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Abstract

Suberustal earthquakes beneath the Kanto District and vicinity
show some intense clusters of hypocenters at some regions and depths,
especially in the western part of Ibaraki and Chiba Prefectures. Rela-
tive locations and spatial alignments of the hypocenter clusters are
derived from the precisely relocated hypocenters by correcting the Pn
station biases. Ior 487 out of 1029 subcrustal earthquakes, which
occurred with magnitudes of 4.0 or more in and around the Kanto
District during the period from 1963 to 1980, 704 fault-plane solutions,
satisfying 10 or more first-motion data have been determined. Vari-
able focal mechanisms of subcrustal earthquakes are caused by the
convergence of three lithospheric plates, the intersection of the North-
east Honshu and Izu-Bonin slabs at depths and such additional pro-
cesses as the back-arc spreading and bending of the lithospheric plate
near the trench. Foeal mechanisms of earthquakes in the intense
clusters have a consistency with the spatial trend in the hypocenter
distribution. Two clusters separated by the 140°E line and at different
depths beneath the southwestern part of Ibaraki Prefecture show the
northwest lineament with the reverse faults of the NW-SE or N-S
compression and the western side sinking along the vertical plane.
The latter type of earthquake occurrence is also observed for earth-
quakes beneath the middle part of Chiba Prefecture.

1. Introduction

Features of the hypocenter distribution in the Kanto District became
noticeable since the recent observation of small and micro earthquakes by
the high-sensitivity seismograph network of the Earthquake Research In-

Read on Oect. 25, 1983, at the monthly meeting (Danwakai) of the Earthquake
Research Institute.
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Fig. 1. Location map of the Kanto District and vicinity,
with relation to the occurrence of subcrustal earth-
quakes. The trench axes and troughs are shown by
thick lines, and the depth contours of 7000 m are shown
by thin lines.

stitute (ERI) (TSUMURA, 1973). The spatial distribution of hypocenters in
the Kanto District is characterized by (1) some intense clusters of sub-
crustal hypocenters, (2) a minor seismic zone inclined from the west besides
the gross seismic zone associated with the descending Pacific Plate inclined
from the east, and (3) a double-layered seismic zone at the intermediate-
depths. For some intense clusters of subcrustal hypocenters beneath the
southwestern part of Ibaraki Prefecture and the middle part of Chiba Pre-
fecture (Fig. 1), the systematic trends of hypocenter distribution were
derived by relating to focal mechanisms of the relatively large earthquakes
(MAKI and TSUMURA, 1978, 1980). The most intensely active region beneath
the western end of Ibaraki Prefecture (on the western side of the 140°E
line) at depths around 50 km were interpreted by the relative motion be-
tween the Pacific and continental platez (MAKI et al., 1980; MAKI and
TSUMURA, 1980 ; MAKI, 1981b). On the other hand the deeper active re-
gions at depths from 60 to 80 km beneath the southwestern part of Ibaraki
Prefecture and the northern and middle part of Chiba Prefecture (on the
eastern side of the 140°E line) were interpreted by the vertical slip with
the western side sinking along the N-S plane within the slab of the Pacific
Plate. These deeper earthquakes are produced by the collision of the north-
eastern end of the Philippine Sea Plate derived with the inclined Pacific
Plate as revealed by the minor seismic zone inclined from the west.
Hypocenter data in the Kanto District and vicinity have been provided
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by the Japan Meteorological Agency (JMA) and ERI, but these hypocenter
data are insufficient with respect to the accuracy of focal coordinates for
the JMA data or the area and period covered by the observation for the
ERI data. Hypocenter locations are affected by the azimuth and distance
coverages of stations around epicenters and observational errors in travel
times, and the accuracies of hypocenter location can be improved by cor-
recting the station biases (MAKI, 1982a). In the previous studies based
on the ERI hypocenter data of small and micro earthquakes (MAKI et al.,
1980 ; MAKI and TSUMURA, 1978, 1980), only a part of the Kanto District
was treated, and features of the intersection of the Northeast Honshu and
Izu-Bonin slabs were not taken into consideration. Recently earthquakes
which occurred during the period from 1963 to 1980 in and around the
Kanto District are precisely relocated by correcting the JMA travel-time
data with the Pn station biases (MAKI, 1981a). Relative locations and
alignments of clustering hypocenters in and around the Kanto District
should be studied by using the precise location of subcrustal earthquakes.

Recently fault-plane solutions have been obtained by a new numerical
method (MAKI, 1982Db) for a number of earthquakes in and around the Kanto
District during the period from 1963 to 1979 or 1980, including the rela-
tively large earthquakes (n=454, M>=5.0) by MAKI (1983b), smaller shallow
earthquakes (h<40 km, 5>M=4, n=226) by MAKI (1983a, b), and smaller
intermediate-depth earthquakes (200>h>80km, 5>M=4, n=144) by MAKI
(1984). These fault-plane solutions show the spatial variation of focal
mechanisms and suggest the complicated structure of earthquake-generating
stress for larger and smaller earthquakes in and around the Kanto District.
Actually three lithospheric slabs collide directly beneath the Kanto District
with their own relative motions. The subduction process around the Kanto
District is more complicated than the smooth descent beneath Northeast
Japan. And the Kanto District is located at the transitional regzion between
the different modes of the coupling of the descending plates with the over-
riding plates. The earthquakes beneath the Kanto District and vicinity
are located at such various relative locations in the subduction zone as
near the trench, along the plate boundary, within the descending slabs,
behind the island arcs and at different depths. The focal mechanisms have
close relations to their own relative locations in ths subduction zone.

Spatial alignments and relative locations of subcrustal hypocenters in
the intense clusters in and around the Kante District will be covered in
the present study by relating them to focal mechanisms.
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2. Spatial distribution of subcrustal hypocenters
in and around the Kanto District

The JMA hypocenter data cover a long period of several tens of years
and a wide area including the Japan Trench and Izu-Bonin Islands, but the
hypocenter locations, especially focal depths, are not very accurate. The
ERI hypocenter data are more accurate than the JMA data and cover the
smaller magnitudes down to about 2, but their data are limited only to
the Kanto District and the short period of the last 10 years. Both the
hypocenter data are not sufficient for detailed studies about features of
earthquake occurrences in the Kanto District and vicinity, especially for
the intense clusters of hypocenters.

