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Abstract

Spectral content and decay characteristics with time of the coda
waves from local earthquakes are studied using the data of narrow
band-pass filters of six stations distributed in the Kanto district, Japan,
and some properties of the effects of attenuation, excitation and radia-
tion at the source on the coda waves are obtained. The decay
characteristics of coda waves determined at a given station are inde-
pendent of the epicenter location and source size, and depend only
upon the duration time measured from the origin time as suggested
by AKI (1969). The apparent @ derived from the coda waves at four
stations increase with frequency, approximately proportionally to the
square root of the frequency, with the values increasing from 120-250
at 0.75 Hz to 800-2500 at 24 Hz. The coda excitation at the six stations
located on different geological formations also depends on frequency.
The difference of coda amplitudes measured at the same lapse time
between the stations located on the sediment and the granitic rocks is,
on the average 20 times at 0.75 Hz and less than 1/10 at 24 Hz. This
behavior suggests the differences in intrinsic @ and inhomogeneity
size of the earth’s crust beneath the station. The scaling laws of the
earthquake source spectra are constructed using the spectral ratios of
coda source factors and the source spectrum of the smallest earth-
quake used in the estimation of coda source factors. The local variation
of the source spectrum is found within the area of the Kanto district,
which may be attributed to the difference in rupture strength of the
earth’s crust.

1. Introduction

The investigation on the seismic source spectra of local earthquakes
is important for elucidating regional tectonic features. Regional and local
variations of seismic moments, source dimensions and stress drops of earth-
quakes in the California and Nevada regions are suggested by several
authors, and are discussed in terms of the tectonic features of their ]
regions (Wyss and BRUNE, 1971; DouGLAS and RYALL, 1972; THATCHER,
1972; THATCHER and HANKS, 1973). However, the data on direct waves




2 M. TsuJiura

such as P- and S-waves of local earthquakes must be carefully used for
this purpose since high frequency seismic waves in the range up to 100 Hz
contained in their seismograms are extremely sensitive to the details of
the wave path and the geologic formation of the station site. For ex-
ample, there are large local variations of S-wave spectra of small earth-
quakes in the Kanto district, Japan, and at least two times the difference
of the quality factor @ seems to exist even for a given station (TSUJIURA,
1973a).

OMOTE (1943) studied the nature of coda waves from near and regional
earthquakes observed at arrival time, at least five minutes, after P-wave
arrivals. He pointed out that there exists a predominant period, and this
period is nearly independent for the differences of epicentral distance
(100-400 km), location and geology of the station site.

Recently A1 (1969) suggested that the seismic coda waves of local
earthquakes are backscattering waves from numerous randomly distributed
heterogeneities in the earth, and power spectra of coda waves decay only
as a function of time measured from earthquake origin time, independent
of the distance and the nature of the wave path. Based on the above
assumption, he devised a method to extract useful information about the
earthquake source from coda waves. The use of random media in seis-
mogram interpretation has been attemted by several authors including
TAkANO (1971), CLEARY and HADDAN (1972), AKI (1973) and CAPON (1974).
AXT and CHOUET (1975) and CHOUET (1976) clearly demonstrated that Aki’s
assumption is supported for the coda waves of local earthquakes in
several areas, and obtained important information about source, attenua-
tion and scattering effects on coda waves.

The spectral content of earthquake motion changes systematically
with the earthquake magnitude in a given seismic area. The manner in
which the spectrum changes with magnitude is called the scaling law of
the seismic spectrum (AKI, 1967). A theoretical scaling law of far-field
seismic spectra based on the w-square model has been proposed by AXI
(1967). Later, he proposed the revised model B in order to explain the
observations for earthquakes with Ms<6 and for period T<10seec (AKI,
1972). However, the scaling law may be different for different seismic
regions (TSUJIURA, 1973b). A reliable scaling law using the data of smaller
. earthquakes would give us a basis for predicting strong motion of a large
earthquake in the same seismic area. Since the number of earthquakes
increases exponentially with the decreasing magnitude, the data collection
of small earthquakes is much more efficiently done. There appears to be
a correlation between the source spectrum of small and large earthquakes
in each area. The locus of corner frequency of small earthquakes will
be extrapolated to large earthquakes in the same area (in preparation).
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The subject of this paper is to investigate the effects of source
properties, attenuation and scattering on coda waves of local earthquakes
in the Kanto district by using a spectral analyzing seismograph. Three
sets of identical analyzers are prepared in order to obtain the coda spectra
at many stations and to compare observed coda waves of the same earth-
quake at different stations.

Furthermore, the study of the effect of superficial geological forma-
tions on coda waves as well as body waves is another subject, because
it may be useful for seismic zoning in the field of earthquake engineering.

The scaling law of source spectra can be obtained from the ratios
of source factors of coda waves and the source spectra of the smallest
earthquakes corrected for local @ (AKI and CHOUET, 1975). Using their
method, the scaling law of source spectra for the earthquakes in the
Kanto district will be obtained over a wide frequency band. We shall
show that a significant difference in the scaling laws for source spectra
exists within the Kanto district, which will be attributed to variations in
strength of the earth’s ecrust.

It should be emphasized that the spectral study of coda and body
waves for a wide frequency band on a basis of routine observation
provides a promising method in finding temporal variations in source

conditions and in attenuation properties as suggested by FEDOTOV et al.
(1972), CHOUET (1976) and TSUJIURA (1977).

2. Spectrum analyzer

In order to obtain a large amount of running spectra of coda waves
as a routine observation, an analogue type spectrum analyzer is used. A
detailed description of the analyzer system was given by TSUJIURA (1966,
1967, 1969). A brief outline of the system will be described in the fol-
lowing.

The analyzer consists of one amplifier, six band-pass filters with center
frequencies at 0.75, 1.5, 3, 6, 12 and 24 Hz, and respective bandwidths
of 0.5, 1, 2, 4, 8 and 16 Hz. In addition, high frequency bands centered
at 48 and 96 Hz with respective bandwidths of 32 and 64 Hz are used in
some cases. The output of the six or eight filters is recorded continuously
on an ink-writing 6-channel or 8-channel recorder. The input of the
amplifier is connected to the output of the seismic telemetering network
in the Kanto district. Three sets of the identical analyzers are used in
order to compare the coda spectra of the same earthquake at different
stations.

The location of the stations with their local geology are given in Fig.
2.1 and Table 1. The displacement magnification curve of the seismo-
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Fig. 2.1. Distribution of seismograph stations used in the coda
wave analysis. All seismic signals are telemetered by radio waves to

Research Center for Disaster Prevention.

IWT belongs to the National

Table 1. List of seismic stations used in the coda wave analysis. *: belong to
the National Research Center for Disaster Prevention.

Station Code Location Altitude Formation
Tsukuba TSK 36°12' 3970 N 280 m Granite
140 06 35.0E
Dodaira DDR 35 59 54.0N 800 m Crystalline schist
139 11 36.2E
Kiyosumi KYS 3511 51.6 N 180 m Sandstone
140 08 53.6 E (Tertiary shale)
Ohyama oYM 35 25 12.3N 600 m Andesite
139 14 34 9E
Hongo HNG 354256 N 19m Loam
139 45 47 E
Iwatsuki* IWT 355533 N —3502m Quartz porphyry
139 44 17 E
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Fig. 2.2. Magnification curves of the seismographs for the Tsukuba

station (TSK).
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Fig. 2.3. Frequency response curves of band-pass filters used in the
coda and S waves analysis. The frequencies from 0.75 to 96Hz indicate
the center frequency (fo) for each band-pass filter.
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graphs at the Tsukuba station (TSK), and the filter response which has
the same frequency characteristics for the three sets are shown in Figs.
2.2 and 2.3. All seismic signals are taken from a horizontal E-W com-
ponent seismograph at each station. The frequency characteristies at most
of the station used here are the same as that of TSK marked as “middle”
in Fig. 2.2, although the magnification is somewhat different from station
to station.

3. Data and method of analysis

Observational data are analyzed for the events with epicentral distance
mainly less than 100 km from each station, and focal depth ranging from
40 to 160 km, which is classified into two depth ranges of 40-80 km and
100-160 km. The magnitudes of these events are between 1.5 and 5.8.
The epicenter information of these events is taken from the monthly
lists currently determined at the Earthquake Research Institute. As a
basic set of data for the present analysis, observational records of about
350 earthquakes are available during the period of 1974-1976.

