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Abstract

The microearthquake waveforms recorded at the Tottori Microearthquake Qbservatory
(TTT) during the peried from Aug., 1971 to Dec., 1975 are investigated in relation to source
regions, focal depths and the upper-crustal structure. Representative waveforms which origi-
nated in respective regions in and around Tottori city, western Honshu, Japan are presented in
this paper. By using P and §— P times from TTT and its satellite stations we obtained locations
of hypocenters, ¥»/T values and P velocities of the crust.

Some prominent phases which appear on the seismograms are interpreted as reflected waves
such as Sx§ and SxP, which can be estimated to be reflected at the Conrad discontinuity.
Waveforms of shallow events are considerably complicated. The phases which appear between
F and 5 waves on the seismograms ol shallow events are interpreted as SP waves and channel
waves of SP type propagated through Lhe superficial layer.

Travel times of P waves and Sx5 waves reveal that the crustal structure beneath the Tottori
area is slightly different from the model derived by the Kurayoshi and Hanabusa explosions.

1. Introduction

Seismic waves of microearthquakes occurring in the crust are largely affected by
the local fine structures of the crust. Direct P and 5 waves are followed by various
later arrivals, which would be generated in certain inhomogencous regions of the
crust and at the ground surface. It is often found that the waveforms of the micro-
earthquakes, which occur in the same confined region are quite similar to one another.
This suggests that the outline of the waveform depends largely on the seismic-wave
path and most of the prominent phases which appear on microearthquake seismo-
grams could be explained if the crustal structure were completely revealed. The
purpose of this paper is to present the observational evidences of the effects of the
crustal structure and the ground surface on microearthquake waveforms by using
seismograms recorded at Tottori Microearthquake Observatory, Disaster Prevention
Research Institute, Kyoto University.

Utilizing the data from the observation network of the Tottori Microearthquake
Observatory, many researchers”.?.#.4.9.8.7,0.9. 10,10 haye jnvestigated the
microseismicities, crustal structures, earthquake generating stresses etc. . Nishida
et al.'? and Tsukuda et al.!* discussed the recent tendency of the seismic activity
in and around the Tottori area.

According to the above researches, a microseismically active area extends linearly
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eastward, westward and southward centering around Tottori city. As the ap-
proaching directions of seismic waves of a considerable number of microcarthquakes
observed at Tottori station (Tottori Microearthquake Observatory} can be regarded
as being nearly east, west or south, the radial and transversal components of a
seismic wave can be easily discriminated on the E-W and N-S component seismo-
grams.

The east-west trending seismic zone is the aftershock area of the Tottori earthquake
of 1943 (M7.4) and its eastward and westward extensions. [t covers the Hamasaka,
Tottori, Yoshioka, Shikano, Misasa and Kurayoshi regions (See Fig. 1). Yoshioka
and Shikano are famous for the Yoshioka and Shikano faults generated by the
Tottori earthquake above mentioned. Tsukuda et al.' found that the distribution
of epicenters and focal depths in the above seismic zone coincides well with that of
the aftershocks of the earthquake of 1943.1# Hypocenters are shallow (3-8 km)
in the Tottori and Misasa regions and deep (10-15 km) in the Shikano region. In
the Hamasaka region also very shallow focused events have been observed, as will
be discussed in later sections.
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Fig. 1. Observation stations and the regions concerned.




Microearthquake Waveforms Recorded at Tottori Micreearthquake Gbservatory 19

Another seismically active area around Tottori extends along the Yamasaki fault
and its north-westward extention. The Chizu, Ohara, Yamasaki and Sayo regions
are included in this area (See Fig. 1). The hypocentral distribution of this area
will be described in Section 4.

Prior to entering into discussions about waveforms we will examine the locations
of hypocenters in the above regions and the P and & wave velocities of the crust
surrounding the focal regions. A simplified method for hypocenter determination
presented in Appendix 1 is used in Section 4. By the use of this method we will
also discuss the P wave velocity structures. As for § wave structures we will show
the results of the ¥V,/V. (the ratio of P to § velocities) analysis. The list of the
events used for hypocenter location and V,/V: is presented in Appendix 2, In
addition to microearthquakes, data from quarry blasts are used for deriving crustal
structure.

The waveforms of microearthquakes are so complicated that we can only con-
centrate on the analysis of such prominent phases as initial motions, § waves,
and several later arrivals. With regard to initial P waves we especially treat angles
of incidence, which would inform the velocity just below the station. The polari-
zation directions of motion are very useful for interpreting such phases as P, SV
and SH waves, The interpretation of prominent late arrivals is done in terms of
the crustal structure discussed in the first half of this paper.

2. Observation stations and data

The coordinates of the stations and observation periods are listed in Table 1 and
their locations together with the regions concerned are shown in Fig. 1. The western
part of the network was recently established and has enabled us to investigate in
detail the microseismicity in the Tottori area.

The system of the instruments installed at each station is almost the same as
described by Hashizume.® Pen writing drum recorders with a paper speed of 4
mm/sec arc operated at each station. The velocity sensitivity is 400 zkine/cm in
the frequency range from 1 to 30 Hz on a seismogram paper. Every hour’s radio
time of NHEK. (Japan Broadcasting Corporation) as well as the clock time in every

Table I. Coordinates of the observation stations together with the observation periods

Station Code Longitude Latitude X(km)  Y(km) A lglt,l‘)‘de Period
Tottori TT(T) 134°14'16.07  35°30"52.9" 0.0 0.0 10 Aug. 1971-
Chizu CZ(T) 134°17736.8"  35°16°10.17 5.08 —27.21 300 Sep. 197[-

Shikano SMN(T) 134°01°13.3"  35%24°37.8" —19.75 —11.54 200 Apr. 1975-
Kurayoshi KY(T) 133°50°01.9%  35°26°21.2" —36.68 —8.30 100 Sep. 1972-
Mikazuki MZ(T) 134°26°40.5°  34°59°12.0" 18.73 —58.61 200 Aug. 1964
Oya oY (M 134°39°56.8° 35°19'18.5" 38.77 -—21.21 230 Mov. 1969—
Tzumi IZ(T) 134°53°15.5% 34°58°20.0" 59.19 —60.15 230 Jun. 1965-
Hikami HM(T) 135°02736.6" 35°13°35.5"  73.27 —31.87 250 Aug. 1964-
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second are also recorded on the seismogram, providing correction times.

