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ABSTR ACT 

Part I: The dynamic re s ponse of an e lastic half space to 

a n explosion in a buri ed sphe ri cal cavity is i nve st i gated 

by two methods. The fi rst is i mplici t, and the final 

expressions for the displacements at the fr ee surface are 

given as a ser i es of spher i ca l wave f unct i ons whose 

coeffi c i ents are sol utions of an i nfinite set of l i nea r 

equations . The second method is based on Schwarz's tech nique 

to solve boun dary value pro b l ems, and leads to an iterative 

so l ut ion, s t ar tin g wi th t he known expression for the poin t 

source i n a ha lf space as f irst te rm . The i te rat i ve series 

is t ran s f ormed into a syst em of two integral equations, and 

into an equivalent set of linear equations. In this wa y, a 

dua l in ter pretat ion of the phys i cal phenomena i s ac hieved . 

The syst ems ar e tr eat ed numer ica lly and th e Ra yl eigh wave 

part of the disp la cements i s given in the frequ e nc y domain . 

Seve ra l comparis ons wi t h simpl er ca ses are analyzed to 

s how th e e ff ec t of th e cavi t y radiu s -d ep th ratio on the 

spect r a of t he disp laceme nts. 

PART I I: A h ig h speed, l arge capac it y, hypocen ter location 

program has been writ te n for an IBM 7094 comput er. Impo r tant 

mod ification s to t he s t anda r d method of l eas t squares have 

been incorporated in it. Among th em are a new way to 

obtain t he dept h of shocks from the norma l equatio ns, and 

the compu tatio n of va riable t ravel time s f or the l oca l 
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shocks in order to account automatically for crustal 

variations. The multiregional travel times} largely based 

upon the investigations of the United States Geological 

Survey, are confronted with actual traverses to test their 

validity. 

It is shown that several crustal phases provide control 

enough to obtain good solutions in depth for nuclear 

explosions, though not all the recording stations are in the 

region where crustal corrections are considered. The use 

of the European travel times, to locate the French nuclear 

explosion of May 1962 in the Sahara, proved to be more 

adequate than previous wor k. 

A simpler program, with manual crustal co r rections, i s 

used to process the Kern County se rie s of aftershocks, and 

a clearer picture of tectonic mechanism of the Wh it e Wol f 

fault i s obtained. 

Shocks in the California reg io n are processed 

automatically and statistical frequency-depth and energy 

depth curves are discussed in relation to the t ec tonics 

of the area. 
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P A R T 

THE RADIATION OF ELASTIC WAVES FROM 

A SPHERICAL CAVITY IN A HALF SP ACE 
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INTROD UCT ION 

Problems of se i sm i c wave propagatio n from a point -

source in a ha l f - space or from a pr essu ri zed cavity in an 

i nf i nit e e l astic med ium were st udied long ago and their 

so lu t i ons a r e wel l know n, ( Ewin g et a l., 1957) . Howeve r, 

it is extremely more comp l ex to ach i eve resu l ts in the 

fi e l d of wave pro paga tion i n media wi th mixed boundaries . 

A problem of this kind has recently ari sen in connection .. 
wi t h the use of l a r ge cav iti es to r educe se i smic s i gnals 

f r om u n de r gr o u n d nu c 1 ea r ex p 1 o s i on s , (Lat t e r et a 1 . , 1 96 1 ) . 

One is faced here wit h the pr ob l em of obta in ing the 

trans i ent displacemen t s over the f ree surface, caused by 

an ex plos i on in a pre- ex i st in g cavity . An exp l osion i n 

a sma l ler cavity can a l so be repr ese nted by the same 

theory, ass umi ng t he size of t he sou r ce to be g i ven by 

the bounda r y of t he non-elastic zo ne . Al though cylindrica l 

symmetry ex i sts i n the mathematica l model , conventional 

methods cannot be app li ed becaus e the He l mholt z wave 

equ at i on does not sepa r ate i n the bi spher i cal coord i nate 

system, wh i ch is natu r a l to the boundari es. Some progress 

has r ecent l y bee n made wi th regard to non- separable 

coordinate systems (Weston , 1957), but we cou l d not find 

ways to apply these tech niques to our case . 

To bypass the i nherent d i ff i cu l ty of the prob l em we 

use two systems wi th a common or i g i n: The cyl i ndrica l and 
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t he sph eri ca l sys tems fit the plan e su r face and th e walls 

of the cavity r es pective l y. Moreover, the vec to r wave 

e qu at ion separates in both of them . It i s on l y necessary 

to t ransform the wave-func t i ons from one coordinate 

sys tem to the other s o as to be abl e to s pe ci f y t he 

comp let e f i eld on bo th bounda r i es . Along t hese 1 i nes we 

descr i be two d i ffe r en t methods : 

The fir s t one, in tr odu ced by Grinb er g ( 1948) , was 

used by D'Yakonov ( 1959) t o t reat th e equiva len t elect ro

magneti c problem in which he st udi ed t he diffracti on of 

electromagnetic waves by a spher i ca l in c lusi on within a 

co nduc t in g sphere . He r e the field i s comp l ete l y specif i ed 

at once. Th e ha lf-space is ob t a in ed as that case in 

wh i ch the radius of the co ndu cti ng sphe r e is in creased to 

infinity . Our ana l ys is becomes sim pl er du e to the direct 

transformation of spherica l waves to cy li ndrica l waves ; 

t h us t h e 1 i m i t i n g process i s av o i de d . Never t h e 1 es s , 

numeri ca l compu t ati ons were not possible. 

Th e second approach i s based on a technique i ntroduced 

by Schwar z (Kantorovich and Kr ylov, 1958) to solve 

boundary valu e pr oblems fo r regions that a r e the un i on or 

t he int er sect ion of s i mp l er ones . I t cons ists i n the 

modi f i cat i on of an initial tr i a l so lution in or der to 

sat i sfy a l ternat iv e l y the diffe r ent bo und ary cond i t i ons, 

a nd i s a general i zatio n of the known it erative pr oced ures 

to so l ve in teg r a l e quation s . This met hod has been used 
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with success by Kane ( 1962) a nd by Kane and Spence (1963), 

to so l ve some e l astodynam l c problems with mi xed boundaries. 

We wi 11 show how to app l y this genera l cr i ter i o n ~ ob t ain 

a solution to the pr oblem of radiat i on of waves f r om a 

spheri ca l cav i ty i n an e l ast i c ha l f - space . 

Wi th this method the computations a r e pos si ble 

because a fast conve r gence is expected i n t he case I n which 

t he i nt r oduction of an additio na l bo undary (t he sphere) 

pe r t ur bs the wave funct i ons only s l ightly. Kan e and 

Spence ( 1963, in pr ess ) ob ta ined a go od f i t to ex peri men ta l 

data after on l y one a ppr oximat i on . I n ou r prob l em, i f 

the spherica l cav i ty i s smal l i n comparison with the 

wave length, it wou l d be enough to co nside r only the f i r st 

order te r ms . Otherw i se, t he complexity of the expressions 

involved mak es it i mpossible to handl e the exact so l ut i on 

numer ica l ly . 

Cavities t hat are not s phe r es can be studied i n th e 

same way . 

THE F IELD POTENTIALS 

Cons i der a n homog e neous, i sotrop i c e l as t ic half - space 

wi th a s ph erica l cavity of r ad ius 11 a", at dep th 11 h" below 

the free s urface (F i gure 1- 1) . I t is conven i ent to ass ume 

Po i sson ' s hypothesis I o =- 4 We choose t he center of 

the cav i ty as the ori gi n of a spher i ca l and a cy lindri ca l 

co or dina te system . The l - ax i s po in ts downwards . 
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A point P, inside the half space has coordinates (Y, <f , Z.) 

in the cylindrical system and CR,<t',e) in the sp her ical 

system. These frames of referenc e are tied by the 

re 1 at i on s r = R sine , :z =- R co5 e The med iu m is excited 

by the application of a spherically symmetric pressure 

impul se upon the surface of the cavity: pct)= Pa H<t) , 

where H(t) i s the step funct i on . A more general time 

function can be considered . Because of the source symmetry 

the field wi ll be independent of th e ang l e cp • The 

expressions we w i 11 consider are i n the 

frequency domain. The t im e domain quantities can be 

obtained from them by a Fourier synthesis . From now on, 

the factor eiwt wi 11 be suppressed . 

It is well known that the disp l acement vector II 1s 

completely determined by a scalar potent i al P , and a 

vector potential B 

-- 'V <i> 
~ 

u -Vx7xf5 (I -1 ) 

Th e choice of the vector - usual ly depends on the B 
I\ 

(~ geometry of the problem. Here we must take B=nk 
i s a unit vector in the positive~ - dir ectio n) to secure 

the separability of the boundary conditions over bot h 

th e ha l f - s pace and the sp herica l cavity . The functions 

p and /\ satisfy the scalar Helmholtz equations 

' , for compr es -

sional and shear waves respectively. The quantities 
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and are the corresponding 

wave numbe r s. 

Now we can proceed to give a representation of t he 

field in spher ical coordinates. We make use of the 

spherical eigenfunctions: 

( I -2 ) 

(I - 3) 

(1) 

Here, n n (k.-< R) P,, ( e-os e) , the product of the 

spheri ca l Hanke l function of the first kind by the 

Legendre polynomial, represents an outgoing elementary 

wave of order n On t he other hand, the term wit h 

the spher i ca l Hankel function of the seco nd kind repres ents 

an elementary Incoming wave of order n Together t hey 

form a complete system of e i genfunctions for the wave 

eq uation wi th the boundary condit i ons of th e theory of 

e l ast i c i ty, and a source function that can be express ed 

as a unif ormly conv ergent ser i es of Legendre po l ynom i als 

ove r the s ur face of t he sphere. The coeff i cients A,,, 

and Dn measure th e strengt h of t he d i ff er e nt 

elementary waves. 

We wi 11 now show 
~ 

that the vector 'iJxB ca n 

be separated i n both system of coo rdin ates . In t he 
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~ (J,6. I\ 

cy l i·ndri cal system we obtain VxB =-- ?r f'.>"' , a nd the 

separabili ty i s obv io us, because if A i s 

the product of a function of~ and a function of r , 

'di\ is also In spheri ca l coo rdi na tes we wr i te 
CJr 

the operator -1-
?r 

in the form .sinf7 2- + w.se .1_ and make 
'JR R <Je ' 

use of some r es ult s in the theory of s ph erica l Bessel 

functions and the Lege ndr e po lyn om ial s to ob ta in 

( Ap pen d i x 1-1 ) : 
-OL\ ~ [ r fr} r:) J'dP,,(co.sB) 

- V- = ~ In An (Kp R) f !Jn /in {K,s R) '?(} 
(I - 4) 

wi th r (Cn .. 1 + Cn-1 ) . .l) _ -k. (-1>.,,+1 _ ~) 
1 't'J = -~ 2nf3 2n-I ' n- /3 2n+3 2n- J 

Thus 0,/>; can be ex pr essed as a sum of pr oducts of 

functions of Ra nd 8 , and therefore i t is separab l e . 

The separab il ity co nd it ion implies a mode conversion 

at th e surface of the cav ity, whe r e each mode is t i ed up 

wi th its two adjacent modes , as stated by equation ( 1-4). 

Thi s ph e nom e n~ of mo de conve r s ion will be pr esen t at 

each stage of th i s theo r y . It i s due to t he fact th at 

the geometry of one wave r e pr esentatio n do es n ' t fit a l l 

of t he bo undaries . The wav e e quat i ons have a sepa r a t ion 

va riab le n in spheric a l coord i nates~ and a separation 

var iable k in cyl in drical coordinates; t hey provide a 

dual r ep r esentat i on of the events , and the no rma l mo des 

of v i bra t i on of the sys t em . They a re going to be spl i t 

when an e leme nta ry wave in c i des upon a boundary t hat is 

not na t ura l to its geomet r y . 
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The r e l at i ons for the coeffic i ents in equation (1 - 4 ) , 

can be treated as difference equations, and so l ved for Cn 

under the assumptio n C.,.,- o a. s n -OQ It resul ts : 

oO 

C _ 2n +- 1 >1 (-tf r 
n - - I( L, I 1l + :ir +-t 

/'3 f'=O 

wh i ch will be usefu l further on in the deri vation of t he 

integral equations (1 - 73) , (1 -74) . 

TRANSFORMATION TO CYLINDRICAL COORDINATES 

Up to now we have constructed the field potential ~ 

and A in terms of spher ical wave f unctions . Keep i ng i n 

mind th e invariance of the physical f i e ld under a trans -

formation of the coordinate system , we shall next search 

for a suitab l e way to express our field potentials in 

cylindrica l coordinates so as to be ab l e to satisfy the 

boundary cond itions on the free sur f ace. To this purpose 

we need the operat iona l repr esen ta tion of t he spher i ca l 

wave fu nct i ons as g i ven by Van der Po l (1936) and Erdelyi 

( 1937) • 

( 1-5) 

The argument of the Legend r e Po l ynomia l on the ri ght side 

of equation ( 1- 5) is th e operational derivative wi t h 

res pee t to the argument i K"'Z. 

The beauty of the re l a ti onship (1-5 ) lies in the 

fact that the spheri cal wave funct ion of order zero 

-1i:J(kO(R) can be expressed by t he Sommerfe ld i ntegral 
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representation in terms of cylindrica l wave functions : 

""' 
p C• J I f -v I l! I T k d k. 

11 0 (K"' R.) =-.-k- e J 0 (Kr) - - ( 1-6) 
' ~ 0 y 

The applicat i on of formula ( 1-5) to the re lation 

( I - 6 ) i mp l i es the use of t he operator Ri ( ~ 7 K.,L) under 

the in tegra l sign . The operator acts upon the exponentia l 

i).) ) term on l y, modifying the integrand by a factor Rlk:; . 
Th erefore the result is an abso lut e l y convergent Integra l , 

and we have 

,,.. 
1(1) · -1'1-1 

11-n ( /::., R ) P,, (cos e) = --"-l --
Koc 

! P,, (if(~ ) e-Vlr~(Kr) kik. (I -7) 

A sirn i l ar exp r ession ca n be constructed for the 

Hanke l funct i ons of the seco nd k ind by tak in g the comp l ex 

conjugate of (1-7). In this way we obtai n the higher 

order wave functions in cy lindrica l coordinates as we 

so ug ht . 

The field potentials can be rewri tten in the form : 

oo -J.Jl~I - VI:/ 

<Ji = { [ex().)) ~ - /3 c µ) ej.) ] J: o~r) J<clK. 
( 1- 8) 

l
oo _ij'/~/ -0'/if./ 

!\ = "' [ o( ~) ~, - cf (0') eD' ] J: (kr) kdK. ( 1-9) 

h I ti J_ £1 

w ere lJ==vK - ~ , and ~I ar e comp l ex conjugate of 

Y and µ' and pa 

1 y ·-nA n (-it.J) 
C( ()..}) : ,- Koc fu-,. l I 71 r-11 ~ ( 1-1 0) 
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with similar express ion s for j3{iJ), t'(µ') and d' ( iJ ') 

To ob t a in the su r face displacements we wr i te 

equation ( l - 1) expl i c i tly for the rad ial and vert i cal 

components : 

?P J2.L\ 
u :.- -

r 7Jr 'JrJi!. 

Performing th e necessar y operat i ons we have : 

( 1- 12) 

( 1-1 3) 

We next de r ive the normal and tange ntia l s tr es ses 

at t he free surface; starting from th e relations 

_.!_ <l = 'dur -1- ot.t.~ . _.!_ - r7, - ;;;~~ ( 1- 14 ) 
}"- ~,,.. 'Pr: tJr ' fi. ~>! - v tl -1-2 t?c 

we obta in after r eplaci ng r = h 
(?O 

/, 2 z 2.. -sJi 2.1:::2-Jt:.2 _;;,( -J.J'! 2 -';1'41 
~=JLjLC(f.v) .i:-~x-e e 7tµJ~ e f-.u2 f'fJJJe -2KofJJ7~ .J{tlrdkdK ( 1-15) 

The application of the bou ndary cond i tions over t he 

spher i ca l cav i ty i s stra i ghtforward . The normal and 

tangentia l st r ess are der i ved from t he fo rmula s: 

( 1- 17) 

( 1- 18) 
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Substitution of the expressions for the disp l acements y i elds : 

"° 
o;~ = j'- G t L1 [A~ -h:)(K..,R)+ J3'f1 fr~tK"'R)] t n(n+ij L2 [r,, ('~~R)+/J,,l,~JQ;el?)J}fn''°'« I - 1 9) 

ft::'O 

eQ 

~(j =j'-£[L2 {At~~1h«R)+J3,,~:1hd7<)] fl; [~ ~:·1()J~-tfJ,,i:~~j}j 'dP;t;ss) ( I -20) 

L1, L2, and L
3 

are li ne ar differential operators: 

L c ) _ 2n{n+1) 
' n - R2. 

e 
- l<-13 -

4 d 
-
R ofR 

( I - 21 ) 

L.3 (n) == 2 n (n+I~; 2 

These operators have been s implifi ed by the e limina-

ti on of the second derivativ es through the use of Be sse l's 

differential equation. 

BO UNDAR Y CONDITIONS 

The use of the bo undary condit i ons gives th e necessary 

equations to determine the amplitud es of the spheri ca l 

wave fields. The boundary conditions on the plane surface 

give From (1-1 5 ) and (1- 16 ) we see 

that stresses on the plane surface depend on l y upon T' J 

via the Bessel funct ions . If we expand Bessel funct i ons 

in Taylor series around the or i g in, the stresses wil l be 

g i ven in power series of r After replacing 
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i>O 

;;,r;;r)=Z r-1)/t 
/1=0 

, 
Ci"' fa ( ~r )2/1-

J, < K.t") = ~r ~ r-v -~ 'f-;o /t I qi+1) j 

1n the equation for the s t resses (1-1 5 ) and 1-1 6) and 

reversing the order of summat i on a nd in teg ra tion and 

fin ally equati ng each coeff i c i ent of the powe r s of r to 

ze r o, we have: 

(1 - 22) 

m =: o_, 1 .J 2. .1 3. . . . . 

The factor K ! can be generated by taking the second 

der i vat i ve of the expon e ntials within the i ntegra l s i gn. 

