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Abstract

An OBS array observation (seven stations and one month) was
performed in June and July, 1981 off-Sanriku, Japan Trench region,
Northeast Japan. The array covered the area of both the island-arc
side and the ocean basin side of the trench axis. In order to improve
the resolution capability of focal depth estimation, we developed a
new earthquake location algorithm, which is characterized by a ray
initializer technique for the three-dimensional heterogeneous velocity
structure, an addition of the origin time constraint in the least-square-
iteration procedure, and another addition of an examining procedure
for the effect of the initial trial-focal-depth. Three distinct groups
were revealed in the hypocenter distribution in the Japan Trench
region. (1) One group is a long and narrow zonal distribution along
the bathymetric contour of a depth of about 6km in the outer-slope
region. The depths of these earthquakes are shallow within the
ocean crust. They appear to correspond to the graben structures in
this region representing the bending motion of the ocean crust. (2)
Another group is the earthquakes in clusters near the trench axis in
the outer-slope region. The depths of these earthquakes extend deep
into the uppermost mantle beneath the Moho discontinuity from the
shallow crust along a nearly vertical plane representing a lithospheric
faulting motion. This place corresponds to the locatin of the main
shock of the 1933 large off-Sanriku earthquake. This seismicity ap-
pears to be associated with the subsidence and a sharp bending de-
formation of the subducting ocean crust under the inner-slope region
after crossing the trech axis. (8) The third group is the swarm
earthquakes in the inner-slope region at a water depth of 2-3km.
The depths of these earthquakes are nearly at the interface between
the overlying landside rock mass and the underlying ocean crust. This
seismic activity would represent either a slip or a thrust faulting
motion along the interface.
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1. Introduction

Accurate depth distribution of hypocenters in the deep-sea trench region
is essential for clarifying the configuration and present-day motion of the
subducting oceanic plate. Such accurate depth determination can only be
achieved by the data set of P- and S-wave arrival times observed at array
stations right above the hypocenters. Covering such a region in the Japan
Trench axis, an ocean-bottom seismometer (OBS) array observation was
performed in the summer (June-July) of 1981 off Sanriku, Northeast Japan.
The OBS array, consisting of seven OBS’s stations covered both the ocean
basin side and the island-arc side of the trench axis.

As preliminarily reprorted (KASAHARA et al,, 1982, hereafter refer to
Paper I), we found there several remarkable features of the epicenter
distribution; (1) a long linear trend of epicenter distribution in the outer-
slope region of the Japan Trench along the bathymetric contour at a depth
of about 6 km, (2) a cluster of epicenters near the trench axis in the outer-
slope region, whose place corresponds to the hypocenter of the main shock
of the 1933 Sanriku earthquake (M=8.3), (3) a particular swarm earthquake
activity in the inner-slope region. These hypocenters were determined by
using the hypocenter location program HYPO71 (LLEE and LAHR, 1975).
Although the epicenter locations were good, there remained uncertainty
about the reliability of the focal depth. Therefore, we have attempted
to improve the earthquake location algorithms for obtaining high resolution
and high reliability of the focal depth estimation.

Improvement of the accuracy of the hypocenter determination in the
deep-sea trench region is classical as well as an unfinished problem. By
now, many studies have been made on this problem ; for example, one by
improving the earthquake location algorithms (ICHIKAWA, 1978b, 1979;
ENGDAHL and LEE, 1976; ENGDAHL et al., 1982), and another by conduct-
ing OBS array observations (NAGUMO et al., 1970, 1976 ; FROHLICH et al.,
1982 ; HIRATA et al., 1983). Although the accuracy of epicenter determina-
tion has been greatly improved by the use of proper travel-time tables,
ray tracing technique, and OBS data in the hypocenter region, the accuracy
of focal depth determination has still remained unsatisfactory.

The improvements we have made on this problem are as follows. First,
in order to reduce the error due to three-dimensional hetrogeneous seismic
velocity structure, which is inherent in the deep-sea trench region, the
technique of ray initializer (THURBER and ELLWORTH, 1980) was intro-
duced in the earthquake location program HYPO71 by NISHI (1982). Al-
though the O-C residuals of the hypocenter determination were greatly
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improved, the focal depth was still dependent on the depth of the initial
trial-hypocenter in the least-square iterative procedure. Next, we proceeded
to improve the earthquake location algorithm itself. We examined effects
of the initial trial-origin-time and initial focal depth, and understood that
the depth solution generally possesses dual values, one is shallower, the
other is deeper with respect to the major refraction velocity discontinuity
(SUGIMOTO, 1983). Similar dual value property has already been noticed
by LILWALL et al. (1978), DUSCHENS et al. (1983), and FROHLICH et al.
(1982).

Following these studies, we developed in this paper a new algorithm
which utilizes (1) the technique of the ray initializer for treating three-
dimensional seismic wave velocity structure, (2) the addition of a constraint
on the origin time in the least-square optimization procedure, and (3) another
addition of an examining procedure for the effect of the initial trial-focal
depth. The new algorithm resulted in high capability of depth resolution
and revealed close relations between the hypocenter distribution and the
present-day tectonic movements of the subducting oceanic plate.

