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                                   ABSTRACT

          The structure of the earth's crust was determined by an analysis of the
      refracted seismic waves ef shallow earthquakes propagated along the discon-
      tinuous surfaces in the earth's crust. The presumed structure was ascertained,
      on the other hand, mainly by the study of the transforrned waves in earthquakes
      of deep focus. The structure of the earth's crust thus ebtained areund Kyoto
      was found to be composed of feur distinct layers of different property whose
      thickness and propagation velocity of P- and S-waves are respectively, listing
      from the earth's surface to the deeper layers, 1.5km and 3.8, 2.2km/sec for the
      sedimentary layer ; 6 krn and 5.4, 3.1 km/sec for the granitic layer ; 14 km and 5.8,

      3.4km/sec for the granodioritic layer; lekm and 7D, 4.0km/sec for the basaltic
      layer. The velocities of P- and S-waves of the layer underlying the basaltic
      layer were estimated to be nearly 8.1km/sec and 4.7 km/sec, respectively.
          Also in this article the regional differences in the crustal structure, especially

      the local character of the thickness of the basaltic layer, were discussed in
      some detail, and moreover the correlation between the regional differences of the
      crustal structure and the focal depths of shallow earthquakes in their re$peÅëtive
      area is rnentioned.

1. Introduction

    The seismemetric investigation of the structure of the earth's crust was begun

early by A. Mohorovi6i6 in his pioneering study of the Kulpa Valley Earthquake of

October 8, 1909 (1). He confirfned the existence of a sharp discontinuous boundary

named the Mohorovi6i6 discontinuity which seismometricaliy separates the earth's crust

from the underlying mantle. Since the dlscovery of the Mohorovi6i6 discontinuity

the crustal structure has been investigated more and more in detal! by many researchers

such as, for example, B. Gutenberg (2), H. Jeffreys (3), V. Conrad (4) and others

who made great contributions to the development of our knowledge in the many-

layered structure of the earth's crust.

    On the other hand the seismometric investigation of the crustal structure by

artificlal explosions, which was commenced by O. Kecker on the Oppau Explosion of

SepÅíember 21, 1921 (5, 6, 7), has become greatly acÅíive parallel with that ef natqral
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earthquakes. And after the Second World War Åíhe seismometric investigations of

the'crust with artificial explosions have had a wonderfu} deveiopment in recent years

in succession of the great artificiai explosion en April 18, 1948 at Heligoland.

    In refiection upon the forty years' progress of the seismometric investigation of

the crust through natural earthquakes and artificial exp!osions, the many important

facts on the structure and preperty of the earth's crust have certainly been made

clear, but, on the other hand, many more essential and attractive problems oR the

nature of the crust have been pyesented in the course of research, and they remain,

for the most part, unsolved and are awaiting future development in reseaych. Needless

to say, such problems are never completely solved by the seismometric method only,

and therefore synthetic investigations are strongly recommended combining the seismo-

metric method with those of gravimetry, structurai geology, laboratory experiment

of rock under high pressure and temperature, theoreticai Åíreatment of physicai state

and property of rock at deep underground as wel! as other effective types of research.

    In the following, a short review wili be made of some interesting problems con-

cerning the crustal structure proposed and discussed in comparatively recent times.

In U.S.A. especially in the Eastem District (New England and others) and the

Western District (Califernia), the crustal structure has been studied in detaii by means

ef natura} earthquakes and artificial cxplosions, and two different values were assigned

by some researchers for the velocity of P-wave in the granitic layer such as 5.6 l<m/sec

from the analysis of natural earthquakes and 6.lkm/sec from those of artificial

explosions. But P. Byerly (8, 9) contends that the velocity is determined in California

as nearly same vaiue of 5.6km/sec from both natural and artificiai shocks. Also L.

Don Leet (10, 11, 12) proposed a consistent value of abont 6km/sec for the P-veiocity

in the granitic layer derived from both methods and attributed the inconsistency

formerly discussed mainly to the personal misinterpretation of seismic waves. On

the other hand, B. Gutenberg, in lais early investigation, had an oplnion (13) on this

problem of inconsistency between the velocity values derived from the natura! earth-

quakes and artificia! explosions that there exists a sedimentary layer of high velocity

(Yp>6km/sec) overlying the grankic }ayer of velocity (Ypse5.6km/sec), but

recently he proposed an entirely different crustal sÅíructure from the former conception

(14, 15, !6, 17, 18). Namely he assumed the existence of comparatively low velocity

layers at depths 15km and 80km below the ground surface, and by such crustal

structures explained not enly the inconsistency of velocity va}ues derived from both

natural and artificial shocks but also gave a different interpretation to tke seismic

waves which were formerly considered as refracted waves (forerunners) propagated

aiong tke crustal discontinuity. AlÅíhough his theory of low ve}ocity !ayers is in

itself a very attractive and suggestive pestulation, it yet contains too many question-
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 able points to be generally approved. The dificulties are considered to exist in such

 points as, for example, an unpractical assumption that earthquakes concerned should

 occur mainly in the low velecity layer, a complex mocle of seismic wave-propagation

 which is somewhat unreasonable in the point of curvature of trajectory of seismie

 wave, especially at the small epicentral distance, and some other matters. But this

 theory of low velocity layer in the earth's crust is certainly an lnteresting and

 promising idea which relates to the original fermation and secular change of the

 earth's crust, and may be applicable to, though !nvalid ln the case of a problem

 affecting the whole earth, any particular region such as, for example, a volcanically

 and seismically active area, the magmatic reservoir and other allied structures being

 reasonably considered to exist underneath their greRnd surfaces. This theory should

 be earnestly examined, in near future, from various standpoints of research. On the

 problem of inconsistency of ebtained values of seismic velocity from natural and

 artificiai shocks, A. KuboÅíera (19) explained it from Åíhe standpoint of the rheologica!

 property of the crust, and D.S. Hughes and J. H. Cross (20) discussed the difference

between the velocity values of rocks deterrnined by laboratery experiments and those

obtained by naturai earthquakes.

    IR Japan the systematic and detailed observations of seismic waves aroused by

five artificial exp!osions successively fired in 1950-1953 in Northern KonshG (at

Isibuti and Kamaisi) (21, 22, 23, 24, 25) shouid be highly appreciated and their

obtained velocities are iisted in the last of this paragraph, the velocity of the upper

layer being somewhat more highly estlmated compared with that of other districts in

our country. The seismometric investigation of the earth crust made by T. Matuzawa

(26,27,28, 29) from the analysis of natural earthquakes has been the most compre-

hensive and detailed in Japan, the ebtained results being also listed in the last. And

the crustal structure determined by E. A. Hodgson (30, 31) using the data of the

Tango Earthquake, in Japan, March 7, l927 are considerably different from that of

Matgzawa. Ali these results and others suggest implicit}y the complexity of the

crustai structure in our country.

    The problems of the number of layers in the crust and the thickness of the

crust have become a more and more attractive object of research in proportion to the

recent trend towards accurateness of observatiofi and afialysis. H. E. Tatel, M. A. Tuve

and others (32, 33) studied the crustal structure in V.S. A. by the analysis of data

of 250 artificial explosions, and obtained nearly 6.1km/sec as the P-velocity of the

upper layer, and they could not fiRd any definite intermediate discontinuity between

the ground surface and the Mohorovi6ie discontinuity. On this problem L Mintrop

(34) I[[. Reich and others (35) ascertained the existence of two layers in the crust

ef the granitic (Vpfu5.5km/sec) and the gabbroic (Ypfs6..2ty6.6km/sec) layers by
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the Heligoland Explosion in i948, but P. L. Wil!more (36) and J. P. Rothe (37)

expressed the opinion that the existence of the gabbroic !ayer above mentioned is

highly problematical. In this case the existence of the intermediate discontinuity

would certainly be infiuenced by the locaHty of the crustai structure, but moreover the

uncertainty of its existence is reasonably explained from the fact that the determination

of intermediate discontinuity is quite diMcult compared with that of the Moherovi6i6

discontinuity, especially in the analysis of travel time-distance curve, because the

degree of discoRtinuity in the intermediate layer is coRsidered to be less distinct

than that in the Mohorovi6i6 discontiRuity. Therefore, in the detailed investigation

of the crustal structure, the analysis of travel time-distance curves shou}d be appro-

priate!y supplemented by other rnethods such as the analysis of the refiected waves

at the discontinuity, the duration of refracted waves (forerunners) a!ong the dis-

continuity or the transformed waves (Weclzselwellen) changed at the dlscontinuity

and other availab!e phases of seismic waves.

