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AB3TRACT

Using the EnotteZoeppritz eguations, the general behavior,
goro points snd extreme points of the energy ratic that goes ine
to reflected and refracted waves upon the incldence of a wave al
either aide of the rockewater boundary st the bottom of the occean.
are computed e a function of the angle of incidonce, for & pog~
sible venge of values of the parameters involved, namely, Poige
son's ratlo, the ratic of the longitudinal wave velocities in two
media, and the density ratioc,

From the computed results it iz found thats

1+ Polssonts ratic of the s0lid medium iz ¢ domineting face
tor in the general behsvior, gero pointes and extrome pointe of
the reflected and refracted waves that trevel in the solid,

2, Any change in the ratic of the twe lengitudinal velocities

produges pronounced results in the refrected wave energy.

3s The effect of changing the density retio iz very slight.

4y Fooullar behavior occurs just before snd right after the
eritical sngle of incidences.

e 4% 8 critical angle of inelidence, sll of the incident
energy goes into the reflectod wave of the seme kind ss the incie
dent wave,

Ge Most of the incldent energy is reflected either e P
or 88 8 wave depending upon the angle of ineidenece,
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IRTRODUCTION

The subject of energy ratios of selsmic waves reflected and
refracted et a discontinulty bes been studied by wvarious suthors
in the pest, A list of references is given at the end of this
paper, They desl ﬁaatly with the theory asnd computations concorne
ing the cases where @ wave i1s incident at a boundary between two
80lid media, Refloction et the surface of the earth has been
studied by Zoepprits, Gelger and Gutenberg (18), Ceiger and Gute
enberg (17), Gutenberg (7) snd by Jeffreye (8), The cese of the
mantle=core boundary hes been eomputed by Dana (3)s The present
puper deals with the case of the ocosn floor, We are particulare
1y snterested in zero points and extreme pointa of snergy ratilos
of waves resulting from the incidence of a wave at either side
of the discontinuity.

S8inoe this work began e few yesrs ago, a great deel of proe
gross has beoen acsomplished in the study of microselsms and
thelir use as & hurricane detecting device, In this conneection
we hope that the results obtained in this peper mey furnish some
matérial for further studies concerning the passage of & wave,
set up in the water by a storm, to the solid e¢rustal layera,
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SYMBOLS USED IR THIS PAPSERt

Longitudinel %ave
Transverse Veave
Component of 8 4in the plens of propagation
» ® " perpendicular to the plane of
propagation

Reflected Refracted

c
¢

%

8 Ry 8

D B F amplitudes

a o f Sguere roct of snergy ratio
/3 7 ¢ angle of incldence

Vip Vie Vg Vg Veloosty

3

‘e Dens ity

Polssonts retle

mEV,/ Vg 3 £ (o)

n® Vo, / Vip

r ‘4%/ /3,
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EQUATIORS USED FOR COMPUTATION

Snell's law:

sin~: sine ¢ #ing 1 8in % Vi 0 Viue Vopt Vog (1)
Blutts energy equations?
P weve incident in the solid sgeinet the waters

& pZ Sn 2 EZ pa Snzy _ .
/‘)l * ﬁz Sim i/j( * ﬂz '/o, Sin 2'6( {g)
o’ cz + a/2+ ezz /
P wave incldent in the water against the solids
. Cz Ez P2 Sm 2y F? Y Sm2& — /
4= " TAT pr Smed * g7 //Z Sim 2 {3)
or Cz+ ez'* /1‘: /
SV wave incldent in the molid egainst the water:
D* & shz« EL Lo S 2? -/ ‘
B* * 8T s 23 t 8% /i S 5 {4)
or a/:'-l- e? + e‘_—- /

Relation botween o snd m

= gl e g (8)
The emplitude yetios - , 2, £ »-’ T are computed from the

following %oeppritz equations:
P wave incident in the s0lid against the water:

4 Cos o = CCso & DSwp - £ Gsgy =0 {Ga)
o /q CD} Zﬂ = & Gs Z/ + .D/,,,,’ .Slu%_f-f 77/ = QO ‘%}
- A Sin 24 4+ C Sim 24 4+ D o, Cos 2/3 =0 ‘53)

Solving these thyree equations and meking use of equation (2),
and slso mking use of the ldenbity - %28 cnx-sa 235 = m, Crx WO

get for the square root of the enersgy ratios, ¢, d, and et

c = &17/"»/ G.yzzf—%/ S 24 J’mz/s/ — o, ny Cssg (v}
Cop () Co25 ¢ 1, T tx S Y3 ) 4 o, it
o= 2/ TR iX I B Cnzp CnD (8)

697[4"/63"774—#%,,,/ Som 2A mel) 4+ om, nr Coof
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2m; \/ nr Cosx Cos7 Qa:z/!

Ca;?/m, (’o.s"Z/s + Y, Sin 24 Sin z/g) + m, o nr (s o {9)
"te s P wave incident in the weter ageinst the solids

A Gsx _ C Gsx _ £C’n7_,‘.s’.;,:; - {108)
-A = & + £ nr (’O.IZ;-!-F._’%’; 5»'.2;—_—0 (lﬁb)
+ ES»:‘27 —F’"zc’-’=2;=0 (X@G}

Solving these three equations and meking use of equation (3); we
get for the squere root of the energy w»atics, c, @ and £t

3 ('as7—nr&sd[/_zS&;S&Z;((‘;x;—ﬂmz [’p:})] ‘11)
('957 +77ré’3.ra([/— Z J’.;,;S’».:zg(gs; = s p‘”/)]

e - 2Ny Bia oy Cas2t |
6417 + nr Fmd[ /-2 8m & J’n'.”zg( Cos & ~ Yomy (’.,57)_] (19)

F= 2 7ms\/ F Sm 24 S 2 & Cos 7 tla,

Cs)t nr Cosx[/-2 SmE 2§ ( Cos & — fom, Co57)]

8V wave incident in the solid egeinst the water, (NHobe that
in this esse angle of ineldence 18 G ) ¢

- B S - C GCsa 4+ D S = & 6.17 = O ‘1&&’
a a {14b)

yo! szﬂ . Cm/&sz/s+0 J«-§.2/3+ E m nr =0
- B Cos L/& 4 C /7"/ S 2 + D Cos 2/] = O ‘14@’

Solving theso three eguations end meking use of equabtion (4),
and sgain meking use of the ldentity -~ &2 Gox- Smix S5=m, G y WO

get for the sgusre root of the energy wetion, e, 4 and £t
o Co,)?/?ﬂ/ ['o;zz/,t_y,”/ S 2 'S”;’jf)f’”/”ff’;re(

fn’?()ﬂ/ Lo z’/ +//,’”/ Som 2o Sorr %)_f 321, Ny Cosor tlﬁ)

& = 2\ S 2« S’mz/; Cos o
657 /77’/ &51—7/3 +77"/ Funh 2 Stiy 2/3) ~+ m,ar (’_,5,\»‘ tls)
= 2\/,- S'y,‘,:./s Sem 27 Cosx ‘3'?’

&77/'»7, &722/5 t Jom, Serr 2 Sem z/(}+ m, o r G5
11, 4. SH wave incident in the solid ageinst the water, For

thias particular cese Zoeprritsz eguations reduce to

Bep
so that sll of the energy is reflected se B8H wave for all
angles of inclidence,



EXTRENE POINTS OF \/ Grefl p / Zine p and \/ Evefl s/ hinec s

pifferentisting (7) with respect to,3 and putting%%zws got
2(1-m7) 5:..? + /;m,iy :;‘/; Ny *7:”’5?? /,_,,,,Ls;.yff/- sL.};): o (7a)
The velue of 5 that satisflesz this equation is the angle of ine
cidenco of the reflested 8 wave at whieh the reflected 7P
wave has its extreme wvslue, The corresponding value of < can
be computed from Snell's lew
Bin ¢ Sins® Vi / Via
When & F wave 1s ineldent at the surface of the earth,
then n # 0, and the following equation givee the extreme points
of the energy vatlo of the P wave reflected at the surface of
the earth,
2(1-7) S8+ (3miey) Sits — 2 =0 (76)
Lest torm of the sguation {7a) is very small compared to the
rest of the terma. The sené stalement ls slso true for the equae
tion (7)s This fact can be used to explain the similarity in the
bohavier of the reflected wave that is of the saue Lype as the
ineident wave, in both cases, 1,0,, the rook water boundery and
the surfece of the earth,
in the case of an BV wave is incident intho rock against
the solid, we get similar expression for the extreme points of
the reflected 8V wave, the only difference being that the sign
of the laat term is negstive.
{16a)

.4 . ‘2 %' | ‘2z
2(1-m}) Sals 4 (3mi=1) Ses =2 = 2o (1ot Saps) (1= SYsI=0

/— 258

When en 8V wave 1& incident st the surface ¢f the earth
we asgain get the equation (7b), This pesult should be expected,



bagause for the surfecs of the earth, the expression giving

\/ Spefl » / Bine p 1s the ssme as the exprossion giving
\/Ereﬂ e / 2ine 8, (%ee Cutenborg {6) )




COMPUTED VALUES

In general, compubtation falls into three groupat (1)}« The
general behavior of ths energr ratioc for asch case involves cale
eulation of the wquare root of the energy retio for a sufficient
nud oy of the sngles of incidence, This wes done with é slide
rule to the third decimel place, using one of the squations (7),
{8), (8)y (11), (212), {18}, (18), (16) end (17) as the case may
bes (2)s Dotermination of the engle of iaezéunea (4f any) at
which en enerzy retic becomes zerot This was done by first dew
termining this angle from the graphs showing the general behave
ior of the emergy ratioc approximately, snd then computing more
velues with e esleuleting machine to the Tourth declimsl plsce
in the neighborhood of the approximste velue, The finsl value
of the gero point was thus detewmined grephicnlly, (5}« The
engle of ineldence (1€ amy) abt which on energy redio hes an 6xe
treme value wes slso determimd graphieally.

The compubetion is eoarried out for possible values of
three parametors, namely m, % and »y Resulds ars tebulated and
plotted againat the sngle of ineldence and ere glven in the
following pages, Por the goneral ¢sse, sccording to Gubenberg
(7)y "the vesults of csleulations are in geood eagreement with
the observatlons, However, for & wave which travels slmost tanw
gent to the discontinuity snd in the medivm with higher velooity,
the caleulated energy may be much too smell (Joos and Teltow (9),
ott {15)%, The same situation should bHe true for the apecial



cesos considered heve,

P weve incident in the solid sgninst the wabter:

Dsing e-ustions (7), (8) end (8) energy ratlios are computed
for the following values of perametorst m¥1,6 , 1,7 , 1.8 § ne
0u® , 0u3 5 004 § P80,3 , 0,4 4 0.5 &

For different welues of paramoters values of ¢ as a funce
tion of > are given im table 1, values of ~.(for ¢ % o) in tsble
2, end values of o ( X for which ¢ hes en extreme velue) in
teble B, Pigs 1, 2, 3 and 4 show the general behavior of c.

To show the effect of each parameter, in each figure two of the
pamgtem ars kept emnstant and thres curves are Arswn COPrrafte
mﬂim three different velues of the thisd paremeter, { m, is
varied for tw sobs of valnes of n and » ,) From these
curves, it im easily aseon that the effect of changing m, is
graastoy than the effect of changing either n or r . In fige

5 end 8,c,/,x,, and~  eare plotted sgainst m, for Alfferent valuos
of n and ¥, Hers wo note that for all values of n and

» , =, approach 90 e m, approachesy 8 {°% 9 ). From these
curves it 1z evident that theoretieslly o, curve intersects o..¢
eurve which means that there are some combinstion of values of
parameters for which extreme value of ¢ 48 gero. The followe
ing two exmmples are glven to ijlustreate the posaibility of such
an incidonce for setual values of densitios and elaestic constantss

Example l. granite-ses water boundary,.

Vip ® 5485 Vyg % 3,28 Vo, 3 1,6  £®1,026 /= 2,9

Hence o % Q,24 m, % 1,70 n e 0,2 8 0,354



These values of parameters ave represented by the curves and
covvresponding values of =. ,%.. and o, can easily be obtained
by interpolation, It is evident that for this erimple ¢ bhas
two distinet roots and one exbtreme wmlue  bebween. them ,

Bxemple 2., ultrsbasie rockeses water boundary,.