Thus the purpose of this paper is, firstly, to present a new earthquake
location algorithm, and secondly, to present results which revealed remark-
able features of the hypocenter distribution in the Japan Trench region.
Since descriptions of the instruments and the station data are given in
Paper I, we do not repeat them here.

2. Method of hypocenter determination

In this section, first we will list the major problems which we en-
counter in the course of the hypocenter location in the deep-sea trench
region, and then we will describe how we treated them.

Problems

The major problems which disturb high resolution of hypocenter loca-
tion in the deep-sea trench region are as follows:

(1) three-dimensional hetrogeneous seismic wave velocity structure,

(2) effect of soft sediment layer beneath sea-floor in which S-wave

velocity is extremely low,

(8) treatment of sea-bottom topography and station depth,

(4) estimation of origin time,

(5) treatment of dual-valued solutions for the focal depth.

Items (1) and (3) affect the accuracy of travel-time calculation, and
items (4) and (5) affect the optimization algorithm itself.




444 S. NAGUMO, J. KASAHARA and S. KORESAWA

[ 142" 13 164" 145" 146"

01007 1.80 kmisec

Q9 % 03az 20m/se
5

2.0km/sec

6.6 km/sec

6.0 km/sec

DEPTH [km)
&

8.2km/sec

B.2km/sec

30

Fig. 1. Three-dimensional P-wave velocity structure in the Japan Trench
region used in the hypocenter computation (after NISHI, 1982). Solid
circles: OBS stations.

Three-dimensional hetrogeneous structure

As is well known, systematic deviations of hypocenter location occur
in the deep-sea trench region (for example, ICHIKAWA, 1978a; ENGDAHL
et al., 1982). This is caused by the velocity structure associated with deep
seismic zone. In order to reduce such deviation, three-dimensional ray
tracing technique has been used for hypocenter determination (for example,
- JACOB, 1970 ; ENGDAHL and LEE, 1976; JULIAN and GUBBINS, 1977). How-
ever, because of large computation time, it has not yet been used for the
routine hypocenter location program. In order to reduce this computation
times, THURBER and ELLWORTH (1980) has shown that the ray initializer
approximation is almost accurate enough for calculating travel-times,
and this technique was introduced in the hypocenter location program
HYPOT71 by NISHI (1982). In this paper we utilized a part of his ray
initializer program, which computes three-dimensional P- and S-wave velo-
city structures, travel-times and their derivatives. Because of the memory
size of our computer (HARRIS 80), we limited the total number of grid
points of three-dimensional velocity structure to 75,020 points. The areas
of computation are from 141°30’E to 145°30’E, and from 38°00’N to 41°00’'N,
with the mesh interval of 5. The total number of the flat-layers of
slowness average is 44. We used the same three-dimensional velocity
structures as was used by NISHI (1982) as shown in Fig. 1.

Sea-bottom topography and station depth

We treated the station depth exactly. Namely, we computed travel-
time from the source to the station which is located at a given depth.
When OBS array covers both the landward side (continental slope) and
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oceanward side (outer-slope) of the trench axis, the differences of elevation
among OBS stations amount to more than 4 km. In such case the slowness
average which is used in the ray initializer approximation is affected by
the sea-water and causes inadequate travel-times to the stations in the
landward side. In order to avoid such errors of travel times, we replaced
the sea-water layer by a layer of P-wave velocity of 1.90 km/sec,
which is slightly less than that of the underlying soft sediment layer (in
this case 2.00 km/sec). This treatment gives sufficiently accurate travel-
times for the stations in the landward side.

Soft sediment layer

As is well known, the top layer beneath the deep ocean floor consists
of soft sediments, whose thicknesses are from a hundred to several hundred
meters, and its S-wave velocity is extremely low, as low as from several
tens to several hundreds meters/sec (for example, HAMILTON, 1976; NAGU-
MO et al., 1980). Because of such a low S-wave velocity, the arrival time
of S-wave is delayed within the soft sediments and this results in a large
S-P time. For example, in a case where the soft sediments layer has a
thickness 500 m, where P- and S-wave velocities are 2.0 km/sec and 0.4 km/
sec respectively, the S-P time within the layer amounts to 1.00 second.
Since we use S-P time for estimating the origin time, if such a delay
time is not properly corrected, it will mislead the origin time estimation
to be earlier than it actually is. In order to correct the delay of S-wave
arrival time, we used the same correction as used in the previous paper
(Paper I), namely we subtructed observed PS delay time from the S-wave
arrival time at each station. The PS delay time is defined by the dif-
ference between P arrival time on the vertical component and P-to-S con-
version arrival time on the horizontal component.

Origin time

Accurate estimation of origin time is most essential to the depth
resolution. It is common in the conventional hypocenter location program
such as HYPOT71, the origin time is treated as one of the 4 unknown
parameters (the origin time and 3 hypocenter coordinates), and is deter-
mined simultaneously with hypocenter coordinates in the course of the
least-square computation. In such a treatment, it often occurs that the
origin time largely differs from the true value.