The reading error of the correction time and time of initial onset is within a limit
of 0.05 sec or so in ordinary cases, and therefore the resultant accuracy of readings
for P times is 0.1 sec or so. But, strictly speaking, the accuracy depends on the
ground noise of the site at the recording time.

The transducers of each station are installed on a bedrock and the ground noise
level does not exceed 20-30 ukine peak to peak in ordinary times except for 7T and
KY where the level of traffic noises are very high in the daytime. KY particularly
suffers from such noises.

TT is the only station equipped with seismographs of three components; i.e., a
vertical and two horizontal ones. At SN, CZ, IZ and HM only a vertical seismo-
graph is installed, and other stations (KY, MZ, OY) have a vertical and a horizontal
one.

The Tottori station is not only favorable for the detection of microearthquakes
occurring in the seismic zone around Tottori as previously mentioned, but also
excellent in the maintenance of the instruments because this station is located at the
Tottori Microearthquake Observatory. Therefore the earthquake table of this
station can be used as a reference. All of the events analyzed in this paper have
been detected at Tottori station. Moreover the seismograms shown in later sections
are all those of Tottori station.

At TT about 600 or more microearthquakes (S—P time<20 sec) are registered every
year. About a half of them are nearby earthquakes with S—P times less than 4-5
seconds.

In the present study we will analyse as many events as possible. But data with
considerablly low quality are rejected. In the hypocenter and V,/V: determination
we use the P and S time data with high accuracy at each station. All the data thus
selected are listed in Table 6, which is presented in Appendix 2.

Most of the P and S times at MZ, QY and IZ were primarily based on the list
of hypocenters compiled by Oike!”. But some corrections were made when neces-
sary. Those of other stations were compiled by the author.

3. Crustal structure derived by the Kurayoshi and Hanabusa explosions

The crustal structure in the Tottori area was previously derived by using data of
the first and second Kurayoshi and the Hanabusa explosions'*+'¢, whose profile
passes through the Kurayoshi, Misasa, Shikano, Chizu regions and the vicinity of
Oya station. Along the above profile the travel time curve indicates the apparent
velocity, 6.05 km/s, and the layered model given in the right hand side of Fig. 2 is
derived. The velocity 6.05 km/s is also comfirmed by use of the data of quarry blasts,
which will be discussed in Section 5.

As will be also derived from the quarry blasts, the velocity structure is more
complicated in reality. However, a simple model is useful in its own way as a tool
for analyses.



Microearthquake Waveforms Recorded at Tottori Microearthyuake Observatory 21

3

(ks

. //_,.,-o-"/:; b fo— B =
— - 1B ATATION
L o _,_,_F-"'-. — i T L P E &, 1A
F— 8 i3 ;
‘-'\///{;‘—':-:f_'_ﬁ FOLLE Bos. |1

¥

ES LAYERED
i CRUSTAL MODEL

A tkmy

Fig. 2. Crustal Structure model and the average velocity ¥ which is
defined to be the distance from focus to station devided by
the calculated travel time derived by the structure model.

The most simplified model of the structure is a homogeneous half space with a
constant velocity. The microearthquakes studied in this paper are estimated to
occur in the upper part of the crust, and therefore the homogeneous crustal model
used instead of a layered one is sufficient for hypocenter location of the events within
the network and other analyses.

In order to obtain a reasonable homogeneous model we calculate an average
velocity defined to be the distance between focus and station divided by the travel
time based on the standard layered model derived by the Kurayoshi and Hanabusa
explosions. Such a velocity as a function of epicentral distance and focal depth
is deseribed in Fig. 2.

4. Hypocenter location and travel time anomalies

The hypocentral distribution in and around Tottori is shown in Fig. 3. The
method of hypocenter location and the data used are presented in the appendices.
Calculations were carried out for the P velocity 5.8 and 6.0 km/s of the assumed
homogeneous medium. For the sake of simplicity any correction concering the
stations, for instance, height corrections, is not taken into account. In the figure
the solution with the shallowest focus is plotted.

Very shallow events are found in the Hamasaka, Tottori, Misasa and Chizu regions.
Earthquakes with a focal depth of more than 15 km have been occurring in the Sayo
region. In the vicinity of the Yamasaki fault the focal depths range from 10to 15 km.
Most of the focal depths in the figure are restricted to 5-15 km.

Another aim of the hypocenter location is to get valuable information as to the
crustal structure. When a homogeneous medium is assumed, then the four source
parameters (three coordinates and origin time) and the constant P velocity of the
medium are altogether obtained in terms of P arrival times at certain five stations.
Practically, the determination of the source parameters by each network of four
stations are carried out taking the velocity as a parameter as described in Appendix 1.



22

T. TSUKUDA
T T T T T
® amEsaLy
v o3
e Wt
— i N ) .
I, TR R R g & Totkas
Ll . . o Touhata 5
. [
0 T Shiknis
& i - Shikens g +D“|' L
. . . E
[
Kurayoshi + =
- 1
Lhiga
™ o
Ohara
- i
s v
* Yamdsaki -=! v
.
g |
LA
Fayt I
.
Kurdyoshi Misasa  Shikano Yoshioks  Totlori Hamasaka
kY SN _TT o
- - . N . iz a
5 - -~
: . "F . s .
. 0 ._:-' . ‘.; & L & . 5 i
- s
t 0
i i i L
WEGT = — EAST
Chizu  Ohara Yamasak[
cz Mz
SR %, o
A .‘- *
& o 9
> »
it
.
Sayo — g 20
- Depth
| 10km §= finis
Fig. 3.