Vip® 840 Vig® 4ed VpgS 1,5 A% 1,026 S 33

Hence O ® (0,20 mBl.82 n 20,1875 r 2 0,311
From the curves it is evident that for these values of paramebe
ors @ hag no vootas bub Lt hes an extrome wvalue, Thus; we cohw
clude that for e solid medium with seismic velooities and donsie
ty lying between those For grenite end an ultrabasic rock such es
dunite, ¢ may bhave an extreme polnt which is ot the seme time
& double root of the equation,

In table 4, the velues of 4 and o . for 4 are given for
different velues of parameters, These reeults are plotied in
fige 7 and 8, Changees in r produce very little change in d ,
po that 1t is not considered here necessery to plet it, 4
starts from gero abt x # O° incresses rapidlys For small velues
of m3 3%t bas two distinot mexime snd e minimum inbetween, 48

less pronouwnced and foy

m) increeses the extreme points begomne
m,® 1,8 they sre ropresonted by & flat section bLotwoen <% 00
and <% 80P, o . are not sffected very much as we vary n and
e

Table 8 and fig. © show the velues of e Jfor different vele
ues of paremebers, ¢ 8tartd with a value —2/—‘;/—:——:; ab x=0 4 BB
« ineresses it dimindshes very slowly bubt in the neighborhood
of «=70" very sharply and becomes zero ab «-7o° , For smsller my
it shows & slight incresse aftor «.7 and around «~87 it starbts
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decressing sharply to zero at «=70, As my takes larger values.
this tendency seems to disappesr, Changes in n and r have
negligible effect on these turning points, For lavger values of
n, o hass larger values at all engles of ineidence, This sime
ply meeng that the less longitudinel veloclty ocontrest we have,

the more energy goe® into the refracted P wave,

P wave incident in the water against the solid,

Using equations (11), (12 end (13), energy ratios are come
puted for the following values of parameters: mo » 1,6, 1,7,
1.8 (0 2 0,1840,277)1 0 8 3,0, 4,05 T ¥ 2,5, 3,0,

For this partieculasr csgse wo have total reflections oecurting
twice, nemely one at /- 7" and one at Z-707, é'sa shall ¢sll correse
ponding angles of incidence ey and o, respectively in the fole
lowing discussions, 4t these eriticel incidences all of the
enorgy is reflected ss P wave,

Values of ¢, e end f are given in tebles 6, 7 and 8
Napactively. < ¢ &re given in table 9, Theze results are
plotted in fig, 10+16,

¢ sterts with a velue 22 at -0 4 8taying almost constang
until neer «.; 48 4., is approsched it repidly increeses and

becomes one at x., , Right after that it suddenly drops down to

a value lesas amj it has for«<<«, , then it starts inoreasing
slowly, the rete of increase diminishing gradually, and as it
gets close to < it starts incressing sherply end at “zp € ® 1,
Values of x at which the energy ourve starts inoressing right

after x7 are given in teble 9 and fig. 16



b3 |

/o nr

e starts with s value at <% 0%, it decresses slowly
until near « where it shows little inerease béfore it drops to
gero at <y o TFor smell velues of my, for instence m 2 1,3 (o<<,
given here just es an illustration), it hes & zero between <2 O
and > 8, , and for large ¥alues of m; it is a smooth, contine
uouely decreasing funcbion of « o After ~ey DO rafracted P
wave exlsts, ¢ ® 0

£ sterts from sero at <2 O, incresses almost linearly for
e whiley as x epproaches ~, it turns down end decreases sharply
to zevro at ey Right after ~., it incresses suddenly and ate
teins a value lerger then it has fnr‘*<q9‘ Hore it turns and des
creases very slowly, the rate of decresse becoming smaller end
a8 . 18 approached it decreases sharply end becomes gero ab
ey # Aftor «, there is no refracted 5§ wave eoither, Thus all
of the energy gose into roeflected P wave, Turning points oce
curing just before and right after ) BP0 given in teble © and
figs 16,

It ie evident that bere in this partiocular cese, oriticsl
anglea of incidonces are the governing factors, All peculisri«
ties ocour just before and right after these angles,

Here we notice thet most of the energy goes into the roe
flected P weve, None of the snergy ratics become gero except
st a eriticel incidence. The turning points whioch we may ocall
=, . Bre not very much differvent for different values of »
but they depend on Bo snd n ,

8V wave incident in the solid ageinat the water,

Using equations (158), (18)ana (17), energy ratios have been

computed and their zeros end extreme points investigsted for the
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following values of parameters: my & 1,8, 1.7, 1,756 (o % 0,18
« 022578 )y n ® 0,2, 0,5, 0.4, and /3., were computed, in addie
tion to these values for my » 1,8 { © 8 0,277 ),

In this particular case there is only one total reflection
ae/gd(a=903. 4t this oritieal angle of incidence d & 1, e % 0,
¢ ® Oy The partsof the eurves for 4 and e that lie between
=0 and ;-5 8re similar to the curves of ¢ and 4 for the
cage of & P wave incident in the solid asgeinst the webter, The
carve for e a2 g whole is similar to thet ef £ for the case
of & P weve ineident in the water against the solid, between

x=02nd x=ot,» The only difference between these pimilar ocurves

£
being thet in the eese of ineident 8V wave, at normsl incle

dence all of the energy is reflected as 38V wave wheoress in
other ceses, at normal incidence the energy is split between
¢ and @ .

Here agein we notice thet /3., 8re not vory much different
for different values of n end p . Therefore for practical

purposes o5 may be congidered as & funetion of my only.
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Summery and Conclusions

Generel behavior, sgpps and extreme points of different
type of waves incldent at both sides of the ocean floor, for
some values of pavemeters m , n and r which are considered
to inelude sctual velues, &re computed; computed values are tabe
uleted and plotted,

The fellowing general econclusions are deswn from the results:

le Polsson's retio o of the golid medium is 8 dominating
factor in the general behavioy, roots end extreme points of the
reflocted and rofracted waves that travel in bthe solid and are
produesd by any possible type of wave incident at either aside of
the sollidewator boundery.

2¢ n dominates the Lehavior of refrscted waeves and slso
playe an lmportant role on the behavior of sll weves around the
eriticel incidenea for 7-70",

3¢ Genersl behavior of any weve that is produced by incls
denee of any Lypoe of wave at eithor side of the boundary is afe
fected very little by chenging » , the effeet being negligibly
amsll In most casosy

4y In nll cases the values of ../ er/quf change very slighbe
ly by chonging » « The gene stabewent is true for n except
where the occurrence” of extreme value ig Aue to a total reflection
at 7=70"

5 In all casses conaidered in this paper,; peculisr behave

ioras asre obsorved juat before and right alter the eritical engles
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of incldonces,.

8¢ 4t & oritical angle of inecidence the whole energy goea
into the reflocted wave of the semo kind as the ineident wave,

Ts In 811 comes conszidered most of the energy goes into ree
flackted P or £ wave depending on the angle of ineldence,
This can be explained by large contrast botween densities and
velocitiea in two medias In the case of & P wave incident in
the water againat the s0lid, alter ey the energy is 8plit between
reflected P wanve and refrscted S wave but atill a larger part

goas inte the reflscted P wave.
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Table 1,

i8

Incldent P wave in the solid against the wetber,

Square root of the energy ratlic of tho reflected F wave,

e 1.6 1,7 1.8-

3‘—’- Qtﬁ 9*@ @%5 0‘*5 0‘;4 9;3 O¢‘3 Qgﬁ 9-5

” .

}

07 0.887 0,852 0,818 0,887 0,852 0,818 0,887 0,882 0,818
10¢ .83 «TOT 764 "34@ 808 9713 «880 (8l 783
BOO 872 L8641 «811 +TOB 878 4648 w136 "fﬁﬁ ;673
BOD 430 L4811 L8855 L5158 484 487 L5871 542 514
409 L1688 L1341 L1109 WEB3 L8060 L2358 378 JBB2  .327
BO? w108 =123 «,140 LO0B7 L0838 L0018 L1905 172 150
600 =,307 w4340 #4388 <4118 «,137 +,148 (062 .043 .024
'?Qﬁ -y 462 %‘6’,}3 *tm *.W’?' wﬁw ”g%s +O12 #,001 »,010
&93 3808 wedlB w o488 w080 «,074 «,088 198 L1178 ,164
807 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000

00 0,788 0,724 0,667 0,786 0,724 0,867 0,786 ©:724 0,667
10° .‘m:a #B72  L6L6 (T4l L680 ,624 .T49 600 ,634
20° «380 B4 J4TE «814 (BB8 LBOB 838 B84 i%l
Mg tw +308 L8684 JAB8 BT 330 W4T L4344 t-&‘a@
400 006 ,086 J019 ,209 ,164 ,123 ,202 ,250 ,208
w& o180 #4101 #4280 008 «,014 ﬁ»@?ﬁ .129 w088 047
Ma wyB80 o308 w810 @« 170 #8801 «4228 001 =034 «,0068
7&@ ”#ﬁ% wsB1E w858 @ B84 =070 #2808 w080 «;083 «,108
80, « #0461 =479 #1058 o153 w158 =140 =,117 +,082
90% 14000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
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Teble 2, Incident P wave in the solid againgt the water,
Angles of ineidence at which the energy ratio of the reflected

F weve is zovo.

r— OuB O.d 0.8
f‘ m, <oy oz oo oz oy o2

1,60 45088' @g%s2' 48010' 86%331 44%307 86°45!
1,68 49913+ 84%?; 480y 84%s0¢ 47%00 64 Jd0?
0.2 1,70 62048' g1%ps 82%01 axﬁw» Bi%04t 82° 008!

178 53?@5' %g;,; 56%01  7T7%82t 88%zat 78%3¢

v #

1,60 44048' ga®41t m"’w aa%;: 42%sg 1 aagav'
Li i o S el e
0,3 1.70 51928 48°33

7 yiws  B6%4r 78%21% 540081 va*’s;;o googar 79°35!

1.60 43%34¢ 36“49* 42%121 865501 40058 87%7!
| 1,68 w’w 85%20t 4447 88° o221 432151 8sdort
0o4 1,70 490497 82097' 47%0: asdozr 40.18' 83°16!
’ 1,76 53%681 78°54' 51033+ 79%2t 49028' 60%40¢
1,80 50041% 74°%,0 se%iat 78%48r 5328t gyO03e

Table 3+ Incident P wave in the solid sgelnst the water,
fngles of ineldence st which the snergy ratio of the reflected
P wave hos lbs extrome walue,

n— G 0.2 ¢ S
r— ¢ P 0.8 DelB
ml Hext L& X ext >ext

1460 'M%m 0, 4725
e 3 i G
?i‘:fg %ﬁmi «0,0830 68%8* 8%
1.7¢ 68y  Lo,on00
1.80 68°15% .+0Q,0185
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Table 4. Incident ¥ wave in the zolid sgeinst the water,
{s) The sguare reot of the energy
ratlo of the reflected & wave,

A ————— 0,8 ——  O.d G2
P ————— Qe ———— 043 Oud
> 1.7 1.8 147 1.7

0° 0,000 0,000 0,000 0,000 0,000
100 0,318 0,889 0,800 0,278 0,284
207 0,600 0,858 0,608 0,519 0,541
300 0.804 0,748 0,704 0,705 0,733
B0 . 0,936 0,030 0,817 0,878 0,018
600 04900 0,941 0,954 0.883 0,923
70T 0,844 0,926 0,960 0,869 0,907
7B, 0.844 0,040 0.885 0,924
B0, 0,888 0,979 0,867 0,027 0,966
85, 0,978 0,020 0,860 0,892 0.917
90" 04000 0,000 0,000 0,000 0,000

{b) ingles of incidence st whigh
the anergy ratio of the roflected

8 wave has its estrome valuo,

nx 0.2
b 0B
ml °(exf

\ - "2 |
1,80 48%2 72,2 86°.8
1,66  B19,7 71%5 84%¢2
o, secls getls s°ls
1278 7e®



Table B Incldent P weve in the solid sgainst the wabter,
Square root of the energy ratio of the refracted P wave,

n- o Ovd 02
\ﬁ1—> 1@ 1,7 1.8 1,7 lt?

