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Abstract

From both the seismological and earthquake engineering points of view, deep seismic P and S wave
velocities were directly and systematically measured down to the depth of 2 to 3 km at the three deep borehole
observatories of Iwatsuki, Shimohsa, and Fuchu which were constructed for geophysical observations in the
Tokyo metropolitan area. The measurement was focused on the S wave velocity rather than the P wave
velocity because the S wave velocity is more important for the earthquake resistant problems. In the
measurements, we adopted the down-hole method in which the seismic waves from the surface source are
detected by a three component down-hole receiver. S waves were excited by two types of sources; one is an
ordinary small explosion of dynamite and the other is a specially designed gun-type SH wave generator. For
each site, the number of measured depths was 15-17, and short intervals (100m) were chosen in shallower
positions, but longer intervals (250-500m) were chosen in deeper depths.

Present measurements revealed that the underground structure beneath the three sites is fundamentally
composed of two layers which cover the basement rocks. S wave velocities, without a distinction between the
three sites, are 0.4-0.9km/sec for the uppermost Pleistocene soils, 1.2-1.9km/sec for the middle Miocene layers,
and 2.5-2.6km/sec for the pre-Neogene or pre-Tertiary basement, and those of the P wave are 1.8-2.1km/sec,
2.4-3.2km/sec, and 4.7-5.0km/sec, respectively. A common feature of the underground sturcture at the three
sites is a similar thickness (about 1.0km) of the Pleistocene soils, notwithstanding differences of the basement
depth. It was also revealed that the velocity of the basement rocks is systematically different both for S and
P waves between the present results and the refraction surveys by the Yumenoshima explosion. This fact
suggests that the basement structure is not simple and uniform but complex and irregular. Finally, the gross
feature of the 3-D structure beneath the Tokyo metropolitan area is figured by summarizing the present
results, the geological data of other boreholes, and results of various seismic refraction surveys in and around
the Tokyo metropolitan area.

Borehole Observatory, Deep Soil Deposit, Down-Hole Method, P Wave Velocity,
S Wave Velocity, Velocity Structure.
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1. Introduction
1.1 Significance of the Down-Hole Measurements

The Tokyo metropolitan area is widely covered by
soft and thick sedimentary layers to a depth of several
kilometers. To elucidate the velocity structure of
such a thick sediment and the basement rock is of
fundamental significance in both fields of seismology
and earthquake engineering. The seismic source
process, which is one of the most important problems
in seismology, is precisely evaluated after effects of
thick sedimentary layers upon the seismic wave prop-
agation are eliminated (Helmberger and Johnson,
1977 ; Bouchon, 1979). And, wvarious theoretical
studies on the generation of the strong ground motion
have taken the dynamical characteristics of thick
sediment into consideration (Heaton and Helmberger,
1977, 1978 ; Archuleta and Day, 1977 ; Bouchon and
Aki, 1980; Aki, 1982). In the field of earthquake
engineering, thick sedimentary layers have become an
essential problem for the antiseismic design of large-
scale structures, such as high-rise buildings, suspen-
sion bridges, oil tanks, and reservoirs. This is because
these structures have a rather long fundamental
period of 5-10sec and this rather long period of motion
is closely related to the velocity structure of thick
sediment (Kanamori, 1974 ; Butler and Kanamori,
1980). Also, the seismic zoning map, which estimates
the seismic intensity of the ground surface for future
earthquakes, is drawn up on the basis of the physical
properties of the sediment.

Among the physical parameters, such as the seismic
P and S wave velocities, the medium density, and
other anelastic properties of the formation of sedi-
mentary layers, the S wave velocity is the most impor-
The best method that pro-
vides not only the S wave but also the P wave velocity

tant and indispensable.

of sediments is the direct measurement in deep holes

by logging or the down-hole method. P wave veloc-
ities, from the view point of oil-exploration or min-
eral-prospecting, were precisely investigated by
means of logging as deep as several kilometers in
many places throughout the world. However, for S
wave velocities, which are more important in geo-
physics and engineering, the logging depths have been
limited to at most 100-200 meters due to difficulties in
the experiments.

The measurement of the S wave velocity by means
of logging was started in the 1950’s by Jolly (1956) and
Macdonal et al. (1958). The measurement process
progressed in the USA by White and Sengbush (1963),
and in Russia (USSR) by Kovalev and Molotova
(1960), and Halperin and Frolova (1961). White (1965),
in publishing a textbook on borehole elastic wave
measurement, marked a new epoch. Slightly later,
Kitsunezaki (1967) and Ohta (1968) began work in this
field which paved the way in Japan for S wave veloc-
ity logging. Subsequent studies in Japan and around
the world are summarized by Kitsunezaki (1976) and
Murphy (1978), respectively. In those studies, how-
ever, the effort was devoted to near-surface soils at a
depth of less than 200 meters, except for some trial
measurements. One of the exceptions is the experi-
ment by Erickson et «al. (1968), in which travel-time
More
recently, the logging depth was extended to about one
kilometer by Lash (1980) and Stewart et al. (1981) for
studying the subsurface fracture zone by vertical

curves were drawn as deep as 1700 meters.

seismic profiling. Kitsunezaki (1980) designed a new
instrument for S wave logging, the suspension-type
sonde system. This sonde system is composed of an
indirect-excitation type source and suspension-type
receivers. The system was developed in response to
requirements for S wave measurements deeper than
the earlier ones with easier operation and higher
reliability. But the sonde system has not been applied
to the measurement deeper than several kilometers in
practice.

The needs of seismology and earthquake engineer-
ing motivated us to elucidate not only the S wave but
also the P wave characteristics of thick sedimentary
strata down to at least several kilometers. In line
with these scientific needs, at first, the seismic wave
velocity logging by means of the down-hole method
which focused on the S wave velocity rather than the
P wave velocity was planned and carried out down to
2 to 3km in depth by using the three deep holes at
Iwatsuki, Shimohsa, and Fuchu. These three deep
holes were constructed by the National Research
Institute for Earth Science and Disaster Prevention
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(NIED) for geophysical observations in the Tokyo
metropolitan area as a part of the national program of
earthquake prediction (Takahashi and Hamada, 1975 ;
Hamada et al., 1978).

Fig. 1 Location of the Deep Borehole Crustal Activ-
ity Observatories of NIED. The shaded area
and dashed contours represent the outcrop
and the depth (meter) of the pre Neogene
bhasement rocks, respectively (after Kakimi et
al., 1973).

1.2 Observation Holes

The three deep borehole observatories at Iwatsuki,
Shimohsa, and Fuchu were constructed by 1980, and
they are now in routine operation. These boreholes
are located just around the Tokyo metropolitan area,
where thick sedimentary layers are deposited down to
about 4 kilometers at most (Kakimi e/ af., 1973) as
shown in Fig. 1. All of the boreholes pierce through
the sedimentary layers of the Pleistocene and
Miocene, and penetrate into the pre-Tertiary or pre-
Neogene basement which is composed of metamor-
phic or crystalline rocks. The depth to the basement
is between 1.5-3.0km, though it differs from site to
site. The geographical position and the depth of the
holes are summarized in Table 1.

The hole structures are schematically shown in
Fig. 2 (Takahashi, 1982). The holes are cased by
multiple steel pipes, which are firmly adhered to the
rock wall by expansion cement and are filled with
rustproof water. The hole axis is held strictly verti-
cal ; the deflection from the vertical is within only 3
degrees from the top to the bottom. The effective
diameter of the hole at Iwatsuki is constant at 15.9cm
from the top to the bottom. At both Shimohsa and
Fuchu, the diameter changes from 22.7cm in the shall-
ower ared to 15.5cm in the deeper area. The depth for
this change is at about 1.3km at Shimohsa and 1.9km
at Fuchu. A plug-type noise shutter is put into this
step like structure for removing undesirable ground
noises which are excited on the ground surface and
trapped in the hole water (Yamamoto ef al., 1975;
Yamamizu et al., 1977 ; Yamamizu, 1980). In the
holes, the temperature monotonically increases with

Table 1 Geographical position and depth of the deep holes at the Iwatsuki,
Shimohsa, and Fuchu Observatories.