Thi s fact l eads to th e i ntroduct i on of the operators 

. 
J Th e applica t i on of these 

operators togethe r with the alr eady known results : 
t» r D {iv) - J.J/i J::"clk. _ . '»!/ ~(i) _;) 

J 1,., K"' e µ - t:o( L 11,., O::.th 
0 

, a nd the like, to 

(1-22) a nd 1-23 ) y i e l ds 
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where Lm means that the operator L is repeated 

m times. <Ps and A e. are the fie l d potentials, 

evaluated at the epicenter E. 

(1 - 26) 

The transformed input pr essur e on the wa 11 s of t he 

cavity is P,, 
2 fT i w ' and the conditions that det ermin e 

th e problem complete l y. are ORR = P., . 
o;8::: 0 2.1l"iw 

, 

at R = a . We then use equations (I - 19) and (I - 20), 

obs e rving that the terms that invo lve a e - dependence 

should vanish . 

( 1-27) 

(1 - 28) 

77:: I, 2, '3 ~ .. . . . 

( 1- 29) 
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We r ewr ite the co nditions (1 - 24), (1 - 25) i n a more 

exp l icit way 

( 1-30) 

( I - 31 ) 

E qua t i on s ( I - 27 ) to ( I - 3 1 ) form a set of 1 i near 

equations with unknowns An, Bn, Cn, On . If we can solve 

exact l y th i s i nf i nite system, we can obta i n the whole 

f i eld at once . We will d i scuss the numer i ca l properties 

of it at the end of t he paragraph, but before we wi 11 

g i ve the surface d i splacements in a more su i table way . 

To t h i s effect i t i s co nvenient to go back to equations 

( 1-15) and ( 1-16), and note that an alternat i ve way to 

wr i te the bounda r y cond i t i ons at the pl ane surface, can 

be obta i ned by equating to zero the factors in front of 

the Besse l funct ions, s i nce the stresses shou l d vanish 

independently of r . We thus write: 

( 1- 32) 
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This system can be solved for a:f)..)) and t°(v') 1 n 

terms of j3(0) and d(i°J') . Substituti ng cx:.ru) and 't"tv) 

back into equat ions (1-12) and 1-1 3) , and collecting terms 

we obtain an expression for the displacements at the 

sur fac e in a more familiar form: 

( 1-34) 

This i s a solution of the problem if the functi ons 

and cf{~) are known. They are determined as 

functions of the coefficients Bn and Dn, which are to be 

determined by t he use of the boundary conditions. 

However, for our purpose, there are critical difficulties 

that for ce us to change the procedure. Any attempt to 



-1 5-

solve the system by approximants, runs i nto very delicate 

problems due to very large round-off err ors . The Hankel 

f unct i ons g i ve very large va lu es for sma ll arguments, 

which is the case here, if we examine a l ong wavelength 

approximation. Furthermore.analytic ca ncel lat io n 

of the leading terms helps in the loss of the signif i cant 

figures. Despite the theoretica l inte r est of the method, 

we believe it is unsuitable to extract a numerical 

solution from it, wit h t he methods access ib le to us at 

this time . 

THE METHOD OF H. A. SCHWARZ 

In this second approach to the problem, we keep the 

same geomet r y and general equations of the pr evious 

paragraphs . We change on l y the fo rm of the wave f unctions 

a nd the technique to arrive at the so l ution . 

A few words about the steps to be fo llowed will he lp 

to clari fy the procedure : We beg i n with a cav i ty of 

radi us 11 a 11 in a n inf in it e space . Th e solution to the 

e l astic prob l em when a pressure Pis app li ed to the walls 

of the cavity, a nd kept i n time, was g i ven by Jeff reys 

( l 9 3 2 ) , Sh a r p e ( l 94 2 ) , 8 1 a k e ( 1 95 2 ) and o t h er s . N ex t , 

the introduction of a plane boundary at a distance 11 h 11 

from t he center of the cav i ty, res u lts in no thi ng more 

tha n Lamb ' s problem. The on l y differe nce is a source 

function equa l to the ratio of the spec tr a of the 
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d i sp l acements from a cavity and from a point source i n 

the infinite space. This term, wh ich depends upon t he 

radius of t he cavity, multiplies Lamb's integrals which 

in turn depend only upon the depth. At this stage the 

depth and the radius of the cavity act independe nt ly of 

each ot her. This problem was analyzed by Byatt and 

D e Va u l t ( 1 96 1 ) • 

The following steps are no longer simple. The 

modification of the so lution to satisfy the boundary 

conditions at t he surface of t he cavity is rather involve~ 

but it gives the spatial dependence on the source. 

Further steps can st i 11 be carried out for ma 11 y t o satisfy 

again the condition of vanishing normal and t ang ential 

stresses at th e free surface, and at the surf ace of the 

sphere. 

Th e scalar potentials are expanded in series in order 

to account for the different steps to be followed. 

( 1- 35) 

fJ. =A, +L\2 + · ·----· (1 -36 ) 

The odd order terms are introduced to satisfy the 

boundary conditions at the fr ee surface, and t he even 

ones to satisfy tne conditions at the surface of the cavity. 
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We begin with a source potential which already 

sat i sf ies the cav it y co ndition s : 

( 1- 37) 

where 

(1 - 38) 

Her e P(m) i s t he spectrun of the source func ti on; 

PCw)= Po 
!2'/Til...) 

in case of a step function. 

In order to satisfy t he co ndi t i ons at the surface 

of t he eart h, we introduce sca l ar potentials i n cy l ind ri ca l 

coordinat es in the wa y sh own by Ewing et al. (1957) 

00 

<P, = 9fl(w) J B{K) 2 (Kr)e_ _ ))r ~;:; ( I - 39) 
" 

°" 
/\, = dJ (w) f C 6) J;,[Kr) ~-J..J '~ 1c=d1C. (I - 40) 
.t-~ v µ 1 

The contour of integ r at ion is shown in F igu re l-2, 

it passes above t he branch points K« / 7-3 , the Ray l eigh 

pol e and gives Cauch y ' s pr in c ip a l va lu e of the in teg ral. 

8(1:) and C6) are chosen to sat is fy th e bou nda r y 

co nd i t io ns at t he fr ee s urfa ce ~= h. They a r e : 
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(2,.Kz_ Kl >2+ 4/::.2-)..)µ' _ 2s.1fi. (I - 4 1 ) B(tc) - I e 
- FO=) 

C6) 4JJ' (2K~~tJ -(.J.J+J.J')-/i 
- FOc) 

7 e 
( 1-4 2) 

whe r e F ) (: z z.J2 2 J (K = ~tc-7 - 4k JJJ.) is the Rayle i gh denominato r. 

To co nt inu e with the process we add new po t entials 

42_ a n d l'~ z , s u c h t h at ci 1 -r ~2 , a n d ,{'::;,.I f L\ 2. 

satis f y t he boundary cond it ions at t he cav it y . We should 

r emember he r e that 4?0 was al r eady const ruc ted t o satisfy 

them. It is natu r al to select th ese new poten tia ls in 

spherica l coordinates i n terms of outgoing waves: 

( I -4 3 ) 

.::>:::> 

.~ '5' (J) L":::. 2 = ~ (w_; L. C n It,,, (~R) P'l'J c~e) 
n.= o 

( I - 44) 

To tr an sform 4', a nd ~' i nto s ph eri ca l coor dina tes, 

we mak e use of the r elat i on sh i p, (S tr atton, 194 1): 

00 

J: (Kr) e - ;.Jz ::=!a Ln{:?.n+J .P,, (~~ Jj~{l:ctR)R,CCv1&) ( 1-45) 

a n d a s i m i 1 a r o n e , c h an g i n g J.J b Y )..) ' , an d Ka b Y 1)6 • 

Thi s ser i es deve l opme nt i s un i form l y convergent in any 

bound ed region of the .lJ-plane. (App endix 1- 2 ) 



-1 9-

Chang in g the orde r of summation and int eg r at i on we 

obtai n the expre ssions in spherical coordi na tes : (Fo r 

justification of this step , see Appe nd ix 1-2) 

00 

P, = ']51 Cw) ~o a?l jm (k.xR) R, {C-H6) ( I - 46) 

and 
00 

A, = ~ (w) ~ c_,, / .. (-k;R) ?,,,(~eJ ( 1- 47) 

QO 

whe r e a.,-== (~nn) inf 1::..~1c. 13(>:) P.,,, ( i~) 
o ,._, Ka< 

( 1- 48) 

(%) 

and .,, !Jcqk c ) f") {iJ.J') t: n ::: { 2 n +;) l 
0 

-;JI {;.: r-n '73 ( 1- 49) 

Onc e we know a11 and e_n, we may pro ceed as in 

Sectio n 4, to wr ite the co nditio ns at the surface of the 

cav it y: 

n"" 0, 11 2 1 3, . .. ··· 

L1, L2, and L3 are defined as in paragraph IV . 
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. 
' 

't5 = - k. ( Cl."+' - e.,_, ) (I -52) 
fl )i 2 n+ J ~ n - / 

11=1,2,31 . . . ... . 

The system (1-50), (1-5 1), permits us to compute 1111 

and T-:, once we know the integrals for a,,,, and ~,., 

The computation of th ese integrals is the mor e 

interesting feature of this theory, because of t he role 

they play in t he interpretation of the i nteracti on of the 

fields between the free surface and the walls of the 

cavity. The analysis and their numerical evaluation is 

given in App e ndix 1-3 . 

The so 1 u t i on of the system ( I -5 0) , ( I - 5 1 ) , i n v o l v es 

the eva l uation of five 2 x 2 determinants . App e ndi x 1- 4 

shows a way to avoid lo ss of s i gn ifi ca nt figur es in their 

ca l culation . It i s also shown there that the coefficients 

A.,, and T:, are of the order 0 [ (i:= .. afn-'J for smal l values 

of kota and n ~ 2. 

order Q[CK.,.o./J 

Ao ) A 1 , and r, are of the 

Once f;, 1s known, it is possible to find C,, by 

means of (1-52 ) rewritten in the more co nvenient way 

:::0 -
!2 n- I 

2.n f 3 
( 1- 53 ) 
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I f r:., has been computed for , the n 

we take C,.,., = C..,,1"1 = o 

backwards down to Co 

as initial values , and proceed 

The coefficient C,,,,_, is of 

the order of r,.,, ' that is to say C,,_,"' Q[(K.i.af"-'] 

but Co and C, are of the order 0[(1e .. a/] 

Once A.,., and c'l'I are known, it is eas y to compute 

cF 2 and /\ 2 f rom e qu a t i o n s ( I -4 3 ) and ( I - 4 4 ) • 

A last ste p directed to obtain a solution with zero 

' 

stresses at the free surface, requiresadditional potentia l s 

and 1\. 3 By th e use of the Van der Po l - Erd e ly i 

transf ormati on, 4>~ and 62- can be expressed in the 

cy lindrical system . 
QO 

/F, [A/{,') -~ c t<cl/c 
'-1:' 2 = <;Ecw) CA >J J;,(Kr)e -;:;- ( I - 54 ) 

( 1-55 ) 

where 
DO 

ex(µ} =- -. -1- Z C'11ln P,, (~) , ete . ; then.: 
'ko<, 1'=o 

f>O 

cj
3 

== 95/{w) [ B
3

CK) J,,CKr)e_J.J:z:. K~i::.. 
c:> 

(1 - 56) 

()o 

~~ = .£/Cw) ! c3 {K) J;,, (Kr)e_v'~ ~k ( 1-57) 

w h e r e B3 Cle J a n d C3 0:) a r e f u n c t i o n s t o b e d et e rm i n e d . 

Since cj.,+<i and ~' already satisf y the boundary 

cond iti ons at the surface, we have to impose them only on 

and D-.;_+"L':,.3 . Afte r some algebra we finally 
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( 1- 58) 

( 1- 59) 

Here "' 2 f:" (1<) = (2. K~ I<;) + 4 Klµµ' 

We are now i n condition to wr ite down the disp lace

ment at the fr ee surface due to the pot entials cI2 + if~ 

and Li~+.h."J 

( I - 1 l ) : 

They are ob ta ined through equati ons 

( I - 60) 

( I - 61 } 

Th e ma i n con tribution t o the field comes f ro m t he 

p 0 t e n t i a l s er 0 + CJ, , and f\, Th e disp l ac ements due 

to th ese funct io ns are : 

I -iJ/.. 
JJ e J, {Jer) (1 - 62 } 

(1-63) 

Th e combinat ion of t hese two sets of dis p l acements 

gives a s p ec tr~ of the f i e l d which is accurate for smal l 

v a 1 u es of tc« a : 

f()O Kidk r t 17 _ µ/i e - J..!'Rz 
Ur=;fl(w) 

0 
r:c;c) 4f:;µ'[1+-a(w)je - 2'Jf21:-fJfrµ')t:. ;JrKrj ( 1-64) 



-23 -

"""' 
Ur_,:= ef][w) f ~~=) {-2~(21'='l_;JJ{t+a(µJ}e-'"'!/-1Jcjt:.zJJ 't(l.l~e-"'~}J;, ru) ( 1- 65) 

THE EXACT FORMAL SOLUTION 

The repeated application of this iterat iv e procedu re 

leads to the exact solut i on of the problem as a n i nfi n it e 

s eries of terms in the form given in ( 1-35 ) and 1-36). 

The formalism developed in th e previous paragrap h is 

enough to show us what the c omplet e se r ies shou ld be . 

It is sufficient to l ook at equations (1-58), ( 1-59), 

( I -5 0 ) , ( I - 5 l ) , and ( I - 4 8) , ( I - 4 9) to w r i t e the f i n a l 

form of t he displacements in a formu l a that genera li zes 

( I -64 ) , ( I - 65 ) : 

( 1-67 ) 

where a nd (1-68 ) 

°" ci) ) I "S:" .- nA(i) ·v 
o< ( v = -. -JC - L l · .,, ~ ( ~ .. ) 

L o< n=o 
( 1-69) 

A fi.) I [ /\ A{i} /\ .,)- (.:.)] ,,.., = - --;;:;:- ~I tAn + U.2. 0.., ( 1-70 ) 
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(I - 71 ) 

( 1-72) 

an d s im ilar l y fo r th e othe r exp r ess i ons . 

The te rm 
{z) 

cx:.cv) a lr eady invo l ves a doub le i nteg r at i on 

t hat corresponds to a r epeated Legend r e t r ansformatio n 

of the ref l ec t io n coefficie nts . This i ntegrat i on cannot 

be carri ed out a nal ytica ll y, and fur th ermor e the num erical 

techn iq ues involve l a r ge r error s than in th e case wh ere a 

s ing le integrati on i s performed . We wil l not use the 

it e r a ti ve pro ced ure f or computat i ons , but t o fu rth er 

deve l op th e theo r y. 

Th e i te r at i ve set of steps suggests th e known metho d 

t o solve fun cti onal e quati ons. Since we are dea li ng wi th 

i nteg ral oper ato r s , i t i s poss i bl e to r ed uce t he i t e r at i ve 

scheme to an i nteg ral equa tio n, in fact to a system of 

two 1 i near i nteg r a 1 equations . 
t70 (4) 

The quantities to be fo un d are xc u)=ZC( C.>J) 

"° n a nd Y ( v'):::. K/' £: t"(µ•) . The definit i on of t1~h)y ma kes 

Kp'6(;.(J.J') d i mens io nl ess (s ee unde r e quat i on ( 1-55 ) . 

These two t erms ca n be co ns i dered to be t he ma gni t ude of 

the corr ec tions to t he express i ons for th e point sou r ce , 
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to al l ow f or the pr esence of the cavity; the word 

11 mag n itud e 11 s hou l d be in t er pr eted in th e sense of 

equations (1 - 66 ) and (1 - 67) . Summati on ove r t he ind ex 

11 i 11 
, i n e q u a t i o n s ( I - 6 9 ) t o ( I -7 2 ) a n d e 1 i m i n a t i o n o f 

'9 A«) . ~ /\ rnl; "':::" B''>ci<:) 
c:..,.. , ~'--<.. , ~ , and the l ike, will render 

t. L • 

t he f o ll owing system of inte gra l equati ons with unknowns 

and Y (i.J') 

(I - 74) 
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w h er e f- "' J ~ 2- K; J f- ' = v ~z- Kj 

The algebra of this system is very comp lex, but 

after a carefu l i nspection of the integrands we can find 

out two of its properties. First: the kerne l s are 

products of two terms , one depending on l y upon th e radius 

of the cavity, and the other only upon the depth. The 

i n t e n s i t y of t h e " co r r e c t i o n t er ms 11 X ( Y) and Y ( v') , a r e 

given as integra ls, each of them being the sum of three 

terms, one dependi ng upon the point sou rce (relative 

i n t e n s i t y l ) a n d t h e o t h er two u po n X Cf-) a n d Y C jJ!.) 

respectively . The kernels act as compos i te ref l ection 

coefficients because they consist of two factors, one 

being the known reflect i on coefficient of cy l i ndri ca l 

waves at the plane su rface, and the other can be r ega rd ed 

as refl ectio n coeffic i e nt for cylindrica l waves at the 

spherica l surface . The way they intervene i n the ge ner -

at io n of the f i elds wi ll be understood more c l earl y 

farther on when we decompose the i nt egral equat i ons into 

a set of 1 in ear equations. Second : by Inspection we 

can rea l ize that the unknown s can be ex pand ed into s eri es 

of orthogonal functio ns in the fo ll owing way: 

&'<' 

X(µ) ==- z Xn Pn('::) 
?1=0 

( 1-75 ) 

00 

YO>') = ~0 Y11 P,, e;·) ( I -76) 
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This very simple property enables us to replace the 

system of integral equations by a convenient set of linear 

equa ti ons and proceed to solve them by the numerical 

methods available i n li near algebra. 