Spatial distribution of hypocenterts listed in Table 6. The coordinates of the
events plotted are those of the shaliowest focus of the two sets of solutions
which are obtained for the crustal P velocity 5.8 and 6.0 km/s respectively.

This idea was applied to the events located within the network of TT, CZ, KY,
OY and MZ. In the first place the hypocenter determination was carried out in
the case of TT, CZ, KY and OY stations. And then, instead of OF, MZ was used
as a station of another quadrant network. The results reveal that in some cases
the two solutions of hypocenter differ greatly from each other for any given velocity.
This fact indicates the existence of lateral heterogeneity within the above networks.
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But this is not the case for the events in the Tottori and Yoshioka regions.

The summary of the above analyses is given in Table 2 and Fig. 4. O-C times (the
differences between observed travel times and culculated ones) at MZ station are
listed in Table 2. Each focus is determined by the use of P times of 77, CZ, KY
and OY stations and plotted in Fig. 4. Solid circles show the events from which £
delays are observed at MZ. The focal depths of all the events range from 3 to 15 km.

Generally the O-C times are smaller for the velocity 6.0 km/s than 5.8 km/s,

Table 2. Differences between the obsevational and calculated travel times at MZ station

No Date Origin Time et Focal Depth 0-C Vo
’ Y M D H M (km) (sec) (km/s)
1 1973 9 18 20 44 Tottori 6.9 —0.06 5.8
3.5 0.03 6.0

2 9 23 09 34 7.2 0.01 5.8
4.0 0.08 6.0

3 12 24 6.6 —0.05 5.8
3.1 0.04 6.0

4 7 19 51 9.0 —0,11 5.8
5.3 0.01 6.0

5 1974 1 4 21 23 11,0 —0.11 5.8
8.5 0.00 6.0

6 2 17 04 16 1.6 —0.11 5.8
8.9 0.01 6.0

7 1973 7 27 06 37 Yoshioka 12.1 —0.12 5.8
0.4 ¢.02 6.0

8 1975 8§ 27 11 54 10.6 —0.13 5.8
8.1 —0.01 6.0

9 1973 11 11 06 45 Shikano 13.3 —0.04 5.8
9.7 0.03 6.0

10 1974 2 7 04 29 15.3 —0.07 5.8
11.5 —0.01 6.0

11 04 30 15.4 —0.07 5.8
11.5 —0.01 6.0

12 1975 11 14 16 36 11.9 Q.06 5.8
6.8 0.13 6.0

13 1973 4 12 17 33 19.4 0.21 5.8
14.9 0.22 6.0

14 4 17 15 49 17.8 0.45 5.8
11.1 0.41 6.0

15 1974 7 22 07 32 17.3 0.10 5.8
12.8 0.13 6.0

16 1973 4 23 10 30 Misasa 23.3 0.53 5.8
14.0 Q.42 6.0

17 4 24 15 15 20.9 0.29 5.8
10.9 0.18 6.0

18 15 17 18.0 0.25 5.8
6.6 0.12 6.0

19 1974 7 17 05 12 17.9 0.55 5.8
6.8 0.45 6.0
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Fig. 4. Distribution of epicenters listed in Table 2. Solid circles indicate the events
for which the anomaly in travel times was observed at MZ station and open
circles mean the events which indicated no anomaly.

Therefore it is concluded that the average velocity of the crust beneath the network
concerned is about 6.0 km/s and not less than 5.8 km/s. It is found to be consistent
with the velocities given in Fig. 2 taking account of the epicentral distances (10-
60 km) and focal depths.

The locations of events which show travel time anomalies at MZ are restricted to
the western part of the Shikano region and the Misasa region. Because the delay
times of 0.12-0.45 sec are far beyond the limit of reading error, they should be
ascribed to the lower velocity structures in some regions. It must be noted that the
epicentral distances are larger for MZ than QY and the low apparent velocity is
not due to the shallow seismic-wave path. The data from quarry blasts fired at
Aoya (See Fig. 1) also indicate the P delay to be about 0.2 sec at MZ station, as will
be pointed out in the next section.

The anomalous region should not be included in the area in and just outside the
Shikano and Misasa regions, because no travel time delay is found at XY in the
analysis of events located in the Yamasaki region. The calculated travel times by
the use of the foci determined by the P times of CZ, MZ, OY and IZ agree well with
the observed ones at XY as well as TT for the crustal velocity 6.0 km/s. Evcntually
the low velocity zone is estimated to be somewhere around Tsuyama (Fig. 4).

5. Aoya quarry blasts

In addition to natural earthquakes quarry explosions fired at Aoya are analysed
to obtain more detailed structure of the upper crust. ‘i’he location of the shot point
is:

35°28'48.5"N

133°58'29.5"E,
and the height is 50-100 m above sea level. Strictly speaking the locations of the
shot points are different from one another by 100 m or so. In the present study
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the above differences are neglected.

From April to December in 1975, seven shots were observed at 77T station and some
of them were detected at more distant stations. An example of seismograms of the
blasts recorded at 77 is presented in Fig. 5. The arrival times are plotted as a
function of distance in Fig. 6, where SN station is taken as a standard of P times.
Data of K'Y is largely scattered in comparison with other stations owing to the high
level of ground noise since the blasts were always carried out toward evening when
the level of such noise as traffic vibrations is very high.