Earthquakes which occurred from 1963 to 1980 were relocated by cor-
recting the JMA travel-time data with the Pn station biases (MAKI, 1981a).
Accuracies and problems in hypocenter locations are improved in these re-
located hypocenters (MAKI, 1982a). These hypocenter data cover a long
period of 18 years and a large area including the Japan Trench and the
Izu-Bonin Islands. Focal depths are determined to the unit of 0.1km, although
the 10 or 20 km step is adopted in the JMA data (ICHIKAWA, 1965, 1978).
Hypocenter locations and origin times are redetermined by using only the
P arrival times observed at regional distances of 500 km or less. The ERI
data are based on only the local observations and the origin times are pre-
liminarily determined from the relation of S-P vs P times in both the
JMA and ERI data.

The predominant inclined seismic zone from the east is shown on the
depth distribution of small and micro earthquakes beneath the Kanto Dis-
trict by TSUMURA (1973). Other features in the depth distributions are
the double-layered structure of the seismic zone of the Pacific Plate at
intermediate-depths, another minor seismic zone inclined from the west,
and the intense clusters of hypocenters at subcrustal depths. USAMI and
WATANABE (1977) defined quantitatively 21 “earthquake nests” based on
the distribution of earthquake numbers within the mesh of 2.5Xx2.5km®
And they estimated the possible ultimate magnitudes for each nest from
the earthquake energy to he stored within the volume of the nest. MAKI
and TSUMURA (1978, 1980) tried to enhance the spatial trends in hypocenter
distributions by omitting isolated events, compensating dispersed events
due to the location errors and ranking earthquake numbers within meshes
by the logarithmic scale based on the statistical points. They also tried
to interpret the spatial alignments of hypocenters by relating to focal
mechanisms of relatively large earthquakes within the clusters. The most
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accurate hypocenters in the Kanto District are obtained by the Joint Hypo-
center Determination (JHD) method (MAKI, 1979). The intense clusters of
hypocenters at depths from 40 to 60 km beneath the southwestern end of
Tbaraki Prefecture are revealed to be separated from the gross inclined
seismic zone of the descending Pacific Plate from the east. An inclined
seismic zone from the west beneath the Kanto District was interpreted by
the northeastern tongue of the Philippine Sea Plate (MAKI et al., 1980;
MAKI 1981b; MAKI and TSUMURA, 1980). Recently the active regions of
subcrustal earthquakes are also interpteted by the acute intersection of the
Northeast Honshu and Izu-Bonin slabs beneath the Kanto District (MAKI,
1984).

Epicenter distributions for every 40 km down to the depth of 120 km
are compared in Fig. 2. These ranges of focal depth correspond to the
crust, subcrust and uppermost mantle. The epicenter distribution of earth-
quakes which occurred at depths from 0 to 40 km is shown in Fig. 2a by
circles classified by magnitudes. Some active regions can be picked out
as, (1) the subduction zone along the Pacific coast of Northeast Honshu,
where a planar pattern of hypocenter distribution is observed, (2) the in-
land region on the Japan Sea side, Chubu and Izu Islands, where epicenters

show some linear alignments, and (3) an active zone along the 139°E line
(MAKI, 1983a, b). The epicenter distribution of earthquakes which occurred
at depths from 40 to 80 km is shown in Fig. 2b. Earthquakes are seldom
observed in the inland regions at this depth range, and only the earth-
quakes in the subduction zone along the Pacific coast are observed, accom-
panying some intense clusters of hypocenters. Especially earthquakes
beneath the Kanto District have a feature of strong concentration of hypo-
centers. The inclined seismic zone beneath Northeast Japan seems narrower
than those beneath the Kanto District. Epicenters of earthquakes which
occurred at depths from 80 to 120 km are shown in Fig. 2c. These earth-
quakes occur homogeneously within the slab of the Pacific Plate without
clustering. Different features of hypocenter distributions are observed for
these ranges of focal depth from 0 to 120 km in the Kanto District and
vicinity.

Fig. 3 shows epicenter distributions of subcrustal earthquakes for
depth intervals of 10 km. Clusters of hypocenters are located at different
depths and locations with various sizes and trends in the spatial distri-
bution. Fig. 3a represents the epicenter distribution of subcrustal earth-
quakes at depths from 40 to 50 km. Clusters of hypocenters are observed
at the western end (on the western side of the 140°E line) of Ibaraki Pre-
fecture (“a”), near Kasumigaura Lake and Choshi (“b”) and Kashimanada
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Fig. 2. Epicenter maps for three ranges of focal depth: (a) crustal earthquakes
at depths from 0 to 40km, (b) subcrustal earthquakes at depths from 40 to
80 km, and (c) intermediate-depth earthquakes at depths from 80 to 120 km.
Hypocenters are located by correcting the JMA travel-time data of P wave
with the Pn station biases (MAKI, 1981b).
quake magnitudes by JMA.

Epicenters are classified by earth-
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Fig. 8. Comparison of epicenter distributions of the relocated earthquakes for
10km intervals of depth: (a) h=40-50 km, (b) h=50-60km, (¢) h=60-70 km

and (d) h=70-80 km.
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“c”). Earthquakes on the side of Northeast Honshu are less active and located
in a narrower zone than in the Kanto District. Clustering hypocenters within
a smaller volume at depths from 50 to 60 km are shown in Fig. 3b for
earthquakes beneath the western end of Ibaraki Prefecture (“a”), near
Choshi (“b”) and in the northern part of Ibaraki Prefecture (“c”). Most
earthquakes at depths from 60 to 70 km (Fig. 3c) are located in a limited
region directly beneath the Kanto District and are separated into five
smaller regions (“a” to “e”). For earthquakes at depths from 70 to 80 km
the intense cluster of hypocenters (Fig. 3d) are located at four regions (“a”
to “d”) on the eastern side of the 140°E line. Deeper earthquakes at
depths from 60 to 80 km beneath the middle part of Chiba Prefecture
show an elongated area along the E-W striking plane.