Before doing the decomposition i n orthogona l fu nctions 

i t is useful to render t he system dimension l ess; by the 

substitution 1c==1<-.u inside the integrals. We obtain: 

( 1-77) 

Ycµ'J = 

( 1-78 ) 

{ ,.,, '} a-:. I t. - fro(. /=(v.) -<T"o(. -

· 4() C2u. -3) [u· x (tr)] e - -:r.- (ca-) e ~ 
r.3 Fcu) 

Her e cf~== ~.:nf) ) a= I/Ti j er'==~ 
Now we us e formulae (1-75 ) and (1-76 ) together wi th the 

eq uival e nt ones: Xl<f")=GXmPmc.·o-) , Y<cr'J=EYmPmC- .~) 
m m rJ 

Their substitut i on i n (1-77) and (1-78), the 

i nte r chan ge of summations and i ntegrat ion, plus the 
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id ent ifica t i on of th e coeff i cients of th e Legendre 

Polynomials of equa l degree on both sides, l eads to the 

linear system : 

Bef ore the sys t em can be sol ved, we should know the 

num eri ca l va l ue of the fo ll ow in g i nt eg r a l s : 
,,,, 

f I.I.. du.. r:: (u..) -2.tro< 
Qm 71 = - (2 nH) i -c;:- Pn {icr) °R,, (icr) -F,, e 

0 laj 

2nt-/ 
emn = 4 

7J(n+1) 

( 1-80) 

( I - 8 l ) 

( I - 82 ) 

(I - 83) 

( 1- 84) 

The y are d i sc ussed in deta il , includ i ng the num e ri cal 

technique to eva luat e th em , in Append i x 1-3 . 
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The system (1-79), (1-80) expresses condit i ons i n 

the n - space, which i s ass oc i ated with the repr esentat i on 

of the field in spherical waves. There is dua li ty 

between this discrete repr esentat i on and the contJnuous 

representation in the k- space, which is assoc i ated 0 ith 

the cylindrica l coordinates . The system of linear 

e qua t i on s ( I -7 9) , ( I - 8 0 ) i s t he d u a 1 of t he i n t e gr a 1 

equat i ons (1-73), (1-74); n is the dual of the wave 

number k; the reflection coeffici ent for spher i cal waves 

on the sphere <l.,.," ar.e dual of the quantit i es 

K, ( v, u , a )=- L (2n-r1)d~ P,, (',:) Pn (if--) 
r- T/ " "' 

and the like, which can be interpreted as refl ection 

coefficients fo r cy lindri cal waves impinging on th e sphere; 
FO<) -2Yh 

and FO<) e and the other re f l ection coefficients for 

cy lindr i cal waves incident on the plane surface are the 

dual of the a .1 c mn) '!TmTJ , mTJ, , the refl ection 

coefficie nt s of spherical waves hitting the plane; and 

f i n a 1 1 y t he i n t ens i t i es of t he s p her I ca 1 waves X.,, and 

Y:, are du a 1 of t he co rr e ct i o n t er ms X ( i.J) and Y ( u') 

The d iff erent r ef l ection coeff ici ents come i n 

gr oups of fo ur each. They co ~respond to inc i de nt com-

pressiona l or shea r wave f i e lds that a re r eflected as 

compressional or shear fields . 

The physica l In t erpre tatio ns of the system of l inear 

e q u a t i o n s ( I - 7 9 ) , ( I -8 0 ) , ca n b e g i v en i n t er ms of t h e 
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quantities X,, and ~ , which represen t the in tens i t i es 

of a mu lti pol e rad i at ion of order nn n, s uc h as -h~' (K .. F,) · 

·P,,rc<ri8) , that goes away from the walls of t he cavity . 

They are r e l ated th r ough the r eflect i on coeffi c i ents 

a~ ) (~=1 , 4 ), an d a.mn,..frm n ' etc ., f or s ph eri ca l waves 

incident up on th e sphere an d the pl ane su rfa ce r espectiv ely. 

It is conven i e nt to obse r ve her e , that wh i 1 e J~ depends 

onl y upo n n ,a:mn and t he l ike dep e nd upo n t wo indic es 

to account f or. the f act th a t a sph erica l wave hitti ng 

t he plan e s urface , which doesn ' t have th e same geometry , 

suffers mode conve r s i on . We wi 11 separate t he fie ld in to 

a ttprimary fie ldn, the one originated by t he explosion , 

a nd a 11 se co nd a r y field" du e to l a t er re f l ecti on s from the 

s urface of the cav i ty. The lin ear e qu at i ons express 

an equilibrium co nd i t i on . The 
t h 

n - com ponent of the 

secondary r adi at io n i s i n eq ui l i brium not on ly wi th the 

primar y f i e 1 d r ef 1 ected at the p 1 ane s urf ace, a0 ,., and c.n , 

but al so wi th a ll th e r ef l ect ed secondar y f i e l ds s uch 

a nd the 1 i ke . The summat i on over the index 

j i n t h e e q u a t i o n s f o r Y.,, , i s d u e t o t h e mo r e comp 1 ex 

mode conv er s i on of the shear pote nt i als (see equ ation 

(1-4 ). From the dis cussio n above we can co nc lu de that 

the l i near equat i ons express a con di tio n at the cavity, 

du e to the f1e ld s tha t come ref l ected f rom th e pl ane 

su r face . 

By dua li ty we ca n say that the i ntegra l e qu a t ions 
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(1 -73), (1 - 74) exp r es s a cond i ti on at th e plan e surf ace 

due to the fields that come ref l ected f rom the surface 

of the s pher e . To state mo r e pr ec i se ly the sense of 

th i s in te rpr etat ion we r ecall the r ef lect i on coefficients 

a t the s phe r e fo r cyl in dric a l waves. We defin e 

K 1 ().),?-, a ) ==L (2n~1Jd'.,,' P,,c~)P.,, ( ~1:,) 
T7 

. , 

a nd sim i l ar functions are in t roduced to denote the other 

three sums wi thin t he i ntegral sign i n the i ntegra l 

equat i ons. The quantit i es and the ot he r t hr e e 

alike , are the known gene r al i zed r ef lect i on coefficients 

f or cylindrica l waves incid ent upo n t he plan e s ur face . 

Th e wave num ber 11 k 11 i s rela ted to t he a ngul ar parameter 

f or ob l ique incidence upon the f ree surface . I ntegration 

ove r k accounts for al l the possib l e d ir ecti ons of 

approach of th e cy lindrical waves . The int ensity X<JJ) 

of the component of the secondary compr ess i onal field i n 

the dir ect i on determ i ned by Y=YK~~: (r eal or complex) , 

is given in equatio n ( 1-73) in func t i on of the compone nts 

i n al l d irectio ns of t he pri mar y and secondary fi el ds 

that ar e reflect ed from t he cav i ty in t he direction 

g i ve n by ~ 

A schematic repr esen tation of t hese dual processes, 

i s g iven in f i gur e 1- 3 . 

Ther e is anot her fea t ur e to be not i ce d . The sys tem 

of i nteg r al equat i ons (1 - 73 ), ( 1-74 ) is exact, not bei ng 
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subjected to previous approximat i ons. It conta i ns a ll 

the phy sical events, in particular the long and short 

wave fields. Thus i t s hould contain t he h ig h f requenc y 

approximation of surface waves as given in t he geometric 

optics t heory developed by Keller ( 1960) . The denominator 

L'.1
11 

, g i ven i n Appendix 1- 3, is the dual of t he Ra y leig h 

denominator F(k), and it is connected with surface waves 

existing at the su r face of t he cavity, as s hown by 

Yanovskaya ( 1958) in the work on surface waves in a sp he re. 

The term coming from t he complex rays creeping around the 

sp here in Keller 's t heory, can be found by isolating the 

contribution of the pole in - 1- whe n solving t he i ntegral 
Ll,, 

equations ( 1- 73), ( 1- 74) for X(J.J} and Y(JJ) . 

Finally, we come back to t he system of integ r al 

equations (l-73), (l-74) to state some of it s mat nematical 

properties . I t is a system of Fred ho lm i nt egral equations 

of the second kind, not self - adjoint. But the kerne l s 
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happe n to be " po l ar " , and it is poss i b l e to use the 

Hilb ert - Schmidt theory to develop the solutions i n terms 

of orthogonal functions . Thi s is a property enjoyed by 

symme tr i c and polar ke rnels. (Courant and Hi lber t , 1953 }. 

The i ntegral equat i ons a r e s i ngular , both due to t he 

inf i n i te r an ge of in t egration and to the singu l ari t i es 

in the .kernels. 

THE SURFAC E DISP LAC EMENTS 

To obtain the Ra y leigh wave part of t he spectra of 

th e displacements in the expressions ( 1- 64) and ( 1- 65) we 

follow Ewing, et al, (1957) and rep l ace 2J p(kr) by 

H 1(kr)+H2 ( k r ) an d i n t e gr at e i n t he comp l ex p l an e deform i n g 
p p 

t he contours, as shown i n Figure 1-4, to ob t ain con vergent 

i ntegra l s. The surface wave displacements are due to t he 

res i ~ue at the Rayleigh po l e . 

Jc
2 

{ l 1 ] -~~ 2. t ,!\ r -1t_''lH(t) ( 8 ) ll. = - f!i !f1cw) -- 1KAJJ. [/fr;((uR)t: - 21:11(2c - k9Jtr•-k)e J .{~r) I- 5 
r P(Jc) ; k r r 

wh ere and k is the Ra y leig h 

po l e . 

We sh o u l d note here that t he 1 ea d i n g terms i n C( (J.}R.) 

and 1°(v~) are sma 11 as k;,,C(-70 When K°"a -?O , the 

solution converges to the one for the bur i ed po i nt source 

in the ha l f - space . 
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To facilitate the numerical evaluation of the 

expressions above, it is convenient to transform them to 

a dimensionless form. We use the fact that the Rayle igh 

pole l\=°61<; , wh ere 't"'fVJ+ff=-1.087664. 

TI 1 1_ r.;:r-J"2 , • , , . r:;::a-;- • F '("'} == _ _ Br ,,. 3 ien "1?=-l<«yo-3 ;..,R=7v"l"--I , "' (.J~ 

The dimensionless form of the displacements is given 

by: 

/J [- 2 ,7 -~o<./3 -#-'/1d3J 
11. r = rr i .fi {w):] 4 - (11 ¥"-!)ft+ rxtJJR)Jt:- -:s + 2 '(2y'y!.f' )r ';f(;J;)e J · ( I - 88) 

. H ~2) ( y {3' al, [) 

I t shou ld be rememb e red here that the quantity k t3 {('~{) 

i s d i men s i on 1 es s . The term !fl ( w) i s def i n e d i n ( I - 38 ) 

and is the spectrum of the sou r ce function. The quantities 

are dimensionless. 

For long ranges i t i s poss i b le to use the as ymp tot i c 

expressions for the Hankel functions (Ry shik and Gradste in , 

1957 ): 

( 1-89) 

The body wave part of the displacements can be 

obtained by eva l uation of the branch line integrals over 

the Sommerfeld contours L~ and Lt3 , as described by Ewing, 
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et al ( 1957). Th i s computat i on can be done a l so by steepest 

descent or stationary phase techn i ques (Ewing, et al, 1957). 

In any case, s i nce ou r interest is co nf ined to studying t he 

effect of the cavity on the more prominent parts of the 

f ield, we wi l l not consider the severa l pul ses that do not 

exhibit a sharp char acter . We assume the recorder located 

at t he fr ee sur f ace, and therefore, the on l y pu l se of 

interest is t he direct P- arriva l. Eva lu ation of the bra nch 

l ine contr i bution ove r L« , and retention of the par t th a t 

1s domin a nt in the far fie l d, l eads to 

( 1-90) 

( 1-9 1) 

Several comparisons may be tried to examine t he eff ec t of 

the geomet r y of t he me d ium on the propa gation of waves. 

I n th e firs t p l ace, we can fo l low the procedure 

introduced by La tter, et a l ( 196 1) , in re l a t i on t o the 

decoup l ing theory of undergrou nd explosions. In es senc e , 

this th eory shows that a tamped explosio n wi l l produce 

larger d i sp lacements than asimi lar one pl ace d with in a 

cav ity large enough to avoid non e lastic effects (decoupled 

exp l osion) . Latt er, e t a l ( 1961 ) , used a cavity in an 

infinite e lastic medium, as a th eo retica l mod e l f or unde r -

gro und exp l osions . From near field measu rements, they 
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ob t ained the pressure and radi us of an equivalent cavit y 

t o represent the tamped explos ion, a nd wi th these va lue s 

they were able to compare it to the decoupled one in the . 

far field. The int roduction of a free surface changes 

radically the wave picture; the se i sm i c ene r gy is not any 

more confined to the P waves as in the case of the 

in f init e space, but it separates between bo dy and surface 

waves, t he la tter being the main fea tur e at la rg e d i stances. 

We f in d then, that i t is necessary to stud y t wo 

decoupl in g factors, one for su r fa ce and t he other for body 

waves. The difficulty lies in the fact that we cannot use 

our theory to obtain the parameters of the source, from 

th e near su rfac e displacements. I t i s possible though, to 

es timate these values, by us ing the simple theor y (Latt e r, 

e t al, 196 1), a nd procee d with the a id of ( 1-87) and (1-88 ) 

to compute the decoup li ng factor fo r s urfac e waves, and 

f rom ( 1- 90 ), (1-9 1) to obtain the one fo r bod y waves . Th e 

decoupl in g fac tor for surface waves , conta in s two factor s , 

on e depending upon th e pr essure and the other upon th e 

frequency . I t is i ndependent of the di s tance. This fa c tor 

is the same for horizonta l and ve rt i cal d i sp l acements as 

shown at t he end of t h is section. It is given by : 

u. p 
t +-ex. Cµ, )- f?~z-1 K:.lf:{;J./')e-Nyz_f+ i/r'--1'JrxfJ ( 1-92 ) 

J, R 2y/f? ... ( ,? h ll 

typ e of compa r i son that he l ps to understand 

t he effect of the f ree surf ace , is g iv en by the normal-
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i zation wit h respect to t he d i sp lacement s from a cav it y i n 

an i nf inite space. Th is can be done for bot h, t he P and 

Rayleigh wave s . Sin ce the spectra of t he displacements 

of t he body waves in the infinit e solid are given by: 

- i KC{ R 
u = _ P<i.JJa3 (-'- + iK.,,). _ _ _ e ____ _ 

,f- R2 R 4 - 4i K.,.a -3K.}a 2 (1-93) 

where R = fr2 + h2
1 

and P(m) = ~ , (see equation ( 1-38)}, V 2 1T1m 

we f i nd that fo r Rayleigh waves the normalized displaceme nt s 

are: 

A third way to compare th e effect of an exp l os ion 

within a cav it y with the point source so luti on wh ich 

r equ i res t he same amou nt of ene r gy, is to nor ma li ze the 

d i sp lacements , dividing t he ones from a cav i ty in a ha l f 

space by the corres po nd in g ones fro m the poin t source in 

a ha lf space . The latt er can be obtained from the 

express i ons above by l e t t i ng a~ o wh il e keeping P(m)a3 

constant . The normalized valu es are : 

(u,,.)sphere = 
{ll ,- } fto int 

( 1- 96) 
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Here 0( = ko<'. h . 

They do not depend eit her on the source function in 

time, or on the distance of the receiver . The on ly pa r a 

meters in these expressio ns are k"'a and k« h . The f irst 

factor, the on l y one h i therto considered in ca l cu l at i on of 

e x p 1 o s i o n s , d e p e n d s u p o n k"' a . Th e s e co n d o n e i s f o u n d b y 

this theory and depends upon both, k,.,a and ko1 h . 

Since , we find 

2 t"2-I pl't..jy~}' th f 
~ = 

2 
, and, ere ore, t he second 

2. / 2t-/ 
that 

members in equations ( 1-96} and (1-97} are ident i cal. The 

ratio of horizontal to vertical displacements i s kept 

i nvariant when we pass from the po i nt source t o a sp herica l 

sou r ce, and the pa r t i cles will move on an e l lip se . 
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NUMER I CA L RESULTS 

The in ve rsion of the system of equations (1-79), 

( 1-80 ), was performed on the I BM 7090 computer at the Com

put i ng Center of the California Institute of Techno lo gy. 

Computat i ons were car r ied on for seve ral va l ues of t he cav

it y radius - depth rat i o a/h. We chose O.J.6a/h~o.7, at in 

terva l s of O. l ; an addi ti ona l va lu e, a/h=0 . 65, was includ

ed t o prov i de more informat i on. For each va lue of a/h, we 

cou l d invert the system ( 1-79),( 1-80), within a frequency 

interval that was limi ted by two considerations . First, the 

fast growth of the terms amn ,bm.,, etc. ,at lo w frequenc i es, 

produced l arge round-Off errors in the inversion process. 

Second, the s low convergence of the exponential ser i es for 

amn etc. at high frequencies, called for an inc r ease in the 

number of terms of the ser ie s , beyond the capacity of the 

computer. 

We concerned ourse l ves wi th the Ray l eigh wave part 

of the disp lacements. The body wave computations are i n 

progress, and they wi ll be the subject of a f utur e paper. 

The very low f r equency Rayleigh wave disp lacements wi 11 

a l so be in ves tigat ed by a techn i que sim il ar to Born ' s ap

proximat i on, starti ng from the sta ti c disp lacements as i n

itial trial. 

To st udy the effects produced by the co upling of 

the cavity and the free surface upo n the ge neration of 

surface waves , we made the comparisons descr i bed in the 
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last section. 

Th e decoupling fac tor studied by Latt er,et al 

(1961), is modified according to formula (1-92). There, fol-

lowing Latter's notation we labeled with an i ndex h the 

terms related to the hole (t he decoupled explosion), keeping 

u n l a b e 1 e d t h e o n es r e f e rri n g t o t h e t amp e d e x p 1 o s i o n . I n o r -

der to apply this theory to the Rainier explosion, we take 

Latter's estimates: a/h=0.3 and P/Ph = 50 . Thus,the de

coupling for a cavity radius-depth ratio of 0.3 i s 50 . For 

other ra tios, we have frequency dependent decoupling factors 

as shown in Figure 1-6 . A decoupling factor la r ger than 50 

is be tter tha n the one predicted by Latter, and it is due 

to destruc tive interfere nce of the waves. But we notice 

a lso that for a/h ra tios larg e r than o.6, the decoup lin g 

factor i s reduced to 25 for certain frequencie s , and the re 

i s a te ndency towards even smaller values . For the time 

being we can predict a s i gn ificant r educt ion of the decou -

pling factor for these cases, but we must wait f or a com-

plete picture of th e behaviour at very low frequencies to 

give the exact amount of this effect . 

The normalization with respect to a s ph e re i n an 

in f ini te space is described by equa tion s (1-94),(1-95 ). 