    Regarding the methods of ana!ysing the refiected waves, the transformed waves

and the duration of refracted waves at any crustal discontinuity for the study of the

crustal structure, their practical applications are considerably few, especially in case

of taking into consideration the amplitudes of their respective seismic waves, com-

pared wiÅíh those of the analyses of only the trave! time-distance curves. M. A. Tuve,

H. E. Tatel and others (32, 33) had observed the very distinct phases of the refiected

wave at the Mohorovi6i6 discontinuity in some areas of North America and discussed

the regional differences in the crustal structure. They obtained the same strong

refiection under some areas such as, the At!antic coast, the Tennessee mottntains and

the pre-Cambrian shield in Minnesota and the Appalachians, the Canadian Shield,

and the Colorado Plateau, but in some regions these styong refiections were never

observed, no matter hew carefully they might search. Under the Colorado Plateau

where the e!evation is ever 2km, a Mohorovi6i6 discontinuity was found at a depth

of some 35km contrary to the expected depth of 70-v80km from the isostatic

compensation. B. Gutenberg (17, 38) observed the refiected waves at a surface a
litÅíle above the Mohorovi6i6 discontinuity and moreover H. Reich (39) discussed the

same problem. L. Mintrop (34) obtained and discussed not only the crustal refiection

but also the refiected waves at the discontinuity in the mantle. On the analysis of

the transformed waves T. Matuzawa and others (40, 41) had early in l928 discussed

in detail the transformed waves changed at the interface of the sedimentary layer

named the Kant6 }oam and the underlying granitic !ayer, and P. Byerly (42) also

treated various transformed waves in the observation of the Nevada Earthquake in

America.

    Reviewlng generally the development of our knowledge on the crustal structure



SEISMOMETRIC INVESTIGATION OF THE EARTH'S INTERIOR(Ii) 247
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deduced from the seismometric investigation in the past more than forty years, the

most irnportant and promising probiem concerned is the complexity, the regionai

difference or, in other words, the local character ef the earth crust. On the thickness

of the crust, the number of discontinuities in the crust, the velocity of the seismic

wave, elasticity and density in the crttstal layer, all are diverse from regien to region.

In the present articie the durations of refracted waves (forerunners) propagated a!ong

the crtistal discontinuities are analysed in detaii and the regiona} differences in the

crustal structure iR Japan are discussed.

2. Forerunner oÅí long duration

    In the previous Part I(43), the structure of the earth's upper layer (the sedimentary

and granitic layers) was determined by an analysis of the refracted seismic waves

(forerunners) of short duration (iess than 2 sec) recorded mainly at the Kamigamo

Geophysical Observatory with regard to the local and near earthquakes of shallow

origin around Kyoto. The structure thus determined around Kyoto was as fol}ows:

                           Velocity of P-wave Velocity of S-wave Layer-thickness             Layer                                 km/sec km/sec km
        Sedimentary layer 3.8 2.1 1.5
        Granitic layer 5.4 3.1 6.0
        Granodioritic layer 5.8 3.3 ?
    In the present investigation the forerunners of longer duration (2•v13 sec) were

analysed from the seismograms recorded with the large Wiechert Seismographs at

the Kamigamo Geophysical Observatory (in the main), the Abuyama Seismological

Observatory, the Aso Volcanological Laboratory and the Beppu Balneoiogicai Labora-
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tory, all attached to Kyoto University. And from their analyses the structure of the

deeper layers of the crust was derived and discussed in some detail.

    The observational data of earthquakes used in the present analysis are listed in

Table 2, and their epicenters and the referred Observatories are shown in Fig. i•

    Referring to Table 2 and Fig. 1, the duration of each earthquake is plotted, in

Fig. 2, with their (P--S)• times as the abscissa in different symbols (A, A, A, Å~, Q,

es and []) according to their respective groups (a, b, c, d, e,f and g). As seen in

Fig. 2 it is considered to be convenient to treat them separatiRg in four classes,

name}y the first class (Group-a, b and c), the second class (Group-d and g), the

third class (Groupe-e) and the fourth class (Group-f) respectively.
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             Fig. 2. Relationl.betweeng.thenyt.duration of fererunners and the
                    Pe-S time for each Group.

    1. 0n the first class

    Group-a, -b and -c contain shallow earthquakes whose epicenters were in the

region of T6kai District (East from Kyote), Chugoku-Setoumi District (West from

Kyoto), and Hekuriku District (North from Kyoto) as shown iR Fig. 1. And

concerning fererunner duration they are considered to be attributable, roughly

speaking, to the same class as seen in Fig. 2. Especially they ought to be clearly

distinguished from those of the second class of Group-d. But, treating on the
forerunners of the first class in detail, it is convenient to subdivide them lnto three

sub-classes of .X, Y and Z, as 2n Fig. 3, according to their focal depths. Narnely,

the sub-class X contains three earthquakes of comparatively long forerunner duration

and their focal depths are roughly estimated to be within 10km by the Central

Meteorological Observatory (C.M.O.) in Japan. And the sub-class Y contains the

major part of earthquakes in the first class, their focal depths being estimated by

C.M.O. to be some 20 km. The sub-class Zcontains four earthquakes of comparatively
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short duration and their foca! depths are estimated by C.M.O. to be more than 30 km.

In Åíhis place it is appropriate to mention briefly the problem on the estimation of

the focal depth of an earthquake. Generaliy speaking, it ts a very diMcult task to

determine an accurate value for the focal depth of aR earthquake, and especially in

Japan it is not too much to say that it is impossible for the following three reasons.

First, for the purpose of accurately determining the focai depth, it is necessary to

deterrnine accurate}y the position of the epicenter and the arrival time of the P- and

S-waves at the epicenter. Nevertheless the accurate determination of the epicenter

is general!y very diMcult in Japan because the epicenters of most of the earÅíhquakes

occurring in Japan are situated at the open sea or near the sea ceast, and therefore

there is no way but to estimate roughly the epicenter position frem the data obtained

at some observatories which are considerably remote from the epicenter and moreover

situated in some limited azimuths seen frorn the epicenter. Secondly, the focal depth

calculated from the arriva! time of P- and S-waves at the epicenter depend, neediess

to say, upon the crustal structure of the epicentral region. That the calcu!ated vaiue

of the focal depth depends on the crustal structure and that the crustal structure is

determined by the analysis of seisrr}ic wave of known focal depth is an endiess

circular argument, and unfortunate!y in the case of eur country the situation becomes

more and more unfavourabie because of the !ocal character of the crustal structure.

And as the third trouble, the hypocenter of an earthquake is never a point in a

geometrical sense but has some extent', and it is reasonably considered that its

extention is proportional to the scale of earthquake. And really the order of magnitude

of severai kilometers is presumably assigned to the extent of hypocenter in case of

a large earthquake. Frem these three and other reasons it may safely be said,

except for a favourable case of inland earthquake in the region of slmp!e crusta!

structure observed by rnany observatories of dense and uniferm distribution near

the epicenter, that regarding the value of the focal depth determined from a shallow

earthquake, an inevitable error of several kilometers should be borne in mind, And

in the present investigation the values of focai depth determined by the Central

Meteerological Observatory in Japan were tentatively adopted except a case of speciai

mention, allewing an inaccuracy of several kilometers.

