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Abstract ‘

In 1985, the Research Group for Explosion Seismology conducted ‘
a seismic refraction experiment along a profile in the central Japan
region from Haruno, Shizuoka Prefecture to Tsukude, Aichi Prefec- ‘
ture. The 53 km-long profile with six shot points and 76 temporary
observation sites crosses two major tectonic lines: the Median and
the Akaishi. The refraction analysis reveals the P-wave velocity ‘
structure down to 5km depth below the sea level under the profile.
The structure of the upper crust along the profile is divided into ‘
four parts: A) the part east of the Akaishi tectonic line, B) the
central part between two tectonic lines, C) the low-velocity zone ‘
at the Median tectonic line, and D) the part west of the Median
tectonic line, by these two tectonic lines. The structure change at
the Akaishi tectonic line is sharp, while the low-velocity zone of 4km
width exists under the Median tectonic line. P-wave velocities of the
uppermost layers in A, B, C, and D are 8.1km/s, 4.4km/s, 3.8km/s,
and 4.5km/s, respectively. The P-wave velocity of 6.0km/s appears
at depths of 5.6 km, 0.5km, 4.7km, and 2.6 km below the sea level
in A, B, C, and D, respectively. P-wave velocities in B are the
highest at each depth. Those in D are the second highest, while
those in A are the lowest. Although the profile is only 53km long,
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two velocity discontinuities are found in the deeper parts of this-
profile from reflected waves. One is at the depth of 14km under
the Akaishi tectonic line. It extends 5km both to the east and west,
and slopes down to the west at an angle of 22 degrees. This discon-
tinuity corresponds to the upper boundary of the local high seismicity
zone in the lower crust under the profile. The reflected waves at
this discontinuity can be clearly recognized even in raw records, and
a sharp velocity contrast of about 10% exists there. The other dis-
continuity lies about 10 km deeper beneath the former one, and slopes
down to the west at an angle of about 10 degrees. This discontinuity
can be recognized in a wider area under the profile. It corresponds
to the upper surface of the Philippine Sea plate subducting toward
the northwest in this area.

1. Introduction

As one of a series of research projects on the crustal structure of
Japan by the Research Group for Explosion Seismology, the 1985 experi-
ment was done on the profile in Tokai area (Fig. 1). This profile crosses
the Median and Akaishi tectonic lines. The Median tectonic line is an
active right-lateral Quaternary fault (e.g. OKADA, 1978), while the Akaishi
tectonic line has not been active recently. How the crustal structure
changes across these tectonic lines is a very interesting problem.

The profile is located close to the focal region of the expected Tokai
earthquake. In this area, the Philippine Sea plate subducts under the
Furasian plate toward the northwest with a speed of 6em/y. The depth
of its upper surface under the profile is between 25 km and 80 km (ISHIDA,
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’ 1991). The part of the plate under the profile passed the Suruga trough
| only one and three-quarter million years ago. How the structure changes
| between the lower crust and the recently subducted plate is also inter-
' esting.

| In the present paper we analyze the travel time data of the profile
| and derive the structure of P-wave velocities in the upper crast, which
| also satisfies the waveform characteristics of observed records. We also
’f utilize reflection data processing techniques to reveal the deeper structure.
| .
|

2. Field Procedure

The total profile length was 53 km from Haruno, Shizuoka Prefecture,
to Tsukude, Aichi Prefecture. There were six shot points in the profile
(Fig. 1). Hereafter, shots are called S-1, S-2, 8-3, S-4, S-5, and S-6 from
east to west. The Median tectonic line crosses the profile just east of ‘
S-5, while the Akaishi tectonic line crosses it in the middle of S-2 and
S-3. Dynamites of 800 to 500 kg were detonated in bore holes of 50 to
70 m depth (Table 1). In order to determine P-wave velocities near the
surface, six observation stations were also set every 100m from- each
shot point.

The seismic data were recorded at 76 sites on portable cassette-
recording seismographs with 2.2 Hz vertical component seismometers
(Mark Products L-22D, h=0.7). The radial component data were also
recorded by the similar horizontal component seismometers at half of
the stations. The seismic signal was recorded in FM or PCM mode. The
spectral response of the total recording system was set to be flat between
} 0.5 and 30 Hz.