0% 0,462 04462 0,462 0,618 0,483
105 0e4B5 04457 0,458 0,614 0,448
80n 0s432 04440 04442 0,503 0,481
20, 0,415 04410 0,486 0,562 0,411
40, 04370 0,387 0,408 04517 0,380
50, 0385 04351 0,375 04475 0,548

60 0.284 0350 0,488 0,318
705 04250 0330 0,404 0,288
The Ox240 04382 0,400 0.287
80, O¢251 04310 04420 0,206
85, 04271 0285 0,408 0,876

87 Ox878 0,880 0,287 '
80 0000 04,000 0,000 0000 0000
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Teble 6+ Incident P weve in the weter egeinat the polid,
Square root of the enorpgy retio of the reflected P wave,

ny,— 1.6 1.7 1.8

f— g‘ﬁ &49 gﬂ'ﬁ 3.@ Qts 3‘5

n -3

] og 04764 0,800 0,764 0,800 0,784 0,800
57 0s764 0,790 D784 0,799 0,761 0,798
100 0.763 0,798 0,760 0,795 0,760 0,796
167 0u747 0787 0,755 0,790 0,738 0,794
18] 0748 0,787 0,762 0,802 0,774 0,810
19‘3 OeTEE Q79T 0788 0,823 0,821 0,848

3.0 19 2BY16" 1,000 14000 1,000 1,000 1,000 1,000
ﬁsﬁ 0p 740 0,776 0,710 0,755 0,882 0.728
30, 0,781 0,795 0,723 0;‘765 04702 04748
1 0,768 04820
52013'51* 1,000 1,000 |
&:’:g D758 0,790 ,‘
540 , 0.7BD
34°511058" 1,000 1,000 |
233 0728 0,768
382 04808
36 Bar1e" 1,000 1,000
o 0a8l8 048468 04818 0,848 0,818 0,848
8° 04818 0,845 0,818 0,844 0,818 0,844
10° 04812 0,838 0,812 0,841 0,816 0,844
15" De800 0,836 0,814 0,844 0,814 0,851
ug 0.814 0,844 0,832 0,888 0,848 0,072

L 14228139" 1,000 1,000 1,000 1,000 1,000 1,000

4,0 15 0771 0,808 0,768 0,818 0,798 0,882
mg DoB808 0,827 0,788 0,881 0,776 0,810
297 04782 0,813
saaﬁ 0,888 0,870 0,800 0,793 0,788 0,816
3554'““ 1,000 1,000 7 v
Qﬁe DeDOB 0,880 0,787 0,828
2809 108" 1,000 1,000

26044136° 1,000 1,000
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Teble 7, Incident P wave in the water against the solid,

Square root of the energy retio of the refracted P wave,

Ry—s
n . r%~+. 5% 1
o® 0,645
5° 0,606
1% s
3.0 18° 04 405
18°30¢
100 0,282
10928118" 0,000
o° 04 B75
5% 04543
4,0 10° 04429
e s ]
5, 0e332
14
0,306

14%28139" 0,000

148
340

0,600
0.584
0,632
Ded2d
0338
0,327
Bp \Jm
0,000

0,538
0,803

Q;&G?_

0.284
Q. 000

1.7

845

04645
0,628
04879
0,460
0,420
04487
04420
0,000

0,876
0,540
Qub&62
0359
. 264
04000

B840
0,600

Qs

01537
04 487
04391
04308
04389
04000

04538
04508
0. 428
0.332
06340
04000

1.8

245

04648
Oe644
0.889
0. 520
06480

0.485
0000

04878
0,538
O.481
04 480
0,400
04000

8.0

04600
(e 587
0. 540
0,488
Deds4
0430
0,429
04000

Q. 882
0. 813
0,448
0,398
0. 370
0,000
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Incident P wave in the water agsinst the solid

Square root of the energy ratio of the refracted 8 wave,

4.0

28°34141"

2
£8%¢ 108"
260944136"

04000
04183
04361
0820
O 458
6@0@9

248
04000

04158

0308
Q441
0,488
Cu 452
04,000
0,705
04685

D655
0,000

0,000

04181
0,848
0,438
09417
04000

04546

04580
Qo402
0,000

»
9;313
Qx5O0

Gedfd
0,000

17
Bx0

0000
04142
0.280
0,410
04468
04420
04000
040682
04644

04613
04000

QD00
D168
0D, 8500
Q4 407
31383

000
e-f:

Q. 868
04,5556

0390
0u000

1.8

BeB

Ce D00
0.142
D274
04 308
Ced2%7
04381
2.000
0738
0,688

0,708
04000
04000
04184
0328
0&551
0+000
D611
06385
0. 627
(1,600

04000

30

04 000
04130
0. 2583
Q. 373
0,396
04,326
G000
0,680
0,658

0862

0860
04588
0,000

0+000
04182
0,289
04 358
Os 388
0:000
04 866
0. 580

0. 583
04 565
04000
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Table 9 Incident P wave in the water agelinet the solid.
Angles of incidence at whieh the energy ratic of the relfracte

ed 8 wave has lta oxbrems value,

{a) Por anglees of incidence
groater than the critiecal
angle of inecidence,

I T —
%‘Q — 340 b . 4,0

1,5 18,3 16°%,0 150.7

17 18%,0 15%,5 15%,.4
1.8 17°2  18%1  13%.0

{b) For sngles of incidence
less than the eritical angle

of incidence,

"
mRR—~  Bx0 3.8 4.0
ﬂa mﬂga 17%,2 159,0
1,9 20%9  17%s ma.a
1.8 21%8  18%e6  16%,0
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Table 10 Incident 3V wave in the solid against the water,
Squere roet of the energy rabic of the refllseted § wave.

e el -
. e S ———————= 0&‘ k3

ﬁ\ml_» 146 1.7 1478 17 14
0° 14000 1,000 1,000 1,000 1,000
10° 04880 0,867 0,871 04870  0.874
20° O0ed70 0,508 0,528 0,818 0,530
502 w0081 04088 0,097 0,044 0,085
34° 0,086 | 04087  «0,024
24%61100" 1,000

26°01Y65" 1,000 1,000 1,000
870 0.872 - 0s844 0,749
38%0156"  1.000

40° 0x864  0.881 0,845  0.804 0,702
50° 0.878 0,868 0,887 0,820 Q4727
80° D886 0,878 0,878 0,838 0,738
70° 0,805 0,882 0,880 0,848 0,744
ao? 0s927 0,982 0,815 0,004 0,818

po° 1,000 1,000 1,000 1,000 1,000



Teble 11,

incident

8V wave in theo solid sgeinst the webor,

ingles of incldence at which the energy ratio of the reflecte

ed &

B
» my
Vo4
| 160
Ged 1488
, 1,70
La725

| 160
Ded 1«55
1,70

1,728

Table 18,
Angles of

ed 3

| QU

Incident

wave 1s gero,

o7

opg 1
o
30046Y

20Cg7y
50%48
32%41

Ou8

[
38”32*¢3
s
33085

38%201,53

269521 ,2 .

24°851,8

36%91t,1
869461 ,53
349401 ,.8

&V wave in the gsolid szalnst the woteoy,

ineldence at wihdeh the ana@@y ratic of the reflect-

r

kS /3474/
1.80 37°p0¢
1,68 387101
1,70 83400
L e

» SB¥10Y
1.80 s0%5s0

wave has ite extrore valud.

043

Oul?
0.2 DeB

ﬁﬁ@-———
ex?t

-.sam af"s&*
e 2142

aa/ga: a7°001

as®15t 359171 38°1a¢

0,4

e #

34551

s OBHO 35%4ny Sﬂﬁﬁgf 33%p

*QM

+40260 822191 320201 320211

+91800 21°6

06 31%71 318"

Q«ﬂ

Ded
903

Gqé

ﬁ
e:%v’ 36984



Table 13, Incidont 8V wave in the 20lid against the webed.

Souare root of the energy ratio of the veflected P  wave,

n—- — e Bl el Oed
. N : 7. S — Out O
/ng 146 1.7 1.75 1.9 1,7
0g 04000 04000 0,000 0,000 0,000
10 04407 OedB2 i 0,472 04456
20° 0,647  0.851 0,814 0,783
282 0,088 0,018 _
%‘ Qgﬁm 6‘»955 GaB00 .
309 0,083  0.980 0,945 0,012 0,883
329 0,000 0,038 0,929 |
3@3 - 0,020 0,808
359 0.846  0.948
36 04864 ‘ | |
mgm*ﬁm* , 04000 0000 0000
5‘7 0,887 "

3@aﬁﬁ*ﬁﬁ” 04000



Table 14, Incident 3V wave in the s0lid ageinet the wolop,
Squere Poot of the onorgy ratis of the refrscted F wave,

P — 0ud ———— 0.4 0u3
/3\%—* 1,8 1.7 178 3«;? 17

o0 0,000 04000 04000
04128 04122 0.1
%@ 04859 04241  0,F ?\ﬁ
800 D387 04838 04324 0,380 535
B4 02343 | 0e360 04555
34 51900" am% ‘

25° |

mg@liﬁﬁ”

22 e

*? ﬁ
e
"

Qma
D774

04818
03794
04788
(3,780
04663

Table 16. Ineldent of 5V weve in the solid againet the wster,
Angles of ineidence et which the sneargy vatio of the vefracted
P wave has its exbreme valug,

: | Yo Cud
» M fer ﬂuf (et
1,60 3612t 36%19v  36%260
b‘?ﬁr | zﬁ*@%*
OuB 1,80 36°10% 36%16%  36%at
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ABGPRACT

A sysbeomatle study has been made of the ratlios of the
dlsplaconente of tho core reflvotions to the direct body
waves a8 well as of the individual displeconents, using ine
termodiate and deep foeus earthquake selamograms recorded ot
Pagedens, Theoretical veluss of the horigoniel and the verte
ieal ground Aleplasemonts have been computed for the direet
P oend 8 as well as for PoP 4 Pef , S¢S and SeP waves
an & Tunction of the epicentyral distence for tlree foesnl
depthe, namely, 100, 400 and 700 lm, The resulte indicate
that tho obsopved ratios of the horizontel displasenerbs of
the waves that are refleocted st the corveemantle boundary as
P waves {1.0,, Pe?/P and Ser/8) snd thet of the obsorved
vertieal displacernints of tho waves thet are roflected as
8 weves (l.0,, Pe3/P and Z03/8) are five or more times large
ey bhan the theovetical onsg, 7The ratios of the vertical
componante of the fired group and the retios of e horizonte
al components of the second group are in felrly good agrecw
ment with the theoretlicsl values, 1% is furthor found that
the behavior of the divect P and 8V waves are in acgord
with the theory, but the vibyratlone ere not in the direstion
of propagation for the refleeted P weves and the vibratlions
are nobt porpendicular to the Alrection of propagation for the
reflected § wavesn, The effecht of selotropic orustal gtruce

ture on the ground displagements is diseussed,
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INTRODUCTION

The purpose of this work iz to compare theoretical and
obaerved ground displacements prodused by PeP , Pe8 4, 8¢5
SeP as woll es divect P end 8§ waves, upon thelr arrivel
at the surfece of the earth, using selsmograms of intermedinte
and deep focus earthguakes that were recorded by standard seise
mographs et Pesadenn, The saeme problem was treated by MHortner
s of shellow ahocks, ( h 60 km.).
He has used Dana'a (2,4) caloulated valuss, and compared them
with his observational vesulte, Isna had previocusly compubed
the theoreticel ground displacements fop P, 8V , Fe¥ , Pe8,

Bol , SeP , obCuense 88 woll ae the displecement rotios of the
waves refloected at the runtle«cors boundary to thet of the ine
cident wave., His ssleuletions were based on the formula given
by Guterberg (5,6,7) whe bas depived it from the originel theoe
vy of Zoepprits (Zoeppribe, Geliger and Cubenberg (18) )s The
exprosgion for the caleulation of the ground displacoment dups
ing & single body wave es & funobion of (he eplcentral Alstance

is

(16) Wiﬂg Passdons golsnouran

KTH/Ey (1)
whord

"afe n) sin A gos 1, :

In egquation (2} @
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X 48 a sonsbant depending on the fraction of the energy
By passing into the wave under consideration. It hes
three distinet values, for waves starting respectively
&8 7 5 8H and 9V .

48 the perisd of the ohacyved wave,

Q@ (orn/ay,w / hy ) 18 the ratio of the horisontal
snd the vertieal conponent of the total groand diaplace
memt { w and w pespeoetively ) to the amplitude of the
incident wave.

F is the ratio of bransmitted end reflsoted energy to ine
oldent enewygy ab esuh point where the wave has encounte
erad a dissconbinuily,

= kD

@ 1is the absorption factor, where k ¥ 0,00018/km, se
given by CGubtenborg (7} and D is the dlstance mease
ured slong the wave peth,

i %o thw angle of incidence at the source at a depth h.

5 is the angle of incldemece abt the point of arrivel at
the surface.

