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Abstract

Microearthquake seismograms recorded by the stations in the
earthquake swarm area near Ashio on the westren border of Tochigi
Prefecture, Central Japan, frequently have two sharp phases follow-
ing the direct S-wave. They were identified as near vertical S to P-
wave (S;P) and S to S-wave (S.S) reflections from an unusual deep
crustal discontinuity. Reflection points calculated on the basis of
hypocentral coordinates in combination with the traval time data of
the reflections were mapped with contour lines of a 1km interval.
The discontinuity was estimated to have a depth of about 14km
beneath Ashio dipping southeastward with considerable local irregu-
larities. The ratio of observed amplitudes of S.P to S.S varies
from 0.045 to 0.34 for the incident angle of less than 23°. The theo-
retical amplitude ratio of the reflections agrees well with the observa-
tional results when the S-wave velocity decreases from 3.35km/sec to
0.00 km/sec across the discontinuity. A horizontal extension of the
unusual discontinuity strikes in a NE-SW direction along the general
trend of the volcanic front in the area. It is suggested from the
analysis that the discontinuity is underlain by a material of very low
rigidity and the existence of an extensive magma body may be a
plausible explanation of the reflections.
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1. Introduction

Most earthquakes near Ashio, Tochigi Prefecture in the northern Kanto
district, have occurred in swarm as found by temporary microearthquake
observations (KAMINUMA et al., 1970 ; SUZUKI and KAMEYAMA, 1972 ; SU-
ZUKI et al., 1973). The local activity in the area is one of the typical
examples of earthquake swarms occurring in and around the geothermal
or volcanic zones extending from the northern part of Tochigi Prefecture
to Fukushima Prefecture, Northeastern Japan (SEKIYA, 1973). Earthquakes
occurring near Ashio mostly have a magnitude M of less than 3.0 and no
earthquakes with a M of more than 5.0 have been experienced in the area
for decades.

Microearthquake observations with a local tripartite network from
August, 1972 to March, 1973 disclosed very shallow microearthquakes dis-
tributed with a linear arrangement trending in a NE-SW direction (OGINO,
1974). In addition to the characteristic mode of epicentral distribution, it
was noted that the nearby earthquakes of the S minus P time of less
than 1.5 sec frequently produced two sharp arrivals following the direct
S by about 2.5-3.0 sec and 4.5-5.0 sec, respectively. These phases were
identified to be near vertical S to P-wave (S,P) and S to S-wave (S,S)
reflections from the deep crustal discontinuity at a depth of about 14-17
km. Ratios of S,P to S,S amplitudes in conjunction with the plane-wave
reflection theory suggested the existence of a zone of very low rigidity
beneath the discontinuity (MIZOUE, 1980).

Near vertical crustal reflections registered on microearthquake seis-
mograms in the Rio Grande rift, Socorro, New Mexico, were interpreted
as evidence of the unusual discontinuity underlain by magma body at a
depth of about 19 km (SANFORD and LONG, 1965; SANFORD et al., 1973,
1977 ; RINEHART and SANFORD 1981). The first full-scale application of
the VIBROSEIS profiling technique to a specific geological problem was
initiated in the Rio Grande rift near Socorro in 1975 (OLIVER and KAUF-
MAN, 1976 ; SCHILT et al, 1979; BROWN et al.,, 1980). The result of the
surveys corresponds in depth and dip to the unusual discontinuity related
to the magma body as inferred from the microearthquake reflections.

An extensive study of the crustal reflections from microearthquakes
was made in this paper in comparison with the results obtained in the
Rio Grande rift. A temporary telemetering network system with a
centralized recording unit was introduced for a precise time markings of
seismograms to improve the accuracy of arrival time measurements of
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the direct and the reflected waves. A network consisting of four stations
was operated for the period from November 1981 to March 1982 and more
than 150 microearthquakes were detected in the area near Ashio. The
hypocentral determination for the events detected at more than three
stations gave a detailed pattern of microearthquake distribution in the
area.