Iwatsuki

Shimohsa Fuchu

Address 2,878-1 Makinoue
Sueda
Iwatsuki-shi

Saitama-ken

Longitude (E) 139°44°17.0”
Latitude (N) 35°5533.07
Altitude 8.96
(meter)

Bottom depth 3,510

(meter)

1,293 Fujigayva

6-65 Minami-machi

Shonan-machi Fuchu-shi
Chiba-ken Tokyo
140° 1'25.6” 139°28'25.1"
35°47'36.4" 3539 2.47
22.81 44.71
2,300 2,750
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Fig. 2 Structure of the three deep holes of Iwatsuki, Shimohsa, and Fuchu with the inner
diameter (cm, upper figure) and depth (m, lower figure) of the casings.

depth, and the temperature at the bottom is 86°C, 61°C,
and 78°C at Iwatsuki, Shimohsa, and Fuchu, respec-
tively. Details of the observation holes and instru-
ments for the geophysical observations are described
in Takahashi and IHHamada (1975), Hamada ef «li.
(1978), and Takahashi (1982).

1.3 Framework of Measurements

The experiment was carried out based on the down-
hole method as schematically shown in Fig. 3. The
down-hole technique uses a surface source and a down-
hole receiver. The receiver is fixed at the desired .
depth in the hole and the waves from the source are
recorded. The receiver is then moved to an other
depth where the measurement is repeated. The big-
gest problems that potentially restrict the down-hole
technique are the lack of source power and troubles in
the operation of the receivers. These weak points
were overcome hy using special sources and a special
receiver as described in the following.

For S wave generation, two types of sources were
introduced. One is the simple detonation of a small
charge of dynamite (0.1-5kg) in a subsidiary shallow
hole, the shot-hole, with a depth of 10-20 meters. The
detonation source produces a non-polarized SV wave
rather than a polarized SH wave, although those
waves are contaminated by a predominant precursory
P wave. The other source is a gun-type SH wave

explosion
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Fig. 3 Schematic representation of the down-hole
method.

generator, so called the S gun, which was proposed
and designed by Shima and Ohta (1968) about 25 years
ago. The use of polarized SH waves greatly facili-
tates the identification of the first arrival of the S
wave. Asis described later, the validity of the S gun
for generating the SII wave had been demonstrated by
experiments at Iwatsuki and Shimohsa (Ohta et al.,
1977, 1978, 1980). For the experiment at Fuchu, a new
S gun was designed and used (Yamamizu ef a/., 1981a,
b). This new S gun was enlarged and strengthened
more than the previous one so as to improve the
power and stability for the SH wave generation. The
general view of the previous and new SH wave gener-
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Fig. 4b General view of the SH wave generator (new production).

ators are illustrated in Fig. 4a and 4b, respectively.
The down-hole receiver, a set of three component
seismometers, was installed in a specially-designed
capsule with a clamping device in order to be fixed at
any depth in the hole. The capsule is of the same type
as is used for continuous observation under high
pressure and temperature circumstances at the hole
bottom. Though the constitution of the three ohserva-
tion systems is slightly different, the functions of the
systems are basically the same; the output signal
from the receiver is pre-amplified, low-pass filtered,
then divided into three channels with different gains
of 1:5:25 ratio to cover a wide dynamic range. All
the signals are recorded on magnetic tape and are

simultanuously monitored by a multi-channel pen-
recorder (see Fig. 6, Fig. 14, and Fig.22).

Before the experiments, a working plan was care-
fully elaborated in order to efficiently perform the
large-scale experiments in which many expert techni-
cians participated. The technicians were arranged
into four working parties : measurement, winch-oper-
ation, receiver-control, and source-detonation parties.
In advance of the operation, the headquaters gave
directives about the measuring depths and sources to
all the parties. Following the headquaters directives,
the receiver was moved to the depth appointed, and
fixed to the hole wall by remote-control. Then, the
amplifier gain and the cut-off frequency of the filter
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Fig. 5 Plan of the experimental field at Iwatsuki. Soil profiles of four shot-holes are shown in

the right side.

were adjusted to monitor the ground noise. On the
other hand, sources were prepared at the same time ;
the SH wave generator and shot-holes were charged
with black powder and dynamite, respectively. Sec-
ond, after the preparation stage, the measurement
party decided the ignition timing of the source keep-
ing close contact with the source-detonation party for
the sake of the safety around the source. Thus,
several measurements were done at the same depth.
Third, the measurement party confirmed the quality
of the records from several source blasts, then report-
ed a completion of measurements at that depth to the
headquaters. Finally, the headquaters announced to
all the parties that the measurements at that particu-
lar depth were finished. In this way, the experimental
process was cyclically repeated. The depth interval
for the measurement was chosen to be short in length
(100m) in shallower depths, but longer (250-300m) in
deeper depths. This is because the soil condition is
more complex in shallower area, while it becomes
more stable in deeper area.

2. Measurement at Iwatsuki
2.1 Experiment

The first experimental site, the Iwatsuki Deep
Borehole Observatory at Iwatsuki City, Saitama
Prefecture, is located about 30km north of central
Tokyo. According to the geological columnar section
examined when drilling the Iwatsuki borehole, the
younger soil deposits reach 2.8km in depth, overlay-

ing the pre-Tertiary basement rock (Chichibu crystal-
line rock system). The depth of the hole bottom is
3.5km (Fig. 2).

Needless to say, the SH wave generator is much
better for identification of the S wave arrival than the
simple explosion source. But, at the time the measure-
ment was planed, there was no experience in how deep
the S wave signal could be detected by using the S
gun. Therefore, ordinary simple detonation in a sub-
sidiary shallow hole (10-20m in depth) was mainly
used, and the S gun was only used as a supplement.
The maximum charge we could put into the powder
chamber of the S gun was 300gr. As shown in Fig. 5,
four shot-holes were drilled about 100m southeast of
the observation hole for the ordinary detonation, and
the S gun was firmly fixed on the ground surface
about 50m east of the observation hole. The profiles
of the soil conditions of the shot-holes are also shown
in the same figure.

The block diagram of the total observation system
is shown in Fig. 6. The natural frequency of a three-
component seismometer is 4.5 Hz. The signals from
those seismometers were recorded on 30-min compact
cassette tapes by three data recorders with high,
medium, and low gains. The ignition signal was also
recorded on the individual channel of each data
recorder on which a 50 Hz clock signal was convolut-
ed. Another set of the three-component seismometer
was operated on the ground surface in order to check
the S wave generation of the source.

Experiments were conducted at 16 different depths ;
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Fig. 6 Block diagram of the observation system for
the measurement at Iwatsuki.

that is, at 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
2.25, 2.5, 2.75, 3.0, 3.25, and 3.482km (bottom of the
hole). At one depth, measurements were repeated 3 to
5 times for both types of sources, and this measure-
ment took about 2 hours including the moving and
fixing of the receiver capsule. Within the turn around
time, the depth and charge size for the next measure-
ment were decided by carefully watching and monitor-
ing the records, and the interval velocity of the seis-
mic waves was roughly analysed by using the records
obtained from the completed measurements. The
measuring conditions, depth, charge size, and source
type are summarized in Table 2. The total number of

blasts were 48.
2.2 Data and Analysis

Since this was the first experience of the down-hole
measurement of the S wave velocity over the depths
of several kilometers, the analysis proceeded by giv-
ing priority to the detection and identification of the S
wave. Also, this way of analysis was inevitably
required because the interval of measurements was
rather rough, approximately 100-250m. All efforts
were concentrated on objectively determining the S
wave structure from the travel-times observed so that
any other data concerning the observation hole, for
example, the sonic and density logging, were not
taken into account. At the last stage of analysis, the
final result obtained was carefully compared with all
the related data and the harmony between them was
examined.

Along this line, at first, the record from the SII
wave generator was processed. Figure 7 illustrates
the SH waves from the S gun. All the traces in this
figure are modified by using the azimuth converter
which is shown in Fig. 8 as a block diagram. The
direction of the horizontal receiver in the hole is not
known, but through this converter the receiver direc-
tion can experimentally agree with the polarization
direction of the SH waves. The effect of the azimuth
converter is remarkable especially for the trace of the
1500m depth in which the SH wave is expectedly
emphasized as shown in Fig. 7. The measurement by

Table 2 Specifications of the measuring conditions of the experiment at Iwatsuki.

