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Abstract

A series of experiments was carried out by four ocean bottom
seismograph (OBS) arrays to investigate microseismicity near the
Japan Trench and the Kuril Trench in 1980, 1981, 1982 and 1983,
Each OBS array consisted of 10 OBSs which recorded ground signals
continuously for 10-30 days; the total period of recording
amounted to 15,000 hours.

To process the large amount of OBS records, a paly-back
system was developed. The system enables us to obtain digital
waveform data from which earthquakes are chosen and arrival time
data for locating earthquakes are produced. A new method of the
arrival time inversion for 1ocatiné the earthquakes was developed
on the basis of the generalized inversion theory.

From analyses of-the OBS data, the following results about
seismicity in the Japan Trench area and the Kuril Trench area
were obtained:

(1) About 50 microearthquakes per day were recorded by each OBS.
Out of these evenlts 5-10 earthquakes per day were located in and
around Lhe OBS array.

(2) A highly active region of microseismicity beneath the seaward
trench wall was found. The seaward seismicity is concentrated
within 100 km of the trench axis and low beneath the Northwest
Pacific ©basin; no detectable event with magnitude greater than 2
was observed.

(3) A seismicity gap was found beneath the landward trench wall,
while the seismicity is high beneath the continental slope.

(4) Microearthquakes beneath the seaward trench wall were



distributed O0-30 km 1in depth and just beneath the trench axis
they were  0-50 km; microearthquake activity 1is concentrated
within the upper part of the lithosphere.

The hypocenter distribution obtained in the present study is
related to the the physical properties and the stress state of

the subducting oceanic 1lithosphere in the vicinity of the

trench.



Microseismicity in the vicinity of the Japan Trench and the
Kuril Trench as derived from ocean bottom seismographic obser-
vations
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1 Introduction

1-1 Necessity of observations by ocean bottom seismographs

The spatial distribution of earthquakes beneath an
island-arc trench system provides useful information about the
mechanical properties and the stress state of the subducting
oceanic lithosphere. A number of local seismic networks have been
operated in trench areas to observe these earthquakes. Since
Wadati (1927) found deep -earthquakes beneath Japan, there are
many 1investigations on the deep seismic zone (eg., Wadati, 1928,
1929, 1931, 1935; Benioff, 1949,:1954, 1955; Wadati and Iwai,
1953, 1956; Katsumata, 1955, 1956, 1967; Miyamura, 1962; Yoshii,
1979; Suzuki and Motoya, 1981; Hasegawa.et al., 1983; Susuki et
al.,, 1983). The Tohoku District, north-eastern Honshu, is one of
the most thoroughly investigated areas beneath which deep seismic
zones are located., Detailed studies of the seismic activity
associated with the subduction of the Pacific plate, for example,
have ascertained the existence of the double-planed structure of
the deep seismic 2zone beneath the Tohoku District, using the
highly sensitive network operated by Tohoku University (Umino and
Hasegawa, 1975; Hasegawa et al., 1979).

These studies shows that a double seismic zone exists in the
depth range 50-150 km. However, the seismicity in the shallower
part of the descending 1lithospher 1is poorly resolved because
these activities occur outside the network. In particular, the
focal depth distribution beneath the Japan Trench is considerably

scattered because the trench is located about 200 km from the



coast, where the location of earthquakes is difficult from land
network data (Ishii and Takagi, 1978).

Moreover, it has been pointed out that for events occurring
in the vicinity of the Japan Trench off the east coast of Sanriku
(north-eastern Honshu) focal depths determined by the Tohoku
University land network and by the Japan Meteorological Agency
(JMA) are usually deeper than those determined by the
International Seismological Center (ISC) or the United States
Geological Survey (USGS) (Utsu, 1967; Fujita et al., 1981). By
means of computer simulations, Ichikawa (1978, 1979) attributed
these discrepancies to the lateral heterogeneity of the uppermost
mantle wunder the region which lies between the Japan Trench and
north-eastern Honshu.

In order to obtain a clear view of the seismicity associated
with plate subduction beneath the trench, on-site observations by
ocean bottom seismometers (OBS) are obviously needed. The recent
developement of OBS systems enables us to operate reliable and
low-noise OBSs which have ©been particularly successful in
long-range refraction experiments in deep ocean (eg.,Asada and

Shimamura, 1979; Shimamura et al., 1983).

1-2 Subject of the present study

In this study, by using data obtained by OBS observations,
we will <clarify a fine structure of the spatial distribution of
microearthquakes beneath the trench areas with better resolution
than was previously possible from land observations. In

particular, we give attention to the seismic activity largely



scattered from O km to more than 100 km in depth just beneath the
trench axis; the accuracy of hypocenter determination in depth by
land observations have been quastionable(Fig.1l-1). |

For this purpose, first, four observations have been
carrried out in and around the Japan Trench and the Kuril Trench
during 1980 - 1983, Second, new methods of analyzing OBS data
have been established; one is that of compilation of waveform
data of earthquakes from a large amount of continuous tape
records and the other is that of inversion of arrival time data
to locate hypocenters by means of a singular value decomposition
technique. Third, applying these methods to OBS data, we
determine the spatial distribution of microearthquakes beneath
the trench areas. Finally, the seismic activity in and around the
Japan Trench and the Kuril Trench is discussed in terms of the
mechanical properties of the ocenic lithosphere.

Special care 1is given to softwares for processing of OBS
data; the 1linear inverse theory is investigated in detail and a
new solution to the least-squares problem 1is presented in a

general and rigorous manner.
1-3 Summary of contents

First, the OBS -experiments the author participated in are
described in chapter 2 which includes observations in the trench
area and those for aftershocks of some large earthquakes occurred
in the sea area. Next, the methods of data processing for records
obtained by OBS observations are discussed in chapters 3 and 4.

Third, the actual data obtained in observations mentioned above



are presented in chapter 5, and hypocentral distributions are
discussed in chapter 6. In chapter 7, the picture of oceanic
lithosphere obtained by the present study is compared with
results by previous OBS observations, those by land observation
and other seismological studies in different trench areas.
Finally, the summary of the study of seismicity by OBS

observations are presented in chapter 8.
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2 Observations

2-1 Introduction

There are three main reasons why observations of natural
earthquakes by OBSs are needed in the trench area; the first is
that steady staté microseismicty which can not be monitored by
land networks should be observed by seismogaphs in the vicinity
of the trench area where the oceanic plate is believed to start
subducting. The activity of microearthquakes would be related to
the plate motion or the stress field in the lithospher. The
second 1is that large earthquakes often occur in the area between
the <coast 1line and the trench axis. For detailed study of focal
process of a large eathquakes, near field observations with good
azimuthal coverage are necessary; observations not only from the
direction where the land networks are located but also from the
opposite direction where the Northwest Pacific Basin is situated.
The third reason 1is closely related to the second one; on-site
observations are needed to determine a three-dimensional spatial
distribution of aftershocks associated with the large earthquake
beneath the sea area.,

The first reason 1s applicable to observations in other
geophysically interesting regions which are located far from land
networks such as the areas of spreading ridges and offsetting
transform faults (eg., Francis and Poter, 1972; Lilwall, Francis
and Poter, 1981; Hyndman and Rogers, - 1981; Project Rose
Scientists, 1981; Ouchi et al., 1982). To monitor the small

seismic activities in the sea area, however, we need long period



observations or stationary observations by permanent stations as
in the 1land network. 'Since it costs very much to operate
permanent stations on the ocean bottom, at present, only one
permanent OBS system with four seismpographs is in operation in
the world on the continental shelf off the south coast of Tokai
area, central Honshu by the Japan Meteorological Agency (JMA) (
M.R.I1,1979; Hamada, 1983). Under the limitation of technology in
the present stage, repetition of temporal observations by
off-line OBSs in a particular area is one of the most realistic
approach to 1dinvestigate the general feature of Seismicity
especially iq a deep s@g area.

To observe 1large earthquake by OBSs we have to prepare OBS
systems much differék from those for observation of steady state
microseismicity; we need many OBSs whose observational period is
much longer than that for study of microseismiciy, because the
large earthquake occurs much 1less frequently than small
earthquakes. An off-line OBS system with a long observational
period (for expamle, one year or more) requires a special trigger
mechanism which save current consumption of electronics used in
the system. Such a kind of OBS system has not yet been available.
At present we can observe the large event only if it occurs by
chance during the period of observation. The rare example is the
observation of the 1982 Ibaraki-oki earthquake (M=7.0) off the
eastern coaét of the 1Ibaraki Prefecture (Hirata et al.,1984).
Although the OBS array was deployed for investigating seismicity
off the Fukushima Prefecture, the OBS array recorded by chance
the whole sequence of foreshocks, the main shock and

aftershocks,



The third purpose of observations essentially requires quick
deployment of OBSs in the aftershock area. The first observation
of aftershocks by an OBS array was carried out by the University
of Tokyo immediately after the 1978 Miyagi-oki earthquake (M=7.4)
off the Tohoku District (Yamada et al., 1978; Matsu'ura et al.,
1978; Yamada, 1980). The recent development of the OBS system
enables us to wuse a compact OBSs which is so small and easy to
handle as to deploy immediately after the occurrence of the main
shock by a small and non-equipped ship or even by an aircraft,

Since the designing policiy of OBSs depends on the purpose
of the observation, there are and were many kinds of OBS
systems(e.g., Ewing and Ewing ,1961; Bradner and Dodds, 1964;
Rykunov and Sedov, 1965, 1967; Kishinouye, 1963, 1966). Detailed
descriptions on the history of developement of the OBS system can
been found in Asada and Shimamura (1974,1976), Nagumo and
Kasahara (1976), Ouchi (1978) and Yamada (1980). In breif, the
number of OBSs to be deployed in an array becomes larger and the.
signal-to-noise ratio of the recording system of each OBS becomes
much better. These two are essential both in natural earthquake

studies and in explosion studies.
2-2 Instrumentation

In this sectiom, we presents a brief review on the OBS
systems which are used in the present study. These systems have
been developed at Geophysical Institute, Faculty of Science, The
University of Tokyo and at Ocean Bottom Seismological Laboratory,

Faculty of Science, Hokkaido University by Asada, Shimamura and



Kanazawa (Asada and Shimamura, 1971a,1971b; Shimamura et al.,

1970; Yamada, 1980).
2-2-1 Type of OBS.

Since the beginning of the 1970's (Asada and Shimamura
,1971a, 1971b), continuous efforts to improve the OBS system have
been made by the cooperation of the University of Tokyo and
Hokkaido University (Asada and Shimamura,l1975; Yamada, 1980). The
efforts have been made to accomplish the system with a high
signal-to-noise ratio, a compact form and a low cost. At the
present time, three types of OBS system are available; a tethered
type 0OBS system, a timed-release pop-up system and an
acoustic-release pop-up sytem.

The OBS sytem originated in the tethered one; the OBS on the
bottom of the sea is tethered by nylon ropes and polypropylen
ropes to surface buoys. An example of the system is illustrated
in Fig.2-1, where that used in the 1980 experiment is shown. In
this system, the pressure case of the OBS, an alluminum cylinder,
sinks in the soft sediment of the bottom almost completely, and
so the noises induced by the bottom water current are reduced
considerably. Although the system has been improved so as to be
simple and easy to handle, it takes about oné hour for deployment
if the water depth is about 5000 m and about 2 hours for
retr@ival.

The second type of OBS system, the timed-release pop-up
system, has advantages of 1its compactness and easiness of

handling. As is showm in Fig.2-2, the whole instrument of OBS



including geophones, a recorder, batteries and other electronics
is housed in a commercially available glass sphere with an outer
diameter of 43 cm. The weight is 78 kg in air. The size is less
than one meter .in cubic. Thus it takes less than 10 minutes to
launch the OBS. Although the time for the recovery of the OBS
onto the ship is generally short, it depends on the
maneuverability of the ship. The point is that any ship without
any special rig «can handle the OBS. Also the system has
experience to be launched by a helicopter. The release mechanism
for anchors is the electrical corrosion with a timer set before
the deployment (Urabe and Kanazawa, 1984). The weak point of the
timed-release system is indeed that we have to decide the
schedule of making the OBS come up to the sea surfce without
regard to the sea condition; it may happen to be very bad because
of an unexpected typhoon just on time of OBS retr@ival.

The disadvantage of the timed-release system has been
overcome by the third type of the OBS sytem., This is equipped
with an acoustic transducer which recil@ves a signal from the ship
to release an anchor. Although the size and the weight of the
acoustic-release OBS system are larger than those of the
timed-release system, it 1is easier to handle than the tethered
type OBS system because of no mooring system with a large length
of ropes. The size of the acoustic-release OBS system is mainly
restricted by that of the transducer. The pressure case of this

system is the same as used for the tethered type.

2-2-2 Seismograph

10



"Each O0BS is equipped with one vertical geophone with natural
frequency of 3.0 Hz and one horizontal geophone with that of 4.5
Hz. The geophones are mounted on gimbal mechanisms. Two types are
used for a <cylindrical pressure case and a spherical one. The
outputs are recorded by four <channels of <continuous direct
analogue recorder (DAR) with the Phillips cassette mechanism
(Yamada et al., 1976). The DAR has the highest packing density of
record among frequency modulation (FM) recording and pulse code
modulation (PCM) recoring.

The frequency response of the recorder which runs at a speed
of 0.13 imm/s is flat from 2 to 30 Hz (3 dB points). The tape
speed corresponds to 11 days continuous recording on a C-90
cassette tape. If we make the tape speed a half, the recording
period becomes twice, and the highest end of the frequency band
becomes a half. We have wused the recorders which can record
continuous signals for about 11 days and those for 25 days in the
present study. The vertical geophone signals are recorded on low
and high gain channels, which enable to record signals with total
dynamic range of 74 dB. The remaining channels are used for a
horizontal component and a time code generator ( TCG ).

The TCG has a temperature-compensated crystal oscillator
with an accuracy of 5 X 10 for the temperature range of 0 - 40 C
(Inatani and Furuya,l1980). The TCGs are calibrated on ship by the
calibrator with the 10 crystal (Shimamura, 1977) before and after
the operation. Total clock errors were kept within 0,058 for the

whole period of the experiment.
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2-3 Observations in the vicinity of the Japan Trench and the

Kuril Trench

A series of experiments to study seismicity and a velocity
structure of the oceanic 1lithosphere has been conducted since

1980 in the Northwest Pacific Ocean off Japan (Table 2-1). Each

experiment included a natural earthquake observation, a
long-range explosion study, a short-range explosion study with
small charges and an air-gun profiler study. For the study of
seismicity, the following has been considered: Throughout the
entire observation, we intended to obtain the general feature of
steady state microseismicity for, the first reson in 2-1. The
length of each period of observation was restricted mainly by the
width of frequency band in recording as discussed in 2-2-2, Since
we need up to 20-30 Hz to analyze data of microearthquakes, the
upper 1limit of the recording period is about one month if we
record signals continuously on a C-90 type cassette tape. This
restriction made wus repeat the observations in almost the same
area to understand the steady state microseismicity. Furthermore,
since we also want to study as large area as possible, we have
slightly shifted the observation site at each experiment. All the
experiments were accomplished in summer season because the sea
condition near Japan is better than that in other seasons.

Five OBS arrays were conducted to study seismicity during
1980-1984. Four of them are located in the vicihity of the
trench, which &cre shown in Fig.2-3. The remaining one array was
located off Fukushima Prefecture; it observed the 1982

Ibaraki-oki earthquake as was mentioned before (Fig. 2-4). In the
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present study, the data from the northern four OBS arrays, which
are" situated in the vicinity of the trench axis, are analyzed to

investigate the seismicity in the trench areas.
(1) The 1980 experiment

In the 1980 experiment, the northern part of the Japan
Trench area, at about 40°N, was extensively covered by an OBS
array with 10 OBSs. Except for the observations with a small
number of OBSs at the early stage by Nagumo (1970a, 1976), this
is the first observation by an OBS array with many OBSs in the
vicinity of the Japan Trench. As was discussed before, one of the
main purpose of this observation 1is to elucidate the depth
distribution of microrathquakes beneath the Japan Trench.,
Although, to acomplich this, the OBSs are slightly too much
separated as compared with an optimal configuration of an array
for locating shallow events, a wide aperture seismic array
covering the both sides of the trench axis was necessary to
obtain the first general picture of the seismicity of this
region.,

Since the acoustic-release pop-up system had not. been
developed aﬁ the time of the 1980 experiment, the tethered type
OBS sytems (T) and the timed-relese pop-up systems (P) were
deployed as shown in Fig. 2-5. Eight OBSs were available for
analyses. Three of them, P9, P10 and P12 were located on the
Northwest Pacific Basin with the sea depth of about 5000 m, OBSs,
T3 and T7 were situated nearly at the bottom of the trench deeper

than 7000 m, while T1ll was placed on the shoulder of the Erimo
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Seamount at the junction of the Japan Trench and the Kuril
Trench. The remaining two, P4 and P6, were on the continental
slope at a depth of 3000-4000 m. Positions of OBSs were
determined by the Navy Navigation Satellite System with an
accuracy of 0.1 n.m. They are tabulated in Table 2-2 with period
of recording. Shorter recording period for P10 and P12 are due to
the schedule of ship time and a premature release of the preset
timer for Pl2, P9 was recovered by a fisherman on April 13 in
1982, one year and nine months after launching.