Ten active regions (A to J) are defined based on the epicenter maps
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Fig. 4. Locations of intensc clusters of subcrustal hypocenters in the Kanto District:
A. western side of the 1.10°E line in the southwestern part of Ibaraki Prefecture
(SW Ibaraki W), B. castern side of the 140°E line in the southwestern part of
Ibaraki Prefecture (SW Ibaraki E), C. southern part of Ibaraki Prefecture (S
Ibaraki), D. northern part of Chiba Prefecture (N Chiba), E. middle part of Chiba
Prefecture (M Chiba), F. near Choshi (Choshi), G. near Kasumigaura Lake and
along Tonegawa River (Kasumigaura), H. near Nakaminato (Nakaminato), I
northern Kashimanada (N Kashimanada), and J. southern Kashimanada (S Kashi-
manada). Features of the hypocenter clusters are summarized in Table 1.
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by referring to the earthquake nests by USAMI and WATANABE (1977).
Their locations and features in the hypocenter distributions are summarized
in Table 1 and are shown by shaded areas in Fig. 4, with subcrustal earth-
quakes at depths from 40 to 80 km with magnitudes of 4.0 or more. The
dates of occurrence for these earthquakes are shown in this figure. Some
isolated earthquakes with the larger magnitudes are separated from these
active regions, as the Saitama Earthquake on Jul. 1, 1968 (M 6.1), and
earthquakes east off Ibaraki Prefecture on Sep. 18, 1965 (M 6.7); May 30,
1964 (M 6.2) and Nov. 16, 1974 (M 6.1).

Depth distributions of the relocated hypocenters are shown for several
sections around the active regions beneath the western part of Ibaraki and
Chiba Prefectures. Hypocenters used here are limited to those relocated
using 10 or more travel-time data. Fig. 5 shows the E-W section (30 km
width) between points A (139.7°E, 36.1°N) and B (140.3°E, 36.1°N) beneath
the southwestern part of Ibaraki Prefecture. Hypocenters located on the
western side of the 140°E line show an inclined pattern to the west,
but the ones on the eastern side show a rather vertical alignment. Iig. 6
shows the E-W section (20 km width) between points A (139.9°E, 35.6°N)

. 140.30
RNt L

Ibaraki

0 Al 0 KM iB 0
.
° °
TOCHIGT °
O o o o
e 858, . ° g
EoBhoa
° O tho o ° o
0&‘@7 % ° oq, 0o
o ¥ oo 5 eo 7% °
o o oo
% °
°S ™y LI °
o
° o & codhe
©o ©°
€0 o
DD gOe
o °
o
® o o
®
° REL
N= 199
W= 1S, 0XKH)
100 0.0 - 9.9 100

0 KM

Fig, 5. Depth distribution of the relocated hypocenters along the E-W section (30 km
width) between points A (139.7°E, 36.1°N) and B (140.3°E, 36.1°N) beneath the
southwestern part of Ibaraki Prefecture. Location of the section is shown on the
left.
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Fig. 6. Depth distribtion of the relocated hypocenters along the E-W section (10 km
width) between points A (139.9°E, 35.6°N) and B (140.3°E, 35.6°N) beneath the
middle part of Chiba Prefecture.

and B (140.3°E, 35.6°N) beneath the middle part of Chiba Prefecture.
An inclined pattern towards the west can not be observed for this section.
The relative location of the hypocenter cluster beneath the middle part of
Chiba Prefecture seems to be identical to the one beneath the eastern side
of the 140°E line due to the same depth and the vertical alignment in the
spatial distribution. Fig. 7 shows the N-S section (50 km width) between
points A (140.0°E, 36.5°N) and B (140.0°E, 35.5°N) beneath the western
part of Ibaraki and Chiba Prefectures. A northward plunging of the
seismic zone is observed at the shallower depths from 40 to 60 km beneath
the southwestern part of Ibaraki Prefecture. Earthquakes located at the
deeper part from 50 to 80 km did not show such an inclined pattern, but
a concentration at depths from 60 to 75 km. Fig. 8 shows the depth dis-
tribution of hypocenters along the E-W section (30 km width) between points
A (140.9°E, 36.6°N) and B (141.3°E, 36.6°N) beneath the northern part of
Kashimanada. Hypocenters along this section show a very thin seismic
zone of 10 km inclined slowly to the west.
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Clusters of subcrustal earthquakes at some locations and depths are
observed from the relocated hypocenters. These clusters of hypocenters
show a northwest linear alignment of epicenters of earthquakes which oc-
curred at depths from 40 to 60 km beneath the western end of Ibaraki
Prefecture, the vertical alignment of hypocenters at depths from 50 to
80 km on the eastern side of the 140°E line beneath the southwestern part
of Ibaraki Prefecture and the northern and middle part of Chiba Prefec-
ture, and a slowly dipping seismic zone east off Ibaraki Prefecture.

3. Determination of fault-plane solutions of
subcrustal earthquakes

In the previous study focal mechanisms were determined by a refer-
ence method for earthquakes which occurred beneath the Kanto District
during the period from June of 1971 to March of 1977 (MAKI et al., 1980).
Differences or similarities of focal mechanisms between earthquakes or
source regions were not derived sufficiently in an objective sense. Recently
problems in the trial-and-error graphical methods for mechanism deter-
mination have been solved by a new numerical method (MAKI, 1982b). Ob-
served first-motion data of P wave are compared with the theoretical
radiation pattern for numerous tentative sets of principal axes (P and T),
which are homogeneously arranged on the focal sphere. Inconsistent data
for more probable sets of P and T axes with scores over 75% are sum-
marized for individual stations. By discarding stations with less reliability
the most probable solutions with scores of 95% or more are obtained, The
tentative sets (n=6156) of principal axes are made for intervals of 10° for
azimuth and dip angles. For cases with too many possible solutions larger
intervals of 15° are again used for azimuth and dip angles (n=2275). By
the numerical method multiple solutions can be obtained even if located
separately from others. Various possible solutions are selected for cases
with too many solutions.

Fault-plane solutions satisfying 10 or more first-motion data are adopted
in the present study. For earthquakes which occurred at depths from 40
to 80 km with magnitudes of 5.0 or more during the period from 1963 to
1979, fault-plane solutions have been obtained for 154 earthquakes (MAKI,
1983d) from the first-motion data of BISC (Bulletin of the International
Seismological Centre), ISS (International Seismological Summary) and JMA.
But useful solutions were not obtained for the following three earthquakes
with magnitudes of 5 or more which occurred on (1) Apr. 25, 1963 (20h19m
19.4s, 31.68°N, 141.16°E, h=50.4 km, M 5.0), (2) Sep. 11, 1965 (14h21m20.6s,
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33.98°N, 139.00°E, h=6.2km, M 5.0) and (3) Jun. 26, 1974 (02h39mb56.3s,
34.56°N, 141.16°E, h=178.6 km, M 5.2).