- JJY (Japanese standard time signal broadcast on the radio) was used
for the time calibration. It was recorded at least before and after an
explosion was recorded to calibrate signals of an installed crystal clock.
The accuracy of time was kept better than 0.01s.

All stations were located on 1:25,000 topographic maps to the ac-

Table 1. List of shot points.

Shot '

Date ;

Time

Latitude

Longitude

Height

Charge

S-1 1985 Nov. 20 01:12:00.06  84°58/49.4”N  137°59/38.6"E  409m 500 kg
S-2 Nov. 28 01:01:59.69  34°56/37.3/N  137°53/35.9”"E  181lm  800kg
S-3 Nov. 28 01:12:00.70  34°56/05.8"N  137°45'21.5"”E ~ 300m 300 kg
S-4 Nov. 29 01:02:00.69  34°5718.0”N  137°42/053"E  295m  400kg
S-5 Nov. 28 01:21:59.89  34°5742.4”N  137°34'57.9”E  2283m  400kg
S-6 " Nov. 29 01:22:00.00 34°59/27.8”N  137°25'05.3"E 596 m 500 kg
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Altitudes of the stations vary from 75m to 600 m. Detailed data such
as locations of the stations, travel times, etc. were published in a separate

|
curacy of 20m (Fig. 1). The average station spacing is about 700 m. ‘
1
paper (RESEARCH GROUP FOR EXPLOSION SEISMOLOGY, 1989). |

3. Data Analysis

“Travel times were read manually from the reproduced records. - Im-
pulsive first arrivals were visible on most of the records. Each first
arrival was classified into three ranks: A, B, and C, which correspond
to accuracies of 0.01s, 0.03s, and 0.05s, respectively. When the very
onset was difficult to read within the accuracy of rank C, it ‘was removed
from all figures and further analysis. Arrival times of later phases
were read only when they could be identified within the accuracy of |
rank C. ,

In order to utilize the information in waveforms, each record was
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Fig. 8. Travel time curves near each shot. Solid lines and
numerals in each figure indicate the least square solutions.

- digitized through a 12-bit A/D converter with 100 Hz sampling. In Fig.
2, examples of the record sections reproduced from these digital data
are shown. Waveform data in digital form are easily passed through
various filters which are useful to identify later phases. They even
make it possible to use reflection data analysis, which will be described
later, What are notable from the raw record sections are: 1) S waves
can be seen even on vertical components, and 2) clear later phases can
be seen in the record sections of the vertical component.

We obtained the P-wave velocity structure by forward modeling to
achieve the best fit between observed and calculated travel times by
asymptotic ray theory (éERVENS’( et al., 1977). In order to extract the
information contained in waveforms, we searched for the best model
among models in which P-wave velocities have gradients in vertical and
lateral directions, and they are continuous except at the boundary be-
tween the uppermost layer and the next one. With these restrictions,
we could use the SEIS83 computational program (éERVENS’( and PSENCIE,
1983) for the calculation of travel times and the synthesized seismograms.
We chose the single force type source for synthesization in order to
obtain S waves, which are seen clearly in our observations and do not
appear for explosive sources theoretically.




R. S. MATSU'URA et al.

35. 1IN

:
;
H S2en
o -
s
e

oY

34. 8N

/
U] 2R 25 «[ SsEE B EE «EE = e
Fig. 4. Geological map of the area after the 1:200,000 Geological Map of
Toyohashi. Crosses indicate six shot points. :
1: Quaternary, 2: Neogene, 3: Late Mesozoic to Palecgene, 4: Permian to Early
Mesozoic, 5: Neogene igneous rocks, 6: Cretaceous plutonic rocks, 7: Permian
igneous rocks, 8: Ryoke metamorphie roeks, 9: Sanbagawa metamorphic rocks.