The seismic velocity structure near the OBS array has been
studied by Ludwig et al. (1966), Murauchi et al. (1973), Murauchi
and Ludwig (1980), Nagumo et al.(1?80), Matsuzawa et al., (1980)
and Tamano et al. (1980). Moreover we have conducted an air-gun
refraction survey over most of our OBSs to obtain the local
structure beneath each OBS (Shimamura et al., 1983). These
studies show that normally a low velocity sedimentary layer lies
beneath an ocean; the thickness of this layer may vary among OBS
sites. Furtheremore, our OBS  array lay just over a
continent-ocean transition region where the oceanic lithosphere

is likely to start subducting.

(2) The 1981 Experiment

Almost the same area but slightly west of the observation
area of the 1980 experiment was covered by an array with 14 OBSs
in the 1981 experiment (Fig. 2-6). The configuration of the array
was so arranged as to improve the resolution of location of

microearthquakes especially in depth. Furtheremore, one of the
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OBSs, P10, was deployed just on the inner wall of the Japan
Trench, the area with water depths of between 4000 and 6000 m,
where a seismicity gap has been suggested from the data obtained
by the 1980 experiment.

The locations and recording periods of OBSs are listed in
Table 2-3, where the types of the OBS are designated by T
(tethered) and P (timed-release pop-up). Nine pop-up type OBSs
and one tethered type OBS were recovered. Date from 8 OBSs out of
the 10 OBSs were successfully used for analyses. They are shown
in Fig. 2-6. Troubles on other OBSs are as follows; one of the
tethered type OBS was estimated to be lost due to fishery works
and the other tethered type OBS was, due to a strong water current
at a very shallow portion of the sea. The OBS P7 had a recording
period of only 13 hours because of a premature release of the
preset timer., This trouble was caused by the damage to a pressure
case of the timer on launching. Although the exact reason of
failures 1in recovery is not known, we suppose some of them are
due to a trouble in a timed-release mechanism. OBS P14 had

trouble in a TCG and was not used in the present study.

(3) The 1982 experiment

The area covered by the 1982 experiment has two interests;
the area 1is adjacent to those of the previous observations, and
the 1982 Urakawa-oki earthquake (M=7.1) occurred slightly north
of the present area on March 21, 1982 , The array was located at
the junction of the Japan Trench and the Kuril Trench. The area

off Urakawa 1is one of the most active area in seismicity among
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those around the junction.

The acoustic-release type O0BSs (S) and the timed-release
type OBSs were deployed as shown in Fig. 2-7. All the OBSs were
retrieved by the second cruise one month after the first cruise
for launching of OBSs and a refracfion study by explosions and an
air-gun. The recording period ( about 25 days ) of 9 OBSs (Pl1,
p2, P3, P4, P5, P6, S7, S8 and S9) was longer than that in the
previous observations ( about 11 days ) as tabulated in Table
2-4,

Three OBSs were deployed at the Erimo Seamount where
microseismicity seemd to be high from the 1980 data.
Unfortunately, however, one of them surffered damage in release
mechanism maybe on launching and recorded signals for only one
day. Records from the other two OBSs were too noisy to analyze;
they seems to drag their anchors whole the observational period.
Thus, the data from 6 timed-release type OBSs and one
acoustic-release type OBS, S11, were wused for the present
analysis.

The velocity structure in the vicinity of the present OBS
array has been investigated by the former refraction and
reflection study (Asano et al., 1979). A thick sedimentary layer
beneath the sea bottom off Hidaka 1is found. A predominant
negative gravity anomaly off Hidaka (Tomoda, 1973) is interpreted
in terms of this thick sediment.

At the second cruise an OBS array with 5 acoustic-release
type OBSs was deployed off Fukushima Prefecture. These 0BSs were
recovered by the third cruise, one and a half month after the

deployment. This array was intended for the investigation of
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seismicity in the area off Fukushima Prefecture, which is one of
the most active areas in seismicity off the coast of Tohoku. As
was mentioned before, this array happened to obse;ve the 1982
Ibaraki-oki earthquake on July 23, 1982 (Fig.2-4). The whole
sequence of the forshocks, the main shock and the aftershocks
associated with this earthquake was recorded. Particuraly, the
remarkable foreshock activity recorded by the array was
successfully analyzed; the forshocks occurred in a very narrow

region of a few km in width (Hirata et at., 1984).
(4) The 1983 experiment

The Kuril Trench area off Tokachi was covered by two OBS
array 1in the 1983 experiment. One 1is for the refraction and
reflection study and the other for the seismicity study, which is
the first observation in this area; the former OBS array was
deployed and retreived by the first cruise and the latter OBS
array was deployed by the first cruise and retr@@hed by the
second cruise two months after launching. The results of the
refraction study by an air-gun is reported by Nishizawa et al.
(1984a, 1984b). Data from the latter OBS array were used in the
present study to investigate the seismicity. Locations of the
OBSs for the seismicity study are tabulated in Table 2-5 with
their recording periods . All the OBSs were an acoustic-release
pop-up type. In the area near the 1983 array, an investigation of
the velocity structure is made by Den et al. (1971) but no study

on seismicity by an OBS array has been carried out so far.
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2-4 Aftershock observations by an OBS array

In this section we review observations of aftershocks by an
OBS array. The <compact and reliable OBS systems enable quick
deployment immediately after the main shock. Four observations of
aftershocks associated with 1large earthquakes (M>7) have been
successfully carried out by OBS arrays so far, which are
tabulated in Table 2-6. It should be noted that OBSs were
deployed by very small ships, one of which was a fishing boat of
17t, or helicopters., In general, it is difficult to use a large
ship in case of emergency because a schedule of the large ship is
usually fixed several month or more before her cruise. Further,
it 1is better to start observations of aftershocks as soon as
possible because the number of aftershocks decreases with time
and the aftershock area usually extends from an area of the main
fracture with time. Hence the quick deployment by the small ship
or the aircraft was an essential factor of the OBS system for the
aftershock observation.

The observation of aftershocks of the 1978 Miyagi-oki
earthquake is the first observation by an OBS array. The
observation by 3 tethered type OBSs revealed a hypocenter
distribution with better accuracy than the land observation
(Yamada et al., 1978; Matsu'ura et al., 1978; Yamada, 1980).
Their studies show that the focal depths of aftershocks
determined by the land observation have a systematic error to be
shallower by 15-25 km than those by the OBS observation.

The OBS array in the aftershock area of the 1982 Urakawa-oki

earthquake elucidated the fracture geometry of the earthquake;
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the distribution of the aftershocks shows the two conjugate fault
planes (Iwasaki et al., 1983).

A helicopter was for the first time used to deploy O0BSs on
the sea bottom 1in the observation of aftershocks of the 1982
Ibaraki-oki earthquake. Unfortunately, because of a typhoon
comying, the helicopter <could not take off until 22 days after
the occurrence of the main shock. However, although the OBS array
was located about 100 km off the coast, it took only 3 hours for
the deployment of the 4 OBSs including a round trip flight to the
observation site from the Tokyo heliport; the maneuverability of
an aircraft has been clearly demonstrated.

Five timed-release OBSs were deployed by a helicopter only: 3
days after the occurrence of the 1983 Japan Sea earthquake. A
precise aftershock distribution determined from the OBS data
shows that the aftershocks concentrate in the depth range of 8-21
km., The general trend of the aftershock distribution shows that
the main fault plane of the earthquake is an eastward dipping one
with a 1low angle (about 15°). Furthermore, westward dipping

distributions with a high angle were found (Urabe et al.,,1984),
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Map of the major bathymetric features in the
vicinity of the junction of the Japan Trench and the
Kuril Trench, showing the site of OBS arrays operated

in 1980, 1981, 1982 and 1983. Positions of the OBSs are

represented by stars (1980), crosses (1981), squares
(1982) and double <circles (1983). Isobaths are in
meters. Areas deeper than 7000 m are shaded, indicating

the trench axis.
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Fig.2-5 Location map showing the site of the 1980 OBS array. The
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with numerals 7, 8 and 10 show the 1locations of seismic
refraction profiles operated by Ludwig et al., (1966).
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profile 7 operated by Ludwig et al. (1966).
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3 Data processing of OBS records

3-1 Introduction

The method of direct analogue recording (DAR) has the
highest packing density of record among other recording methods,
such as frequency modulation recording (FM) and pulse code
modulation recording (PCM). If we want to record signals
continuously for more than several days, only the DAR method is
available. Since records of an OBS generally contain noises which
can not be easily distinguished from earthquéke signals, we need
continuous records to investigate microearthquakes; the event
triggered recording has a risk of missing the signals that we
really want. Thus, we have used the DAR method for 10-25 days
recording. Furthermore, we have to process a large amount of data
from an array with many OBSs; for processing the data, we need a
special playback system,

The process of playback needs transformation of time axis in
the record; data are recorded at an ultra low speed (0.06-0.15
mm/s) and reproduced at a speed of several hundred times of the
recording speed. If the reproduction 1is carried out by an
analogue ©processing, we need a device with a flat frequency
response up to more than 10 KHz; an optical oscillograph can
realize the flat frequency response, However it requires special
recording paper which is not only expensive but also poor lasting
quality. Reproduction of records involves a process of choosing
earthquake signals from the entire record. This process, which is

referred to as an event detection hereafter, has been manually

33



accomplished so far; to hear the record transformed into aud{ible
frequency range by ears. Sometimes a visible monitor record is
referred for identification of a particular events. However, such
a method costs a great deal of labour, care and time (Kasahara,
1981). Some methods have been tried to process the data in a
digital manner wusing a electronic computer; decoding of a time
code, display of a waveform, transformation of the time axis
(Katsuyama et al., 1975; Moriya and Takeda, 1979; Kasahara, 1981;
Fujii, 1983; Urabe, 1984). However these methods still need the
manual processing of identification of earthquakes, reproduction
of visual records and filing of waveform data. Since they are
clearly ina&equate for processing a great number of
microeathquake records from an array with many OBSs, it has been
hoped to develop an automatic data processinng system.

Following the event detection, measurement of an arrival
time of each phase is required, if we want to locate the event.
If the signal-to-noise ratio of record is vpoor, it is very
difficult to hold an accuracy of phase-picking in time either
manually or %%omatically. The difficulty can be reduced by
comparing records at one station with those at other stations on
a common time axis. Such a comparison of records at different
stations has been automatically done at present for records from
a telemetered seismic array, but not for those from an off-line
array. We referred to a set of records arranged on a common time
axis as a multi-station record, hereafter. In this section, an
automatic playback system for a direct analogue tape recordings
from an OBS array is described. The system can produce the

multi-station record by digital processing.
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It should be emphasized again that special care is required
to process the DAR continuous data-becausg the total amount of
data 1is very large (Sugawara et al., 1974). The system developed
in the present study, which utilizes a mini-computer with a 78 MB
magnetic disk, can realize an automatic processing by a new

algorism presented in this chapter.
3-2 A hardware system

A block diagram of the =system is shown in Fig. 3-1; the
system utilizes a mini-computer (DATA GENERAL, ECLIPSE S/140, a
16-bit CPU with a 256 KB core memory) and a high speed analogue
to digital (A/D) convertor,

The most important ability of the present system is its high
speed A/D conversion; the minimum sampling interval is 10us. The
A/D convertor has 12-bit resolution and 16 channels of analogue
input are available. The convertor works at a speed of 100 K
samples/s on writing data in a magnetic disk; the disk has a
capacity of 73 MB, in whiéh the waveform data area is 64 MB. To
realize the high speed. sampling, a special software was made
because, in general, we have to avoid those bad areas in the disk
which one cannot use,.

A 10~channel D/A conversion and analogue outputs are
available by using a 3-channel D/A convertor originally installed
in the system, an external circuit and a software specially
developed in the present study. The system is equipped with a
magnetic tape deck ( 1200 ft, 1600 bpi); about 20 MB records are

stored in a tape. A thermal chart recorder with flat frequency
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response up to 120 Hz has 8 channels for data and one for a time

code signal; this is used to make a visible record.

3-3 Event detection and phase-picking
3-3-1 Flow of process

An outline of the process can be dévided into two steps; the
first step is filing of waveform data by chooing a part of record
which contains an event (Fig. 3-2(a)) and the next is editing of
waveform data (Fig. 3-2(b)). Both steps involve transformation of
a time axis. The cassette tape recprd is played back at a tape
speed of 4.8 cm/s, which is several hundred times as fast as the
recording speed, by a 4-channel tape deck specially designed for
OBS records. The signal is recorded by an épen-reel tape recorder
at 19 cm/s. The open-reel tape is wused for further data
processing. The record is played back at a speed of 9.5 cm/s, 19
cm/s or 38 cm/s. The compression rate of the time axis on the
record corresponding to these speeds is 1/160, 1/320 or 1/640, if
the data 1is recorded for 10 days. A signal of 25 Hz at
observation is transformed into 4 KHz, 8 KHz and 16 KHz at
playing back with these speeds, respectively.

The first step has two logical blocks: (1) event detection,
in a narrow sense, for making an event list and (2)
cross-reference of event lists of different stations for
distinguishing an earthquake fpom noises. Both processes are

sometimes referred to as event detection in a wide sense, For the
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former process (1), a relatively slow speed A/D conversion is
carried out for the entire record. A high speed A/D conversion is
done for only a part of record wich includes an earthquake. Since
the algorism wusing (1) and (2) has twice A/D conversion, it is
referred to as a two-pass approach. As is discussed in the
following section, this approach saves computer memories very

much,

3-3-2 Event detection and waveform filing

(1) continuous slow A/D conversion and event detection

Since we have to deal with a large amount of data and have
only a limitted storage of digital data in the disk, we prefer as
slow sampling rate of digitizing as possible. The lower limite of
sampling rate is determined by the frequency components contained
in the record for avoiding aliasing. OBS records have up to 50 Hz
for a 10 days record and 20 Hz for a 25 days record. If we
digitize whole the 10 days record with 4 channels at 2x50
samples/sec, we need 350 MWORD ( 700 MB ) per an OBS recording
tape. For the detection of events from a record with background
noise, however, the entire frequency component is not necessary.

The other constraint comes from decoding of the time code
signal recorded on the DAR tape. To read the time code, at least
13 samples/s are needed. The form of signal is corrected in a
square wave by an anologue processing before it is fed to A/D
convertor. The woriginal waveform of the time code and the

corrected one are shown in Fig. 3-3.
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In order to reduce the number of samples and to conserve
only amplitude information of the signal, the original signal is
rectified and low-pass filtered by analogue processing (Sugawara
et al., 1974) as shown in Fig. 3-4. A suitable filtering of the
signal is needed to enhance the signal-to-noise ratio. Although a
cut-off frequency depends on the noise character, usually about 3
Hz high-pass filter is applied before rectification. The envelope
of the ground signal and the squre signal of the time code are
continuously digitized at a speed of higher than 13 samples/s.
About 13.5 days continuous record with two components, the
amplitude signal of ground motion and the corrected time code
signal, is stored in the disk of the present system at a time..

A short term average (STA) of the signal amplitude and a
long term average (LTA) are measured at every instant for the
entire record in disk. The average is calculated by the first
order recursive filter whose time constant is about 1 s for STA
and 500-1000 s for LTA. The STA/LTA ratio is used to detect an
event,

We wuse the 4 parameters Ron, Roff, Toff and Tmin to
recognize the event as an earthquake. Ron is a threshold of the
STA/LTA ratio for declaring the event starts. Roff is a threshold
of the raéio for ending of the event. If the ratio of STA/LTA
continues 1less than Roff during the period Toff, the event is
judged to end. The duration time D of the event is the period
from the time when the ratio of STA/LTA exceeds Ron to the last
time when the ratio becomes less than Roff. If D becomes greater
than Tmin, the event is reported as an earthquake on the event

list.
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An appropriate combination of these parameters selects a set
of events which satisfy a desired condition of an earthquake
size; Ron and Roff control the lower limit of a signal-to-noise
ratio of the record, and Tmin gives an approximate measure of a
magnitude of the event, which is useful to reject a spike-like or
short duration transient noise.