In the present study solutions of focal mechanism are obtained for
subcrustal earthquakes which occurred in 1980 and with magnitudes down
to 4.0 using the first-motion data from BISC (the first-motion data are
compiled for earthquakes from 1971 to 1978 in a magnetic tape). Fault-
plane solutions (n=704), which satisfy the first-motion data of 10 or more
with scores of 95% or more are obtained for 487 out of 1029 subcrustal
earthquakes which occurred during the period from 1963 to 1980 with
magnitudes of 4.0 or more. Forty-nine earthquakes are excluded due to
the less than 10 bits of first-motion data satisfying solutions. In these
fault-plane solutions the orthogonal relation between the principal axes and
poles of nodal planes are held within 0.25°, except the following three
earthquakes which have a difference of angular distance larger than 0.25°
but smaller than 0.30° from the orthogonal relation, (1) Apr. 5, 1964
(10h44m49s, 36.16°N, 140.04°E, h=54.8 km, M 4.9), (2) Mar. 2, 1968 (09h40m
558, 85.66°N, 140.73°E, h=59.5 km, M 4.7) and (3) Sep. 25, 1980 (02h59m48s,
35.57°N, 140.21°E, h=68.0 km, M 5.3).

Alternative solutiohs should be also adopted for some earthquakes due
to many possible solutions which are distributed over a wide region or
which are separately located. Confidence regions of fault-plane solutions
are shown by the equal-area projection on the left-hand side of Fig. 9 for
an earthquake which occurred directly beneath the Japan Trench on Feb.
28, 1967, (h=76.3km, M 5.3; number of first-motion data n=39). Scores
of 95% or more are obtained for 286 tentative solutions. Another solution
of strike-slip (Fig. 9d) is also possible besides the vertical slip along the
N-S plane (Fig. 9b, ¢). 7T axes are located in a small area striking north-
west, but P and N axes are mixed. Multiple solutions are also given for
an earthquake which occurred beneath the Japan Trench near the Boso
triple junction on Mar. 13, 1972 (h=44.1 km, M 5.7; Fig. 10; n=100). For
this earthquake principal axes (P and T) are not mixed, but each axis
shows a large possible area.

Some types of focal mechanism will be shown for some earthquakes.
Fig. 11 shows a thrust type of focal mechanism with the horizontal NW-
‘SE compression for an earthquake which occurred beneath the middle part
of Chiba Prefecture on Sep. 25, 1980 (h=77.0km, M 6.1). Fig. 12 shows
another type of thrust with the horizontal N-S compression for an earth-
quake which occurred beneath the western end of Ibaraki Prefecture on
Aug. 4, 1974 (h=42.8km, M 5.8). These earthquakes have nearly vertical
T axes and variable azimuths of P axes. Fig. 13 shows a normal fault
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Fig. 9. Confidence region of fault-plane solutions (a) and multiple solutions (b to d)
for a suberustal earthquake which occurred on [Feb. 28, 1967, beneath the Izu-
Bonin Trench (h=76.3 km, M5.5) with a lower number of first-motion data (n=33).
Solutions for axes of maximum pressurc and tension and null vector with scores
greater than 99% are shown by asterisks (“#”) and with scores from 95 to 99% by
letters “P”, “T” and “N”. Empty and solid circles denote first motions of dilata-
tion and compression. Multiple solutions (b to d) are equally possible with the

same score.
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with the horizontal E-W extension for an earthquake which occurred sea-
wards from the Japan Trench on June 15, 1975 (h=48.4km, M5.9). Fig.
14 shows a solution with the vertical nodal plane striking N-S for an
earthquake which occurred on the land side directly near the Japan Trench
on May 19, 1968 (h=59.5km, M 5.9). These types of focal mechanisms
denote the compound process of the outward bending and detachment of
the Pacific Plate around the Japan Trench. A strike-slip with the E-W
compression is uniquely determined (Fig. 15) for an earthquake which oc-
curred near the Boso triple junction on Apr. 2, 1975 (h="75.7 km, M 5.8).
Fig. 16 shows a strike-slip with an E-W extension for an earthquake
which occurred behind the Izu-Bonin Islands on Jan. 3, 1971 (h=55.3 km,
M 5.5).

Fault-plane solutions of subcrustal earthquakes are listed in the Ap-
pendix. Origin times, epicenters and focal depths are redetermined by cor-
recting the JMA travel times with the Pn station biases (MAKI, 1981a).

Table 2. Number of earthquakes which are relocated, whose focal mechanism
are determined in the present study and published in the ICHIKAWA-JMA

catalogues.
hanism :
earthquakes mechan, Ichikawa-JMA

year relocated lsntuté'l;s catalogue
1963 39 4 3
1964 66 26 5
1965 60 20 7
1966 61 29 3
1967 59 26 8
1968 63 20 3
1969 52 16 3
1970 50 22 10
1971 63 25 11
1972 87 42 22
1973 71 37 20
1974 71 26 18
1975 52 26 8
1976 30 19 10
1977 45 36 24
1978 97 48 11
1979 41 27 10

subtotal 1007 449 176
1980 22 38 not published

total 1029 487 176
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Angles in the solutions are denoted in the unit of tenths of a degree for the
orthogonal relation of poles of nodal planes. Numbers of first-motion data
are also given in the last two columns for the read (all) and used ones.
Table 2 summarizes the annual numbers of earthquakes, (a) relocated by
MAKI (1981a), (b) for which fault-plane solutions can be obtained in the
present study, and (c) included in the Ichikawa and JMA catalogues.
Fault-plane solutions in the present study are obtained for 45% of the
subcrustal earthquakes (n=1029) which occurred at depths from 40 to 80 km
during the period of 17 years from 1963 to 1979. The number of earth-
quakes in the present study amounts to the 2.8 times more than the earth-
quakes in the Ichikawa and JMA catalogues. Some fault-plane solutions
in the Ichikawa and JMA catalogues are determined by a fewer number of
first-motion data than in the present study, as for earthquakes which oc-
curred on Sep. 18, 1965 (M 6.7) ; Nov. 19, 1967 (M 6.0) ; Dec. 4, 1972 (M 7.2)
and Feb. 20, 1978 (M 6.7).