Since origin time can be determined by P and S-P time readings
independently from hypocenter coordinates, several techniques have been
developed for special treatment of origin time. JAMES et al. (1969) deve-
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loped the ‘three-parameter technique’. Shibuya (personal communication)
developed a program which allows both ‘three-parameter’ calculation and
conventional ‘four-parameter’ calculation. ICHIKAWA (1978b) developed a
technique which imposes special constraints on the initial origin time. In
this paper, we used such algorithm as follows. First we compute the
origin time from P and P-S times, and then, by fixing this origin time,
we compute the hypocenter coordinates by the least-square-iteration pro-
cedure, which is nothing but the ‘three-parameter technique’ of JAMES et
al. (1969). Then, by using this origin time and hypocenter as the initial
trial-values, we proceed to the ‘four-parameter’ least-square-iteration com-
putation. Since the initial trial-values of the four-parameter least-square-
iteration procedure have been searched by constraining the origin time,
the above procedure could be referred to ‘origin time constraining optimiza-
tion’. In this procedure, since the initial trial-epicenter coordinates are
already well located by the ‘three-parameter technique’, the four-parameter
least-square-iteration proceeds mainly between the two parameters, namely
between focal depth and origin time.

Dual-valued solution of focal depth
When the epicentral distance is in the range where the first arrivals

are refracted waves from a certain refraction horizon, there are generally
two focal depths which satisfy the given observed travel-time at a certain
station, the one is shallower and the other deeper than the refraction
horizon. The ray paths are schematically shown in Fig. 2. Therefore, in
many cases where the data are absent at the stations near the hypocenter,
it will likely occur that least-square-iteration results in dual solutions.
In other words, there are generally two minima in the optimization pro-
cedure. For a group of upward refracting rays (A in Fig. 2), the least-square-
iteration will find a convergence to a shallow focus. On the other hand,

STATION

SHLLOW
FOCUS
A /

DEEP
FOCUS
Fig. 2. Explanatory illustration for the existence of dual-
valued hypocenter depths which satisfy the least-square
minimum value.

B
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for a group of downward-going refracting rays (B in Fig. 2), the least-square-
iteration will find a convergence to a deep focus. The identification of the
true focal depth from these two solutions can not be made by the examina-
tion of travel-time residuals. When we have observation data right above
the hypocenter, it can be easy to discriminate the true depth. However,
this is not always thec ase. Therefore, in many cases, two different depth
solutions are likely to appear according to different initial trial-depths.
In principle, the least-square-iteration procedure itself does not discriminate
these two minima. Therefore, we proceed to repeat the hypocenter com-
putation several times by giving different initial trial-depths. Moreover,
we print out the hypocenter solution at each iteration process so as to
examine how the convergence is accomplished. Thus, by examining the
effect of the initial trial-depth upon the final convergent depth, we can
judge the possible existence of dual-valued solutions and also the optimum
selection of the true depth. The initial trial-depths given in the compu-
tations this time are 30.0 km and 9.1 km respectively, because the maximum
water depth is about 7.5 km at the trench axis and the depth of the Moho
discontinuity is about 12 km under the trench axis in this region (LUDWIG
et al., 1966).

Flow diagram of hypocenter location algorithm

The conceptional flow diagram of the earthquake location algorithm
is shown in Fig. 3. The first step is to compute three-dimensional velocity
structure in the form of three-dimensional array data, which will be used
in the later stage for computing arrival times, 7T, and its partial deriva-
tives for each pair of the source and station. The second step is to esti-
mate origin time from P and S-P times by the formula

To=Tp—kTs p,
where
k=1/[(Vp/Vs)~—1],
To: origin time
Tp: P wave arrival time
Ts_p: difference of arrival times of P and S waves
Vp, Vs P and S wave velocities respectively.

The value of k is either assumed or determined by the 7T versus Ts_p
plot. The third step is the computation of the initial trial-hypocenters
which will be used in the succeeding least-square-iteration procedure.
Keeping the origin time fixed, the hypocenter is computed by the least-
square-iteration procedure. The three-dimensional ray tracing technique
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Fig. 3. Conceptional flow diagram of the earthquake location procedure.

is: used for computing travel times and their derivatives for each pair of
the source and station. The number of iteration is set at 10 times. Gen-
erally speaking, epicenters are located well in this step. When the dual-
valued solutions exist, the convergence often shows oscillatory nature
between shallow and deep focal depths under the constraint of fixed origin
time.

The fourth step is the least-square-iteration procedure for the 4
unknown paramaters. In this procedure, we give the origin time obtained
in step 2 and the hypocenter coordinates obtained in step 38 as the
initial trial-values. In this stage, the optimum value is usually searched
mainly in the trade-off between the origin time and the focal depth,
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since the epicenter is already
located near the optimum value.