The P-wave velocities of the uppermost parts were determined from
observed travel times near each shot point (Fig. 3). The velocity near
each shot point is obtained by the least square method. For S-1 and
S-2, it is 3.1km/s. For S-8 and S-4, it is 4.4km/s. For S-5 and S-6,
it is'3.8 km/s and 4.5 km/s, respectively. Based on the surface geology
of this area (GEOLOGICAL SURVEY, 1972; Fig. 4), lateral boundaries of
P-wave velocities in the uppermost layer along the profile were assumed
in the starting model as follows. The boundary of the 8.1 km/s-area
and the 4.4 km/s-area is the Akaishi tectonic line. The 8.8 km/s-layer
is assumed to appear only in the narrow zone between S-5 and the Median
tectonic line. The area west of this zone has a layer of 4.5km/s.

Reduced travel times of first and later arrivals with a reduetion
velocity of 6.0km/s are shown in Fig. 5. Record sections of vertical
components-for all shots are shown in Fig. 6. What is clear from the
travel time data is the following (RESEARCH GROUP FOR EXPLOSION
SEISMOLOGY, 1989): 1) At stations ten kilometers or less from S-1, first
arrivals from shot S-1 show such a low apparent velocity, 4.7 km/s. Data
at stations farther than 10km from S-1 show an apparent velocity of
about 6km/s with the largest intercept time (0.8s) among’ six shots
(Fig. 5(a)). First arrivals of shot S-2 in the direction of S-1 also show
a low apparent velocity (Fig. 5(b)). The velocity between S-1 and S-2
must be lower than in other parts. 2) Travel times observed at sites
between the two tectonic lines show the very small intercept times. (0.1 §)
for shots S-3 and S-4 (Fig. 5(c), (d)). The velocity of 6 km/s appears at
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a very shallow depth (about 500 m) in this area. 3) Travel times of
shots 8-1, S-2, 8-3, and S-4 observed at sites around the Median tectonic
line involve delay of about 0.05s compared those at the stations surround-
ing these sites (Fig. 5(a)-(d)). The velocities under the Median tectonic
line therefore appear to be slightly smaller than those in the surrounding
area. 4) The clear later phase is seen in large amplitudes on traces of
shot S-2 obtained at stations fifteen kilometers away or farther west
from S-2 (Fig. 6(b)). The apparent velocity of this phase is slightly
larger than the first arrivals’. The corresponding phase is also seen on
traces observed at the eastern sites of the profile for shots S-4, §-5, and
S-6 (Fig. 6(d)-(f)). Its apparent velocity is larger than that for S-2.

By means of the above features of travel time data, we formulated
the initial model for the P-wave velocity structure. The uppermost part
is divided into four parts as described previously. The P-wave velocities
in these parts were fixed through the course of searching for the best
model, while the lateral boundaries between the different velocities were
moved as the occasion demanded. The deeper parts are divided into
three parts by the two tectonic lines in the starting model. The thick-
ness of the uppermost layer as well as the velocity and its vertical
gradient under that layer in each part are set to represent the features
of 1) and 2) adequately. In the course of improving the model, we have
to introduce the low-velocity zone of 4 km width at the Median tectonic
line not only in the uppermost layer. Without this zone, the model
cannot represent the features of 3).

The S-wave velocity structure could not be obtained in detail, since
few S-phase travel time data satisfied the accuracy of rank C. We
compared S-phase arrivals in the synthesized seismograms for several
candidates for Poisson’s ratio with observed seismograms.

The profile length is only 583 km. However, information on the
lower crust and deeper structure could be obtained from later arrivals
and wave forms. We processed all of the waveform data as reflection
data (e.g. YosHII, 1990). Although 76 stations and six sources are sparsely
set and source time is not long, seismograms show good S/N without
stacking. The refracted parts are removed by the first break mute for
(4km/6 km/s+1s), where 4 is the epicentral distance. Each trace is
expected to display reflectors under the middle point between its source
and the geophone. The gain recovery is done as in the processing of
ordinary reflection data. The normal move out correction is done with
the velocity of (5.740.05X two-way travel time) km/s.
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4. Results and Discussion

Figure 7 shows the final model obtained. The theoretical travel
times and corresponding ray paths for this model are shown in Fig. 5.
The synthesized seismograms from this model are compared with observed
ones in Fig. 6. The upper part of the crust along the profile is divided
by the two tectonic lines into four parts: the part east of the Akaishi
tectonic line (indicated as A), the central part between the two tectonic
lines (B), the low-velocity zone under the Median tectonic line (C), and

the part west of the Median tectonic line (D).