Fig. 17 shows a summary of 704 fault-plane solutions for 487 sub-
crustal earthquakes including multiple solutions. Principal axes (P, T and
N) are denoted by empty and solid circles and crosses on the left-hand

LONG=137.00 - 145.00
LATI= 31.00 - 38.00
DEPT= 40.0 - 80.0
MAG= 4.0 - 8.0

POLES A, B L1

Fig. 17. Summary of fault-plane solutions (n=704) for subcrustal earthquakes
(n=487) in the Kanto District and vieinity, (a) principal axes on the left-hand
side by empty and solid circles and by crosses for P, T ahd N axes, and (b)
poles of nodal planes on the right-hand side. Multiple solutions are shown by
smaller symbols.
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side, and poles of nodal planes on the right-hand side. Although a variety
of focal mechanisms are observed, the nearly vertical T axes plunging to
the west and the vertical pole are predominant.

4. Spatial variation of focal mechanisms of

subcrustal earthquakes

Focal mechanisms of earthquakes in and around the Kanto District
show the regional variations (MAKI et al., 1980 ; MAKI, 1981b, 1933a, b, d,
1984), and these variations are caused by the complicated process of the
plate convergence and intersection of the arc systems. The subcrustal
earthquakes beneath the Kanto District especially show the intense clusters
of hypocenters at certain depths and locations. The intense clusters of
hypocenters at depths around 60 km beneath Ibaraki and Chiba Prefectures
have been interpreted by the collision of the Philippine Sea Plate with the
descending Pacific Plate (MAKI et al., 1978, 1980 ; MAKI and TSUMURA, 1980 ;
MAKI, 1981b). The intense activity of earthquakes beneath the Kanto Dis-
trict is also interpreted by the acute intersection of the Northeast Honshu
and Izu-Bonin slabs (MAKI, 1984). Using a number of fault-plane solutions
for subcrustal earthquakes, the spatial variation of focal mechanisms will
be derived from individual solutions of the larger earthquakes and from
the classified types of fault-plane solutions with relation to the epicenter
and depth distributions of the relocated hypocenters.

The geographical distribution of schematic diagrams of focal mecha-
nisms is shown in Fig. 18 for 27 out of 60 subcrustal earthquakes with
magnitudes of 5.5 or more. Representations for other earthquakes are
omitted due to their near locations and similar focal mechanisms. Dates
of earthquake occurrences are denoted beside the schematic diagrams.
Empty and shaded areas denote dilatational and compressional areas of
first-motions, respectively. A thrust type of focal mechanism with an
almost horizontal NW-SE compression is observed for earthquakes located
along the subduction zone of Northeast Honshu on Nov. 19, 1973 and Aug.
15, 1963, east off the Kanto District on Sep. 18, 1965; May 30, 1964 ; Nov.
16, 1974 ; Mar. 3, 1974; May 8, 1980; Nov. 19, 1967 and Feb. 5, 1964, and
near the Izu-Bonin Trench on Feb. 29, 1972; Dec. 4, 1972 and Nov. 27,
1965. This type of focal mechanism means the relative motion of the Pacific
Plate with the Eurasian and Philippine Sea Plates. Another thrust type
of focal mechanism with the N-S compression is observed for earthquakes
on July 1, 1968 and Aug. 4, 1971 (Fig. 12), which are located within the
contact region of the acute intersection of the Notheast Honshu and Izu-
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Fig. 18. Regional variation of focal mechnisms for the larger (M=5.5) suberustal
earthquakes in and around the Kanto District. Focal mechanisms are repre-
sented by schematic diagrams of the equal-area projection of lower focal hemi-

sphere. Empty and shaded areas denote dilatational and compressional areas
of first motion.
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Bonin slabs beneath the Kanto District and vicinity. A thrust type with
the horizontal NW-SE compression for an earthquake on Sep. 25, 1980 (Fig.

11) is also noticeable due to its deeper location (h= 770km) which is
separated from the subduction zone.

A horizontal E-W extension is observed for earthquakes located out-
side the Japan Trench on Aug. 25, 1974 and June 15, 1975 (Fig 13). This
type of focal mechanism is produced by the bending due to the subduction
of the Pacific Plate near the trench. The vertical slip with the western
side sinking along the trench axis is observed for earthquakes located in
the inside directly near the Japan Trench on June 18, 1968; May 19, 1963
(Fig. 14) and for one of the multiple solutions of an earthquake on Feb.
28, 1967 (Fig. 9b). This type of focal mechanism suggests the preference
of the detachment due to the weight of the lithospheric plate (KANAMORI,
1971a, b, 1977) to the simple flexture beneath the trench (CHEN and
FORSYTH, 1978; CHAPPLE and FORSYTH, 1879). On the other hand a type

of transverse slip along the E-W nodal plane perpendicular to the trench
axis is observed for an earthquake on Mar. 19, 1972 as one of the multiple
solutions (Fig. 10b). Earthquakes on Sep. 27, 1974 and Apr. 2, 1975 (Fig.
15) show a strike-slip with a horizontal E-W compression and they are
related to the horizontal relative motion along the Sagami Trough. An
E-W extension is observed for earthquakes on June 27, 1974 and Jan. 3,
1971 (Fig. 16) west of Hachijojima Island. Such an E-W extension is
related to the process of back-arc spreading (UYEDA and KANAMORI, 1979).

The spatial distribution of focal mechanisms is also discussed from
the geographical distribution of mechanism types, which are systematically
classified based on azimuths and dip angles of principal axes (P, T and N)
as shown in Fig. 19. Reverse faults are identified by angles of T axes
steeper than 45°, and they are separated into two types based on azimuths
of P axes, namely the NW-SE and NE-SW compression. The reverse
faults are predominantly observed for 409 (55%) of 704 total solutions, and
most of these types (n=283, 70%) are produced by the NW-SE compre-
ssion. The predominance of reverse faults are noticeable in comparison to
other ranges of focal depths, such as the strike-slips for crustal earth-
quakes (MAKI, 1983a, b), normal faults of the “down-dip compression” for
the mantle earthquakes (MAKI, 1983d) and the normal faults and strike-
slips for the intermediate-depth earthquakes (MAKI, 1984). For the sub-
crustal earthquakes the normal faults are observed for 122 solutions, which
are equally separated into two types with the NW-SE and NE-SW exten-
sion. Strike-slips are observed for 154 solutions which are equally classified
into two types with NW-SE and NE-SW compressions. The epicenter
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n=409