Since the ratio of the horizontal to th e vertical compo ne nt 

of the displacements of Raleigh waves is constant, and e qual 

to 2 lf~ , i t is possibl e to cons id er only one of them. 
a-r2-1 

This normalization has the property of exclud ing the effect 
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due to the cavity alone,and therefore shows mor e clearly 

the phenomena connected to its interaction with the f ree 

surface . Unfo r tuna te ly, due to the par titio n of seismic en

ergy be t ween body and surface waves that we mentioned in 

the previous sect ion, the normalization becomes dependent 

upon the d is tance. From equation ( 1-94) we observe that it 

is suff ic ient to divide th e displacements ratio by ~ 

to obtain a term that is independent of the distance. This 

term we present in Figure 1-7. To see how much influence 

we may e xpect from the spectrum of the displacements f rom 

a cavity in an in f ini te space, we give it in Figure 1-5; 

the factor containing the distance to the source is not in

cluded there. Since the spectrum is very smooth and nearl y 

constant, we expect littl e inf luen ce upon the results. The 

normalized values in Figure 1-7, show a marked dependence 

on the frequency, with holes that cor r espond to the large 

decoupling f actors, and peaks that tend to incr ease the 

coupling. 

Finally, it is interesting to e xam ine the normal

ization of the surface wave displacements to the equivalent 

ones for the point source in a half space. Figures ( 1-8), 

(1-9) and (1-12) give the amp li tude ratios, and (1-10),(1-

11) give the phase differences. In this case the no r maliz

at ion is independent of the distance, and furthermore the 

passage to th e limit when a/h -- 0 is s imple. For instance, 

a sma ll size cavity ( a/h = 0.3 ), doesn't differ very much 
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from the poi nt source, excep t at hi gh freque ncies (see Fi g

ure 1-8). The changes beg in to be noticed at a/h=0 . 4 . 

Since by t h i s normalization we a re elim i nating the 

effect caused by the plane surface alone, after observing 

th e similarity of Figures 1-7 and 1-9 , we can say that t he 

promi nent fe at ures observed in the sp ectra l ratios are due 

to the interaction of the two boundaries, and not to either 

of them separate l y . 

In Fi gure s ( 1-8 ),( 1- 9 ), we have use d t wo dime nsion -

le ss frequenc i es , i n order to obser ve i f some of the peaks 

or ho le s i n t he spectra l rat i os were ma i n l y dependent upon 

e i the r the cavity radi us or the depth. Wha t we obtained 

wit h this change of representa ti on in t he horizonta l scale , 

was a bette r pictu r e of t he t r ans ition from one va l ue of 

a/ h t o t h e n e x t .T h u s , t h e p ea k s n ea r k a= 0 . 68 , i n F i g u re 
a 

1-9, are sh ifted orderly wit h in c r eas ing a/h va l ues, whil e 

in F igu re 1-8 th i s doesn ' t happen. 

The phase i s r ep r esen ted i n degrees in Fi gures 1-1 0 

and 1-1 1. It can be see n t ha t whe n a/h ~ O , the phase dif -

feren ce betwee n the po in t so urce and the s ph er i ca l source 

goes to zero . Th e ma xi ma and mi nima i n the amplitude s pec-

tra correspo nd to the in f l ection points i n the phase spec-

tra . 

In Fi gure 1- 12 we a t tempt to show the way the amp li

tude spectrum behaves for a constant frequency, whe n t he 

rat i o a/h i s changed. The s i gni f i cant fa ct i s t ha t for 
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sma l l values of a/h, the curves are a lmost flat and show 

that the spectral ratio is almost insensitive to variations 

in a/h , particularly for the l ower frequencies . 
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CO N CLU SI ON S 

By usi ng the relationships t o t ransfo r m wave f unc

tions between cyl in drical and spher i ca l coord inates, i n con

junction with Schwarz's technique to solve bou ndary va lue 

problems, we have been able to obtain a solution fo r an 

elastodynamic s ystem with mixe d boundar i es, that i s connec

ted to t he th eo r y of unde rg round exp lo sions. 

Th e anal ysis of the probl em in t he wave number 

s pace, leads to a dua l ma thematical f ormalism i n terms of 

eleme ntar y waves in both sys t ems of coord i nates. These 

e l ementa r y waves are in dyn amic equi li bri um with similar 

ones . The equ ili briu m conditions are expressed either by 

a sys t em of two i nte gra l equ ation s (1-73 ), (1-74 ), or by 

an infinite set of li near equations, (1-79),( 1-80 ) . 

App li cation of t he results to deco upli ng theory, 

sh ows that for a larg e cav it y radius-dep t h r at io, the deco u

p l ing factor may be si gn ifi can tly reduced for some frequen

c ie s . 

The t r ans i t i on to t he li miting cases i s s imple 

only in the case of the point source ln a ha l f space. Th is 

limit is obta ined by letting the rad i us of the cav it y go 

to zero independently of t he othe r parameters. When t he 

frequenc y is very small, the l imi t in g case i s the s tatic 

fie l d of disp l acement s. This lim i t i s not obvious. 
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P A R T 11 

PRECISION DETERMINATION OF FOCAL 

DEPTHS AN D EPICENTERS OF EARTHQUAKES 
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INTRODUCTION 

Th e problem of precision location of the hypocenter of 

earthquakes is becoming increasingly important. It i s 

greatly s i mp li fied by the use of e lectronic computers, 

which make it possible to undertake rapid computation of 

lar ge amounts of data, and repeat the computation for 

different va lues of the parameters invol ve d. 

Some results which ma y be obtained with computer 

techniques are: 

a} Accurate determination of epicen ter and depth of 

ea rthquakes , and e l imination of some earthquakes from 

suspicion as explosions, by using focal depths as criter i a. 

b ) More i n s i g h t in to t he st u d y of t he ear t h q u a k e 

mechanism by providing the distribution of the aftershocks 

in three dimensions. 

c) Construction of accurate trave l time curves for 

regions with uniform crust, when s ufficient direct a rriva l 

data are available to determine precise hypocenters. This 

requires seve ral stations (pos s ibly temporary ones) with in 

150 km of the epice nter, as ind i cated in Figure II - L 

d) Invest i ga tion of crusta l struc ture i n rugged reg i ons, 

by i nterpretat i on of systemat i c deviations of tra ve l time 

da ta. 

We present an initial s t udy of these pro b lems 

spec iall y for loca l shocks in Ca li fornia. Both the intro

duction of variable trave l times and the use of several 
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crustal phases cont r ibute to greater accuracy in depth 

determination in a program writt en for an IBM 7094 computer. 

ON THE METHOD OF LEAST SQUARES 

For a long time the me tho d of least squares, as 

des c r i bed by Jeffr eys ( 19 59 ) , has been used to deter m i n e a 

11 bes t 11 so 1 u t i on for the hy po center of earthq uakes . An 

initial tria l for the focus is changed in such a way as to 

minimize the deviations of the actual time to the stations 

from the ones given in the tables. The deviations are 

ca ll ed 11 residuals 11
• 

The changes can be obtained after forming the usua l 

set of normal e quations. The solution of the normal 

equation can be written in matr i x notation (Bolt, 1960 ): 

6/\ 

~<P 

Ah 

fl t 0 

whe re b. 'A , b. <P 

Al A2 

- B 1 82 

c 1 C2 

D 1 D2 

An 

B n 

en 

Dn 

5 t1 

5 t2 

5 t 
n 

( I I - 1 ) 

, b.h, b.t , are t he changes i n longitude, 
0 

latitude, depth and origin t ime, to be made in the guess. 

The large matrix is a function of the slopes of the travel 

time curves at the severa l distances between the epicenter 

and each of the stations, and 5 t. is th e res i dua l at the ~h 
I 

stat i on . 

From equation (1) we see t ha t if the travel -times 

are linear, one i teration is sufficient, since t he matrix 
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depends on the s lopes , which are constants. The travel 

times do not deviate much from linea rit y except nea r the 

origin, and we can ex pect a fast convergence i f th e data 

are consistent, that is, i f there ex i sts a solutio n fo r 

wh ich all t he residuals vanish or become ve r y small. This 

occurs when t he travel times are very close t o the true ones, 

and one can read accurately the arrival times of the phases. 

Th is ideal situation is no t the case in practice beca us e of 

errors in readin g ti mes due to the time correc tio ns i n the 

records, low signal to noise ratio , misidentification of 

the phases, etc. Thus, t he case of an exact solut i on is 

unlikely and seismologists look fo r a minimiza tio n of the 

s um of the squares of the residuals. In applyi ng t he 

criteria of l east squares we shou ld be careful to avoid 

wrong 11 best 11 so luti ons due to systemat ic de viatio n of the 

true travel times from the ones that are used. For examp l e , 

a t h i c ker crust to the wes t of an ep i center, if not 

accounted for in the travel times, may r esult in a shi f t of 

the so l ut i on toward the east . To decrease the in f l uence of 

systemat i c errors of t h i s kind it i s adv isab l e to weight 

t he stat io ns not only on acco unt of the qual ity of th e ir 

i nstr um en t at ion , but a l so accord in g to th e accurac y of t ha t 

port i on of th e trave l time curves corresponding to t hem . 

Thus , i n lo cal shocks th e heav iest we i ghts should be 

assigned to the s tations observing the direct arr i va l, 

wh i ch is not affec t ed by crusta l t h i cknesses . 
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We noticed t ha t in doing th e we i ghti ng, t he con vergence 

to a solution is accompani ed by a co ns idera b le decrease in 

the res i dua ls of the stations wit h lar ger we i ghts, tog e ther 

wit h a s lower ra te of decrease of t he other r es id ua l s. 

Once the former ones de crease beyond a certa i n l imit, the 

subsequent change s are dete r min ed by the latt er; this 

effect leads to i nstab i 1 i t y i n a few cases . 

I t f o 1 l ow s f r om e q u a t I o n ( 11-1 ) t ha t i f we w a n t t o 

obta in the probab i l it y distribution of the four unknowns 

on th e left -h and side, i t is neces sar y to know the distri

bution of each of the r es idua ls and a lso th e unce rtainties 

in the tra ve l times, or mo re prec isel y, in the ir s lopes wh i ch 

enter i nto the e lemen ts of t he l arge mat ri x. The probl ems 

in vo lved in t he estimation of these uncerta in ties will be 

di s cu sse d in a lat e r paragrap h. 

The so l ut i on(ll-1·) o f t he sys t em of norma l equa tion s 

ass umes th at the unknowns are nor ma ll y d i s t r i but ed arou nd 

mean s equal t o th e va l ues th e solution takes. Th i s 

suppos ition i s plau s i b le for th e coord in a tes of the epi

center and the origin time, bu t no t for the depth . The 

reason for th is i s tha t a normal d i str i but i on for th e 

dep th wi ll a lways give a f i n i te probab ilit y for the fo c us 

being above th e free s urface. In fact, on r e pea te d 

occasio ns researchers have f oun d that the appli cat i on of 

th e lea s t squares method gave them negative dept hs . We 

know 11 a priori 11 t hat th e pro bab ilit y of a shock be in g 
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above the surface is zero. The sample space is t he positive 

real axis and the frequency distribution should be skew 

symmetric. In order to continue using t he least squares 

technique, we need to introduce instead of the dept h II h II , 

a new variable 11 .f 11
· to be determined from the normal 

equations and such that: (a) h = h(y- )> o, when -oo<f<.a::> , 

( b) the transformation h = h(f) be one-onej ( c) the distri-

bution off- be normal. The simplest way to achieve the 

three conditions above is to use the transformation h = e~ 

The depth 11 h 11 then has a lognormal distribution. Its 

properties can be found in most texts in statistics. I f f 
and 0.- are the mean and standard deviation of r- , then 
- - '6.2 ' l"-
h = ep-+2 J- and ./h -- -h · (e~ -I)~~ o. The changes to be 

made in the normal equations are few and s i mp l e: the quantity 

~t ot ~h i s to be rep laced by h.-=»l everywhe r e, and th e depth 

for a new iter a tion is equa l to curre nt dept h t imes el::.f, 

whe re l::..f is the correction to )-'- just computed. The 

computation of dep th t hus becomes mo re r atio na l with ou t 

losing in simplicity. When ~«f the logno r mal d i s tri -

bution approach es the normal. Other attempts to attack t he 

problem by the techn iques of linea r progr am in g are consi der-

a b l y more involve d and arbitrary. 

The accuracy and stability of the so l ut i ans a r e ve ry 

difficult to study theor e tica ll y. However, it is r at her 

easy to ch eck some specific examp les. Th i s we did i n 

three ways : (a) By direct confrontatio n wi t h th e da ta of 
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explosion s. The discrepa nc ies in depth for the Coro na and 

Vi ctorv i 1 le explos i ons (Press, 1960 ) were 1 km and 3 km 

respec ti vely . The corresponding errors in ep i cente r s we r e 

1. 5 km and 2 . 7 km . ( b) By se l ecting wel l recorded earth 

quakes (with seven or more stations within the range of the 

direct wave) and comparing the very accurate hypocenters 

thus dete r mined with the ones obta i ned by using a uniform 

crustal model a nd raw data fro m di stant stat i ons on l y. This 

error in estimate i s due to crustal var i ations and shows 

how important it i s to correct fo r these var i ations, if 

accura t e focal depths are desired. Some examples of this 

effect are shown in tab le No . I 1- 1. (cl By study in g the 

change 1n focus, when a unit change was made in the arriva l 

time of each of the stat i ons, in such a sense (plus or minus) 

as to produce the maximum deviation in the corrections 6A, 

6f , 6h, or 6t
0

. For the main Kern County earthq uake, with 

a net of twe l ve stations, a va riation of . 1 sec at each 

produced the f o l l ow i n g re s u 1 ts : d h = 1 • 28 km, d A. 

and d<f' = 1. 1 km. 

= 2. 7 km 

The geometry of the distribution of the stations aro und 

the ep i center also plays an important ro le in the confi·dence 

we may have i n a g i v en de t e rm i n at i on ( F 1 y n n , 19 64 ) . I t i s 

obv i ous that the best ep i centra 1 l ocation wi 11 be that in 

wh i ch the sta ti ons are even ly distributed in azimuth . We 

can a l so have a good contro l with suff i c i ent near stations, 

even if th e distribution is not optimal. 



-52-

As Nordquist (1962) pointed out, the precision in 

depth wi 11 depend on the type of wave recorded. For 

instance, if we have only P
2 

arrivals there is no control 

upon depth, because a variation in depth wi ll be compen-

sated by a shift in origin time. If P2 and Pn are present, 

there is some control, but very little. The depth can be 

tied down with more . certainty only when the d ire ct wave is 

present. In any case, due to the properties of the rays, 

the uncertainty is not complete. The P
2 

arrivals are first 

with in a range wh ich depends upon the depth (see Figure I I -

1) . For a fixed distance, an increase in the focal depth 

wi 11 allow the direct wave to arrive first. Similar con -

s iderati ons ho ld for Pn and P1. 

DESCRIPTIO N OF . THE COMPU TER PROGRAMS 

In the Caltech Seismological La boratory at Pasadena 

there are seve ral programs with d i fferent deg r ees of 

sophistication, wh ich provide determinations of hypocenters. 

One, written by Mr. John M. Nordquist for th e Bend ix G-1 5 

computer, is designed specifically for lo cal shocks 

(Nordquist, 1962). It has been extended by Mr. John K. 

Gardner t o an IBM 7094 computer (Gardner, 1964 ). Another, 

wr it ten by Mr. Saul Shragowitz for teleseisms, has been 

adapted by the au th or to compu t e local shocks as we ll. The 

latter, also writt en for th e Bendix G-1 5 compu te r, has 

been ta ken as bas i s for a more comp l ete IBM 7094 program. 
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In the Bendix G-1 5 program we included accurate 

direction cosines for the local net work of sta t ions, and 

travel time tables were calculated fr om Pr ess' model for 

t he California-Nevada reg i on (Press, 1960) . Th is mode l 

is composed of a two la ye r crust with compressional veloci -

t i es 6. ll km/ sec and 7 . 66 km/ sec, and 8. 11 km/sec for t he 

mantle. The t h icknesses are 25 and 26 km r espectivel y . 

The input to t he program consists of code numbers that 

identify . the stations , the arri val . times for eac h station, 

and a n in itia l gues s for the hypo center. 

Data fo r each sta t io n is printed out i n t he fo ll owi ng 

pattern after eac h iteration: 

C 0 DE, ~ i ( km ) , ( t 
0 

) i , P i - ~ i /8 . 1 1 , ( Res i du a 1 ) i 

Here ~i i s the distance ep icenter -s tat i on , ( t ) i t he 
0 

origin time as seen from each sta tion, and P i the arrival 

time . Fol l owing t his, the machine t ypes out the st a ndard 

deviation in time, o = (-} L(Residua ls )2 )t, and then 

it prints the next trial : 

Lo ngitude (degrees), Latit ude (degrees ), Depth (km), t
0

(sec) 

The iterations continue unti 1 the computer is stopped 

manuall y. If fifteen stations are processed, t he t ime pe r 

iteration i s 7 . 5 minutes. The program gives foca l dept hs 

smaller than 56 km onl y, which i s sufficient for a ll the 

cases known i n California. 

The program for t he IBM 7094 comp uter i s essentiall y 
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d if f eren t becaus e of the introduction of multiregional travel 

times for l oca l shocks, and has considerably more capacity, 

speed and fl ex i b ilit y . It is designed t o treat te l eseisms 

and lo ca l shocks automatically in any ord e r. A generalized 

f low dia gram of t he program is g i ven in Figure I I - 2 . 

All data t ha t are to be used pe rman ent l y a r e s t ored on 

ma gnetic tape and r ead into the memory at execut i on t i me . 

Thus, we have on tape a catalog with the names and l ocat i ons 

of the sei smologica l s tati ons in the world t hat are more 

fr eq uentl y used, asimilar catalog for the l oca l net of 

stations, the P and S travel times for telese i sms , t he 

pP-P and sS-S t ables, a nd the crustal structure in the 

Cal i fornia -N evada regio n . The co nte nt of th e tape can be 

mod ified an d exten ded periodically by means of an a ux i li a r y 

program. 