The fifth step is the exami-
nation of the effect of the initial
trial-depth.  The
iteration computations are repeat-
ed for the given different initial
trial-depths. As stated before we
repeated the computation for two
different depths, the one is shal-
lower (9.1 km) the other is deeper
(80 km) than the Moho disconti-
nuity. The initial origin time and
the hypocenter coordinates are the
same as used in step 4. At each
iteration, we print out the process
of convergence. Thus we have
four different results from steps
3, 4 and 5, which allow us to
examine the resolution reliability
of the focal depth.

The special features of the
algorithm developed in this paper
will be summarized as follows:
(1) The three-dimensional velocity
heterogeneity is treated by ray
initializer approximation and re-
sulted in short computation time.
(2) By constraining the origin
time, the initial trial-hypocenter
for the least-square-iteration pro-
cedure can be found very close to
the optimum value. (3) In the
final least-square-iteration proce-
dure, the search for the optimum
values proceeds, in many cases,
mainly to the trade-off between
the origin time and the focal depth.
(4) The examinations of the dual-

least-square-
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Fig. 4. Examples of the effect of the initial

trial depth to the convergence.

The horizontal axis : the number of iteration.
(A) Convergence to a deep focal depth
from both shallow and deep initial trial-
depths (No. 45: earthquake number),

(B) Convergence to a shallow focal depth
from shallow and deep initial trial-depths
(No. 53: earthquake number),

(C) A shallow initial trial-depth conver-
ges to a shallow focal depth, while deep
initial trial-depths converge to deep focal
depths, showing the presence of double
minima in the least-square optimization
(No. 19: earthquake number).
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valued solution of focal depth are accomplished by repeating the computa-
tion several times for different initial depths. From these features, high
resolution of focal depth appear to be accomplished in the deep-sea trench
region.

Examples of the examination of initial trial-depth

Examples which show how the resolutin of focal depth is accomplished
are shown in Fig. 4. In Fig. 4A and B are shown examples which show
that the convergence is achieved to almost the same optimum depth from
both shallow and deep initial trial-depths. In such cases as these the con-
vergent depth will be highly reliable. In Fig. 4C is shown that the con-
vergent depths depend on the given initial trial-depth, namely, the shallow
initial depth leads to a convergence to a shallow focus, and the deep initial
trial depth leads to a convergence to a deep focus. In such a case as this,
the selection of the true depth is difficult.

Remarks for least-square optimization

Hypocenter location has been treated as an optimization problem of
minimizing the travel-time residuals (for example, LOMNITZ, 1977 ; LEE
and STEWART, 1981). When the seismic wave velocity structure is known,
the number of the unknown parameters to be estimated are four, namely,
origin time and three hypocenter coordinates. The least-square-iteration
procedure is used for obtaining the optimum values. However, the origin
time has such property that it can be determined from P- and S-wave
arrival times independently from other hypocenter coordinates. This is an
additional constraint besides the minimization of the travl-time residuals.
Moreover, the minimum value which will be searched by the least-square-
iteration procedure is not always unigue. In principle, there are two
minima in the optimization of the local earthquake location. Thus, the
simple least-square-iteration procedure for minimizing the travel-time re-
siduals is not sufficient for the hypocenter location algorithm. A method
developed in this paper will be a step towards a better estimation of
earthquake hypocenter.

3. Results

Statistics

About 300 earthquakes were registered by an OBS array during the 33
days observation period from June 10 to J uly 12, 1981. Among these
earthquakes, 217 were simultaneously registered by more than four stations.
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Fig. 5. Epicenter distribution obtained by the new earthquake location procedure.
Solid circle : epicenter, Open square with cross: ocean-bottom seismometer station.
Bathymetric chart: No. 6321, MARITIME SAFETY AGENCY, 1980.
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Fig. 6. Depth cross section of the hypocenters obtained by the new earthquake
location procedure. Solid circle: hypocenter.

About a half occured in the region in and near the OBS array. About 80
of the earthquakes have been located (Paper I; NISHI, 1982 and SUGIMOTO,
1983).

For these earthquakes, we applied the newly developed earthquake
location program described in section 2, and we examined the reliability
of the convergence and the depth resolution for each earthquake by plotting
the convergence diagram as shown in Fig. 4. From this procedure, we
finally obtained hypocenters of 58 earthquakes whose depth resolutions are
highly reliable. The epicenter distribution and the focal depth cross sec-
tion of these earthquakes are shown in Figs. 5, and 6 respectively. The
list of these hypocenters is attached in the Appendix.

Epicenter distribution

As reported previously (Paper I), three groups were distinctly iden-
tified in the epicenter distribution (Fig. 5); (1) a long and narrow zonal
distribution along the bathymetric contour of a depth of about 6km in
the outer-slope region, (2) earthquakes in clusters near to the trench axis
in the outer-slope region at almost the same place of the main shock of
the 1933 large Sanriku-earthquake (March 2, 1933, M=8.3), and (3) an
earthquake swarm in a small area of the inner-slope region whose water
depths are from 2 to 3 km.