Normal fault

n=122

Strike slip

n=154
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LONG=137.00 - 145,00
LATI= 31.00 - 39.00
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Fig. 19. Classification of fault-plane solutions into seven types: (1) RNWC: reverse
fault with a NW-SE compression (n=283), (2) RNEC: reverse fault with a NE-SW
compression (n=126), (8) NNWT: normal fault with a NW-SE extension (n=64),
(4) NNET: normal fault with a NE-SW extension (n=58), (5) SNWC: strike-slip
with a NW-SE compression (n=88), (6) SNEC: strike-slip with a NE-SW compres-
sion (n=66), and (7) O: others (n=19). Types of reverse and normal faults and
strike-slips are systematically classified based on dip angles of P, T and N axes,
and each type is separated into two types by azimuths of P and T axes.
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Fig. 20. Geographical distribution of fault types of suberustal earthquakes. Solid
and empty circles and crosses denote reverse and normal faults and strike-
slips, respectively. Circles and squares for reverse and normal faults show
azimuths of NW-SE and NE-SW for P or T axes, and strike-slips are also
separated by azimuths of P axes. Epicenters for earthquakes with multiple
solutions are shown by duplicated symbols.
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distribution of mechanism types is shown in Fig. 20. Solid, empty and
cross symbols denote reverse and normal faults and strike-slips, and two
types with variable azimuths of P or T axes are denoted by circles and
squares for reverse or normal faults. Reverse faults are predominantly
observed along the coastal region on the Pacific side of Northeast Japan
and the Kanto District, and normal faults are seen near the Japan Trench.

Some earthquakes of the strike-slip tend to be located in front of the
descending slab.

Depth distributions of mechanism types along the E-W sections are
shown in Fig. 21 for only hypocenters at depths from 40 to 80 km. Equal-
area projections of the northern focal hemisphere are also shown for only
the relatively large earthquakes by schematic diagrams. Hatched and
empty areas denote dilatational and compressional areas of first-motion.
Mechanism types are shown by the same symbols used in Fig. 20. The
reverse faults are predominantly observed along the inclined seismic zone
(Fig. 21c, d). The E-W extension is observed for an earthquake which
occurred on June 18, 1968 beneath the Japan Trench (arrowheads in Fig.
21a). Another type of the E-W extension is also observed for earthquakes
on June 27, 1974 in the back-arc region of the Izu-Bonin Islands (Fig. 21e, f)
and an earthquake off the Aichi Prefecture on Jan. 5, 1971. The strike-slip
is observed for earthquakes located within the descending slab on Feb. 20,
1978 (Fig. 21a) and Sep. 27, 1974 (Fig. 21f).

The thrust type of focal mechanism along the upper boundary of the
inclined seismic zone is predominant for subcrustal earthquakes along the
coastal region on the Pacific side of Northeast Japan and the Kanto Dis-
trict. The thrust type of focal mechanism is also observed for earthquakes
far east of Hachijojima Island along the Izu-Bonin Trench. Different rela-
tive locations of active regions from the trench axis and different levels
of earthquake activity are observed between Northeast Japan and the Izu-
Bonin Islands. These contrasts can be interpreted by the difference in the
coupling of the Pacific Plate with the overriding plates (UYEDA and
KANAMORI, 1979). The intense clusters of earthquakes beneath the Kanto
District are located within the intesecting region of the Northeast Honshu
and Izu-Bonin slabs (MAKI, 1984).

Two types of focal mechanisms near the Japan Trench, namely the
horizontal E-W extension outside the Japan Trench and the vertical slip
with the western side sinking along the N-S plane inside the Japan Trench,
suggest the subduction process which consists of the bending before the
trench and the vertical failure of the lithospheric slabs directly beneath
the trench axis. The process of back-arc spreading in the Izu-Bonin Islands
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is also observed from the E-W extension for earthquakes located west of
Hachijojima Island.

The stress regime around the trench has been interpreted by the
bending of the lithospheric plate (CHEN and FORSYTH, 1978 ; CHAPPLE and
FORSYTH, 1979) and by the detachment due to the weight (KANAMORI,
1971a, b, 1977). Two types of focal mechanism obtained in the present
study, namely the horizontal extension outside the trench and the vertical
slip with the western side sinking along the N-S plane near the trench axis,
support both hypotheses. The nearly horizontal E-W extension for earth-
quakes in the back-arc region of the Izu-Bonin Islands is consistent with
the stress regime due to the back-arc spreading (UYEDA and KANAMORI, 1979 ;
UYEDA and MCCABE, 1983). The process of the back-arc opening has been
interpreted by the different stages of the evolutional development of the
island arcs (KANAMORI, 1971a, b, 1977) and by the model of the anchored
slab in the deep interior (UYEDA and KANAMORI, 1978).

5. Causes of the intense clusters of subcrustal hypocenters

The intense clusters of subcrustal hypocenters beneath the Kanto Dis-
trict have been considered to be caused by the collision of the Philippine
Sea Plate with the Pacific Plate (MAKI et al., 1978, 1980 ; MAKI and TSUMURA,
1980 ; MAKI, 1981b). But other clusters of subcrustal earthquakes can be
observed in other regions located far from the colliding region, especially
on the side of Northeast Japan. It is questionable that the minor seismic
zone inclined from the west represents the sinking of the Philippine Sea
Plate to the east, because it cannot be identified for all parts beneath the
Kanto District. The intense clusters of hypocenters are located in the
contact region of the acute intersection of the Northeast Honshu and Izu-
Bonin slabs (MAKI, 1984). In the present chapter focal mechanisms of
earthquakes in the active regions are studied by relating to the systematic
trends in the spatial distribution of hypocenters.