Along the profile passing through 77, CZ and QY stations the apparent velocity
is 6.05 km/s, which is consistent with the results of the Kurayoshi and Hanabusa
cxplosions. On the other hand at MZ, IZ and HM the travel times delay is about
0.2 sec in comparison to the travel times along the above profile. It is remarkable
that the travel path to MZ station crosses the anomalous area revealed by the micro-

QUARRY BLAST AT AOYA
APR.11 1975
18" 1M

Fig. 5. An example of the seismograms of the Aoya quarry blasts
recorded at T7. -
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earthquake study presented in Section 4.

The apparent velocity for the uppermost layer is 4.7 km/s as seen from Fig. 6.
Mino et al.'? reported the apparent velocity derived by a tripartite observation in
the Yoshioka region as 4.75 km/s. According to these results the velocity of the
superficial layer in the Yoshioka, Shikano and Misasa regions is estimated to be
4.5-5.0km/s. Its value is lower than that given in the crustal model of the Kurayoshi

and Hanabusa explosions'®.

6. V,/V,

S velocity structures will be discussed in terms of the velocity ratio of P to S(Vs/
¥,) inferred from the P times and S—P times. When a homogeneous halfl space is
assumed the following linear relation is established:

tr=at:—p+ 8 1y
where £, and f,_, are P arrival time and S—P time respectively and « and § are con-
stants. Then ¥V, to ¥, ratio is given as follows:

A A @)

The constant 8 in (1) is equivalent to the origin time. The V,/¥ ratio determined by
the use of formula (1} is considered to be that of a first approximation when
applied to the field observations.

The method of least squares is applied to fitting 2 and S-P times of a micro-
earthquakes to (1). The data with S—P times less than 10 sec and the accuracy of
readings 0.1 sec for P and 0.2 sec for § were used. The list of the V,/V: value of
each event is presented in Appendix 2. The regional mean values of V,/V. together
with their standard deviations were calculated and listed in Table 3. The distri-
bution of the regional mean values are shown in Fig. 7.

The ¥,/V: values derived by the present study are slightly lower than those deter-
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Table 3. Regional variation of VFp/Ve.
£S denotes §— P time in seconds observed at TT

Vol Vs Focal Depth (km)
Region Nu o - =
24 Nu[onber ]Sjtandard for V=58 k:’.laf:d for V- 65.0 k?/s Nu](‘)nber
eviation Stan Standard
Data Mean peyiation M€ Deviation D21a
Hamasaka
5.4=<<P§<6.3 4 1.69 0.02 17.1 7.2 12.2 3.5 4
Hamasaka
2.6=CPS<4.5 18 1.70 0.02 11.1 4.4 4.3 4.6 18
Tottori
1.4<<PS<2.0 8 1.69 0.03 7.9 3.8 6.6 4.0 8
Yoshioka
[.4<PS<2.1 10 1.67 0,05 10.1 2.2 9.8 3.8 7
Shikano
2.2<CPS<2.5 8 1.66 0,08 10.0 4.3 8.2 4.0 8
Shikano
2.7<PS<3.2 9 1.70 0.05 13.1 6.1 10.5 5.4 7
Misasa
3.3<PS<4.0 17 1.68 0.05 11.8 6.5 9.4 3.0 12
Kurayoshi
4.3=<PS<5.0 0 1.68 0.04 10.4 4.7 7.3 5.2 19
Kurayoshi
5.1<<PS<6.6 11 1.67 0.05 10.1 4.8 9.0 6.0 10
Chizu
2. 5<P5<3.5 ] 1.70 0.03 7.9 2.1 6.6 3.0 8
Chizu
4.4<<PS<5.0 7 1.66 0.03 4.4 1.2 0.4 1.0 7
QOhara
5.3<PS<5.4 Il 1.69 0.03 13.3 2.3 10.6 2.9 11
Yamasaki
6.3<<PS<7.1 10 1.71 0.03 13.8 2.6 12.9 2.0 11
Wi
1ED
R T 17C
I-\-\-\"""x—\._ _,..—-d'_ﬁ_‘— ]6?" 169
XY+ 168 1701686
157 58 SN
170 +Or
46z
{1.66!
ﬁ 164
o, L
+MzZ

Fig. 7. Distribution of Fz/V:. The parenthesized value is questionable.
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mined by Hashizume in 1970 except for the Yamasaki and Sayo regions.
Particularly the western regions show low V,/Vs structures.

Focal depths in various regions are summarized in Table 3 in order to examine the
effect of the depth of focus on the apparent ¥,/¥s. When the Yamasaki and Sayo
regions are compared with other regions where shallow events are predominant it
seems to suggest that for deep events V,/V; values are high. Hashizume? derived
the depth distribution of ¥,/V; in the crust. According to him the V,/VF: values
are nearly constant as 1.70-1.71 above the depth of about 13 km and below that
increase with the increase of depth at a considerable rate. It is difficult to reveal
the detail of the depth dependence of V,/V because the spacing of the stations
available is not tight enough to cover the wide range of epicentral distances.

In the Chizu region (4.4 sec=S-P time at TT<5.0 sec) very low V,/V. values
were obtained. But there is the possibility that the S waves on the vertical component
seismograms recorded at CZ might have been confused with other phases. These
earthquakes almost belong to the aftershocks of the earthquake of 1972. Because
of shallow foci the waveforms at the nearby station (CZ) are very complicated and
the most prominent phase of each event was primarily interpreted to be the direct
S wave. If the interpretation is correct the ¥,/¥, value in the uppermost part of
the crust should be very low. In this paper we cannot present any conclusion about
that.

Standard deviation of ¥,/V. values in the Shikano region (2.2 sec<.S-F time at
TT<3.5 sec) is considerably larger than other regions though the quality of data is
not so bad. It might indicate some complicated crustal structure in the region.

From a statistical point of view the regional variation of ¥,/¥ is not so significant.
For instance when f-statistics for two means is applied to the V,/¥: values of the
Yoshioka and the Shikano (2.7 sec<S-P time at T7<(3.2 sec) regions, the null
hypothesis that the two means are equivalent cannot be rejected with a level of
significance below 10%.