The arrival times of high precision for the reflections were analysed
in combination with the hypocentral coordinates to determine the depths
of the unusual discontinuity related to the reflections. The discontinuity
was estimated to have a depth of about 14 km beneath Ashio dipping
southeastward with considerable local irregularity. Physical properties
of the discontinuity were reexamined on the basis of the newly obtained
amplitude data. It was concluded from the study that the reflections
observed in the vicidity of Ashio could be attributed to the existence of
an unusual discontinuity underlain by a material of very low rigidity.
The seismological evidence seems to be coincidental with that obtained in
the Rio Grande rift for an extensive sill shaped magma body, though
detailed discussions should be reserved for future studies.

2. Network system for microearthquake observation

A temporary microearthquake observation network was set up in the
Ashio area in November 1981. The seismograph network covered an area
1,
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Fig. 1. Overall frequency characteristics of the short period
seismographs used.
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Fig. 2. Location of telemetering seismographic stations for temporary microearthquake
observation in the area near Ashio, the northern Kanto district.

of about 5X6 km* with four telemetering stations of short period seismo-
graphs. The magnification of the seismographs at the stations is given
in Fig. 1. The location of the stations is shown in Fig. 2. The Nikko
station (NIK) is one of the permanent stations of the regional network
covering the Kanto district (Fig. 3) directly linked to the central station
of E.R.I. (Earthquake Research Institute, Tokyo University) in Tokyo.
Each of the stations has a radio or telephone linked line to transmit
seismic waveform data at the rate of 9.6 Kbits/sec. The output of a
seismograph is sampled at the rate of 120 samples/sec for 10 bits/sample
and transmitted to the central station on real time base with a PCM code.
A signal of a 10 bits/sample is converted to a compressed form of 8 bits/
sample to increase the number of channels to be transmitted by a line.
The compressed form of data is converted to the original form of a 10
bits/sample when recieved at the central station. The radio linked line
used for the NIK station has a transmitting capacity of 9.6 Kbits/sec,
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Fig. 3. Location of the permanent seismographic stations for microearihquake obser-
vation in the Kanto district operated by E.R.I.

which is equivalent to a capacity for transmitting 8 channeled seismic
signals at a time. The NIK station is equipped with three component
short period seismographs. Four channeled seismic wave signals, i.e., the
three component high gain and one component low gain signals are con-
tinuously transmitted to the central station by a radio linked line. The
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Fig. 4. Outline of the telemetering network system linking the temporary stations
of Ginzandaira (GIN-1), Mukouchi (MKU) and Uchinokomori (UHK) with the
central recieving station of E.R.I. in Tokyo through the permanent station NIK.

other four channels are left for temporary observations by setting up a
local network in the area surrounding NIK. Both of the signals from
NIK as well as from temporary stations can be recieved at the central
station through the line from NIK.

A portable type of FM telemetering system has been developed to
link the temporary stations with the key station NIK. A vertical com-
ponent seismograph was installed at the Uchinokomori (UHK) and Miko-
uchi (MKU) stations and a vertical and horizontal component seismographs
were installed at the Ginzandaira (GIN-1) station. The 8 channeled
signals of the temporary network transmitted from NIK were fed into
the automatic earthquake data processing system at the central station
to detect and locate microearthquakes. The outline of the telemetering
network system used for the present study is shown in Fig. 4.

The temporary local network covered the area of the earthquake
swarm activity on the west bank of the Watarase river flowing along
the western border of the Ashio mountain block. Though the network
was relatively short spanned compared with the entire area of the swam
activity on the border of Tochigi and Gunnma Prefectures, earthquakes
with a M of larger than 1.5 in the area of about 20X 30 km? near Ashio
were located by the network with the error of less than 2 km.