An example of the band-pass filter records obtained at Tsukuba station
(TSK) is shown in Fig. 3.1, for two earthquakes with magnitudes 4.7
and 3.4. Similar filter-records are obtained at Dodaira (DDR), Ohyama

TSUKUBA (TSK)
‘75 APR. 18  3hdim M=4.7 ‘75 APR. 21 thsgm M = 3.4

I'ss b— 1 min —4

L~
ORIGIN TIME | U

Fig. 3.1. An example of the filtered seismograms of two events
with magnitudes 4.7 (left) and 3.4 (right) obtained at TSK. Center fre-
quencies of band-pass filters are indicated on the left side of the figure.
Tick marks at the top are minute marks. Magnitude M are determined
by the total duration method.
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Fig. 3.2. An example of the filtered seismograms of two events obtained
by different seismographs at KYS. Left side seismograms and upper four
seismograms on the right side are obtained by a seismometer with a natural
period of 1 sec and a damping constant of 0.5. Lower two seismograms on
the right side are obtained by a seismometer with a natural period of 0.1
sec and a damping constant of 2. Explanation of the other symbols is the
same for those of Fig. 3.1.

(OYM), Kiyosumi (KYS), Iwatsuki IWT) and Hongo (HNG).

Fig. 3.2 shows an example of the records at KYS. As is shown for
the event A, high frequency coda waves are more attenuated at KYS
than TSK, and the coda waves of the 24 Hz band cannot be detected.
Large impulsive amplitudes on the 12Hz and 24 Hz bands are harmonics
caused by the saturation of the amplifier. Therefore, as is shown for the
event B, the records of the 12 and 24 Hz bands are taken from the out-
put of the high frequency seismometer with a natural period of 0.1sec

Table 2. The displacement magnification of seismographs
used in Kiyosumi (KYS).

Magnification

CH |

1 sec 0.1 sec
1 0.75 12.5%x103 7.5x102
2 1.5 38,0103 4.5%108
3 3.0 67.0x103 26.0x103
4 6.0 13.0x10¢ 13.0x 104
5 12.0 25.0%x10¢ 53.0%x104
6 24.0 40.0x104 16.0x 108
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and a damping constant of 2 installed at the same station. This seis-
mometer is useful for suppressing the saturation of amplifier by large
low frequency components. The difference of displacement magnification
of the two seismographs is shown in Table 2 for a comparison. In spite
of the different site effect on the absolute amplitude of coda waves, the
amplitude decays in a regular way as a function of lapse time measured
from the origin time.

The analysis of coda waves is done through the following procedures
as given by AKI and CHOUET (1975). The smoothed envelopes of the
trace amplitudes (peak-to-peak) are measured directly from the chart
records for each frequency band. Samples were taken every 2.4 sec for
smaller events and every 4.8 sec for larger events lasting less than 160
sec after the origin time. Final reading for each trace was determined
at a point where the signal-to-noise ratio falls to below 3. The noise
levels were compared before and after for each event on all traces. An
initial point for the measurement of coda amplitudes on a seismogram
was arbitrarily chosen as a point, where the seismic signal starts to decay
in a regular manner after the S wave arrivals.

Figs. 3.3a, -b, -¢c and -d show the spatial distribution of earthquake
epicenters used at four stations. Most of these events occurred within
100 km at each station. According to the properties of attenuation and
source spectrum obtained from S waves (TSUJIURA, 1973a), the Kanto
district is separated locally into four areas as indicated by A, B, C and
D. Broken lines show the boundary of these areas. Another two stations,
OYM and HNG are used only for the comparison of coda excitation.

An example of the amplitude decay curves of coda waves which show
very regular decrease for many earthquakes obtained at the TSK-A is
shown in Fig. 8.4. Fig. 8.5 shows the same decay curves for the 24 Hz
band obtained at the same station. The slope of the envelope depends
on frequency, i.e., the higher the frequency the more rapid the decrease
with the time. From these curves, the common curve indicated by a
dashed line can be obtained by considering simultaneously all the events
recorded on a given channel.

Similar amplitude decay curves including the different frequency bands
are obtained at four stations. The equation shown in the figures will be
explained later.

Another important fact about coda waves is that the time-dependence
of coda decay is independent of the earthquake magnitude as suggested
by AXI (1969). An example of the records for the events with magni-
tudes of 4.8 and 3.9 is shown in Fig. 3.6. These records were obtained
by the seismographs with magnifications different by a factor of eight at
the DDR station. The amplitude decay of the two events is quite similar
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Fig. 3.4. Amplitude decay traces of coda waves measured at 6 Hz from earthquakes in
the A area observed at TSK. The dashed line represents a common curve obtained by
considering simultaneously all the events, and represents the function logiy Ai=Ci—
0.96 log1o t—0.018¢ obtained by fitting a common curve (see text for explanation of symbols
and procedure).
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Fig. 3.5. Amplitude decay traces of coda waves measured at 24 Hz from earthquakes
in the A area observed at TSK. The dashed line represents the function logi A;=C;—
0.83 logio £—0.028t. Explanation of the symbols is the same for those of Fig. 3.4.
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Fig. 3.6. An example of the filtered seismograms of two events
withymagnitudes of 4.8 and 8.9 obtained by seismographs with different
magnification at DDR. Note similar coda decay for the same frequency
bands of two events. The frequency from 0.75 to 24 Hz represents the
center frequency (f;) for each band-pass filter.

507 . 12 Hz
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o " 8o 100 " is0
LAPSE TIME from ORIGIN TIME sec
Fig. 8.7. Amplitude decay traces of coda waves at 12 Hz obtained
by seismographs with different magnification at DDR. The upper and
lower traces represent the results of high and low magnification seismo-
graphs, respectively. Explanation of the other symbols is the same for
those of Fig. 8.4.
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for all the frequency bands. Fig. 8.7 shows the coda decay curves for
the 12 Hz band for many earthquakes obtained at the same station. Up-
per and lower lines indicate the results of high and low magnification
seismograph, respectively. It is clearly seen that the time-dependence of
coda amplitudes is independent on the magnitude of the earthquake.

A quantitative analysis of coda waves by the single scattering theory
as well as the diffusion theory has been made by AKI and CHOUET (1975),
who suggested that the coda amplitude A(w|t) takes the following simple
form as a function of time measured from the origin time;

log;y A(w|t)=C(w) —a log t —bt (3.1)

where C(w)=log,c(w), and c(w) represents the source term at a frequency
o and it’s related to the source factor of coda S(w) by the relation

c(w) =2[2S(w) AF T (3.2)

where Af is the bandwidth of the filter on the particular channel consi-
dered, @ is a constant that depends on the geometrical spreading with
a=0.5 for surface waves and a=1 for body waves, and b is related to
the quality factor @ by the relation

b=(logwe)nf Q. (3.3)

To separate the effects of source factors, geometrical spreading and
attenuation in coda data, we shall use the least square method. Each
channel output was treated separately, and the least square fits were
obtained with the formula (3.1) for the dashed line obtained by taking
all the events into consideration simultaneously. In obtaining the least
square solution, two values of a, namely 1 and 0.5 are assumed as the
constants of geometrical spreading, corresponding to body and surface
waves, respectively.

As shown in Figs. 3.4, 3.5 and 3.7 the decay of coda amplitudes are
very regular for many events, and the decay curve of each event can be
shifted vertically to agree with the dashed curve within the errors of 20
9%. The decay curve at high frequencies for deeper events (>100km),
however, is somewhat different from those of shallower events (h<80km),
and it indicates slower rate of decreasing with time. Separate analysis
therefore is made for the event above and below the source depth of
90 km.

Factors a and b computed by the use of Eq. (3.1) are summarized in
Tables 3 and 4. The values computed for the factor ¢ (Table 3) shows
some deviation (0.3—2.3), because the value of @ is very sensitive to the
coda amplitude for small . Our measurement of early coda is somewhat
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Table 8. Values of the coefficient o in equation (3.1) obtained from the least
S: frequency in hertz, *:

square computation.

deeper event (h=

100—160 km).
Event Group f=0.75 f=1.5 f=3.0 f=6.0 f=12.0 f=24.0
TSK—A 1.04 1.36 1.13 0.96 0.98 0.83
TSK—B 1.00 1.45 1.58 1.10 1.09 1.06
TSK—A, B* — 0.62 1.52 1.94 2.04 2.31
DDR—A 1.21 0.76 0.73 1.387 1.42 1.31
DDR—B — 0.75 1.26 0.80 1.13 0.31
KYS—B 0.98 0.70 1.41 1.60 1.00 0.32
IWT—A, B 0.41 0.45 0.87 1.35 1.34 1.47

Table 4a. Values of the coefficient b in equation (3.1) obtained from the least
square computation with the factor @ in (8.1) being free. f: frequency
in hertz, *: deeper event (h=100—160km).