Several optio ns co ntrib ute to the flex i b i l i ty of t he 

program. Weights can be assigned to each sta ti on in th e 

i npu t card s . We consider it more fl e xib l e t o we ig ht t he 

stations accordi ng t o t he use r' s decisions t han to fo l l ow 

Bolt ' s au t oma t i c we i g ht i n g me th od (Bo 1t, 1960) . The 

shocks are proc essed automatically , and for eac h s hock t he 

iterations conti nu e un ti 1 the variat i on i n or i gin t ime is 

smaller t ha n on e te nth of a second, or un ti 1 t he numb er of 

iterations exc eeds an upper bound given at i np ut t i me . To 



-55-

prevent gross errors, a tolerance test is made on the 

residuals to eliminate those which are evidently wrong. At 

input time it is possible to give an initial tolerance 

limit, its rate of decrease per itera tion, and a lower 

boundj thus we can control the way we reject some stations, 

wh ich proves to be helpful in obtaining a good sol ution. 

If the depth is known or it is convenient to ho ld it f i xed, 

there is an option to do so. Also, the printing of inter 

mediate iterations can be skipped, but it proved useful to 

have t hem for comparison purposes. The phases t hat corre

spond to each readi ng are identified and t heir names typed 

out. 

For loc a l shocks we have provided multiregional t rave l 

times that take into accoun t the variations in the properties 

of th e crust and the upper mantle. The times are computed 

int ernal ly from formu las, instead of from tabl es. Three 

P-phases and three S-phases are a ll owedj the y are eit her 

t he direct arr iva l, the wave refracted at the Conrad dis 

continuity, or the one r ef r acted at the Moho. In order t o 

minimize the number of data cards to be hand led, the i nput 

times for t he seve ral shocks to be processed can be read 

with a var iable format to be given at execution time . Th i s 

al l ows us to have four s ta t ion s per card when onJy fi rst ar 

r iva ls ac~ r eport~ d, two s t ations per card when more than 

one P-reading i s pre se nt, and one stat ion per card i f 

there are P and S readings. 
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Speci a l features for the processing of teleseisms are 

P and S travel times s t ored in the memor y of the computer 

as two d imensional ar ra ys. At pre sent we have Jeffreys ' 

Eur opean tr avel times ( Jeff re ys, 1964) , but t he us e r can 

replace them by more su i table ones at exec ution time if 

des ir ed. I f a pP -P or sS-S read i ng i s i ncluded in the 

in put card of any s tation, the depth of t he foc us wi 11 be 

computed accord in g to th ese readi ngs a nd held fixed . To 

this effect t he cor r espon ding Jeffre ys -B ulle n ta b les are 

used. If seve r al stations have these r eadi ngs, each one 

is used and an ave ra ge of t he r esulting depths i s tak e n. 

As in the case of the loca l shocks, a va riable format i s 

also given to decrease the num be r of cards . I f onl y P 

phases ex i st, it i s possi ble to ent e r four stations per 

card . If S phases are present al so , a maximum of t wo 

s t at ion s per card is al lowed . Since t he pro b lem of mapping 

the differences in structure i n the whole wo rl d is mu ch more 

compl ex than for a small reg io n, and st i 11 un s olved, we 

have pr ov ided a s i ngle co rr ect ion fo r c r us tal ef f ects . To

gethe r with the time of eac h station it is poss ible to give 

the thickness of the crust under it , t he standard being 33 km . 

A cont r ast in ve locit i es f r om 6 to 8 km/ sec is ass umed at 

th e base of t he crust i n co rr ect ing t r ave l times for 

crust al thickness. 

In Appendi x I I - l, we g i ve t he in s tr uc ti ons to be 

followe d to process shocks wit h t his program . Append i x 

I 1-2 co nt ains t he names and function s of the subrouti nes 
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which we re used. 

ON THE TRAVEL TIMES FOR LOCAL SHOCKS 

The program for location of lo ca l shocks 1s designed 

for use in the California-Nevada re g io n, 32° - 42°N, 11 4° 

124°W. Th is region is divided by a gr id wi th a spac i ng of 

! 0 in latitu de and lon g itud e . Thic kn esses of the t wo 

crustal la yers , the velocities of compressional a nd s hear 

waves in each lay er and in the underl y ing man t le and a t ime 

correction for t h ickness of the sedimentary la yer at the 

surface are assigned at each gr id point, to produce a mathe 

matical model representing approximately the true structure 

of t he region. 

To obtain the s truct ure between a n ep icen t er and a 

station, the pat h j o inin g th em i s d i v id ed in t o segments of 

25 km and th e crustal values at the d ivi s ion points are 

computed by bi lin ear interpolation among th e value s a t th e 

four corners of the correspond in g gr id ce ll. In Tab l e I I -

2, we g i ve some of the crustal va lu es between Tinema ha and 

Pa s adena as an examp l e. 

Prec i s e formu l as a llowing for va riati ons in t he 

ve l oc i ties and thickne ss es of th e mod e l in computing t he 

arrival times of the differen t pha ses become very in vo l ved 

and require continuous int egra tion along th e path (Bullen, 

1963 ), together with an ex t remely comp l ex us e of Fermat' s 

princ ipl e. To s imp lif y t he computation, integration a l ong 

th e pat h was r eplace d by su mmation on segme nt s in wh i c h 
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velocities and th i cknesses of the layers were consider e d 
constant . 

The head waves and d i rec t waves com i ng from be l ow t he 

fir st d i scont i nu ity are refracte d at the i nterfaces between 

l ayers; ea ch one of t hem corresponds to a l east- time ray 

c hosen among a f ami l y of rays wi t h s imil ar geome t ry. We 

found it eas i er and fas t er t o de t erm i ne d ir ectly t he least -

ti me pa t h in a ver ti cal sec ti on by choos in g it among 

severa l poss i b l e ones , i ns t ead of us i ng Sne l l's l aw . We 

compa r ed the t .imes of the r ays ob t a i ned by sh i ft i ng the 

po i nt s of refrac ti on a l ong the i nte r faces i n steps of 12 . 5 

km un til a tr ue mi n i mum wa s ob t a i ned. We began wit h t he 

po i nt s of r ef r act i on unde r the stati on, and moved t hem 

towa r d t he ep i ce nt er t o maint a i n convex i ty of the rays and 

mi n imi ze comput i ng t i me . 

F i na ll y, we cou l d profi t from the fact that horizonta l 

var i a ti ons are sma ll and s l ow l y varyi ng , and avoid t he 

exact treatment of l atera l refract i on with i n a laye r by 

using i ns t ead the theory of sma ll perturbations. I f V is 

t he average ve l ocity and v t he deviat i on from i t at a po i nt 

of th e pa t h, the trave l t i me between t wo po i nt s A and 8 is 

given by: 
8 

t = ( <is ( I I - 2) 
JA V +v 

wh ere ds is t he d i stance e l ement a l ong t he pat h . We make 

use of the re l a t i onsh i ps : 

sin e 
Vt v 

= K ( I I - 3) 
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dv = I grad v I· ds . cos e (II - 4) 

where e is t he angle between t he direction of t he path 

and the gradient of the velocity. After elimination of e 
and ds in equations (II - 2), (II - 3) and (II - 4), 

we obtain 

(II - 5) 

To the first order in v,this expression is equal to: 

t == 
6 
v ( 11 - 6) 

where the angle e has been reintroduced, and ds now is 

the distance element along the line connecting A and B, and 

!::,. is the total distance. In equation (II - 6) the t erm 

with a factor 1 is the correction for the change in 

velocity, and the one with a factor 
2 

t g e i s the co rr ect io n 

for the deflection of th e path from a straig ht line. If e 
is close to 90°, v is very smalb keep ing the product 

bounded. 

Two additional corrections of a general character were 

included in the program. The curvature of t he earth is not 

ne g ligibl e fo r distances between 300 and 1000 km. The 

difference between horizontal distances measured at the 

surface of the earth and at the Mohorovicic discontinuity 

is 
• !::,. /::,.-/::,.:::: H , where 

R" 
H i s th e thick ness of the crust and 
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R the radius of the earth. For~= 1000 km and H = 40 km. 
I 

~-~ ~ 7 km, wh ich corresponds to a time error of o.8 sec in 

a Pn arrival. Since this amount is large t he necess it y 

for the correction is obvious. But the effect of ellipti-

city is too smal l to be considered in any case. We used t he 

radius of the mean sphere to compare distances along great 

circles. To estima te the error so produced we may consider 

t hat the distance along a meridian is g i ven by 

b.' z a [ I - e sin 
2 

cp J c::l <f> , to t he f i rs t order i n the e 1 l i pt i -

city e. Here a is the rad i us at the equator and ~ the 

the latitude. The distance computed by the pro gram i s 

~=a( l - .5. e)cl<:f. If we take the end points at 32° and 42°, 
3 

the difference between the two ca lcul at io ns i s ~-i =:. . 12 km . 

The subroutines used for the computation of t he loca l 

trave l times are l isted in Appendix I I - 2 . 

A SURVEY OF CRUSTAL DATA 

IN THE CALIFORNIA-NEVADA REGtON 

The California-Nevada region is a comp le x one wi th a 

diversity of structura l features ; at th e same t i me it is 

rich in problems and difficult to study. In F i gure I I - 3 

a sketch of the Geologic Provinces is given according to 

Oakeshott ( 1955 ). 

Much work was done in the past wi th different geo

physical techniques, but spec ially r elevant to t he 

computation of theore tical arr i va l times i s the la r ge 

sca le program of refraction seismo lo gy launched by t he 
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u.s. G. S. i n recent years. A resume of this work is given 

by Pakiser (1963). We have used the information given by 

the U.S.G.S. as the basis f or the model descr i bed in 

section No .11-4,complementing it with t he resu l ts of the 

work of other author_s using exp l osions, eart hquakes, surface 

wave dispersion and gravimetry . 

I t is necessary to remark that 1 n sp i te of the large 

amount of information gathered, a complete and accurate 

crustal mode l has not yet been dev~ lop ed, t he i nfo rmat i on 

be i ng concen t rated along certain li nes which are not de nse 

eno ug h throug hout t he area . Our aim was to construct a 

crus t a l mode l us ing and not contrad i ct i ng the known data, 

simp l e enough to be usab l e by a computer, and easy to 

modify i n t he l i ght of new in fo rma tio n . 

As t he data for th e s phas es is scanty , we ass ume d a 

Po i sson ' s ra t i o of 0 . 25 and obtained t he veloci t i es f rom 

th e corr e spond i ng P- phases . Fr om th e U. S.G . S . we obtai ned 

the t i me delay due t o s urface se d i ments, t he P ve l oc i ties 

in the first two la yer s and th e depth of the first la ye r. 

We fol lowed Pr ess ( 1960) i n a ss i gning a thic kness of 26 km 

for th e seco nd layer and 8 . 11 km/sec for the deepest 

comp r essiona l veloc i ty . The c r i t er ion use d to con tinue t he 

mode l to po int s where no direc t in f ormation was availabl e 

was to keep t he ve lociti e s wi t hin the same geo l ogic 

province, and to re flect the t opography for t he depth of 

the f i r st laye r . A cor r e la ti on by least sq uares betwee n 
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t op o graph y and depth ( where the latter was known in dependently) 

gave a trend H = 24 . 5 + 2.98 h, whe r e h is given in km 

abo ve sea leve l. The scatter shown in Figure II - 4 is 

cons i derable, and it is obvious that topogr ap hy is not the 

only paramete r affecting the thickn ess of the crust. 

The Mohave desert a nd the Basin and Range Provinces 

are the more uniform features in the region . More accurate 

data are avai lable here . We took a Pn ve locity close to 

7.8 km/sec i n the Mo have desert and 7 . 9 km/sec for t he 

Bas i n and Range Provin ce (Pak i ser and Hill, 1963). For t he 

Mohave desert we follo wed Press ( 1960),Rol l er and Healy 

( 1963) , Diment, Stewart and Roller ( 1963) . The dept hs of 

the first layer ranged from 25 to more tha n 30 km, increasing 

to the no r th. 

In the Great Valley we took t he curve given by Eaton 

( 1963) to est imat e the time delay due to t he sedimen t s . 

Wherever the sed ime nts are thic k, t he var i ation of the 

sur fac e t i me de l ay i s rapid, and we be li eve t hat t he s pac i ng 

of ou r gri d, wh i ch ot herw i se i s satisfactory, becomes too 

gross an d causes an exagge r ate d spread of local effects. 

Th i s becomes ev i dent in the San Franc i sco a r e~ where on 

crossing t he San Andreas fault to the east, t he loW-veloc i t y 

Franciscan Formation de lays t he times of the direct 

a rrivals (Hamilton , Ryal l and Berg, 1964 ), (Toc her , 1962) . 

In using our gri d spacing we we r e not able to account for t he 

total it y of the eff ect wi t hout perturbing the o the r t ra vel 
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ti mes. 

Very little information was available for the 

Peninsular Ranges, except for surface wave data f r om Press 

( l 9 56 ) an d A l ex an de r ( l 9 6 3 ) . I n t he Pac i f i c t he re i s a 

p r o f i l e by S h o r ( l 9 58 ) comp l em e n t e d b y d i s p e r s i o n d at a f r om 

Alexander. An 8.11 Pn velocity and a decrease i n crustal 

thickness down to 11 km are the more importa nt facts. 

In the Imperial Valley delay times were computed from 

seismic data by Kovach et al.(1962). 

Tables I I - 3 to I l - 6 show the values ass i gned to 

the crust at t he nodal points of t he grid. 

The t hree compressional velocities increas e with 

depth. Recently Press and Bieh l er (1964, in press) showed 

a velocity r ever sal in t he Si er ra Nevada. Such a struct ure 

wi ll require a rev i s i on of our computational pr ocedures 

for trave l times . 

To test the model we computed the travel ti mes alon g 

some of th e tr averses of th e U.S.G.S. For th e line alon g 

the coast of California (Healy, 1963 ) th e r e is some appa r ent 

d i sag reement. The profile Sa n Fr a nci s co to Camp Roberts 

fits we ll wi t h in 0 . 3 se c for t he P
2 

a rrival, but the direct 

wave i s about 1 sec late wit h r espect to th e t heoretical 

times. We bel i eve this is due to the fac t that the s hot 

po in t was placed of f shore from San Franci sco , and t hus the 

direct wave was transmitted partly in sed i me nt. Th is is 

reaso nab le, s ince the l ine l ies on the wes t side of t he 



- 64-

San Andreas fau l t and therefore Pg has a normal ve locity; 

moreover for the Nativ i dad qua rr y exp losions (Hami l ton, 

Ryall and Berg, 1964) the agreement i s ve r y good . Someth i ng 

s imilar happe ns when the shot point is in Sant a Monica, t he 

delay be in g of the same ord er . The prof i le Santa Monica

Lake Mead (R o ller and Healy, 1963 ) has a delay of about 

1 sec for Pg and P
2

. The r everse fits wel l t he direct 

arrival withi n 0 . 3 sec but t he refracted P arrival is 
2 

consistent ly o.6 sec ea rly . No correction f or this de la y 

has been attemp t ed along t he structure because t he Corona 

and Vi ctorvi 1 le quarry blasts and t he nuc lear explos i ons 

showed exce ll ent agreement wit h the model. Also t he 

prof il e from the Nevada Test S i te to Kin gma n (Diment et a l, 

1961), when corrected for t he difference in t he locat ion of 

t he exp l osions, gave a f i t with i n 0 . 3 sec . 

A test of t he correct i on for the root of t he Sierra 

Nevada was obtai ned f r om the obse r vation at Tin emaha of t he 

Co r ona exp lo sio n (Press, 1960). The diffe r enc e wi th the 

observed trave l time was Q. 1 sec . 

LOCAT ION OF EXPLOSIONS 

To test t he adva ntage of the var iab le trave l t imes, we 

redetermined the location of some chemica l and atomic 

exp l osions which were we ll recorded within the California-

Nevada reg i on . The Corona exp los ions gave an exce ll en t 

fit , with very sma ll res i duals . We t ested the norma l ity of 
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the r es idu a ls by the Kolmogorov-Smirnov test (Hoe l , 1962 ). 

Thi s test is more adequate to our purp ose than th e X.2-test, 

because there i s no need to group the observations in 

numbers gr eater than five . We will refer to i t as the KS-

tes t. We obta i ned X = 0 . 04 sec, o= 0.424 sec, Dn = 0 .10, 
Q( 

wi th n = 25 . As Dn = 0.27 for <X.= 0.05 , the hypothes is of 

normalit y is accepted at the 5% l evel . 

No change in l ocation f r om th e initial (e xa ct) trial 

location was found and the residuals were sma ll for the 

combined Bl anca and Logan nuc l ea r ex plosions. The 

Victor v ille explosion, wit h a sma l l set of residua ls, gave 

a dept h osc ill at i ng between 4.9 and 5.1 km . 

A dif feren t experiment was perfo rme d for the nuclear 

exp losions Hard hat, Ha ymake r , and Sedan . We used the Ve la

Un i form set of stations up to a distance of 1000 km. The 

times were not corrected for crusta l structure, except for 

the stations wit h in the Ca li forn ia-N evada region, but we 

had very accurate readings of later phases. 

In pr ocessing th e Hard hat exp l os io n, an in i tiall y 

ass ign ed depth of 15 . 0 km was r educed to 12. 1 in two 

iterations. When resubmitted, an ini t ial depth of 7 . 0 km 

was corrected to 1. 3 km in 3 it erations. After th e thi rd 

iteration the process became unsta b le, in the form 

ex pl ai ned in sec tion No. 1. 

Tne location of the Sedan exp lo s i on was not we ll 

cont r o lled. All t he readings wer e first ar ri va l s, and no 



- 66-

direct wave was avai l ab l e. The fina l depth became stable 

at 7.0 km with some residuals over 1 sec. 

The Haymaker explosion had the best set of readings. 

Two different trials gave depths of 0 . 2 and 0 . 4 km. We 

attribute the goodness of the so l utions to t he control 

given by t he direct wave, i n spite of the absence of c l ose 

stations. Se vera l P and S phases were ava il ab le at eac h 

station. 