Fault-plane solutions of subcrustal earthquakes in the ten active regions
are summarized in Fig. 22 (a to j). Principal axes (P, T and N axes) are
represented by empty and solid circles and crosses on the left-hand side,
and poles of nodal planes are denoted by empty circles on the right-hand
side. Numbers of fault-plane solutions are also given for each active
region. The nearly vertical T axes plunging to the west are commonly
observed for all the active regions. Some different patterns are observed
for some active regions, namely the SW T axes in the southwestern end
of Ibaraki Prefecture (A), the horizontal N-S T axes in the northern part
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POLES A, B L]
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19

J. S Kashimanada
22

Fig. 22(b)

Fig. 22. Comparison of fault-plane solutions of subcrustal earthquakes within the 10
intense clusters of hypocenters in the Kanto District. Principal axes are shown
on the left-hand side by empty and solid circles and crosses. Poles of nodal planes
are shown on the right-hand side. Numbers mean fault-plane solutions obtained
for each cluster.
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of Chiba Prefecture (D), and the NW T axes in the middle part of Chiba
Prefecture (E). Normal faults are also seen in the southwestern end of
Ibaraki Prefecture (A) and the middle part of Chiba Prefecture (E). The
northward T axes are seen for earthquakes in Nakaminato (H) and Kashi-
manada (I and J). The reverse faults of the vertical T axis are related
to the relative motion of the descending Pacific Plate with the overriding
plates. T axes plunging to the west and the almost vertical poles of nodal
planes plunging to the east denote the western side sinking along the
vertical N-S plane. Numbers and features of fault-plane solutions for each
active region are summarized in Table 1.

Spatial distributions of focal mechanisms are represented in Fig. 23
(a to d) by schematic diagrams for the relatively large earthquakes and
classified types of fault-plane solution for the 10 km intervals of depth
from 40 to 80 km. For a depth range from 40 to 50 km (Fig. 23a) reverse
faults are observed in Kashimanada (I and J), Kasumigaura (G), Choshi
(F) and the SW Ibaraki regions (A and B). An earthquake on Mar. 27,
1973 near the Japan Trench shows a type of normal fault. The reverse
faults are also predominant for depths from 50 to 60km in Northern
Kashimanada, Nakaminato, Choshi and the SW Ibaraki regions (Fig. 23b).
Earthquakes located far east off Choshi and near the Japan Trench on Apr.
22, 1966 and May 19, 1968 show the western side sinking along the vertical
N-S plane. FEarthquakes at depths from 60 to 80km are located in a
limited area directly beneath the Kanto District. Most earthquakes at
these depths show a reverse fault with an E-W compression (July 27, 1971 ;
Mar. 30, 1975; Sep. 20, 1967; Oct. 18, 1972; Nov. 10, 1967). Other reverse
faults have P axes with variable azimuths, namely the N-S P axis for an
earthquake on July 1, 1968 and the NW-SE P axis on Sep. 25, 1980. The
reverse fault with the E-W compression at depths from 70 to 80 km
located on the eastern side of the 140°E line is interpreted by the western
side sinking along the vertical N-S plane.

Depth distributions of mechanism types are shown along the same
E-W and N-S sections of Figs. 5 to 7 together with schematic diagrams
of the equal-area projection of the northern and eastern focal hemisphere.
Iig. 24 shows the depth distribution of mechanism types of subcrustal

earthquakes (n=97) along the E-W sections (width 30km) Dbetween
points A (189.7°E, 36.1°N) and B (140.3°E, 36.1°N) beneath the western

part of Ibaraki Prefecture. Equal-area projections of the northern focal
hemisphere are shown by schematic diagrams for the relatively large
earthquakes (M=5.0). A separation of hypocenters into two groups is ob-
served, namely the inclined seismic zone to the west at the shallower
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Fig. 23. Epicenter distributions of fault types and mechanism diagrams of subecrustal
earthquakes for every 10 km of focal depths in the Kanto District: (a) h=40-50 km,
(b) h=50-60km, (c) h=60-70 km and (d) h=70-80km. Epicenters are classified
by mechanism types, and focal mechanisms are shown beside epicenters for some
earthquakes by schematic diagrams of the lower focal hemisphere.
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depths from 40 to 60 km and a vertical alignment at the deeper part from
50 to 80 km on the eastern side of the 140°E line. The reverse faults of
the deeper earthquakes on Sep. 20, 1967 and July 27, 1971 show a con-
sistency between the almost vertical nodal plane plunging to the east and
the vertical alignment of hypocenters. Fig. 25 shows the depth distribu-
tion along the E-W section (width 20 km) between points A (139.9°E, 35.6°N)
and B (140.3°E, 35.6°N) beneath the middle part of Chiba Prefecture. No
systematic trends are observed for the spatial distribution of hypocenters
and focal mechanisms. A feature of the western side sinking is observed
for the largest earthquake which occurred at the bottom of clustering
hypocenters on Sep. 25, 1980 (M 6.1). Fig. 26 shows the depth distribution
of mechanism types along the N-S section (width 50 km) between points A
(140.0°E, 36.5°N) and B (140.0°E, 35.5°N) beneath the western part of
Tbaraki and Chiba Prefectures. For this section schematic diagrams of the
eastern focal hemisphere are represented. Some larger earthquakes located
at depths from 40 to 60km beneath the southwestern part of Ibaraki
Prefecture show the reverse fault with a nodal plane dipping to the west
(Aug. 4, 1974 ; Mar. 20, 1978; Apr. 6, 1965; Mar. 21, 1967). The reverse
fault of the deeper earthquakes on Mar. 30, 1975; July 27, 1971 ; Sep. 20,
1967 : Oct. 18, 1972; Nov. 10, 1967; Oct. 8, 1968 and Sep. 25, 1980 are
characterized by the horizontal eastward P axis and the western side sink-
ing along the vertical N-S plane. The normal faults with the almost
vertical P axis are observed for earthquakes on Sep. 24, 1980 and Feb. 8,
1975. A systematic difference is observed between the subcrustal earth-
quakes at the shallower depths on the western side of the 140°E line beneath
the southwestern end of Ibaraki Prefecture and those at the deeper part

on the eastern side of the 140°E line beneath the western part of Ibaraki
and Chiba Prefectures.

The intense clusters of subcrustal hypocenters are located at their own
relative locations and they show particular types of focal mechanisms.
Earthquakes in the offshore region are located along the inclined seismic
zone of the thickness 10 km, and then they show the reverse fault with
the slowly dipping plane to the west. The systematic differences in the
spatial alignment of hypocenter distribution and focal mechanisms are ob-
served for two groups of hypocenters beneath the southwestern part of
Tbaraki Prefecture. The shallower earthquakes at depths from 40 to 60 km
beneath the southwestern end of Ibaraki Prefecture (on the western side
of the 140°FE line) show a linear alignment of epicenters with the north-
west dipping of hypocenters and they show the focal mechanism of the
reverse faults with the N-S and NW-SE compressions. The deeper earth-
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quakes at depths from 50 to 80km beneath the southwestern part of
Ibaraki Prefecture and northern part of Chiba Prefecture (on the eastern
side of the 140°E line) show rather a vertical alignment within the slab
and show the focal mechanism of the vertical slip along the N-S striking
plane. Harthquakes located beneath the middle part of Chiba Prefecture
show a somewhat confused pattern on the hypocenter distribution and show
the mixed types of focal mechanisms.