     Bttt to return to the main problem, the forerunners of sub-class X, ]if and Z

 should be individually investigated. On the sub-class X it is characteristic that three

 earthquakes belonging to this sub-class showed two prominent forerunners. Namely,

 the first foreruRner (Pb) has, as seen in Figure A(a), a comparatively long peried

 of oscMation and srnall amplitude, and the second forerunney (Pg2) show$ a short

 period of oscillation and small amplitude which is s"cceeded by the clear arrivai of

 direct wave of large amplitude (Pg,). As seen in Fig. 3 the duration of the second
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forerunner is just on the line of duratioR of the forerunner treated in the previous

Part I, therefore the second forerunner is naturally interpreted as the refracted wave

transmitted along the discontinuous surface between the granitic !ayer and the

granodioritic layer which will hereafter be designated as `the g-g discentinuity'-

And the first forerunner in this case is considered to be the refracted wave transmitted

along the discontinuous surface between the granedioritic layer and the basa!tic iayer

which will hereafter be called `the g-b discontinuity'. Thereiore the foci of these

three earthquakes of very shallew origin are considered to lie in the granitic layer,

and the first and second forertmners are interpreted as the refracted waves through

the g-b discontinuity and g-g discontinuity which preceded the direct wave through

the granitic layer. Hence, as a natural consequence, the foyerunners of sub-class X

will serve the purpose of determining the thickness of granodioritic }ayer and the

velocity of l)asaltic layer, but the numbers of earthquakes in the X-class are too

scanty to calculate accurately the reqttired quantities. And this problem wiil reason-

ably be transferred from the scanty X-class to the abundant Y-class.
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              Fig. 3. Relation between the duratien of forerunners and the
                     PNS time Åíor the first class.
                     S. D. denotes the duration curve obtained in Part I.

    As seen in Figure A(b), each earthquake grouped in the sub-ciass Yis preceded

by only one forerunner of long duration (3rv7 sec in the range of epicentral distance

from 180km to 300km). From these points it is deduced that the foci of earth-

quakes of Y-class lie in the graRodioritic layer and the forerunner observed is

interpreted as the refracted wave transmitted along the surface of the g-b discontinuity•

It ought to be mentioned here that, as will be described in a later paragraph, the

refracted wave transmitted along the discontinuous surface between the basaltic iayer

and the gpper part of the mantle which wi!1 be called `the Mohorovi6i6 discontinuity'
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or simply `M-discontinuity', shall clearly precede the above-mentioned forerunner of

Y-class at the larger epicentra} distance beyond some 300km. For the purpose of

determining the seismic ve!ocity in the basaltic layer a similar method to that

applied in the previous Part I was used here. Namely, of the earthquakes in Y-c!ass

the diagram of the forerunner's duration-(P-vS) time in Fig. 3 was transformed into

an ordinary trave} time-distance curve shown as Fig. 4. In this transformat!on the

travel time of the dlrect wave was calculated under the supposition that the seismic

focus lay in the granodioritic layer and at a point 10 km below the g-g discontinuity.

And it was already discussed in Part I that the difference in the tentatively assumed

value of focal depth has !ittle infiuence upoR the calculation of'the travel time ef a

direct wave at a station of considerable distance from the epicenter. Then the

velocity of the P-wave in the basaltic iayer is deduced as 6.8-v7.2km/sec from the

inclination of the'travel time curve of the refracted wave in Fig. 4. And this sort

             se

             co

             ee

             co

             ro

                            loo 2eo 3oo
               Fig. 4. Travel time-distance curves for al'g2 (full line) and
                      Pb (broken lines).
                                              '
of inaccuracy in the value of velociÅíy determined is considered to be inevitab}e

becattse the foci of earthqttakes in the Y-class may be at various depths in the

granodioriÅíic layer and the number of earthquakes used in calculatioR is not large

enough to smooth the individual effect caused by the difference of focal depth. As

an example the travel time-distance curve of an earthquake which occurred on May

30, 1953 at the central part of Setoumi is plotted in Fig. 5. This earthquake be}ongs

to the Y-class and its focal depth was estimated to be 20km, and the velocity of
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refracted wave is roughly calculated, as seen in Fig. 5, to be 7.0km/sec. Frorn

these factors, the va}ue of the P-wave in the basaltic layer (logically speaking, the

layer name of `basaltic' should be designated after determination of velocity of its

layer) was tentatively estimated to be 7.0i O.2km/sec and the velocity of S-wave

may reasonably be assumed to be 4.0km/sec under the assumption on the value of

Poisson's ratio as O.26.

ee

38ptoeS

            ua

               Fig. 5. Time-distance curve (P-wave) of the earthquake on
                      May 30, i953.

    Concerning the thickness of the granodioritic layer the following pyocedure was

applied to the forerunners belongiBg to the sub-cla$s Y. Under the assumption that

the granedioritic layer is approximately a horizontal layer around Kyoto, the most

plausible value of thickness determined to fit the durations of all forer.unners of the

sub-class Y in Fig. 3 was estimated to be nearly 14km, and the calculated curve fof

the duration in case of 14km-thickness of the granodioritic layer and placing the

focus at the middle point in the granodioritic Iayer is shown as curve 1 iR Fig. 3.

And every point which deviates more or less from the curve 1 is all included in a

narrow zone between the curves of 2 and 3 caiculated in case of a 14km-thickness

of the granodioritlc layer and placing the focus at the uppermost and lowest positions

in the granodioritic layer. From these considerations the value of 14km for the

thickness of the granodioritic layer is considered to be the most favourable for the

available data of the sub-class Y.

    Returning again to the sub-class X the durations of three forerunners in sub-class

.X are included in a zone of the curves of 4 and 5 in Fig. 3 which are calculated

under the assumption that the iocus is at the lowest point in the granitic layer and

the thicknesses of the granodioritic layer are 10km and 15km respectively. AIso in

this case the value of the granodiorltic layer of 14km is estimated as the most
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plausible mean value which is expressed as curve 6.

    On the last sttb-class Z their durations are, as seen in Fig. 3, and Figure A(c),

considerably short compared with the other sub-classes of X and Y. And from the

fact that their focal depths were estimated to be some 30tv4ekm, their foci being

considered to be in the basaltic layer, and theR their forerunners are interpreted as

the refracted waves transmitted a!ong the Mohorovi6i6 discontinuity. As wi!i be

discussed in detail in a later paragraph, the thickness of the basaltic layer is supposed

to vary widely from region to region in Japan. Therefore the individual crustal

structure in each region cottld not be determined from the present method of

forerunner ana!ysis, and should be examined by the analysis of the refiected waves

of near earthquakes having their epicenters in the respective regions. From the

analysis of fererunners only the mean crustal structure is determined under the

assumptien of horizontally parallel strEcture of !ayers.

    As already discussed or wil} be further discussed in a later paragraph, the

veiocities of the basaltic layer and the surface layer of the mantle are approxirnately

estimated as 6.8•v7.2k.m/sec and 8.0--8.2km/sec respectively. And the thickness of

the basa!tic iayer derived from the anaiysis oÅí forerunner duration under the assump-

tion of horizontally para!ie! structure depends on the value oÅí velocity of basaltic

layer and the mantie surface and moreover the position of focus in the basaltic layer

in the present ca$e of sub-class Z. Taking the circumstances into consideration, sorne

vaiues for the thickness of the basaltic layer were caicttlated to fit the observed

durations of forerunners in sub-class Z under variotts p!ausibie assumptions on the

!ayer velocity and the focal depth. The mean value of thickness of the basaitic layer

thus obtained is estimated as nearly 14 lr3km in the pyesent case of sub-class Z.

    In conc}uding the section 1 on the forerunner of the first class the following

structures were determined. The thickness of the granodioritic !ayer is considered

to be uniform, as a first approximation, around Kyoto whese value is estimated about

14km. The ve!ocities ef the P- and S-waves of the basa!tic layer underlying the

granodieritic layer around Kyoto were ca}culated as 7.0l O.2km/sec and 4.0 tzO.1

km/sec respectively. But on the thickness of the basaltic iayer it is appropriate to

presume the regional difference which wi!i be discussed in detai! in the next

section 2.

