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1. Introduetion

    Recently the investigation of the earth's crust has deveioped remarkably. Above

all, the method using seismic waves which are transmitted through the crust is con-

sidered to be the most direct and powerful. Up to the present time, it was ascertain-

ed that the earth's crust usually consists of severa} layers separated by discontinuity

surfaces. It was found that the crustal structure has the significant contrast betweeR

continents and ocean basins and has locai difference from p!ace to place. Furthermore,

in America and some other regions, it is suggested that there may be a low-velocity

layer in which the velocities ef seismic waves decrease with the increase of depth.

Thus more detailed discussions on the earth's crust need to be carried out.

   In general, the records of near earthquakes are the major sources of informatien

about the earth's crust, bttt practically speaking, various effects are superposed on

one another, and the records are great}y complicated. Then it must be considered

that these effects should be selected separately by some instrumental device and be

cattght with much certainty. On the other hand, it is also desirable for the observation

stations to be distributed as densely as possible so that many records are available

!•n the proper range of distance. And not only the travel time, but also the amp!itude,

period, wave form and other elements of seismograms should be traced continuously

with distance and azimuth. From these more detailed informations about the earth's

crttst will be able to be obtained.

   In seismometric analysis, there are different sorts of method of using the refrac-

tion, refiection, dispersion of surface waves and ethers. In the analysis of near

earthquakes, the refracted waves are mainly investigated, tkat is, P* and Pn of

P-group or corresponding S* and Sn of S-group, but movements between P- and S-

phases are less studied. ,Jeffreys and Bullen suggested that these movements may be

caused by the strong repeated refiection of bodily waves between the earth's outer

surface and the crustal discontinuity (1,2). These phases were interpreted as PP,

PP, etc. in anaiogy to distant earthquake by some researchers (3), but in this inter-

pretation there is a disagreement in travel time relation. ARd there remain still
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insolvable characters (4,5,6). Furthermore, in the part after S, the strong phases

are frequently recognized b"t in this case, the appearance of surface waves should

be considered together (7, 8, 9).

    In our previous paper (Part I), the seismograms of near earthquake within about

100km were stttdied, taklng special account of the primary refiection of S-wave at

some crustal discontinuities. As a continuatioR of Part I, the seismograms of shallow-

seated earthqttake recorded in the distance range from about 100km to 600km are

investigated in the present paper, and the parts of seismograms between the P- and

S-waves are mainly studied and its relations to the earth's crust are discussed in

some detail.

2. The earthquakes of Mareh 7, 1952 and July 27, 1955

    Considering the conditions to have shallow-seated origin in the crust and to be

observed at as many stations as possible, the following two earthquakes were selected.

Earthquake

  Origin time
  Epicenter

  Focal depth
Greatest distance of
 human feeling

(1) The Daishoji-Oki

2952, March, 7d16h32m

36e28iN, i36e12'E

      20 km

     77e km

(2) The Tokushima

1955, July, 27dlOh20m

33045'N, 1340i8iE

     O--10 km

       670 km

    The former caused comparatively little damage on land owing to its epicenter

located off sea coast and 152 afterskocks were registered in March (10), while sl2ght

damage was caused by the latter at tke epicentral region in Tokushima Prefecture

(11). In order to develop the following investigation, the original seismograms

recorded at the Abuyama and Kamigamo Observatories and the copied seismograms

recorded at the Japan Meteorological Obseyvatories were availab}e. The total number

of stations concerned is 32 in all. In the case of the Daishoji-Oki Earthquake, the

data used were from 25 stations extending frorn 130km to 670km, and in the case

of the Tokushima Earthquake, those frorn 24 stations extending from 40km to
540km were used. The locations of epicenters and stations are shown in Fig. 1.

    In the following, the parts of the seismograms from the initial P-motion to the

principal S-motion are studied, analysing the travel time, amplitude, period and wave

form of eack phase.

    a) Travel time-distance graPh

    In the first place, the arrival times of three phases in the foreruRning part of

P-wave and of the corresponding ones of S-wave are measured. The observed values

are tabulated in Tables I and II.
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       Fig. 1. The locations of epicenters and stations tabulated in Tables ! and II.