3. Microearthquake distribution

No remarkable earthquakes with a 3/ of more than 5.0 have been
registered by J.M.A. (Japan Meteorological Agency) on the border of
Tochigi and Gunma Prefectures except the Imaichi Earthquake of 1949
in the western part of the swarm area. Distribution of microearthquakes
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in and around Tochigi Prefecture with focal depths of less than 50 km
for the period from September 1980 to October 1981 is shown in Fig. 5
with an indication of the epicenter of the Imaichi Earthquake of 1949.
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Fig. 5. Distribution of microearthquakes in and around Tochigi Prefecture with focal
depths of less than 50km for the period from September 1980 to October 1981
with an indication of the epicenter of the Imaichi Earthquake of 1949 (6.4,
M6.7) by a cross.
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Fig. 6. Daily number of microearthquakes in the S minus P time of less than
3.0 sec at Kobugahara station (KOB). (after Karakama, personal communication)

A characteristic variation of the swarm activity with time in the Ashio
mountain block has been continuously monitored at the Kobugahara station
(KOB) by a helical drum record since January 1975. As shown in Fig. 6,
the daily number of microearthquakes in the range of an S-P time of
less than 3.0 sec at KOB is usually less than 20. When there was an
occasional burst type of activity, the daily number of quakes became
more than 100. The areal extension of the swarm activity was outlined
by the routine network observation of microearthquakes in the Kanto
district. With a distinect separation from surrounding activities, the
swarm activity occupies the area of about 20x30km® For routine ob-
servations, the stations are too sparsely distributed to study the detailed
structure of seismicity within the swarm area. By means of a temporary
tripartite network observation near Ashio from August 1972 to March 1973
(F'ig. 10), a cluster of microearthquake epicenters was found along the east
bank of the Watarase river flowing through the Ashio area trending in
a NE-SW direction (OGINO, 1974). At each station, seismic signals were
recorded by a short period vertical component seismograph on a helical
drum recorder with a paper speed of 4 mm/sec. Hypocenters were cal-
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culated by using the S minus P time instead of the P arrival time, be-
cause the standard time signals were missing for most of the events
observed. Unclear onsets of S arrivals resulted in inaccurate S minus P
times and, consequently, unreliable hypocentral determination.

In oder to make an extensive study on the reflections near Ashio with
more accurate data, a telemetering network system was introduced as
described in the previous section. Nearly 80 microearthquakes were located
in the period from November 1981 to March 1982 as shown in Fig. 7.
Several epicentral groups were detected by the hypocentral determination
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Fig. 8. Epicentral groups of A, ~, G (upper figure) and the corresponding vertical
cross sectional profile ofhypocentral distribution (lower figure).
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from the precise arrival times of the P and S waves obtained from the
reproduced strip chart records with a paper speed of 20 mmy/sec.

About 12km west of Ashio, earthquake swarm activities were found
in three separate areas of about 2X2km® on the border of Tochigi and
Gunma Prefectures as designated by A, B and C in Fig. 8. Along the
east bank of the Watarase river, a remarkable swarm activity was found
to have a linear alignment of epicentral distribution trending in a NNE-
SSW direction with concentrated epicenters in the two small areas of D
and E as shown in Fig. 8. The characteristic distribution of epicenters
well agreed with the trace of the Uchinokomori fault in the Ashio moun-
tain block (THE RESEARCH GROUP FOR ACTIVE FAULTS OF JAPAN, 1980).
A composite fault plane solution for the earthquakes located in the fault
zone was obtained by superimposing the data of the initial motion of the P
waves of individual events. As shown in Fig. 9, the fault plane solution
suggested a reverse type faulting with strike in the direction of about N28°E.
When the upheaval of the western block of the fault relative to the
eastern block is then assumed based on geological and geomorphological
evidence (THE RESEARCH GROUP FOR ACTIVE FAULTS OF JAPAN, 1980), the
dip of the fault should be taken as about 35°. In addition to the major
pattern of seismic activity on the Uchinokomori fault, a minor epicentral
group of F, as shown in Fig. 8, was found on the trace of the active
fault QQ in Fig. 7 running parallel to the Uchinokomori fault. About

Strike N28E
pip 59

S © DOWN

Fig. 9. Composite fault plane solution obtained from the
P wave data of the microearthquakes located along
the trace of the Uchinokomori fault (Equal area projec-
tion for the upper hemisphere).
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10km ESE of Ashio, a concentrated epicentral patch G was found to
occupy the area with a diameter of less than 2 km.