It takes about 30 minutes to process 13.5 days data in the
entire disk. An example of the earthquake event list are shown in
Fig. 3-5. The following items are presented in the event list;(1)
event number, (2) time of the biginning of the event (day, hour,
minute and second), (3) duration time, (4) maximum amplitude, (5)
integral of amplitude during  the event, (6) decoded
identification number of the time code generator, (7) sampling
rate which 1is measured by number of samles in one seconed frame
on the record, (8) LTA at at the beginning of the event, (9) and
(10) position of that data in disk at which the trigger occured.
The event 1list 1is used in the next step of processing and also
used to output waveforms of all the detected event. The D/A
conversion to a 8-channel <chart recorder takes only about 20
minites for records of 24 hours in total. The output is used for

measurement of S-P times or F-P times.

(2) cross-reference of event lists and high speed A/D conversion
After the event detection for the entire records at all the

stations of an array, the event lists are compared with each

other to examine the <character of the event. An algorism for

judging whether the event is an earthquake that we really want to
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analyze 1is schematically shown in Fig. 3-6: An event period
determined from the duration time (D) of each station is extended
forward and backward by Tpost and Tpre, respectively. If the
extended event periods of at least particular number (Nmin) of
stations overlap each other, the event is reported in a schedule
file for the high speed A/D conversion. A length of the reported
event for A/D conversion is determined as shown in Fig. 3-6. An
example of the schedule file is shown in Fig. 3-7. Actually, if
the separation of two seccessive events is less than a particular
period, the two events are connected as one event because of
avoiding a degd time in A/D conversion.

A high speed A/D conversion is carried out according to the
schedule table which is commonly uesed for all the staions of the
OBS array. It takes 90 minites to process the whole data recorded
on a C-90 cassette tape. Four channels data in original waveform
and a corrected time code signal are fed to the A/D convertor.
The system has two processing mode for the automatic A/D
conversion; one 1is the time <code decoding mode, in which the
computer decodes the corrected time code signal and compares a
decoded time with the schedule. In this mode the sampling speed
should be as slow as possible because the computer is busy in
decoding. If the schedule time has come, the mode is changed to
that of high speed sampling. The four channels data can be
digitized at the highest speed of 25KHz/channel. If we play back
the analogue tape record for 10 days at a speed of 9.5 cm/s, the
time axis is compressed at a rate of 1/160 and the corresponding
sampling rate converted on recording time is‘}36§3; The disk of

the " present system can store the 14.6 hours 4-channel waveform
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data in this case., The difference between the time in the
schedule and that at which data is actually sampled is less than
a few seconds in time of recording.

The sampled waveform file has index records which is
referred to as a record header. The record header is written in
ASCII code characters. The contents are the following; (1) event
number, (2) time of the biginning of the record, (3) average
sampling rate in recording time, (4) amplitude resolution of A/D
conversion, (5) block number of data in the disk, (6) number of
blocks occupied, (7) number of data in the last block, (8) the
identificatioq number of the time code generator, (9) polarity of
the time code signal, (10) difference in time of the biginning of
the record and that of the schedule. An example of the record
header is shown in Fig. 3-8.

The waveform data is stored in a magnetic tape in which the
record header file and a file header file are also stored. The
file header file has information about whole waveform data such
as the name of experiment, the name of station, recording date
and so on. In a 1200 ft tape, 20 MB data can be stored. It take
10 minutes to write them by the tape deck used in the present
study. The waveform data is used for further processing and they
can also trénscribed on a 8-channel chart recorder by D/A
conversion at speeds of 1-2.,5 times as fast as the recording

speed depending on the frequency response of the recorder.
3-3-3 Editing of waveform data and phase-picking

The waveform data of all the stations are assembled for each
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event with a common time axis (Fig. 3-2(b)). For this process,
the sampling interval of all the records should be uniform. The
sampling rate of the data recorded by different recorders are
different beacuse the recording speeds are not exactly the same
among recorders.. Furthermore, even in the data recorded by the
same recorder, the sampling rate does not remain constant due to
fluctuation of recording and/or playing-back speed. Thus the
waveform data are numerically resampled by using the cubic spline
function with the time code signals. A new record header is
produced by the resampling as shown in Fig. 3-9., It takes 2 hours
to uniform the whole record in the 20 MB magnetic tape by the
present system.

After the resampling of each record, records of all the
station are assembled and rearranged for each event. This process
involves <correction of the time code signal which is calibrated
by a standard clock before and after the field operatioﬁ. Since a
large amount of storage in disk is required, the work is carried
out on a large computer (HITAC M200H) in the Computer Center, the
University of Tokyo; if we process the data from 5 stations, and
if each station has a 20 MB tape data, there are 100 Mﬁ input
data and also 100 MB output data. The CPU time for the editing of
five 20 MB tapes 1is about 3 s. The output has 20 channels in
total with record headerds as shown in Fig. 3-10 in the case of 5
stations. Corrections for the time code signals and inter-channel
skews are listed in the header file.

The edited record, that is, a multi-station record is output
on the chart recorder by the 10—chgnnel D/A convertor. An example

is shown in Fig. 3-11. The advantage of the multi-station record
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in didetification of a phase 1is <clear as compared with a
single-station record when many successive events occur within a

short period as in the example.
3-4 Evaluation

Dependence of the detectability of evnents on the event
detection parameters 1is discussed in terms of actual data.
Numbers of events detected by various combinations of SLR ( a
threshold of STA-to-LTA ratio ) and Nmin are shown in Fig. 3-12,.
The data wused in this example 1is 10 days data at the T3 OBS
station in the 1980 experiment. The parameters used for counting
the numbers are as follows:

The record was played back at a tape speed of 38 cm/s, and a
corrected time code signal and a vertical low gain signal are fed
to the A/D convertor. In this case the time length of one second
period at recording was 1,533 ms at playing back; the tape speed
of playing back 1is 652 times as fast as the recording speed. A
high-pass filter of cut-off frequency of 2.24 KHz ( 3.4 Hz in
recording time) was applied for avoiding low frequency noise. The
high-pass signal was rectified and then low-pass filterd with a
time <constant of 220 us ( 0.l14 s in recording time ). The signal
is an envelope of the original one as was discussed in 3-3-2, LTA
and STA were calculated at every instant of the entire record
with a time constant of 1000 s for LTA and 1 s for STA. Both Ton
and Toff were set to be 10 s. A ratio of Ron to Roff was fixed to
be 1.5,

Then we detected 452 events from the 10 days data at T3 when
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Ron (SLRon) was 3. Among them 277 events (61.37%) were detected by
at least one more OBS (Nmin=2). Examination of waveforms revealed
that the events with Nmin=l and small SLR (<4) contain both
microearthquakes with very small amplitude and transient ground
noises. On the contrary, events with Nmin > 2 are scarcely
noises, although their amplitude may be too small to identify the
onset of the signal. The ratio of number of events for Nmin > 2
to that for Nmin = 1 is more than 85 7 for the events with enough
amplitude such as Ron = 5., Thus, although the ratio depends on
the distances between OBSs in an array, we can say for this array
that the number of events with Nmin = 2 gives an aproximate value
of the number of actual eathuakes which can be observed by the
OBS. The dependence on Nmin for large SLRon is weak.

About 100 eathquake had enough amplitude to measure thier
first arrival times. To make an event set of such earthquakes,
for exapmle, we <can use parameters Nmin = 5 and SLRon = 5. A
relation between D and magnitude M of an earthquake is discussed

in chapter 5.

3-5 Discussion

To reduce labor and time in playback of record, we have to
process automatically as many parts of processing as possible.
For this purpose, the properties of seismic signals and also the
noises contained in the record should be ivestigated precisely.
The first step for automatic processing 1is to convert a raw
analogue data into a digital waveform data in a well organized

format, from which we can produce not only arrival time data for
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locating earthquake but also data for investigating
characteristics of signals.

The production of waveform records for phase-picking has two
logical ©processes; the event detection and the editing of data,
For the event detection, the two-pass approach is employed. This
approach has been found to work efficiently.

How to pick up all possible event depends on the properties
of earthquakes contained in the record. Exactly speeking, we can
know what criterion is optimal for a particulr record only after
we have finished the analysis of the record. This is, of cource,
unrealistic., Thus our strategy of data processing shoud be much
more pragmatic. First rough analysis of the record brings an
approximate but total information about the entire record. The
next analysis can be more sofisticated by using the knowledge
previously obtained. The further analysis goes so on. In the
present study, we developed a system which produces the basic
data in the well organized format., Furthermore, we realized an
automatic playback system for the OBS data of a continuous long
term tape record; the process was conventionally performed
manually with large amount of time, care and labor. The next step
is to improve each algorism of event detection, editing and
phase-picking. An analysis in frequency domain, for example,
should be employed and an automatic phase-picking from the
multi-station record 1is one of the most important problem

remained.
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Block diagram of the hardware system.
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Flow of data processing (1). From an original analogue cassette
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tape, a digital waveform data file of earthquakes is created.

(b) DIGITIZED
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Flow of data processing (2). The digital waveform data files of

all the stations in an 0OBS network are assembled to make a multi-

station file. Visual records are made at last.
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(a) An example of a time gode signal reproduced from an analogue

tape.
(b) Squared signal of (a). This is used to facilitate decoding

the time code.

i

{a) An example of a seismogram reproduced from an analogue tape.

{b) Rectified and low-pass filtered signal of (a). The signal

is digitized at a low sampling rate for event detection .
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() (3) (4) (5) (6) (7 (8) (9) (o)
s 1 r LI 1 T 1T LN | ~— e ¥ pmamn |
10 16095510 26.8 43. 782. 822401 14.3 14,6 254 84
11 16100955 30.0 107, 1178, 822401 14,4 13.6 260 576
12 16101612 43.2 151. 2011, 822401 14.3 14.0 262 1907
13 16102036 104.1 1009. 17021, 822401 14,3 14,8 264 1624
14 16104901 84.6 96. 2879. 822401 14.3 16.2 276 1657

F/‘Oq. 3-5

F/‘J. 3= 6

An example of an event list produced by event detection. Five
events are shown. The contents are as follows. (1); event
number, (2); time of the beginning of the event (day, hour,
minute and second), (3); duration time (s), (4); maximum
amplitude, (5); integration of amplitude during the event, (6);
idéntification number of the time code generator, (7); sampling
rate (Hz), (8); LTA at the trigger, (9) and (10); block number

and data number in which the trigger occurred.

~
TIME <
Tpre  Tevent Tpost
STATION #1 }..Mo-.‘
STATION #2 :I fo=dq

STATION #3 bkee}

-
I
o
-
e

Method of determining an event period by using the event lists of
all the stations in an 0B8S network. Numbe} of the stations are
three (named #1, #2 and #3) and Nmin = 3 is assumed. The event
periods in the lists are extended backward and forward by Tpre
and Tpost, respectively. The period Tb is determined to be an
event period of the network because ‘Nmin stations are in event

during the period Ta.
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(1) (2) (3)
M o
19024553 195 1
19032305 108 3
19032835 155 1
19041404 390 3
19045441 113 3

Fig. 37
An example of a schedule file for automatic A/D conversion. This
is created by cross-referencing the.event lists of all stations
in an 0BS network. Five events are shown. The contents are as
follows. (1); time of the beginning of the event (day, hour,

minute and second), (2); duration time, (3); gain of A/D

converter.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

M = 1 1 U e E ne N o M s M B e’
1 38001635000 105.57 244) 0 9 4096 8201 -1 -4

2 38015615000 105.59 2441 9 9 4096 8201 -1 -3
3 38042443000 105.65 1221 18 9 4096 8201 -1 -3
4 38055309000 105.64 2441 27 9 4096 8201 -1 -1
5 38061615000 105.63 2441 36 9 4096 8201 -1 -2

Frj. -8

Exémples of record headers produced by automatic A/D conversion.
Five records are shown. The contents are as follows. (1); event
number, (2); time of the beginning®f the record (day, hour,
minute, second and milisecond), (3); sampling rate (Hz), (4);
amplitude resolution of A/D conversion (uV), (5); block number in
the disk, (6); the number of blocks occupied, (7); the number of
data in the last block, (8); identification number of the time
code generator, (9); polarity of the time code, (10); difference

in time of the beginning of the record from that in the schedule.
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(1) (2) (3) (4) (5) (12)
/M LI VT 1 | [omn I T 1M LI 1
1 38001636000 100.00 2441 0 9 1632 8201 -1 0 38001635 105.57
2 38015615000 100.00 2447 9 9 2032 8201 -1 0 38015615 105.59
3 38042443000 100.00 1221 18 9 2032 8201 -1 0 38042443 105.65
4 38055310000 100.00 2441 27 9 1632 8201 -1 0 38055309 105.64
5 38061615000 100.00 2441 36 9 1632 8201 -1 0 38061615 105.63
F??’.)’ 7 " gxamples of record headers produced by numerical resampling.
The sampling rates are unified. Five headers are shown. The
contents are as follows. {(1)-(9); the same as the items with the
corresponding numbers in Fig.9, (10); error flag the
resampling, (11) and (12); information prior to the resampling
(corresponds to the items (2) and (3) in Fig.9, respectively).
(1) (2) (3) (4) (5) (6) (7)
M 1 f —1 1 mM —/
1 38001635602 100.00 5 0 44 672
* 1 38001636000 100.00 2441 9 1632 8201 -1 0 38001635 105.57 -397 0 0 O
* 2 38001638000 100.00 2441 8 2128 8006 ~1 0 38001638 104.78 =-59 G 0 O
* 3 38001638000 100.00 2441 8 2128 8020 -1 0 38001636 103.97 160 0 O O
* 4 38001638000 100.00 2441 9 1632 8212 -1 0 38001636 105.59 8§ 0 0 O
* 5 38001637000 100.00 2441 8 2128 8201 -1 O 38001637 105.05 104 O O O
2 38015614599 100.00 5 44 44 872
* 1 38015615000 100.00 2441 9 2032 8201 -1 O 38015615 105.59 -400 0 O O
* 2 38015615000 100.00 2441 9 2032 8006 -1 0 38015614 104.89 -59 0 O O
* 3 38015618000 100.00 2441 8 2128 8020 -1 0 38015618 103.90 161 O 0 O
* 4 38015617000 100.00 2441 8 1728 8212 -1 0 38015616 105.54 7. 0 0 O
*15 38015616000 100.00 2441 9 2032 8201 -1 0 38015615 105.02 104 0 O O
) L J L J
(8) (9) (10)

(6) (7) (8) (9)(10) (11)

7’7‘7.3‘/0

Examples of record headers of multi-station records produced by

assembling single-station records. Two headers are.shown. The

number of stations are five. (1)-

(3} (51-(7);

The contents are as follows.

and the same as the items with the corresponding

numbers in Fig.10, (4}; the number of stations, (8); information

prior to the assembly (corresponds to the items (1)-(12) in

Fig.10 except for the item (5)), (9); correction for the clock

(ms), (10); correction for the inter-channel skew (ms).
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Fioq. 2=/
An  example of an analogue output of a multi-station record;
aftershocks of the 1983 Japan Sea earthquake observed by ocean
bottom' seismographs. The wuppermost trace is a coded clock

signal. The lower five traces are the records of the five

different stations, Pl to PS.

52



™
300
277
1980 T3
| s
9226-<"] |
; . 191
é < [ s
| 1612
i 16
| 97
! 83 g
‘ 74 ;
55 <A ‘
P 1
BT - » A, é
5[] [T s ‘
| 30 |
N min

Fig.3-12 Numbers
SLR and Nmin.

of

events detected by

5#,

)

various combinations of



4 Hypocenter determination
4-1 Introduction

A method of hypocenter determination is investigated in this
chapter. In chapters 1 and 2, we have discussed the necessity of
observation near the area concerned. Although the reason seems to
be intuitively clear, only quantitative discussion shows how many
OBSs are needed for precise location of microearthquakes and how
close to the trench area we should deploy OBSs. Actually, we also
have a question similar to that in a land seismic network; how
far the OBS array can precisely determine 1location of
microearthquakes.

Widely wused computer programs of hypocenter ditermination
(eg., Bolt, 1960; Herrin et al., 1962; Aki, 1965) employ a
least-squares iterative technique described by Jeffreys (1959)
V and attributed originally to Geiger (1910). Flinn (1965)
discussed a method for evaluatting errors involved in solution
and developed the theory for confidence regions presented by
Geiger (1910). Peters and Crosson (1972) applied the method of
prediction analysis by Wolberg (i967) to the evaluation of
estimation érrors. This method has been used to investigate the
capability of earthquake 1location by an actual seismic network
(Ishii and Takagi, 1978).