Nevertheless the results may be useful for understanding the F,/V: structure in
each region. The P and S—P time data are plotted altogether in respective regions
taking the data of 77" as standards in Fig. 8. In the diagram we can determine o
given in (1), and Eq. (2) provides ¥/V: values. This is another method for deriving
an average value of V,/F in a region.

7. Angles of incidence of P waves at TT

Angles of incidence are calculated using the amplitudes of vertical and two hori-
zontal components of initial motions. These amplitudes are measured on the
seismograms as illustrated in Fig. 9. Table 4 is the list of the mean values of the
angles of incidence for respective regions where the events originated. In a similar
manner we can obtain approximate values of the angles by the use of maximum
amplitudes of the three respective components of the P wave trains instead of initial
motions. The results are also given in Table 4.
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Fig. 9. Illustration of an angle of incidence.

Table 4. Angles of incidence at TT derived by the amplitudes of the initial motion and
the maximum amplitudes of the P waves. Mean values for the events of
respective regions are listed together with standard deviations

For Initial Motion For Maximum Amplitude of P
Region Number Angle of Number Angle of
Incidence Incidence
of Data at 7T (") of Data at TT (%)
Yamasaki, Sayo 11 39.3+£10.2
Ohata 2 28.6+10.7 2 21.0£1.2
Chizu 4 35.94 4.5 | 33.2
Hamasaka 5 37.7+ 4.6 2 34.343.6
Tottori, Yoshioka 1 29.5 6 10.74-7.9
Shikano 2 32.4)- 4.0 9 33.2.+8.2
Misasa, Kurayoshi 12 28.9=-12.8 8 35.318.8

The incident angles above obtained are in the range from 29° to 40°. When we
take the P velocity of the deepest point of the ray as 6.05 kin/s, assuming that the
angles of emergence measured from the vertical are nearly 90°, then the P velocity
of the soft layer just blow the Tottori station can be estimated to be 2.9-3.9 km/s.

8. SxS5 phases recorded at TT

On the seismograms of local microearthquakes with S-P times 0.7-1.5 sec recorded
at 7T station we often find remarkable phases which follow the direct § waves by
about 4-8 seconds. They are not recognized on vertical component seismograms.
And the frequencies of the oscillations are as high as direct P and § waves. Probably
they are not surface waves, which would be rich in low frequency oscillations owing
to dispersion and attenuation. Therefore we can regard the phases as either SH
waves coming from just below the observation point or P waves traveiling along
the ground surface. Except for a few cases the microearthquakes with close dis-
tances less than about 15 km from T7 seem to have such phases although the recog-
nition is difficult when the events are either too small or too large.

Similar phases were found for the events originating in the Wakayama region,
Southern Kinki, Japan, by Mizoue!®. He interpreted these phases as reflected S
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waves (SxS) at the Conrad discontinuity in the crust and derived the depth of the
discontinuity by travel time-distance relations. The reflected P waves (PxP) were
also recognized for rather distant events with S— P times of 4-8 seconds.

It is expected that also in the case of Tottori the phases can be interpreted as SxS
waves reflected at a certain discontinuity. The travel time difference between Sx5
and direct S is as follows:

R e @
or
=\I(2:H-_h)a+kzli?s-p—hz—k!.r—p s (4)
where
—— _V"
k Vp/Vs—l ’ (5)
h
ts-pz"'k" s (6)

and H, 4, 4, V,, Vs and t._, denote depth of the discontinuity, focal depth, epicentral
distance, P velocity, S velocity and S—P time, respectively as illustrated in Fig. 10.
In the above equations it is implicitly assumed that the boundaries are horizontal
and the medium between them is uniform.

Table 5a, b is the list of events with fairly recognized Sx§ waves. Examples of
seismograms are presented in Fig. 13a, b. The reflected waves provide a powerful
method of investigating the structure of the crust as pointed out by Kamitsuki'®,
who analysed SyS waves (reflected waves at the MohoroviCi¢ discontinuity). We
want to determine the depth of the discontinuity, which would be situated at the depth
of about 16 km. The earthquake foci should be within a distance of 15 km or so
from the station judging from the S—P times. If we take A as 16 km in the graph
given in Fig. 2 the average P velocity of the upper crust is about 5.93 km/s for epi-
central distances 0-15 km. The V,/V, value in the Tottori region is about 1.69 as
shown in Fig. 7. We assume that the P and § velocities are 5.9 and 3.5 km/s respec-
tively. In this case k (Omori coefficient) is obtained as 8.55 from (35).

|
%
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Fig. 10. Ray path for a Sx5 wave.
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Table $a. List of the evénts accompanied with $x$ phases for §— P times at 77 less
than or equal to 1.0 sec.