AN ™ the eplcentral dlebance,

Por shallow 8looks wo can sesums thet h 20 , then if the
wave arriviog st tle recording station is artixz aame Sype as
1t has originally sterbed at the focus, such as P , PP 5 sens
PBP 5 sene POP , 863 , PEP , PEEP , BES , ebtos, 1% 1,, snd (2)
brcomen s
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§E \/Fx?a reasF ) o P ﬁ?;.i?. o (3)
sin A 4A

But if the wave arriving st the recording station is not of
the same type es it has originally stsrted et the source, such
as Pl , BOF , BEP 4 otCs 40ey oven if the focus is assumed to
be st the surface, the angle of incidence at the source will
be different from thet at the recording stations Dans (2,4)
has used the formuls (3) to scaleulate the ground displacement
of all types of waves, For that resson, his velues are core
rect only for the firxst group, end the theoretical ground dige
placements of the waves belonging to the second group (i.e.
Pes , SeP , SKP , BEKP) should be recaleulasted,

Hartner's findings are swumarized In his own words as fols
lows:

®7he observed horizontel displecowent rotics of Per/P ave
definitely larger than that which 48 expected from the presontly
accepted theorys the vertical displacement ratios of Ped/P and
the horigental displacemsnt ratios of PeS/P are slightly grester,
but not unressonsbly sof &nd the horizontal displecemoent ratios
of 5e8/S and the vertieal dilsplacement vatiocs of 8e¢5/5 end
Sep/3 are ressonably in sccordence with the expected retios,”

Since no theoretiecal walues were computed previously teking
the depth of foous into asccount, we bave computed the theorete
feal velues of ¥ using the Torsmle (2) for P , 8 , PoP ,
Pes , S5e8 , and GeF , for three different focal depths, namely,
100 , 400 and 700 um,

%hen &8 F or 8 wave is Iincident at any discontinulty,
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the refrected and vreflected & weves are of 8V type, and
when a SH weve 1s incident, it is reflected as SH weve
only snd no othey type of wave is produced, But the direct

S wave and S¢S have both SV end 8K components, The
ratio SH/SV depends mainly on the mechanism of the shoek
and may have any valuey Yo easloulate the values of B for 8
and S¢S , we have assumed that SH/SV ias equal to “one",
iv0.; the energy thet pesses into the & wave is Aivided
equally between B8V and B8F , 8ince 2H haes no vertical come
ponent, eény alternate sssumption does not affect the velue of

H of the vertical coumponent,
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CALCULATED VALURS

Since in formula (1) X , T , and 8§, are not known,
only ¥ which agtually ia

u1 .1‘3
SRy T (4)

can be caloulsted numerically, We shall later use the symwbols
U snd % for the horizontal and the vertical N respectives
1y.

The veluess of @ were taken from Gutenberg (6) teble 6o,

For the angles of incidence sneountered in this work
(0%40%) the values of F, for the waves orossing the discons
tinuities separating the erustel layors are very close to
unitye For this resson we have neglected the effects of these
dlscontinuities on all types of waves under considerstion, and
used only ¥ due to the reflestion at the mantlewcore bounde
arys These velues weve teken from Dena (2,3).

Por the absorption fastor %k £ 0,00012/km, was used end
the dlsbtence was rend approximetely from sn actusl plot of the
ray path,

For the diveect P and 87V waves, i, waa computed as a

funetion of the eploentral distanee , from Senndorfts theorem:
v.0

sin 1o * ~5°° {8)

where V, is the wave veloclity st the surface of the earths

ve have used Gubenberg's recent figures for V, , namely,



Vo (8Y) % 346 Il / seta, V,(P) 2 6,5 kme /8904, 2nd ¥,
13 the apparent velocity at the epicentral distanse /\

| Again for the diprect P and SV waves 1, was computed
from the formulas

* oin i
A A, o e S o Y & Cgm §‘ (6)

v (along the same ray)

sasuming the follewing velocitles ot different depthe?

B Vp (F) vy, (V)

0 kme 6B kme/Bec, 3.6 kms/s0c,
100 . 8.0 " 4,5 "
4000 ¥ 0.8 " 8.1 %
'700 » 10&3 . 5&9 ®

For PeP , PeS , Sc8 , SeF waves 15 end 1, ad
were caloulsted a8 a funotion of the angle of incidonce ab
the mantle side of the mentle~core boundsry ( 1,4y . 1, and
A were tewen from bens (£) corresponding to a given 1, ,

A\ 's were then corrected for the depth of focus, Thess core
rections avre given in tebles (la) and (3a) for P and 8Y
waves reapectively in Gutenberg end Richter (11, first pesper),
iy, wes computed from formule (6), meking the following assump=
tionst

Yo £ the radius of the core ¥ 3466 Xm,

Ve = the velocity in the mantle just outside the core

Vo (P) 3 13,7 kma/860s , Vo (SV) ® 7,85 km, /uec,
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The forms of formula (&) as used for each wave are llated
below?

For Per 4, 1, end 1, oare caleulated from

r, sin 1@2 « Th #in 1 . Po gin iez

Yor Ynp v@?
Fop PoB , 1, is esloulated from

i re #in i, r, sin 1 .
ﬁﬁ“mmm = eﬁm”.ww.-mm

Vo3 Ves
and 1 48 ecaleulated from

Py 8 in 5. ﬁ‘m 3.
«Q«ﬁdmnouﬂuﬁ " mn*u
Ve Ver

For 8¢S 4 4, snd 4, are calculated from

Y, 2in i, ?, 2in & r, oin 1
:E“ - e B %B a ‘gﬁ # mgonuﬂuﬁwuﬁm
%
V@s %hﬁ Ves

ind finelly for deP , &, is caloulated from

o sin i,p . sin & .
‘ o

and &5 4s ealenlated from

*n sin 1,0 7, sin 1
mqnu#wnmﬂﬁwﬁ - T S §
?ﬁﬁ vag

after 4, e 1, avre doternined s dezcribed above,
gor 43, 1s plotted egainat A , By messuring the slope of
this curve | 4 cos ihfﬁlﬁ esn be obtained, This is the only
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quantity involved in the calculation that does not wvery
smoothly, if ¥, vslues are used to caleulate 1, and i, ,
For the direect P and SV waves §, were determined for
every five degrees of tho eopicentral dlstance using Pasadena
travel time tebles, then ocos in 3 £ (L) curves were plotted
and smoothed and the slopes wers messured, Tor PeP 4, PeS ,
Ses , ond SeP waves 1, , i, , end A were caleulated es a
function of 1, &o thet cos i, 2 £ (A) ecurves ere rather
smooth,

The caleuleted values are given in tables l«8 mnd are
plotted in figures 1«12 a8 1. % 08 - log U ( or 5.8 «~ log W)
against the epidentrel distance A o (s¢e p. 3§ for explane-

tion of "AY values)



OBSARVED GROUND DISPLACEMENTS

Haterianls used for this research were obtained from the
selamograms recorded at Pasadena, Host of the intemediste
and deep focus shoeks studied werve recorded rom 1040 to 1045,
Some woll-recoyrded shocks from 1037 to 1940 end a few shocks
later then 1948 woere aleo included, Since the dynamic magnie
fleation of vood - andersen torsion seismographs changes wvery
1ittle, the selismograma of long period torsion instruments
were used whenever the records were goods, Unfortunstely they
only provide the horizontal components, In addition the soine
mograms of long and short period Benloff electromagnetic ine
strumonts woere uwaed, For msany shoeks which were well yecorded
by Benioff electromagnetic seismographs, 1t wes impossible to
measure the amplitude on the seismograms of the long poriod
torsion instruments, After combining N-3 anl BeW componw
ents into one horizontul component vectorially, the percentage
of readings for esch instrument is as follows:y

Long pere torsion, horiez, 387 of tho total horiz., readings

" " Beniorr " 4 n v @ o "
Short " » ® g " " " # "
Long " " yorticel BOY " ¢ " "
Short " " " 50% " " n " n

Instrumental constantas of the selsmographs records of

which have been used for this work are given below!
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Hormal
Inzt, Design Deaign 3tatlc
Ho. . Comps  ZType of Insbrument 10 Tg . Hagnify
1ia Z  penioff zlectromagnetie 1 sec 90 asse
IVA T=5 " " 3 80
IvB Foml® " # 1 o0
v BEs wood-pnderson Toraion 6 800
VA B = . " 6 300
VIA Z Benloff nlectromagnetic 1 0,25
VIB N HeS R " 1 0.23
VIBAR Be4 " = 1 0423

The megnification curves were teken Crom Hartner {(14)y
He digeuvssen the deborminetion of thw dynsmic megnifiention
of the electromagnetie assismographs in detall, we only liks
to ropeat here that the reletive emplifications (the res«
ponge characteriastics) of these solsmographs are more agsur-
abtely knoewn than thelr sbsolute megnifiecationa, so that the
retios of the smplitudes of two difforent waves (@,g.,Foel/P)
road on tho seme selenmogrsm sre nore accurabte than the indive
idual onoae

In order Lo compare the observed values with the caloue
lated onos, on & glven seismogram, for eeach wave the largest
amplitude rocorded 1s measured to the tenth of a mm. and oXe
pressed in mm., and the reriod assoclated with this largest
emplitude iz vead in seconds, Then the smplibude 4s multi~

plied by the factor @%égﬁ, where Ae 4a the amplitude of the
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ground mobion in mierons, A® is The trace smplitude in mile
limeters, and Te is the period of the ground motion, to get
the Ae/Te ratio which is snother symbol for «»3%3" s In
teble Ba ,log (~Up¥-) o~ are given for six waves under con-
sideration., The sbbrevistions used in table (8) to indlcate
the type of the seismograph have the following meanings:

IBV Long period Renioff seiamograph, vert, component

sy " U " * horiz, E
720 SR "  forsion " " E
8BV Short " Benioff " vert, #
sgn " . = . horiz. £

The periods of PcP are in general less than that of P,
but the periods of Pe8 are larger than that of P + The
periods of Se8 and SeP are less than the perdods of 8
The aversge ratlos of periods of the reflected waves %o that

of incident weve are shown bHelow:

Tp GF/&E P "g?&ﬁkP ?368/'1‘3 mse}a/'rg
Long period instr, 04902(121) 1,48(28) 0.85(122) 0.,80(51)

8hort * " 0,08(75)  1.15(9) 1,0(4)

(fumber of readinge avre shown in parenthesos)

The securate recognition of the verious waves 1s the most
important part of the problem, The P wave iz always the
first arrival in the range of the epleentral dirtances we are
interested in; so that there is no uncertdinty . involved in
regard Yo 1ts correct ldentificetion. But allthe othor phuses

namely, S , PeP , PeS , 3¢P and Ses » arrive together with
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or very close to some other waves abt some epleentral distences
which differ slightly with the depth of focuz, In these ine
stancea, ssparste identifiestion of the two weves gs diffie
eult if not impossible, especlally when thelr periods are nesr-
iy the semes In order to aveid any uncertainties of this kind,
ne readings woye talken whwnever such s circumsiance was note
teed,
The smallest distences encountered ars those of Mexlean

intermediate shooks which start at A 2 212 ©  ana the largest
A belong to some Tonga - New Hebrides deep focus earthe
gquekes ranging up to A 2 8739, 631 readings for 69 shoeks
were used for this rveport. Their opleenbtrel distance cover
the range 214° = 87i% The foecal Aepth veries fream 70 km,
to 650 km, There are only twelve real deep foocus shoecks

{ h= 300 lmme } inecinded in this work.
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HETHODE OF COMPAHING THE CALOULATID AN THE OBI-RVED

GROUND DISPLAGEMENTS

one vethod of eomparison is to talke the observed rebtio
of ﬁ*ﬁ of the reflected wave Lo that of the ineldent wave
and compere thene with the vatio of ¥ (formule 4) of the re=-
flected wave o H of ths incident wave, Sinee it is sae
sumed thet K By hes the same value for all waves leaving
the source as the sane typa, by talking the retlio of éaleulatad
Ntz (or U's and %Wia) for Poyp/P , PesfP , Se8/8V , ser/s ,
the valus of X ﬁél— saneel in esch ceso, and the ealelated
ratios can be ecompared direetly with the obaerved ratios, To
avold the use of large graph papeoy shests end also wide goate
tering of the obacsrved ratios, logarithms of these ratios ave
plotted in figuyes 13«16 whieh vepressnt respectively,

log {wgwiyayfiﬁgu}? (upper pert) log égkgpag/(ggﬁ}?
{lower part)

log {~g=)?es / («f=), (upper part) log (=F~)pea/(=§-);
{lower part)

1og (=ge)goe/l=f=)g (uppor part) log (=ge)g,q/(=ge)g
{lower part)