Date Meas. Source Date Meas. Source DNate Meas. Source
Y.M.D. Depth Ty Charge Depth Y.M.D. Depth Type Charge Depth Y.MD. Depth Tye Charge Depth
(km) (gr)  (m) (km) (gr)  (m) (km) (gr)  (m)
1976
Nov. 8 0.1 S 100 Nov. 9 0.75 A 500 15.1 Nov.11 2.5 A 4000 14.1
0.1 S 100
0.1 A 50 15.0 1.0 5 300 3.0 D 1000 5.0
0.1 D 100 21.0 1.0 D 300 11.6 3.0 C 4000 20.2
1. A 1000 15.1 3.0 B 4000 19.4
2 S 100 3.0 A 8000 13.9
0.2 5 100 Nov. 10 1.5 S 300
£ A 100 15.0 1.5 D 500 10.3 Nov. 12 3.48 C 2000 18.1
0.2 D 300 15.0 1.8 A 2000 14.7 3.48 A 400 10.0
0.3 ) 200 1.25 C 1000 3.5 B B 4000 18.3
0.3 A 25 15.5 1.25 B 2000 10.2 3.25 C 5000 13.0
0.3 D 100 14.0
2.0 B 50 201 2.7 B 4000 7.0
Nov. 9 0.5 S 200 2.0 C 200 20.5 2.75 C 5000 10.0
0.5 D 100 13.0 2.0 D 200 et
0.5 A 300 15.5 2.0 A 2000 14.6 Nov. 13 2.25 C 1000 6.0
0.5 S 200 2.25 B 4000 16.6
Nov. 11 2.5 D 500 5.5
0.75 S 200 2.5 C 1000 20.5 1.75 A 1000 6.5
0.75 D 200 13.5 Y B 2000 19.9 1.75 B 2000 12.3

Type S and A-D represent the S-gun and sh()t*h(ﬁéé, respectively.
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using the S gun was terminated at 1500m in depth
since the black gun-powder charged was anticipated
to exceed the maximum for keeping the S gun safe.

The complete SV wave section for the simple deto-

nation source is presented in Fig. 9, in which horizon-,

tal component records are arranged after filtering for
the most appropriate pass-band. The azimuth con-
verter was also applied to those records, but the result
was not improved. The reason is that the detonation
source predominantly produces a non-polarized SV
wave rather than an SH wave. Accordingly, the
improvement of the waveform was primarily accom-
plished by frequency filtering with various pass-
bands. There may be a doubt about the appropriate-
ness of the onset positions of the S waves in Fig. 9, but
these were carefully determined down to 1500m by
comparing with clearer onsets by means of the S gun,
and then the rest were identified by extrapolation.
For identifying the S wave onset, a change of the
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Fig. 9 Paste-up seismograms of the horizontal com-
ponent by small explosions obtained in the
measurement at Iwatsuki. Solid circles are
the onsets of the S waves.

wave period was also useful (Kubotera and Ohta,
1967). The S wave onsets, represented by the solid
circles in Fig. 9, were decided in this way.

Next, for the P wave section, a similar procedure
was applied using the vertical component records
from the detonation source. In this case, a simple
filtering was adopted only for the purpose of decreas-
ing undesirable noises, since the P wave arrives first
and is strong enough for detection. The complete P
wave section is pasted up in Fig. 10. In the figure, we
see three wave groups ; the first wave group is the
precursor with a small amplitude, appearing at the
shallower depth down to 2500m ; the second is the
true P wave group ; and the third group following the
P waves has large amplitudes. Judging from a rough
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Fig. 10 Paste-up seismograms of the vertical compo-
nent by small explosions obtained in the
measurement at Iwatsuki.
the onsets of the P waves.

‘azso

Solid circles are

estimation of propagating velocities, the first and
third groups are concluded to be the guided P waves
which propagate through the cemented zone between
the steel casing pipe and the surrounding rock and
through the water filled in the hole, respectively.
Especially, the third group is unquestionable because
clear reflection at the bottom is recognized.

2.3 Velocity Structure

The interval wvelocities of S and P waves are
deduced from the first-arriving S and P waves in the
SH, SV, and P wave sections. The onsets of each
wave were read at the precision of (.01 second. After
that, the travel-time was corrected for the imaginary

source at the top of the observation hole. In the
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Fig. 11 Travel-time versus depth plots of S, P, and
other marked wave groups for the measure-
ment at Iwatsuki.

correction, we used detailed velocity structures of S
and P waves to the depth of 120m which were
obtained by another experiment carried out in the
auxiliary hole close to the observation hole (Fig. 12).
In Figure 11, the travel-times of S and P, and other
phases are plotted, and the travel-time curves are
drawn through the data points. All the plots, except
a few points, satisfactorily match the curve with a
deviation of only 0.03sec. From these curves, we can
directly determine the interval velocities of the S and
P waves.

The S wave velocity structure, except for in the
vicinity of the ground surface, consists of four layers;
and that of the P wave consists of three layers cover-
ing the deep basement. The derived S wave velocities
for the four layers and the basement are 0.44, (.76,
1.3, 1.6, and 2.5km/sec from the top to the bottom.
The one way time is 3.27sec for an § wave. The
velocity contrast is remarkably large at the soil-rock
boundary, as was expected. The P wave velocities
are, from the top to the bottom, 1.8, 2.1, 2.9, and

s e



Report of the National Research Institute for Earth Science and Disaster Prevention, No, 56 ; February, 1996

DEPTH GEOLOGY
troi 0 | 2 30

S WAVE VELOCITY P WAVE VELOCITY
| 3 4568

SPECIFIC RESISTIVITY
10 20 30 40 50

SONIC WAVE VELOCITY
01 23 456 0

HOLOCENE ]
SAND B MUD (K'"""]l

PLEISTOCENE
GRAVEL, SILT,
4ND, 8§ MUD

054 [PLI0 PLEISTOCENE

SAND, 30T,
B GRAVEL

1.0 1

MIOCENE

TUPF, SANDSTONE,

B CONGLOMERATE
15

2.9

20

SANDSTONE
25

“WUBETORE

8 CONGOLOMERATE

PRE MICCENE
304 QUARTZ PORPHYRY
RARELY INTEAVENED
BY TUFF

PRE TERTIARY
3.5- | METAMOREHIC ROCKS

. Y ; A
(Km/sec) {Km/sec) (Ohm-m)
(] [} 2

=

Fig. 12 S and P wave velocity structures at Iwatsuki in comparison with the geological section,
sonic velocity, and electric resistivity. Subsurface (shallower than 100m) structures were

obtained from a supplementary measurement by means of the conventional technique.

4.7km/sec, and all the layer-interface depths are
consistent with those of the S wave. The only discrep-
ancy is the boundary between the layers with the S
velocity of 1.3 and 1.6km/sec, which appeared only for
the S wave. The discontinuity in the S velocity
between those layers is not sharp, so that those two
lavers might be taken as a single layer with a continu-
ously increasing velocity.

The S and P wave velocity profiles are shown in
Fig. 12 in comparison with other geophysical and
geological data including the sonic wave velocity and
electric resistivity. Mutual consistency among them is
generally good. Variation of the sonic wave velocity
seems very complex because the sonic logging by
means of the continuous measurement can detect finer
changes of wvelocity than the present down hole
method. But the general trend and velocity value on
average are in good harmony with the I> wave velocity
profile obtained in the present experiment. The
velocity discontinuities at the depth of 1.0 and 2.8km
are clearly seen also in the sonic log profile, and those
boundaries fairly well correspond to the geological
profiles of the Pleistocene-Miocene and the Miocene-
pre-Tertiary eras, respectively.

3. Measurement at Shimohsa

3.1 Experiment

The second experimental site, the Shimohsa Deep
Borehole Observatory at Shonan-machi, Chiba Pre-
fecture, is located about 28km away from the Iwatsu-
ki Observatory (Fig. 1). The ohservation hole is 2.3km

in depth (Fig. 2), and the depth of the soil-rock bound-
ary was estimated as 1.5km. The basement rock is
Sanbagawa crystalline schist (Suzuki et «f. 1981).