The intense clusters of the subcrustal earthquakes are generated by
two kinds of mechanisms due to their relative locations and focal mecha-
nisms, namely (1) the relative motions of the descending Pacific Plate with
the overriding plates, and (2) the vertical slip with the western side sink-
ing along the N-S plane within the descending slab of the Pacific Plate.

6. Discussion and conclusion

The epicenter distributions for three ranges of focal depth are com-
pared using the precisely relocated hypocenters by correcting the JMA
travel-time data with the Pn station biases (MAKI, 1981a). The subcrustal
earthquakes at depths from 40 to 80 km in and around the Kanto District
show more intense clusters of hypocenters than other depths of the crust
(h==0-40 km) and intermediate-depths (1=80-120 km). These intense clus-
ters of subcrustal hypocenters are located at their own depths in front of
the subducted slab of the Pacific Plate. The depth distributions of the
relocated hypocenters are shown for several sections around the intense
clusters beneath the Kanto District. The upper boundary of the descend-
ing Pacific Plate is identified by the very thin seismic zone of 10 km width
inclined from the east beneath Kashimanada, east off Ibaraki Prefecture.
The shallower earthquakes at depths down to 40 km beneath the western
end of Ibaraki Prefecture show the linear alignment of epicenters and
dipping plane to the northwest. The deeper earthquakes at depths from 50
to 80 km beneath the western part of Ibaraki and Chiba Prefectures (on
the eastern side of the 140°E line) show rather a vertical alignment. Some
of the relatively large earthquakes are not located within the active re-
gions, so-called “earthquake nests”, so far as the period studied here.

Seven hundred and four fault-plane solutions, satisfying 10 or more
first-motion data, are obtained for 487 subcrustal earthquakes which oc-
curred during the period from 1963 to 1980 with magnitudes of 4.0 or
more in and around the Kanto District. The reverse faults are predo-
minantly observed for 55% of all the fault-plane solutions compared to
other depth ranges with the predominant normal faults and strike-slips.
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Especially the reverse fault with the NW-SE compression is obtained for
40%. The focal mechanisms obtained here suggest a complicated pattern
of earthquake-generating stress at the subcrustal depths in and around the
Kanto District. Some types of focal mechanisms are observed ; the hori-
zontal E-W extension for earthquakes outside the Japan Trench, the
western side sinking along the nearly vertical plane parallel to the trench
axis for earthquakes directly inside the Japan Trench, the strike-slip with
the E-W compression near the Boso triple junction, and the horizontal E-W
extension in the back-arc region of the Izu-Bonin Islands. A consistency
between the planar alignment of hypocenters and the reverse fault with
the E-W or NW-SE compression is observed in the offshore regions of
Kashimanada, east off Ibaraki Prefecture. The shallower earthquakes
beneath the western end of Ibaraki Prefecture show the reverse fault with
the N-S compression. Deeper earthquakes beneath the western part of
Ibaraki and Chiba Prefectures show a focal mechanism of the western
side sinking along the almost vertical N-S plane. The subduction process
of the Pacific Plate is observed for the coastal region in Northeast Japan
and the Kanto District from the hypocenter distribution of subcrustal
earthquakes and their fault-plane solutions of the reverse type. The north-
west warping of the seismic zone is observed beneath the Kanto District.
The upper boundary of the gross seismic zone of the descending Pacific
Plate inclined to the west are identified from the very thin seismic zone
of 10 km.

In the previous study the intense clusters of hypocenters beneath the
southwestern end of Ibaraki Prefecture have been interpreted by the rela-
tive motion of the Pacific Plate with the overriding plate (MAKI et al., 1978,
1980 ; MAKI, 1981b; MAKI and TSUMURA, 1978). The deeper clusters of
hypocenters beneath the middle part of Chiba Prefecture were explained
by the collision of the Pacific Plate with the northeastern end of the
Philippine Sea Plate. The minor seismic zone inclined from the west can
be observed for micro and small earthquakes by the recent high-sensitivity
seismograph network, but this seismic zone is not clearly observed as a
planar pattern for the larger earthquakes and over all the region beneath
the Kanto District. The intense activity of earthquakes beneath the Kanto
District has been explained by the acute intersection of the Northeast
Honshu and Izu-Bonin slabs (MAKI, 1984). More precise locations of hypocenters
and studies of focal process are required to clarify the cause of clustering
earthquakes beneath the Kanto District. Some relative locations of hypocenters
with respect to region and depth suggest the feature of the subduction process
of the lithospheric plate, and the fine structure of the spatial distribution
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and focal mechanisms are useful for studies of these features. Especially
the stress regimes around the trench and in the back-arc region are to be
solved based on the spatial distributions and focal mechanisms of earth-
quakes occurring in these regions.
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Appendix

List of fault-plane solutions by the numerical method (MAKI, 1983b)
of subcrustal earthquakes which occurred in and around the Kanto District
during the period from 1963 to 1980 with magnitudes of 4.0 or more.
Hypocenters and origin times are determined by correcting the JMA travel
times with the Pn station biases (MAKI, 1981a). Earthquake magnitudes
are taken from JMA. Fault-plane solutions are given by dip direction (dd)
and dip angles (d) for poles of nodal planes (X and;Y) and principal axes
(P, T and N). Numbers of first-motion data are given for the read (all)
and used ones in the last two columns. Azimuth and dip angles are given
in the unit of tenths of a degree for the orthogonal relation of the double-
couple model.
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f Subcrustal Earthquakes in Clusters beneath Kanto
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Mechanisms of Suberustal Earthquakes in Clusters beneath Kanto
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Mechanisms of Subcrustal Earthquakes in Clusters beneath Kanto
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f Subcrustal Earthquakes in Clusters beneath Kanto
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f Subcrustal Earthquakes in Clusters beneath Kanto
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