     Epicenters :-
        (I) The I)aishoji-Oki Earthquake
        (II) Tokushima Earthquake
     Stations :-

       1. Aomori 2. Morioka 3. Sendai 4. Utsunemiya
       5. I<umagaya 6. Nagano 7. Tokyo 8. \okohama
       9. Mishima 10. Shizuoka 11. Hamamatsu 12. Nagoya
       Z3. Gifu 14. ffikone 15. I<amigamo 16. Kyeto
                                               (Kyoto Univ.)
      17. Abuyama 18. 0saka 19. Kobe 20. 0washi
          (Kyoto Univ.)
      21. Shionomisalci'                        22. Yuasa 23. Sumoto                                                            24. Tokushima
                           <Taikyu High School) '
      25. Takamatsu 26. Matsuyama 2Z Hiroshima 28. 0ita
      29. Fukueka 30. I<umamoto 3L Kagoshima 32. Miyazaki

    To calculate the epicentral distance, the epicenters reported in the Seismological

Bulletin published by the Japan Meteorologicai Agency are accepted and the following

formula is used:

                   2(1-cos d) = (A-A')2+(B-B')2+(C-C')2,

where ti is the epicentral distance 2n degree and A, B and C of epicenter are defined by

                   A== cosecosÅë, B== cosesinÅë, c== sine.

Here, e is the geocentric latitude, ip is the east longitude, and A', B', C' are the

corresponding parameters for each station. The travel time-distance graphs of these

two earthquakes are shown in Figs.2and3 respectively. In these figures, the travel

times before and after the direct P-wave (P) are taken against the epicentral distance.

(Especially, the travel times of initial motioR reported in the Seismological Bulletin

are also plotted in Figs. 2 and 3. Then the total number of statiens is 59 in the

former and 54 in the latter,)
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Table I. Arrival time of each phase of
        Station numbers are shown in

the
Fig.
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Table II. Arrival time of each phase of the Tekushima
         Station numbers are shown in Fig. 1.

Earthquake.

Iii'il Station

24 i Tokushima

25 l- Takarnatsu

22 l/ Yuasa

   Sumoto

  Shionomisak

26 I' Matsuyama

17 I• Abuyama

20fOwashi

27 i' Hiroshima

15iI<amigamo

   Hikone

   Oita

   Nagoya

   Gifu

32iMiyazaki

   Hamamatsu
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 8lYokohama
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    In the previous investigations it was stated that in our country, the crustal

structure has a local difference and its thickness varies from place to place in the

range between 25km and 50km. And moreover, its diversity is mainly due to the
lowest Iayer, i.e. the basaltic layer (12, 13, 14). Relating to this fact, in the present

analysis, the forerunning parts of the two earthquakes have a significant difference.

Usually in the distance beyond about 100 km, the P*-wave and the Pn-wave sttcceed-

ing it appear before the arrivai of direct P-wave. In the case of the Daishojl-Oki

Earthquake, the distance range in which the P*-wave is the first motion, is widier

than in the case of the Tokushima Earthquake. And in the latter, the identification

of the P*-wave as the second phase in larger distances is rather diffictt!t. This

corresponds to the fact that the basaltic layer is thicker in the mountain area of the

central part of Honshu than in the district of Shikoku and Kii Peninsula. In the

next, the phases of S-group are less identifiable than the corresponding ones of P-

group, especially in the cases of S'ÅÄ` and S.. By the method of }east squares, the

velocities of each phase are calculated as follows.

                                               The Tokushima Earthquake                  The Daishoji-Oki Earthquake
                 ' -W' U'-' s.g -km!sec ' '' """' s17'kih/sec ' "'           P-

           P*                                                       7.0                           6.9
                                                       7.9           Pn                           8.0
           s-                                                       33                           3.4
           s*                                                       4.0                           4.0

           S,, 4.7nv..........".r..rr.--...... 4.6 .

    After these preliminary investigations the parts of the seismograms between

P- and S-waves are studied in detail. In such part, the displacement traced at any

observation station is usually much complicated in appearance. It is found, however,

that the several pulses recur successively in about equa} time interval. The arrival

times of these successive phases are tabulated in TablesIand II, and are plotted

agalnst the epicentral distance iR Figs. 2 and 3. The typical examples of such records

are shown in Figs. 4, 5, 6, 7, 8, 9 and 10. These are recorded at stations of epicentral

distances of 265km, 419km, 552km and 647km in the case of the Daishoji-Oki

Earthquake, and 256 ktn, 292 l<in and 536 km in the case of the Tokushima Earthqttake

respectively. Connecting these phases from station to station continttously, the curves

of Ri, R2, R3, etc. are drawn. Then, (1) their appareRt velocities have the values

between those oÅí the P and P. and (2) they appear successively in about equal time

interval after the direct P-wave. From these facts, they should be 2nterpreted to be

the multiple refiections of P-wave between the earth's outer surface and the lvg[ohorovi6i6

discontinuity. Moreover, the time intervals between them are about from 7 sec to
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10 sec in the Daishoji-Oki Earthquake and from 5 sec to 7 sec in the Tol<ushima

Earthquake. These values shew their clear dependence on the crustal thickness of

each region through which the multiple refiected waves are transmitted. The former

value corresponds to the thickness ef about 40km and the latter to the 30km,

respectively.