In the measurement at Iwatsuki, the efficiency of
the SH wave generator was confirmed because the
generated SH wave was powerful enough to reach at
least a depth of 1.5-2.0km. Based on this experience,
two S guns of the same capacity, after making a slight
reinforcement, were adopted as the source for S wave
in this measurement. Simple detonations of dynamite
in the shallow shot-hole were supplementarily used
too, but only for determining the P wave velocity. By
employing two S guns, SH waves having two kinds of
onset directions (one, polarized to the south, and the
other, polarized inversely to the north) were generated
to make an identification of the S wave more reliable.
But, one of the S guns unfortunately broke down
during the experiment, and the inversely polarized SH
wave was observed only for shallower depths of less
than 0.5km. Two S guns and four shot-holes were
arranged as shown in Fig. 13, and the soil profiles of
shot-holes are also shown in the same figure.

The block diagram of the observation system is
presented in Fig. 14. The constitution of the system is
basically the same as that of the measurement at
Iwatsuki. But, in this system, the natural frequency of
the borehole receiver is changed to 3.5Hz, and the
signals were recorded altogether on a 14 channel data
recorder. After the experiment, all the data recorded
were digitized at a 0.001sec sampling interval. Based
on these digital data, the following data reduction and
analysis processes were conducted.

— i
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Fig. 14 Block diagram of the observation system for
the measurement at Shimohsa.

At the beginning of the experiment, measurement
depths had been planned at 17 different depths ; how-
ever, those were reduced to 15 different depths ; that
is, at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.15, 1.3, 1.45,
1.6, 1.8, 2.05, and 2.3km (the bottom of the hole),

because of trouble with the receiver. In spite of the
trouble, measurements were completed from the top
to the bottom at an interval of 100-250m. The total
number of measurements is 73, and the measuring
conditions are summarized in Table 3.

3.2 Data and Velocity Structure

Data analysis was done following the method for
Iwatsuki, but a digital computer was used for this
case. The final SH wave section by the SH wave
generator is shown in Fig. 15. In this case, no special
effort was made for emphasizing the SH wave as had
been done for Iwatsuki. Traces in Fig. 15 were im-
proved only by a simple filtering operation for cutting
the frequency higher than 35-40Hz. The identification
of the first arriving S waves is immediately done since
the onsets are excellently clear on all the traces
except for a few traces near 1.3km in depth. The
reason why noises preceding the S wave on those
records are large for 1.3-1.5km in the depth can he
explained by the fact that the cementing of the casing
pipe was not completed for those depth ranges (Suzuki
1978, oral communication).

Figure 16 is the paste-up of the P wave section for
the vertical component records by means of the simple
dynamite explosions in the shot-hole. Though domi-
nant phases corresponding to guided P waves and
sound waves in water are similarly recognized, ampli-
tude of the sound wave is markedly smaller than the
previous experiment at Iwatsuki.

The relation between travel-time and depth is
shown in Fig. 17. The travel-times were similarly
corrected for the imaginary source by using the veloc-
ity structure in *he auxiliary borehole. The velocity
profiles of S and P waves deduced from this travel-
time curve are compared in Fig. 18 with other known
data such as sonic velocities, densities, specific resis-
tivities, and a geological columnar section. The S
wave velocity structure is essentially composed of
four soil layers and a basement, while for the I wave
structure two soil layers lie on the basement. The
velocities from the top to the bottom are 0.49, 0.62,
0.82, 1.2, and 2.6km/sec for the S wave, and 2.0, 2.4,
and 5.0km/sec for the P wave, respectively. Upper
two velocity discontinuities of the S structure in the
uppermost soil deposit are not distinguished in the P
profile. Since sonic velocities in the depth range from
0.5km to 1.3km gradually increase with depth as
shown in Fig. 18, the derived P wave velocity can be
interpreted as an average over this depth range. It is
also clear that the lower two boundaries of the S and
P profiles correspond to those of the geological sec-
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Table 3 Specifications of the measuring conditions of the experiment at Shimohsa.

Date Meas. Source Date Meas. Source Date Meas. Source
Y.MD. Depth Tye Charge Depth YM.D. Depth Tye Charge Depth YMD. Depth Type Charge Depth
(km) (gr) (m) (km) (gr) (m) {(km) (gr) (m)
1978 0.1 S2 100 Feb. 16 0.6 S2 150 Feb. 19 1.8 B1 1000 6.5
Feb. 14 0.1 S1 100 0.6 B3 200 12.8 1.8 B3 1000 11..2
0.1 Bl 50 9.7 0.6 B4 100 13.1 1.8 3l 200
0.1 B2 50 14.5 0.6 S1 150 1.8 S1 300
0.2 S1 200 Feb. 17 0.8 51 200 Feb. 20 2.3 S1 200
0.2 S2 100 0.8 S2 200 2.3 B3 2000 6.1
0.2 B3 50 13.2 0.8 B1 200 8.6 2.3 B2 3000 13.3
0.2 B4 100 13.1 0.8 B2 200 14.4 2.3 B4 3100 12.3
0.8 52 200 2.3 S1 300
Feb. 15 0.3 S 200 0.8 S1 200 2.3 51 300
0.3 S2 100 2.3 Sl 300
0.3 B1 100 9.7 1.0 S1 300
0.3 B3 100 13.2 1.0 B2 300 14.4 2.05 S1 200
0.3 S1 200 1.0 B4 300 12.7 2.05 B2 1050 8.0
1.0 S1 300 2.05 B4 1000 8.1
0.4 S1 100 2.05 S1 300
0.4 52 100 1.15 S1 300
0.4 Bl 100 9.7 1.15 Bl 300 723 Feb. 21 1.6 S1 200
0.4 B2 100 14.7 1.15 B3 300 12.5 1.6 B2 500 6.4
0.4 S1 100 1.15 S1 300 1.6 B4 500 5.5
1.6 S1 200
0.5 S1 150 Feb. 19 1.3 S1 200
0.5 52 150 1.3 Bl 300 6.9 1.45 S1 200
.5 Bl 200 9.7 1.3 B3 300 12.0 1.45 B2 300 4.1
0.5 B2 100 14.7 1.3 S1 200 1.45 B4 300 5.5
0.5 S1 150 1.3 S1 300 1.45 S1 200
1.45 S1 200
Feb. 16 0.6 S1 150 1.8 S1 200 1.45 S1 200
Type S1 and S2 represent the S-guns, and Bl to B4 are shot-holes.
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Fig. 15 Paste-up SH waves by the SH wave genera- Fig. 16 Paste-up seismograms of the vertical compo-
tor obtained in the measurement at Shimoh- nent using small explosions obtained in the
sa. Solid circles are the onsets of the SH measurement at Shimohsa. Solid circles are
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Fig. 17 Travel-time versus depth plots of the S and P
waves for the measurement at Shimohsa.

tion, the Pleistocene-Miocene and the Miocene-pre-
Tertiary boundaries, respectively. The largest con-
trast in velocity is seen at the boundary between the
soil deposit and basement rock. Gross features of S
and P wave profiles are consistent with the logging
data as shown in Fig. 18.

4. Design of the New SH wave Generator

On the basis of previous experiments at Iwatsuki
and Shimohsa, the validity of the SH wave generator
was demonstrated. However, the chamber capacity of
the S gun, which is roughly proportional to the power
for the SH wave generation, seemed to be insufficient
to excite more intensified SH waves that can be
clearly observed even at greater depths. Therefore,
the new SH wave generator was designed so as to
improve mainly the exciting power by enlarging and
reinforcing the apparatus (Yamamizu el al., 1981b).
The improved points are as follows:

(i) enlarging the powder chamber for gener-
ating a more intensified SH wave,

(ii) elongating the gun-barrel for stabilizing
the SH wave directivity,

(iii) adopting a symmetrical barrel having
muzzles on both ends for exciting right

and left polarized SH waves,

(iv) getting better contact with the ground for
increasing an efficiency of energy conver-
sion to the SH wave,

and (v) elaborating for easy operation and trans-

portation.