    2. 0n the second class

    The forerunners of earthquakes belonging to the Greup-d are those observed at

the Kamigamo Geophysica! Observatory, whose epicenters are in the district of the

southern part of Kii Peninsuia, the south-eastem parÅí of Shikoku and the neighbouring

open sea, a!1 being included, roughiy speaking, in the district of Nankaido. (The
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forerunners belonging to the Group-g are those observed at the Aso Volcanological

Laboratory and whose epicenters are in the district of the southern part of Hyuga-

Nada as shown in Fig. 1.) Those forerunners have considerably longer durations

compared with those ef the first class and shogld be separately tfeated with the

forerunner of the first class.

    As a first step the forerunners of Group-d will be treated. The seismograms

obtained of the earthquakes in the Group-d show, as seen in Figure A(d), two

distinct fererunners. And the durations of the second forerunners are plotted just

on the mean curve in case oÅí the sub-class Y in the first class as seen in Fig• 2•

Moreover the foci of earthquakes in Group-d are estimated as some 10t'--20 km deep,

therefore the second forerunners observed ef Group-d are interpreted as the refracted

wave transmitted aleng the g-b discontinuity when the fecus is in the granodioritic

layer. Here another proof on the uniform structure of the granodioritic layer around

Kyoto was obtained frorn the above consideration. Then as what sort of forerunner

should the first forerunner of the Group-d be interpreted? Why isn't the forerunner

corresponding to the first forerunner of Group-d observed in case of sub-class Y in

the first class? The problem could not be solved uniess the regienal difference of

the thickness of the basaltic layer is postulated. In the following the problem will

be treated from the standpoint that the thickness oÅí the basaltic layer or, more

generaliy speaking, the depth of the Mohoroviei6 discontinuity or, in other words,

the thickness of the earth's crust may be widely different from place to place.

    In the first class the velocity of the layer underlyiRg the M-discontinuity was

tentatively assumed to be about 8.0-v8.2km/sec for the P-wave, and in the present

paragraph it will be determined for the Nankaido District by an ana}ysis of the

earthquake of October 16, 1951. The earthqttake in question occurred at open sea

off Muroto-Misaki, in the Nankaido Distyict and its focai depth was estimated to be

about 40km. The fact that the seismogram obtained of this earthquake at the

Karnigamo Geophysica} Observatory was not preceded by any forerunner, as shown

in Figure B(a), tells us that its focus was at the point under the M-discontinuity

and moreover depth of the M-discontinuity around this district was estimated as less

than 40km frorn the ground surface of the sea bottom. On such a method of
locating the focal depth of the earthquake by the examination of.forerunner some

detailed discussion will be made in a later paragraph. From the analysis of the
above-mentionee earthquake the apparent velecity of the layer under the Atlr-disconti-

nuity in this district was estimated to be about 8.0---8,2km/sec as seen in the travel

time-distance curve of Fig. 6. From thi$ va!ue it was concluded that the velocity of

the }ayer underlying the M-discoRtinuity or, in ether words, the surface velocity of

the mantle is nearly 8.0--v8.2km/sec all for the District of T6kaido, Hokurikudo,
Chugoku and Nankaido.
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               Fig. 6. Time-distance curve (P-wave) of the earthquake on
                      Oct. 16, 1951.

    Under the circumstances that the thickness of granodioritic layer is 14km both

for the Nankaido and Kyoto, and moreover the P-velocity in the iayer underlying

the basaitic layer is of the same value of abeut 8.0km/sec for both regions, what

value should be attributed to the mean thickness of the basaltic layer under the region

between Nankaido and Kyoto? As aiready stated, the thickness of the ba$altic layer

under any region is not uniquely determined only Åírom the analysis of an observed

forerunner. It depends certainly on the crusta! structttres of the hypecenter, the

observation point and the propagation path of seisrnic waves. And, moreover, it is

generai}y affected by the assumed value of the propagation ve}ocity of selsmic waves

in the layers concerned and considerably associated with the orientation of seismic

focus. In the present case the most plausible mean value of the thickness of the

basaltic layer has been determined to be 6.5ki.2km under the assumption of

horizonta!ly parallel styucture under the region between Nankaido and Kyoto, and,

moreover, averaging the various values obtained from the some combinations of the

velocities for the P-wave in the basaltic iayer (6.8-v7.21<rn/sec), the inantle surface

(8.0-v8.2km/sec) and the focal depth in the granodioritic layer. A calculated duration

curve for the case ef a horizontally parallel structure of the basaltic layer, placing

the focus at the midd!e in the granodioritic layer, and assuming the propagation

velocity of 7.0km/sec for the basaltic layer and 8.21<m/sec for the mantle surface,

is expressed as curve 4 in Fig. 2.

    Secondiy the Group-g will be discussed. This Group contains the earthquakes

which occurred in the southern part of Hyuga-Nada, as seen in Fig. 1, and their

forerunners were observed at the Aso Volcano}egical Laboratory. As shown in Fig. 2
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the Group-g may be treated approximately in the same manner as the Group-d, in

other words, the structural relation of the crust in the southern Hyuga-Nada District

to that of Aso is, roughly speaking, similar to the relation between the Nankaido

District and Kyoto. The crustal structure around Aso was approximately ascertained

by an analysis of semewhat deep earthquakes near Aso as will be discussed in a

succeeding article, and the thickness of the earth's crust around Aso is of the same

order of magnitude as that around Kyoto. From these it is tentatively stated that

the thickness of the basaltic !ayer in the southern part of Hyuga-Nada is considered

to be of the same order ef magnitude as in the Nankaido District, namely some

several kilometers, which is considerab!y thin as compared with the other Districts.

On this problem the earthquakes having occurred at Hyuga-Nada will be again treated

in the Group-f of the fourth class.

    In concluding section 2 on the second class it is convenient to mention that the

distinct regiona} difference of the thickness of the basaltic layer was ascertained in

this section by analysing the forerttnners of earthquakes having occurred in the

Nankaido District, and en the other hand, no distinct regional difference was found

in the thickness of the granodioritic layer overlying the basaltic layer in the yegion

within some 300km distance from Kyoto. The thicknesses of the basaltic layer thus

determined under the assumption of horizontally paralle! structure (which is contrary

to the real structure) are roughly estirnated to be 6.5km and i4.0km for the region

of Nankaido-Kyoto and Shimane-Kyoto respectively.

    3. 0n some destructive earthauafees

    As discussed in the preceding section 2 the existence of a regional difference in

the crustal structure was ascertained from the analysis of the duration of the fore-

runners of weak or medium earthquakes observed at one station, mainly at the

Kamigamo Geophysieal Observatory in Kyoto. Too large or destructive near earth-

quakes are unsuitable fcr the analysis of forerunners in case of observation with the

large Wiechert Seismograph, but for the purpose of accttrate determination of the

crustal structure the concurrent use of the foreruRner with the time-distance curve

constructed with the data observed at many stations of a destructive earthquake is

the most desirable. In this case the same type of seismograph is recommended for

all observatories and theiy magnifications should be adequateiy controlled to be able

to record ground escillations of large amplitude at stations near the epicenter and to

catch the rr}inute ground oscillations at the distant station. And the accurate time

determination for any phase is an important task in this case, and moreover, the

identification for any phase is, above all, the most dithÅëult and essential problem. In

the present state the above-mentioned conditions are not yet perfectly fulfilled in the
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seismometric system of our country, but as a great improvement has receRtly been

made in seismometry in Japan, the deve!opment of an accurate and detailed seismo-

metric investigation on the regional difference of crustal structure wil! be expected in

the near futute. As will be seen in the fellewing treatment of some destructive

earthquakes, it is almost impossible, at present, to get a clear picture of the crustal

structure from the analysis of the travel time-distance curve oniy. The diMculty

results from the uncertainty of the position of epicenter and hypocenter, the finite

extent of seismic focus, the inaccuracy of travel-time determiRation, the locality of

crustai structure around the observatory, the insuracient or excessive magnification of

the seismograph, and other artificia! or natural sources of errors. Therefore it is

recomrnended that in an accurate seismometric investigation of the structure of the

crust or, more generally, the earth's interior, the analysis of trave} time-distance

curve should be completed by the analysis of forerunrrer duration, the comparison of

observed amplitude of each seismic phase, the ana!ysis of the reflected and the

transformed seisrnic waves, and other available and effective means.