    In general the seismic wave impinging upon the discontinuity surface generates

the refiected and refracted waves and suffers the ehange of type from P to S'or

vice versa. Then, in the records of near earthquake, there can be a large nurnber of

phases theoretically. But the change of type at the interface invoiving the Mohorovi6i6

discontinuity usuaily causes considerable diminishing of amp}itudes except the case

at the free surface (1,a5,16,17). Therefore the composite waves which suffer the

change oÅí type at the internal discontinuky encountered may be left out of consider-

ation. The multiple reflections between the outer free surface and the g-b discontinuity

(between granitic layer and basaltic }ayer) have no need to be considered, because

they arrive much earlier and have srnaller amplitude than the phases discttssed in

the present study. But it may not be distinguishable iR the point of arrival time

and auaplitude, whether the wave starts initially upward to the outer free surface or

downward to the base refiector. Taking account of these conditions, the number of

phases to be observable is fairly reducible. In order to verify the above-mentioned

identification from the travel time, the amplitude investigation should be made in

addition.

 • b) AmPli,tude- and period-relation

    As mentioned earlier, in the records of near earthqttakes many phases mtay be

iclentifiable. But there is frequently much ambiguitY in their identificatiens owing to

the scattering or clustering of plotted points in the travel time-distance graph. In

order to avoid such arbitrariness, it is desirable that the data of as many stations cas

possible be avaiiable and besides, the changes of amplitude, period, wave form, etc.

with epicentral distance which may characterize these phases, be investigated concur-

rently. Then they can be connected continuously from station to station and their

re]iability will be increased. For this purpose, it was favourable that the seismo-

graphs equipped at the stations concerned in the present study are all of the same

type except a few (Tokushima, Hamamatstt and Matsttyama), that is, the smcft11

Wiechert seismograph which has the following constants.

Component

Horizontal

Vertical

Weight of mass

2oo kg

 80 kg

Magnification

60--100

50r-• 80

Period

4--5 sec

4"--5 sec

Damping ratie

5'-7

5-7
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    In the following study of amplitude, the vertical component is mainly studied,

becct"use it contains theoretically the waves of P- and SY-types oRly. On the other

hand, in the horizontal component the polarization and azimuth of station as seen

from the epicenter must be considered in addition. Observed values are tabulated

in Tables III and iV.

   Table III. Observed amplitude ef each phase (vertical component) of the Daishoji-Oki
            Earthquake. Station numbers are shown in Fig. 1.

No.

'i

il  ,S,i

Station

Kanazawa
Rikone

Nagoya
Nagano
Kameyama
Osaka
Kobe
Kefu
Shizuoka

Sumoto
Owashi

Mishima
I<umagaya

Utsunomiya
Yekoharna

Tokye
Hiroshima

Matsuyama
Oita

Fukuoka
KumamQto

d
E

Amplitude
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    In Figs. 11 and 22, the amplitude of each phase is plotted against the epicentral

distance. The points are rather scattered. This may be due to the emission mechanism

at the origin, the locality of each station, the instrumental effect, etc. Then, especial}y

the amplitudes of P and Pn are tal<en up and they are adjusted to the mean curves

respectively, and the other phases are plotted according to such adjustment.

    On the other hand, the theoretical calculation is made under tke foliowing

assumptions and•the result is shown in Fig. 13.

  1) The crustal structure as shown iR the previous paper (I) is used and the

      origin is situcnted at clepth of 20km (14).
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  2) At the origin, the equal energy is emitted in all directions.

  3) The reflection and refraction coeMcients of waves at each discontinuity are

      calculated as for plane waves (16, 18, 19, 20,21, 22).

  4) Divergence effect of spreading of waves and absorption effect due to the crustal

      structure are neglected.

    The dominant factors in the calculation are the reflection coethcients at both the

free surface and the Meho:oviEi6 discontinuity as the upper and lower bottndaries.

And the refractions at the lnterfaces elsewhere have scarcely any infiuence upon the

calculated values.

    Comparing the observed and calculated curves, we see that they are generally

in good accordance with each,other. It is found that as the number of multiple

increases, the amplitude curves of respective phases have its own peak successively

    Table IV. Observed amplitude of each phase (vertical component) of the Tokushima
              Earthquake. Station numbers are shown in Fig. 1.