A profile of the vertical cross section of earthquake distribution for
the map in the upper figure of Fig. 8 is shown in the lower figure of
Fig. 8. Though the focal depths have a considerable variation for each
epicentral groups of A, ~G, they are not deeper than 8.5 km. The abrupt
disappearance of seismic activity at the very shallow depth of 8.5 km may
be related to some geophysical environment preventing the occurrence of
earthquakes in the deeper parts of the earth’s crust. It would be worth
while to mention in this connection that the seismic activity near Ashio is
one of the earthquake swarms in and around the geothermal or volcanic
zones extending from northern Tochigi Prefecture to northern Fukushima
Prefecture, as shown in Fig. 20 (SEIKA, 1973). An abnormally high
temperature within the earth’s crust in the volcanic zones may be a cause
for the extremely shallow origin of the swarm activity near Ashio.

4. Characteristic features of the reflections of S,P and S,S

A preliminary travel time analysis of the crustal reflections in the
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vicinity of Ashio, the northern Kanto district, operated in the period from
August 1972 to March 19738 (after OGINO, 1974).
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Fig. 11. Portions of helical drum seismograms for the vertical component at a
paper speed of 4 mm/sec recorded at GIN. The reflections are designated as
SzP and S.S.
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area near Ashio was made based on the data obtained by the microear-
thquake observation at the three stations of GIN (Ginzandaira), TNH
(Tanohata) and KOB (Kobugahara) from August 1972 to March 1973, as
shown in Fig. 10 (OGINO, 1974 ; MIZOUE, 1980). At the station of GIN,
two sharp phases following the direct S wave by 2.5-3.0 sec and 4.5-5.0
sec were registered on the helical drum record in the S minus P time
range of 0.9-1.5 sec. Portions of the helical drum seismograms of micro-
earthquakes at the station are shown in Fig. 11. The seismic wave phases
of similar type were detected at the stations of TNH and KOB. Though
more than 50 events were commonly observed by the three stations, less
reliable data for the P arrival times was obtained from the observation
mainly due to the instability of recieving condition of the standard time
signals at each of the stations. Therefore, the arrival time difference for
the specified phases relative to the P arrival times was used for the
preliminary travel time analysis. The observed time distance relation of
the later phases was well explained by the near vertical S to P wave
(SzP) and S to S wave (S,S) reflections from a deep crustal discontinuity,
the depth of which was in the range of 14-17 km.

For a more detailed study on the characteristic features of the reflections,
a telemetering seismic network was introduced for temporary observation
as described in the previous sections. Examples of the 7 channeled repro-
duced seismograms are shown in Fig. 12. The following points are noti-
ceable characteristics of the reflections registered on the seismograms.

i) The arrival time difference between the two reflections of S,P and
S:S depends strongly on the station locations. For example, the arrival
time difference between S,S and S,P at NIK is about 0.3 sec larger than
that at GIN-1. 1In the case of the near vertical reflections, the arrival
time difference of the two reflections is directly related to the depth of
the discontinuity. The resolution of the arrival time measurement on the
reproduced seismograms with a paper speed of 20 mm/sec is about 0.02 sec
when the noise level is normal. Therefore, it will be very promising that
the depth of the discontinuity can be precisely determined from the arrival
time difference of the two reflections.