A basic difference between the previous and new S
gun is the installation method. The previous type is
usually pressed down on the ground by heavy weights,
while on the other hand, the new S gun is firmly fixed
by driving iron-piles into the ground (Fig. 4). In other
words, the new S gun is volumetrically in contact with
the ground while the previous one is planely in contact
with the ground.

A comparison of SH waveforms originating from
the new and previous S guns is shown in Fig. 19. Itis
clearly seen in this figure that each S gun generates
almost the same waveform for various charge sizes,
and the SH waves by the new S gun have a rather
large amplitude in spite of traveling longer distances
than those by the previous type. Accordingly, the new
S gun is more efficient for the SH wave generation.
The new S gun can be charged up to about 1000gr, so
that a more powerful excitation of the SH wave can
be obtained.

Figure 20 represents the relation between the charge
size and the maximum amplitude of the SH wave
generated by the new and old S guns. Assuming that
the excitation efficiency is proportional to the gradient
of straight lines shown in this figure, the efficiency
of the previous S gun is evaluated to be nearly
constant to its upper limit of charge size (about 300gr).
On the contrary, the efficiency of the new S gun seems
to be changed at the 200gr and 400gr charge. That is,
the efficiency is slightly higher by about 79 than the
previous S gun for the range smaller than 200gr, but
surprisingly it becomes almost twice or more for the
range of 200-400gr, then falls down to 1509 at 400gr.

The abrupt increase of efficiency at the 200gr
charge may be caused from the relation between the
weight of the S gun itself (about 1ton) and the
kinematic energy of explosion. In the smaller charge
range, the S gun is too heavy to be impulsively struck
by such a small explosive force. But, even in this
range, the new S gun excites stronger SH waves than
the previous type because of better volumetrical con-
tact. Above 200gr, the explosive energy becomes
sufficient against the weight of the S gun, and it is
converted to the SH wave energy with the highest
efficiency. The lowering in amplitude at the 400gr
charge seems to correspond to a limit of the soil
strength. When the slugging force surpasses this limit,

e e
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Fig. 18 S and P wave velocity structure at Shimohsa in comparison with the geological section,
sonic velocity, bulk density, and electric resistivity. Near surface S and P wave velocities
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citation.

Dotted traces are the inverse ex-

the intimate contact hetween the soil and iron piles is
broken down, and the efficiency is decreased.

It is well known that the excitation efficiency of the
S gun is remarkably different under the conditions of
installation and composition of the soil (Kobayashi,
1976). Therefore, it is natural that the efficiency may
be different in another experimental field under differ-
ent soil conditions.

5. Measurement at Fuchu
5.1 Experiment

The last experimental site, the Fuchu Deep Bore-
hole Observatory, Fuchu City, Tokyo, is located on
the riverbed of the ancient Tama river. This location
is about 40km to the southwest of Iwatsuki and 70km
to the west-southwest of Shimohsa (Fig. 1). The
depth of the observation hole is 2.75km (Fig. 2), and
the soil-rock houndary is 2.0km in depth. The base-
ment rock system, which is composed of schale, schal-
stein, sandstone, tuff, and quarzite, is supposed to
belong to the Kobotoke group (Suzuki et al., 1981).
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For measurement, the newly designed S gun which
was described in the preceding section was used and
added to the old-type SH wave generator. Differing
from the previous experiments, only one shot-hole
was prepared for the P wave source. Two S guns and
one shot-hole were arranged on the experimental field
as shown in Fig. 21

The observation system, shown in Fig. 22, is essen-
tially the same as the previous measurement systems
at Iwatsuki and Shimohsa. The borehole receiver is
composed of four seismometers ; that is, one set of the
three-component seismometer with a natural fre-
quency of 3.5Hz and one vertical component seismom-
eter of 1Hz.
examine the decay of surface noises with depth
(Yamamizu, 1980). Another set of the three-compo-
nent seismometer with a natural frequency of 1Hz
was operated on the ground surface to check the
efficiency of the new S gun in comparison with the
previous one.

The seismometer of 1Hz was used to

Measurements were conducted at 17 different
depths ; that is, at 0.1, 0.2, 0.3, 0.4, 0.5, 0.65, 0.8, 0.95,
1.1, 1.3, 1.5, 1.75, 2.0, 2.2, 24, 2.6, and 2.75km (the
bottom of the hole). The total number of blasts were
82. The measuring conditions are summarized in
Table 4.

5.2 Data and Velocity Structure

Figure. 23 is the final SH wave section by the SH
wave generator. In spite of introducing the new high-
powered S gun, the onset of the S wave is rather
ambiguous for the area deeper than 1.75km. The poor
SH wave arrival seems to be caused by the ground
condition on which the S gun was installed. As can be
seen from the soil profile of the shot-hole (Fig. 21), the
subsurface layer is made up of unconsolidated sand
and gravel, so that the contact of the S gun with the
ground is rather loose. Accordingly it seems that a lot

-
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Table 4 Specifications of the measuring conditions of the experiment at Fuchu.

Meas. Source Meas. Source
Date Depth Date Depth
- Depth Type Charge Depth Type Charge
Y.MD. (km) (1) (m) YMD. {kn) (gr) (m
1980 0.1 S1E 50 Feb.8 1.1 S1E 300
Febh.5 0.1 S2E 50 1.1 S2E 250
0.1 BH 50 10.8 i 2% S2W 250
0.1 S1W 50
0.1 S2W 50 1.3 S1E 400
1.3 S2E 250
0.2 S1E 100 1.3 BH 50 10.1
0.2 S2E 100 1.3 S1E 350
0.2 BH 50 10.6 1.3 S2W 250
0.2 S1W 100
0.2 S2W 100 1.5 S1E 350
1.5 S2E 250
0.3 S1E 200 1.5 BH 50 10.1
0.3 S2E 200 1.5 S2W 250
0.3 BH 50 10.6 1.5 S1E 300
0.3 SIW 200
0.3 S2W 200 Feb.9 1.75 SI1E 500
1.75 BII 100 9.9
Feb.6 0.4 S1E 300 1.7  S1W 500
0.4 S2E 200
0.4 BH 50 10.6 Feb.ll 2.0 S1E 200
0.4 S1W 300 2.0 S1W 400
0.4 S2W 200 2.0 BH 100 10.0
2.0 S1E 450
0.5 S1E 300 2.0 BH 100 10.0
0.5 S2E 200
0.5 BH 50 10.6 Feb.12 2.4 S1E 400
0.5 S2W 200 2.4 BH 100 9.9
2.4 S1E 450
0.6 SI1E 300 2.4 BH 200 9.9
0.66 S2E 200 2.4 BH 350 9.9
0.6 BH 50 10.0
0.65 S2W 200 2.75 S2E 200
0.65 SI1E 200 2.75 SI1E 500
0.65 S2W 200 2.75 S1E 500
Feb. 7 0.8 S1E 300 ‘eb.13 2.7 BIH 200 10.0
0.8 S2E 200 2.7 BH 300 9.8
0.8 BII 50 10.0
0.8 S2W 200 2.6 S1E 500
0.8 S1E 250 2.6 BH 200 8.3
0.8 S2wW 250 2.6 BH 300 6.0
2.6 S1E 500
0.95 SI1E 350
0.95 S2E 250 2.2 S1E 500
0.95 BH 50 10.2 2.2 BH 200 5.2
0.95 S2W 250 i BH 100 5.2
0.95 S1E 250 2.2 S1E 500
1.1 S1E 300
1.1 BH 50 10.2

S1, $2, and BH represent two S-guns and shot-hole, E and W added to S1 and
S2 represent the excitation direction, East and West,

of explosive energy was absorbed or lost without
being converted to the SH wave.

Under such circumstances, the first arrival of the
SH wave was identified on horizontal component
records which should predominantly catch the SH
The horizontal records were processed by
operating a filter changing its pass-band systemat-

wave.

ically or by applying the azimuth converter (Fig. 8) in
order to emphasize expected SH waves. The appro-
priate pass-band was determined by referring to the
previous experiments in Iwatsuki and Shimohsa. The
previous experiments had revealed that the true SH
wave could be distinguished to a certain extent from
the ground noise or undesirable phases, for example a
P wave in water, by precisely investigating differ-
ences of waveforms or interval velocities within them.