Event Group f=0.75 f=1.5 f=3.0 f=6.0 f=12.0 f=24.0
TSK—A 0.0055 0.0095 0.0160 0.0181 0.0226 0.0276
TSK—B 0.0055 0.0098 0.0155 0.0191 0.0202 0.0220
TSK—A, B* — 0.0109 '0.0095 0.0119 0.0110 0.0125
DDR—A 0.0067 0.0113 0.0161 0.0149 0.0186 0.0228
DDR—B — 0.0127 0.0134 0.0158 0.0190 0.0307
KYS—B 0.0041 0.0080 0.0110 0.0151 0.0204 0.0372
IWT—A,B 0.0085 0.0121 0.0133 0.0125 0.0155 0.0180

Table 4b. Values of the coefficient b in (3.1) obtained from the least square
computation with the factor ¢ in (3.1) assumed to be 1. f: frequency
in hertz, *: deeper event (h=100—160 km).

Event Group f=0.75 f=1.5 f=3.0 f=6.0 f=12.0 f=24.0
TSK—A 0.0056 0.0116 0.0173 0.0197 0.0223 0.0256
TSK—B 0.0055 0.0117 0.0197 0.0199 0.0211 0.0219
TSK—A, B* —_ 0.0083 0.0124 0.0174 0.0180 0.0190
DDR—A 0.0077 0.0096 0.0143 0.0171 0.0215 0.0259
DDR—B — 0.0107 0.0148 0.0163 0.0175 0.0231
KYS—B 0.0038 0.0060 0.0125 0.0193 0.0202 0.0294
IWT—A, B 0.0046 0.0077 0.0124 0.0142 0.0176 0.0173
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Table 4e. Values of the coefficient b in (8.1) obtained from the least square
computation with the factor ¢ in (3.1) assumed to be 0.5. f: frequency
in hertz, *: deeper event (h=100—160 km).

Event Group f=0.75 f=15 f=3.0 f=6.0 f=12.0 f=24.0
TSK—A 0.0089 0.0149 0.0208 0.0216 0.0260 0.0302
TSK—B 0.0088 0.0152 0.0233 0.0235 0.0247 0.0256
TSK—A, B* — 0.0114 0.0153 0.0206 0.0218 0.0226
DDR—A 0.0112 0.0131 0.0178 0.0205 0.0253 0.0310
DDR—B —_ 0.0137 0.0180 0.0194 0.0210 0.0276
KYS—B 0.0063 0.0089 0.0155 0.0226 0.0243 0.0343
IWT—A, B 0.0076 0.0107 0.0153 0.0174 0.0210 0.0212

uncertain since saturation occurrs on some of the recorded events, and
the beginning of coda amplitude is not always well-defined. In addition,
the coda amplitude at time shorter than 14 sec cannot be obtained since
no earthquakes have occurred at the depth shallower than about 40 km.
However, the estimate for b (Tables 4a, 4b and 4c) is relatively insensi-
tive to the uncertainty in the estimate of a, because most of the coda
lengths are controlled by bt (see Fig. 3.4). We shall study the b value
which is related to the quality factor @ by Eq. (3.3).

4. Attenuation properties of coda waves

Using the method described in preceding section, and from the value
of b (Tables 4a, 4b and 4¢) a value of the quality factor @ of coda waves
was calculated for each frequency. The value of @ against the frequency
determined at TSK with two depth ranges and the other three stations
of DDR, KYS and IWT are summarized in Figs. 4.1a and 4.1b. The
marks of A and B attached to the station refer to the groups of events
shown in Figs. 3.3a-3.8d. These @ values represent an average value of
the attenuation properties over the area encompassed by the coda waves
from many different local earthquakes for each area.

The estimated @ values depend on frequency, increasing with
frequency. The @ value at about 1Hz is relatively low, about 200, and
at a high frequency of about 20 Hz it reaches 1500. This tendency is
commonly observed at all the stations. The difference of @ between the
areas A and B at TSK is not detectable, although there exists a clear
difference of @, for S waves at a factor of 2.5 as will be described in
section 6. This result suggests that the coda decay characteristics are
independent of the epicenter location. However, close scrutiny of these
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Fig. 41a. @ values in the range of
0.75—24 Hz derived from the analysis of coda
waves observed at TSK. No constraint of
the spreading factor is made for the com-
putation (a=free). Closed circles and open
circles with error bars represent @ values
derived from the earthquakes with source
depths (h) of between 40—80km in the areas
of A and B, respectively. Open circles rep-
resent @ values derived from the earthquakes
with source depths of between 100—160km.

figures shows that there are local
factor of 2 from station to station.
KYS is relatively low, and that of

FREQUENCY Hz

Fig. 4.1b. Local variations of @ in the
range of 0.75—24 Hz derived from the analysis
of coda waves observed at IWT, DDR-A, -B
and KYS-B, respectively. No constraint of
the spreading factor is made for the compu-
tation (a=1ree).

differences of the @ values over a

The @ value for high frequencies at

DDR is intermediate between IWT

and KYS. On the other hand, in the lower frequency range, KYS gives
a maximum value. The local differences of @ obtained here correlate to
the geological setting of the station site. This effect will be discussed

further in section 5.
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The value of @ for deeper events (h=100—160 km) obtained at TSK
indicates the highest value at high frequencies in contrast to those of
shallower events (h=40—80 km), and the difference amounts to more than
a factor of 2 at 24 Hz. But the difference diminishes with decreasing
frequency, and at about 1Hz there is no difference for the events of
40—160 km.

The parameter a has little effect on the determination of Q. Fig. 4.2
shows the @ values obtained at TSK, with a different assumption of the
spreading factor a. Open circles and with two type error bars, and closed

3000 T T T T T T T
o e a=free ]
] ot e gz | assumed
§ & a=05
2500 A 1
o TSK-A h=40-80km
® TSK-A,B h=100-160km b
2000 A -
e ) ]
1500 o T
1000 A T
500 4 b
o T T T T T T T
02 o5 1 2 5 10 20 50

FREQUENCY Hz

Fig. 4.2. Q values in the range of 0.75—24 Hz derived from
the analysis of coda waves of earthquakes observed at TSK, with
different assumptions of the spreading factor. Open circles and with
two types of error bars, and the same symbols with closed cireles
refer to the assumptions of no constraint (ea=free), body wave
scattering (¢=1) and surface wave scattering (¢=0.5). Open and
closed circles represent @ values derived from earthquakes with
source depths (k) of between 40—80km, and 100—160 km, respec-
tively.
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circles and with the same symbols refer to the assumption of no const-
raint (a=free), body wave scattering (a=1) and surface wave scattering
(@=0.5). Open and closed circles represent the @ values derived from
earthquakes with source depths (k) of between 40—80 km and 100—160 km,
respectively. The @ value derived from shallower events at TSK varies
from 150—200 at 0.75 Hz to 1100—1250 at 24 Hz. On the other hand,
the @ from deeper events shows relatively larger deviation at high
frequency (1500—2800 at 24 Hz). This behavior is also understandable,
because as mentioned earlier, factor o is very sensitive to the coda am-
plitude for small #, and the beginning of the measurement of coda from
deep sources becomes later in time. Fig. 4.3 shows the @ values obtained
at four stations where the spreading factor a was fixed at 1. The quality
factor again shows consistently low at 1 Hz and high at higher frequencies.

3000 T r ; T T T T
a=l assumed
1 h=40-80km ]
2500 - e TsSK-A b
o TSK-B
+o+ DDR-A

é Kvys—B
2000 A < IWT-A,B b

O 1500 A
1000 -

500 -

T T T T T

02 05 1 2 5 10 20 50
FREQUENCY  Hz

Fig. 4.3. @ values in the range of 0.75—24 Hz derived from the
analysis of coda waves observed at TSK-A, -B, DDR-A, KYS-B and
IWT. The body wave scattering (a=1) is assumed as the spreading
factor for the computation.
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The high @ at high frequencies can be seen directly from the filtered
records. For example, if the @ obtained at 1Hz was to be applicable at
24 Hz also, it is expected that the signal of the 24 Hz band will disappear
in a matter of a few seconds. The existence of coda waves of this
frequency for more than 100sec (see Fig. 8.5) clearly indicates that the
Q@ of coda waves depends on frequency.