The analyses show that error involved in hypocenter solution
is large outside the network, especially in depth. For events
inside or on the border of the network, theoretical estimate of

errors gives a reasonable measure of errors actually involved. On
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the contrary, the estimate sometimes fails for events outside the
network; the theory leads to the underestimation of errors. James
et al. (1969) demonstrated by numerical simulation that the error
caused by an inadequate station distribution for a particular
event located outside the seismic array is much larger than that
caused by random errors in data and by the inadequate modeling of
a velocity structure., Lilwall and Francis (1978) and Duschenes et
al. (1983) investgated the problem for an OBS array with a small
number of stations. They showed that the resolving power of the
small size array is poor for outside events and that the theory
based on the classical least-squares method cannot predict the
actual distribution of errors. Further, they pointed out a
demerit of the use of a structure model with velocity
discontinuities for the problem of hypocenter determination.

The problem of hypocenter determination is one of the most
classical inverse problem in seismology. This problem has been
investigated by many authors from various points of view: Buland
(1976) applied the QR algorism; Bolt (1970) and Jordan and
Sverdrup (1981) wused the generalized inverse method. Uhrhammer
(1980) discussed the resolving power of a small seismic network
in terms of the singular value decomposition of a rectangular
matrix for a linear system.

In this chapter, to reduce the strong non-linear effect on
solving observation equations, we formulate the problem of
hypocenter determination with a velocity structure model without

am—

discontinuity. And to solve the observation equation, | new

inverse theory is developed; a solution is given for the problem

of compromise between the estimation error and the resolution of
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the " estimate. This problem has been the central subject of the
inverse theory (Bucks and Gilbert, 1970; Wiggins, 1972; Jackson,

1972; Matsu'ura and Hirata, 1982).
4-2 A generalized inverse technique for hypocenter determination
4-2-1 Quasi-linear inverse problems

In this section we formulate the problem of hypoceter
determination in terms of a generalized inverse theory. The
velocity structure is modeled such that velocity varies
continﬁously with depth. Further, we assume the problem is
qusi-linear with respect to spatial coordinates of a quake focus.
The meaning of the term '"qusi-linear'" will be described later.

The problem of hypocenter determination is to estimate a set
of four wunkwon parameters, x,y,z and t, from arrival time data,
where x and y are horizontal spatial coordinates of a quake
focus, 2z is a focal depth and t is an origin time. Usually we
have arrival time of phases at stations whose number is greater
than that of wunknown parameters. First we define an unknown

vector ¥ which consists of x,y,z and t as

Fl - (4-1)

X = '} Y3 -
k4
I—t-

and a data vector Y as

_t;

¥ = ts ? (4-2)
L Tn,
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where 3 is an arrival time at the i-th station. Thus, the
observation equation can be written in vector form

(4-3)
Y=F(X)-+N

where [ are non-linear functions of X and [N are random noise in
data. Since the origin time t is related to ¥ in linear form, we

can decompose the functions F into two terms;

LA

Y =T, %z)+T|:|+IN. (4-4)

—

Here, the first term is referred to as travel times.

Usually we have rough estimates of spatial coordinates
(hypocenter) of an earthquake. Thus expanding T into a power
series around the initial guess (x%7%2") and neglecting the
second- and higher order terms of the series, we can obtaine a
set of linear observation equations.

The solution of the linear equation gives a correction vector
to the initial guess. To solve the linear system we use a linear
inverse theory. The solution to the nonlinear system Eq. (4-4) is
obtained by the iteration of linear inversion. This iterative
procedure can succeed only if the non-linearity of the problem is
weak. When the non-linearity is so weak as to permit the linear
theory, the problem is referred to as a quasi-linear problem. The

assumption of quasi-linearity makes us to pay attention to the
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following two points; to use an appropriate initial guess and to

use a strucutre model without velocity discontinuity.

4-2-2 Travel time for a medium with a piece-wise constant

velocity gradient

In this section we derive a traval time T for the structure

model in which velocity varies continuously with depth.

(a) Velocity structure model and coordinate system

The velocity v in the medium is assumed to be a continuous
function of depth z. Further, the function is supposed to have a
piece-wise ©positive constant velocity gradient, By rotating a

coordinate system around the z-axis, the problem of finding a ray

path in a three-dimensional space <can be reduced to a
two~-dimensional problem. The coordinate system in the
two-demensional space and notations for the ray path are
illustrated in Fig.4-1, where the ray starts at a point A and

ends at B.
(b) Decomposition of a ray path into basic ray paths

The ray which has a take-off angle of T/2 is referred to as
the basic ray, hereafter. Any ray path can be decomposed into
basic ray paths;

(1) 0 < 0 < TY2

~ \ (4_5)

AB = AD +DB



(2) /2 < 0 < L

~ —~ ~\

AB = DB — AD (4-6)

Thus, it is sufficient to consider the basic ray.
(c) Determination of a path of the basic ray

Here we —consider the basic ray path as shown in Fig.4-2,
where other notations for the medium with layered structure are
also shown. The deepest point D is located in the m+l-th layer
and the ending point is in thel -th layer. The reference point of
the horizontal distance 1is on z-axis. A horizontal distance X

between D and S is a function of d and Z;

X=X(d,2Z) . (4-7)

Under the <condition that the velocity gradient is positive
in every layer, d is uniquely related to a ray parameter p = sin@;

\/('z,) b

where Osis a take-off angle of the ray at S, as

(4-8)

d=v7"CVP)

where v~'is an inverse function of v(z). Thus X is a function of

Z and p;

X=XxX(rZ). (4-9)
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The ray path for a particular velocity structure is
determined in terms of the geometrical ray theory by Fermart's
principle; the geometry of the ray path is determined so as to
have a travel time of stationary with variation of the path.

If the velocity is related to the depth z in the i-th layer as

v(2)=bi (& +i) for 2i,<28% 5, (4-10)

then the ray path in the i-th layer is an arc,

(=207 + (2 +eti)'= for Ziy <28  (4-11)

1
CP )

where §§ is an integration constant determined by a condition of
the starting point of the ray (e.g.,0fficer,1958), Thus, the
total horizontal distance X between D to S is described in termes

of p and Z as

mtil

X(p.2) =) 4i (4-12)
1=1

where

(4-13)

and
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Mmi = —(Fjq+a)” (4-14)

[
( bi)*

To derive Eqs. (4-12), (4-13) and (4-14) we used the continuous

condition on the interface (cf.,Eq.(4-34) in 4-2-4),
(d) A ray path between the given two points

To determine the ray path between the given two points A and
B, we use so called shooting method of ray tracing; the method is
a usual numerical algorithm for solving a non-linear equation,
That is,
(1) give an initial guess of a take-off angle (&) for the ray
from A to B.
(2) decompose the ray path into the basic ray path.
(3) calculate a horizontal distance X(#) for the assumed ray path
by Egqs. (4-12), (4-13) and (4-14).
(4) calculate a redisual AX for the horizontal distance as

AX = X(6) - X(AB)
(5) if AX > €, then assume another @ as

Onew = Go1d + A8
and go to (2);

if AX < €, then put 9(5%):0’, where £ is a certain small

value,
To find A&, we <can use Newton's algorithmand the scheme of
succesive divisions.

From (AB) determined by iterating (1) through (5), the

travel time T(AB) from A to B can be caluculated as
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ntl

T (AB) “—‘Z ti (4-15)
4

where

(4-16)

+t. = qﬁn (Zi—l‘Zio"LV(f’bé))(xi’l,;°~V(pb;))
i 2b; (Lig =28 =P (i =] +V(pbi2)

4-2-3 Linearization and Standardization of the problem

Fisrt we guess most plausible values of unkwown parameters
from a priori information. The initial geuss and its uncertanity
are referred to as a priori data, hereafter. The most plausible
solution prior to observation is denoted byiKoand its probable
error in a statistical sence is by M. When the function F(X) is
quasi-linear, F(X) can be linearized by expanding at X =§Xoin a
power series and discarding all the second- and higher-order
terms as

Y=Y+ B(X—X*)+N (4-17)

with

Y'=F(X%), B=grad F(X)|x=xo, (4-18)

where B is a rectangular matrix of n rows and m (=4) columns.
The statistics of the probable errorM™ in the initial guess
and the random noise IN in the data are generally described in

terms of an m x m covariance matrix C[M] and an n x n covariance
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matrix C[IN], respectively. Since each of these matrices is
symmetric and positive definite in itself, they can be rewritten

as

CM}=W,Z, Wy, CN}=WyIsIVy, (4-19)

and then

CHMy=WyZ, Wy, CTHN}=WyEy Wy, (4-20)

where jy, andJVy are orthogonal eigenvector matrices, and Y, and
Yy are diagonal matrices whose nonzero elements are the
eigenvalues of @€[M] and C[IN], respectively. According to Kaula
(1966), we define weighting matrices, ¢ in the solution space and

E in the data space, by

C{M}=GG, CYN}=FEE, (4-21)
and obtain
G=X,"" ’z/u ’ G'=W,2,", (4-22)
E=XY -y, E-'= 3 e, }

By wusing these weigting matrices, the original linear system in

Eq.(4-17) is transformed into the standard form;

y=p"+A(x—x)4n (4-23)
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with

x=GX, + a'=GX*, m=GM }
y=LY, y=EY’, n=EN, (4-24)
and
A=EBG™, (4-25)

Here, it shoud be noted that the transformed covariance matrices,

Clm] and C[n], become unit diagonal,i.e.,

Clm)=GC{M)G=1,, Cln}=EC{N}E=I,. (4-26)

4-2-4 Partial derivatives of the travel time functions T with

respect to spatial coordinates

In this section we derive the -explicit form of the
coefficient matrix B whose components <consist of partial
derivatives of travel time functions T with respect to spatial
coordinates of an earthquake. The purpose is to demonstrate that
the partial derivatives are expressed 1in a compact form
regardless éf the velocity structure model because a ray path is
determined so as to have a minimum travel time. That is,
Fermart's principle ensures that the travel time is stationary to
small changes of the ray path.

First we will generally describe the problem in terms of the
calculus of variations. Next we apply the result obtained to our

problem. Let us define a new coordinate as shown in Fig. 4-3. The
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~
travel time along the ray path AB is expressed as

b
T-= g ' 1+ (4-27)
30 ¥ >

where v(§,§) is a velocity function for the medium which is
divided 1into two ©parts, region 1 and region 2, by a boundary S
=j9(§), and ;/is the first derivative of T with respect to ;, T

can be regarded as a functional J[Z,a,b], i.e.,

J[Eab] —\TIIQU :]+ Jltgz,b]
S F03.8,05).0,(5)] 4%

FF 0300, L] 3

We shall give our attention to all functions S(;) which are

(4-28)

continuous and differentiable in each region of 1 and 2. At the

point on the bounbary, the function ;1 is connected to T Taking

lo

variation of Eq. (4-28), we obtain

SIJLS] =SJ.0T,] +8§J:08.1, (4-29)

I

vith 53:00] [[2—;— 7 g; )[S¢dz
+_{?F: .SK+(F§-§’aFf> .SC} (4-30)

P ' oT”
51 3=C-0 S' .§=C'0
_ Eni / a}a
{831 - Y +(F, -5 T }%.Saj 5
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and

b
snls) =) (5 - A(3)]sed

oF B __F_ 5 (4-31)
+{a££'3:; o +(F 29235 ) ,3 b }
D F BB
- : . Fl z ’
{95; f=cro st H 35: ) Z'Cﬂ)
where
Sot=5C,(a) +5,(a)Sa
(4-32)

S =858, ¢b) +5(b) b,
§Y¥ =Plerdc -

Fermart's principle states that the functional Eq. (4-29) must
vanish for the actual ray path under the boundary conditions of
§fa = Sb = &X=5§= 0. In this case the function g=§(§) satisfies
the following equations,

(i) Euler's equation;

oFi _ d /9B N_ 5 Lo, (4-33)
%; 0'3( f 7

(ii) condition of Weierstrass-Erdman;

—DF} _ QDF; yy%c)
o5 3=0-D R34 3—C+O>
/9{-_1 l r/DFz =p (4-34)
+{(F1— 12;/) }CO DZaS{>§C+O

The first equation is to be used to determine the ray path in
each region. From the second condition it is shown that, if the

velocity is continuous at the boundary I’ T( , the ray path is
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connected smoothly at the buoundary; a tangential vector of the
ray 1is continuous at C., Both the equations of (i) and (ii) were
used to derive the ray path in 4-2-2, Therefore, for the ray path
which satisfy Fermart's principle, the wvariation of the

functional J with respect to the coordinates of end points A and

B is
i 27F +»oh
1y = —_- {— - S *‘(F;*' 1 P .
’ {Dg,’ e : a§'>§=c«. ng (4-35)
+ ok Se+ (F, -3/ ek &b .
(Difl;:b ¢ (F : 33;,;:;, E

Next we apply this result to the travel time. Since we want
to obtain the partial derivatives of the travel time with respect
to spatial coordinate of hypocenter A, only the first term in Eq.

(4-35) is to be considered. From Eq. (4-27), we have

F = 1 1+t L (4-36)

V(3.3)

Thus, the partials in the - —coordinate systems are given by

2T :_(E_C,.ar-\ >| __ l’ _ o aml
Z~

2Q DQ; =a 'VJ—”_&- - v(ax) ’ (4-37)
2T . 2F o S| o _cose
P o5 |t =a Vs, Vi)

In our case the velocity function v depends only on z. Therefore
we obtain the final expressions in the original three-dimensional

coordinate system in Fig. 4-4 as
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oT,

(0504 m0 ;

2% V(z,)

OTe | | . _AmBi4amb;

Yo | V(o) ’ (4-38)
o1 (0S©;

BZU B V (Zo)

It should be noted that we have derived Eq. (4-38) without
any assumption of explicit form of the velocity function v. Thus,
without differentiating the travel time either analytically or
numerically, we <can easily obtain partial derivatives for any
velocity model which depends only on z . It is easy to generalize
Eq. (4-38) to an equation which is applicable for the structure
model whose velocity depends on not only z but also x and y. The
continuity <condition of velocity throughout the medium ensures
that the first derivative of the ray path is continuous on the
entire ray. Therefore the partial derivatives are continuous for
the medium with velocity varying continuously. This continuity is
a necessary condition for the application of the quasi-linear

inverse theorx—fng

<;he hypocenter determination problem.

4-3 Generalized least-squares solutions

4-3-1 Generalized inverse matrix A?

In order to solve the observation equation Eq.(4-23), we

analyze an arbitrary linear system and derive a best solution

with the generalized 1least-squares. The standardized 1linear
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system is to be rewritten as

dy=Adx+n (4-39)

with

dx=x—2x°, dy=y—)°, (4-40)

According to Lanczos (1961), an arbitrary n x m matrix A of rank
p ({n,m) can be decomposed into the product of an orthonormal n x
n matrix WU, a semi-diagonal n x m matrix /0l and a transposed

orthonormal m x m matrix WV, that is

- A,10 7V, ~ -
A=UA V=[U,,|U0][—b”~l—6-][~l-/-;—]=U,,A,,V,, (4-41)
with
UD:["la T "P] ’ UO:["pH’ Tt "n] ’ } A
-42
Vp=[vls Y vp]: V0=[Up+h Y vm]: ( )
and
A 0
Ap:[ }, A4 >2,>0, (4-43)
0 2,
Here, the n-dimensional <column vector 1w , the m-dimensional

column vector wv; and the non-zero diagonal elements A{ are

defined by the "coupled eigenvalue equations,"

Avﬁ=&u¢} i (4-44)

Au=Aw;
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for positive eigenvalues, and the '"decoupled eigenvalue

eqations,"

Avt=0 (1=P+1, “"’”)’ }

A, =0 (i=p-+1, +-+,n), (4-45)

for zero weigen values. The factorization above is known as a
singular value decomposition, and it was developed by Eckart and
Young (1939) for general matrices.

Transformations of x, y and A by U and V;

, o~ [7,); ~ ]7 Y
= [p—=| —cbee N Y i
y=u [lky]’ J"—’&*[Pw1’ (4-46)
~ 4
A=UAV=f=| Zr| Y_
AV A-—[ ],

yield a new linear system equivalent to Eq.(4-39) as

(4-47)
y' =Ax' N

or, denoting an arbitrary column vector of m-p components by/z,

v, =A4,x,, } (4-48)
J’o'=0 ’ x0'=v >
with
yp'= :py’ .}’ol:ﬁoy, } (4—49)
x,=V,x, x,/=Vux.
These equations show that ,only if the 1linear system 1is
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well-posed (m=n=p), it has a unique and complete solution. In
other cases, the linear system has no unique solution, However,
there still exists a unique solution in terms of the generalized
least-squares as is discussed later.