108 (*f=) gop/(=H=)g (upper part) log (FFedgp/l=p=)g

(lower part)
The second method for comparing the caleulated mnd the

obsorved values consists of caleulating the "4" walues,

& walues were defined by Gubenberg {7) as follows:
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Thooretical A1 Ay S C ™ log U (or ¢ = log W) (7)

#1

Obaseyved At Aa

# - log (%&.§£~%)db8. w 0.1(H - 7} (8)
where ¢ 18 & constant which for practical purposes was age
sumed by Gutenberg to have one walue in all shoeks for P
waves and anothey for all 5 weves (SV and SH combined).
gutenberg (7) states that, "the valuve of ¢ for the & waves
is so close to thet for I that one end same comatent € waes
agssumed for ell waves, A in general only one decimal is used
in the caleulations, 1t was decided to take

C % 643
and take care of the dlfferonces, especially those for the
vertical components {py~usingrwstation-corrections;" Fopr Posae
dena, & station correction «0,2 war used in this work, Thus

the formula (8) con be written an

Ay ® ¥ = log (%&522~§)°b3* - 0l (B « 7) « 0.2 (8a)

In formulee (8) and (8a), ¥ is the magnitude of the earthe
quake in question as defined originally by Riechter {(18). The
magnitudes are determined (Richter 16, OGutenborg 7 and 8) from
obscrved amplitudes and perlods using & variety of stetiong,ine-
sbruments, wave types (chlefly ¥ , PP , and 8 ) and dise
tansas, Por oupy purpose wo ugo the megnitudes determined in
this fashion to compere A, with Aa s 8 process which Hooney
(15) calls "s viecious cirele®, we shall comment on this poing
when we disouss the results in tho following section,

Ag's are tebulated in tables 1-6 and plotted sgainst Ain
fipgures 1-12, eash for three Aifferent foenl depther 100 ,
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400 , and 700 Lm, For each observation Ay « &, which wo
shell call "vealdual® in .tm following discussion waa dotere
minod, These residuals are plotted ageinst the foeal depth in
figures 1722, and against the epicentral distance in figuves
23-28+ 4 poaibive residusl (Ay - bha> 0 ) mesns that the obe
served displacement /period is larger than the theoretlcal

ones, end conversoly.
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REBULTS

Before nmaking any cttempt to geek an explanation for the
faocts, we like to present theme whieh can be detected from
the results,

In fig. 13, log (&;ﬁ*)m/ (<828-)  1s plottea egainst
the epleentral distenee. The solid curves are the correnponde
ing theoretical ratios. The aversge diserepancy between the
obaerved and the theoreticel ratios of the horigontel compons
ent is sboub +0.8% (plus gign meaning the obsorved ratios
largers vhen the observed ratios sre smaller it »il1l bo ine
dicetod by & minus sign), except for A< 350 where 1t is atill
higher, It 1s inmportant to note here that no definite appree
cisble effoet of the epicontrel dlstance on the diserepancy
con be detected from the mesulbts, For the corresponding ratio of
the vertical component@bserved wvalues sre on the aversge higher
than the theoretical ones, but not a2 much as in the case of
the horigontal component, the evorage dlserepancy being approxe
imately +0e3 or + O.ds Betwoen 40° end 60° epicentral dise
tances the sgreemont iz fairly goods In any ease, whon seeking
an oxplanation for the ebnormsl diserepencies obsorved, the
horizontal component ratios eve the enes thet should abtract
more attentions although any explanstion that cen be proposed
should not chenge the vortieal component raties in the wrong

direction,

# These fipgures are the logarithms of the cuantities involved,
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The date for Sef / 8 (Pig. 18) are not abumdant and
they only cover an apioentral range 25° « 58°. However, the
availeble deta definitely show that the observed horigonbael
ratios are about five or more then five times larger than the
theoretical ones around 20° » 38°, decressing somewhet as
the epleentral distence becomes lerger, The same effect of
the epieentral distance ¢an be obsorved for the vortical eme
ponent ratios, Here, the averasge diserepency is about + 0.4,
indiesting that the obseorved ratios are zboub two or three
timez larger than the theoretiocal onus,

The horigontsl componontsof the observed ratios of
Pes/P (Figs 15) sye in good agrooment with the theoreticel
ration, There are only & limited number of data avallsble,
nevartheless nll of the points of the chsorved values fall
along the caloulated curve, A48 Pes srrive right after Sep
and eclose to 1%, in »wany instaneces 1t iz JifTfieult to identify
them separebely, However, the diffevence in the srrivel times
of these two woves inereasen with the focel depth, Although
the obsorved ratios for the herigontal component of Fel/P
it the theory nicely, the observed wortleal displacement
ratios are on the average five times largoer than the ealeulet«

od ration,
| The obsorved horimntal Sei/s (Pig. 14) ratios (s8/3V is
aszumed 4o be "one®) ere in fairly good aecord with the theow
retieal resulis except lor N< 40° where they are largoer.

The obsorved vertical component ratics of 8¢/ are ten oy
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more times larger than the corresponding theoreticel values
around A = 30°, This difference docreases es /\ increases and
for A & 70° the observed rsasults it the theoretical curve
nicolya.

The foregoing anelysis of data csn bo sumnaried as fole
lowas

The observed ratios of the horizontel displacements of
the waves thet are vreflected as 7 waves at the mantle«core
boundary to those of the incident wave are on the average six
or sevon times lerger than the theoretical ratios, The obe
served ratios of the vertiecal aémpvnan%a of these waves ave
only two or three times largey than the theoreticanl ones,
(This group ineludes PeP/F and SeP/S ), For the waves that
are reflscted ag 2 waves at the mantle-eore boundary the
obaerved horizontal cam§9ﬁan$ ratios are in falrly good agree~
ment with the theoretical ratioas, but the obzorved vertical
component retios of the same waves are considerably larger
then tho theovetlesl ratios, (This group includes Se3/8
and Pes/P)s The vertical component ratios of Se8/8 and
PosS/P show some effect of the epicentral distance, the dise
srepancy between the theoretical and the observed ratios de-

erenges foy large eplicentral distances,
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In the set of figures 1722, the residuala Ay - Ay for
different waves ez indicsted on the figures are plotted
sgainet the depth of focus, DIaeh figure consists of ¢two parts,
the upper part giving the residusls of the horizontal compone
ent, and the lower part glving that of the vertical component,

Looking at these figures one c¢can at once notice that the
foeal depth has no effect on the residuals, In sll casea the
residuals scatter = great deal, but for each tase a atraight
line that 4s parsllel to the gero line can be drawn to roproe
sent the average wvalue of the resliduals,

Analyzing easch flgure individually, we observe theb:

The 112':5 representing the mean residuaels for both horle
gontal and vertical ground displacements of the direct P
wave and for the horizontal component of thé Pel wave are
fairly close to the gero line,s Iun the cacse of both horizontal
and vertical component of the direct 8 wave the 1line re=-
presonting the average residual iz below the sero line, having
an approximete valune - 6,1 , 7The residusls of the horizontal
ground displscement due te 9Se¢8 wave are on the average faire
ly close to the zero line, but that of the verticel componont
of the same wave have an average velue sbout 4+ 0.5+ The avere
age horizontal residusl of PeF 1s approximabtely + 0.8, and
the aversge verticel residuasl of PeP 1s spproximately +0.4,
{putting more weight on long period instrument resdings). The
mean vertical vresidual for PFel is sbout +0,6, The mean horie
gontal and vertical residuals of SeP weve are approximately

+ 04785 and + 0435 respectively,
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To summarize,we gan say that the depth of focus does not
play eny role in the variation of the vesiduale, The resulte
obtained by a method based on the relationship betwesen the
onergy and the magnitude of an earthruske (1,0, , the reside
uals iy » Ag ), are tabulated bLelow:

Average residuel

Horizontal comp, Vertical compe

P = Qe % 0.
Pop + 0.8 4+ 0.4
Fo8 + O + Qo6
8 « Jed e Dal
8es 4 0,1 + 0u8
SeP + 0786 + 02386

If we remowber that the magnitudes used to cslenlated Ay « Ay
velues are originally deltermined from the obsarved ratios of
the displacements of the ddreect ¥ (end also of PP and 8
waves), to the observed period, by solving the equation
Ap = Ay 5 0 for ¥, thm}raﬁulta obtained for the direet ¥
waves (both horlzontal and wortiocal components) should not bé
surprisings The interoating fact is that if we try to caleus
late the magnitude from the waves that are reflected froam the
mantle~tore boandary we g et larger magnitudes,

The resulte obtalned from Ay - A4 residusls sa a funce
tion of the fooal depth, are in good agrecment with those that
were  obbained Ifrom the study of the displacement ratios, which

weres sumnarized on page 69,

(#) These Tigures asre the logarithms of the muentities involved,
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The residuals &, = Ay are also plotted sgainat the eple
cowtral distanpge in Pigures 2528, Here spain sach igure
consiste of two parts, the upper part represents the horigontal
component , and the lower part é@yr@ganta the vertleal compone
ents The charancteristic Peaturss of the residusls as a func-
tion of tle eplicentyal distances are listed belowt

1 Direet ¥ wave:

{8)s Horigontsl components The meen residusl curve
can be pepresented by a styeight line that has a slight posiw
tive slope, The residusl 1s negative forA< 35°, and positive
forA~35%, thue incressing slightly with the incressing epie
centrel dlstanes, FHowever, this wean residual line is very
elose to the zero line at all distencesn,

{b)s Vertical component: these residuals as a whole
have & similer pleture to that of the horisontal component
regiduslis,

B¢ FoP?

(&), Horizontel components For all epleentral distance
e3 & line perallel to the gero line can be drawn to represend

mesn residual whieh 18 sporoximately + 0.8, The pesiduals
for A<B0° are someshat higher than this overall mesns

{b)s Vortical component: The line reprozenting the
mean réﬁiﬁmai e & very slight positive slope, The ovevall
mean residual la aboub + 08 {publiing wmore welght on the reade
ings from the long period selsmogreph seismogram readings).

Be FOB1:

{a)e Horimontsl component: Therse are only & few
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readings for thia weve all of whieh line up around the gero
ine so thet the oversll average residuel iz + 0,

(b}s Vertiesl eomponentt Ths overall mean residual
i3 approximately + 0.7 .

4e SeBe

{2), Forigontal component: The line representing the
eversge residusls has & glight negstive alope., Overall mean
18 very close to zoro,.

(b)), Vertical component: Here again we chgerve & very
very alight negative slaﬁe. The overall moen proridusl is
sboub + 0435 o« The vesiduasls for/A<420® are considorably
largor then this overall mesn,

Be BoPr

{e)s Borisontsl componenst Here too & slight negative
glope 1s presents The ovorall mesn residuel 1o sprroximately
+ 0,75

{(b)e Verticel component: The mean residual line 1s
parallel to the gzerc line and the overall mean is aboub+ 0.3 .

6y 81

RBoth horizontal snd vertical components have an avere
age residual line with a alight positive alope, overall mean
valne is slightly negative for both canes,

The forogoing snalyais of the charscteristie features of
the residuals as & function of the opleentral distence showsg
that the resnults are egain in good agreement with those that
were obtained by coneldering the displacement ratios which

wore sumnarized on page 69,
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The sdventege of the vesidual ( Ay « A, ) method is
that 1t bringe up the individusl features of the displacew
monts for each wave separstely, Furthermore, these results
indicste that, whereas the individual residuels from the
shoprt perind insirament resdings are largor than those which
are road from the long period instrument miamogmm {soo
vertleal components for Ay - A, curves for ¥ and FeP ),
the average curves representing the displacement ratlos
(vertical) for short and long reried instrument date coine
cide, This result is In sccord with the fret that the
rolative dynemic magnification of the electromagnetic ine
gtruments are moye scourately known than thelr absolute

dnanic megnification,
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OBSLRVED APPARENT ARGLES OF INGIDERCE

The large observed horizontal component ratios of Fer/P
end othey anomalous large obumerved results have lesd us to
investigate the obhserved spperent snglee of inecidence for P,
Pelr 4 8 , sand Be8 waves, The apparont angle of incidence

1 is oaleulated by

1 2 tan EQ;ObE;{ or longitudinel waves)

To salculate 1 0y this fommula we used u , and W a8 Obe
talned from the sawe type of horizontal and verticael instru-
mentas TFor this purpose only long period Benioff instruments
supplied suffielent debte, The resulits are shown on [igures

28 and 30 for P and FPeP waves respectively. The obseorved
apparent angles of incldence of PeP hap an sverage value

36° « 40%, The aotusl angle of incidence correaponding %o

this avernge epperent angle of incidence would be approximatee
1y two degrees less than these values, {.e,, sbout 330 . 380
{200 Gutenberg (5))s There is 2 tendeney for the observed i

to decresse slightly as /\ inoreases, The actusl angle of ine
cldence of PoP as caleulsted from the spparent velocity of the
seme by Benndorf's theorem, starts from zero at A % 0%, and ine
oroases slowly ag the epicentral distance incresses and yreaches
a velue little more then 18° at the largost epicentral distance
ess The observed apparent angles of incidence of ¥ wave are

somewhat smeller than the theoreticel ones et smell epleentral
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distances snd larger for large epiloentral dlstances, But,

in genersl they fit the theoretieal angles of ineidence which
are obtained from the caleuleted wvelues of the actusl angle of
ineideneceo, nicely. The equetion, & teble and a curve relate
ing these two angles cen be found in Gutenberg (5).