P-wave velocities in A

are the lowest among those in four parts of the same depth. Those in
B are the highest. The Akaishi tectonic line divides A from B.

(km)

Depth

Fig. 7.

Haruno—-Tsukude 1985

5-6 5-56 5-4 STS 5-2
1 1 I

D c B A

10 km 2.0 3.0 4.0 5.0 6.0 km/s

(a) P-wave velocities are shown by colors.

Velocity (km/s)
3.0 4.0 5. 0 6.0 7: 0

(km)
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T

w
T

Depth
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(b) P-wave velocities in four parts, A, B, C and D shown in (a).

Obtained P-wave velocities of the upper crust structure under the profile.
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Among the infinite ways of improving the model, we avoid introduc-
ing a velocity discontinuity except at the bottom of the uppermost layer
in each part. The discontinuity of the vertical velocity gradient is only
introduced at the depth of 1.5km. We aimed to obtain a final model
with a small number of parameters. Since we did not smooth the dis-
continuity of the velocity gradient by introducing layers and parameters,
the synthesized seismograms still show rather small amplitudes at first
arrivals of certain traces. However, it is wiser to use different methods
such as the Gaussian beam method to obtain a closer fit to the observed
waveforms than to struggle with an SEIS83-type program. Our final
model gives enough agreement on waveforms within the limitations of
SEISK3.

Poisson’s ratio of 0.25 is chosen in the final model of Fig. 7. There
are not any clear differences of the ratio among the four parts of the
profile. Direct S waves observed at a few stations near each shot arrived
later than expected by the ratio of 0.25. It is plausible that Poisson’s
ratio in the uppermost layer is far greater than 0.25. It is also plausible
that it takes scores of msec for the generation of S waves after P waves
are generated by an explosive source. Our S-wave data could not tell
which is the chief reason.

The Median tectonic line is one of the active major strike-slip faults
in Japan, while the Akaishi tectonic line is old and not active recently.
Although the part of the Median tectonic line that the profile crosses is
Certainty III, it is only 20km southwest from the active part of
Certainty I near Misakube (RESEARCH GROUP FOR ACTIVE FAULTS, 1980).
A sharp change in the P-wave velocity structure is observed at the old
Akaishi tectonic line. The velocity beneath the Median tectonic line is
lower than those on both sides and forms a low-velocity zone of about
four-kilometer width. The vertical extent of this zone is at least 5km.
A similar low-velocity zone is also reported beneath a part of the San
Andreas fault in California (e.g. TREHU and WHEELER, 1987). The ex-
istence of such a low-velocity zone beneath a fault may be evidence of
recent activity. Conversely, such a sharp boundary line of the structure
as the Akaishi tectonic line is a fossil of an ancient fault.

The gravity anomaly of the area around the profile is shown in
Fig. 8 (SHIcHI et al., 1988). The assumed density is 2.67 g/ce. The
Bouguer anomaly is low in the part east of the Akaishi tectonic line
(A) and the low-velocity zone under the Median tectonic line (C), where
a P-wave velocity of 6.0 km/s appears at depths of 5.6km and 4.7 km,
respectively. The anomaly is high in the central part (B) and the part
west of the Median tectonic line (D), where the 6.0 km/s layer appears
at depths of 0.5km and 2.6 km, respectively. In A and C, the density
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Fig. 8. Bouguer anomaly in the area arcund the profile based on the data of
SHICHI et al. (1988).

Top figure shows the contour map of the anomaly of the area shown in Fig.
1. Clesed rhombi indicate six shot points.

Bottom figure shows the east-west cross section of the Bouguer anomaly in
the area between A and B shown in the top figure.

as well as Lame’s constant is small. Rocks in these areas may be more
perous and less rigid than those in B and D. Surface rocks in both B
and D were metamorphosed (Fig. 4). The metamorphism made rocks in
these parts denser and more rigid.

The clear later phases of feature 4) correspond to the reflected waves
at the sharp velocity discontinuity of about 10% lying under the Akaishi
tectonic line around the depth of 14 km. The discontinuity slopes down
about 22 degrees to the west and extends at most 5km to the east and
west. The discontinuity and ray paths of reflected waves are shown in
Fig. 5. Such clear reflected phases in raw records are seldom observed
in the crust by explosion experiments in Japan.