ii) It is clearly shown that the S.P° reflection is predominant on the
vertical and the S.S reflection on the horizontal component seismograms,
respectively. This well agrees with an interpretation that the former
S:P phase is identified as the P waves and the latter as the S waves with
a nearly vertical incidence. An analysis of the particle motion of the
reflections shown in Fig. 13 gives more direct presentation of the near
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Fig. 12. Multichanneled seismograms reproduced from digital magnetic tapes. Three
components (vertical, NS and EW components) for NIK, two components (vertical
and NS components) for GIN-1 and one component (vertical) of seismograms for
UHN and MKU are shown. The reflection phases are indicated with designations
of S;P and S.S.
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Fig. 13. Examples of time variations of particle motions of the reflections of S,.P
and S.S in the radial and vertical plane recorded at NIK for the event located
in the north from the station.
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vertical incidence of the two phases.

iii) On some of the seismograms, the amplitude is extraordinarily
large compared to the amplitude of the direct S waves when the near
vertical incidence of the S,S is taken into consideration. In the large
amplitude of S.S, it is rather usual for the amplitude ratio of S.P to S.S
to be in the range of 0.045-0.34. The large amplitude of S.S suggests the
existence of an unusual discontinuity with a large reflection coefflcient
for S to S-wave reflections.

iv) The reflections of S,;P and S.S are not always strong enough to
be recognized on the seismograms. The amplitude of the reflections seems
to be related to the station location, hypocentral coordirates and the phy-
sical property of the discontinuity. The boundary of the areal extention
of the unusual discontinuity will be given by examining the amplitude
variation of the reflections over the extensive area of the earthquake
swarms in the vicinity of Ashio.
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5. Mapping of the unusual discontinuity

Time distance relations of the reflections of S,P and S,S were studied
for the stations NIK, GIN-1, UHK and MKU. The travel times of the
reflections are plotted on the graphs in Fig. 14, which covers the S
minus P time of less than 1.5 sec. Theoretical travel time curves for
the reflections from a depth H are also drawn in Fig. 14 for each of
the stations with a best fit to the observational data. Two curves for the
reflections are given, one for the minimum, the other for the maximum
depth of focus h. The left hand side ends of each curve are the theoretical
limit of observable reflections at the specified depth of focus. As a result
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of the time distance relations, the depths of the discontinuity beneath the
stations of GIN-1, MKU, UHK and NIK were found to be about 14.5, 14.5,
15.0 and 16.0 km, respectively. In the above procedure of the travel time
analysis, the P wave velocity of V, 5.8 km/sec and the S wave velocity
of V, 38.35 km/sec were given as represented by the theoretical travel time
curves in Fig. 14. In general, only one combination of the focal depth &
and the depth of the discontinuity H will produce the theoretical curves
that fit the observed data of the reflections of S,P and S.S equally well.
In such a particular case, the theoretical travel time curves bracket both
S;P and S.S data in about the same way, so that little adjustment in
the value of H, N, V, and V, is possible. The seismic wave velocities of
V, and V, were assumed to be constant from the earth’s surface to the
depth of the discontinuity.

In order to evaluate the depth of the discontinuity, 20 earthquakes
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Fig. 16. Original (a) and enhanced (b) seismograms of the reflections S.S generated
by the quarry blasts at a site near NIK.



677

f an Unusual Crustal Discontinuity

g o

Mapp

‘So[SurII} PIOS A UMOUS 9IB Pasn Suoije}s HYdriZOoWSIdS JO SUOIILIO[ dYT,
‘5085010 AQ PIIBIIPUI I POAISSCO 9I9M SUOIJIBPAL OU YdIYas woay sjutod uoIpsyax [ed13ayjodLy
*po12279p OI8A SUOIIOOYRI OU ‘(0 PUOZ) $2UOZ PIYPIBY dY3 JO OPISIN(Q "SUOITIB[AL JO SdpOUW (g dUOZ)
ajeIepow pue (Y ouoy) Juoils Jo sjuiod UOIPRYSL @Y} 0} PuodsdrIod sauoz paydjey dYJ LT BII