Nor dquist ( 1962) studi e d the computer locatio n of the 

Fre nch atomic explosion in the Sahara of May 1962 . With 

the te leseism part of ou r prog r am, we r epeated the deter 

mination . We a r e confident that our locat i on was done 

unde r better co ndi tio ns for two reaso ns . First, we use the 

European travel t i mes wh i ch are more adequate to t he region 

than the standard Jeffreys- Sul Jen tables . Second, we used 

the probab i l i ty distr i bution for depth as given in section 2 . 

Jn our solution, we tried to circle t he point of explosion 

wit h stations in the fou r quadrants, and in t wo different 

t r ia l s we obtained solutions in depth of a fraction of a 

ki lometer. 

THE KERN CO UNTY SERI ES OF AFTERSHOCKS 

The or i g i nal Bendix program, wi th uniform trave l times , 

proved use fu l in providing accurate locations fo r a ser i es 

of shocks under special conditions. These conditions were 

present in the Kern Count y series of afters hocks (starting 
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Ju 1 y 2 1 , 19 52 ) . They occurred i n a 1 i mi t e d are a, and the 

ray pat hs to the several s ta tions could be considered almost 

constant. Moreover , the num ber of portabl e st a tio ns 

instal l ed in the epicentral region was enough to lo cate a 

se t of some 25 aft ershoc ks of ma gnitude over 4, usin g data 

from the direct wa ves on l y . 

The great majority of th e aft e rsho cks were located 

close to t he en ds of the Wh it e Wo lf fault. We c la ssi fi ed 

them i n th r ee grou ps accordi ng to t he ir location. Group A 

i nc ludes t hose on the SW end of t he fa ult, Group C those 

on the NE corn er and Group 8 tho se in be tween. 

Wit h accurate origin times of aftersh ocks base d on 

data from near s tation s , and the a rri va l times to t he 

distant stations, we we r e ab le to determine the ac t ua l tra vel 

times fo r each path. The differences f rom the t ra ve l times 

for our assume d mod e l we r e interp re ted as be ing due t o 

variati ons in crustal st r uc t ure. These differ en ces we re 

also used as corrections to the ar ri va l time s of t he 

corresponding stations for ot her shocks wh ich were not so 

wid e l y r eco rd ed. By applying such corrections we succeede d 

in ge tt in g precision dept hs for mos t of t he aftershocks 

where at least one station received the direct wave . 

Fi gur e I I - 6 shows the distribution of the aftershocks in 

a horizontal pl a ne wi t h the s ense of mo t ion according to 
0 

B a t h a n d. R i ch t e r ( l 9 58 ) , an d F i g u r e I I - 7 s h ow s o u r d e p t h 

distributions of th e aftershocks in a projection over a 
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p l ane perpend i cu la r to t he st ri ke of t he Wh it e Wo l f fau l t. 

Observat i ons of Figure I I - 7 shows that the tectonic 

activ it y was mostly conf i ned to the nort hwestern side of 

the Wn i te Wolf fault. We cal l th is reg i on the "active 

b l ock 11
• Almost a ll of the afte r shocks in Figu re I I - 6 

that are on the southeastern s i de of the fault trace give 

computed hypocenters t he assumed plane of t he fau l t . The 

genera l t rend of the mo ti on of t he "act i ve b l ock 11 is upward 

and t oward the SW, as indicated by the sequence of after -
o 

shocks worked out by Bath and Richter (1958), on the basis 

of f irst motion of P waves. In Figure II - 6 t here are 29 

shocks hav i ng a l eft - han d strike-s li p mo tio n, agains t 9 

with a r i ght - ha nd motion. 

Geodetic measurements (W hit te n, 1955) of r e l ative dis -

placements agree wi th this indicated trend in the horizonta l 

component, but not in the vert i ca l. Moreover, the ma i n shock 

had the character i st i c of an overthrust motion (Gutenberg, 

1955) . It is not clear how to r econc il e the overthrust 

dip - s li p mot i on of the main shock to the mechanism of the 

strike- sl i p and normal d i p- s lip aftershocks . A theory 

based on a rebound effect would exp lai n on l y the dif ference 

in vertical mot i on . 

In cont r ast with the dominant l eft-hand str i ke- slip 

motio n, shocks 194, 141 and adjacent ones in F igure II 6 
0 

have right- hand st r ike- s l ip motio n . Bath and Richte r 
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con cl u de that they correspond to a secondar y re lease of 

energy far from the main fault, a nd they wonder why it is 

not present on the southern side too. It is clear now that 

we should not expect this, since our new hypo centers indicate 

that this showed l ittl e seismic activity. 

The distribution of the aftershocks within the active 

block is such that in the projection shown i n Figure I I - 7 

it is easy to observe linear trends. This suggests t he 

possibility of several major breaks rather t ha n one. Te nta

tive locations for the breaks are indicated in Figu re I I - 7 

by dashed 1 i nes. 

A l ist of the residuals at the several sta t ions for 

shocks of type A and C are g iven in Tab le 11 - 8 . 

Assuming that ve lociti es do not change horizonta ll y, 

we can interpret the residuals at Tinemaha and Hai wee in 

t erms of a deepening of the first discontinuit y by some 5 

km under the Sierra Nevada. This increase shou ld be assoc i

ated with the offset point whe r e the ray begins to emerge. 

As imilar calculation for the res idual s at Berkeley, 

San Francisco . a nd Mount Hamilton suggests that the crust 

is some 8 km th inn e r a t thes e poi nt s . In the arrivals to 

Barrett a residual of -. 6 sec is interpr e ted i n te rms of a 

4 km t h inner crust. These results have been in corporated 

int o the crustal model for th e IBM 7094 program. The 

co r rec t i on t o t h e mode l i n t he' San Fran c i s co a r ea has been 

distr i buted be tween depth and ve l oc i ty variations. 



- 70-

For shocks in the C lo cation the residua l s at 

Santa Barbara are h i gh; th i s effect cou ld be due to t he 

pr esence of the upper Tert iary and Quater nar y sed iments in 

t he reg i on (Reed and Ho ll ister, 1936). We confirmed this 

resu lt in t he next sect i on. 

We obtained the previous results by the introduct i on 

of a crustal cor r e cti on ~ti to the trave l time of the i th 

station . The new hypocenters gave a set of residual s that 

we re very smal 1, but st i 11 not zero. A f ur ther step was 

taken to improve the correct ion ~t i , addi ng to it a second 

order parameter ~i in such a way as to minimize the sum of 

the squares of the residua l s for all the processed shocks . 

I t was fo un d that the second order cor r ec tio ns ~i were 

g i ven by the average sum of t he residuals of al l the sh ock s 

at the it h station . 

The nu mer ica l values of 7i were sma ll, the la rgest 

being of th e or de r of . 1 sec . Our conf i dence in th e analy

s i s was thus confirmed, a nd we therefore concluded that no 

further changes in the statio n corrections we r e necessary . 

SHOCKS IN THE CAL IFORN IA-NEVADA REG IO N 

In order to obtain a f r equency- depth di stribut i on of 

shocks in Cal i fornia, and prove t hat t he introduction of 

variable travel times i s helpful in obta ining a bet t er set 

of so l utions, we se l ected five reg i ons where the number of 

near stations was suffic i ent to guara ntee good solut ions . 

In doing th i s selection we a l so restr i cted ourse lves to 
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the period 1950-63 when the number o f statio ns and the 

qua li ty of the time signals we re far superior tha n befo r e. 

The regions are shown in Figure I I - 5. To be ce r t ain of 

the intensit y of the signals and to favor the statistical 

significance of the results, we se lect ed shocks wi th 

magnitudes between 4 and 5, plus a f ew wit h magnitudes 

between 5 and 5 . 6 . After selecting and processing all the 

ea rthquak es we were l eft with 116 wh ich gave solut i on s on 

whi ch we could re l y. A good check on t he good ness of the 

solutions is given by the fact that each shock was run at 

least three times wit h different initial guesses fo r the 

depth, and the best re sult se lected . 

A resume containing the re s i dua l s , magnitudes an d 

depth s in these r eg i ons i s g i ven in Tab les I I - 14 to I I -1 8 . 

At the bottom of the column fa- each station we g i ve t he 

mean and sta ndard dev i ation of t he set of it s residua l s for 

all of the shocks in t he regio n. The norma li ty of the 

distribution of r es idu a l s i s tested by th e KS test . The 

observed parameter Dn i s smaller than tbe critical va l ue 

Dno.5 in al l cases, and cons i derab l y sma 11 er for mos t of 

them , and we can accept the hy pothesis of normalit y . The 

means are sma 11 e r than 0.2 sec except in a few cases such 

as Santa Bar ba r a for ear t hquakes i n reg io n l. The 

occu rr e nce of these lar ge deviations from the tr avel times 

indi cates that imp rovement s i n the assumed st ructu r e must 

be mad e . The paths concerned are not near enoug h to 
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regions where crustal structure has been investigated . The 

effect of these significa nt deviations was min i mized by 

p lac i ng heavy we ig hts on stat io ns near t he epicenters . 

The f r equency distr i bu tion of the Kern County after 

shoc ks with depth is given in Fi gure I 1-8. Fre quency values 

refer to the num be r of shocks wi th depth within inte r vals 

of l km. I t is in teresti ng to notice the decrease i n 

activity at about 9 to 10 km, and the presence of a maximum 

near the surf ace and a nother near 14 to 15 km . No shocks 

are observed at depths greater than 20 km. The same phe-

nomena can be obse r ved for the d i str i bu tion of the combined 

r egio ns as shown in Figure 11-9. Appa r ently the frequency 

distribution shows appreciable scatte r ing, but after intro-

ducing the uncer tainties in each depth determination, we end 

wi th the smoother and mor e representative values shown in 

Figure 11-10. As the probability distribution for each 

shock i s lognormal, in int roducing the uncerta i nties the 

sha llower shocks spread ma i n ly downwards but the deepe r ones 

sp read i n both directions . 

We performed this process numerically by running aver -

ages wi th trian gular fi lt e rs that app r ox imat e the logno rma 1 

distribution . The smoothed freq uency values are given by 

Gm = L a.,,,n f n where f n are the or i g i n a 1 v a 1 u es . We chose 
Tl s-,,, f i 1 t er co e ff i c i en t s a.m Tl" -- , m = o, 4 . 

IS 
for n=O·Cl. = 4 ~lml m=-13 . 

' mn 12 , 1 

f o r n=l ; and a.m11 =- 3 -~ml , ,,, .. - 2.~ . fo r n > l. The cumu lative 

d i str i but i on i s not affected great ly by th i s smoot hi ng . 

We see tha t 80°/o of t he shocks happen at 
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depths shallower than 6 to 7 km. Since the ra nge of 

magnitudes is not sufficient ly narrow, it is convenient 

also to investigate the distribution of energy with depth. 

We t ransformed magnitude to energies by the formula 

l o g E = 1 2 + 1 . 8 M ( R i ch t e r , 1 9 58 ) . T h e r e s u l t i s s h own i n 
10 

Fig ure I I - l l, and the smoothing by t he consideration of 

t he uncerta inties in dept h is g i ven in Figure II - 12. 

Clearly, the energy approach stresses even more th e seismic 

importance of the upper 7 km of the crust over the deeper 

regions . 

It is interesting to relate these result s to previous 

in vest igations on the vertical extent of faulting. Byer l y 

an d De Noyer ( l 9 58 ), f r om en e r g y con s i de rat i on s an d ass um i n g 

a constant static displacement with depth after the 

faulting, find a depth of 10 km for the fault break in t he 

San Francisco earthquake of 1906. Knopoff ( 1958), by 

applying the methods of static elasticity to the study of 

t he energy difference before and after fa u lt ing, ob t ained 

a s tati c displacement that decreases to zero at the bottom 

of the fault pla ne, and a fault depth of 3.2 km fo r the 

San Francisco earthquake. Chinnery (196 1), using dis-

location t he ory and a rigid body displacement along t he 

fault plane, computed a vertica l extent of faulting of less 

t han 6 km for t he San Francisco earthquake . They all 

assumed i nf i nite extent of t he fau lt in t he horizontal 

direction . 
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We have noticed that in the Whi t e Wo lf f ault, most of 

the Kern County aftershocks fal l near the en ds of the fa ult 

t r ace (see Figure I I - 6) . This accumulation of seism i c 

activity may be due either to conce ntr at ion of stresses 

around t hese places, or to a decrease in t he y ielding poin t 

of the mate rial. I n an y case, it is reasonable (but by no 

means ce r ta in) to expect asimilar behav io r at the lower 

e dge of t he fau l t plane, and an incr eas e of s ei sm ic activ i ty 

the re. The frequency-depth and energy depth distr i bu tions 

g ive maximum concentration of seismicity at a bout 5 to 6 km. 

We r emark here that the main Kern County shock had good contro l 

f o r epicenter but not for depth, due to lack of near stations. 

If in accordance with the fact t hat aft ershocks in t he f irs t 

two days l ie on the fault plane, we project t he main epicenter 

vert i cally on the fault plane, we fi nd a proba ble dept h 

less t ha n 8 km (Figure I I - 7 ) wh i ch would tend t o agree wi th 

Ch i nnery's computa ti o n, assuming that the San Franc i sco 

earthquake represents typical behavio r of the San An drea s 

fault . 

Ch in nery's assump tion of constant stat i c disp lacement 

wit h depth appears less p laus i b le tha n Knopoff 's resul t , bu t 

it is diff i cu l t to compare the two app r oaches since th ey are 

essentially diffe r ent . The reaso ni ng fo l lowed a bove wou l d 

re j ect Byerly and De Noyer ' s result in favor of the oth e r 

two. 
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Nevert he 1 ess , a significant amount of shocks do occur 

at lower depths, and ev i dently the y are re la ted in some way 

to the surface faulting. They may represen t an extension of 

the faults t o depths of the order of 17 km, with a s l ower 

rate of stress accumula t i on, or a different system of breaks 

wh ich are trigge r ed by the act i v i ty above . 

In Figure I I - 13, we compare the normaliz ed cumulat i ve 

distributions for the f i ve regions selected . The large 

deviations i n some are due to the fact that whe n taken 

a l one , t her e are an i nsuffic ient number of data points to 

make good s tati stics . 
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CONCLUS IONS 

The determination of epicenters and depths of local 

shocks in r eg ions as rug ged as California can be made wit h 

an accuracy of 2 to 3 kilometers by carefully correcting 

t he travel times to account for major sources of errors. 

One of the most important corrections is for var i ations in 

crustal structure. This correction can be done automatica l l y 

by computing va riable travel times from a suitable crustal 

model. The model described in section 4, part I I, f i ts the 

observed travel times accurately except in isolated basins 

i n which the t hickness of sediments is large. 

Nuc l ear explosions in the Nevada Test Site can be 

accurately lo cated by using severa l crustal phases . For 

the French nuclear explosion of May l, 1962, we obtained a 

better solution than previous investigations, because we 

used the European trave l times in the te l eseism part of the 

program. They represent that region better t han t he 

standard Jef f r e ys -S u ll en tab l es . 

Th e Kern Count y series of aftershocks of 1952 occu rr ed 

mostly in one active block, and the depth distribution we 

computed shows a maximum of seismic activity at depths 

smaller than five kilometers. 

A study of the distribution of the Californ i a s hocks 

with depth shows tha t 8o 0Jo of t hem occu r at depths 

shallower t han 6 to 7 km. This result is furth e r con f irmed 
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wh en we analyze the distri bution of energies. When t his 

resu l t i s re l ated to t he theor i es ab out ex te nt of fa u lti ng , 

we are inclin e d to g ive preference to t he argumen ts in 

fa vor of sha llow pen e trati on of f ault planes in Ca l ifornia . 
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T AB LE CAPTI ONS - Part I I 

An examp le of t he errors invol ve d when no 

cr ustal correct io ns are applied and the 

direct wave is not i nc luded. (See section 

2, part I I ). 

Values of cru st al parameters be t ween 

Tinemaha and Pa sadena. The distance i s 

meas ure d f rom T i nema ha . A ti me co rr ection 

for surface sediments, t he velocities of 

compressional wa ve s in the first t wo layer s, 

a nd t he t h ick nes s of the first layer are 

given. 

California- Nevada Reg i on. P veloc i t i es in 

the fir st laye r at the crossi ng points of 

the grid . The long i tude and lat itude are 

gi ven i n degrees . The velocities are in 

km/sec . 

California-Ne vada Region . P vel ocities in 

the second la yer at t he cross ing points of 

the gr id . The long it ud e and lat it ud e ar e 

given in deg r ees. The velocit ies are i n 

km/sec. 

Ca li fornia-N evada Region. Th i ckness of the 

first layer i n km, meas ured f rom a datum a t 

l km a bove sea leve l . The value s are given 

at t he crossi ng points of the grid . The 
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longitude and latitude are given i n degrees . 

California-Nevada Region. Time delay due 

to near su r face sediments, in seconds . The 

va l ues are given at the crossi ng points of 

the grid . The l ong itude and latitude ar e 

given in degrees . 

Local shocks . Station code numbers and 

names; A, Band Care the geocent r ic direct i on 

cosines; D is the he ig ht with respect to t he 

mean sphere. The elevation is given in km, 

above a datum at 1 km above sea le ve l. 

Table I I - 8. Time deviations from the model wit h hor i -

zo nt a l layering, due to crustal variations, 

for shocks i n t he Kern County area . Regions 

A and C refer to Figure I I - 6. 

Table I I - 9. Shocks in reg i on (Figure I I - 5 ), with t he 

trial hypocent e rs. 

Ta ble I I - 10. Shocks in region 2 (Figure I I - 5) , with the 

trial hypocenters. 

Table I I - 11. Shocks in region 3 (Figure I I - 5), with the 

trial hypocenters. 

Table I I - 12. Shocks in region 4 (Figure I I - 5 ), with the 

trial hypocenters . 

Table I J - 13 . Shocks in region 6 (Figure I I - 5), with t he 

trial hypocenters . 
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Tab le I I - 14 . Resume of t he res i dua l s fo r t he s hocks in 

region 1 (Figure I I - 5) . The residuals are 

in seconds and the depths in km be l ow datum . 

The fi ve rows a t the bottom give the tota l 

number of residua l s, t he mean r esidual X, 

the standard deviation O', the cr itical val ue 

of the K- S test o« and the actua l maxi mum n, 

deviation D . 
n 

Table 1 1 - 15. Same as Tab l e 11 - 14 for the s hocks i n 

re gion 2 . 