No.

iiiii

il

StatioR

Muroto
Takamatsu
I<ochi

Surnoto

Shionomisaki

Matsuyama
Abuyama
Owashi
Hiroshima

Kamigamo
Toyooka
Kameyama
Hamada
Hikone
Oita

Nagoya
Gifu

Miyazaki

Kumamoto
Fukuol<a

Shizuoka

I<agoshima

Mishima
Kumagaya

ri

km
57

67

74
ii

ili

Amplitude

Pn -P

ll

,ieiil,

 1-
7oe

460

328

175

173

140

152

i72

140

biii 1

Rl

ts

315

168

120

100

R2

"

 64

171

 57

100

144

Ez

R3

ix

75

71

ii

R, Rr)

pa

185

 20

 se

 22

zr

li

gg

21

17

1?G

p

22

32

mas

 p
645

452

268

410

272

380

331
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in the particular distance and their maximum value sometimes exceeds the va!ue of

direct P-wave. In the case of the Daishoji-Oki Earthquake, this is clearly shown in

Fig. 4 recorded at Sumoto (d==265km). At that distance, the large phase of R,

foilows the direct P-wave.

    In the case of the I)aishoii-OI<i Earthquacke, the Iater phases, R, and R4, and in

the case of the Tokushirna Earthquake, 1?3, 1?a,Rs and R6 prevail over a wider range

of distance, and moreover, their periods are Ionger than those earlier all over the

range concerned as shown in Figs. 11 and 12. Their periods are iikely those of the

S-group.

    Continuing to trace the amplitude variation beyond about 500km, the periods of

the direct P-wave and the $uccessive phases in the following part become longer

and longer one after another forrning a wave train in a beat-like form, as shown in

Figs. 7 and 10. Relating to these points, Gutenberg suggested that the direct P-wave

at distances greater than about 100km is the channel wave through the low-velocity

layer (23). Fttrther study about tkese points wiil be necessary.

3. Some considerations

    In the seismic prospecting, the multiple reflections drew attention since early

days. They are frequently too preva}ent to overskadow the deep refiections, and the

incorrect interpretatioR about them leads to the existence of the false refiector. Then

an attempt to elimlnate them is made and on the other hand, in order to identify

them as the multiple reflection phase, the time interval between them, the move-out

anomaly, the phase reversal, etc. are discussed in detail (24,25,26,27,28,29,30,31,

32,33,34). And it is to be noted that their energies remain suficientiy strong to be

recordable at surface after numerous multiple refiections. In the case of the present
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study, it is also recognized that especiaily in #he higher multiples, their amp}itudes

are too Iarge relative to that of the direct P-wave. As mentioned above, the main

effects ruling their amplitudes are theoretically in the refiection at the outer free

                         iv-/surface and the Mohorovicic discontinuity of the base reflecting surface. Bttt in

reference to tkis point, the effects of the sedimentary layer as the low velocity contrast

of the upper boundary may be considered to be likely those of the weathering layer

in the seismic prospecting. Or, as in the marine survey, some sort of wave guide

mechanism involving multiple refiection may be possible, and reinforcement by the

constrttctive interÅíerence will also be suggestioRable (35, 36, 37,38, 39).

    It is, however, one reasonable explanation for the anomalously large amplitude

that the multiple refiectiens considered in the present study may be derived fyom the

initially S-wave which is converted from S to P at the outer free surface. The

considerable retardation of the travel times as a whole, namely from 5 to 10 sec in

the present case (cf. Figs. 2 and 3) will then be also explained.

4. Sumaraary

    Generally speaking, in shai}ow earthquake's record, the part between the initial

P-motion and the principal S-motion is muÅëh more cornplicated than iri deep earth.

quake's record. Considering the path a!ong which the seismic waves are transmitted,

the cause of this complexity is the complex strgcture of the earth's crust.

    In the present study, two sha}low earthquakes are selected and their seismograms

recorded at 32 statioits in the distance range from about 100km to 600 l<m are studied

concurrentiy. The various phases in the part from the initial P-motion to the principal

S-motion are traced not only in their travel time but also in arnplitude and period. Then

the repetitive features of pulses in about equal time interval are interpreted as the

mu!tip!e refiections between the outer free surface and the Mohorovi6i6 discontinulty.

    It was found especially that the difference of the time interval in the two cases

of the selected earthquake, corresponds to the }ocal difference of the thickness of the

crust through which they are transmitted. Moreover, the identification of these

multip}e refiections is verified by the amplitttde- and period-distance relations. On the

amplitude aRd period variation with distance, more precise measurements are desirable

which wM offer the more interesting informations about the earth's crust.
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Fig. 7. Vertical Wieehert-seismogram, the Daishoji-Oki
 Earthquake, Kumamoto (d==647km). (By the courtesy
 of the Kumamoto Meteorological Observatory)
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 (By the courtesy of the Oita Meteorological
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