and iden-
tify interplate aftershocks using only the Kagan’s angle and
depth information. Therefore, we defined such interplate
aftershocks by the following conditions: rake λ ≥ 0◦,

Kagan’s angle θ ≤ 35◦, and centroid depth difference from
the plate boundary δd ≤ 20 km. Based on their CMTs,
315 aftershocks were regarded as interplate earthquakes
(Fig. 3(a)); deeper interplate earthquakes (centroid depth ≥
40 km) were distributed off Iwate, Miyagi, Fukushima, and
Ibaraki near the Pacific coast. On the other hand, shallower
interplate earthquakes (centroid depth < 40 km) occurred
only off northern Iwate, Ibaraki, and Chiba. Note that no in-
terplate earthquakes occurred in the region directly around
the mainshock hypocenter.

The Geospatial Information Authority of Japan (2011)
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especially for its shallower portion down to 150–200 km. In the
present article, these studies are summarized, and the inferred
generation mechanisms for interplate, intraslab, and inland crustal
earthquakes and arc magmatism are discussed.

2. Plate subduction

2.1. Configuration of subducting Pacific and Philippine Sea plates

Fig. 2 shows the epicenter distribution of earthquakes of
magnitude 4 or greater (MN4) for the period from 1995 to 2005 in
the Japan region. The subduction of the Pacific (PAC) plate along the
Japan Trench in the Tohoku region forms a deep planar seismic zone
known as the Wadati–Benioff zone, which extends to a depth of
approximately 600 km. To the north, the deep seismic zone undergoes a
distinct bend at Hokkaido and continues along the Kuril arc. To the
south, the deep seismic zone undergoes a distinct bend near the Kanto
region at the triple junction of the PAC, Philippine Sea (PHS), and North
American (NAM) plates, and continues along the Izu–Bonin arc. The
geometry of the deep seismic zone in the Japan regionwas presented in
a reviewbyUtsu (1971). That studyalso reported evidence that thedeep
seismic zone is located within a seismic high-Q, high-velocity zone
underlyinga low-Qmantle, a zone thatwas inferred to correspond to the
subducting PAC slab.

Intermediate-depth earthquakes occurring within the subducting
PAC slab in the Hokkaido, Tohoku, and Kanto regions form a double-
planed deep seismic zone that lies at depths of 70–180 km (Tsumura,
1973; Umino and Hasegawa, 1975; Hasegawa et al., 1978a; Suzuki
et al., 1983). Hasegawa et al. (1978b) first investigated the geometric

relationship between this double-planed deep seismic zone and the
subducting PAC plate using ScSp waves (ScS-to-P converted waves at
the plate boundary) originally reported by Okada (1971). The upper
boundary of the subducting plate thus estimated was found to lie
immediately above the upper seismic plane of the double seismic
zone. This observation was subsequently confirmed by Matsuzawa
et al. (1986, 1990), who located the upper surface of the subducting
plate based on the detection of converted waves originating from
intermediate-depth earthquakes (S-to-P and P-to-S conversion at the
plate boundary). It was further shown that events in the upper plane
of the double seismic zone occur down to a depth of approximately
150 km within the oceanic slab crust, which has a lower seismic
velocity than the mantle wedge above (Matsuzawa et al., 1986). Zhao
et al. (1997a,b) later estimated the configuration of the upper surface
of the subducting PAC plate in Tohoku by inverting the arrival times of
these converted waves. These studies indicated that the upper plate
interface is approximately coincident with the upper envelope of
intraslab earthquakes at depths deeper than ca. 50 km.

Adopting the upper envelope of intraslab seismicity as the upper
plate interface, as indicated by the above observations, Nakajima et al.
(2008) and Kita et al. (2008) estimated the configuration of the upper
surface of the subducting PAC slab for the entire region of Japan
(Fig. 3). In their estimation, the plate interface at shallower depths
(bca. 50 km) was located using the hypocenters of low-angle thrust-
type earthquakes and small repeating earthquakes (Uchida et al.,
2003) which are considered to be interplate events. At deeper depths
(Nca. 150 km), intraslab earthquakes tend to occur in the slab mantle
as will be described later (see also Fig. 14), which indicates that their
upper envelope does not absolutely show the plate interface but

Fig. 2. Epicenter distribution of M N4 earthquakes located by USGS for the period 1995–2005 (Headquarters for Earthquake Research Promotion, Ministry of Education, Culture,
Sports, Science and Technology, http:// www.jishin.go.jp/main/index.html). Focal depths are indicated by the color scale.
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�������750 T. OKADA et al.: TRIGGERED SHALLOW INLAND EARTHQUAKES

Fig. 1. Hypocenters of inland earthquakes that occurred in NE Japan based on the Japan Meteorological Agency (JMA) catalog. Inland earthquakes
before, and after, the 2011 Tohoku Earthquake are shown by gray and black circles, respectively. A star denotes the earthquakes whose magnitudes
are greater than 5. The color of the large circle denotes the amount of the Coulomb stress change caused by the 2011 M 9 earthquake for each fault
assumed in this study. The focal mechanisms with the plausible fault plane defined by the bold great circle are also shown. The area of Fig. 4 is
outlined by a rectangle with broken line. The insert map shows the slip distribution by Hayes with a contour interval of 10 m.

cate the individual hypocenters for those inland earthquake
sequences. In the case of smaller events (Subsections 2.1, 2,
3, and 4), we used the travel-time difference data for nearby
events calculated by the cross-correlation analysis of seis-
mic waveforms.

Data are from the seismic networks of Tohoku University
and other Japanese Universities, JMA, and NIED Hi-net.
We also used data from six telemetry stations deployed
just after the 2011 earthquake by the Group for the after-
shock observations of the 2011 off the Pacific coast of To-
hoku Earthquake, and those from temporary seismic sta-
tions and volcano observation stations operated by Tohoku
University.

The focal mechanisms and the plausible fault planes for
the relocated hypocenters are also shown in Fig. 1. We show
fault geometries of the earthquakes in Subsections 2.1 to
2.9.We show two examples in detail: a larger event—the
Mjma 5.1 event in northern Akita (2.1) and a smaller event—
the Mjma 3.4 event in central Akita (2.2).
2.1 Northern Akita (Mjma 5.1, 19:49 JST (10:49 UT)

April 1)
An M 5.1 event occurred at 19:49 JST (10:49 UT), April

1 in the northern part of Akita Prefecture accompanied by
aftershocks. The epicenter of this event was about 15 km
east from that of the 1955 M 5.5 Futatsui earthquake. For
this M 5.1 earthquake, AQUA-CMT and JMA CMT show
similar reverse-type focal mechanisms. We relocated the
event and its aftershocks by a DD relocation method. The
mainshock and three foreshocks and the 46 aftershocks
were relocated with the hypocenter distribution shown in

Fig. 2. Hypocenter distribution for the northern Akita M 5.1 earthquake.
The star shows the location of the 1955 Futatsui M 5.5 earthquake by
JMA (note: the depth is not well known). The bottom figure shows
the epicenter distribution. Squares denote the seismograph stations in
this area. The top figure is a vertical cross-section along the line in the
epicenter map within 5 km. AQUA-CMT is also shown.

Okada et al. (201�EPS)
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