The epicenter distribution (Fig. 5) obtained in this paper is almost the
same as obtained by NISHI (1982), and also it has systematically shifted
westward (landward) by about 10 km from those obtained in the previous
Paper I. This systematic shift is due to the difference of the assumption
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for the velocity structure used in the earthquake location program. In
Paper I, the velocity structure assumed was that of a flat-layer, normal
ocean crust.

As regards the northeastward extension of this narrow zonal distribu-
tion along the 6 km bathymetric contour in the outer-slope region, it ap-
pears to exist beyond latitude 40°N. An indication is seen in the previous
report (Paper I, Fig. 4). However, because of insufficient accuracy of
hypocenter location in this region, being in the out-side of the coverage of
the array, the epicenters are omitted in Fig. 5.

In June 3, 22h 50m, 1977, an earthquake swarm activity occurred in
the outer-slope region, southeast of the Erimo Seamount (NAGUMO et al.,
1978 ; KASAHARA et al., 1978). Although the accuracy of the epicenters
is not sufficient, the epicenter distribution determined by International
Seismological Centre and also by OBS data combined with land-based
network data showed a linear alignment along the bathymetric contour
of a depth of 55km. This swarm activity may correspond to the north-
eastward extension of the long and narrow zonal distribution found in this
paper. Since seismic activity in this region is very high (NAGUMO et al.,
1970, 1976 ; HIRATA et al.,, 1983), the northeastward extension of the long
and narrow zonal seismic activity will be clarified by conducting another
OBS array observation in the above region.

The southward extension of this long and narrow zonal distribution
was not clear during the present observation period, because of its low
seismicity. However, the seismic activity that occurred in March and
April of 1983 (JAPAN METEOROLOGICAL AGENCY, 1983 ; FACULTY OF SCIENCE,
TOHOKU UNIVERSITY, 1983) appears to have revealed a southward continua-
tion of this zonal distribution.

From these seismic activities it can be inferred that a long and zonal
seismic activity exists along the bathymetric contour of a depth of about
6km in the outer-slope region of the Japan Trench at least from 38°N to
41°N.

Hypocenter depth distribution

The hypocenters are plotted in Fig. 6 on the profile of a P-wave
velocity structure (NAGUMO, 1980), whose vertical exaggeration is about
1:1.2. It is quite striking to see that three groups possess different
features in the depth distribution. The depths of the earthquakes occurr-
ing along the 6 km bathymetric contour are very shallow, within about 3
km from the sea floor, namely, within the upper ocean crust (layer 2 and
the upper part of layer 8). On the other hand, the focal depths of the




454 S. NAGUMO, J. KASAHARA and S. KORESAWA

earthquakes near the trench axis extend from the upper crust into the
uppermost mantle beneath the Moho discontinuity, mostly in the range
from 15km to 45 km from the sea-level. The distribution is almost along
a nearly vertical plane.

The focal depths of the swarm earthquakes in the inner-siope region
are in the range from 10 km to 15 km, and these depths correspond to the
depth of the interface between the subducting oceanic plate and the overly-
ing landside rock mass. The configuration of this interface is seen on the
multi-channel seismic record section (Fig. 10) (NASU et al., 1979; VON
HUENE et al.,, 1980). The depth resolution described above will be an
accomplishment of the newly developed earthquake location algorithm.

4. Discussion

A long and narrow zonal distribution

It is remarkable that the epicenter distribution has shown a long and
narrow zonal feature being parallel to the trench axis along the bathymetric
contour of a depth of about 6 km in the outer-slope region of the Japan
Trench. Hithertoe, the hypocenter distribution in this region was regarded
as being scattered in a broad region. Even by OBS observations in the
deep-sea trench region, such a narrow zonal distraibution as this has not
vet been delineated (FROHLICH et al.,, 1982; HIRATA et al., 1983). The
image of a broadly scattered distribution of epicenters are due to mapping
of long-term accumulation of the data, and also due to insufficient accurracy
of earthquake location (for example, ICHIKAWA, 1978a, 1979).

The existence of hypocenter concentration in a narrow zone will be a
real feature of seismic activity in the deep-sea trench region. This feature
was fortunately revealed by an appropriate short-term time window. In
the following, we will discuss some tectonic implication of this feature.

Relation to graben structure

The linear trend of a long and narrow zonal distribution of earthquake
hypocenters along the 6 km bathymetric contour in the outer-slope region
would be associated with the graben structures which exist in the same region.
The association is seen in Fig. 5, where epicenters are plotted on the
detailed bathymetric chart, on which contour interval is 100 m (MARITIME
SAFETY AGENCY, 1980). Profiles of precise depth recorder taken along the
traverse during the OBS operation in 1983 are also shown in Figs. 7 and 8.
As seen in these figures, there are many graben structures, large and
small, in this region. The size of these grabens are full of variety; lengths
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Fig. 7. A PDR (Precise Depth Recorder) profile showing a configuratin of
graben structures on the outer-slope of the Japan Trench. The traverse
line is*AA’ in Fig. 5.
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Fig. 8. A line sketch of PDR (Precise Depth Recorder) profile showing a
configuration of graben structures on the outer-slope of the Japan
Trench. The traverse line is BB’ in Fig. 5, running close to the OBS
stations.

of long axis ranging from 10 km to several tens of km, widths from several
km to 10 km, and fault steps from 100 m to 300 m (IWABUCHI, 1970 ; LUDWIG
et al., 1966). Although the continuation of each graben is not always long,
the assembly of these grabens form broad zonal distributions, as a whole,
running parallel to the trench axis as seen in Fig. 5.