Date

18

n Origin Time PS Time at TT  Tixs-Tzs —
. Y M D h m (sec) (sec)
1 1971 9 18 031 32 0.3 1.0 4.3
2 1973 4 19 03 52 0.4 1.0 5.4
3 5 27 20 20 0.4 0.8 7.6
4 g 19 19 37 0.4 0.8 5.6
5 11 3 27 10 0.4 0.8 Sol)
6 11 04 07 0.4 0.8 5.9
7 11 28 04 34 1.3 0.7 5.5
8 1974 7 20 18 50 -0.4 0.9 5.2
9 10 3 07 30 1.3 0.9 5.2
10 12 18 03 16 0.8 1.0 5.2
It 1975 2 2 05 59 0.1 0.7 6.5
Table 5b. List of the events accompanied with Sx§ phases for S—P times at T7 more
than 1.0 sec,
N Date Origin Time PSTimeat TT Tsxs-Ts
- ¥ M D h m (sec) (sec)
L 972 2 14 a1 14 0.4 1.1 4.7
2 1 7 21 0Ol 0.4 1.2 4.8
3 6 26 12 26 0.4 1.4 4.4
4 10 11 05 28 1.3 1.4 4.5
=) 10 25 17 56 0.4 1.1 5.2
6 12 18 04 36 0.4 1.1 5.0
7 1973 1 13 10 48 0.9 1.2 4.5
8 6 10 08 08 0.9 1.1 7.0
-9 7 27 06 37 1.6 1.4 5.1
10 9 5 03 35 0.7 1.4 5.0
11 9 7 06 00 0.4 1.3 5.0
12 10 8 23 07 0.7 1.1 4.6
13 11 16 19 42 0.8 1.4 4.8
14 12 2 06 22 0.4 1.1 4.9
15 1974 1 4 21 23 1.3 1.5 4.0
16 1 16 04 21 0.3 1.4 4.0
17 3 30 17 51 0.4 1.3 4.2
18 5 4 13 01 1.3 1.4 5.6
[9 8 2 04 43 0.8 1.3 6.5
20 8 24 05 1 0.7 1.3 7.1
21 8 24 06 48 0.9 1.2 6.7
22 10 30 02 29 i.6 1.5 3.5
23 10 30 06 12 0.9 1.4 42
24 1975 4 &6 07 32 0.9 1.4 4.6
25 4 8 0g 22 1.8 1.5 4.0
26 4 18 20 0.4 1.1 5.0
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If the locations of the events are known we can derive the depth of the discontinuity
by Eq. (3). However, only a few of them can be located as presented in Table 6.
Most of the events are 3o small in magnitude that they cannot be observed at distant
stations. Located events will be discussed later and we take here another approach.

Since S-P times are known, then Eq. {4) is useful. From (6) the travel time
difference should satisfy the following relation:

T_,xy—T! 2 ZH_hI/_kt:—p (7)

The right hand side is a linear function of H (depth of the discontinuity) and f.,
(S-P time). Applying (7) to the travel time differences and S—F times listed in
Table 5a, b, it is concluded that the depth A is less than 16 km. Another test is
given as follows:

oo Ty < V4T kz:;,_,, —ktss (8)

The above relation is established by reason that Tsxs-7s decreases monotonously with
focal depth # and # should not be negative. This test indicates that the interface
is deeper than about 16 km. Then, the discontinuity beneath the Tottori region
should be situated at the depth of 16 km which corresponds to that of the Conrad
discontinuity derived by the Kurayoshi and Hanabusa explosions (See Fig. 2).

Based on the above result the calculated curves of Eq. (4) together with the data
used are described in Fig. 11. It shows that there are two proups of events; the
events of one group are very shallow and those of the other group are confined to
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Fig. 11. Observed and ¢alculated Sx8—.5 times versus §—P times,
The data are listed in Table 5a, b. The dotted line indicates
the boundary given by Eaq, 7.
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the depth range from 4 to 8 km. Between the two groups there is a considerable
gap.

The amplitude ratio of SxS to § of each event is about 0.1, which can be explained
by the reflectivity calculated by the theory of elasticity if we assume both the velocity
and density ratios across the discontinuity as 1.1 or so taking account of smail
reflection angles.

The very shallow events of the first group do not seem to be explosions. Some
of them show dilatation in initial motions as the shock of August 24, 1974 of which
seismogram is presented in Fig. 13a. Therefore, we can safely say that in the Tottori
region very shallow microearthquakes with the focal depth 0-2 km are occurring.

It is also remarkable that the data with S—P times 1.6 sec or morc are absent.  This
is partially because the frequency of S-P times of 1.6-2.0 sec is less than half of
those of 1.0-1.5 sec. Moreover there seems to be the case that the travel time
differences (Sx.5-S time) is small enough to be unable to distinguish the Sx.S phase
from the direct § phase for a deep focus. When travel time difference is less than
about 3 sec it is difficult to recognize the Sx§ phase. The absence of data probably
means that the depths of the events with S—P times 1.6 sec or more are larger than
about 8 km and Sx$-S times are less than the limit (about 3 sec).

As far as the Tottori area the detected SxS waves are entirely of the SH type.
No S¥ type has been observed. This is probably because the microearthquakes of
dip-slip faulting are quite small in number, and the majority of the shocks are of
strike slip type. On the contrary Sanford et al.?**-2 found SV waves reflected at
the Conrad discontinuity in Socorro, New Mexico, where dip-slip faulting seems to
be frequently occurring.

By the use of the calculated SxS times presented in Fig. 12 we can discuss focal
depths. The shock of July 27, 1973 is located by using £ arrival times of four
stations (7T, CZ, OY, MZ) as given in Table 6. The epicentral distance and focal
depth for P velocity 6.0 km/s are 7.0 km and 10.4 km respectively. From Fig. 12
the SxS$-5 time is obtained as 3.2 sec. However the Sx.S-§ time given in Table 5b

By 5x5
~ TFk
[+ LY
L5 \ H 16 Kkm
- I,
L Vs 3.5 kMg
5F
W I"&b\__
- 4 3 1._. \.__.-\
cln 3 ™ MO hotkm
2 i s
w T I T
= 2 W e @ el
i | = ey
Q

Fig. 12. Calculated curves of Tsxs-Ty as a function of epicentral distance.
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NOV. 28 1973 OCT. 3 1974
P$ 0.7s PS 0 9s
P5 Sx$

|

AUG. 24 1974
P5 1.2s

Fig. 13a. Examples of the seismograms accompanied with Sx5 phases recorded at 77.

PS means $— P time in seconds.

JAN.13 1973 JUL. 27 1973
PS 12s PS l.4s
P 5 5«5

Fig. 13b. Examples of the seismograms accompanied

APR.B 18975
PS 165

with Sx5 phases recorded at 77,

35
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is different from the calculated one. This means either the SxS-§ time should be
shortened in reading the seismogram, or the true focal depth is less than that
calculated.