The reflection from this discontinuity is also clear at about 5-6s of
two-way travel time in the seismic section (Fig.9). We can follow this
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Fig. 9. The seismic section obtained by the reflection data analysis desecribed in
the text. A band-pass filter from 15Hz to 25Hz is used. Vertical axis shows the
two-way travel time. Blue and red colors indicate small and large amplitudes, respee-
tively.

phase for about 20 km in the horizontal direction. However, it swerves
and becomes weak at both ends. The sharp velocity discontinuity only
extends 10km as the result of the travel time analysis. The swerved
parts at both ends represent the diffraction at edges of the discontinuity.
This discontinuity is very sharp, but it is small and local.

The hypocenter distribution of natural earthquakes along the profile
is shown in Fig. 10. The location of this sharp discontinuity coincides
with the upper boundary of the high seismicity region under the Akaishi
tectonic line which is also inclined to the west. Earthquakes in the
Philippine Sea plate lie beneath this region. The seismicity in the plate
beneath this region is lower than that on both sides. The composition
of the lower crust is different beneath the Akaishi tectonic line.

In Fig. 9, another discontinuity is seen at 8-9s of two-way travel
time. When the P-wave velocity is assumed to be 7 km/s under the
former discontinuity, this diseontinuity lies about 10 km beneath the first
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Fig. 10. The hypocenter distribution of miero and larger earthquakes in the
area around the profile based on data of the National Research Institute for Earth
Science and Disaster Prevention. The east-west cross section of the area between
A and Bin Fig. 8 is shown. The solid lines indicate two sharp discontinuities
of P-wave velocities revealed by this study. The seismicity at depths from 30
to 40 km represents activity in the Philippine Sea plate. The upper boundary of
the Philippine Sea plate according to IsHIDA (1991) is shown by the broken line.

one. This reflector is clear from the Median tectonic line to the part
east of the Akaishi tectonic line. The reflection is not clear in the part
west of the Median tectonic line, where the seismicity in the Philippine
Sea plate is higher than in other areas (Fig. 10). This reflector does
not swerve. It slightly slopes down to the west at about 10 degrees.
This discontinuity corresponds to the upper surface of the subducting
Philippine Sea plate (Fig. 10, ISHIDA, 1991). Although the profile is short
and the experiment was carried out by the refraction method, we can
obtain the reflection at the boundary of the Philippine Sea plate and the
Eurasian plate. However, the velocity contrast between the island-are
crust and the sea plate is not as large as it appears in the raw records.

5. Conclusions

From data obtained in an experiment along the profile crossing the
Median and the Akaishi tectonic lines, we determined the crustal strue-
ture of P-wave velocities under the profile. The structure beneath the
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active Median tectonic line forms a low-velocity zone, while the old
Akaishi tectonic line forms a sharp lateral boundary of the structure.

The upper crustal structure under the profile is divided into four
parts: (A) the part east of the Akaishi tectonic line, (B) the central
part between the two tectonic lines, (C) the low-velocity zone of 4km
width under the Median tectonic line, and (D) the part west of the
Median tectonic line. The velocity at each depth is highest in B, the
second highest in D, and lowest in A. The P-wave velocity of 6 km/s
appears at depths of 5.6 km, 0.5km, 4.7 km, and 26km in A, B, C and
D, respectively. The Bouguer anomaly is high in B and D. However,
Poisson’s ratio of 0.25 can represent S-wave arrivals in all parts.

From the clear reflected waves, a sharp disecontinuity 10km long,
which corresponds to the upper boundary of the high seismicity region
in the lower crust, was found at the depth of 14 km under the Akaishi
tectonic line. The reflection data analysis enabled us to recognize ancther
deeper velocity discontinuity, which extends beneath most of the profile.
It corresponds to the upper surface of the Philippine Sea plate subduct-
ing under the Eurasian plate. The depth of this discontinuity agrees
well with the depth of the Philippine Sea plate model recently obtained
(IsHIDA, 1991).
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