500
o a=free Q

400 A < a=l assumed a =F
¢ a=05

300 A

T
100 4
° T
05 1 2 5 10 20 50
FREQUENCY Hz

Fig. 4.4. ¢ values in the form Q@=gf1/2 for averaged @ at four
stations against the frequency. Different choices of the spreading
factor a; a=free, a=1 and =05 is assumed for the computation.

A similar result on frequency-dependence of @ for coda waves has
been reported in other seismic areas (AXI and CHOUET, 1975; CHOUET, 1976;
RAUTIAN and KHALTURIN, 1976). Rautian and Khalturin pointed out that
the dependence of @ on frequency takes the form of Q@=g¢f"* and the
coefficient ¢ for the Garm region, Tadjikistan is approximately equal to
270 for the frequency range from 1.25Hz to 18 Hz. Fig. 4.4 shows the
q values for averaged @ at four stations for the various choices of the
geometrical spreading factor. The value of ¢ is relatively constant in
the frequency range from 0.75 Hz to 24 Hz within the values of 165—265
for a=free, 160—280 for ¢=1 and 135—240 for a=0.5, respectively.
However, for coda waves, the increase in @ with frequency may not be
due to an intrinsic frequency-dependence of Q. Aki and Chouet suggested
that it may be observing the dependence of @ on depth for waves scat-
tered from different parts of the earth’s crust. In other words, the coda
waves at about 1 Hz may be primarily composed of surface waves scat-
tered from shallow low-Q heterogeneities and those at about 20 Hz are
essentially backscattering body waves from the deep high-@ lithosphere.
If such an explanation is applied equally to our area studied, it seems
likely that the lowest @ for frequencies above 12 Hz at KYS may be due
to relatively low-Q material composing most of the crust under the station.
This is consistent with the result indicating the lowest detection capability
for P-waves of teleseismic events among the stations concerned (MIYAMURA
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and YAMADA, 1973). The largest @ for about 1 Hz at KYS therefore
apparently may be due to the existence of a thin surface layer with high-
@ under the station. This effect will be further discussed in the next
section.

5. Dependence of coda excitation on local geology

It has been well known that the seismograms of an earthquake,.
recorded at many stations on different geological formations, differ signi--
ficantly from one station to another in their forms, amplitudes, periods
and total durations. Numerous studies on this subject have been made
by many seismologists since the beginning of modern seismology. Most.
of these studies suggested that for sites underlain by a layer of sedi-
ments, maximum ground amplitudes generally increased with thickness of
the layer, and relatively larger amplitudes last several times as long as
at those recorded on nearby bedrock.

Following AX1 (1969), who showed a strong dependence of coda ex-
citation on local geology, we studied the effect of local geologic structure
on coda waves observed at the six stations located on a variety of for-
mations, including granite, erystalline schist, andesite, sandstone and loam
layer (Fig. 2.1 and Table 1). The method of interpreting coda waves is
the same as given in previous section. The coda spectra from more than

TSK (Low,1) TSK(MIDDLE,IO) 76 .FEB. 29 18 ar HNG ( 35)

1eeg

TIME

F—1min—y

fo
R —— %l o

Hz

ORIGIN TIVE

Fig. 5.1. Typical example represents the difference of coda cxcitation. The filtered
seismograms of left, middle and right hand side correspond to those at TSK with two
kinds of magnification and at HNG. Relative differences of magnification are 1:10:3.5.
Jo indicates the center frequency of band-pass filters with one octave bandwidth, (see Flg
2.3).
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ten earthquakes with epicenters distributed over the wide azimuth around.
a station are used in the analysis.

There is a strong amplitude-frequency dependence of coda excitation
among the stations. Fig. 5.1 shows the filtered records of the same
earthquake observed at TSK with two kinds of magnification and at Hongo-
(HNG), where the seismometer is installed in the basement of the Earth-
quake Research Institute building. The ground formation of TSK and
HNG consists of granitic rocks and the Kanto loam layer, respectively.
A relative difference of the magnification between the filtered records.
is 1:10:3.5 as indicated in parenthesis, respectively. As is described
by many authors mentioned earlier, the periods of corresponding waves.
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Fig. 5.3. Average amplitude ratios based on those at TSK.
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may differ significantly at various sites with different geology. Waves
having relatively short periods may be emphasized by ground conditions
at some sites (e.g., TSK), and waves having appreciably longer periods
at others (e.g., HNG). Consequently, the amplitude ratio obtained from
different formations depends on frequency.

We measured a smoothed amplitude of coda waves for each frequency
band as a function of lapse time measured from the origin time. Figs.
5.2a and 5.2b show the amplitude ratio of coda waves recorded at six
pairs of stations for the lapse times of 40, 80 and 120 sec. There is a
clear dependence of amplitude ratio with frequency, roughly independent
of the lapse time. The arrow shows the frequency at which the ampli-
tude is the same for the station pair. From these results the average
amplitude ratios based on those at TSK are summarized in Fig. 5.3. We
found that the amplitude ratios are different by a maximum factor of
20 between the stations. For example, KYS, OYM and HNG indicate
consistently greater amplitudes, on the average, 6-20 times at low
frequencies and smaller amplitudes about 0.05-0.1 times at the highest
frequency compared with those of TSK. Generally speaking, the sites
which show greater values at low frequencies always indicate smaller
values at high frequencies. The site factors at each station are sum-
marized in Table 5 together with the local surface geology. Such dif-
ferences of site factors may be expected for much longer period coda
waves. Reproduction of original records is shown in Fig. 5.4 as the
example obtained by the same type seismographs with a natural period
of 10 sec installed at TSK and KYS.

Table 5. Site factor of coda excitation with frequency dependence at six sta-
tions in the Kanto district. f: frequency in hertz.

Station Formation F=0.75| f=1.5 | f=3.0 | f=6.0 | f/=12.0 | f=24.0
TSK Granite 1.0 1.0 1.0 1.0 1.0 1.0
DDR Crystalline schist 3.2 2.7 2.1 1.07 0.85 0.36
IWT Quartz porphyry 4.2 3.1 1.6 0.67 0.71 0.60
oYM Andesite 2.9 4.9 1.9 0.63 0.32 0.07
KYS Sandstone 5.6 3.6 1.7 0.41 0.15 0.05
HNG Loam 18.3 10.0 5.0 1.2 0.54 | <0.1

There is a remarkable correlation between the site factor and the
local surface geology of station site. We found that the “soft formation’’
ie., a sandstone and loam layer have a site factor with greater values
at low frequencies and smaller values at high frequencies. In other
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Fig. 5.4. Reproduction of original seismograms obtained by the medium-
period seismograph (To=10sec) at TSK and KYS. Note the difference of coda
amplitudes. Error bars show the relative difference of magnification.

words “hard formations’’ such as granitic rocks have the smallest value
at low frequencies and the greatest value at high frequencies. This re-
sult may be explained by the weak attenuation of granitic rocks and lack
of heterogeneity or layering in hard formations. In contrast, soft for-
mations consisting of many layers of different velocity will behave as a
wave-guide to amplify low frequency waves. Consequently, it is expected
that the @ estimated from coda waves should increase for these low
frequency waves.

A recent investigation by SHIMA et al. (1975) gives the detailed
underground structure in the metropolitan area of Tokyo, and the theo-
retical ground amplification characteristics at HNG have been computed
by TANAKA et al. (1975). They suggested the existence of predominant
frequencies within the range of 1 Hz—5Hz at HNG. Our result at HNG
is consistent with their results if we assume that the incident wave
spectrum of bedrock (—2300m) at HNG is the same as that of IWT
which is located on the bedrock down to 3500 m from the ground surface
(TAKAHASHI and HAMADA, 1975). A similar effect will be expected for
other stations based on soft formations.

As is described above, the coda site factor depends on the local
geology of the station site. In order to check if the same type rock will
generate the same coda amplitude, or how the rock type relates to the
body wave spectra, we shall make a comparison of the data observed at
a small-aperture array of the seismographs. The station spacing for such
an array analysis should be less than the wave length concerned.
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Fig. 5.5. Seismometer locations with local geology at the DDR array
station. Dotted line indicates the boundary of the geologic formation.

S: crystalline rocks, Ks: Kasayama group including slate, chert and
schalstein rocks. V: vertical seismometer, H: horizontal seismometer.

Fig. 5.5 shows the location of array stations at DDR together with
the local geology. The spectral comparison of coda- and S-waves are
made for local earthquakes whose epicentral distances ranged between
40 and 120 km. In this case, the differences in radiation pattern and in
the effect of the propagation path for each earthquake are negligible.
The difference of the spectrum therefore can be treated as the effect of
local geology beneath the station.