From the consideration of the spperent angles of incie
dence of the direct P waeve and PpoP wave, it cen be cone
cluded that the anomalous cherastor of the obaerved rel/p
diaplacement ratios eve due to the behavior of the VFel wave
snd not due to the behavioy of the direct ¢ wave, This
faot is further evidenced by the results of Ay = 4, resids
ualses Thus aé are lead to seek the ceuse of the discrepance
ies at the reflection phenomenon: that takes plaece st the Ml&*
cors boundary,

The apparvent angles of incidence of BV type waves van

be obtained from t he formuls
? 2 tan") (§e) observea

The equation end a teble relating 1 to the sctual angle of
ineidence of 38V Gype waves are given in Gutenberg (5)e Use
ing displacement walues that wore cbiained from the vovords of
the long pesriod horigental and verticsl somponent Denioff
olectromagnetie instmmonta, 1's for 5 end 8¢5 were detere
mined and theoy are plotted egeinst the epicentral distance in
flgures 31 and 32 respectively. On the aversge observed ape
parent mngle of incidense for &8e8 1s about 32° st el) epie
central distences which is considerably larger than the
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caloulsted onez 8 shown . in  figure 32 by the solid line,
Qn.the other hand, the obssrved engle of inecldence for the
diroet & weve is somewhat smniler than the expested ones
for small eplcentral distances and larger for large opicens
tral distanees, But in gensral they are fairly c¢lose to the
ealeulated angles of insidence, This yesult is in accord,
ez should be expected, with the result thet wes mentioned
proviously thet the oboerved snd ecsloulated displacement
ratlos Se3/3 are in better agreemsnt for large epicentral
distancen,

it may be notod here that the observed apparent sngle
of ineidence repwezents the mngle of vibvmﬁaon at the records
fng station whavsas the sngle of incidence 1 the engle that
a ray rnakes with the radius wvector of the esrth at the rew
cording stabion upen the arrivel of the ray, soccording to
the present theory these two angles ahould differ from one
snother for the reonge of valuss considored here by only sbout
2% » 3° at the most, masuming, of course, in case of longie
tadinal wave that the vibretion is in the direection of the
propagation, The observationsl rosulis strongly indicste
that {(@.gsy for Pep ) the vibration is mot in the direction
of pwapm@atiaag

To ehock the angles of arrival of Pe¢f waves, an casy
and quick method wasy zugsested by Dr, Benloff., By observing
the differenge of arrivel times of el at two locel gta-
tionz for some shosks, epleentersz of which asre approxlmately

along the line connecting the two recording stetlons, If these
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di frorences are squal or closme to the ones thet would be exe
pected from the trevel time curves, 1t would mesn that the
angles of srrival check the presant theory of propagetion.
For this purpose nine Hexican and Centrel smerican shooks
were ssleoted which were vocorded a2t all three stations,
nemely, Pesadens, Palomar and Tinemsha, The differences of
srrival times (4) that wors obtained from the Bulletins of
the Seismoleglcal Leborstory st Pasadena are llsted below:

out of nine cases { Pagadens » Palomsy)

Fop 2 shooks 8 8 2 gpeconds
;) 4 " 3 o
] 2 L Q 1
o 1 . 7 {7} "

out of eight casee {Tinemahs  Palomar)

Fop 4 shroeka d = 8 seconds
8 & & Q #
" | . 14 (%) ¢

In both ocases exeept only for one shoek, thess 2ifferences are
in slose spreement with the oner glven by the travel tirme
enrver for the corresponding fooasl depth snd the epicentral
distance range (310 « 25%),



79

AZINUTH DETERMINATION PROM ¢ AND Pe?

Using the selsmograns of tho leng period slectromugnete
1o fnstrumente the agimuths of the epleentors were deternmined
from P end Per soparately for 22 ahocke, The results arve
given belew and plotted in figure 33, O is the aifference
between two apimuths determined from I and Pob o

mat of 22 earthquakes

for 13 shoecks Y<10°
no " 10851180
L 159p20°
L T bleo® (5 = 25° )

The azimuthe obteined using the ground dlsplacements in NeS
and  Eew  divections of the » waves gs well se thoss of
Per wave scaster.» However, the curve representing the avere
age values gs 8 function of the epicentral distenge indleste
ne appreciable departure from one snother to be consideved ns
the cauvao of the observed discrepancies regarding the ground
displacement of FoP |



DISCUIEION CF THE RISULPS 4AMD CONCLUSION

In the last ehaptor, we trisd to write doen sll the
facts that could be dotectsd from the dete, without stitempte
ing to sive any explsanetion, ilow we are in g posgition to
discuss them In & 1ittle move detsil and to seok possible
sources thet cen explain {if any such source can be found)
the obgerved resullis,

The faet that the ssme vegults were obtained by another
investigetor minimizes 1f not eliminates the ceuse to be due
$o a systomatlic orror of meesurerwnbz, Ak it wes montioned
earlier the inetrumental constants sre foirly aceurate snd
if the displeooment ratios instesd of individual displaces
menba are considarxed the sccursey 1z higher, Thevefore, the
sources of error must bLe ~sought in the assumptions ine
volved in the derivatlon eof the theoretical lormulae (1) and
(2)e Hartner (14) hes garefully reconaidered osch faetor ine
volved in the formmla (8), meking sltermate possible asaumpe
tions regurding the velocltles of I wave nesr the surfsee
of the osrth, is the mantle just cutside the core, and in the
core noear the mantle-cors boundsry, o hes also tried alterw
nate poasible density ratlios at the mentle~core bBoundary.

Phe effects of these slternate assumptions s enloulsted by
Hartne? cspn be sumariged as follows:
To saleulate the snergy retios of the reflected and the

rofractod waves at the mantleecore boundary, Dans (3) had
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used the Tollowing velocities snd densities: V(»r, mentle) =
1347 kme/808s, V (P, cOre) & 8,0 km,/s0e., /{cope) //(mantle)
L 10‘.1/8.4.' Ieaving V (P, mantle) as 13.7 kme /200, and sge
suming for Vv (P, core) & 7 km,/sec, end ¢ lm,/sec., and for

B / ) =20 5 3ub , 8nd 1,0 , Hurtner calculatod different

curves for V[Erafleated P / Bipetident p TOF SiX possible come
binations of these parvemetors, §He finds thet only when

vV (P, core) ® 9 kms/sec and /;//ﬂ 2 2,0 the energy ratlo
curve iz above the curve given by Dana, end in that caese it
only inereases by 16 per cent, ‘fesuming the longitudinal wave
veloclty near the surfsce of the earth to be 8,0 km,/sec.,
Kartner has erloulsted the theoretical sngles of incidence for
reP o Thig higher velocity glves mn angle of incidenee at the
lergest oploentrel distanes sbout 183° which is only three dee
grees lorger then the one wo have obteined on the sssumption
that the longitudinal volocity near the surface im 6.5 kme/sec.
gnd 8%1ll far smeller than the observed spperent angle of ine

cidenco,

The observed large pround dlierlscements due o Pef and
others rmay aesm to sugrest that the enerpy releoped pt the
focup does not propegate equally in sll divections, This
would mean thet a larpger fraction of energy is provegates
vertically downwerd {(time going Ints PeP wave) mnd decrensing
a3 the sngle of ineidence st the focus inereases, If this wes
the cage, the enorgy geing into » snd rPeF waves at larger

eplicontrel distancee should be nearly the sems end the observed
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values should fit the theovetical curve at the lesrge epleoone
tral dlstences, And also the discrepancios for the horisont-
al and the veyrticel eomponants shonld be the pame, But the
reaults ere fur AifTsvent, the diserepesncios for Pep/? ratio
are almoat the same for all dintances,

Thus, we are unable to explain the lerge obsorved ground
displacements due to the waves that are refleoetod ab the
mant Llo=gore boundsry by any alternate possible sssumptions in
regerd to0 the velocity and the denclity dlistribution in the
neigtborhood of thoe discontimity, an? the velocity mosr the
surface of the earthe The azimuths as eslenlated from  FelP
ahow no apprecisble depsrbure from thosze thet are calenlgzgbed
from © , and tho angle of arprival az ealenlated from the
arrivaletime differences of PeP between two neaerby stations
whieh line up with the spisenter, show ne departure {rom the
pragent theory of propagetion of the seoismie weves, Dub we
have stronge vidence that the g round vibration due to Fel
wave 18- mobt in the dirvection of propegebion et the rocorde
ing esistion wheress the vidbration due te the direet longitude
insl wave iz nearly in the diveestion of propagetion, It seoms
logienl thet we ask ourselves the susstion at this polnte"is it
possible to have a P wave for which the vibration is nct in
thoe dirscetion of propagation ¢ counld it be & corbination of
trangvorse and longitudinal wawve traveling bogother ?"The
theory shows that in an isobropie medium soon after reflection
longitudinal and Lransvorse waves will sepprate as they travel

with Aifferent velocities, 4s esrly az in 1911 Rudski (17)
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has investigated the propegation of e disturbence in an anisote
ropic modium. Ho considered the case of the crustal layers of
the earth snd asssumod the medium to bLe trsnsversely lsolropie
and vertleally anisotropic, Recently Stoneley {(18) published
g pepeyr in wihdeh he considers the same problem in the seme
menners Rudekits original peper wheve refleectlion and refrace
tion under assumed condltlons were elso consldered wee nob
available Lo the write, In a review of Rudskila paper it is
indisated that under these conditiome there will n@iﬁh@r be
a purely longitudinel nor o purely Sransverss wave, Stoneley
expresses the sSeme opinioen in the following words: "under
these assumptions, with body waves the sharp distinetion inte
compressional snd distoveional weves does not hold,” Stonwley
doe8 not go into the problem of veflisction and vefraction, he
merely indicates thet by setting up the relevant boundary con-
ditions the reflection and vefraction can be worked out,

If aeolobropy is sssumed for the crustal layers, then the
waves reoorded snd recogniged as longitudinel Lype woves |

would not be purely comprescionsl snd sinilarly the transverse

type waves would not be porely distopeional, From the observe
ablonal wesulbs we hewe been inolined te think that the behove
ior of the direet P end & wewves sgrec with the present
theowy falrly woell, Bubt Pig. 1V end Pig, 18 show thet &g - 8y
of P smd 2 waves inevease slipghtly es the eploenbrel dise
tance incroases {(1.9,, a8 the sngle of incidence decroanses),

&lso the observed eppervent sngle of incidence of P and 5
weves are¢ smeller than the expeeted ones for small eplesntral
distances {1,0,, for large sngle of incldences) and lerger then
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the expeocted onos for lawge epicontral distences (i.8., fop
small engles of incidences)s Ay =~ 4, of Po3 and of Seb
inereese aes the epieontral dletance decreases {l.e., as the
engle of incldence dosresses)s Thim indlontes that Ay « 4,
shows slirht tendengy to vayy as 8 function of the mmgle of
incldences Ay ~ 4y of PgP and of SeP do not exhibit any
tondeney to deerense sz the angle of ingldence increasos,.
Furthermobe, the cbserwved spperent sngles of incidence of

PeP and Sef  ave much larger then the theoretiocal ones.