    (a) The Fukui Earthqwake of June 28, 1948

    The FBkui Earthquake of June 28, 1948 was the most severe and destructive in

recent years with a damage of twenty thomsand casualties and ferty thousand ruined

buildings. Its epicen,ter was estimated to be 36008'N and l36016.8'E, and the

seismic magnitude was 7?t in Pasadena Scale. The focal depth was diversely estimated

by severai investigators, but in our case it is considered to be most plausible to

p!ace it in the granodioritic layer as discussed in the succeeding. This earthquake

was by far the most completely and precisely investigated compared with other past

destructive earthquakes, and its travel time-distance curve is said to be very mttch

trustworthy as it was derived from the accurate iocation of an inland epicenter, the

recent advance of time determination at the seismological observatories and the

authority of synthetic investigation by varieus fields of science (44).

    In Fig. 7 is shown the travel time-distance curve studied by the writer using

the C.M.Ordata, in which the symbols of @ and + denote the arrival time of the

first motion of seismic waves observed at the westerly and the easterly observatories

from Fukui respectively. And the symbols of @ and Cl') denote the arrival rime

of the distinct phases of seismic waves having appeared after the first motion

and which were examined by t13e writer from the available seismograms. From
these arrival times three branches of straight lines connecting the points belonging

Åío the same system are tentatively drawn, as seen in the figure, each expressing the

apparent velocity of 8.0, 7.0 and 5.9km/sec respectively. These seismic P-waves ef

8.0, 7.0 and 5.9km/sec-ve!6clty are interpreted respeceively as the refracted waves

traRsmitted aloBg the M-discontinuity, the refracted wave along the g-b discontinuity,



"

SEISMOMETRIC INVESTIGATION OF THE EARTX'S INTERIOR (II)

i.Azapatdetf)
l

o4co

o

'

o
300

o

200 oo

a

o
'

'1oo
o

Q{

o
o

l:p
oo 8Pe6 Qo o

'-/
' ' .t

8.
5 ttt-. ' e

H ' tt ,g
". -+

'ti'-"+••
"'

.-
e'

''t.tt3e

.;-g•'f'
kl,

-... -''Jg''.",'

Jes•if'

'

ms e+4co
+ ' '

eS'
e++" +

e + t

A(xaj

100 2003.9 4oesoo ' 6oe'

261

Fig. 7. Time-distance (lower)
  and arnplitude-distance (upper)
  curves for the P-waves of the
 Fukui Earthquake on June 28,
  l948.

and the direct wave through the granodioritic and granitic layer in case of having

the focus in the granodioritic iayer. And, mbreover, this is ascertained by the

observed amplitude relation between three phases mentioned above, namely the

observed amp!itudes ef the seismic waves of first arrival decrease suddenly at the

epicentral distance of some 230km, as expressed in Fig. 7, at the distant places

beyond the critical point of 230km the amplitude of first motion of seismic waves

being estimated to be less than one-tenth of those observed at the short distance

within the critical point. Beyond the critical point the amplitude relation betweeR

the first forerunner, the second forerunner and the direct wave are, as shown also in

Fig. 7, in appropriate proportien. It ought to be mentioned here that, in practicai

cases, the clear separation of three phases can safe}y be made of the seismograms

obtained at piaces outside the epicentral area of some 300km. Concerning the

prob}ern of placing the focus of the Fukui Earthquake in the granodioritic layer the

following examination was also applied. As shown in Fig. 8 the P--S times in the

ordinate and the epicentral distance in abscissa are expressed of the data observed

at the observatories within some 200 km-epicentral distance where the observed seismic
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waves of first arrival are considered as the direct wave. The two curves of i and 2

in the figure are calculated for the case in which the seisrnic focus is in the

granodioritic layer and the basa!tic layer respectively. The structure assumed in this

case are (5.4 km/sec, 3.1 km/sec, 6 km) for the granitic iayer, (5S kmlsec, 3.4 km!sec,

14km) for the granodioritic layer and (7.0km!sec, 4.0km/sec, --) for the basa!tic

layer, the foci being in the granodioritic layey 7krn below the g-g discontinuity for

the curve 1 and in the basaltic !ayer 6km below the g-b discontinuity for curve 2.

Curve 2 is, in this case, not suitable for expressing the plausible curve connecting

the data, and we are convinced that the placing of the focus iR the granodioritic

layer is favourable in the case of the Fukui Earthquake.
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Fig. 8. ,PesJS time-distance
 of the Fnkui Farthquake.

curve

    Now for the purpose of calculating the thickness of the basaltic layer using the

data obtained from the Fukui Earthquake the travel time-distance curve in Fig. 7

will be analysed. But in the present analysis the so-called critical distance (the

epicentral distance of the place where the arrival times for both the direct and

refracted seismic waves are the same) was not used for the reason that the va!ue of

the critica! distance could not usually be determined with suMcient accuracy in the

analysis of natural earthquakes contrary to that of artificia! explosions. In cases of

the analysis of natural earthquake including data obtained from such Iarge epicentral

distances as several hundreds kilometers, this is due to the fact that the determination

of the critical poinÅí is greatly disturbed by the !ocal character and regional difference

of crustal structure areund the respective observatories, and by the inaccurate esti-

mation of the position of seismic focus. Therefore, in the present case, the durations

of the first and second forerunners were used to calculate the thickness of the basaltic

layer. This method, needless to say, contains also the inaccuracy caused by the

same disturbances mentioned above, but it will soon be understood that the loss in this

case is very much smali compared with that in case of the critical distance. Speaking

more in detail, the prob}em of critical distance concerns the data in a comparatively

short distance and that of forerunner mainly the data at far distance, therefore the



           SEISMOiMETRIC INVESTIGATION OF TKE EARTH'S INTERIOR (II) 263

local and regional difference of the crustal structure, the in$trumental and time errors

and other disturbances become more and more prorninent, as seen in Fig. 7, and

greatly spoil the calculated value of layer-thickness in the Åíormer case. But, also in

the latter case, the obtained values of apparent velocities of the refracted and the

direct seismic waves, and tke thencefrom derived values of the layer-thickness could

not be free, in some measure, from the abeve-rnentioned disturbances, and therefore

the estimated values of the velocity and the layer-thickness in the present investiga-

tion are considered to be, roughly speaking, in the degree of accuracy with the mean

error of thO.2km/sec for the velocity and l 5km for the layer-thicknass respectively.

Considering these circumstances the most plausib!e structure derived from the fore-

runners of the Fukui Earthquake is the basaltic layer of 7.0km/sec-P velocity -and

some 20km-thickness, and the velocity of 8.0km!sec-P wave for the layer underlying

the M-discontinuity when assuming the granodioritic layer of 5.8km/sec-P velocity

and i4km-thickness, and placing the seismic focus at the midd!e point of the

granodioritic layer. As already discussed in the preceding paragraph the thicknesses

of the basaltic layer were estimated to be diverse from place to place, and accordingly

the above obtained value of some 20km-thickness of the basaltic layer is considered

as a roughly averaged value for a wide area. Therefore, in erder to obtain the

accurate structure of the crust around any region, the travel time-distance curve and

the forerunner should concurrently be analysed witk regard to the data observed at

the ebservatorles in any one direction and within some suitable distance from the

epicenters of a swarm of earthquakes in the same locality. When the forerunner

durations obtained at the observatories in the Kanto district are especially analysed,

the averaged value of the horizontally parallel structure of the basaltic layer under

the region between Fukui and Kanto is estimated, as in the former case, to be
18.7Å}1.5 km.

    Simply speaking, the crttst is consXered to be shallow, mediate and deep under

the region of Nankaido-Kyoto, Shimane-Kyoto and Kanto-Fakui respectively.