And in general, the SH waves have a gradually longer
period with increasing depth. Referring to those facts,
and foreseeing the S wave arrival time based on the
velocity structures at [watsuki and Shimohsa, the SH
wave first arrival was guessed then emphasized by the
most preferable filtering operation. Solid circles in
Fig. 23 are the onset of the SH wave thus identified.

The P wave section is shown in Fig. 24. Again in
this figure, the guided P wave and the sound wave in
Amplitudes of the
sound wave are apparently very large for the range
deeper than 1.5km. Precursory guided waves appear
at all depths shallower than 1.3km, while those domi-
nate exclusively at the 2.4km depth for the area
It is uncertain why the guided
wave appears in such a manner.

water are clearly recognized.

deeper than 1.5km.

— 16 —
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Fig. 23 Paste up SH waves by the SH wave genera-
tor obtained in the measurement at Fuchu.
Solid circles are the detected onsets of the S
waves.

Based on these S and P wave sections, arrival times
of each phase were read and corrected for the imagi-
nary source, then interval velocities were computed.
Figure 25 is the travel-time versus depth relation thus
obtained. The velocity profiles of S and P waves are
shown in Fig. 26 together with the geological profile
and logging data of sonic velocity, density, and resis-
tivity. The most sharp discontinuity in both the S and
P wave velocities is clearly recognized at the depth of
2.0km, which completely agrees with the depth of the
soil-rock boundary. On the basement rocks, three soil
layers are stratified. The velocities of these layers
and the basement are 0.54, .78, 1.19, and 2.53km/sec
for the S wave, and 1.76, 2.14, 3.24, and 4.76km/sec for
the P wave, respectively. The depths of the layer
boundaries for the S and P profiles are not always
consistent with each other. The boundaries in the P
profile are slightly deeper than those in the S profile.
As shown in Fig. 24, P wave arrivals near those
boundaries (0.3-0.5km, and 1.1-1.3km) are strongly
contaminated by the precursory guided waves, so that
travel-times at those depths seem to be less reliable.
Due to this uncertainty, the layer boundaries in the P
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Fig. 24 Paste-up seismograms of the vertical compo-
nent by small explosions obtained in the
measurement at Fuchu. Solid circles are the
onsets of the P waves.

profile may be movable to a small extent by alterna-
tive readings of the P wave arrival time at those
depths. The depth discrepancy may also be interpret-
ed as a result of the assumption that the velocities
change stepwise with respect to the depth. In spite of
the small uncertainties described above, gross fea-
tures of both S and P wave velocity structures are in
good harmony with the logging data and the geologi-
cal profile.

6. Discussion
6.1 Summary of Velocity Structures

Distributions of the S and P wave velocity in deep
so0il deposits were revealed by direct and systematic in-
situ measurements at three sites, Iwatsuki, Shimohsa,
and Fuchu, in the Tokyo metropolitan area. For these
sites, the results are in good harmony with the sonic,
density, and resistivity logging data, and the geologi-
cal profile. This demonstrates that the measurements
are highly reliable.

The results are summarized in Table 5, and Fig. 27
and 28. In those figures, corresponding boundaries are

T |,
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L \. ] \ / \. evidence that the lower Miocene soils are consider
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3

ably thick at Iwatsuki but very thin or even lacking at
both Shimohsa and Fuchu.

The S wave velocity
Fig. 25 Travel-time versus depth plots of S, P, and

structure of Fuchu is very similar to that of Shimohsa,

except that the surface of the basement is located

other marked wave groups for the measure- 0.5km deeper than that of Shimohsa.

ment at Fuchu.

A common
feature at the three sites is the constant thickness
GEOLOGY SWAVE VELOCITY PWAVE VELOCITY SONICVELOCITY DENSITY RESISTIVITY
i 9 ;] ;2,49 2 .4 S, B 2. 4. 81, ¢, 70,490 . W
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Fig. 26 S and P wave velocity structures at Fuchu in comparison with the geological condition,

™

technique.

sonic velocity, bulk density, and electric resistivity. Subsurface (shallower than 100m)
structures were obtained in a supplementary experiment by means of the conventional
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Table 5 Summary of the S and P wave velocities at Iwatsuki, Shimohsa, and Fuchu.

Iwatsuki Shimohsa Fuchu

Vs Depth Vp Depth Vs Depth

(km/s) (km) (km/s) (km) (km/s}) (km) (km/s) (km) (km/s) (km) (km/s) (km)

0.44 1.80 0.485
0.32 0.33 0.29
0.615
0.60
0.76 2.10 0.82
0.99 1.0 1.10
1.30 2,90 1.15
1.97 2.70 1.44
1.60
2.80
2.50 4.70 2.60

Vp Depth Vs Depth Vp Depth
0.54 1.76
0.23 0.43
2,04 0.78 2.14
1.19 1.11 1.32
244 1.19 3.24
1.55 2.04 2.00
4,98 2.53 4.76

FUCHU —— 39km

IWATSUKI-——30 km———SHIMOHSA

O—.
0.54 0.44 0.49
7 2 Pleistocene e I
0.78 0.76 0.82
£1- e
X —
T | =
a | E2= Miocene
L
O

Pre-Tertiary
34 Basement

i

Fig. 27 Comparison of the S wave velocity structure at three deep borehole observatories, Fuchu,

Iwatsuki, and Shimohsa.

(about 1.0km) of the uppermost soil layer, notwith-
standing differences of the basement depth. Judging
from the results by seismic prospecting in the same
area (Shima ef al., 1976a,b, 1978a,b, 1981), this fea-
ture of the uppermost layer seems to continue to the
central part of the Tokyo metropolitan area, or at
least in the area surrounding the three measurement
sites.

The S wave velocities in the soil deposits show
rather small changes, and the maximum velocity

contrast appears at the soil-rock boundary. This
feature of S wave velocities is, in general, also true
for P wave velocities (see Fig. 12, 18, and 26). The
rate of increase of velocity with depth in the
sedimentary layers is much larger in the S wave
than in the P wave, which indicates that the wave
modification and amplification in the soil deposits is
strong for S waves. In addition, the basement material
with S wave velocities of 2.5-2.6km/sec and I velocities of
4.7-5.0km/sec is mainly composed of pre-Tertiary or
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Fig. 28 Compasison of the P wave velocity structure at three deep borehole observatories, Fuchu,

Iwatsuki, and Shimohsa.

pre-Neogene metamorphic rocks which are widely
spread in and around the Tokyo metropolitan area
(Ishii, 1962 ; Fukuda et «i., 1974). Therefore, it is
reasonable to consider the basement as a so-called
“seismic bedrock”.

Recently, Shima ef al. (1976a,b, 1978a,b, 1981)
vigorously progressed seismic prospects in order to
explore the distribution of the basement beneath the
Tokyo metropolitan area by using large-scale explo-
sions at Yumenoshima. Here, we compare the P and
S wave velocities of the present results with those
past studies. Three prospect lines (see Fig. 30) from
Yumenoshima to Yoshikawa (Yu-Ys line), to Takao
(Yu Ta line), and to Tsukuba (Yu-Ts line) are avail-
able for comparison with Iwatsuki, Fuchu, and Shi-
mohsa, respectively. Relations are obtained as,

IWT Yu-Ys line FCH Yu Ta line SHM Yu-Ts line

18 1.8 1.8 1.5 2.0 1.8
2.1 2.1 2.1

28 2.8 3.2 3l 2.4 2.6
4.7 5.65 4.8 5.3 5.0 5.6

for the P wave, and

IWT Yu Ys line FCH Yu-Ta line SHM Yu-Ts line

0.44 0.58 (.54 0.63 0.49

0.76 0.70 0.78 0.62 0.66
0.82

13 15 1.2 — 1.2 1.3

1.6
2.5 3.0 2.5 = 2.6 29

for the S wave, in km/sec unit. For P waves, both
measurements are highly consistent with each other.
Besides, the consistency of the S wave velocity
between them seems good. However, the reliability of
the S wave velocities by the refraction studies is not
guaranteed because the explosion excites only poor S
waves.