Fig. 5.6 shows the amplitude ratio of S- and coda-waves obtained by
E-W component for the pair stations of H1/H5, H3/H5 and H7/H5 where
the distance between the stations was 775m, 1438m and 902m, respectively.
The ratio for station pairs shows some frequency dependence. The closed
lines show the average value of amplitude ratio for each frequency. The
resonant frequency with relatively larger amplification appears within the
band of 1.5-6Hz. The site with maximum amplification, an average 3
times that of H5, is H1, and minimum, within 80% of that of H5, is HT7
for S waves. This tendency is almost the same, within a factor of 30%
for the ratio of coda waves which, however, indicates much less scattering
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Fig. 5.6. Amplitude ratios of S- and coda waves for three station pairs within
the DDR array in the frequency range from 0.75 to 24 Hz. Closed lines show the
average amplitude ratio for each frequency.

at each frequency. Small deviation in the amplitude ratios for coda waves
can be explained by Aki’s assumption that coda waves are the super-
position of the secondary waves generated by the heterogeneities distri-
buted over a large area, and the amplitudes are insensitive to the local
differences of the underground structure (Ax1, 1969). The same tendency
between coda and S wave ratios is also understandable if we assume the
same velocity for both waves, because the resonance frequencies at a
given station are given by the formula of f=V(2i—1)/4H for i=1,2,3---,
where V is the wave velocity and H is the thickness of the inhomo-
geneous media under the station (e.g., TAKAHASI and HIRANO, 1941).

A similar comparison is made for P waves observed by vertical com-
ponent. Fig. 5.7 shows the amplitude ratios of P waves observed by the
same station pairs V1/V5, V3/V5 and V7/V5. The amplitude ratios depend
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Fig. 5.7. Amplitude ratios of P waves for three station pairs within the
DDR array in the frequency range from 0.75 to 24 Hz.
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on frequency in the same way as those of S waves. However, the
frequency of maximum amplification is shifted to the higher frequency
range, 2-4 times that of S waves. This may be due to the difference
of velocity between P and S waves.

As is shown in Fig. 5.5, the DDR seismometer array is located on
different rocks. H5, H7 (V5, VT) are located on crystalline schist rocks
(S), and H1, H3 (V1, V3) are located on Kasayama group rocks (Ks) in-
cluding slate, chert and schalstein rocks. The difference of the spectral
amplitudes therefore may be due to the different formations of station
‘sites. The structure under the Kasayama group will be more complicated
compared to the crystalline schist.
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Fig. 5.8. Amplitude ratios of P waves for three station pairs within the
TSK array in the frequency range from 1.5 to 24 Hz.

A similar array analysis was extended to TSK where granitic rocks
are exposed at all the stations. Fig. 5.8 shows the amplitude ratio for
P waves observed at three station pairs with about 300 m spacing. The
amplitude ratios depend on frequency, within a range of maximum 50%.
Thus, we may conclude that the difference of the site effect still remains
even for the same geological formation. The spectral checking at several
points around the station will be needed in order to know the geological
effects for a specified station.

Studies on the spectral difference of body and coda wave excitation
according to local geology will be important when the spectral data is
used to determine the source parameter. The correction for the site
factor as well as the effect of attenuation must be applied to the observed
spectral data. Some site corrections dividing by a constant have been
made for the determination of source spectra (AKI, 1969; THATCHER and
HANKS, 1973; JouNsON and McEvILLY, 1974). However, our data show that
the site factors are clearly frequency dependent. Thus, the site factor
for a wide frequency band can be obtained from the spectral comparison
of coda waves from local earthquakes.
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6. Dependence of source spectra on earthquake magnitude

In order to study the dependence of seismic source spectra on
earthquake magnitude, we shall use the spectral ratio of coda waves.
Following AKI and CHOUET (1975), the ratio of coda power for two dif-
ferent earthquakes of Pi(o|t) and Py(w|t) is equivalent to the ratio of
source factor of Si(w) and S,(w) since the effect of propagation path is
common for both sources, and can be written as

Pio]t) _ Si(o)
Polt) Sia) -1
The relative value of the source spectra for two different earthquakes
can be determined from the ratio of the source factor of coda amplitude.
As mentioned earlier, although the coda excitation depends on the local
geology of the station site, the relative source factor determined at a
given station for different earthquakes is unaffected by the local geology.
However, a direct determination of source spectra is required for at
least one of the earthquakes included in the data set in order to fix the
absolute value of the source spectrum. The theory of far-field body
waves generated by a dislocation source buried in an unbounded homo-
geneous elastic media will be applied to many of the smallest and nearest
events. The data of TSK are used for this purpose since there is less
site effect (Fig. 5.8), and this fact suggests the existence of relatively
homogeneous media.

As is well known, earthquakes with source depths greater than 40 km
are very active in the Kanto district. We shall make a scaling law of
source spectra for these events. Aki and Chouet suggested that events
of 40km are too far away to be considered nearest events. However,
there are no shallow events around TSK, and the source spectra vary
according to source depth (TSUJIURA, 1969, 1972). Moreover, the dependence
of the spectrum on the local geology of the station site is different for
P and S waves, and the dependence for S waves is more similar to that
of coda waves (see Figs. 5.6 and 5.7). ,

Some of the filtered records of these smallest and nearest earth-
quakes observed by the E-W component seismograph at TSK are shown
in Fig. 6.1. For these smallest earthquakes with a magnitude of about
1.5 the high frequency bands centered at 48 and 96 Hz were added. Al-
though the nearest earthquakes are more than 40km away from TSK
they occur directly beneath the station (e.g., TSUMURA, 1973). A small
ratio of epicentral distance to source depth would be expected to suppress
the contamination of surface waves as suggested by PEKERIS and LIFSON
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Fig. 6.1. Typical example of the filtered seismograms of the smallest and
closest events at TSK. These events are used to determine the absolute level
and spectral characteristics of earthquakes with magnitude around 1.5.
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Fig. 6.2. Typical example of the filtered seismograms of about
M3.5 earthquakes observed by the low magnification seismograph at
TSK. Coda amplitude of the same event can be obtained more
clearly by the high or middle magnification seismograph (see Fig.
8.1). These events are used to determine the absolute level and the
spectral characteristics of M3.5 earthquakes, and to fix the absolute
values of source factors of their coda waves.
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(1957). A clear and simple S-wavelet can be seen for each band except
the 96 Hz band. These records suggest the validity of applying the simple
far-field solution. Fig. 6.2 shows records of larger events with a magni-
tude (M) about 3.5 observed by the low magnification seismograph at the
same station (Fig. 2.2). The coda amplitudes of M=8.5 events are meas-
ured more precisely by the middle magnification seismograph (Figs. 2.2 and
3.1). From the combined data of the middle and low magnification seis-
mographs the absolute value of the source factor of coda amplitudes for
M3.5 can be determined. The absolute values of source factors for
greater earthquakes therefore are obtained by use of the source factors
of coda amplitudes relative to that of the M3.5 event.

Following AK1 and CHOUET (1975), the Fourier transform Flw) of
displacement due to far field S waves in an unbounded homogeneous elastic
medium at a distance r from the source can be written as

F(o)=c(4mpfr)~ M(o) (6.2)

where ¢ is a geometrical factor, p is the density, B is the shear-wave
velocity and M(w) is the Fourier transform of the time derivative of
seismic moment. For a band-pass signal with | F(o)|=F (constant) in
0,<|w|<w, | F(o)| =0 otherwise, and ¢(w)=0 for all w, the correspond-
ing signal f{t) is written as

Fl)=1/2z j'”z Fe“dew+1/2x 5‘”‘ Fe“do
—0)1 0)2

—2F}, sin ot —92F, sin w,t (6.8)

w;t st

where f;=w/2r and fi=w,/2z. The maximum amplitude is at t=0 and
is equal to

Su=2F(fi— fi)=2FAf (6.4)

where Af is the bandwidth of the filter. Thus for a rough approximation
the amplitude of a wavelet is the product of its amplitude spectral density
and twice the bandwidth. From the known bandwidth of the band-pass
filter and the maximum amplitude of the S wave measured on each
frequency, the amplitude spectral density |F(w)| of the S wave is esti-
mated by averaging over many small events with magnitudes of 1.5+0.3
and 3.5+0.8 as shown in Figs. 6.1 and 6.2.