From the inverse transformation of Eq.(4-46), we obtaine

y=Uy'=U,yp,"+ Uy, } -
x=Vx'=V,x, 4V, . (4-50)

By using the above relations, the residual vector, F=y—d4x, can be

expressed as

' / , (4-51)
r=y—Ax=U,(y,'—4,x,) Uy’ ,
and the squared norm of the redidual vector, ||r]|t=Fr, is given
by
[lrllP=|ly—Ax|*=|lps" — Ao, |+ |p | - (4-52)
The least-squares solution, which minimizes 12 requires
(4-53)

’

I
Xy “Ar I

leaving xo free. Thus, we obtain a general expression of the

least-squares solution as follows;

~ 4-54
x=V, 4,7 U, p-- V7, ( )

where 7 is an arbitrary column vector of m-p components.
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It should be noticed that the least-squares solution is
unique 1if p=m. When pd<m, an aditional condition is required to
define a unique solution; the condition is to minimize the

squared norm of the solution vector,

o~ (4-55)
el =14, Uy |-l

Putting 7 = 0 in Eq. (4-54), we obtain a unique solution which

minimizes both Hr“Land me:
(4-56)

k=dAy
with
- (4-57)
A=V, A,7'U, .

The inverse operator A' was introduced by Lanczos (1961) as the
"natural dinverse " of matrix A, which 1is equivalent to the

"generalized inverse'" of Penrose (1955).
4-3-2 Error analysis
In this section we analyze the linear system Eq. (4-39) in a

stochastic framework. Letting H be a linear inverse operator to

the problem, the correction vector 4% is given by

di=I1dy, (4-58)

A
and then the solution vector x is written as
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Y=x"4-d¥=HAx--(I—HA)x"+ ln (4-59)

or, by putting m=x"—x,

X=x+{I—HA)m+Hn (4-60)

The above relations indicate that the estimate Q depends
inevitably on the initial guess x except for the case of HA=I.
A

The covariance matrix of estimation error x - x 1in the

standardized system is

C{&}=(I— HA)C{m)(I—HA)+ HC{n} F (4-61)
—=(I— HAYI—HA)+HIT

supposing that the probale error m in the initial guess and the
random noise n in the data are uncorrelated with each other. The
first term of the right-hand side of Eq. (4-61) is related to the
resolving error resulting from the error in the initial guess,
and the second term to the random error from the noise in the
data, The matrix 1is referred to as the total covariance matrix
(Jackson, 1979 ).

Now we take the generalized inverse AY of the coefficient
matrix A as the linear inverse operator H. Denoting the rank of A
by p ( £ n,m ), the generalized inverse AY produces the
correction vector,

A=At dy=V,4,7U,dy . (4-62)
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The solution vector and corresponding total covariance matrix are

respectively given by

f,=Rx+{I—R)x’4A'n (4-63)

and
Ci&,) =(I—R)(I=R)-+ A A1 (4-64)
with
R=A'4=V,V,. (4-65)

Here, IR is the resolution matrix introduced by Wiggins (1972). It
shoud be noticed that the resolution matrix is unit diagonal if
and only if p = m.

The total covariance matrix in Eq.(4-64) can be rewritten in

the following form;

Cl&,)=I—- Ver"|‘ VpAp_zﬁp (4-66)
== Vo V0+ VpAp~2 ’7}, ’

or

C{&,)=VD,V (4-67)

with

p=trv, D= Ao

_Q_}_ (4-68)

From Eq.(4-66), it is directly found that the noise in the data

is active in the Vp-space, while the error in the initial guess
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is in the Vp -space.

The solution produced by the generalized inverse operator At
may be regarded as a straightforward extention of the classical
least-squares solution. Actually, it minimizes the sum of squares
of residuals. For simplicity, we refer to this solution as the
"least-squares solution'" hereafter. It is clear from the present
error analysis that when the coefficient matrix A has a very
small eigenvalue, the estimation error becomes tremendously
large, and so the least-squares solution losses any physical

meaning.
4-3-3 A generalized least-squares solution

The smallest non-zero eigenvalues in Eqs. (4-66), (4-67) and
(4-68) sometimes becomes very small in the problem of hypocenter
determination. A sensible way to suppress the estimation error so
‘that the solution has a physical meaning is to reconstruct the
inverse operator out of the q (£p) largest eigenvalues and the
corresponding eigenvectors in the generalized inverse. To
determine the effective number q of degrees of freedom in data,
for .example, Wiggins (1972) and- also Jackson (1972) set a

threshold on the eigenvalues such that

qZ (V2P <Lad (i=1, -+, m), (4-69)
i=1

where the left-hand side corresponds to the variance of estimate

which results from the random noise in data, and the right-hand
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side to a maximum allowable variance determined a_priori from our
requirement for definiteness in the solution. In their formalism,
the effect of non-uniqueness due to poor resolution is not
strictly taken into account. Thus there remains ambiguity in the
determination of the effective number.

In our formalism, the ambiguous problem can be reduced to
the definite problem of minimizing that determinant of the
covariance matrix which is a measure of the extent of errors in
the solution; effective number q is determined as the result of
the minimization. A practical approach is as follows:

We consider a linear inverse operator which is constructed
out of the k (0g{kg{p) largest eigenvalues and the corresponding
eigenvectors in the generalized inverse. For the solution Qb
produced by this operator, the determinant of the covariance

matrix is calculated by

s =|Clk) | = }:1 122 (4-70)

with

C{%,) =VD,V, (4-71)

It should be noted that the determinant of the covariance matrix
Q[Qn] is equivalent to the determinant of the matrix D, because
of the orthogonality of W. Suppose that the ©p positive

eigenvalues are arranged in

/21>/22>"'>/2q21>2q+1>'">Izp>0. (4_72)
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Then, a function s of the parameter k takes a minimum at k=q
(qusp)! i.e.,
L
(Skz)mln=sq2= ][ ]/2(231 . (4—-73)
i=1

This indicates that the minimizationof the determinant of the
covariance matrix is realized by mearly truncating those
eigenvalues which are smaller than unity.

Adopting the integer q as the effective number of degrees of

freedom in data, a best linear inverse operatof is defined by

N (4-74)
A=V, AT, .

The inverse operator A%produces the correction vector,

Ay, =AMy, (4-75)

and the solution vector and the corresponding covariance matrix

are respectively written as

Ro=dt Ax-(I— A, ) A, (4-76)
and
Cii)=VDV (4~77)
with
472 0
p | 470 4-78
! [ O 11"—’1 ] . ( )

77



According to Matsu'ura and Hirata (1982), we refer to the
solution as the "generalized least-squares solution" hereafter,
to distinguish it from the least-squares solution in Eq.(4-63).

The solution and covariance matrix in the original system is

4X,=Gd%,, X=X4d5,=G"%,, (4-79)

and

C{X}=G"'C{§,)G. (4-80)

If we assume the Gaussian distribution both for the probable
error IM in the initial guess and the random noise N in the data,
a confidence region for the solution is defined by an

inequality,

—~ - ~

(X—X)CHEIX—K)<T?, (4-81)
which represents the region enclosed by a generalized
second-order surface (hyperellipsoide) in the m-dimensional

solution space. If Y¥=1, Eq. (4-81) gives a confidence region
corresponding to one standard error, if V= 2, that to two
standard errors and so on.

m/\
The m-dimensional volume IL(X, ) of the confidence region is

b
evaluated by

Ln(X,)=#|CR )| =r|CL )| | CMY (4-82)
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with
7tm/2 .
i (m is even) ,
K=" X

7m0/ (1 —1)[2)!

m!

(4-83)

(m is odd) .

Denoting the m-dimensional volume of the confidence region of the
initial guess by MQX°), we obtain

Lm(X;)=s,L™(X*) < L"(X") (4-84)

where it 1is noticed that the factor Sb’ which is defined in
Eq. (4-73), represents a contraction rate of the confidence
region. Namely, the generalized inverse process always decreases

the confidence region.
4-3-4 Comparison with a minimum variance solution

The least-~squares solution and the generalized least-squares
solution are compared with a minimum variance solution in terms
of the variance and the residual. First we define the minimum
variance solution presented by Jackson (1979) in our notations.,.

Consider a set of +the obseved data equations and the a

priori data equations in the standardized system, i.e.,

y=Ax+n } (4—85)
xX0=x-+m
with
Cimy=I,, C{n}=I,, (4-86)
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where x® is the initial guess obtained from a priori data, and m
and n indicate the probable errors in the initial guess and the
random noise in the observed data, respectively. Rewriting

Eq.(4-85) as

dy=Adx+n } (4-87)
O=dx+m
with
dx=x—x", dy=y—y°', Y=A4x", (4-88)
and combining these two 1linear systems, we obtain a matrix

equation to be solved as follows,
A.y_}__ A e [ (4-89)
S ]

Since the above linear system is essentially over-determined, we

may apply the <classical 1least-squares procedure to solve it.

Denoting the inverse operator by H, and the correction vector by
Agk the result is given by

~ ~ 4-90

H,=(AA+1)"[A]|L], ( )

and

iyl s i} (4-91)
A.‘v,,,:]],,,[——-o—]=(AA-H)"Ad y.
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Thus the solution vector Qm and the <covariance matrix of

estimation error Qm- X are written as
Sm=X-+(AAFD) " mA-(TA 1) dn (4-92)

and

C{& ) =(d4+D . (4-93)

In the special case of x?= 0, as pointed out by Jackson (1972),
the solution Eq.(4-92) is formally identical to the best linear
solution of Franklin (1970) which minimizes the total variance in
Eq.(4-61). For this reason, we refer to the solution in Eq.
(4-92) as the "minimum variance solution" hereafter.

Decomposing the covariance matrix @[Q] and the residual

vector r=y—AX into standard form,

C{&}=VDV,
r=USUdy, } (4-94)
the matices D and S are expressed as follows: for the
least-squares solution %,
4,7 O 0,| O
e R e B s el (4-95)

for the generalized least squares solution 2

x’
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0 0, 0
il sohs) (4-99)

. . . A
and for the minimum variance solution X 9

— (Agi',!',_lv)_—_l _.0--4 _[g_/lﬂ?i’]v)__l
e R i I b

(4-97)

_Q,]
I_, ]

The above expressions clarify properties of each solution.
That is, the generalized least-squares solution tends to the
least-squares solution when the effective number g approaches to
p (=m), and these solutions agree completely with each other if
g=p. On the other hand, the minimum variance solution also tends
to the least-squares solution when q approaches p, but they never
agree with each other even if q=p. Here, it should be noted that
the effective number q approaches p if the a priori constraints
on model parameters become weak. When the a priori constraints
are infinitely weak ( €[M]»oI ), the minimum variance solution

agrees with the least-squares solution and also the generalized

least-squares solution.
4-3-5 Succesive iteration of linear inversion

In quasi-linear inverse problems, model parameters are
optimized by the successive iteration of linear inversion. At the

k-th (k>2) step of the successive iteration, the starting model

A
(b
X")is given by the estimate X* of  one step earlier. The

. - , ®) 0 ,
statistics of its probable error M =X*"_x is expressed by the
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covariance matrix of the previous step,i.e.,

X(k—-l)=X’(k—1)’ (4-98)
C{Al(k—l)}=C{X(k—1)} . }

Now the probable error]Mmﬂ’in the starting model statistically
depends on the random noise N in data; the covariance matrix of
estimate in the k-th step includeé'the cross term ofIM%“ and N.

In the original system, for example, the estimate of the
second slep and the corresponding covariance matrix are written
as follows;

er=X‘|‘(I“BI?.)B(2))(X’(”“XH‘BINN, (4-99)

and
. /\/
C{X®}=(I—Bl:)Bi»))C{M " YI—B!,B3)
+ B, C(N}Blu-+(I—BloBw)Bl, C(NV} Bl (4-100)
~ T
+Bzz)C{N}B{n(I_B{z)B(z))
with
B(”:E_IAG > B{l)'——‘G—lAglE 1y _
Boy=E'A'G’, Bl,=G'AlE, } (4-101)
and
- o~ ~ _
C(MW)=C{X ") =(I— B}, B,) C(M}(I— B!, Bo,)) + B, C{N}BL, (4-102)

where the matrices E and G are the same as those in Eq. (4-21),

and G’ indicates the new weighting matrix defined by
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CHMM=G'G' . (4-103)

In Eq.(4-100), the third and fourth terms correspond to the cross
term of Mu)and IN.

Substituting the following expressions of A, Ag, A', A't and

22
Gl
A=UAV, A=V, 4;10, , (4-104)
A'=U0'AV", A;I:‘ VéaA;z_llj';I s }
and

G;=D;1/2VG’ (4—105)

into Eqs.(4-100,101), the covariance matrix can be rewritten in a

simple form,

CRD)=GV' D, PG, (4-106)

where
DI DI §
D — w | Dy, (4-107)
A

with

Diy=A:7*,  Di=I,,,, } (4-108)
Di=Dy,=[4;7' U, U, |01V,

Then the determinant of the covariance matrix is evaluated as
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IC{X“’}I=IDé,HC{M‘-*.’}l (4-109)
with

D, |=|D4,||Dj— Dy D Dl (4-110)

-~
flere, it should be noted that the matrix product DyD/D/} can be

expressed by using Lhe eigenvector matrices as

D;ll){l—ll)l’z=,}'01[_(_]_‘ll_n_V_z_'l_l,__ 0 :|Vo'~ (4-131)

When the problem is linear, the original coefficient matrix
in the second step is exactly the same as that in the first step,
and so the above process does not affect the solution at all.
When the problem 1is nonlinear but weakly nonlinear, that is
Bwnﬁm, the singular value decomposition of the standardized

coefficient matrix A' in the second step becomes

A =~UdI. (4-112)

Then, from the comparison of the above expression with
Eq.(4-104), we obtain the approximate relation of W'R W and V'Aa
T. This indicates that the effects of the cross term D, and Db
are negligible, and so the matrix Diz in Eq.(4-106) may be
replaced by the diagonal matrix Dbzin Eq. (4-78), if the

nonlinearity is weak.
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In a <case of the weak nonliniearity, discarding the cross
term of the probable error in the starting model and the random
noise in data, the generalized <1inversion at each step of the
successive iteration is carried out in the same way as describe
in the previous sections. Since the generalized inversion always

reduce the confidence region for the solution, the iteration

yields
moL SLM(/{'((;:))SLm(}?éf;“)_<__ co < LX) (4-113)
with
Lr(X#)=s, L"(X -0y, (4-114)

where E:Endicates the m-dimensional volume 3£)Eonfidence region.
timdte
The effective number q decreases step by step as the confidence
region contracts; the contraction rate sﬁapproaches to unity
exponentially (Fig.4-5). In fact, gqam and s}« 1 if the confidence
region for a starting model is extremely large, while qa0 and
s®1 if the confidence region is very small. Therefor, we can use
the contraction rate s to judge the convergence of the iteration
process. lDenoting a certain threshold by &, the convergence

criterion is given by

[—s,<e . (4-115)
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4-4 Numerical examples

The generalized least-squares solution is applied Lo Lhe
hypocenter determination. As  was discussed in the previous
rsections, the solution is controlled by both the data and the

initial guess if the resolving power of the data set is poor. In
this section, by some numerical simulations, the dependence of
spatial distribution of stations and initial guesss on the
solution is discussed.

Figure 4-6 shows locations of stations which recieve signals
from three earthquake whose <epicenter are located at C with
depths at 10, 30 and 60 km. First we calculate travel times for
each station using a velocity structure as shown in Fig.(4-7). We
use those calculated travel times as data to which random errors
with a mean of O s and a standard deviation of 0.05 s are added.
The initial guess of epicenter is located at a few tens km from
the true solution. Errors in the initial guess is set as the same
order of magnitude as that of the differénce between the initial
and the true value; 5 s for an origin time, 25 km for an
epicenter and 30 km for an depth.

Results of hypocenter determinations by the method presented
{in this chapter are shown in Figs.(4-8) and (4-9) with different
~combinations of stations wused in calculation. From these
examples, the dependences of the array configuration and the
initial guess are clear; if the stations are distributed poorly
in azimuthal coverage, the resolving power of the arrival time
data is poor and then the solutions strongly depend on the

initial guess.
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Figures 4-10, 4-11,4-12 and 4-13 show the process of
successive iteralion with the contraction ol confidence regions,
The coqfidence regions are defined by the total covariance
matrices in Eq.(4-81) with Y=1. A projection of the
hyperellipsoid for one standard error onto a particular plane is
fepresented by a ellipsis, which 1is referred to as an error
ellipsis hereafter. On each plane of these figures, successive
steps of linear inversion for the weak nonlinear problem are
displayed by werror ellipses; cross terms in Eq.(4-106) are not

taken into acount as was discussed in 4-3-5.
4-5 Discussion

The problem of hypocenter determination was investegated in
a framework of the generalizedmiqyerse theory. We have developed
j

the theory and derived . a ney//solution for the least-squares

L

problem with a priori information. To derive the solution, a new

st

criterion has been introduced., The criterion eliminates ambiguity
in determinating the effective number q of degrees of freedom in
data; the presented criterion is to minimize the determinant of

the total <covariance matrix. The theory provides a basis on the
"sharp cutoff approach" of Wiggins (1972) and Jackson (1972). On
the other hand, the minimum variance solution of Franklin (1970)
and Jacksoﬁ (1972), which gives another generalization of the
classical theory, provides a theoretical basis on the "tapered
cutoff approach" of Levenberg (1944) and Marquardt (1968). These
two solutions, the generalized least-squares solution and the

minimum variance solution, agree with each other if the a priori
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constraints on model parameters are infinitely weak.