Tab l e I I - 16 . Same as Tab le 11 - 14 for t he s hocks i n 

region 3. 

Tabl e 11 - 17. Same as Table 11 - 14 for the shocks i n 

region 4. 

Tab le II - 18 . Same as Tab le II - 14 f or t he shocks in 

reg io n 6. 



- 87-

TABLE NO. I I - l 

No. of shocks according 

to Richter ( 19 55) Mag. b'A (km) b<r (km) bh (km) 

285 5. l - 8 -8 34 

155 5.8 -6.7 - 8 . 5 68 

276 5.9 - 6.7 -1l. 4 24 
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TABLE 11 - 2 

PROFILE OF CRUSTAL MODEL BETW EEN TINEMAHA AND PASADENA 

CORRECT! ON 
DISTANCE SED IMENTS VPl VP2 H 

km sec km/sec km/sec km 

0 0.50 6.01 7,88 29 . 6 

25 0.46 6.00 7.87 32.2 

50 0.41 6. 00 7.85 35.2 

75 0.40 6.00 7.85 34.8 

100 0.39 5.99 7.86 33.2 

125 0.41 6. 01 7.86 31. 3 

150 0.43 6.06 7.85 29 . 5 

175 o.44 6. l 0 7.85 28.6 

200 0.40 6. 13 7.85 28 .7 

225 0.36 6. 17 7,84 28.6 

250 0. 37 6. 14 7,73 27 . 5 

275 0.37 6. 11 7.62 26.6 

300 0. 36 6. 14 7. 77 27. I 

325 0. 35 6. 20 7.96 27.9 

350 0.38 6 .23 8. 06 27.7 

373 .6 0.45 6.24 8. 10 27. l 
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TABLE II-4 ---------------------------------------------------------------- ------

COMPRESSIONAL VELOCITIES IN THE SECOND LAYER.CALIFORNIA-NEVADA REGION. ---------------------------------------------------------------------------------·-··-----·-·--------------------------------------------------------------
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TABLE II-7 

CAL IFORN IA-NEVA DA REGION . DIRECTION COSINFS OF THE LOCAL STATION S . 

co NA A 8 c D ELEV I co NA A F3 c D ELFV ·-------------DF ____ M"E: _______________________________ -----K.M' ____ i( M ___ --r5E ____ ME--------------------· ·---------------KM-- .K. M- -----------------------

1 PAS - • 39154 -. 73109 • 5 5 8 74 -=cr~-1-..:-0 . 7 33 PRs- ::.-;4-2 035 - • 68946 • 5 8986 --o. 8 -0. 7 ----------
2 MWC -. 389 7 2 -.7312 2 . 5598 5 - 0.1 o . 8 34 REN -.38447 -. 67095 . 63404 - 2 . 0 0 . 4 

·--------------3--5-c;:--.:-.-31f6sr-=~-733-36-:-55-95-6 --=-c;·. ]:- -o. 5 3 5 F-ER ·-- .-4 2 993--.=-:-629sa--~-c;4-1Ifo--=-2-. 4 - 1 • o--- --------------------
·--------------~--8Y8 __ -:_·_~§-~Q} ___ -:.! -7_2J_~.9 __ _!_~.?_f.?.~_q_ ___ g_._Q __ ::.9_!.?_ _1~--~R~ __ :_~ '!]._~? ~- -=-~-~?§_!.9 __ _!'_~?_1=..~} __ .::2 ~-5 -:.9_!..? _______________________ _ 

S BBC -.37500 -.73873 . 56004 -O.J 1 .1 ~7 SHS - .40729 - . 64208 . 64950 - 2 . 4 -0.7 
6 PVR - . 39569 - .73315 . 55310 Oe2 - 0 . 7 38 MIN -.40027 -.65105 . 64492 -2. 3 0 . 5 
7 S BC - .4096 7 -.7 1779 . 56297 -0. 2 -__0.9 39 UKI -.42606 - .65068 .62856 -1. 9 -1 . 0 
8 FTC -. 397 3 0 - .71 986 . 56917 - 0 · 3 o.o 40 EUR -. 33904 -.69545 . 6335 7 -2.0 1 . 1 ·--------------9--'K-R'c--: -.-4o56-9--.::-10-99-s--.-57s6_6 __ .:ei-;5--: o ~ 3---4 T-"N EL - - • 3419-2--.::-13-asT--.-5"fffT1--..:a:6---0~1-- --------------------

1 o WOY - . 39266 - .71 297 . 58095 -o . 6 -o.5 42 BCN -. 34064 -.73609 . 5849 3 -o.7 -0 . 2 ·----------------------------------------------------------------------- --------------------------------· ·-------------------· ------------t·---------------
11 I S A -. 38838 -.71596 .58014 -o . 6 -0 . 2 51 CHP -.39908 -.7196 1 . 56824 -o.3 o . 6 ~ 

c.:> 12 ISI -. 388 2 2 - .7 158 1 . 58043 -0.6 -0. 2 52 HAV -. 38950 -.71 688 . 5 78 25 - 0 . 6 O.O 1 

13 CLC -.37651 -. 72029 . 58260 -0.7 -0.2 53 KNO -. 38978 - .7170 3 . 57787 -0. 5 0 .1 
_____________ 1.i_!i~L_.:-_!,2_?.'.?_12 __ =_._11_~1-Q __ !.?_~:?J_? __ :.Q!..? ____ Q!_L __ 2_~-~~ 1 _.:-_!.~-~1-·u __ :_•_?_1_~J_Q __ !,.?_I.?1.~ __ : _Q!...?_ - Q • 2. ·---------------------

15 TIN - . 3 78 3 9 -.70486 . 59999 -1.1 0.2 55 BDI -. 39017 -.7 2125 . 572 34 -0.4 O. ? 
16 FRE - . 39 90 2 - .69683 . 59599 -1· 0 -0 · 9 56 WOI -. 3920 1 -.72149 . 5 7077 - 0 . 4 0 . 5 

-------------11--P-cM--:.-;3-1aT6--=-.--,-4-66a--;54:;-24---0~2----o:-r --51 w\:r1-:.-;3-92-6r -=-. 7Ta16 --; 5-74-55--.:o; s :. 0:-4----------------------
18 BAR -. 37856 -.75361 . 53737 o.4 -o.5 58 SMI -.38913 -.71480 . 58106 -o.6 1.0 
19 HAY -. 36067 -.75155 . 55235 0.2 -o. 5 - 59 WDI -. 38959 -.71803 .57676 - o .5 -0.2 

. _____________ f.9 __ ~_(L_:_·-~i1-~l-~ __ :.!_l.?_~~-?. __ •_2-22J:..Q ___ .9_!..? __ :}_! Q_ •.• 6 0 __ £'_~L_:-_~~~~_5_! __ :~-~1-?..9_~--·-~-~~-1-~ __ : .9_•.! __ o_!3. _____________________ _ 
2 1 SNC -.41294 - . 72918 .54568 0 . 3 -o . 7 6 1 CCI - . 39191 -.71 A52 . 57457 -o.5 -0.? 
22 LJC - . 38 540 - .74820 .54006 o.4 -1 . 0 6 2 KEI -.39247 -.71558 . 57785 -o.6 -o. 5 

·-------------26--B-RK--:-:4"224-1--.::-66""92_3 __ ;6-1 13-f --..:1-;4--.:(): -9 --63--P-KI--:.-;3C)z!f1' =:-11-60-4--.-5-=r72-5--.:o-; 5--.:0:1-----------------------
27 MHC - .41 814 - . 67852 . 60396 -1.1 o.3 64 CC2 -. 39 191 -.71857 . 57450 -o.5 - 0 . 2 
2e_ PAC -.4240 4 - . 6 7388 . 6o5o4 -1. 2 - o . 9 65 EKI - . Zi03T~ -.7 13Zi0 . 5,,.,.3-..2'""0:-----.0.-..... 4-_--o..-.--3~-------

29 SFR - .4 25? 3 - . 66868 . 60996 -1. 3 -0 . 9 66 SET -.40034 -.71681 . 57089 -0 .4 -0 . 5 
-------------30-5-cr_--=.-.-4-2r r1--.:-.-g·=rr,r 9--; 6 o4Tcr -.:y; 2 -:.-1 ·~-o- --67 °"P1nr -:.-; 3 s r·p5--.:-;-·rz.-051r--.- 5-s-~4-i---c,-.-r --=o;-s-----------------------

31 sec -- .4 24 17 - . 6 7890 . 5 9 93 2 -1.1 -0 . 9 68 POM -. 38586 -.73465 . 55802 -0.1 -0 . 1 
-------------32--,rrl\J--:.-.-4Tir3-:r--=~-6s5P•--.-s95T3---=r;cf-= o • ·1 - -69--·e1n --:.-; '.3-194 6---=-;73-6-4cr--.-5·6 OTl---=0;1- ();4 - -·---------------------
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TAB LE- I I - 8 

RES I DUALS DUE TO CRUSTAL VARIATI ONS 

FROM FROM 
REG I ON A REGION c 

Residual Standard Dev. Residual Standard Dev. 
STAT ION Sec. Sec . Sec. Sec. 

Pasadena . 01 -.07 . 1 1 

Mt. Wi 1 son .03 . 21 . 14 . 26 

Da l ton • 1 1 . 31 - . 02 .35 

Ri versi de .29 .22 - . 02 . 36 

Big Bear .22 . 31 . 02 .24 

Sta. Barba ra . 02 . 16 1. 53 . 18 

China Lake . 76 . 19 - . 15 . 16 

Hai wee 1. 59 .29 .27 . 17 

T inemaha 1.67 .32 1. 76 . 27 

Fresno - .38 . 35 

Pa lomar - . 29 . 12 - .43 .28 

Barrett - .63 .28 - .47 .22 

Berkeley -1. 47 . 54 

Mt. Ham i 1 ton -1 .75 .34 



- ---------------------------------------------~-~~=----------------------------------------------------------

T BLE I I-9 

________________________________ filiQ_Ctc;_~_J_~ __ 8£_GLQtL J_._ _ _T_LN .E~~.ti/~---------------------------------

.. ---------------------JLA_J __ E_ ___________________ '=.9_f':l.0 _______ LAL ____ QB_J_0_• __ _T_ll1E_ __________________ _ 
DEG DEG H ~ S EC 

SFP 28 1950 -118 . 493 37 . 322 1 1 0 3 24 . 0 
____________________ -lV.N __ J_Q__l 9_~ ____________ -:1_l§_~2.?_Q __ ~.?_!9_QQ ____ Q? __ ?J __ 5_~~-~-------------------

JlJN 25 1951 -117 . 950 35 . 782 19 4'1 41 . 0 
_____________________ ..J.V.N __ ]~Q __ l2:2.l ______________ ~J_l]_._2_5_Q __ 2.?_!~-lt ____ Ql __ 2fi ___ l2.!_Q ___________________ _ 

FEB 9 1952 -117 . 720 36 . 667 08 43 30 . 0 
JAN 21 1955 - 1 18 . 333 37 . 150 12 20 59 . Q 
FEB 13 1 955 -1 18 . ?.33 36 . 949 00 23 03 . 0 
JUN 10 1955 - 118 . 682 3 7 . 500 18 26 37 . o --------------------"N"o\/ ___ 8 __ 19-55--------------:1-10-: s-oo--3--r:s.-00 ____ 02--4()--52-: 0--------------------

_____________________ -I~.h.--t1 __ 19_29 ______________ :1_11_~2.1.? __ 3~!-1_~~---1J __ 2_( __ 12?_~7 ___________________ _ 
WiA R 8 1957 -117 . 500 35 . 7 16 13 24 57 . 0 
JAN 5 1959 - llR . nsn 36 . 15 0 12 ~ 6 n2 . 2 
JAN 16 19 59 - 11 7 . 98? 36 . )33 00 10 06 . 0 
JAN 19 1959 - 117 . 966 36 . 183 21 46 00 . 0 

---------------------J,JN---6--1'9'5-9-------------:-11-s-:""631--?:1:-~1°3--1-6--io--46-:o--------------------

A u G 4 195 9 - 118 . 650 37 . 350 0 7 40 31 . 8 ·--------------------t;u-c;---4--195-9------------:-118: 5 so -3-7-.-35-0---0-1 ---36--59: 0-------------------

A uG 4 1 959 -118 . 65 0 37 . 46 6 19 l? 35 . 2 
OC T ?4 1959 - 1 18 . 000 35 . 731 15 ~ 5 15 . 2 

·--------------------~ll~ ___ 5 __ l..2.§.0 ______________ =_ll_~!.f:>_Q0.__J_I~-~0o ___ QJ __ ~Z-~§_!ci_ ________________ _ 
SE P 8 196 0 - 118 . 700 37 . 500 18 41 36 . 

___ __________________ -lP._~--Z~ __ l ..9_§J _____________ =J_1~_!.0_2.Q._}_~~-~~-I--Q_8 __ J_f_. L:?_!~-- ---------------
FEB 2 1961 -11 8 . 500 37 . 45 0 00 04 15 . 5 
FFB ? 196 1 - 1 18 . 500 3 7 . 45n 00 0 7 4 3 . 0 
OC T 19 196 1 -1 17 . 760 35 . 830 05 09 43 . 9 
SEP 16 1962 - 118 . 044 35 . 75 5 05 ~6 1 6 . ~ ---------------------No_v ___ 6--i-962""-------------:.--1-9:n-0-n-3-7~-50()---1-1--57--16-;ri--------------------



------------------------------------------------------------------------------------------------------------· 

-~6-------------------------------------------------------------------------------------------------------------· 

------------------------------------------------------------------------------------------------------------· 

_______________________________________________ I.A.~!--~---1-~=-~Q ____________________________________________ _ 

________________________________ _$_~9_(K_~--l~--8~_GJ_Q~ __ ?_~--~I-~-Jt~.F-~A.8l\. ______________________________ _ 

D A T E LONG LA T ORIG . TIME 
DEG DEG H M SEC 

FEB 26 1950 - 119 . 083 34.617 00 06 2 2 . 5 
____________________ _AP_R_ __ l2 __ l.9_~Q ______________ ~J_l9_~Q_l_7 __ ~.?_!]_~.9 ____ l J __ 2_q__l_?_~Q ___________________ _ 

AUG 22 1950 - 119 . 350 34 . 150 22 47 58 . 0 
DEC 14 1950 -119 . 167 35.050 13 56 23 . 0 
OCT 21 1953 -119.750 34 . 316 16 0 2 38 . 0 

____________________ _h!9_y_ __ 17 __ 1..2.2~-------------=-l!J_!J_l] __ 2_':.!2.Q_Q_ ___ ~_? __ 9_} __ ~1-~9 ___________________ _ 
MAY 29 1955 - 11 9 . 0 83 34 . 017 16 43 34 . 8 

---------------------~~B.--~---1..2.2.9 ______________ =_ll3_!..?_~] __ 2_~~-Q.~.1. ___ QS> __ ..?_~ __ l?_~9 ___________________ _ 
~AR 23 1956 -119 . 0 50 35 . 083 21 2 3 26 . 0 
J UN 4 1956 -119 . 133 35 . 167 08 33 19 . 0 
MAR 18 1957 - 1 19 . 167 34 . 100 18 56 27 . 5 

---------------------~.l-J..§ __ ~ ___ l_'!.?_q_ _____________ .:-_11_~!-~Q_Q_ _ _?_~~-~f>-~ ___ Q_Q._J'l~--~J-~.9 ___________________ _ 
JAN 11 1958 -11 9 . 266 34 . 900 23 08 4 5 . 5 

---------------------~ll~ __ l.9-__ J_'!.2_~-------------=--11_~!-'±-§.? ___ l~~-2~-~---9-~_1.S __ ~..?_!_g_ __________________ _ 
NOV 16 1958 -11 9 . 8~1 34 . 50 0 09 34 04 . 0 
J UL 1 1959 - 119 . 050 35 . 200 23 4 9 23 . 0 
SEP 16 1962 -119 . 689 34 . 488 18 12 35 . 5 

- --------------------~E---~--~---13-..§J ______________ =_ll_~!J_Q) __ ]_~~-'!.?_l ___ QS> __ _p_~ __ Q)_~2 ___________________ _ 

----------------------------------------r-------------------------------------------------------------------
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______________________________________________ I.A_~1._~ ___ J_l~J_1 __________________________________________ _ 

__________________________________ .SJ:i0_C~S. __ L~ __ 8f:_GJ_Qfi_~-~-.e..~~~PJ:!i~----------------------------------

D A T E LONG LAT ORIG . TIME 
DEG DEG H M SEC 

JAN 11 1950 -118 . 200 33 . 950 21 41 35 . 0 
----------------------~S..EP __ 2_2 __ 19_2J ______________ -:.JJ_J_~3~3_3 __ 3~-~J_l] ____ Q.B __ ?.?.._.3.2~_Q _________________ _ 

FFR 17 1952 - 117 . ?14 34 . 016 12 36 58 . 0 
AUG ?3 1952 -118 . 216 34 . 500 10 09 07 . 0 
OCT 26 1954 -117.466 33 . 731 16 22 26 . 0 
MAY 15 1955 -117 . 466 34. 083 17 03 26 . 0 -----------------------JA-N--3---19-56--------------:1-11-:s-oo--3"3:"'750 ____ 00--2-5--49-:0------------------

_______________________ Q~~1_.!t. ___ 1J_QJ ______________ =_l11_~1.2.1 __ 2..?...!_~2J.. ___ Q~ __ 2_1 __ 11_~§ _________________ _ 
OCT 20 1961 -1 17 . 991 33 . 653 19 49 50 . 5 
OCT ?O 1961 -117.979 33.660 20 07 14 . 5 
OCT 20 1961 - 117 . 979 33 . 664 21 4? 40 . 7 

______________________ Q~l _ _?.0 __ l_~§_l _____________ :-_l1J~.!Jl1..? __ J_~~-~J_l ___ ?_~ __ lS __ ~~!2 __________________ _ 
NOV 20 1961 - 117 . 991 33 . 679 08 53 34 . 7 

----------------------~P-~ __ fJ __ 1_~§_z. _____________ :-_11_"I~J-~J.._?_e~-~~-~---9-~ __ lf __ ~.?_!J __________________ _ 

~------------------------------------------------------------------------------------------------------------
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______________________________________________ I.ti._~!--~ ___ J_l~-~? ___________________________________________ _ 