6.2 S wave Velocities and Geological Conditions

It is very useful to correlate S wave velocities to
geological profiles. If the relation is fully established,
the geological structure is immedietly converted into
the S wave velocity structure. Ohta and Goto (1976,
1978) tried to find an experimental formula for
estimating S wave velocities in terms of characteristic
indices of soil including geological conditions.
Disappointedly, the formula obtained was applied only
to near-surface soils of 0.1-0.2km in depth. It is
necessary that the correlation rules be applied to
greater depths.

Table 6 represents a relation between seismic wave
velocities and geological conditions, which summarize
the results obtained in the present measurements.
The uppermost Pleistocene layers with an S velocity
of 0.4-0.9km/sec and a P velocity of 1.8-2.2km/sec
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Table 6 Relation between seismic wave velocities and the geological conditions.

Geological condition

Seismic wave velocity (km/sec)

Age Group or Formation S-wave P-wave

Late Pleistocene Narita G. (I,S) ~ ¥

or Pliocene Kazusa G. (I,S,F) 0.4-4.9 e
Pliocne or Miura G. (S5,F) B 5 B

Miocene Tokigawa F. (I) 1:1-1.8 2,682

. Fukuda F. (I)
Miocene Askaws E (0 1.6 2.9
pre-Neogene or Basement (L,S,F) 5 5-2 6 4.7-5.0

pre-Tertiary rocks

I, S, and F (Iwatsuki, Shimohsa, and Fuchu, respectively) in parenthesis represent
where the geological groups or formations were found.

may be subdivided as follows :

Geology S wave P wave
Narita Group 0.4-0.5km/sec 1.8-2.0km/sec
Kazusa Group Upper 0.5-0.7

Lower 0.7-0.9 2.0-2.2

It is clear from Fig. 27 that the S wave velocities in
the same geological conditions excellently agree with
each other at all the sites. Although the data number
is limited, this fact shows that the geological condi-
tions may be effective for estimating the S wave
A similar relation as in Table 6, but for
only the P wave velocity, was suggested by Seo et al.
(1982), in which P wvelocities locally prospected on
outcrop rocks in the Kanto district were used.

velocities,

In the Kanto Plane, there are more than twenty
stratigraphical drillings or pilot-borings for natural
gas. The geological profiles in those boreholes were
examined in detail, and a comparison among those
wells was made by Fukuda et al. (1974). The geologi-
cal structures of those boreholes can be used for
extending the 3-D structures of Fig. 27 and 28 into a
larger area by using the relation presented in Table 6.

6.3 Velocity in the Basement

A consistency between the present down-hole mea-
surement and the ordinary seismic prospects using
Yumenoshima explosions was confirmed as described
in Section 6.1. By carefully comparing both results,
however, it is found that the velocities in the basement
are systematically different in both P and S waves ; P
and S velocities are 4.7-5.0km/sec and 2.5-2.6km/sec
in the present results while they are 5.3-5.7km/sec and

2.9-3.0km/sec, respectively, in the Yumenoshima

experiments.

For those velocity differences, two interpretations
are possibly related to the method of measurements.
The present experiment adopts the down-hole method
that directly measures a velocity in the vertical direc-
tion while the Yumenoshima experiment is based on
the ordinary refraction method in the horizontal direc-
tion. The first possibility is an anisotropy of base-
ment rocks. It is well known that the seismic wave
velocities in horizontally stratified sedimentary rocks
are generally larger in the horizontal direction than in
the vertical direction. Since a velocity difference
occasionally exceeds over 30% (Postma, 1955; Van-
der Stoep, 1966 ; Kitsunezaki, 1971 ; Bamford and
Crampin, 1977 ; Crampin et al., 1984), the anisotropy
may potentially account for the velocity discrepancy.
The second possibility is a velocity change within the
basement. The present down-hole method measures
the so called interval velocity, so that there is no
influence from the velocity distribution outside the
concerned interval. In the refraction method, how-
ever, apparently a larger velocity may be obtained
when the velocity increases with increasing depth
beneath the concerned boundary.

Although a definite conclusion cannot be drawn so
far, the first possibility of an anisotropy does not seem
In Table 7, we show the velocities
measured in a laboratory for rock-cores which were

to be the case.

sampled from the basement when drilling the bore-
hole. Those velocities do not indicate positive evi-
dence for a systematic deviation of sonic wave veloc-
ity in any direction. Therefore, it is preferable to
adopt the second reason. A recent study by Kasahara



Report of the National Research Institute for Earth Science and Disaster Prevention, No, 56 ; February, 1996

Table 7 Sonic wave velocities of core samples of the basement rock.

Observatory  Sampling depth Sonic wave velocity (km/sec)

(km) Vertical Horizontal-X Horizonal-Y

Iwatuski 3.164 4.04 4.08 4.21
3.324 4.94 4.31 4.37
3.509 4.52 4.79 s

Shimohsa 1.598 6.70 6.78 5.77
2.316 4.92 5.12 5.43

Fuchu 2.02 4.01 4.07 4.49
2.022 4.0 == 3.4
2.77 3.76 4.03

HANNOH FUCHU YOKOHAMA

C

[]
1 I

==

Fig. 29 P wave velocity profile along the line from Hannoh (Saitama) to Yokohama prospected
by the refraction method (after Kasahara ef «f., 1976¢). A, B, and C are the shot points.
The Fuchu Observatory is located about 2km to the northeast of the section.

et al. (1976¢) clearly showed a velocity gradient within
They carried out the precise seismic
prospects for determining the depth of the basement

the basement.

before constructing the Fuchu Deep Borehole Obser-

vatory. In the experiment, they deployed more than
250 observation points at an interval about 0.15km
along a line from Yokohama to Hannoh, and cbserved
signals from three large explosions. In Fig. 29, the P
wave structure obtained is shown together with the
present result for Fuchu. Though the Fuchu observa-
tory is about 2km apart from the prospect line, both
results from vertical and horizontal measurements are
excellently consistent. This figure clearly demon-
strates the existence of a thin layer with a rather
small velocity (Vp=4.4 4.6km/sec) covering the true
basement (Vp=5.4-56km/sec). Accordingly, the sig-
nificant difference of the basement velocity may be
explained as follows. The present measurements
obtained a velocity of the thin layer which constitutes
the uppermost part of the basement, while the

Yumenoshima experiments measured a velocity of the
true basement under the thin layer. In the Yumeno-
shima experiments, the thin layer might have been
masked due to their rather coarse arrangement of
observation points.

Recently, Seo and Kobayashi (1980) came to a con-
clusion of a smaller basement velocity of 5.1km/sec
for the P wave along the line from Yumenoshima to
Enoshima. This velocity seems to be slightly different
from those of the Yumenoshima experiments by
Shima et al. (1976a,b; 1978a,b,c). It can be seen in
Fig. 29 that the upper layer of the basement becomes
two or three times thicker towards Yokohama. Since
about half of the observation points of the Enoshima
line were located on this area of thick upper-base-
ment, a rather low basement velocity might have been
observed. More recently, a low basement velocity
was revealed in the same area by another study
(Yamanaka, et al., 1986). According to this study, the
upper basement with a P velocity of 4.7-4.8km/sec is
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widely spread beneath the southwest part of the
Tokyo metropolitan area. The thickness of this layer
is 2-3km at the maximum. On the other hand, the low
velocity basement was not observed in the northern
and eastern area of the Tokyo metropolis. However,
the present study confirmed the existence of the low
velocity basement both at Iwatsuki and at Shimohsa.
We, therefore, conclude that the upper layer, despite
the fact that it may be very thin, does exist also in the
northeastern area of the Tokyo metropolitan area.