The  present theory revealed that an ill-posed linear systLem
can be rcduced to a well-posed system if we employ sufficient a
priori information aboul unknown parameters. In other word, if we

have data which has poor resolving power, we can know only those
solutions which depend strongly on the initial guess.

We have appliced the generalized least-squares solution to
the problem of locating earthquakes in terms of the quasi-linear
inverse theory. A <computer program has been developed for a
velocity model varying continuously with depth; the program can
automatically <control compromise between errors due to random
noise in data and those due to poor resolution.

Investigations of the resolving power of data in the problem
of hypocenter determination is quite important; sice we analyze
as many event as possible, we have to locate those small events
whose signals are detected by only three or four stations in the
array. Thus, the effective configuration of the array does not
remain constant. Therefore, we have to estimate resolution of

each data on locating events. Application of the method to actual

0OBS data is discussed in the following chapters.
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Fig.4-3 Coordinate system for the medium which is divided into
two parts, region 1 and region 2, by a boundary §=g>(}).
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5 Earthquake data
5-1 Number of events detected by the OBS observation

The number of earthquakes detected by an OBS increases as
the threshold of the amplitude of a signal decreases. The

threshold of a STA-to-LTA ratio (SLR), which is introduced in

v
Vs

chapter 3 fé\the event detection, determines the lower bounds of
~the signal amplitude. Figure 5-1 shows a typical distribution‘of
the number of detected events with respect to Rp; (SLR at the
biginning of event), where the ratio of Ron to SLR at the end of
event 1is fixed to be 1.5. The data are the same as in Fig. 3-12.
From Fig. 5451 we can find that the number of events with

amplitude greater than Ry, is inversely proportional to Ry:

(5-1)

| NCRON> = NQ/RDN -

]

Thus the number density n of the event whith maximum amplitude A

is proportional to A7%,

n(A) = noA"‘2 (5-2)

This relation corresponds with the case of m=2 in the Ishimoto
and Iida's relation (Ishimoto and Iida, 1939);

(5-3)
-

m (A) = Mo A
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As was pointed out by Asada et al. (1951), m is related to
the b value as

(5-4)

where b is a coefficient in Gutenberg-Richter's formula,

(5-5
.Po@ nem) = a —b M )

To derive Eq. (5-4), we suppose that log A is linearly related to
magnitude M. Supposing the linear relation between log A and M

as

fog A = &M =B(T), (5-6)

where p(r) is a function of epicentral distance r, we have

b (5-7)

This is identical to Eq. (5-4) when &=1. Therefore the data in
Fig. 5-1 indicates that Gutenberg-Richter's formula with b= is
appricable for the events whose signals are at least fo r/times
as large as ground noise in amplitude. _

The number of the events with smaller amplitude (SLRL4),

which were detected by only one OBS, is larger thard that expected
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from Eq. (5-1). As was discussed 1in 3-4, the exa;}pation of
]

wvaveforms shows most of such small amplitude signdlgs  jare not
likely signals of an earthquake origin. The number o%'events for
N>2 is suitable for the measure of activity near a particular

OBS. As far as the evnts for N»2, the occurence rate of
earthquakes agree well with that expected from Eq. (5-1) at least
for the events with a signal-to-noise ratio of greater than 3.0,
On the contrary, the number of those events which were
detected by many OBSs (N25) is fewer than the number expected by
Eq. (5-1). This <can be explained as follows: Events which are
detected by many OBSs (e.g.,N25) must be 1large -enough in
magnitude. The signals from small events may not be recorded at
all stations widely distributed in a region. These small events
are dropped out from the set of events for N>5. The dependence of
the number of events on N varies from site to site, because the
distribution of earthquakes is not uniform in space. This problem

will be discussed again,

5-2 Steady state activity of microearthquakes

The OBS experiments revealed a high seismic activity near
the -trench 1in a steady state. The 1980 array recorded about 50
events per day, though the number varies among OBSs (Fig. 5-2).
The other OBS arrays operated in 1981, 1982 and 1983 also
recorded a large number of microearthquakes. Another example of
daily frequency of events is illustrated in Fig. 5-3. Earthquakes
were observed at a rate of 57 event/day by OBS S8 of the 1983

*
array; the number of events with a signal-to-noise ratio of
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greater than 3 amounts to 1599 for 27.8 days. A half of these
events were commonly recorded by at least five OBSs and 190
events out of them have S-P time of less than 30 s and enough
amplitude to be located from arrival time data. That is to say,
one can determine hypocenters of a tenth of the whole number of

observed earthquakes.
5-3 Non-uniform distribution of earthquakes in space

Here we investigate how many events can be observed at each
station of phe OBS array. If earthquakes occur uniformly in
space, a number of earthquakes N decrease with the number of
stations Ns which <can record the event; the number of events
which can be recorded at many stations will be smalli

Figure 5-4 shows the distribution of N with respéct to Ns
for each OBS of the 1980 array. At P4 and P6, N decreases with
Ns. This means that there were only a small number of events
whose amplitudes are large enough to be recorded by distant OBSs
but - the number of small events near P4 or P6 is quite large. The
distribution varies from OBS to OBS; at P9, Tll and P12, N for Ns
2 5 is greater than N for Ns = 3. Tll has many events for Ns = 1;
more than 70 7% of total number of events were detected only by
Tll. This is partly because the noise level of records at T1ll is
much greater than those at other OBSs. The distributions for P9
and P12 may indicate that the seismic activity is low near these

0BSs.

5-4 Magnitude
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In  the 1980 experiment, only sixteen events were detected
both by the OBS array and the Tohoku University land network. The
Observation Center for Earthquake Prediction (OCEP), Tohoku
University, reported the body wave 1local magnitudes of these
earthquakes (personal communication). The largest event located
within the 1980 OBS array area has- a magnitude of 4.0.

Duration times of microearthquakes (F-P time) at the OBS
station T7 in the 1980 experiment are related to magnitudes
determined by the OCEP 1land network as shown in Fig. 5-5.
Duration times of microearthqukes at OBS stations in the 1982 and
the 1983 experiments are related to the magnitudes determined by
the 1land network operated by the Research Center for Earthquake
Prediction (RCEP), Hokkaido University as shown in Figs. 5-6 and
5-7. Figures 5-5, 5-6 and 5-7 show that the empirical relation of
M = A+ B log(F-P) is valid in the case of OBS observation. The
F-P times for the 1982 array were measured manually from visual
records on a sheet of paper with a chart speed of 1 mm/s. The F-P
time for the 1983 array is the event duration time D described in
3—3-2@Although the coefficients A and B take different values for
differént stations, they are in good agreement (Fig. 5-8).

For the events detected by at least three OBSs of the 1980
array, frequency distribution of the events versus magnitudes is
shown in Fig.‘ 5-9. It is found that the 1980 OBS array could
detect the events with magnitudeé ranging from 1.0 to 4.0. Most
events varied in magnitude from 1.5 to 3.0. We can expect that
the 1980 OBS array uniformly detect the events with magnitudé

greater than 2.0 in and near the array. It has been reported that
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"the land network <can uniformly detect events with magnitude
~greater than 2.9 in this region (Yamamoto and Kono, 1982). Hence
. the detectability of the 1980 array is about one magnitude
greater in range than that of the land network for this trench
area.

The earthquakes detected by the 1981 array varied from 1.0
to 4.5 in magnitude. Figure 5-10 shows the number of earthquakes
detected by OBS Pl and those by P4 in the 1982 array. The
magnitude range of earthquakes detected by the 1982 array is from
0.5 to 5.0.

The number of detected earthquakes varies if we change the
criterion for the identification of an event as an earthquake.
For example, the number of earthquakes depends on the minimum
number of staions (Nmin) which <can detect the event as
illustrated in Fig. 5-11. About 30% of earthquakes with small
magnitude ( M = 1) were not commonly detected by 5 OBSs. However,
it can be seen that the events with magnitudes of greater than 2

are uniformly detected by the 1983 array.

5-5 Seismograms

An interesting feature of the seismograms recorded by most
of the OBSs is that the first arrival of a horizontal component
is delayed by 2 - 3 s compared with that of a vertical component
(Fig. 5-12). An unconsolidated ocean floor sediment contrasts
sharply in velocity with the oceanic crust. The nearly vertical
incidence of seismic rays due to the sharp velocity contrast

deprive us of a clear P-phase in the horizontal component. The
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late arrivals of the horizontal components can be interpreted as
P-to-S converted waves at the bottom of the sedimentary layer,
The velocity structure of the sedimentary layer is inferred from
refraction and/or reflection studies performed near the OBS
array. On the contrary, no clear delay of onset in the horizontal
component 1is found in seismograms recorded by OBS T1l1l (the 1980
array)  located on the Erimo Seamount, where the unconsolidated
sedimentary layer is quite thin (Fig. 5-13). Quite apart from the
delay of first arrival on the horizontal component, the delays of
arrivals of P- and S-waves due to the sedimentary layer are ;o
large that careful treatment is needed for locationg
earthquakes.

P-waves reflected at the sea surface were observed as later
phases by OBSs. P10 and P12 of the 1980 array, on the Northwet

Pacific Basin, recorded them clearly.
5-6 Estimation of epicentral distances from amplitude data

It is necessary to estimate epicentral distances of
earthquakes which can not be located from arrival time data; the
number of events that we can locate is only a tenth of the whole

events. As was discussed in 5-3, a magnitude M can be estimated

by a signal duration D as

M=a + a, JZOjD (5-8)

where aj; and a, arc constants. The magnitude M is also related to
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a maximum amplitude Amax in velocity and an epicentral distance 4

as

M = l°1QogAmo,x +b1ﬁ03'ﬂ + b3 , (5-9)

where b b, and by are constants (Watanabe, 1971). From Egs.

| R

(5-8) and (5-9), we obtain a formula,

,QogA = D +c ﬁojAmM b Ce (5-10)

where c,, ¢, and Cp are constants to be determined by using the
earthquakes whose A are knwon from the result of hypocenter
determination. However it is not easy to measure accurately the
maximum amplitude; signals with large amplitude are sometimes
saturated. Thus we use an integrated amplitude (A) during the
event instead of Amax to obtain information of signal amplitudes.
Furthermore, a long term average of signal amplitude at the
biginning of the event (LTA;) and that at the end of the events
(LTAl) are taken into account, because D depends on the level of
the background noise. As a result, we use the following relation
among 4 , D, A, LTA, and LTAé to estimate the epicentral distance

A3

ogh = Cr fog D +C's fog A +C g LTA, +Co By LTA {5 (571D
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C

where C’, 2 0

C3, Cg4 and Cs'are constants determined by using
earthquakes whose hypocenters are known from arrival time data:
D, A, LTAi and LTAz are measured from digitized records of
amplitide signals as shown in Fig. 5-14.

Coefficients in Eq. (5-11) are determined from the data
obtained in the 1983 experiment. An example is given in Fig.
5-15, where the estimated epicenfral distances by Eq. (5-11) are
compared with the epicentral distances which are calculated from
hypocenters determined by arrival time inversion, Figure 5-15
indicates that the relative error in the estimate is about 50 Z.

Figure 5-16 shows the distribution of earthquakes with the
epicentral distances determined by Eq. (5-15) with C/ = 2.6, Cz =
-1.0, C3 = 0.7, C# = 0.4 and CS'= 0.5. This diagram illustrates
that 807% of the total number of earthquakes detected by OBS S8 of
the 1983 array are located within 250 km from the OBS. As was

mentioned in 5-2, only 190 events were located from arrival time

data; the estimation of epicentral distances indicates that many

small events are ,focated in or near the array and only 157 of
o 4/7\' :

them can be(fgéiigd. Although the estimate involves a large error

in indivi@ual epicenteral distance, we can say that the pattern

of earthquake distribution shown in Fig. 5-16 gives a good

approximatilon to a real distribution pattern.

A

5-7 Discussion and conclusions

Gutenberg-Richter's formula is applicable to the occurrence
rate ol microearthquakes observed in the trench area at least for

events whose signal amplitude is greater than the backgound noise

\(.
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level., Each OBS of the arrays during 1980 - 1983 recorded 50-60
events per day and 20-30 events out of them were commonly
observed by several OBSs in the array. The data obtained by the
1983 array indicated 807 of the whole detected events occured in
or near the OBS arrays. The data also suggested that there were
many small events near the OBS; if we deploy OBSs much more
densely, we can determine the hypocenters of these small
earthquakes.

Our OBS arrays could detect microearthquakes whose magnitude
greater than 2 almost uniformly. The 1980 experiment suggests the
low seismic activity near the O0BSs P9 and P12 located on the

Northwest Pacific Basin.
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Fig.5-1 Number of detected events N versus SLR at the biginning
of event Ron. The ratio of Ron to SLR at the end of event is
fixed to be 1.5. The data are the same as in Fig. 3-12. Open

circles  show unumbers of all events detected by OBS T3 (1980).
Solid circles indicate those detected by T3 and at least one more
OBS. Open triangles are those by T3 and other four OBSs.
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Fig.5-6 Magnitude versus signal duration (F-P time) relation for
OBS stations of the 1982, M show magnitude determined by the land
network operated by RCEP, Hokkaido University.
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relation. M shows magnitude determined by the land
network operated by RCEP, lokkaido University. F-P time
is the same as measured from the rectified and low-pass
filterd signal as shown in Fig.Sy4Thirteen earthquakes
are recorded commonly by the OBS array and the land
network., Coefficients of the empirical relation for M
are determined by mean of lthe least squares method

(solid 1line).
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are band-pass filtered to pick a reliable first arrival with a good SNR. Both [iltered and unfiltered scismo-
grams arc shown. A clear onset of P arrival is scen on the vertical channels and that of' $ on a horizontal
channel. The first arrival phase on the horizontal component is an S-to-P converted wave due to a thick
unconsolidated sedimentary layer, which is denoted by PS. A P-wave once reflected from a sea surface is
also identified on the vertical channels of high frequency bands about 7 s after the first P arrival. (/380)
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F/j"g—/j An example of microcarthquakes near the Erimo Seamount recorded by T11. This OBS regis-
tered about 10 events per day which had S—P times shorter than a few seconds, suggesting active seis-
micity near the scamount, Of these events only two could be located. The cvent shown in the figure is
located at 40.96° N, 145.05° L%, just beneath the Erimo Seamount, with a focal depth of 8 km. Clear onsets
of P and § arrivals with high-frequency components are shown. No delay in the first arrival on the hori-
zontal channel suggests absence of thick unconsolidated sediment on the scamount. ¢/13%0)
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LTA, LTA,

ng‘ S- /4

(a) An example of a seismogram reproduced from an
analogue tape. (b) Rectified and low-pass filtered
signal of the same record as in (a). The signal, which
represents the wenvelope of the original waveform, is
digitized at a low sampling rate (10-15 Hz) for event
detection, The signal is judged as an event if the
STA/LTA exceeds a certain limit. Signal duration time
(D), maximum amplitude, integrated amplitude during the
event (A), LTA at the beginning of the event (LTAl) and

that at the end of the event (LTA2) are measured.
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log(A)=2.6l0og(D)—1.0l0g(A)+0.710og(LTA,)+0.410g(LTA>)
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F'g 5-15 Obseved

epicentral distance measured by the
hypocenter determination versus estimated epicentral
distance obtained by the relation between amplitude and
distance. Rough estimate with about 50 % from
amplitude and signal duration data tan be obatind from
the formula., Coefficients are determined from selected

22 data.
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5-/6 Number of events with respect to epicental
distance of evry 10 km., There are 1221 events which is
detected by S8 and at least one more OBS within 250 km
from S8. A shaded area indicate events detected by S8
and at least other four OBSs.The latter is about a half
of the former, which shows taht many small events near
S8 are not recorded by distant OBSs. The distances are
estimated from the relation shown in Fig. Note that
although individual distance has a large error, the
whole distribution of the number of events is
meaningfull enough to see the entir property of the

data.
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6 Spatial distribution of microearthquakes in the vicinity of

trenches

6-1 Application of the new method of hypocenter determination

A new method for 1locating local earthquakes from arrival
time data has been accomplished by applying the quasi-linear
inverse theory developed in chapter 4. Input data for the
inversion are arrival times of P-phases, initial guess of the
hypocenter and probable errors in the data and the initial
guess.