9. SxP phases recorded at TT

S waves of microearthquakes treated in the present study have predominant SH
components excepting those of the earthquake swarm of April, 1973, at the Misasa
region. Some events of the swarm are located and listed in Table 6. An example
of seismograms is shown in Fig. 16, Notice that the radial component (£-W) of
the § wave is predominant. Epicentral distances of them are around 30 km and
focal depihs are confined to the range from 4 to 14 km. The scattered values of the
depth must be due to inevitable reading errors. Then the Sx3-5 time should be
within the range from 0.5-3.0 sec.

A late arrival which follows the direct § by 0.6 sec is found on the seismograms of
the swarm (see Fig. 16). This is not the Sx§ phase. Because the reflected wave
should be incident at a smaller angle of incidence than the direct § wave. The
phase is prominent in the vertical component although the direct .S wave is almost
horizontally polarized.

The above-mentioned phase can be explained as the Sx wave which is illustrated
in Fig. 14. The calculated SxP-§ times shown in Fig. 15 indicate that the focal
depth is about 3-4 km. In this discussion we implicitly assume that the structure
is the same as that used in the last section. At that depth the SxS§—5 time should
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Fig. 15. Calculated curves of Tsxp-Ts as a function
of epicentral distance.
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APR. 23 1973
o2ha2™

PS 3.7

Fig. 16. An example of the seismograms of the swarm of April, 1973,
Misasa, recorded at T7.

be 3.0-3.5 sec (See Fig. 12). But this phase is not clearly recognized on the seismo-
gram.

10, 5P phases recorded at TT

The wave which is emitted at the origin as a $7 wave and is converted to a P wave
at the frec surface is defined as a SP wave as illustrated in Fig. 17. This type of
phase was found in two cases. The one is the shock of September 30, 1974 and
the other is the swarm of October, 1971. These events occured in the Hamasaka
region and are characterized by very shallow hypocenters, Their seismograms are



a8 T. TSUKUDA

Jﬁ- r "Free
& /”:: Turtied

Fig. 17. Ray path of a $P wave.

SEP 30 1974
h m
OCT. 17 1971 20703
18" 53™ PS 2.6
FS 3.3 F"g.‘n

Fig, 18. Seismograms accompanied with §P phases recorded at 77,
The events originated in the Hamasaka region.

shown in Fig. 18. The direction of approach is nearly the east and the wave is
prominent in the horizontal E-W component.

The SP-P time is calculated by using the same crustal model as used in Section 8
(Fig. 19). The both events have the SP-P time of 1.0 sec and their epicentral dis-
tances are in the range from 20 to 30 km. Then, the focal depth derived by the SP
phase is about 5 km. This depth is somewbat larger than the values obtained
by the hypocenter location.

Fig. 20 is the seismogram of the event which occurred at almost the same epicentral
region as the shocks of October, 1971. But the $P phase is not recognized on this
seismogram although the direct S¥ wave is not small in amplitude. The shock of
May, 1975 shown in Fig. 20 originated at the depth of 9.5-14.3 km according to
Table 6. Therefare it is concluded that for a deep focus as this event the SP phase
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Fig. 19. Calculated curves of

Tsp-Tp as a function N &
of epicentral distance. 5 |

Fig. 20. Seismogram of the shock which originated
in the Hamasaka region. Compare its
waveform with that of the shock of
Qctover, 1971 shown in Fig. 18.

cannot be recognized. In the case of shallow focus and close epicentral distance
the SP wave becomes a remarkable marked phase as pointed out theoretically by
Kawasaki et al,?®.

11, Discussions on waveforms of various regions

The waves discussed in Section 8 and 9 are those of microcarthquakes which
originated in the Tottori and Misasa regions respectively. In this section we will
present some representative waveforms from other regions and discuss some promi-
nent phases in connection with the crustal structure and focal depths.

Ohara region:

In the Obara region micreearthquake swarms were found twice in March, 1974
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MAR. 4 1974 JUN. 13 1975
06" 37™ 21" 27"

Fig. 21. Seismograms of the swarms which originated in the Ohara region
in March, 1974 and June, 1975.

and June, 1975. Examples of their seismograms are presented in Fig. 21. The
waveforms of the two groups are quite similar to each other. The § waves are
predominant in SH motions as seen from the seismograms recorded at T7 which is
iocated nearly to the north of the source region.

The phase S; indicated in the figure is also a SH wave and has an impulsive wave-
form like the direct $ wave. The onset of S; is clear and its sense is reverse to that
of the direct S. The above nature would indicate that S» is a reflected wave (Sx.5}
at the rigid boundary which is probably the Conrad discontinuity.

Let us derive the depth of the boundary by use of Eq. (3). The values of the
parameters are as follows: V:=3.5 km/s, 4=42.9 km, h=12.5 km and Tsxs-Ts=2.4
sec. The above epicentral distance and focal depth are the average values obtained
for the events by the use of the hypocentral coordinates presented in Table 6 for the
P velocity 6.0 km/s. The SxS-S time is measured on the scismograms given in
Fig. 21. Then the depth is estimated to be about 22 km. This result seems to
suggest that the Conrad discontinuity below the Tottori area dips southward with
a depth of 16 km in the Tottori region and 22 km in the Chizu and Ohara region.

Hamasaka region:
Fig. 22 shows another example of shallow events located in the Hamasaka region
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JUN. 30 1973
04" 13"
PS 3.5

Fig. 22. Seismogram of the shallow shock which originated in the
Hamasaka region.

to the east of Tottori. The phase marked as P; is probably something like a SP
wave. The oscillatory nature and somewhat large vertical amplitude would be due
to the superficial layer through which the wave was propagated. The epicentral
distance is about 30 km. Then from Fig. 19 and taking Tsp-Tp as 0.6 sec we obtain
the focal depth as 3 km. This depth is consistent with that determined by P times
{Table 6).