    (b) Travel-time distance curves foy some other destructive earthquakes

    In the above paragraph the travel time-distance curve obtained from the data of

the Fukui Earthquake of June 28, 1948 which is considered as the most reliable in

recent times in Japan was analysed and it was concluded that even the most trust-

worthy travel time-distance curve as in case of the Fukui Earthquake gives only a

roughly averaged value for the crustal structure. In the present paragraph the travel

time-distance cttrves are presented for some destructive earthquakes having occurred

in Japan in past twenty years. In Table 3 the materials obtained by the C.M.O. of

these destructive earthquakes are listed and their epicenters are shown in Fig. 9.

Their tentatively drawn travel time-distance curves are plotted in Figs. 10•v17,

e
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Table 3. List of

KISffIMOTO

the destructive earthquakes

No. I
    i

Earthquake
L

Date

ii Kita-Izu

Sanriku

Hyuga-Nada
Tottori

Tonankaido
Mikawa
Nankaido

Fukui

TokachiOki

Nov. 26, 1930

Mar. 3, 1933
Nov. 19, 1941

Sept. 10, l943

Dec. 7, 1944
Jan. i3, 1945

Dec. 21, 1946

June 28, 1948

Mar. 4, l952
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         Fig. 18. Superposed time-distance graph (P-wave) of nine destructive
                 earthquakes listed in Table 3.

    Comparing these travel time-distance curves derived from nine"destructive earth-

qttakes which occurred ln the last twenty years in Japan, the dificult circumstances

are generally understood for the precise determination of the crustal structure from

the analysis ef these travel time-distance curves. The dithculties are considered to

originate, as already discussed, from the regional differences of the crustal structure,

the inaccuracy of time determination, the uncertainty of focal depth and other various

disturbances. IR a rough treatment all the curves were gathered, as a trial, in a

diagram as seen in Fig. 18. IB this figure the apparent velocities of the P-wave are

roughly estimated as 6.2km/sec and 8.0km!sec fer the direct and refracted waves

respectively, and the critical distance is also tentatively calculated as 150km, And



268 Y. KISHIiMOTO
these velocities of 6.2kmlsec and 8.0km/sec are considered to be the mean values

of the granodioritic aftd basaltic layers for the former and that of the mantle surface

for the iatter respectively. In case of rough calculation of the clepth of the M-

discontinuity under this asstimption of one }ayer structure of the crust, what value

of the thickness of the crust will be derived from the above obtained travel time-

distance curve superpo$ed with nine destructive earthquakes of various origins? The

value of some 40km is obtained with regard to the depth of the M-discontinuity, in

other words, the thickness of the crust, under the assumption that the mean focus is

at a point 15km from the ground surface in the 6.2km/secaayer. Under various

circumstances it is reasonab!y presumed that the va}ue of some 40km denotes
approx!mately the averaged thickness of the crust in Japan.

    4. 0n tlze third class

    The third class consists of the earthquakes of the Group-e, and their epicenters

are, as seen in Fig. 1, in the eastern part of theKantoDistrict and its neighbouring

open sea. The focal depths of these earthquakes were estimated by C.MO. as
40-v5e km below the ground sttrface, and deduced from the observed fact of existence

oÅí forerunners, showR in Figure B(b), their foci may correctly be placed in the

basaltic layer. In this case the precise structure of the upper crust, nameiy the

granitic and granedioritic layers, was not yet determined by the forerunner analysis

method iR the same sense of our present investigation. But from the crustal structure

obtained by T. )lvffatuzawa (26, 27, 28, 29) and the veloÅëities of the basaitic layer and

the surface layer of the mantle determined from the superposed travel time-distance

curve, as shown in Fig. 19, of thirteen remarkable earthquakes of Kashima-Nada's

origin in this Group--e, the most piausible curve 5 for connecting the durations of

forerunners of the third class is drawn, as in Fig. 2. The curve 5 is calculated

under the conditions that the velocity of the P-xvave in the basaltic iayer is 6.8 km/sec,

that in the surface layer oi the mantle 8.2 km/sec, the thickness of the basaltic layer

of horizontai stru"cture between the region of Kanto-Kyete is 18km. It ought to be

mentioned here that the horizontally parallel structure of the basaltic layer between

Kanto and Kyoto assumed above is adopted sirnply for the sake of convenience, and

a conclusive answer to this problem deduced from the detaiied investigation on

regional differences in the crustal structure of each localit}r is eagerly awaited, because

it is possibie to imaginte that the mountainous region in the middie of Kanto and

Kyoto will show a considerab}y large anomaly on the depth of the M-discontinuity.

And moreover a value of some 52 km for the thickness of one layered crust is deduced

from the data in Fig. 19, that is 7.3kmlsec, 7.9kinlsec and 300km for the P-velocity

in the crust and the mant}e, and the criticai distance respectively.
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         Fig. 19. Superposed time-distance graph (P-wave) of thirteen earthquakes
                 of the third class (e-Group) listed in Table 2.

    And it is desirable that a definite coRclusion should reasonably be pestponed to

the day of the accomp!ishment of a precise and synthetic study on the foreruRner

and travel time-distance curves of the earthquakes in the Kanto District as deduced

from the accurate observed data obtained at some reliable observatories in the same

district.

    5. 0n the fot{rth class

    This class contains the earthquakes of Group-f mrhose epicenters are in the

Hyuga-Nada District, as shown in Fig. i. The epicenters and focal depths of earth-

quakes belonging to this Group are not accurately determined because their epicenters

are general!y off in the open sea of Hyuga-Nada and the surrounding ebservatories

are seanty in nurnber and too distant from the origin. But to fit the durations of

the forerunners piotted in Fig. 2, it is impossible to place the focus in the basaltic

layer no matter what structure the crust might have in a reasonable range. And,

as seen in Fig. 20 which is the sttperposed travel time-distance curve of teR Hyuga-

Nada earthquakes, the velocity of the direet wave and the mantle-surface are

approxirnately calculated as 6.0km/sec and 7.9kmlsec for the P-waves respectively.

From these facts the most plausible curve 6 is tentatively drawn, as seen in Fig. 2,

under the conditions that the focus is at the middle of the graRodioritic layer and

the P-velocities of the basaltic layer and the mantle-surface are 7.0km/sec and

8.1 km!sec respectively. And, moreover, the thickness of the basakic layer is assumed

as horizontally parallel and 15km for the region between Hyuga-Nada and Kyoto.

But this consideration on the cru$ta! structure at Hyuga-Nada, needless to say, shou!d

reasonably be postponed till a more precise investigation be made in the future ef
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the data obtained at the obseyvatories near this Hyuga-Hada District. Also in this

case, the averaged value of rough estimation on the crustal thickness referred to the

materials in Fig. 20 is calculated as 23km under the condition that the focus is at

the rniddle ef the one layered crust, and the P-wave-velocities ef the crust and the

mantle-surface are 6.0krn!sec and 7.9kmlsec respectively, and the critical distance

is 200km. These considerations referring to the travel time-distance curve are not

expected to draw any definite value for the crustal thickness, but it rnay safely be

said that, under the assumption of one layered crust, the value of sorne 23 km obtained

from the superposed travei time-distance curve of the Hyuga-Nada earthqual{es is

distinct!y smaller than that (52krn) of the Kashima-Nada earthquakes as derived

from Fig. 19, and thencefrom an essential difference of the crustal thickness can be

detected and discussed to a certain degree by the comparison of the materials derived

from the superposed trave} time-distance curve around any two regions with different

crustal structures, considerab!y distant and diverse frem each other.
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          Fig. 20. Superposed tirne-distance graph (P-xvave) of ten earthquakes
                 of the fourth class (FGroup).

    In concluding the section 2 of "Forerunner of Iong duration" the following may

be summarized : from the analysis of the foreyunners supplemented with the materials

of travel time-distance curves the crustal structures under various regions in Japan,

especially detailed in the Kinki District around Kyeto, were determined and discussed.