In order to correct the resulting source spectrum for attenuation, we
studied the amplitude ratio for two frequency bands of S waves for
many earthquakes as a function of travel time. Fig. 6.3 shows the
amplitude ratio for two frequency bands centered at 24 Hz and 6 Hz



Spectral Analysis of the Coda Waves from Local Earthquakes 31

24H2 T T T T T T T T T T
GH;
: TSK-A
o S WAVE
=
<
© 10+ 4
w 3
o
) o8
5 \1’."' e Qp=1250
[ "J\'\
s
<§[ 1A . 'i? . o ’\'. * -
oo o . * °
L] 4
Of —T T T T T T T T T
[} 10 20 30 40 50
TRAVEL TllVlE‘ ) s€ec

Fig. 6.3. Relation between the amplitude ratio of 24 Hz/6 Hz for 8
waves and the travel time for the earthquakes of TSK-A. Solid line
represents the attenuation of S waves in the TSK-A area (see text for
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Fig. 6.4. Relation between the amplitude ratio of 24 Hz/6 Hz for
S waves and the travel time for the earthquakes of TSK-B. Solid
line represents the attenuation of S waves in the TSK-B area (see
text for procedure).

of S waves against the travel time in the TSK-A area. Fig. 6.4 shows
the same result for the TSK-B area. The areas A and B are the same
as defined previously in the case of coda analysis. The magnitude and
the source depth of these events range from 2.5 to 3.0 and from 40 km
to 70 km, respectively. If the source spectrum does not change significantly
within the ranges of magnitude and source depth concerned here, the
dependence of observed amplitude ratio on travel time can be taken as
the effect of attenuation on the S waves (TSUJIURA, 1966). Let R, and
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R, be the maximum amplitude of S waves at two frequencies for f; and
J2 respectively, and t is the travel time. The amplitude ratio R/R, is
written as

logy R/ Ry= (logy )t (f1— f2) | Q- (6.5)

Thus, an average @, over many different paths is obtained by the use of
the least squares method. The average @, for the TSK-A and -B areas
are 1250 and 490, respectively. These values refer to each area covered
by direct wave paths for the S waves from earthquake foci between 40
and 70 km for both areas. Some of the scatter in the data may be ac-
counted for by the difference in source spectra for individual earth-
quakes.

Seismic waves traveling from earthquakes in the area A to TSK
pass through an inclined seismic zone with weak attenuation (TSUJIURA,
1972). BARAZANGI and ISACKS (1971) suggested that the average @, is of
an order of 10° in the dipping seismic zone of Tonga region. Moreover
the @ structure in the interpretation of coda waves observed at the
TSK-A consists of low-Q, around 200 in the shallower part of the crust
and high-Q, around 2500 in the deeper lithosphere. The evaluated value
of @, as large as 1250 is not unreasonable as an average over the depth
range from 0 to 70km. A value of @, for the TSK-B is relatively low,
about 500. A low value of @, for the TKS-B is consistent with the re-
sult of the previous study (TSUJIURA, 1973a).

To- correct the effects of attenuation, spectral amplitudes F(w) are
multiplied by an exponential term exp (—=ft/Q;), where ¢ is the travel
time of S wave, f is the frequency and @, is the quality factor obtained
above. Although small site effects exist within the TSK array (Fig. 5.8),
our station (V1) used in the coda analysis is the smallest (within 30%).
No site correction is made for the determination of source spectra. Thus
the source spectra of the smallest events are obtained. Fig. 6.5a shows
the average source spectrum for three sets of these earthquakes as indi-
cated in the previous Figures 6.1 and 6.2. The upper dashed curve for
each set shows the source spectrum corrected by a value of @, 1200, and
their average travel time 14 sec. The number of events (N) used and
their average magnitude (M) are attached to each curve. These earth-
quakes occurred around TSK in northern part of 86°N (TSK-A), and their
source depths are between 40 and 50km. @, of 1100 and 1300 are
examined for the smallest events in order to see the deviation of the
source spectrum. No significant difference of the spectrum can he seen
except in the rate of spectral amplitude decay at high frequencies. The
amplitude of the 96Hz band is not considered to determine the decay
characteristics, because the poor signal-to-noise ratio and uncertainty in
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Fig. 6.6a. Average source spectra, corrected for attenuation,

of the M15, M2.4 and M3.5 earthquakes obtained at TSK-A.
N: number of shocks used, f.: corner frequency.

the measurement of the amplitude at this frequency cause too much
variability in the estimation of spectral decay. The spectral curve through
the data corrected for @, 1200 is finally determined. Since our data
consist of the band-pass filter records, a constant long-period level (),
a spectral corner frequency f, and a high frequency spectral asymptote
F~* are not determined uniquely, therefore these values are approximated
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by reducing them to two straight lines that intersect at the corner
frequency. The approximated spectrum indicated by a closed line shows
a corner frequency f, at 12Hz for the magnitude of 1.5, and decays
with frequeney in proportion to f~* beyond the corner frequency. As the
magnitude increases, the value of f, decreases slightly, and is about 6 Hz
for the magnitude of 8.5. The decay at high frequency for M3.5 event
has a slightly steeper slope —2.

Similar source spectra corrected by Q,=500, and t=15.5sec for two
sets of event groups that occurred about 25 km south from TSK (TSK-B)
are shown in Fig. 6.5b. The source depth of these events ranges from
40 to 60 km, with an average of 52 km. Although the corner frequency
is similar to that of TSK-A, the high frequency fall-off characteristics
indicate a slightly steeper slope —2 for similar magnitudes (M=2.4), and
a yet steeper slope of roughly —38 for larger earthquakes (M=3.5). It is

1=15.5 sec

O
bt
w
=
Q

M=28
N=7
Qp=500

SOURCE SPECTRUM

UNCORRECTED

10 100
FREQUENCY Hz
Fig. 6.5b. Average source spectra, corrected for attenuation,

of the M 2.8 and M 8.7 earthquakes obtained at TSK-B. N: number
of shocks used.
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interesting to note that the steepness of the high frequency asymptote
increases with the increase in magnitude.

The absolute values of source spectra for the smallest earthquakes
are then obtained for the two areas. As mentioned earlier, the source
spectra of larger events will be obtained from the relative values of source
factors of coda amplitudes for the smallest earthquakes. By using the
source term c(w)=[2S(w)Af]/* which was explained in Eq. (3.1) and (3.2),
we obtained the source factors of the coda [S(w)]“>. These source factors
plotted against the frequency are shown in Figs. 6.6a and 6.6b. These
plots are obtained by fixing the factor a in Eq. (3.1) fo the value 1 which

cm sec¥?

SOURCE FACTOR of CODA

FREQUENCY Hz

Fig. 6.6a. Source factors of coda waves in the range of 0.75—
24 Hz for the events of A area (northern Kanto) recorded at TSK.
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is body wave scattering. Each line corresponds to the source factors of
an earthquake. The shorter lines define events for which the signals of
one or more filter bands are too weak to be measured accurately. The
source factors in TSK-A show a somewhat weaker dependence on frequency
than in TSK-B, and the dependence of source factors on magnitude is
greater at low frequencies and smaller at high frequencies. The growth
of the coda source factor may be more clearly seen if we plot the source
factor at one frequency as a function of the source factor at another.
Figs. 6.7a and 6.7b show the relative growth of the coda spectral ampli-
tude at 12Hz and 24Hz versus 3Hz for the events of TSK-A. Each
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Fig. 6.6b. Source factors of coda waves in the range of 0.75—
24 Hz for the events of B area (southern Kanto) recorded at TSK..
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point represents an earthquake as derived directly from Fig. 6.6a. The
magnitudes of the events used at TSK-A range from 3 to 5.8. The good
fit of the straight line indicates the slower rate of increase of the source
factors at 12Hz and 24 Hz as compared to the rate of increase of the
source factors at 3 Hz. For example, the average M=3 earthquake has
a source factor of the coda of 1X107*cm sec”” at 3 Hz, and the average
M=5 event has a source factor of 1.2X107'em sec’? at the same
frequency. This relative growth by a factor of 120 in the spectral ampli-
tude at 3 Hz, may be contrasted to the growth at 24 Hz by a factor of
22 for the same magnitude range from 1X107°cm sec®” to 2.2X107*cm
sec®?, A similar behavior is seen for the events of TSK-B, and in the
events of the California, Hawaii and Tadjikistan regions (CHOUET et al.,
1977; RAUTIAN and KHALTURIN, 1976). From Figs. 6.7a and 6.7b, and by
making the same measurement at other available filter frequencies, the
relative values of the source spectrum for two different earthquakes can
be determined from the ratio of the source factors of the coda. In order
to fix the absolute values of the source factors we shall use the source
spectrum of an M 3.5 earthquake which is already determined (Fig. 6.5a).
The source spectra of larger events are thus obtained by using the source
factor of coda amplitude relative to that of the reference earthquake.