The earthquakes occurring along the 6km bathymetric contour cor-
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respond to the upper (eastern) margin of the graben structures, where the
amount of fault steps are decreasing. The shallow focal depths (within
3 km from the sea floor) seem to imply that these earthquakes occur within
the upper ocean crust (layer 2 and the upper part of layer 3). The focal
mechanism study of these earthquakes shows that they are the normal
fault type with a nearly vertical compressional axis (OCEAN-BOTTOM
SEISMOLOGY DIVISION, EARTHQUAKE RESEARCH INSTITUTE, UNIVERSITY
OF TOKYO, 1983b), being consistent with a graben forming movement.
Since the graben structures are results of bending deformation these fea-
tures of shallow earthquakes along the 6 km bathymetric contour in the
outer-slope region will indicate a present active deformation of the oceanic
plate. However, a concentration of the seismic activity along the margin
of the bending deformation would imply that the bending deformation of
the oceanic plate is not always uniform in the whole region of the deforma-
tion, but the oceanic plate could be sharply bent at the transitional zone
from the outer-slope region to the ocean basin.

Mantle earthquakes

Another remarkable feature is such that the focal depths of the earth-
quakes occurring near the trench axis extend to the depths of about 45km
or even more from the sea level. Since the depth of the Moho discontinuity
in this region is about 12 km from the sea level (NASU et al., 1979 ; LUDWIG,
et al. 1966), it is evident that these earthquakes occurred within the upper
mantle. The distribution of hypocenters along a nearly vertical plane
indicates an existence of a fracture plane within the upper mantle. Since
the place of these earthquakes corresponds to the hypocenter of the main
shock of the 1933 Sanriku Earthquake (March 2, 1933, M=8.3), which is
interpreted as fractured through the whole oceanic lithosphere (KANAMORI,
1971), the vertical distribution of seismic activity observed in the present
study may be associated with a large fracture plane which exists within
the lithoshere.

A possible existence of earthquake foci within the oceanic lithosphere
can be seen in the multi-channel seismic record sections. An example is
shown in Fig. 9. There are many diffraction sources beneath thet Moho
discontinuity. These diffraction sources would be related to faults within
the uppermost mantle, and these faults could become foci of micro-earth-
quakes.

Hithertoe, the focal depths of the earthquakes occurring near the trench
axis have been determined deeper than the real ones. This probrem was
studied in detail by ICHIKAWA (1979), and he has shown that, by using a
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Fig. 9. An example showing the presence of diffraction sources beneath
the Moho discontinuity. Solid triangle: diffraction source. The multi-
channel seismic record section (time section) is ORI Line 78-4 in the
Japan Trench (after NASU et al., 1979).

new travel time table (ICHIKAWA, 1978b), the focal depths of most earth-
quakes are less than 50 km which formerly were determined as being
distributed to a depth of about 100 km. However, he still left questions
about whether these earthquakes are even shallower as being limited
within the ocean crust or they really occur within the lithosphere beneath
the Moho discontinuity. The results obtained in this paper ascertained the
latter to be the case.

One of the great concerns in the Japan Trench region is the extension
of the lower plane of the dual deep seismic planes towards the trench axis.
According to the land observation of the Tohoku University, the lower
plane terminates at about longitude 142.5°E at a depth of about 80 km
along the E-W traverse in the region of latitude 39°-40°N, and its exten-
sion towards the trench axis is obscure because of very low seismicity
(HASEGAWA et al., 1978). During the present one month observation period
seismic activity along the extension of the lower plane was not observed.
However, the finding of the existence of earthquakes within the uppermost
mantle near the trench axis certainly indicates that the problem can be
solved by conduting a long-term observation in the trench axis region.

Swarm earthquakes in the inner-slope region
Almost all focal depth of the swarm earthquakes occuring in the in-
ner-slope region fell to depths of about 12km from the sea-level. For-
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Fig. 10. Projection of the source area of the swarm earthquakes on the
line sketch of the multi-channel seismic reflection record section Line
JNOC 2, (voN HUENE et al., 1980), with an addition of marks for the
thrust faults within the landside rock mass.

tunately, a multi-channel seismic line, upon which the drilling of the IPOD
(International Phase of Ocean Drilling) site 435 was conducted (VON HUENE
et al., 1980), runs very close to this swarm area. A line sketch of the
multi-channel seismic record section is shown in Fig. 10 on which the
area of the swarm earthquakes is projected. As seen in this Fig. 10, the
place of the swarm earthquakes corresponds to the interface between the
subducting ocean crust and the overlying landside rock mass. The place
also corresponds to the bases of the large thrust faults which extend
upwards to the mid-slope terrace. Since the focal mechanism study of
these earthquakes show that they are the thrust fault type (OCEN-BOTTOM
SEISMOLOGY DIVISION, EARTHQUAKE RESEARCH INSTITUTE UNIVERSITY
rOF TOKYO, 1983a), it will be certain that the swarm activity observed
"this time will be associated with either the slip motion along the interface
between the landside rock mass and the underlying oceanic plate or the
thrust faulting motion at the base of the faults which extend from the
interface into the overlying landside rock mass.