6.4 Three Dimensional View of Velocity Structure
beneath the Tokyo Metropolitan Area

A three dimensional (3-D) view of the deep under-
ground structure beneath the Tokyo metropolitan
area is gradually being brought into light as a result of
the accumulation of much data by means of seismic
refraction prospects, gravity surveys, stratigraphical
drillings, down-hole measurements, and so on (Fig. 30).
For example, Shima ef «f. (1978¢c) summarized the
results from refraction prospects in the Tokyo metro-

politan area (Higuchi et al., 1977 ; Kasahara e! al.
1976a, b, ¢ ; and Shima et «f., 1976¢), and visualized
the 3-D undulation of the basement depth in terms of
the P wave time-term map. However, the map is
mainly focused on the basement, not on the sedimen-
tary lavers.

Recently, the author (Yamamizu, 1983) roughly
estimated the sediment structures along the prospect
lines of Yumenoshima explosions by means of the
time-term analysis. In that analysis, the time-term
contributions of each sedimentary layer were roughly
determined on the basis of the present results of the P
wave velocity structure at three sites; Iwatsuki,
Shimohsa, and Fuchu (Fig. 28). The thin layer of the
uppermost basement (Vp=4.8km/sec) revealed in the
previous section was also taken into account. The
profiles along Yu-Ys, Yu-Ts, Yu-Do, Yu-Ta, and
Yu-En line are shown in Fig. 31 through Fig. 35,
respectively. Adding to those profiles, we now con-
struct the geological profile along four lines (broken
lines in Fig. 30) by using stratigraphical drillings or

3[0 4'0 km

Fig. 30 Distribution of the prospect lines (thin straight lines) and deep boreholes (solid dots).
Along the broken lines through dots the geological structure is estimated. The hatched

area represents the outcrops of the pre-Neogene basement rocks, and the depth contours
of the basement are drawn on the basis of the present results (see Section 6.4).
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Fig. 31 Subsurface structure (lower) along the line from Yumenoshima to Yoshikawa (Yu Ys
line in Fig. 30). Observed total time-terms and their allotment into the soil layers are
shown in the upper figure. For comparison, the geological structure revealed by the
stratigraphical drilling of SOKA R-1 is presented.
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Fig. 32 Subsurface structure (lower) along the line Yu-Ts shown in Fig. 30. Observed total
time-terms and their allotment into the soil layers are shown in the upper figure.
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Fig. 33 Subsurface structure (lower) along the line Yu-Do shown in Fig. 30. Observed total
time-terms and their allotment into the soil layers are shown in the upper figure.
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Fig. 34 Subsurface structure (lower) along the line Yu-Ta in Fig. 30 Observed total time-terms
and their allotment into the soil layers are shown in the upper figure. For comparison,
the velocity structure at Fuchu is presented.
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Fig. 35 Subsurface structure (lower) along the line Yu-En in Fig. 30. Observed total time terms
and their allotment into the soil layers are shown in the upper figure.
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Fig. 36 Geological profile along the line from Funabashi to Tsukuba (broken line Fu-T's in Fig. 30).
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Fig. 37 Geological profile along the northwest-southeast line (broken line Ka-Na in Fig. 30) from
Kasukabe to Narutoh.
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Fig. 38 Geological profile along the line from Funabashi to Omigawa (broken line Fu-Om in Fig. 30).
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Fig. 39 Geological profile along the line from Hasunuma to lioka (broken line Ha-lo in Fig. 30).

pilot borings (dots in Fig. 30). The geological profiles

from Funabashi to Tsukuba (Fu-Ts), Kasukabe to

Naruto (Ka-Na), Funabashi to Omigawa (Fu-Om),

and Hasunuma to lioka (Ha-Io) are shown in Fig. 36

through Fig. 39, respectively. The P wave velocities

of each geological formation were assumed as shown
in those figures, and were determined on the basis of

Table 6 and the subdivision presented in Section 6.2.

The velocity of the basement was determined to be

4.8km/sec following the present results.

From those profiles, we are able to reveal the gross
feature of the three dimensional distribution of the
sedimentary layers and underlying basement in and
around Tokyo. However, the 3-D feature of the
sediment seems less reliable than the basement. For
this reason, we only drew contours of the basement
depth as shown in Fig. 30. The 3-D features of the
basement are:

(i) the depth is rather shallow (about 1.0-1.5km) in
the northeastern area and becomes shallower
toward Mt. Tsukuba and Inubo Cape, then the
basement crops out at both sites,

(i) the basement steeply raises up toward the west
and ranges to the western mountains,

(iii) the graben-like depression deeper than 3.0km
runs from north to south passing through west-
ern suburbs of the Tokyo metropolitan area,

(iv) the maximum depth of about 3.7km is found in
the southern part of Yokohama.

Tada (1982) estimated a similar map of the basement
distribution by means of time-term analysis assuming
one sedimentary layer over the basement. The 3-D
view of the basement shown in Fig. 30 is generally
consistent with his results.

It is needless to say that precise prospects, such as
Kasahara ef al. (1976c) shown in Fig. 29, are required
in order to widely investigate the 3-D underground
structure including the sedimentary layers. This is
easy to say, but it is very difficult to do so. This is
because human activities are ceaselessly high and
enough to disturb the seismic prospects in the Tokyo
metropolitan area.

7. Conclusion

The purpose of the present paper is to reveal the
seismic wave velocity in deep soil deposits beneath the
Tokyo metropolitan area. The distributions of the S
wave velocities obtained may be the first direct esti-
mations taken to the depth of 2.3-3.5km in not only
Japan but in the world. This knowledge about the 5
wave will play an important role as fundamental data
in the fields of both seismology and earthquake engi-
neering. The conclusions obtained throughout the
present paper are summarized as follows:

(1) Profiles of S and P wave velocities to the depth
of 2.3-3.5km are obtained by means of the down-
hole measurement by using three deep boreholes at
Iwatsuki, Shimohsa, and Fuchu in the Tokyo metro-
politan area. Those results, summarized in Table 5,
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are in good harmony with the sonic, density, resis-

tivity logging data, and the geological profiles of

those deep holes (Fig. 12, 18, and 26).

(2) Summarizing the results at the three measure-
ment sites, a simple 3-D view of the underground
structure beneath central Tokyo is obtained (Fig. 27
and 28). The structure is generally composed of
three layers ; the Pleistocene and the Miocene sedi-
mentary layers, and the pre-Tertiary or pre-
Neogene basement. The uppermost Pleistocene
layer is nearly the same thickness. The basement is
the deepest, about 2.8km, at Iwatsuki among the
three sites.

(3) A relation between the S and P wave velocities
and the geological conditions is obtained (Table 6
and Section 6.2). The velocities of the Pleistocene
and Miocene layers are 0.4-0.9km/sec and
1.2-1.9km/sec for the S wave, and 1.8-2.1km/sec and
2.4-3.2km/sec for the P wave, respectively. Those of
the basement are 2.5-2.6km/sec and 4.7-5.0km/sec
for the S and P waves, respectively.

(4) It was found that the velocity of the basement is
systematically different for both the S and P waves
between the present measurements and the explora-
tions by the Yumenoshima explosions. The velocity
difference strongly suggests that the basement is
composed of two layers; a thin layer with a rather
small velocity covers the true basement.

(5) The 3-D subsurface structure beneath the eastern
part of the Kanto Plain is estimated by using geo-
logical data from stratigraphical drillings or pilot
borings (Figs. 36, 37, 38, and 39). Together with the
results by using Yumenoshima explorations (Fig.31,
32, 33, 34, and 35), the gross feature of the 3-D
structure beneath the entire Tokyo metropolitan
area is revealed. The depth distribution of the
basement with a P wave velocity of 4.8km/sec is
presented (Fig. 30).

Since the 17th century, the Tokyo metropolitan
area has been the center of political, economic, and
cultural activities in Japan, and this area has repeated-
ly experienced serious damage by large earthquakes
such as the Genroku Kanto earthquake in 1703, the
Ansei Edo earthquake in 1855, and the Kanto earth-
quake in 1923 to name a few. Nowadays, human
activities are increasing still more and more and they
are accompanied with the development of heavy
industries, commerce, traffic, and transportation. In
this situation, a large earthquake will heavily reduce
the national functions to possible ruin. We, therefore,
strongly require a total plan to mitigate an earth-
quake hazard. Finally, the author hopes that the

present results will make some contributions to such
an earthquake disaster reduction plan.
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