Fig. 6.8 shows the growth of seismic source spectrum with magni-
tude, starting with magnitude 1.5 for the two areas. Following the Brune’s
model (BRUNE, 1970, 1971), the source parameters of seismic moment (i),
source dimension (r) and stress drop (Ac) are defined as follows;

My=47pf QR KRy (6.6)
r=2.348/2xf, (6.7)
Ac=T/16 M7 (6.8)

where £, is the flat low-frequeney spectral level, R is the hypocentral
distance, p is density, 8 is the shear-wave velocity, Ry is the RMS average
of the radiation pattern, K is a correction factor for amplification upon
free-surface reflection and f, is the corner frequency. The seismic moment
corresponding to each spectral curve was estimated assuming f=4.2 km/
see, p=2.9g/em®, KR,,=0.85 (THATCHER and HANKS, 1973), an average
hypocentral distance R=58km for TSK-A and 65km for TSK-B. The
value of moment is indicated in the left hand ordinate of Fig. 6.8.

MADARIAGA (1976) calculated the far-field seismic spectrum for circular
ccracks, and proposed that a radius @ of circular crack model can be
‘written as

a=0.21 g/f, (6.9)
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Fig. 6.7a. Relation between coda source factors at 12Hz and 3Hz for

the events of TSK-A.
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Fig. 6.7b. Relation between coda source factors at 24 Hz and 3 Hz for
the events of TSK-A.
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Fig. 6.8. The growth of the seismic source spectra for magnitude from
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expected the slower rate increasing of the source dimension.
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where f, is the corner frequency for the S wave spectrum and B is the
shear wave velocity. Note that the stress drop obtained from formula
(6.8) using (6.9) will be about six times larger than that using the
Brune’s formula.

The scale effect on the spectral shape observed at TSK, when super-
posed upon the absolute values for M=1.5 and M=3.5 earthquakes, showed
a slow rate of decrease of corner frequency with increasing magnitude
from 12Hz for M=1.5 down to 1.2 Hz at M=5.8. The apparent good
fit of the locus of corner frequency follows a straight line with the steep
slope of —5 indicating a very slow rate of increase in the source dimension.
Assuming f=4.2km/sec by Eq. (6.9) the corner frequencies at 12 Hz and
1.2Hz correspond to a fault radius of roughly 70 m and 700 m, respectively.
The extrapolation of the locus of corner frequency obtained from large
earthquakes by AKI (1967, 1972) is shown as a reference. The corner
frequency of an M=5.8 earthquake is about 10 times greater than Aki’s
result.

The average M=1.5 event with a moment of 4.5X10* dyne em has
a stress drop of about 1 bar, whereas the M=5.8 event with a moment
of 7.5X10® dyne cm has a stress drop of 150 bars. The stress drop
obtained here is estimated by Brune’s formula in order to compare the
stress drops of the events in the other seismic areas. The stress drop
of the M=5.8 event is comparable to those obtained for the larger after-
shocks (M,>10* dyne cm) of the San Fernando earthquake (TUCKER and
BRUNE, 1973) and the smaller value is also comparable to those obtained by
Wyss (1970), DouGLAs and RYALL (1972), TUCKER and BRUNE (1973), ISHIDA,
(1974), and BAKUN and BUFE (1975). On the other hand, THATCHER (1972),
and THATCHER and HANKS (1973) suggested that the stress drops vary from
tenths of a bar to 200 bars, and there is no significant trend as a function
of magnitude. However, as shown in Eq. (6.8), the stress drop depends
on 1/#%, it is therefore very sensitive to a small error in the source
dimension determined by the corner frequency. Moreover, our spectrum
analyzer is taken from the output of a 1 Hz seismometer. Spectral am-
plitudes of less than about 1.5 Hz are made somewhat uncertain by the
characteristics of a seismograph where the magnification is lower than
1/10 for the peak magnification. In order to check the facts described
above, the source parameter of the }5.8 earthquake is examined by using
the data of DDR where various seismographs are operating (TSUJIURA,
1965, 1973b). Fig. 6.9 shows the original seismograms recorded on long-
period (LP) and ultra long-period (ULP) seismographs. High frequency
S waves with about 1 Hz are clearly demonstrated on the ULP seismogram
which has a flat response between 1 Hz and 0.01 Hz. The spectral analysis
for SH waves (N-S) is made by the analog-filtering method (TSUJIURA,
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Fig. 6.9. Original seismograms for the M 5.8 earthquake recorded on long-
period (LP) and ultra long-pericd (ULP) seismographs at DDR.

1973b). As shown in section 5, DDR has a different site effect than TSK
(Fig. 5.3), the amplitudes of frequencies lower than 3 Hz therefore are
divided by factors of 8 for f<1.5Hz and 2 for f=3 Hz. Correcting by
a value of @, 600 which was obtained by the same method at TSK (Eqg.
6.5) and the site factor, the source spectrum determined for SH waves
is shown by a dash-dotted curve in the same figure. Using Brune’s for-
mula the values of M, and Ac are obtained as 2x10* dyne em and 200
bars, respectively. ,

Another check of our result is the comparison with the source para-
meter of the M6.1 earthquake that occurred at the TSK-A. ABE (1975)
made a detailed analysis on the basis of the data on P-wave first motions,
aftershock distribution, teleseismic surface waves and long-period seis-
mograms recorded in the near-field to determine the source parameter of
this earthquake, and obtained the values of the moment of 1.9X10%
dyne cm and a stress drop of 100 bars. Our finding for the M5.8 earth-
quake gives a reasonable value in the light of Abe’s results if we consider
the variation of source spectra for an individual earthquake and the sensi-
tivity of the estimation of corner frequency. Thus, it will be concluded
that the high stress drop of the M5.8 event is not caused by instrumental
error. On the other hand, long-period data will be needed for larger
events of the TSK-B area as discuss later. TSUJIURA (1969), Wyss (1970),
and Wyss and BRUNE (1971) showed that the spectrum of body waves
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varies as a function of depth. The greater stress drop therefore may be
due to the deeper source (h=>50km) where greater effective stress will
be expected. The small stress drop for smaller events is also under-
standable if we assume that the rupture strength of the rock varies.
from place to place in the crust, and small events occur in places with
relatively weak rupture strength.

The high frequency asymptote is slightly different for areas A and B.
Although the corner frequency of M3.5 events is the same, the 30 Hz
spectral density for the earthquake at the TSK-A is 4 times as large as
that of the TSK-B as the result of the different scaling law of source
spectra. The difference of the source spectra between the two areas
becomes more clear for larger events. The 15 events with magnitudes
of 4.3-5.0 and source depths of 50 km-70 km have recently been obtained
on magnetic tape at DDR. The event parameters of these events given
by the Japan Meteorological Agency (JMA) is listed in Table 6. Fig. 6.10
shows a typical example of seismograms recorded by the long-period (LP)
and wide-band (WB) seismographs for two events that occurred in the
areas A and B. In spite of the fact that they have almost the same
magnitude (M), source depth (k) and epicentral distance (4), clear differences
in amplitude and period can be seen on both LP and WB seismograms.

Table 6. List of event and source parameters.
k: source depth in km, M: magnitude, f.: corner frequency in hertz,
a: source radius in km. *: magnitude is determined by the total
duration time of seismogram at DDR.