And from them the existence of large regional differences in the crustal structure in

Japan was generally ascertained. In the succeeding section, the problem of these

regiona; di.ffe;ences in gru$.tal $tructure wiil be ascertained by other means,
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3. Thickness of the basaltic layer

    1. Thicfeness of the basaltic layer under Kyoto

    In the preceding paragraphs the existence of regional differences in crustal

structure was ascertalned by comparing the durations of refracted waves of earth-

quakes having occurred in various regions. But, in that case, only the mean thickness

could be discussed, as already mentloned, under the unpract!cal assumption of the

horlzontally parallel structure ef the basaitic layer. In order to determine the absolute

value of thickness of the basaltic layer under any point, the refiected or transformed

seismic waves of near earthquakes to that point should be investigated. On these

two methods the detailed treatment wM be postponed to a succeedlng paper, afid in

the present place the transforrned seismic waves of the earthquakes near Kyoto of

somewhat deep focus are teRtatively examined for determination of the thickness of

the basaltic layer around Kyoto.

    In the present treatment the data concerning the various layers around Kyeto

are reasonably assumed as follows :

                           Vp Ys Thickness Density                                                                  Discontinuity          Layer                          kmlsec km/sec km c.g.s.
      Granitic layer 5.4 3.1 6 2.6
                                                             •••••••••••• g-g
      Granodioritic layer 5.8 3.4 i4 2.7  . •--••••••• g-b                                    (4.0) ?                          7.0                                                         3.0      Basaltic layer
                                                             ••••••-••- M
      Mantle surface 8.2 (4.7) - 3.4
It is to be mentioned here that the values of Vs in parentheses are calculated from

the value of Vp taking the value of Poisson's ratio to be 026, while tke values of

density adopted in thls table are the most plausible ones obtained by many authors.

    The earthquakes used in the present are, as listed in Table 4-, those of med2ate

focal depth (nearly 70km) wkose epicenters were nearly leOkm distant and in the

south direction frorn Kyoto. As showR in Figure C many distinct phases are observed

between the arrivals of direct P- and S-waves in their seismograms. As inferred

from their focal depths estimated by C.M.O. and tlie type of their seismograms,

namely unaccompanied by foreruRners and the lack of predorr}inat2ng surface waves

or others which characterize the earthquake of shallow origin, their foci are safely

con$idered to be under the MoheroviEi6 discontinuity. Taking these conditions into

con$ideration the distinct phases above described may be interpreted as: (a) trans-

formed waves at the discontinuities in the crust, or, (b) refiected waves at tlie earth

surface and agaln at the discontinuities in the crust, or, (c) transformed or refiected

waves in any discontinuities of first order, if exist, in the mantle. In the present
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treatment the case ofi (c) is reasonably excluded, and only two cases of (a) and (b)

wiil be discussed. In our investigation the name of `transformed wave' is designated

for the wave which is transformedly refracted from P-wave to S-wave or from

S-wave to P-wave at any discontinuous surface, namely `Weckselwelien'. For the

purpose of identification of observed distinct phases the expected amplitude ratio of

(a)- and (b)-waves with regard to the earthquakes concerned should be theoretically

calculated under the conditions of crustal structure above !isted. In this case the

propagating seismic wave is assttmed to be a p!ane wave of no damping. And with

regard to the g-g discontinuity, the difference in velocity and density is smai!

compared with the other two g-b and M-discontinuities as seen in the above table,

therefore the present caicuiation concerns main!y the g-b and M-discontinuiÅíies.

The calcu!ated amplitude ratios are as follows, taking the amplitude of the first

incident wave as unit :

                                                                     After                                         g--b M-                              Emergent       Medium TransforMatiOn Angle Discontlnuity                                                                     I<&S                                                      Discontinuity
  (1) hard -> soft P-> S' 260 O.151 O.158 O.i95
  (2) ,, P--> P' 26 - O.929 O.885
  (3) soÅít->hard P-> P, 54 O.089 - O.097
  (4) ,, P-> P, 49 - O.!06 O.105
  (5) ,, P-> S, 54 OD93 - O.105  (6) ,, P-> S, 49 - O.19 O.095
                                                                        pt-1
Of the above tab!e some remarks shGuld be made. E{ere `hard' medium in the first

coiumn means that of large ve!ocity and deRsity compared with `soft' medium.

And the `prime' (') and `sufix' (,) denote the refracted and refiected waves

at any discontinuity respectively. `K&S' in the iast column is abbreviation of

H. Kawasumi and T. Suzuki and the numerica!s in this column are the amplitude
ratio calculated by them (45). In `K & S' case the ratios of hard/soft are 1.1 in density,

1.5 in seismic velocity and O.25 in Poisson's ratio. As both values obtained by

`K&S' and us are roughly in an agreement, the caicuiated values after `K&S' may

reasonably be used in our investigation as the amp!itude ratios in ether various

cases. And moreover the calcuiated va!ues after T. Matuzawa (46) are also to be

app}ied as the amplltude ratio of the refiected wave at the free surface of the earth.

After these considerations, the transformed and refiected waves worth discussing in

the present case are as fol!ows:

     P->S'(M), P-S'(g-b), S->P'(M), S-->P'(g-b), P->P,-->P,(FS, M),
     P-> P, -> P(FS, g-b)

   The other waves except the above may safely be exclttded in the present dis-
cussion by reason of their too small amp!itudes and relations ef arriva! time. In the
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above described waves the figLires M, g-b and FS in the parentheses denote the

refraction andi reflection at Åíhe M-, g-b discontinuity and the free surface of the

earth respectively. !t is a very interesting and essentiai prob!em to discuss in detail

the individual waves mentiofied above for investigating the crustal structure around

Kyoto or other regions, but its treatment will be reserved for another occasion, And

here the P-}S'(M) and S->P'(M) wil} mainly be disc"ssed. The thickness of the

basaltic !ayer around Kyoto was roughly estimated to be in the range of 5-v15km

after the above described investigation of forerunners, therefore the travei time-

distance cttrves for individual phases are calculated and shown in Figs. 21, 22 and 23

under the assttmed thicknesses of the basaltic iayer as 5km, 10km and 15km
respectively. Comparing these three figures it is natural to conclude that the value

of iOkm is the most plausible for the thickness of the basaltic layer under Kyoto.

Detai!ed Åëomparison of the thickness of the basaltic layer under various regions or

more genera! stady for the regional difference of the crustal structure by the analysis

ef the transformed or reflected waxres wili be postponed to a succeeding investigation.

o1

5

iDurat'Lea,<sec>

•

eee ssptp'(g-G)S-P'(l)

P.e.P,(FS,,M)
P.P,-Re

e
(FS,rG)

A{rem)

P-.S'(M)

8G 90 1OO o 12e

Fig. 21. Durations calcu-
  lated from the fir$t
  arrival of P--wave of
  the transformed and
  refiected waves in case
  of 5km thickness of
  the basaltic layer.

10

5

lDurattQn{sec}

                                         s
                                               J

                                  -.-P---• s-p'{e--s)
     >,.---====i-,.--                                         P-R-R(FS,M>

     K;r,el(r'
                                           (Fs,f-g)
                                         P--S'(M)
                                         l)-S'(f-S)

A(Km}

eo ge loe l o 120

Fig. 22. Durations calcu-
  lated from the first
  arrival of P-wave of
  the tran$formed and
  reflected waves in case
  of lekm thicknes$ ef
  the basaltic layer.
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cFS,2-e)
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.

lg; ;!;}Eiiiii:2

s-p<e-S)
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                                 e
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Ng. 23. Durations calcu-
  lated from•the first
  arrival of P-wave of
  the transformed and
  refiected waves in case
  of 15km thickness of
  the basaltic layer.

          ''8e 9o loe no i2o
    2. Some examPles of locating the dePth of M-discontim{ity

    In case of seismometric ebservations of an earthquake at some proper distance

the non-appearance of fererunners can safely be interpreted as a positive proof for the

fact that the focus of the concerned earthquake is situated under the M-discontinuity,

unless an absurdly anomalous crustal structure is assigned to the area concerned.