The arrival times of first P-phases are used for hypocenter
determination, When we determine the origin time of an event from

S-P  time data, we usually assume a ratio of % to V. It is well

VS .
known thalt the choice of VF/YS ratio affects not only estimations
of origin times but also those of focal depths. In the numerical
examples in 4-4, we demonstrated that the origin time and the
focal depth strongly correlates to each other especially in
under-determined case (Fig. 4-13). In the analysis of OBS data,
the S-wave velocity structure is not well defined because of a
thick unconsolidated sedimentary layer. To avoid the systematic
errors due to ambiguity in the S-wave velocity structure, we
often use only P-wave arrival time data for the location of
earthquakkes. This method may cause more numerical instability
than the method using both P- and S-wave data. The generalized
least-squares solution defined in chapter. 4 successfully removes

the numerical instability existing in the conventional

least-squares method by using a priori information about unknown
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parameters,

In our method, the initial value of origin time is estimated
from S-P times. The initial hypocenter is calculated by the
conventional least-squares method for theAestimated origin time-
Therefore, 1if the data set of P arrival times has not enough
resolving power, the final solution depends on the initial guess
which are estimated from P arrival times and S-P times. We can
evaluate how much the final solution depends on the initial guess
by the analysis of a total covariance matrix of estimate. It
should be noted that the S arrival time data affect the solution
only through initial guess of origin time. In this sense the
solution depends weakly on the S arrival time data.

Probable errors in the arrival time data are assumed as
follows; residuals between observed and calculated arrival times
are regarded as the sum of errors due to ambiguous onset of
arrivals, those due to fluctuations in TCG and those due to
discrepancies between a theoretical model and a real velocity
structure. The TCG may fluctuate within 0.05 s. Standard eorros
of 0.02 s, 0.1 s and 0.5 s were assigned to the reading errors of
onsets depending on quality of records. About 1 7 of travel time
for each seismic ray was assigned to the errors due to the
discrepancy in'the velocity structure. Errors in locations of OBS
stations are estimated about 0.2 km; the location of the ship
from which the OBS was launched was determined by the Navy
Navigation Satellite System with an accuracy of 0.1 n.m. Since
P-wave velocity is 4-8 km/s, these errors may contribute the
residuals by 0.05-0.02 s. As a whole, we usually assibned the

standard errror of (0.1-1.0 s to the arrival time data and
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constructed the covariance matrices @[)N]s in 4-2-3.
6-2 Velocity structure model for earthquake location

Usually oceanic crust 1s covered by a low velocify
sedimentary layer; the thickness of this layer may vary among OBS
sites. The velocity structure near the OBS arrays were
investigated by refraction and/or reflection surveys as was
mentioned in 2-3. Air-gun refraction surveys were conducted in
our experiment over most of OBS stations to obtain the local
structure beneath each OBS.

Combining these results with the results of former surveys,
we have chosen the velocity structure of profile 8 along 144°E in
Ludwig et al. (1966) as a standard velocity model for the 1980
array (Fig. 6-1). The deviation of actual velocity structure from
this standard model at each OBS site is calculated and added to
observed arrival times as station correction. The correction for
the sedimentary 1layer was done by using P-S converted phases
recorded on a horizontal component and seismic profiler records
by Murauchi et al. (1973). For the 1981 array, profile 7 along
143.5°E  in Ludwig et al. (1966) was chosen (Fig. 6-2). The
standard velocity model for the 1982 array is based on profile 4
in Asano et al. (1979) (Fig. 6-3). For the 1983 array the
standgrd model is constructed from results by Nishizawa et al.
(1984b) (Fig. ©6-4). These models have no discontinuity in
velocity and consist of flat "layers with constant velocity
gradient with depth as discussed in chapter 4.

In the trench area, the velocity structure of S-wave is not
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as well understood as that of P wave. We suppose a ratio VF/Vé to
be 2.76 in the sedimentary layer; this was obtained by the
analysis of the aftershocks of the 1978 Miyagi-oki earthquake
(Yamada, 1980). A W,/%) ratio of 1,73 is assumed for the deeper
part below the sedimentary layer. The assumption about S-wave

velocity structure is used only to estimate the initial guesss of

the origin time.

Y
(%

6-3 Analyses of errors in hypocenters by a to?gf variance

/

The number of OBSs that can record the/onsets of P-wave with

enough SNR changes event by event; sometimes the effective number
of arrival time data is less than t number of unknown
parameters. The sparse distribution of stations may introduce
errors due too poor resolution into the estimates of hypocenter

e

parameters.The generalized least-squares solution can evaluate a

proper confidence region forf the solution, even in the
under-determined case, by defining a total covariance matrix of
estimates. We examine the uncertainty of each estimated

hypocenter in terms of the total covariance matrix.

To determine how much estimates are resolved by the OBS
P-arrival time data, we calculate an error ellipse for each event
by Eq. (4-81) with ¢ = 1 as was described in 4-4. The error
ellipses for events in the 1980 through 1983 experiments are
illustrated in Figs., 6-5 through 6-8. The large error ellipses
show poorly resolved solutions which depend strongly on the
initial guesses based on P- and S-wave data. Those events whose

estimated probable errors do not fall below those of the initial
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hypocenters may have as much error 1in the westimations of
uncertainties as 1in the initial hypocenters. Such solutions are
not wused in detailed discussion, particularly on depths, because
the prior constraint on focal deptﬁ is extremely poor.

Figure 6-5 shows the error ellipses for hypocenters
determined by the 1980 array. Probable errors in the initial
guesses are assumed to be 5 s for origin times and 25 km for
epicenters. Depths are assumed to have errors of 50 % of their
own deplths for events deeper than 40 km or errors of 20 km for
those shallower than 40 km. Errors 1in arrival time data are
assigned as described in 6-1. Figure 6-5 shows that, in general;
nearly uniform detectability can be expected within the latitude
range of 39.5°-41.5°N and the longitude range of 1430—146.5°E.

The error ellipses for hypocenters determined by the 1981
array are shown Fig. 6-6; probable errors in the initial guesses
are assumed to be 5 s for origin times, 25 km for epicenters and
50 km for focal depths. The 1981 array has nearly uniform
detectability for events with maénitude greater than 2 in the
latitude range of 39°-41°N and the longitud range of 142°-
145.5°E. The error ellipses for hypocenters determined by the
1982 array are shown in Fig. 6-7; errors in the initial guesseé
are assumed to be the same as for the 1981 array. We can expect
that the 1982 array has nearly uniform detectability within the
latitude range of 40°-42,5°N and the longitude range of
141.5°-145°E. Figure 6-8 shows the error ellipses for hypocenters
determined by the 1983 array. The 1983 array is expected to have
nearly uniform detectability within the raﬁge of 40.5°-43°N and

143.5°-147°E. Errors in the initial guesses are assumed to be 0.3
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s for origin times, 25 km for epicenters and 50 km for focal

depth.
6-4 Epicentral distributions

Epicentral distributions determined from OBS data in the
series of experiments from 1980 through 1983 are shown in Figs.
6-9 through 6-12 with bathymetric features. Within the area where
the uniform detectability of events is expected, we can point out
the following features in the epicentral distribution; there are
seismic activities beneath the seaward trench wall and the
continental slope. The seaward activity is concentrated within
100 km of the trench axis and beneath the oceanic basin the
seismic activity is low. Although the landward activity widely
exists beneath the continental slope, +there 1is a gap in
seismicity beneath the inner trench wall; the seaward and

landward activities are separated by the gap.
6-4-1 Seismicity beneath the seaward trench wall

The 1980 OBS array located 65 earthquakes, which are shown
in Fig. 6-9. About a half of these events are located just
beneath or searward side of the trench axis. The seaward seismic
activity has an caslern boundary'along the edge of the seaward
wall of the trench. The eastern edge of activity coincides with
the isobath of 5500 m, where the western edge of the outer rise
of the trench lies. The 1980 arfay has almost wuniform

detectability wup to 146.5°E, as mentioned in 6-3. Hence we can
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conclude that the microearthquake activity seaward of the trench
axis 1s restrained beneath the seaward wall of the trench;
this region, the seismic activity beneath the oceanic basin»low.
The distribution of number of events with respect to number of
stations which detect the events as shown in Fig. 5-4 is
consistent with the epicentral distribution in Fig. 6-9; P9 and
P2, which were located on the Northwest Pacific Basin, delected
a small number ol events near these OBSs. Data obtained by the
1981 array also show the high seismicity beneath the seaward wall
of the Japan Trench (Fig. 6-10).

The 1983 array located microearthquakes on the both sides of
the axis of the Kuril Trench. The seaward activity in the Kuril
trench 1is also restrained beneath the outer trench wall and low

beneath the oceanic basin (Fig. 6-12).

6-4-2 Seismicity beneath the continental slope and low seismic

activity beneath the landward trench wall

Many earthquakes are located beneath the continental slope
by the 1980, 1981, 1982 and 1983 arrays. But no event is located
by the 1980 array beneath the area west of the trench axis
between isobaths of 6000 and 4000 m (Fig. 6-9); the area is
situated within the OBS array. This feature does not change even
if the errors in location are taken into consideration, as shown
in Fig. 6-5. l'he 1980 array observed high seismicity beneath the
western part of the continental slope at a water depth of less
than 4000 m and a gap in seismicity beneath the landward wall of

the Japan Trench at least during our observational period.
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The 1981 array located events beneath the continental slope
at a water depth of less than 3000 m (Fig. 6-10). OBS P10 of the
1981 array was 1located just on the landward wall of the Japan
Trench., S-P time distribution obtained at each OBS shows that OBS
P10 and Pl2 have observed relatively distant events as compared
with all the others (Fig. 6-13). Furthermore, records at P10 have
larger S-P times on average than those at P12. The smallest S-P
time clearly recorded by P10 was 5.8 s. Although S-wave arrivals
are delayed by the sedimentary layer, it is clear that the level
of the seismicity is very low near P10 of the 1981 array.

The area off Urakawa, Hokkaido, is the most active area in
seismicity beneath the continental slope at the junction of the
Japan Trench and the Kuril Trench. The 1982 array located many
microearthquakes around OBS Pl and P2. Most of them are
aftershocs of the 1982 Urakawa-oki earthquake on the coast 1iné
of the Urakawa. The seismicity is high beneath the western part
of the continental slope and low beneath the eastern part of the
slope. S-P time distributions also show that the level of
seismicity 1is low around P3 and P6. The S-P time distribution at
Pl shows prominent double peaks; the peak of 10 s cofresponds Lo
the steady state aclivity off Urakawa and the peak of 18 s to the
aftershocks of the 1982 Urakawa-oki earthquake.

Figure 6-12 shows the epicentral distribution determined by
the 1983 array. Generally speaking, beneath the deeper part of
the continental slope at water depth of 3000 to 6000 m, the
seismicity is low. In particular, no event was located in the
area with the water depth of 4000 - 6000 m; the seismicity gap

beneath the inner trench wall exists also in the Kuril Trench
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area, On the contrary, beneath the shallower part of the
continetal slope, some concentrated seismic activities are

detected near OBS SG, S8 and S9, which seems to be correlated

wilh oceanic canions; the most prominent one near the OBS array
vccured along the Frimo Canion located west of OBS SG.
It scems Lo exisl seaward seismic activity and seismicity

gap beneath the inner trench wall also in the northeast of the
1983 array. Directions of wave approaching and apparent
velocities show that one group of seismic signals with S=P time

of less than 30 s came from the direction of 40 6£> clog&wise

e

v
from the north and another group came from the direction of

70-80° (Fig. 6-15). The latter group corresponds to the seaward
seismic activity in the northeast region. Further, a gap (60-70°)
between these two group corresponds to the seismicity gap beneath

the inner wall of the Kuril Trench.
6-5 Focal depths

In order to confirm the depth distribution of
microearthquakes, it 1is necessary to select events which have
good accuracy in depth. Events having large error ellipses depend
strongly on the initial guess. Vertical <cross-sections of
hypocenter distribution obtained by the 1980 array are shown in
Fig. 6-16; these are viewed from S10W parallel to the trench axis
and from E10S perpendicular to the axis. There are 32 events on
this «cross-section. These hypocenters satisfy the condition that
the total standard error of the solution is less than 30 km for

epicenter and 20 km for depth, and residuals are within 0.5 s for
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P-wave arrival times and 5 s for :S-P times. Most of the selected
events have residuals within 0.2 s for P arrival times and 2.0 s
fér S-P times. Figure 6-16 shows clearly that earthquakes beneath
the seaward wall of the trench occur within the depth of a few
tens kilometers and that foci start to deepen westward exactly at
the trench axis, with . a very 1low dip angle; microseismicity
beneath the trench area 1is concentrated only in the shallower
part of the oceanic lithosphere.

Figure 6-17 shows the depth distribution of microearthquakes
determined by the 1981 OBS array.’OBS data show that earthquakes
occur 1in the uppermost oceanic lithosphére. It is seen from this
cross-section that there are two separate zones of seismicity.
The first one is seismic activity beneath the seaward and/or the
trench axis, which extends from 30 to 60 km in depth. The second
zone 1is a shallower extension of the double structured seismic
zone, The hypocenters are concentrated in that part shallower
than 50 km, which forms a seismic zone dipping landward with a
very low angle. This can be regarded as the shallower extension
of the wupper plane of the double structured seismic zone. The
1981 OBS array located no event which was situated in a shallower
extension of the lower plane beneath the array.

There 1is a little difference in depth distribution between
the two results obtained from the 1980 data and the 1981 data
(Figs. 6-17 and 6-18); for events located westward of the trench
axis, the location determined by the 1980 array is systematically
deeper than that by the 1981 array by about 10km. This
discrepancy arises from the geometry of each array relative to

events considered. Beneath the continental slope,‘the focal depth
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distribution obtained from the 1981 data gives more reliable
result than that from the 1980 data, because most part of‘the
area is covered by not the 1980 but the 1981 array. Comparing
these results, the focal depths determined by the 1980 array
should be shifted shallower by about 10 km in the landward area.
On the contrary, the depth distributions just beneath the trench
axis agree with each other because the area is covered by both
the 1980 and the 1981 array. In the area seaward of the trench,
the focal depth obtained from the 1980 data gives more reliable
results thgigythat from the 1981 data.

Figure 6-18 shows a depth distribution beneath the Kuril
Tfench from data obtained by the 1983 observation. Selected
hypocenters with good accuracy are projected on a plane
approximately perpendicular to the strike of the Kuril Trench,
The distribution is similar to that beneath the Japan Trench; the
activity searward of the trench occurs from 0 to 30 km in depth
and the activity westward of the trench forms a distribution
dipping landward with a 1low angle. However, it is to be noted
that the foci of the landward activity are slightly deeper as
compared with those beneath the Japan Trench.

The apparent velocities for the events detected by the 1983
array are consistent with the results~ by the hypocenter
determination (Fig. 6-15); the P-wave incomomg from the direction
of between 120° and 170° to the tripartite OBSs of SE, S11 and
S12 have an apparent velocity of about 6.5 km/s. The apparent
velocity and the directions of waves approaching mean that the
seaward seismic activity occurs in an oceanic crust or a very

shallow portion of the oceanic lithospher.
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F? 6 - / An adopted P-wave velocity model for hypocentre locations based on a velocity structure derived
from refraction profile 8 in Ludwig et al. (1966). The original model for profile 8 is indicated by a broken
line. The position of the profile is indicated in Fig.  The assumed model consists of five flat layers
having a constant velocity gradient without velocity discontinuity. The difference in thickness of the sedi-
mentary layer among OBS sites is taken into account by applying appropriate station corrections to arrival
time data.

139
F/“g‘ 6~/



VELOCITY
2 4 b 8 kmy/s
!

; : r 0

ASSUMED
MODEL

; |
R PROFILE 7 N
|

--——- PROFILE 7 S

- o o

r“'
|
DEPTH

130 km

F79 6-2 An adopted P-wave velocity model for hypoécmcr location, which is based on a velocity structure
derived from refraction profile 7 in Ludwig et al. (1966). The original model for the north end of profile 7
and the south end are displayed. The position of the profile is shown in Fig.  The assumed model
consists of seven flat layers having a constant velocity gradient without velocity discontinuity. The
difference in thickness of the sedimentary layer among OBS sites is taken into account by applying
appropriate station corrections to arrival time data.
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Fig.6-3 An adopted P-wave velocity structure model for hypocenter
location. The model is derived from refraction profile 4 in Asano
et al. (1979) and profile 7 in Ludwig et al. (1966).
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Fig.6-4 An adopted,P-wave velocity structure model for hypocenter
location. The model is derived from Nishizawa et al. (1984b).
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_F{g 6 2 A horizontal section and vertical seclions indicaling errors in estimated hypocentres. Dimensions
of cllipses represent standard deviations of solutions. The resolution of the OBS array to locate cvents is
taken into account in the procedure for evaluating errors in estimation. Within or nearby the OBS array,
errors in solutions are smatl compared with those far away from the OBS array. Events with a large cllipse
ncar the array are located by a small number of OBS stations. The OBS array has a spatially uniform
capability of carthquake location within the latitude range of 39.5°—-41.5°N and the longitude range of
143°~146.5°L;, a total of over 300 km covering both sides of the trench axis. Within this area the loca-
tions of evenls are accurate enough to show patterns of seismicity. /757
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Fig.6-6 A horizontal section and vertical sections indicating

errors in hypocenters determined by the 1981 OBS array.