If the cbaerved apparvent angles of inclidence of P and Per
are conaidered bogether og & funchian of the actuel angle of
incidence, the surve representing the evevege veluss of these
angles hes s shearp jump frem F to feP, Therefore, although
an anlsotrople erustal strueture mey be the esuso of some frace
tion of the é&mmg:%mﬁi%g it does not meom to be the main one,
Farther theoreticel presesrch is neadod Lo solve the problem.
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SUBMARY

Tho obacrved ground displecoments of the direet P and
AV waves and the woves thet ave reflected ab the mantlew
core discontimilty are compared with the eanlenlated ground
displecoments of the same wavos bused on theoretical considw
erationse The theorebtiael welnes of the pround 4isplacements
can not be cmleulated divestly but the guentity ¥ = *“g%*’ﬁK
hﬁ%ﬁ*) gan be compubed, N was eomputed for esch of the é-‘&x
waves undey consideration s2 & fumw tion of w epicentral dige
tance and for thmee focal depths: 100, 400, and 700 lm, .
These theoretical wvalues do not vary vory smuch with the dopth
of foous,

Largent emplitudes rocorded on the solsmogrem for e¢ach
wave and the porind sssoelated «ith %hia.ampgitméﬁ VOPO OB

uyaa; and aftor converting tle iLrvace semplitude ¢o the ground

motlon, w/T oy w/? were obteined, Only gselemograns
of intormediate and daey fosus onrythgunies were used

for this investigetion, 69 ghoeks ranging in epleentral dige
taneo from 213° to 872° wove vend, 847 of the horizental
reasdings wore obtained from the selsmograms of the long psriod
inabrunents {torsion and elestvomegnetic) mnd 187 wore obe
teined frem the shert period eleechtromapgnotie inetrumont solpe
mograms, TFoy the vertleal gmmpﬁm@ﬁtmg the yoodings from both
type of instrument reedinge ere eousl in mnmber,

The periods of the refleched waves are on the average

lesa than thet of the ineldent waves, except in the caze of
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Pes  where they are largory

The focal depths of the shoeks studied very from 70 km,
to 660 um, There ere only sewen shoeks with fooel depth
groater than 300 km, |

oo methods wore used bo compare the obso W*@f& and the
theoretical valuen, Pipret rmebthod consiste of teking the
ratioa of the obsurved (,“3%3,3 of the reflectod wave Lo thab
of the incident wave end of comparing btheszo ratics with the
ratios of H of the roflecied wave to that of the ineident
weve. Thim involves the sesumption that the factor 1/K/E,
is conatent for all waves originsting from the souyee as the
same Gype of wave, Second sethod consists of comparing the
obacrved "a" values { A ) with tho theoretical "A" velues
( Ay ) for eseh individuel weve, The results obteined by
both methods

sro the sano, The pogulbs obbeined by the fired
method indionte that bhe obeorvnd horigontsl somponent vetios
of rer/y and seP/s aml the obsorved vertieal eomponent
ratios of res/r mmd fedf2 are five or move times lawvgew
then the theorsticelly expested retlios, while the dbhsorved
horizontal conponent ratios of Pos/P Bes/5 eand the ob-
sorved vortical coumponent rabios of Per/P end Seb/3 mre in
fairly good agreenent with and sometines only tw-thres tinos
larger than the theorotiocal pnbios, Furthermore, the resulis
of the second method indiente thet the direct P and 8
wavea obey the thoory beasd on the vola¥d -n debtvoeen magnitude
and energy 20 that the observed lavge velnes of the shove

rebios are due to the behavior of the waves thabt are roflocted
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at tho nantle-coye bourdory.

For P‘, & , PeP and Be8 waves observed appsrent
angles of incidenco were compulcd, Vhile these angles agree
with the theoreticel ones for the direct bLody waves (P and 2),
the obmeyved angles are conaidersbly larger than the theoretw
ically empocted ones for Pel wnd S68 waven, In this cone
noction differsnees in Pe?r emrrivel times st the two records
ing atations wore obaerved, They cheek bthe time diffeorances
indicated by the travel time cupves, Theso vesulies have
load us to conclude that the angle of vibration (epparent
angle of ineldence) 48 not the same av the agle of arrival
{netual sngle of incldence) which meeng that for Fer wave
the vibration 1s not in the Aireoction of propagations Accorde
ing to Rudzkzi and Staeley in an anisotropie medium the dis
tinetion of the bhody waves inte a purely longltudinel and &
purely transverse woves does not hold,

An aeolotrople crustal structure may account for some frace
tion of the difference between observed and theoretical ro=
sults but it does not seem %o be the main ceuss, Furtheyr
theoretical yesearch mupt be underteken to solve the problems
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Teble 1. « Values of £ 2 6,3 « log U {(or 6.5 - log W) es &

funetion of A (in Degrees), for P

h ® 100 km h 3 400 ¥m h 2 700 km
A Horlz Vert Hordz Vert Hordz Vert
20 48 646 BaB 5,7
25 8ol 6,0 842 640 8e2 640
30 BeB  6e2 8e5 643 6ed 6,2
36 6.8  God 646 Bud Ba5 6ol
40 846  6Bu4 Bod 643 843 640
45 8.8 644 845 643 846 643
50 848 646 6.7  6ud 848 646
56 70 647 648  Gu4 6e6 But
60 648 646 647 64t 646 643
65 848 645 8,8 645 6s7  God
70 648 6,56 = 6.8 6,5 6.7 God
"8 7.0 6.6 740 646 7.0 64
80 Tel 6.8 Tl 647 6a0  6aB
86 TeZ 6.8 7e2  GuB 740 6,8
90 Te2 647 Tel 6,7 Te2 647
98 T8 740 TeZ 647 7.3 6.8

100 Ted 740 Tol 740 Toh 649
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Toable 2, « Values of A = 6,3 « log U (or 643 -~ log %) as a

funetion of A {in Degrees), for PelP

h & 100 I h & 400 ¥ h % 700 im

A Eoriz Vert A rorig Vert A Horiz Vort
Bsl 940 7,7 8,0 8,9 7.6 7.9 8.9 7.6
1647 8.5 745 1644 8,4 V.4 16,0 8.3 7.8
 B5e3 B4l 7.5 84,8 8,0 7,2 R4,1 749 el
34¢d  Ta0 T2 3348 T8 Tul 32,8 TS 70
44,8 T8 7,2 44,0 TJ7 Tl 42,8 7.8 740
56ed  TeB 7.2 BB48B Ta7 el 5448 Teb TWO
Tae2 B0 7.4 TOB  Te9 743 6848 TeB Tl
D1e3  Bud 7.8 0eB  Bu3 1.8 8848 8.2 T
078 0.5 940 D648 D¢ 940 9643 DuB 8.9
102.8  T4®  Ted 101,878 7,53 1003 T8 743
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Teble 3. « Values of 4 Z 6,5 « log U (o 6,2 - log V) as a

funetion of A\ {in Degrees), for PeS

h & 100 km

, A Hordz Very

6el
1246
1940
286
3240
40,2
43,6
575
61,2
68

T+4
7ol
740
640
70
Tsl
Te8
703
Ted

o2

D0
Bed
841
7.9
748
749
860
840
B8

o

h ® 400 km
A Horig Vert
B8  TB ’8*9
12,8 7,0 8,8
1845 8,8 84,0
2840 8,8 7.8

32,1 68,8 7.8

308 T40 W8

7,7 70 7.8

B58e8 a2 84D

G048 748 8.1
oo

64

P-v

82,5

h % 700 Wm
L rortz Yert
6ol 742 8,8
12,0 649 749
17.8 6,8 7.9
24,1 648 7.7
3040 648 747
3840 Ge8@ 77
46,8 T .8
B5e5 T4l 749
88s7 TR 842

= o
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Table 4. « Valuos of 2 #® 6,8 = log U (or 6,5 ~ log W) as a
funetion of /) (in Degrees), for 8V

h ® 100 km h & 400 lan h 2700 ¥k

AN Boriz Yert Horiz Vert Hordg Vert
00 BeB 5,7
28 Bu8 6,1 BeB 640 54D 841
30 642  Bod Bel 645 BeZ B4
38 Bad 646 BaB 645 Be3 545
40 Bed 646 643 646 642 645
45 BaB 648 Gad  BeB Bab 646
50 6,8 740 645 6.8 Bet BT
55 BB 648 B45 648 BeB 646
80 Bab 6,8 Bod G, 643 6.6
85 66 649 BeE B4 65 6.8
67 T 6,8 7al 8.7 74l
75 760 Ml 8.8 741 GoB 84D
80 Be0 7.7 647 40 6s5 649
85 Be6  Toi 646 649 B+H 6,8
90 Be6 7ol 645 740 8.5 740
85 GoB 745 Bal 742 Ge8  Ta?

1m '?,fff% ?"é VQG ?'5 6{9 70%



93

Teble B, « Values of 4 ® 8,7 « log U (or 6,3 « log ¥) as a
funetion of /\ (in regreca), for SoS

h # 100 h ® 400 km h = 700 lam
A Hordy YVert A Hordz Vart A poriz Yert

348 848 7.8 8B40 B84BT 727 6ed 147
1762 BT 7,6 18,8 6,6 7.8 1843 6485 746
RBel BB 7,6 25,8 08,7 7B R4,8 8,6 V4
28,0 848 7.6 BB¢B  8e7  Teb 85,6 el Tt
7,80 6.6 7.4 @Te3  Geb  TaB BBe5 844 7,2
30,5 T«0 M7 20,8 6,8 7.7 29,0 64,8 7.8
5565 741 7.8 B4.8 70 M7 B548  BaD V4B
48,1 TWl  Y,7 48¢8 70 T8 4448 40 746
581 740 746 87,1 7 7.5 BSeB 6D Ted
T84  TW0  Teb Tied 648 Teb 6940 GoB Tod
D0B  To2 V7 8947 748 76 BBel 7o b

10048 748 7.8 99,7 T43 T8 OB4s0 Tel 748
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Teble 8y = Values of 4 2 5,5 » log T {or 6,8 » log V) a2 a

funstion of 2 {in Degrees), for  Sof

h # 100 km h ® £00 um h & 700 Y
A Eowiz Vort A Horiz Vext A Horiz Yeort

0 oo

o 0 oo oo 0 0 so
12,7 844 744 12,8 843 1.3 12,8 848 a2
28,9 T8 T8 88,4 .8 1,1 7.8 7T 7,0
48,7 7.9 .4 48,2 7,8 7.2 704 TaB 4B
BAyd  Bu0 .5 6848 8,0 7,5 53.0 T8 Ted

68e 4 e e 6447 b = 63,8 haa —
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2eble 7, « Haglonsl List of shocks Used in this. Revort

Rogion 1 {Aleutimn Islends, Alaska), Inbeorms Shooks

tie Date Time (GC?) pepth _ Leestion A M
80 1940, July 14 OB5:B2183 80 B WAITYE R 48% T
120 1941, aAug. 4 10153:0v Y0 BEX R Ive B 47k 6%
160 1937, septe 3 18:1506:¢87 8O B2E WAL v 4B} 7.8
360 1944, July @7 00104123 70 54 N 165% v 38F 7.1
430 1942, sept. O 01:25:26 80 B3 WiB4k w BME 7.0
B3O 1941, aug, © 06:15:06 180 68 w163 v 36 6%
780 1944, auge 14 11:07120 100 B9 Wiss W 3B 6

Region B {Wexico), intermediate Shueis

75 1948, June 20 10:02:07 100 319 K101 w 21} 62
160  1945,4april 21 17:14:98 W0 19 N ic0k W 22 6k
200 1028, June 28 10:17:42 110 18 ¥ 100 ¥ 20%F 63
280 1937, Oet, € 00:47418 00 183 N 99 W 23 8.9
475 1937, Tuly 28 O0B5:47:11 100 18,40 0B.8Y 2B) 7.3
600 1041, June 27 17111:44 es0  17: ¥ 98k v 28 6}
675 1044, rug. 24 23237154 1000 18 N 933 v 28 6
800 1043, Sept,23 15:00:44 110 16

B oly w 31 6%
825 1942, Apprs 11 01:25:12 140 14F ¥ 913 w 31 6%
850 1040, July 27 13:82¢30 B0 14t W 91 w 31 6%
875 1043, auge 31 16:10:40 80 142 ¥ 9ldw 3L 6%
935 1945, Oeb, 27 11:84:41 200 15 N 91t v 31 &}