. Epicenter h e
Date b Tlrrrrlle s degree km | M Hz km

73 Dec. 22 10 19 59.7 35°13" N 140°17 E 70 4.7% 0.8 1.1
74 May 30 16 12 04.1 36 31 0L N 140 37 2E 60 4.3% 2.2 0.45
74 Sep. 29 01 01 08.5 36 28 0L N 140 36 02E 60 43| 2.5 0.35
74 Oct. 09 04 09 16.6 36 00 01N 139 57 0L E 50 46| 1.8 0.49
T4 Oct. 09 04 42 08.5 36 03 01N 139 55 01 E 60 48| 1.5 0.59
74 Oct. 29 20 00 00.3 35 36 01 N 140 20 0L E 70 49| 0.3 2.9
74 Oct. 30 00 56 57.7 35 36 01 N 140 21 02E 60 | 4.5 0.32 2.8
74 Nov. 01 18 41 56.9 35 36 01 N 140 20 01 E 60 4.3 0.36 2.5
74 Nov. 21 20 59 29.3 35 37 01N 140 20 02 E 60 4.7 0.28 3.2
75 Apr. 12 07 15 48.3 36 06 01 N 140 01 01 E 50 5.0 1.8 0.49
75 Apr. 18 03 41 08.4 36 08 01N 139 51 0L E 50 5.0 1.4 0.63
75 Apr. 21 12 45 15.2 36 30 01N 140 42 02 E 60 4.8| 1.2 0.73
76 June 06 23 01 21.2 36 03 01N 139 40 01 E 70 4.8] 1.3 0.68
76 July 18 04 57 24.9 36 27 0L N 140 36 01 E 50 4.4% 2.4 0.37
76 Aug. 04 08 87 45.4 36 11 01N 139 50 01 E 60 4.7 1.2 0.73
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Fig. 6.10. A comparison of seismograms of two earthquakes with almost the same
magnitude (M), source depth (k) and distance (4) recorded on long-period (LP) and wide-
band (WB) seismographs at DDR. Note the clear difference in the low- and high frequency
amplitudes of waves from the typical northern Kanto event (A), contrasting with the wave-
forms of the event for southern Kanto (B).

Relatively short-period S waves (0.75sec) are predominant on the LP
and WB seismograms for the event A, in contrast to longer period (4 sec)
for the event B. After the correction of amplitudes by the response
curves of LP and WB, both events give similar ground displacement
within a factor of 1.5. Although we have no detailed knowledge of the
propagation path effect for either event, the difference of waveforms will
be predominantly the result of contrasting source properties.

A rough estimation of @, by using the Eq. (6.5) gives a value of 600
and 350 for the areas of DDR-A and DDR-B, respectively. If we use these
values for correction, there is no marked difference on the amplitudes of
frequencies lower than 2Hz when the hypocentral distance is less than
100 km. Using the same method described above, the source spectrum
of each event is obtained. The source radii obtained from the SH wave
assuming f=4.2km/sec by Eq. (6.9) are listed in Table 6 together with
the corner frequencies estimated. The relative difference of source sizes
is also shown schematically in Fig. 6.11 for an easy comparison. Nume-
rals attached to the circles represent their magnitude. The difference of
source dimensions becomes more than a factor of 8 even in the same
magnitude and average 4.7. The low frequency level of the source
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37° I

139° 1140° E__tar

Fig. 6.11. Map showing schematically the local differences of
source size derived from the corner frequency for the events with
magnitudes of 4.3 to 5.0 and whose depths range from 50 to 70 km.
Numerals attached to the circles show their magnitudes.

spectra of these events is almost the same, within a factor of two when
the events with the same magnitude are compared. Therefore the dif-
ference of the stress drop determined from the Egs. 6.6 and 6.8 is
roughly from 50 to 100 times. Although the epicenters of earthquakes
presented here are located in a limited area, the source spectra for
larger events, M>4.8, may be changed systematically between the areas
A and B. Different stress drops for different shocks of the same magni-
tude probably result from their different tectonic environment. It seems
reasonable to expect that a low stress drop and large source dimensions
will be associated with earthquakes occurring in zones of weakness as
suggested by Wyss and BRUNE (1971). After the collection of much more
data with different locations, and correlating the stress drop and fault
radii, we shall construct the final scaling law to predict the strong
motions of great earthquakes in the Kanto district.

The scaling law of the seismic spectra proposed by AKI (1967) was
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based on a similarity assumption for large and small earthquakes. This
assumption implies a constant stress drop in all earthquakes. However,
the result of the present study demonstrated that the stress drop may
depend on the earthquake magnitude or the seismic area. Local variation
of the source spectra must be taken into account in assessing their
scaling law. This fact has an important implication in predieting seismic
spectra of great earthquakes. It will be useful for earthquake engineer-
ing and seismic zoning.

7. Conclusion

The spectral content and decay characteristics with time of coda
waves from local earthquakes are studied using the data of six stations
distributed in the Kanto district, and some properties of attenuation,
excitation and source effects of the coda waves are obtained.

The decay characteristics of coda waves determined at a given station
are independent of the epicenter location and source size, and it depends
only upon the duration time measured from the origin time as suggested
by AKI (1969). The apparent @ of coda waves obtained from four sta-
tions increases with frequency, approximately proportionally to the square
root of their frequency, with values increasing from 120-250 at 0.75 Hz
to 800-2500 at 24 Hz. Close scrutiny of these values shows that there is
a local feature, which depends on the local geology of station site. For
example, the increasing of @ with frequency is less pronounced in KYS,
located on the sandstone layer, showing values of 250 at 0.75Hz and
800 at 24 Hz. On the other hand, the increase of @ at TSK, located on
the granitic rocks, is large, especially for deeper events, showing values
of 150 at 0.75 Hz and 2500 at 24 Hz.

The coda amplitude observed at different stations depends on frequency,
and it also correlates with the local geology of the station site. The
differences of coda amplitudes between the stations located on sediment
and granitic rocks are, on the average 20 times at 0.75Hz and less than
1/10 at 24 Hz. This may be attributed to the differences in intrinsic @
and inhomogeneity size of the earth’s erust beneath the station. These
tendencies are the same for those of S waves. The station correction
for the site factor as well as the correction for attenuation must be ap-
plied to the spectra for the determination of source spectra. The spectral
comparison of coda waves from local earthquakes may be used to obtain
the site factors for a wide frequency band.

The scaling law of earthquake source spectra is constructed by use
of the spectral ratios of coda source factors and the source spectra of
the smallest earthquakes used in the estimation of coda source factors. A
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marked difference in the scaling law for the source spectra is found
within the area of the Kanto district, which may be attributed to the
difference in rupture strength of the earth’s erust. The seismic moments
of earthquakes in northern Kanto with magnitudes from 1.5 to 5.8 are
from 4.5X10"® to 7.5X10%® dyne em. The locus of corner frequency for
the source spectra of these earthquakes shows a straight line with f-°
from 12 Hz for M=1.5 down to 1.2 Hz for M=5.8. On the other hand,
the corner frequency of large events (M>4.3) in southern Kanto is quite
small, on the average 0.3Hz for M=5 events although the corner
frequencies of smaller events (M<3.5) have the same value. The values
of stress drop for M=5 events in northern and southern Kanto are
about 100 bars and 1 bar, respectively.
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1. pHiibFE Coda Wave @ A= 27 + AfEHT
WEGET i W it

BT e 3709 2 BT 6 w TR 7 — & — 2B, FHihE Coda Wave KoL THH~, 20
HHIC DL TR DHhOERZE. BRERH 1Hz 55 80Hz 220 T 6 F+ v 2 eS| L f- <
YV FRAT AN —~DEFFIC X DT - 7.

1) H38HpTTHONS Coda Wave OWIER 2 NEOHBEDOBIFME, ERERREOK X
SBEHERTH - T, TOWILIRx DHEOFEREED O » B0 A 1T T 5. AN
OB OBEFEEN S KD @ DT, AEEKFEL, 0.75Hz < 150—250, 24 Hz < 800—
2500 offi%fE7z. HICFELL A5 E NS OB A OHMBREEICKIEL, Pl EREciE
9 5% (KYS) T, MARFIRCHZRAKRE < (250,1Hz), SRR THIC/NS 1 (800,24 Hz).
—HIEEEIICAIE T 25 (TSK) CRUEOHMERL, HCERBE (h>100km) 250
EEETD Q 13 2500 it T B,

2) Coda Wave OIRIMZBIIAOHAKEICKTL, FEED O ALEEEMTOREN
ERRIRK 20 FICbET 5. PR ORE IR T 5 MR T B R T RSk e i
U, 0.75Hz T# 20 K& <, Wic 24Hz < 110 DITTH 3.

3) Coda Wave ®A~7 FWHERD Fow B/ NEBOFEF AR Y AR, HEOKRSILE
BAy A0 BRE KD, BB BMAT chd Offild —#cidind, i RELlmE
(M=4.3) TZOHEOIEFTH 5. P23 Source dimension LD TH % &, BEHTIdILRE
5~ M=5 OHIFETH 4 fERkx .

SHMEFTOWRMALY, BEBEEEICE T 5 Coda Wave OIF M & HbiSt 0BG, Hicly
DEHEZ T, MEOKE S EFEFHARZ tLOMEERY, FHBRICEY 2 KMEOBRE A~/
PEHETE ST A C A BRICC OO AT TW X 720,