Dimensions of ellipses represent one standard errors of
solutions.
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Fig.6-7 A horizontal section and a vertical section indicating
errors in hypocenters determined by the 1982 O0OBS array.

Dimensions of ellipses represent one standard errors of
solutions.
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F;g 6 ? Hypocentres located by the OBS array. Open squares represent the positions of OBSs. A bathy-
metric feature is indicated by isobaths in metres. Active seismicity beneath the seaward trench wall is
shown. The seaward activity is concentrated within the area deeper than 5500 m. No event is located
within the area surrounded by the four western OBSs with sea depth between 4000 and 6000 m. (/ 980)



Fig- 6-/0 Epicenters located by the 1981 OBS array (solid

circles). Positions of O0OBSs are shown by crosses. A
bathymetric feature is indicated by isobaths in
kilometers. Seismic activities exist on the both sides
of the trench axis. No event is located beneath the

inner trench wall with water depth of between 3 and 6 km.
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Fig.6-11 Epicenters located by the 1982 OBS array (solid
circles). Positions of OBSs are shown by crosses.
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#g- 6-1/2 Correlation between epicentral distribution and

bathymetry.Beneath the outer trench wall with water
depth of greater than 5500m, there 1is a prominent
shallow activity, while =seismic activity beneath the
northwest pacific basin is very low. The seismicity gap
exists beneath the inner trench wall with a water depth
of between 4000 m and 6000 m, which has been found in
the Japan Trench area off the Sanriku Coast. Some
concentrated activities are seen near OBSs(SG, S8 and
S9), which seems to be correlated with oceanic

canions.
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F’:‘g. 6-13 Histograms of S-P times recorded by OBSs operated
in 1981, positions of which are shown in Fig.2-4 A S-P
time distribution at O0BS P10 shows relatively low
seismicity near this station which 1is located on the
inner wall of the Japan Trench. The smallest S-P time
recorded by P10 was 5.8 s. Recording period of each O0OBS

" is listed in Table 2-3.
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Fig.6-14 Histgrams of S-P times recorded by OBSs operated in
1982, positions of which are shown in Fig. 2-7. S-P time
distributions at OBSs P3 and P6 show relatively low seismicity
near these stations,
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1983 KURIL TRENCH o° SE-S11-S12

270°

Fig. 6-15

Distribution of direction of wave approaching and
apparent velocity measured by the three OBSs (SE,S1ll
and S12). Directions are measured clockwise from the
north, Note that a gap between 60°and 70°cormsponds té
the inner trench gap beneath the Kuril Trench. Seaward
activity plotted between 120° and 170°shows apparent
velocity of about 6,5 km/s, which means these events
exist inaveryshallow portion of the oceanic lithospher or

the oceanic crust.
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7 Discussion

7-1 High seismicity beneath the seaward trench wall and low

seismicity heneath the oceanic basin

Obscrvations by the 1980 and the 1981 OBS arrays have
revealed high seismic activity beneath the outer wall of the
Japan Trench and low seismic activity beneath the oceanic basin
(Fig. 7-1). Seismicity detected by the land network over the past
several years also indicates high seismicity beneath the seaward
wall and low seismicity beneath the Northwest Pacific Basin
(OCEP, Tohoku University, personal communication). However, the
observations by the land network are not sufficiently sensitive
to determine a definite ©boundary between the area with higﬁ
seismicity and that with low seismicity. Past OBS observations in
the Japan Trench area (Nagmo et al., 1970a, 1970b, 1976) are also
in agreement with our results.

The epicentral distribution obtained from the 1982 and the
1983 OBS data is illustrated in Fig. 7-2; it clearly shows high
seismicity seaward of the trench axis in the southernmost part of
the Kuril Trench. In the area northeast of the 1983 array near
(42.49N, 148°E), seismic activity seaward of the trench axis
seems to be high. This is also indicated from the analysis of the
direction of wave approaching (Fig. 6-15). In the southernmost
part of the Kuril Trench, the seaward seismicity is concentrated
in the area beneath the seaward trench wall and just beneath the
axis; the seismicity is low beneath the oceanic basin. Nishizawa

et al. (1984b) pointed out that S-P time distributions at an OBS
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array, which was deployed in the same area as in our 1983 OBS
array just before the 1983 eiperiment; clearly show the low
seismicity beneath the oceanic basin. One of their OBSs was
located more than 150 km seaward from the trench axis and it
detected no event with S-P time of less than 10 s, while OBSs
located on the seaward trench wall detected many microearthquake
near these OBSs. Kasahara and Harvey (1976) reported 1low
seismicity beneath the outer wall of the Kuril Trench. They
deployed a single OBS at a point of (41.415°N, 146.417°E); our
result (Fig. 7-2) shows the low seismicity in this area. The area
of low seismicity is corresponds with the area which was referred
to as Ic by Suzuki et al. (1981); they pointed out that the
offshore part of 1Ic is low in seismicity as compared with
adjacent areas. These results suggest variation in seismicity
along the trench,

In the Central Alutians, similarly, a high seismic activity
on the outer trench slope has been reported from OBS measurements
by Frolich et al. (1980,1982).

Asada and Shimamura (19715, 1974, 1976) reported low
seismicity seaward of the Kuril Trench, the Bonin Trench (the
Western VPacilic) and the Mariana Basin. They used S-P times of
earthquakes recorded by OBSs on the oceanic basins. Although
their instruments were sensitive enough to detect events with
magnitudes less than -1 at distances of up to 100 km, no
earthquake was detected in the area seaward of the trenches.
Nagumo et al. (1976) also reported low seismicity in the Mariana
Basin area. All of these studies suggest low seismicity in the

areas at least 200 km seaward of the trench axis. However, the
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OBSs wused in these studies were too widely separated from trench
axes to resolve the definite boundary between the seismically
active region and the quiet regioﬁ. Therefore we cannot conclude
from their results that the high sismicity beneath the seaward
trench wall does not exist in the Kuril Trench area, the Bonin

Trench area and the Mariana area.
7-2 Focal depth distribution beneath the trench area

Figure 7-3 shows a vertical section of seismicity across the
Japan Trench determined by the OCEP 1land network (Tohoku
University). For this network, Ishii and Takagi (1978) has
pointed out that the detectability and the accuracy of
hypocenter, especially focal depths, are poor beneath the trencﬁ
area., Within this 1limitation, Haswgawa et al. (1978a, 1978c)
predicted that the actual seismicity would extend down to at
least 70 km, from the analysis of apparent velocities and of
waves incoming at the Kitakami seismic array of Tohoku
University.

Our results demonstrate that the earthquakes are distributed
dwon to 30 km depth beneath the seaward trench wail and down to
50 km depth just beneath the trench axis. Therefore, the
scattered activity beneath the trench area determined by the land
network must be an artificial feature due to its limited power of
resolution.

From long-range refraction experiments and apparent velocity
measurements by OBSs, a two-layered structure of the oceanic

lithosphere with a total thickness of about 80 km is derived for
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the West Pacific (Asada and Shimamura, 1976; Shimamura and Asada,
1976). Although the existencé bf velocity anisotropy makes it
difficult to westimate the thickness of the lithosphere, recent
results indicate that the total thickness may be greater than 80
km (Shimamura et al,, 1983). The subducting plate beneath tLhe
Japan Trench region 1is estimated by a study of travel-time
residuals [for deep earthquakes 'and found to be a two—layeréd
structure about 120 km thick (Suyehiro aﬁd Sacks, 1979). The
concentration of microearthquakes in the upper part of the
oceanic lithosphere is consistent with the idea that earthquakés
occurring beneath the trench are due to the bending of the
oceanic plate, which «consists o0f a brittle upper layer and a
ductile lower layer (Chapple and Forsyth, 1979).

Focal depths of microerthquakes under the continental slope

start to deepen westward, with a very low dip angle of less than

10°. A vertical cross-sectoion of hypocenter distribution
obtained by the 1980 and the 1981 experiment is shown in Fig.
7-6, where the shallower extension of the double seismic zone

determined from OCEP land network data (Hasegawa et al., 1983) is
aléo illustrated. It can be seen that the landward seismic
'activity beneath the 1981 OBS array is a shallower extension of
the upper plane of the double seismic zone. On the other hand;
the seismic activity corresponding to the lower plane has not
observed beneath the 1981 array. From the land observation the
lower plane exists up to 75 km in depth and 142.,5°E in longitude
at a latitude of about 40°N (Hasegawa et al., 1983). This is
concordant with our results obtained from OBS data.

In the Kuril Trench area, the landward seismicity observed
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by the OBS array seems to be a shallower extension of the lower
plane as shown in l'ig. 7-5, where both hypocenters determined by
the OBS array and those by the land seismic network (Suzuki et
al.,1983) are illustrated. The difference in depth of landward
seismicity between the Japan Trench area and the Kuril Trench
area may correspond to the difference in activity between the
upper and the lower seismic plane in these areas; it has been
pointed out that the upper plane is more active in the Tohoku
District and the lower in the Hokkaido District (Suzuki et al.,
1983).

Teleseismic hypocenter determinations wusing pP-P times
indicate very shallow seismicity near the trench axis (Yosh}zi_‘
1979; Seno and Pongsawat, 1981; Kawakatsu and Seno, 1983). To get
reliable results in focal depth, they omitted many events with
magnitude 1less than 4 from the original seismic section based on
ISC parameters. The microseismicity investigated in the present
stﬁdy indicates that small events with magnitude range of 1-4 are
also <concentrated within the shallower part of the oceanic

lithosphere.
7-3 Seismicity gap beneath the inner trench walls

Both results obtained from the 1980 and the 1981 OBS data
show a low seismicity beneath the inner wall of the Japan Trench.
Although each observational period of these experiments was about
two weeks, the general agreement of the two observational results
strongly suggests the existence of a seismicity gap beneath the

inner wall of the Japan Trench. The 1983 observation also shows
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the existence of a seismicity gap in the Kuril Trench.

The seismicity gap has not been clearly seen from the local
network of seismic stations on land. The detectability of the
local 1land network is low in the vicinity of the trench axis
(Hasegawa et al., 1978b; Ishii and Takagi,‘1978) and also a
lateral heterogeneity of the uppermost mantle beneath the sea and
the land area causes a systematic bias in hypocenter
determination (Utsu, 1967; Suzuki, 1975; Yoshii et al., 1981;
Yamamoto and Kono, 1982).

From teleseismic observations, the seismicity gap has not
been identified 1in the trench areas of the present study. There
are small number ol events whose hypocenters are determined with
enough accuracy to discuss the seismicity in detail, although the
seismici activity seems low béneath the inner trench wall
(Yoshii, 1979). Past OBS observation in the Japan Trench area
(Nagumo et al., 1976; Kqéé ara et al., 1982) also suggest high
seismicity near the tren h\\and low seismicity below the inner

h

A seismicity gap beneath the inner trench wall has been

trench wall,

found by OBS observations in the Central Aleutians (Frohlich et
al., 1982). 1In the Northern Ryukyu Trench (Suyehiro et al.,
1982), the FEastern Aleutians (Lawton et al., 1982) and the New
Hebrides (Coudet et al., 1981; Chen et al., 1982), the existence
of a seismically quiet area beneath the inner trench wall was
suggested., These observational results suggest the possibility
that the seismicity gap beneath the inner trench wall is a
general feature in an island-arc trench system. Its origin may be

related to the bending and unbending of the oceanic plate; the
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€
bending stress is low W(?ath the inner trench wall ( Chapple and
Forsyth, 1979; Bodine et al., 1981; Frohlich et al., 1982). Chen
et al. (1982) have tried to explane the seismicity beneath the
inner trench walls in terms of the accreated wedge made Bj///'éi
sediments. As far as 1in a shallow part of the lithosphe;(/;he
seismicity gap may be explained by the high water content and low
strength of unconsolidated sediments. Further%)investigations by
OBS observations are needed to confirm the seismicity gap in
various trenches and to clarify the relation between the gap and

the tectonic circumstances such as stress state,
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Fig. 7-1 Epicentral distribution constructed by combimnf
data obtained in 1980 and those in 1981. Solid circles
show events located by the 1980 data and solid squares
show those by the 1981 data. Positions of OBSS are
represented by open squares (1980) and crosses with a
numeral (1981). Beneath the inner trench wall, which
was indicatéﬂ by a shaded area with a water depth of
between 4000 and 6000 m, no events were located also in

the Japan Trench area,
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Fig.7-2 Epicentral distribution constructed by combining data
obtained in 1982 and those in 1983. Solid squares show
earthquakes located by the 1982 array and solid circles show
those by the 1983 array. Positions of OBSs are shown by open

squares (the 1982 array) and open triangles (the 1983 array).
Isobaths are in kilometers.
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axis, determination by the land observtion is

largely scattered with depth down to 100 km. OBS data
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Combined vertical seismicity section constructed

from events located by 1980 data and those by 1981 data.

The cross-section is striking 10°clockwise from E to W at

about 40° N and is perpendicular to the trench axis,

position of which 1is indicated by a solid triangle.

Circles indicate events located by the 1980 array. Solid

squares show well-determined events by the 1981 data.
Events with a standard deviation of the solution of less
than 10 km for a epicenter and 15 km for a depth are
plotted. Shadows indicate the position of a double
seismic zone which 1is estimated from studies by land
observations. An inner trench wall gap of seismicity
separates the seaward activity from the shallower

extension of the double seismic zone.

168



8 Conclusions

To investigate seismicity in trench areas, a series of OBS
experiments was caried out near the Japan Trench and the Kuril
Trench in 1980, 1981, 1982 and 1983. The observational period in
each experiment is 10-30 days. Continuous records of about 15,000

hours 'in total were obtained. To process the large amount of

"
data, a play-back system for OBS recor was developed; the

system wutilizes a mini-computer equipéd with a high speed

analogue to digital convertor. This system enables us to obtain'

digital waveform data in a well organizedvfb;aét, from which we
produce arrival time data for loceéﬁé’earthquakes. A new method
of arrival time inversion for locationg earthquakes was developed
on the basis of the quasi-linear inverse theory. In this theory,
a new solution to the least-squares problem is defined by using a
priori information about g&b&ﬁﬁiparameters.

About 50 microearthquakes were detected by each OBS per day.
Out of these events 5-10 earthquakes per day were located in and
around the OBS array by using the newly developed method of
hypocenter determination. Common features in hypocenter
distribution were found in the Japan Trench area and the Kuril
Trench area. The first of them is high seismic activity beneath
the seaward trench wall. The activity has an eastern boundary
along the edge of the seaward trench wall. The eastern edge of
activity coincides with an isobath of 5,500 m, where the western
edge of the outer rise of the trench lies. Second, beneath the
oceanic basin seaward of the “edge, the seismicity is low; no

detectable event with magnitude greater than 2 was observed,
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Third, there 1is a seismicity gapAbeneath the inner trench wall,

while the seismiciy 1is high beneath the continental Slope.

Fourth, the microcarthquakes beneath the seaward trench wall are
distributed from O to 30 km in depth and just beneath the trench
axis they are from O to 50 km., Fifth, the microearthquakés

beneath the <continental slope form a seismic zone dipping
landward with a low dip angle of less than 10°; the landward

seismicity obtained from OBS data seems to be a shallower
extension of the upper plane of the double structured seismic
zone 1in the Japan Trench area andbthat of the lower plane in tﬁe
Kuril Trench area.

Thus we conclude that the seismicity widely scattered in the
entire lithosphere 1is an apparent feature due to the limited
resolution capability of the land network; microearthquakes are
concentrated only in the upper part of the oceanic lithosphe9{<3l’
The spatial distribution of microearthquakes found in the Japan
Trench area and the Kuril Trench area is similar to that found in
the Central Alutians. Since the high seismic activity beneath the
seaward trench wall and the seismicity gap beneath the inner
trench wall are suggested 1in other trenches, the hypocenter
distribution obtained in the present study may be related to the
physical properties and the stress state of the subducting

oceanic lithosphere in the vicinity of the trench.
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