Similar waves are found in the case of the swarm of 1973 at Misasa which was
treated in Section 9 (Fig. 16). The SP-S time is about 0.9 sec. Therefore, from
Fig. 19 the depth of the events should be in the range from 4 to 5 km. This depth
is consistent with the result from the SxP phase.

The velocity of P in the superficial layer is estimated to be 3.0-5.0 km/s from the
discussions in Section 5 and 7. The waves of the SP type would be trapped in this
layer.
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Shikano region:

Two examples of the waveforms which originated in the Shikano region are
presented in Fig. 23. The shock of April, 1973 is a example of deep events with focal
depth 10-15 km. On its seismogram no prominent phase can be recognized. On
the other hand the shock of November, 1973 has a peculiar phase which follows
direct P phase by 0.9 sec. Such a phase is not seen in other earthquakes which
occurred in this region. It can be considered that the above phase is something like
an SP wave. If so the focus should be very shallow with its depth about 5 km.
However the focal depth obtained by P times is 9.7 km for the P velocity 6.0 km/s.
For the above difference no explanation can be given in the present study.

APR.17 1973 NOV. 11 1973
15" 49" 06" 45"
PS 3.0 PS 2.3

Fig. 23. Seismograms of the shocks which originated in the Shikano region.

Chizu region:

Fig. 24 shows the shock of October 18, 1972 (M3.3) which occurred in the vicinity
of CZ station and 36 km to the south of TT at the depth of 0-5 kin. The initial
motion reasonably indicates that the P wave is incident from the south. To the
contrary, as seen from the figure the wave marked as Pz has considerable transversal
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ocT. 18 1972
ogho2™
PS 4.5

Fig. 24. Seismogram of the shock which originated in the Chizu region.

motions.

In the laterally homogeneous medium the transversal wave should be an SH type
which cannot be transformed to other type of waves, i.e., P and SV waves. But
we cannot interpret the P, phase as an SH wave. For it should arrive after the direct
S wave.

The nature of the above P; phase may be explained by the lateral heterogeneity of
the uppermost part of the crust.

12. Conclusion

The results of the present study on the waveforms and travel times of micro-
earthquakes and quarry blasts which originated in and around the Tottori area are
as follows: (1) Angles of incidence of P at 7T derived by the initial motions are about
29°-40° for various events. And it is suggested that the velocity of the uppermost
layer of the crust just below Tottori is about 2.9-3.9 km/s for P. Data from the
quarry blasts at Aoya indicate the P velocity of the superficial layer as 4.7 km/s,
(2) The layer of the P velocity 6.05 km/s was confirmed along the profile which
passes through T7, CZ and OY by using the travel times of the Aoya quarry ex-
plosions. P times of five stations (77, CZ, KY, MZ and OY) indicate that the P
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velocity of the upper crust should be about 6.0 km/s rather than 5.8 kmfs. (3)
Lateral heterogeneity of the upper crust was made clear by the travel time analysis.
For the events of the western Shikano and the Misasa regions P times delay by about
0.2 sec at MZ as compared to calculated ones for the velocity 6.0 km/s. (4) Apparent
V! V. values in various regions range from 1.66 to 1.71 (5) The Conrad discon-
tinuity has a depth of 16 km beneath the Tottori region and 22 km beneath the
Chizu and Ohara regions according to the analyses of Sx.S phases, dipping southward
at an angle larger than 10°, (6) From SxS phases the depths of the nearby micro-
earthquakes with S—P times less than or equal to 1.5 sec observed at T7T are estimated
to be confined to the following two ranges; 0-2 km and 4-8 km. (7) The SxP phases
are found for the swarm of April, 1973, Misasa. (8) In the Hamasaka region there
are very shallow events accompanied by SP phases. (9) The oscillatory waves which
appear just after P waves and of which amplitudes are predominant in the radial
component would be interpreted as channel waves of SP type propagated through
the superficial layer. (10) A peculiar later phase having a considerably larger
transversal component was observed for the shallow shock of October 18, 1972,
Chizu (M3.3). This phase arrived just after the P wave and cannot be explained
as an SH wave. This nature may be due to the lateral heterogeneity of the up-
permost part of the crust.
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Appendix 1

Hypocenter determination for P times of four stations:

We want to determine the four source parameters x, #, & and £, where x, y and A

are coordinates of a focus and ¢ is origin time.

Let us assume that the medium is a

homogeneous semi-infinite space and stations are located at the free surface. The
source parameters which statisfy the P arrival times of stations 4, B and C should
describe a curve in the three dimensional space (x, y, i) for a parameter +. The
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Fig. 25. 1llustration of hypocenter determination
for four stations.

curve passes O, for =1 and Q. for r=1, (Fig. 25). Assume that the difference
between ¢ and #; is small enough for us to be able to regard the curve as a straight
line, In a similar manner we can obtain R; and R;: for stations 4, B and D. The
intersection of Q,Q: and R(R; is the focus determined.

O, is obtained as the intersection of the three spheres with radii rs4, #5 and rc
respectively where,

ra = Vo{ta — 1)
g — Vu([a — I)
fc = Vo(fc — f) (9)

V: P velocity of the medium,
t4 etc.: arrival time at A etc..
Q:, R, and R; are obtained similarly.

The values of # and ¢; should be selected by trial and error. In most cases of the
present study the difference between t, and #; is taken as 0.1 sec.

Hypocenter determination for P times and S—P times of three stations:

In this case origin time is determined by Eq. (1) in Section 6. Then the focus is
obtained in the same way as we obtain O, etc. . In the present study when o in Eq.
(1) is larger than 1.5 and smaller than 1.4 we fix the value as 1.5 and 1.4 respectively.
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