I &€

- ov .o¢

SE

T T T T
£Le ; Se 02 bel




678 M. Mizoug, I. NAKAMURA and T. Yokora

located with the highest accuracy were selected. Reflection points were
given for these earthquakes by using good quality data of S,S travel
times in combination with the hypocentral coordinates. A total of 54
reflection points were plotted on the map in Fig. 15. In the evaluation
of the depth of the reflection points, the discontinuity was tentatively
assumed to be horizontally layered at each reflection point. The cal-
culated depths at the individual reflection points were indicated in Fig.
15. A systematic depth change of the reflection points was found by the
analysis as shown by the contour lines of a 1km depth interval in Fig.
17. The discontinuity was found to be inclining in the direction of about
S25°E with considerable local irregularities. The large variation in the
depth of the discontinuity within a small area suggests an unusual
nature of the discontinuity, though the result shown in Fig. 17 may
partly be affect by an inaccurate estimation of the depth of the individual
reflection points. The vertical cross sectional profile of the unusual discon-
tinuity in relation to the microearthquake distribution projected on PP’
in Fig. 8 is illustrated in Fig. 18.

Quarry blasts at a site several kilometers from NIK were found to
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Fig. 18. The vertical cross sectional profile of the unusual discontinuity in relation
to the microearthquake distribution projected on PP’ in Fig. 8.
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produce strong S,S reflections on the horizontal component seismograms
at NIK, as shown in Fig. 16-a. A simple summation of the waveform
data of the reflections from the quarry blasts at the same shot site near
NIK produced an enhanced signal for the reflection of S.S, as illustrated
in Fig. 16-b. The travel time of the reflection was given very precisely
due to the improvement of a signal to noise ratio. The depth of the
discontinuity beneath NIK obtained from microearthquake data was cali-
brated by the enhanced signal of the reflection from the quarry blasts,
for which the shot point was precisely known. The depths of the dis-
continuity from different sources with nearly the same reflection point
agreed within the limit of errors of about +0.5km.

As shown in Fig. 17, a systematic zonal arrangement was given when
the reflection points were classified by the spatial variation in the ampli-
tudes of the reflections. Very strong reflections of S.P and S.S on both
vertical and horizontal component seismograms were related to the reflec-
tion points in the first zone (Zone A) as shown in Fig. 17. The fairly
strong S.S, on horizontal component seismograms, were related to the
reflection points in the second zone (Zone B). No clear reflections were
detected from the points in the third zone (Zone C) outiside the first and
the second zones. The area of the unusual discontinuity would not, the-
refore, be extended beyond the boundary of the second zone in Fig. 17 as
bounded by two parallel lines aparting at a distance of about 10km.
Judging from the general trend of the hatched zone in Fig. 17, it seems
to be probable that a horizontal extension of the unusual discontinuity
strikes in a NE-SW direction along the general trend of the volcanic
front in the area as shown in Fig. 20.

6. Properties of the discontinuity

It can be noticed that observations of crustal reflections at very
small distances are quite rare. There were a few cases where near ver-
tical S to S wave reflections from the Conrad discontinuity were registered
on horizontal component seismograms of microearthquakes (MIZOUE, 1971 ;
TSUKUDA, 1976). In the area near Ashio, the near vertical S to S wave
reflections (S.S) from the discontinuity at the depth of 14-17 km were
characterized by large amplitude signals on both vertical and horizontal
component seismograms with comparatively high frequency oscillations as
shown in Fig. 12. When the amplitude of S.S is comparable to that of
S;P on verical component seismograms, the S.S energy apparently pre-
dominates the S,P energy for a small angle of incidence. The large
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amplitude of S,S generally observed near Ashio suggests a substantial
difference in S wave velocity across the discontinuity.