Under this consideration the depth of M-discontinuity might roughly be located by

comparing two earthquakes, one accompanied and one unaccompanied by forerunners

with their epicenters in the same area. As examples, two cases will be reported,

namely the earthquakes with their epicenters in Nankaido District and Kanto District.

As shown in Figure D on the seismograms obtained with the large WiecherLL Seismo-

graphs at the Kamigamo Geophysical Observatery, the earthquakes on March 9,
1950(a) and on May 8, 1952(c) were not accompanied by forerunners, and the earth-

quakes on July 3i, 1953(b) and on July 2, 1943(d) inserted for comparison were

clearly preceded by forerunners. The epicenters of earthquake (a) and earthquake

(b) are close in less than 140km distance in the open sea of Nankaido (q==33.20 N,

2, = 136.30 E for (a) an cl go == 33.20 N, 7, == 134.80 E fer (b)) and the focal depth was

estimated by the C.MO. as 40km for (a) and 20km for (b) respectively. From
these examples, if the value of focal depth determined by C.M.O. is provisionally

confirmed, the depth of the M-discontinuity in this area is roughly located as 30-v

40km or less than 30km from the other examples. And this depth value for the
M-discontinuity is well consistent with that derived from the analysis of forerunners

of earthquakes in the Nankaide District. On the other hand, the epicenters of

earthquakes (c) and (d) are close in less than 80km distance in Chiba and Ibaraki

PrefecÅíures (q=35.50N, Z=140.20E for (c) and q =36.20N, Z =140.00E for (d)) and

the focal depth is estimated by C.M.O. as 50tN60km for (c) and 50km for (d).

From the same consideration as the former example, the depth ef the M-discontinuity
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in this area is roughly iocated as 50 km after the numerica! va!ue ascribed by C.M.O.,

and this figure of 50km also corresponds to the mean depth of the M-discontinuity

roughly obtained by the analysis of superposed travel time-distance curves of thirteeR

Kashima-Nada earthquakes. This method of locating the depth of the M-discontinuity

has certainly a weak point in the uncertainty oÅí focai depth value, but a wide

appiication and fruitful study might be expected in near future by applying this

method of lecation for suitable earthquakes of accurate!y determined foci.

    3. Focal dePths in relation to crustal thicfeness

    It has early been noticed that a swarm of earthquakes occurring in any fixed

area has nearly the same focai depths, and in this section a problem will be examined

as to whether or not there is any relation between the focai depths of frequent

eccurrence in any fixed area and the crustal thickness under that area. Before entering

the treatment the problem of value of focal depth determined by seismometric obser-

vation should again be discussed. The accurate determinatioR of fecal depth is, as

already mentioned, a v.ery dithcult task, especial!y for earthquakes in Japan. But

putting the preblem of dithcuity aside for a while, the difference in values calculated

from the crustal structure obtained by C.M.O, and the present investigation will be

treated in this section under the assumption that the trave!-time of the P-wave or

the S-wave were accurate}y determined at the epicenter or its neighbouring points.

The crusta} structures adopted by C.M.O. for the calcttlation of focal deptk and others

are those by K. Wadati and others (47, 48), and the crustal structure adiopted in the

present investigation for comparison is as shown ln Fig. 24. In this figure the

trave14imes of the P-wave and the P-vS-wave at the epicenter are also plotted for

comparison under the crustal structure by C.M.O. and the present investigation. As

seen in the figure, the relation between the values of focal depth determined by the

same travei time oÅí the P-wave at the epicenter of the crustal structure with

C.M.O. and the present paper is as fo}lows:

            C. M. O. 10 km 20 30 40
            The present structure i2 23 34 46
And in Fig. 25 the travel time-distance curves by both structures are plotted under

the conditions of various positions of focus. In this figure the ful} }ines of 1•v4refer

to the present struÅëture in cases of the focus at 1) the middle point in the granitic

layer (Ca. 5krn-depth), 2) the middle point in the granedioritic layer (Ca. 15km-

depth), 3) the mlddle poinÅí in the basaltic layer (Ca. 27km-depth) and 4) the

bottom of the basaltic }ayer (Ca. 32}<m-depth), and the broken lines of 5•v7 are

calculated by C.M.O.-structure imder the conditions of foca} depth of 5) Okm, 6)
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20 km and 7) 40 km respectively. Frorn the above described discussion, it is generally

understoed that the determination of focal depth contains rnany difficult problems in

itseif, hut in case of permitting errors of some several kilometers tlie valttes of focal

depth cotild certainly become an object of discussion, especially in a procedure for
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comparing two considerably dif-

ferent values of focal depth.

    Remembering the circum-
stances mentioned above the cur-

ves for frequency of occurrenÅëe

against the focal depth of the

earthquakes of 1943 to 1953 aS

varieus districts of a -ve already

denoted in Fig. 1 are plotted in

Fig. 26, according as three seis-

mic grades of `remarkab!e'
(sensible by human feeling at

d>300km), `moderate' (sensible

at 300km>d>200km) and
`smai!' (sensible at 200km>d>

100km). In this case the focal

depths adopted are determined by

C.M.O. In the figure the differ-

ence of the peak value of foeal

depth with two regions of (d)

and (e) is very remarkable, and

these peak vaiues of 20km and
40 km for the earÅíhquakes of the

Nankaido Group and Kashima-
Nada show a wel} consistent
correspondency with the crusta!

Åíhickness ef 52km and 24km
obtained by the analysis of travei

time-distance curves and the
duration of Åíorerunner for their

respective regions. In al!owance

for a speculative argument the

earthquakes are consideyed to
have tendency to occur frequently

at the bottom of the crust.
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4. Summary
    In the present investigation the analysis of seismic refracted wave (forerunner)

was rnade in detail of the seismograms of natural near and rnediate distant earth-

quakes obtained rnaiRly at the Kamlgamo Geophysical Observatory in Kyoto. For

the purpose of investigating the crustal structure the raethod of analysing the eravel

time-distance curve is usually applied, but it contains many inevitable defects as, fer

example, inaccuracies in determination of seismic focal depth, arrival time, apparent

seismic veiocity, critical distance and others, in addition to local effects in the area

of the hypocenter and observatory. But the concurrent use of analysis of the fore-

runner duration, the refiected wave and the ltransformed wave with the travel time-

distance curve may greatly irnprove the research procedRre and raise the reliability

of the obtained numerical va}ues. In the present treatment some discontinuous layers

in the earth crust were successively investigated from the uppermest layer to the

lowest Iayer by separately analysing the durations of seismic wave forerunners

according to their directien and the distance of the epicenter from Kyoto, the study

being appropriately supplemented by the analysis of travel time-distance curves and

transformed waves. From the preseRt treatment the crustal structure under Kyoto

was tentatively deterinlned as follows ;

                            Vp Ys Thickness Depth of the bottorn
                            km/sec km/sec km km
    Sedimentary layer 3.8 2.1 1.5 1•5
    Gfanitic layer 5.4 3.1 6 7.5
    Granodioritic layer 5.8 3.4 14 2!•5
    Basaltic !ayer 7.0 4.0 10 31.5
    Mantle surface 8.1 4.7
    A remarkable fact deduced from the present treatment is that oÅí the regional

differences of the thickness of the earth's crust which is considered to be intimately

related to the distribution ef gravity anomaly (49) and, moreover, the distribution

of seismic focal depths of frequent occurrence. The depth of the Mohorovi6ie dis-

continuity or, in other words, the thickness of the crust as deduced from the present

investlgation is schematically shown iB Fig. 27. In case of a monotonous inclination,

instead of the horizontally parallel structure above mentioned, of the basaltic layer

under the assumption of the value of crustal thiclcness of 30 km at Kyoto, the crustal

thickness at various regions around Kyoto are tentatively calculated as shown in the

figure. In the present case, the data observed on!y at the Kamigamo Geophysical

Observatory were used, but the same method is recommended to many observatories

at various places for the development of our knowledge on the micro-structure of

the earth's crust.
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    Fig. 27. Schematical representation of Å}he crustal thickness in the varaous distn'cts.
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