1948, July 18 07:19.7 00 143 8 92 ¥ 31 &



o8

Region 6 (Central smorice), Internmediate Shocks

Ho, Dete  Time (CCT) Depth _Loestion L\ B
BO 1944, tot, 2 17:22:00 180 14} N BBY ¥ 325 6,54
330 1944, April 7 13:29:58 200 12 K 8B w 363 6
1947, Jen, 26 10:06:48 170 183 W 863 W 36 7.2
Region 7 (Caribbean), Intermediate Shocks
600 1540, July 6 03:40:18 160 13 W eli w 65 6.5
Region 8§ (South smeriea), Inbermediaste Shoeks
18 1@53; Pebs, B 02:23:34 100 42 R 76k v 48% 7,0
30 1945, July © 16:42:08 160 oL N 763 v 494 6.5
1943, Jen, 30 056:33:03 100 2 5805 W BO 6,9
80 1940, Oct, 23 02:25:18 140 2 878 ¥ BB 6,0
110 1942, Nov, 6 1331110 180 6 s 77 v 58} efx
1886 1945, sug, 81 18:29:27 120 103 875 v 60 6%
195 1941, Sept.l8 185:14:09 1000 132 5 724 W 64 7.0
210 1944, Pab, 20 03:41:52 200 145 S T0L W 86 V.0
220 1943, Feb. 16 07:28:33 90 18 872 w 668 7.0
235 1940, Decs 22 18150146 230 18} S 68L W 68 7.1
415 1540, Octse & 04:56:08 110 81 270 w 71 63
ATH 1941, spril & 14:55:186 260 22% 85 66 w 7B 6}
476 1941, spril 3 15321439 260 823 S 66 W TB V.2
545 1040, Sept.l8 185:00108 110 28 2 68 W T4 6.5
887 1944, July 23 16:13:130 BEO 24 8 663 v 76 6.0
610 1942, July 8 06:55:45 140 24 870 W 74 7,0
756 1942, June 20 06:26140 100 32 S 7L ¥ T8F 6.9
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Reglion B8 (gouth amerieca), Inbtermediate Shoeks

ROw Date

Region 8

240 1935,
200 1944,
480 1940,

e, 14

June &

Sept 83

O BBe 44
01s31113
02: 38104
O7¢15:10

Time (GCT)] Depth
11:17422 100

800
680
800
550

{contined)

38} 8 Vo§ W

gouth Amerien), Deep Shoeke

o) 8 705 W

9} 8 70}
10 8 71

23

o

8 64 W

76%

Region 12 (Kermadee and Tongs lslands), Intermediate Shocks
215 1841, Wov,

276 1943,

1948,
695 1944,
875 1944,
880 1944,

Hayeoh
T8
Auge
ot

July

26

21:48323
17:38:14
1315513
18:28:02
00148115
13: 24189

80
100

28
28
22
18
16
143

8
&
8

3

1775
176%%
178 W
17 8Lw
e w
PI5Ly

83%
795
7%
K
K
73

To
Ge8
TG
&
%

o



Ho.
270
300
320

690

200
800

113
380
880

190
340
420
520
550
640

100

Region 12 (Kermedee end Tonga Ielends), Deep Shocks

‘ Date Time(GCT) Depth _Loesbtion A _E
1944, april 28 10:87:4B 870 22 8 177w 9L 6%
1944, May 25 01:06:37 640 215 8 1TOLY B80% .2
1940, Oct, 30 11:48:28 610 212 85 179 ¥ 80} 63
1045, Yov, 26 OB:13t10 600 21 8 180 80% 7.0
1947, July 7 02:53:52 430 21 S5 1718 W 79 6%
1841, Hay 8 10:21148 B8O 17 S 178 W U7 6.9
Region 13 (Fiji), Deep SBhocks
1941, Jan, 25 28:35:13 370 16 8 1764w 75 6.5
1943, darchld 22:50:156 300 142 8 177 % 74 6%
Region 14 (New Hebridea), Intermediste Shooks
1844, Oct, 5 17:28:27 120 221 8 172 B 87% 7%
1944, Novs 24 04:40:03 170 19 8 168 B 87% 73
1942, web, 16 18:08:18 110 1138 186 B BBF 6.9
Region 19 (Japan to Xamchatka), Intermediate Shocks
1944, ang, 18 10:33:17 18O 383 W 140 E 78 6.9
1944, Oets 2 20:29:151 75 422 W 1424 74 7.0
1945, oct, © 14:38:33 80 43k W 1473E 71 7.0
1943, Hov, © 111463322 90 44 ¥ 1473R 703 6%
1542, Mardh B 15148116 260 443 N 14848 73 6.9
1942, Hov, 26 14:27:28 110 455 ¥ 1B0O E 68 7.4
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Teble 8, = Observed log (-ﬁ@ﬁ,)

Shock No, Inste, _ P Pep Pes 8 Sed SeP
1- 80 LBV 088 0,080 0,13  0.85 0,30 0,41
LBH 0,50 0417 1,00 046 0,14

LTH Oe34  0.24 0s83 0,38 0,10

1-120 8y 2488 9,42 9,37 9,62 9,04 9,04
IBH 808 9,47 09,08
sBvV G847 04822 9,38
SBH 027 9,89

1-160 LTH 032 DuB0 9480 0,68 0408 0,10
1360 BV Oe27 0,08 8,32 De 56
IBH 0410 9489
LTH 0ell 94083 9,74 0,17 0402 9,92
sBY 011 0,08  G,18 8,70 D72
8BH 0480 0422
1420 1BH De83  HedD
LTH P98
3BV 0«87 0418
8BH 0081 0,11
1-500 1BV Ds83 9448
1BR Pe81 9.48 Dedt
LTH 0e08 5,68 0,84 .80

8BV 0e92 D431 D53 Q.44 D28 9,76
1-780 IBv P30 9,08 $,10 8,10 9,04

BV 9460 8,80

SBH Ol



Shook Nﬁg

Be 75

Bl 80

Sw200
Hw2560

5ed75

5600

5mET7H

S=800

5w825

8~850

Instr, P Per  _PeS s
IBY 0,88 9,53
SBY 04,35 9,79
LBV 9.56 9,40
IBH 9,50 9,38
ITH 0,17 9,54 9,92
TR 0,54 0,00 0,30
LBH 0,86 9,92 0436
LTH 0,85 0435 0,57
SBY 1,16 0478
IBV 0,26 9,00 9438
LPH 9465 9,29 9440
8BV 00 0,88
1BH 9454
LTH .83
SBY 980 0,46
1BV 9,88 9,689 9456
IBH 0417
LTH 0400
SBYV 0,64 0,35 0,45
SBH 0.15 9,81
1BY 8485 9,61 0,40 9,45
IBE 9,480
SBY 0448 0,80
LBH 9484 9481 0,44
SBY 0420 9,90

D7D
0402

D485

0460
0403

P87
9487

e 32

2,92

0.086

D B4

e 40

Padb

D76

278
9270

2468
Do &7

P69



Shoek Mo, Inebe, by ber res 3 Gol ScP

5875 IRV D11l 0448 9,83 Q.88 ©.,60 8,88
IBR DeBB BBl Pa86 0,88 0,87 .54
LTH 0,08 9.67 D448 9,70 9474 9,80
aBv OeB4 0,80 5,80

54935 LBV 0416 9,86 D78 0478 9,81
IBH Qe84 928 0,07 0,11 9.67
LTH 0.27 D88 0,25 0,86 9,83
S8v 087 0,17 0,71 0.18
“BR Deld 9,07 D80 003 0618

1948, Muly B1ay G881 9,51  9.34

071187 '

- IBE D70 B8R P38

UTH BeTO DaTO 0,686
BV D28 9443 6,5

GwED By .07 SedB  Dell  BWB8 8,0 G« R0
IRR Daetid 200
LTH 988 D468 0,53
sBY D24 9442

1947 ,Jan.2 6LBY 0uB4  0u83

10406148
18" Ox11 9,88 8,76 0,68 0,71 04856
178 QeBT  B488 0,10  Ce8 084 Q0%
a8y 0«80 0,86 0,04 324
SBN 016 9482 9,71 0,11 @eFO



Shock Hoe, Instyr, _ F oep o Fed B Se8 Sep
G330 LBV BeB4 9,00

8BV BeEC 0,28

TG00 LBv 0610 8,71 9,88 9,87 0,37 9,41
IBH Q.87  9.28 8464 .48
ILTH 9487 9,828 0,38
8« 18 IBE Delld G8B 0,87 0,17 0,81 9,89
78 Deb8 028 9,90 017 0,88 8,97
B« IO By P78 0448
BBY Jell  BeT8

05333:03 1oy 0,95 9,58 0,40 0,07 9.73 0440

LTH Pe36 0,56 980 9.40
8V Ou7& 0486 9,98

8e 50 Lan 0487 9400
5BY 0400  9.81

8110 By 9488 Sa42 2,23 Q.46 09.00 9,32
LBR DeBl  Ded8 D71 D442
F g - B8 8.80 D48  G.28

- B«188 Bv 8«78 9,76

iBH 14 I £ 4 B2
ILTH B0 9,87
SRy 08 D420

I3 0 TO ‘ D B0 8481
LTH D7 008 0,03

ARy 0454 0416 0.6



105
Shoek o, Instr, 4 ey Pl 8 Ses
8-210 LBV 0877 038 0«00 8,87
IBH 0,36 9,93 0,45 0,25
LTH D32  0ul3 P.98 0468
SBY 0487 0,13
BwB20 LBV D30 8,72 Dedl  DedB
IBR D88 0.88 D03 D80
LTH DedD 0,78
SBY 1,11 0,46
Gu2E5 IBY  0.28 9,54
LBH 0,06 9,72
8~415 SBY  0.83 0,00
Bwd75 By 0,51 0,18
IBH 5 PG S P A 0481 0,08
B=476 1BV 870 9,08
EBY G806 8,08
SBR Be3T D83
8545 1BV D37 0,80
3BH 2480 9466
8w610 IBY  0.12 0419 0s02 9467
1BHE 0e32 0.88
sBv 0,88 0456
BeT655 1BV 0,01 9446 De48 2,38
IBH DaTB  Dedb 0490 0,59
LTH 0467
SBY  0e81 0,00

SeP



106

Shock No. Inatr,e P pop Pes 8 ses
8765 By 0,08 9,606 8,78 D67
IBH DeB3 D448 UsP4 0,69
Bw201 aBY 0400 9,58
Be240 ITH Gedl 0,27 0.40 9,70
SBY 088 (.24 Qs 80
8300 SRY Oud34  Ba8 Be3
Bw480 LBH 0ed2 0,68
12275 1BV OeB38 D83 B.81 9,75
IBH BB 9,66 G898 2,98
12375 LBY 988 2,49 D68 9,48
LBH TeB1 9,49 8,82 9,72
LTH 9483 0,40 Gedb 0,38
1948,Jan,82 LBV P94 9,81 Dedd 0,38
13:58543
IBR Q82 9,60 0,00 0,02
LTH 0,13 9,98
8By 030 0,03
12-825 9By G443 8,78
12878 By D04 D446
SBY 0,08 9,70
12«880 By GeBL 9,88
anv G786 0.40

SeP
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Shoek o, Instr, P Pel Ped 8 568 ScP
12270 sSBY G068 9,83
12«300 LBV S.72 9,60 9466
8BV 0.76 0,83
SBH OeBE 0480 .68
12320 LBY P46 9,00
IBH Gedd 0400
BV 9.91 0.46
12«380 av 0,11 9,89
ILBE 0,68 9,44
LTH 0,05 9,88
8BV 0,46 0,41
122430 LBY 0.01 9,83 D67 0.54
i8H Ba72 94653
8BY 0eB8 0,13
12+580 LBY 017 9,71 G467 9,28
IBH .80 0.74
Lra 0.02 0,89
13200 8BV 9,04 9.66
13+800 LBY 0,092 9,41 0+01 9.84
LBR 0ed8  0.00
LTH De17 0464
8BV 082 0,04
14113 1By Be46 9,51 Dedd
IBH  Bel2 Da.45 0e182
1LTR 5270 0474 0e17
2BV Del8 0,65
SBH 280 9,72



fed
£
93

Shocit Wos Inatr,. P rep Pad $ ses = BeP

14380 IBY 083 9,21 Cadd 9,97
LBR 0488 9472 .Qgﬁﬁ 8,48
LTH 0.00 9,83 9,97 9,62
8BV 0,68 9,96 BBl 9,00
3BE 0e18 9,97

14680 IBY 8498 0,097
By Tedd 0,63 281
Lru G.70 9,69 P81
8BY 0eBl 043D

19-100 1Bv 0,31  0.86 9;6& D452
LBE 077 74 P78
LTH 0:08 9,97 DB D45
8BV 087 0,09
SBH 0,18 9,96 0407

19=340 3y Bedl 9,04 P.45 0,08
LBH P69 982
1TH D08 9,68
SBY PeBd 0,34

18-420 iBv B2 0,40
LBH 0.89
aBv 0s26 8,80



09

Shock Nos Instr, P POpP Pes B Ses st
15520 v D496 9446 .38
BH G488 9,40 0,50
BRV 0,68 0,11
SBH 0418 9,88
10-550 By 0s01 9471 D08  0.88
1BH P80 9,63 0sdd4 0,00
LTH 088 0401
SBY QBT 0,38
10«840 iBv 0,39 9490
IBRE D87 9,79 De07 0488
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