The velocity contrast across the discontinuity can be estimated by
using the ratio of P,S to S.S amplitudes as a function of distance or
incident angle if the plane wave reflection theory is applicable. The am-
plitude ratio of S,P to S,S will be little affected by differences in
radiated energy from the focus, because S,P and S,S are generated by
S wave energy traveling slightly separated ray paths from the focus.
The theoretical reflection coefficient in relation to incident angles for S,P
and S.S are presented in Fig. 19 for the crustal models of Model A and
B as given in Table 1. Model A represents a normal crust, while Model
B represents an unusual crust with a discontinuity underlain by a molten
material. The observed amplitude ratios of S.P to S,S were obtained
by averaging many observed ratios narrowly grouped about the angles of
incidence as shwon in Table 2. The data for these ratios was obtained
from vertical component seismograms at NIK. The measured amplitude
ratios have been corrected by multiplying by the sine of the angle of
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Fig. 19. Reflection coefficient of of S;P and S:S in relation to incident angles
calculated for the unusual discontinuities underlain by a molten material (Model
B) and for models with the Conrad discontinuity (Model A).



Mapping of an Unusual Crustal Discontinuity 631

Table 1. Velocity models of the earth’s crust used for the evaluation
of the reflection coefficient of S;P and S;S phases.

Model—A Model—B
s v e a b e
a 5.80 | 5.80 580 | 5.80 5.80"1‘ 5.80
5 am | s A% | am o 8% 83
w700 | 6% 68 58 58 58
a0 399 298 | 000 0.03 on
Tam | tm | il 1m0 1w L0 L

ay, @s; P wave velocities (km/sec) in the upper and lower layers.
31, B2; S wave volocities (km/sec¢) in the upper and lower layers.
01, p2; Densities in the upper and lower layers.

Table 2. Observed and theoretical ratios of S:P to S,S amplitudes for the
crustal structures of Model A-a and B-b.

T . Obsgr\(ed D ] Theoretic}a{xl Amplitude
. . tio
. | Amplitude Ratio \ a
Incident Angle i (S.P/SS) ; (S:P/S:S)

S.P “ SzS . Measured | Corrected | Model A-a  Model B-a
2.1 3.1 0.8 | 0.045 0.001 | 0.045
6.2 9.7 0.91 0.15 0.29 \ 0.14
8.4 13.7 0.94 0.23 ! 0.46 | 0.19

' |
11.5 ‘ 18.3 ! 1.00 0.33 j 0.93 0.29
15.8 ' 22.8 0.76 0.34 § 1.36 0.35

incidence for the S,S wave and dividing by the cosine of the angle of
incidence for S,P following the method as described by SANFORD et al.
(1973). Theoretical amplitude ratios of S.P to S.S based on plane wave
theory are presentated in Table 2 for the same angle of incidence as the
observed ratios. The depth of the discontinuity is assumed to be 15.0km
based on the result in Figs. 15 and 17. For the S wave velocity contrast
across the discontinuity from 3.35 km/sec to 4.05 km/sec for the Model A-a in
Table 1, the theoretical amplitude ratios are greatly different from the
observed ratios, particularly for the angle of incidence for S,.S of more
than 10°. Assuming a discontinuity across which the S wave velocity
decreases from 3.35km/sec to 0.00~0.17km/sec with depth while the P
wave velocity remains the same as is for the Model B in Table 1, the
discrepancy between the observed and theoretical values is greatly reduced.
In addition, the steady increase in the observed ratios with increase in
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the angle of incidence is duplicated with this type of discontinuity. The
same tendency in the relation between the amplitude ratios and incident
angle was found in the Rio Grande rift where an extensive sill shaped
magma body has been confirmed (SANFORD et al., 1973).