Substdence and bending of the ocean plate

As KANAMORI (1971) stated, the lithospheric normal faulting is asso-
ciated with the large scale bending deformation of the oceanic plate
in the arc-trench region. However, the presence of a lithospheric fracture
plane near the trench axis may indicate that the bending deformation of
the oceanic plate is largest there. This feature is seen on the migrated
depth section of the multi-channel seismic record sections of the ORI Line
4~-3 and Line 4-4 (NASU et al, 1979). As seen in Fig. 11, the configuration
of the subducting oceanic plate shows a sharp bending deformation under
the inner-slope after crossing the trench axis. And this sharp bending
deformation is associated with an additional subsidence of the ocean crust
under the trench inner-slope region. We think that this additional subsi-
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Fig. 11. An example of subsidence and its associated sharp bending of the
subducting oceanic crust under the trench inner-slope region after crossing
the trench axis. The multi-channel record section is a migrated depth
section of the ORI Line 78-4, (after NASU et al., 1979).

dence of the oceanic crust under the trench inner-slope is important

generating the bending deformation of the ocean crust in this region, and
that the subsidence is caused by the overlying landside rock mass which
acts as an extra load for the underlying ocean crust. This load generates
a broad bending deformation of the oceanic plate in the outer slope region.
Near the front of the load, that is, near to the trench axis, a sharp bend-
ing deformation appears and lithospheric fracture planes are generated there.

GRABEN

. SLIP OR LOADING BENDING
THRUST FAULTIG '\ /A
s , JL
! / DSt § ISR OSR 145°E
|
, 7 1
f—y

N 100

" L km
Fig. 12. A schematic illustration of the seismo-tectonic motion in the Japan
Trench region. Solid circle: earthquake hypocenter. DST : deep sea terrace
ISR : inner-slope region, OSR : outer-slope region, MST: mid-slope terrace,
TA : trench axis, DSP: deep seismic plane.
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The above mentioned interpretation is schematically illutrasted in Fig.
12. The crust-mantle structure in Fig. 12 is based on multi-channel seismic
reflection profiles and seismic refraction studies (NAGUMO, 1980). The
vertical exaggeration is about 1: 1.2, almost the natural scale. A subsi-
dence of the ocean plate occurs under the trench inner-slope, being caused
by an extra load due to overlying landside rock mass. This subsidence is
associated with a broad bending deformation in the outer-slope region, and
a sharp bending deformation occurs near the trench axis, where lithospheric
fracture planes are generated. The bending motion generates many graben
structures along the surface of the oceanic plate. The ocean plate appears
to be sharply bent at the margin of the outer-slope region and is accom-
panied by a zonal concertration of shallow earthquakes there.

In the trench inner-slope region either a slip motion or a thrust faulting

motion occurs along the interface between the landside rock mass and the
ocean plate. This motion appears to be associated with the large scale
thrust motion along the deep seismic plane.

5. Conclusions

Precise hypocenter distributions have been revealed in the Japan Trench
region, Northeast Japan, by an OBS array observation (one month, seven
stations in June and July, 1981) using a newly developed high resolution
earthquake location algorithm. The following remarkable features were
found in the hypocenter distributions:

(1) A long and narrow zonal distribution of hypocenters, parallel to
the trench axis, was found along the bathymetric contour of a depth of
about 6 km in the outer-slope region. The focal depths of these earthquakes
were found to be shallow within the upper ocean crust (layer 2 and the
upper part of the layer 3). This seismic activity appears to be associated
with the graben structures which develop in this region.

(2) A seismic activity occurred in clusters near the trench axis in the
outer-slope region. The focal depths of these earthquakes extend from the
shallow crust into the uppermost mantle almost down to about 45 km from
the sea-level, forming a nearly vertical plane. This plane corresponds to
the location of the main shock of the 1933 large off-Sanriku earthquake.

(8) A swarm earthquake activity occurred in the inner-slope region
at the water depth of 2-3km. The focal depths of these earthquakes are
at the interface between the overlying landside rock mass and the underlying
ocean crust.

The above distinct three groups of seismic activities would represent
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the present-day major tectonic movements in the Japan Trench region,
Northeast Japan. They are (1) a broad bending motion of the ocean crust
which is associated with many graben structures in the outer-slope region,
(2) a subsidence and its associated sharp bending deformation of the ocean
crust under the inner-slope region, near to the trench axis, being accom-
panied by lithospheric fractures, (3) either a slip or a thrust faulting mo-
tion between the overlying landside rock mass and underlying ocean crust.
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Appendix: List of hypocenters off Sanriku, Japan Trench region, determined by
ocean-bottom seismometer array observation in June-July, 1981.