From the above consideration, it can be concluded that the discon-
tinuity beneath the earthquake swarm area near Ashio is underlain by
low rigidity material having a P wave velocity little different from the
overlaying material. A comparison of the characteristic features of the
reflections observed near Ashio with those in the Rio Grande rift leads
to a conclusion that the reflections in the two different regions are nearly
identical not only in their general wave forms but also in their amplitude
ratios for the incident angle of 0~23°.

7. Discussions and conlusions

In the vicinity of Ashio in the northwestern part of Tochigi Pre-
fecture, the northern Kanto district, very shallow earthquake swarms have
been detected by microearthquake observations for surveillance of local
seismicity. A temporary seismic network consisting of four telemetering
stations equipped with high magnification short period seismographs was
set up to make extensive studies of microearthquake distributions and
crustal structures. The results obtained from the analysis of the observa-
tional data are summarized as follows.

i) The spatial distribution of microearthquakes related to the earth-
quake swarms has a characteristic fine structure with several patches of
epicentral groups. Extremely shallow focal depths of less than 85km
characterizes the earthquake swarms. A prominent lineament of epi-
centers in the Ashio mountain block can be correlated with the Uchinoko-
mori fault, one of the major active faults in the area. A composite fault
plane solution for the microearthquakes occurring on the trace of the fault
indicates the reverse type faulting with the strike of N28°E and the dip
angles of 35° and 55° for the nodal planes.

ii) Microearthquake seismograms recorded by the stations near Ashio
frequently have two sharp impulsive phases following the direct S wave.
These phases were identified as S,P and S,S reflections from a sharp
discontinuity at depths of 14-17 km.

iii) The depths of the reflection points for S,S were obtained in the
area near Ashio by using the travel times of S,S in combination with a
high precision hypocentral coordinates. A contour line map of the depth
distribution of the discontinuity shows a general inclination dipping in a
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SE direction with an abnormally large angle of 30-35°. The areal ex-
tension of the discontinuity related with the strong reflections seems to
be restricted within a limited part of the area of the swarm activities.
iv) Observed values of the amplitude ratio As.p/As.s of the reflec-
tions S,P and S.S vary from 0.045 to 0.34 for the incident angle in the
range from 0 to 23°. Considering that S;P and S.S are genrated by S
wave energy traveling slightly separated ray paths from the focus, their
amplitude ratio is relatively unaffected by differences in radiated energy
from the focus (SANFORD et al., 1973). Therefore, the difference in the
observed amplitude ratio can be attributed to the unusual physical pro-
perties of the discontinuity. Theoretical amplitude ratios based on the
plane-wave theory were calculated by assuming various velocity models
of the earth’s crust. Fairly good agreement between theoretical and ob-
served values was obtained when P wave velocity remained constant at
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58km/sec and S wave velocity decreased from 3$.35 km/sec to 0.00 km/sec
across the discontinuity. The results support the idea that the deep
crustal discontinuity are sharp and could be underlain by a material of
very low rigidity.

v) It has been pointed out that the earthquake swarms are found
in the geothermal or volcanic zones along the northwestern part of To-
chigi Prefecture to Fukushima Prefecture. The earthquake swarms near
Ashio can be classified into a typical example of this type of activity
judging from the regional alignment of epicenters as shown in Fig. 20.
The extremely shallow focal depths of less than 8.5 km for the earthquake
swarms suggests a geothermal effect preventing an occurrence of earth-
quakes at a deeper part of the earth’s crust. The unusual crustal discon-
tinuity underlain by a molten material might affect earthquake activities
in both ways as to supply thermal strain energy in the shallower part
of the earth’s crust as well as to prevent brittle fructure in the deeper
part of the earth’s crust.

vii) A comparison of the characteristic features of the reflections
observed near Ashio with those in the Rio Grande rift leads to a conclusion
that the reflections in the two different regions are nearly identical.
Therefore, an existence of an extensive sill shaped magma body beneath
A shio may be a plausible explanation for the reflections as confirmed in
the case of the Rio Grande rift.
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