Earthq. Date Origin Time Lat. Long. Depth
No. Y M D H M S D M D M KM M
5 1981 June 12 00 41 15,69 39 54.33 144 45,01 5.91R 3.2
7 13 16 29 55.42 39 15.94 144 22,68 28.21 3.4
8 13 20 03 12.72 39 16.53 144  23.57 47.29 3.5
9 14 02 26 01.65 39 38.11 144 47.12 5.91R 2.9
10 14 02 40 43.92 39 56.84 144  46.33 5.91R 2.8
12 14 15 56 46.01 39  07.18 144  27.64 36.63 3.8
13 15 01 01 31.45 39 42.50 143 03.83 29.37 3.6
14 15 08 53 03.68 39 04.29 144 27.36 24,10 3.7
16 17 03 25 33.87 39 08.88 144 17.51 31.09 3.9
17 17 23 10 45.90 39 05.91 144 22.12 5.26 3.4
18 18 09 44 27.96 39 52.17 144  49.52 8.29 2.8
19 18 11 33 41.556 39 20.48 144 27.81 6.54 3.0
20 19 21 40 53.82 39  27.53 144 43.47 6.38 2.9
21 19 23 09 39.09 38 51.73 143 16.34 44.26 3.5
22 20 00 53 48.57 39 49.17 144 41.711 5.91R 3.1
24 20 05 54 25.47 39 57.56 144 46.85 29.40 3.5
26 20 10 15 07.01 39 48.78 144 59.00 5.91R 2.8
27 21 18 52 32.11 39 15.78 144 29.24 5.90 3.2
28 22 08 57 40.11 33 39.90 144 26.01 39.63 3.8
29 23 08 34 30.92 39 17.38 144 20.00 17.56 3.5
30 23 18 19 35.35 39 43.83 144 50.24 8.93 3.2
31 23 18 22 47.50 38 57.43 144 38.16 11.12 3.3
33 24 12 11 41.49 39 17.42 144 20.73 18.71 3.8
34 25 20 40 58.51 39 37.85 144  43.74 5.91R 3.4
35 26 06 03 35.12 39 52.63 142 56.50 14.53 3.7
38 26 11 51 14.72 40 18.95 144 08.04 591R 3.3
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Appendix : (continued)

Earthq. Date Origin Time Lat. Long. Depth

No. Y M D M S D M D M KM M

39 26 15 51 36.32 39 38.27 143 26.53 13.50 3.1
40 27 01 03 54.05 39 51.27 144 07.76 591R 3.9
41 27 05 44 45.10 39 08.05 144 37.01 22.85 3.2
42 27 07 13 01.30 39 31.66 144  45.89 35.80 3.7
43 29 04 19 51.583 39 12.56 144 40.18 5.91R 4.2
45 29 19 22 37.67 39 21.19 144 23.35 32.35 3.1
47 30 10 34 19.84 39 24.57 144 26.85 33.14 3.2
48 30 21 36 17.67 39 21.28 144 23.08 5,91R 3.3
49 1981 July 01 03 41 53.68 39 17.15 144 46.23 13.90 3.2
50 01 22 00 25.95 39 18.10 143 34.09 19.51 3.2
51 02 08 57 42.98 40 33.44 144 10.39 27.61 3.8
52 02 16 42 12.&4 38 58.42 143 42.81 5.91R 3.4
53 02 23 16 15.99 39 17.17 144  46.39 6.03 3.3
54 02 04 01 21.11 39 31.09 144 44.43 29.81 3.6
55 03 06 26 12.23 39 03.55 144 43.58 5.91R 3.5
57 03 14 34 01.11 39 27.72 143  01.82 13.44 3.9
59 04 23 00 05.47 39 36.79 144 45.94 5.91R 2.8
60 05 04 35 29.74 39  07.09 144 23.55 25,02 3.7
63 08 03 36 59.52 39 32.36 143 17.96 14.66 3.9
88 09 10 19 46.31 39 51.82 143 41.78 10.75 5.1
67 09 10 28 47.86 39 53.67 143  40.18 11.71 5.4
68 09 10 41 47.70 39 51.85 143  39.79 12.82 4.3
69 09 10 45 13.07 39 52.28 143 39.67 12.92 4.9
89 09 11 10 24.69 39 55.66 143  38.08 8.54 4.9
71 09 13 19 37.36 39 50.75 143 36.38 10.50 3.8
72 09 14 41 28.97 39 20.69 144  29.04 22.44 3.7
73 09 17 32 50.77 39 54.51 143 40.02 10.17 3.5
74 10 00 44 00.97 39 53.69 143 38.54 14.47 4.3
75 10 13 59 42,60 40 02.84 144  36.67 6.61 3.0
76 10 18 18 54.78 39 58.55 144 41.07 3.21 3.3
80 12 02 24 54.30 39 07.35 144 22,21 33.10 3.5
83 13 14 26 09.08 39 39.60 144  48.30 5.91R 3.2

(R : Restrained)
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