_________________________________ .SJ:!Q_C~S.._J_~ __ gf_GJ_Q~--~-~-~~_N ___ ft~B-~~-13.Q_l~..Q _________________________ _ 

D A T E LONG LAT ORIG . TIME 
DEG DEG H M SEC 

----------------------JA"N°-1-3--19-50--------------.:1-16-:4-82--34":0-11----os--o-1-1-9:-2-------------------
---------------------~v.§._J_2 __ 19.2.Q ______________ ~1_1Q_~§..Q.Q __ 2_~._~2_19 ____ Q? __ 1_1 __ 1_2~_7 __________________ _ 

AUG 28 1950 -116.782 34 . 300 19 45 26. 0 
SEP 5 1950 - 116 .749 33 .65 0 19 19 56.0 
OCT 16 1951 -116.981 34 .16 7 1 2 42 05. 0 
JAN 8 195 2 -116.466 33.981 06 34 28. 0 

~------------------------------------------------------------------------------------------------------------
~ E P 11 1953 -115.632 34.050 20 50 46. 0 
APR 30 1954 -116.767 34.033 0 0 36 23.0 ·------------------------------------------------------------------------------------------------------------0 CT 30 1954 -115.550 34.033 02 02 43. 0 
J UL 2 1955 - 116 . 633 34 .416 16 29 39 . 0 
MA R 16 1956 -116.750 34.250 20 29 34.0 

·--------------------~1'.E __ 19 __ 1_i2.P ______________ .:-_11_~!_l2..Q._)_~~-f§_I ___ ?_Q._~l2--~~!.9 ___________________ _ 
MAR 16 1956 -116.750 34.250 20 36 14.0 
MAR 16 1956 -116.750 34.250 23 34 57. 0 ·---------------------,;;;A.-R--18--i<J5"6-------------:-11""6:-i50"-"34:-25-0---0-2--42--18-:o-------------------· 
MAY 11 1956 -116.750 34 . 266 16 30 50.0 
S EP 1 1956 -115.982 33.767 05 57 53.0 
S EP 2 1956 -116.000 33.750 02 46 37. o 

·---------------------sE:-P"--23--1"9"5~-------------:-11""6:5-50--3-3:-53-3---11--2-4--4~;0-------------------· 

·---------------------~P_8_ __ (. ___ l.9-2J ______________ ~_l15_~.9-~J __ )_~~-l9_Q ___ Q_'!_ _ _?_g __ ~.!-~9---------~--------· 
DEC 4 1957 -116.350 34 .1 33 02 51 43. 0 
DEC l? 1957 -116.167 34.267 08 00 06. 0 
APR 17 1959 -116.333 33.917 16 18 57.0 
JUN 12 1959 -116.767 33.500 11 03 13.o 

---------------------JLTN--27--1-95<j"-------------:.-11-6:-as()-3-4:-01-7---1-6-"2"2--f"'f;()------------------· 
AUG 4 1959 -115 . 676 33 .95 0 18 ?5 22 · 0 ---------------------ALl6--26--1-95c;-------------:.-11-6:s-5o--3-4:-05_o ___ o_5_"32--5<,-;6-------------------· 
MAY 28 1961 -116.150 33.860 12 59 46.1 
OCT 29 196 2 -116.862 34.325 02 42 53.9 
NOV 30 1962 -116.909 34.335 23 51 05.5 ---------------------6"E"c--1---1-96-2-------------:.-11-6:-as"6"-3"4:-32-5---50--3""5--4s-;s __________________ _ 
DEC 2 1962 -116.875 34.325 00 41 38.6 ------------------------------------------------------------------------------------------------------------



------------------------------------------------------------------------------------------------------------

-------------------------------------------------~.9Jl=-------------------------------------------------------

.------------------------------------------------------------------------------------------------------------

________________________________________________ Il\61..~ ___ JJ_=_l.2 ___________________________________________ _ 

---------------------------------.S...~.O-CK.S. _ _l_~_8.E_GJ_Q.N__9_~--s.~.N __ f_8P,_~~-l$_(O ___________________________ _ 

D A T E LONG LAT ORIG . TIME 
DEG DEG H M SE C 

·----------------------------------------------------------------------------------- --- --------------------APR 25 1954 -1 2 1. 682 36 . 931 20 3 3 28 . 0 
______________________ .J.IJ.l-__ 2..2 __ l92~---------------=J.-~l-~?QQ __ 2J_!.5_l§ ____ Q~ __ 2J .}_6 ~ o __________________ _ 

DEC 17 1954 -122 .1 30 37 .71 8 07 08 58. o 
MAR 2 1955 - 12 0 . 931 36.000 15 5 9 Ol eO 
MAY 7 1955 -122.866 38 . 916 11 5 0 39 e0 

·--------------------~2f-.E. _5-_ ___ !..9_~? ______________ =J_f]_!_]_l§ __ 2_l !!!:.2§ ____ Q_? __ .9_l __ l~-~Q ___________________ _ 
ocT 24 1955 -1 22 . 0 50 3 7 . 966 04 10 44 . 0 

· -- -------------------~Q_\L __ z.. ___ 19_25 ______________ =_1_2.0_~9_19 __ 2_~~-Q_Q.Q. ___ 19 __ ~Q __ o.2_~Q ___________________ _ 
F EB 18 1956 - 1 21.5 26 36 . 50 8 23 58 27 . 7 
JUL 23 1 956 - 12 1 . 300 36 . 300 08 03 4 8 . Q 
NOV 22 1956 -1 21 . 30 0 3 6 . 300 16 43 5 5 . 1 

---------------------~_p.-~ __ f2 __ J_~?_l _____________ :-_l?_~!-~~J __ J_Z~-~f'-~---1-~--lt~--~l-!.9 ___________________ _ 
MAR 2 2 195 7 -1 2 2.4 50 37 . 650 2 3 14 3 5 . Q 

---------------------~~_g __ fJ __ J_~?_l _____________ :-_l~-?~!t.~!t._}_1~-~_?_Q ___ .Q_Q __ ?2 ?.?_!.9 ___________________ _ 
MAR 23 19 57 - 122 . 51 6 37 . 700 08 13 4 6 . 0 
OCT 31 1957 - 122 . 2 16 3 7 . 350 19 47 06 . 0 
SEP 78 1957 - 121 . 234 36 . 600 21 04 39 . 0 

____________________ J1~-~--'.iJ __ 1_~2§ ______________ :-_l?_~~.Q.Q.9 __ J_I~-~9-~ ___ ?_~-~~1 10 ! § ___________________ _ 
J UL 9 19 58 - 1 21 . 667 37 . 250 0 5 23 40 . 0 

--------------------~5f..2._.2.l __ l.9-2§ ______________ :-_l?_l~J_l§ __ ]_Q~-~?_Q ___ Q_7 __ _?.~--~2-!.9 ___________________ _ 
OC T 31 19 58 -1 21 . 782 37 . 482 00 26 14 . 0 
DEC 11 1958 -1 22 . 56 7 37 . 700 09 52 27 . o 

~~~~~~~~ 

J AN 29 19 59 - 121 . 567 37 . 1 3 5 16 41 23 . 0 
WAR 2 1959 - 121 . 600 36 . 986 23 ?7 17 . 0 --------------------------------------------------------------------------------- --------------------------. MAR 3 1959 - 1 21 . 7 12 36 . 972 07 73 46 . 0 

_____________________ f:'.1.f\._~--~---1.9-2J ______________ :_l~J_!_1_~9 __ J_~.!-~~-l ___ !.? __ ~3_£ __ ~E-!9 ___________________ _ 
MA Y 26 1959 -1 2 1 . 61 8 36 . 71 8 15 ~ 8 01 . 0 
DEC 29 1 959 - 12 1 . 484 36 . 900 02 37 53 . 0 
J AN 20 1960 -1 21 . 4 34 36 . 782 03 2 5 53 . 0 

---------------------~-l\_~--~---1-_?_§J ______________ :-_l.?_l!.9_~_7 __ 3-~.! i?_§_?_ ___ Q_Q_ _ _2_Q_ 1 7 ~Q ___________________ _ 
APR 9 1961 - 1 21 . 300 36 . 683 0 7 23 16 . 0 

-- A D R 2 8 1 9 6 1 - 1 2 1 • '3 6 6 3 6 • 6 0 0 0 ] 0 7 5 2 • I) ------------------------------------------------------------------------------- - -· - -------------------

---------------------------------------------------------------------------- --------------------------------

-------------------------------------------------------------------------------------------------------------



REGION I, Tl NEMAHA 

PAS MllC RIV PLH sec HAI TIN CLC BBC BAR I/DY DLT ISA FTC KGR PVR MAG DEPTH 

June 25, 51 0.20 -0. 19 0.34 0.38 0.59 0,26 -0.02 -0.25 -0.46 4.6 1.6 
June 26, 51 -0.55 -a.so 0.20 0,37 0. 71 -0.14 0.06 -0.03 0.03 4,4 13 . 5 
Feb. 9, 52 -0.35 -0. 12 -0.49 0.62 3.35 o.oo o.oo o.oo -0.53 4, I 1.8 
Jan 21 , 55 0.10 o. 15 0.6S o.89 -0. 18 o.42 0.47 0.80 0.33 -0.49 4.o 0.0 
Feb. 13, SS 2.4 1 o. 77 D.9 1 2.30 -0.03 -0. 16 2.92 - 0.23 -0.61 1.39 I. 311 4. I 3.0 
June 10, 55 1.44 0. 11 -0.07 -o. 21 I. 16 0.30 2.00 4.0 3.0 
Nov. 8, SS -o. 79 0,33 -0 . 10 0.35 2.74 0 . 01 -o. 26 -0.18 -0. 38 o. 32 I. 24 -0. 55 4.2 I. 2 
July 11 , 56 -0.77 -1.02 - o.s8 -0.63 -1. 06 0.27 -0.31 0.01 1.25 -0.07 -0.74 o. 11 0.49 -0.01 o. 17 4.2 S.6 
Ha r. 8, 57 -o.s2 -1. 12 -0.91 -1.65 1.52 -0.05 o. 14 I. 14 - o. 72 -0.65 -1. 17 o.49 0,46 0.07 11 , 0 3. 7 
Jan . 5, 59 0.24 -0.03 -0 .24 0.36 2.48 0.03 -0.05 -0.16 0. 12 -0.03 l.00 -0.90 4.7 o.8 
Jan . 16, S9 -0.04 -0.59 o. 12 1.96 0.05 -0 . 14 -0 .02 -0. 04 - 0. 16 0.04 0.88 4. 3 0.0 
Jan. 19, 59 1.01 1.44 o. 71 I. 12 -0.14 0.05 o. 12 I , 17 -0. 18 3. II o. 14 I. 44 4.1 5.3 
June 6, 59 0.36 0,05 0.20 -0.04 -1 .64 0.07 0.04 -0.27 2. 53 4.0 0. I 
Aug. 4, 59 -0.52 -1.09 -0.06 0. 95 o.47 -0.09 -0.82 0.26 -0. 74 -0.38 0.49 - o. 17 0.34 5. 2 5. I 
Aug. 4, 59 0.22 0.18 0.12 -0.19 I. 51 -0.09 0.02 0.63 4.2 5.6 
Oct. 24, 59 0.65 0.26 0.59 2. 13 0.23 0.14 o.89 0.27 0.30 - o. 27 0.94 2.07 4.2 6.6 
June 5, 60 -0.01 0.01 0.04 0,04 -0.03 0.15 -0.65 0.26 -0.37 -0.07 -0.93 0.4 1 5. I 0.6 
Jan. 28, 61 -0.37 -o.46 -0 .29 0.52 0. 29 -0.24 0.28 -0.40 o. 14 -o. 13 o. 13 0. 31 0.51 S.3 3.0 
Feb. 2, 61 -0.21 1.09 1.46 -0.32 0.07 -0.30 0. 27 -0.91 I. 20 -0.60 -1.61 s.o 3. 0 0 
Feb. 2, 61 -1 .27 -0.84 1.86 -0.07 0.13 -0. 31 -0.28 -0.62 -0.32 -1. 00 5. 2 0.3 0 
Oct. 19, 61 -0. 13 -0.03 -0.24 0.45 0.09 -0.34 0.21 -0.20 -0 . 10 0.18 -0. 53 0.58 I. 18 5, 2 3.0 I 
Sept. 16, 62 0.07 -0.03 -0.50 1.32 o.oo -0. 06 0.30 o. 32 -o. ~6 0.06 0.96 4.9 4.7 
Nov . 6, 62 -0.06 -o.64 I. 70 o. 71 0. 23 -1. 70 -0.63 -0. 16 -0.31 I. 57 a. 79 4. I 5. I 

N 20 15 21 18 17 18 22 18 6 16 19 7 17 15 15 10 

x 0.036 -0. 163 -o. 069 0.298 1.396 o. 103 -0.053 -o. 211 0.308 0.276 -o. 142 0.367 -0.051 o.613 o.t145 0. 179 
6 o. 702 0.62S o.616 o.698 1.087 0. 2)0 o. 153 0.692 0.703 o.835 0.383 1.3 16 0.317 0.982 0.631 1.053 

D~ 0.29 0.34 0.29 0.3 1 0. 32 0.31 0.28 0. 31 o. 53 0.33 0.30 0.50 0. 32 0. 34 o. 34 o.41 
On 0.19 0.15 0.09 o. 14 0.09 0.14 0.08 0.19 o. 19 0.24 o.os 0.22 0.11 o. 15 0.10 o . 15 

TABLE 11 • llf 



REGION 2. SANTA BARBARA 

PAS MWC RVR PLM SBC HAI TIN ISA CLC DLT FTC KRG BAR WOY BBC MAG DEPTH 
Feb. 26, SO - o. 09 - 0.03 -0.3 1 -0.39 -0. 09 0.36 0, lS -0. 13 4.7 s. o Apr. IS, SO 0.37 0.30 -o. so -o .s2 0.27 0. 31 -0.31 0.36 l1 .6 0. I Aug. 22, 50 0,04 0.44 1. 05 1. 28 -0.42 -0.3S 1. 39 0. 01 l1 , 2 9.8 Dec. 14, SO - o. 17 0. 10 -0.63 -0.45 0.00 -I .S4 -2.21 - 1. 93 0. 02 4.4 15 .0 Oct. 21, 53 1.34 0.39 -0.81 I. 91 - 0.22 -0. 39 4.0 I. 4 Nov. 17, S4 O. I 0 0. 26 - 0.84 0. 10 0.04 0.21 -o.84 - 1. 66 - 0. 11 l: . 4 0.5 May 29, 5S -0. 17 0. 23 - 0.02 -0.92 0.02 0.07 - 0.44 -0.03 0.29 - 0.66 -0 . 51 0. 79 4. I 5.0 Mar, 3, 56 0.01 - 0.05 0.02 0.67 -0.32 0.03 -0. 68 0.38 0.08 - 1. 32 4. 2 0. 2 Mar, 23, 56 -o. 19 - 0.46 -0.29 0.04 - 0.20 0.97 0.79 -0.23 o.45 o. 29 0.06 - o. 45 4,3 3.8 June 4, 56 0.08 -0.04 -0.38 0.23 -0.03 0.08 o. 04 0.07 0.38 0.07 0. 07 -0 .31 -0. 08 - O.S7 4. 0 0.8 Aug. 9, 56 -0.28 0,47 o. 15 0, 38 0.04 0.24 -0,62 - l. 3S 0.46 o. 00 0. 02 0.08 0, 06 4.0 5. 0 Ma r , 18, 57 -0.36 -0.03 0.03 - o. 17 -0.56 - 0.61 -0.08 - 0.21 0.46 0. 41 -0. 12 -I .66 0.50 4.7 0.5 Jan. 11, 58 -0. 39 -0.07 0.07 0.20 I . 20 2,63 -0.30 0.51 - 0.07 -0.27 - 0. 10 0.23 -1. 20 4.0 12 .5 Jul y 14 , 58 -o. 34 0.37 -0.05 -0.46 0. 05 -0.98 0. 19 -o. 12 4.7 3. 3 Jul y I, 59 o. os -0.02 -0 .47 -0.25 -0. 13 0, 37 -0.59 - 0.50 o. 13 -0.54 0. 01 L, 7 0. l Sept.16, 62 0.03 -0.07 -1 .40 -0.46 -o. 39 0.01 - 0. 06 - 0.26 0.84 4. 0 13. 0 0 Jan, 9, 63 0.24 - 0. 21 0.44 1.34 I. 79 2,21 -0,03 0.53 0.31 -0.05 0. 10 -0, 08 4.0 9.0 
N 17 15 16 14 14 II 11 9 12 9 13 8 11 9 6 

x 0.016 0.076 -o. 199 o.o84 -0.045 0.267 0. 344 -0.340 -o. 307 0. 279 0.076 0. 057 - 0. 21 6 - 0.476 -o. 193 ~ 0. 390 0. 245 O.S33 0.642 0. 223 0.840 1.307 0.330 0. 743 0. 645 0.1 98 0.234 0. 328 0. 81 0 0.699 
o• 0.32 0.34 0.33 0.35 0.35 0. 39 0.39 0.43 0. 38 o.43 0.37 0.48 0.39 0.43 0.54 n 
On o. 24 0. 19 o. 13 o. 13 o. 12 o. 18 0. 17 0. 13 0. 13 0.28 0.1 1 0. 10 0. 11 o. 15 0. 14 

TABLE I I - IS 



REGI ON 3. PASADENA 

PAS MWC RVR PLM SBC HAI TIN CLC BBC BAR WOY ISA FTC MAG DEPTH 

Jan 11, 50 -0 .01 - 0.05 - o. 14 0. 04 0. 67 1. 75 - 0. 37 -0.92 4. 1 5.0 
Sep t. 22, 51 -0.39 o. 11 0.00 -0. 19 - 0.24 - o. 23 -2. 06 -0.01 4.3 5. 0 
Feb . 17, 52 -0. 36 0.5 1 o.oo - o. 10 0.25 -0.32 -0. 12 -o. 73 - 0.02 4.5 15. 0 
Aug. 23, 52 -0. 07 0. 23 - 0. 12 1. 36 0. 52 0. 28 0.35 0. 15 1. 14 1.45 5.0 15. 0 
Oct. 26, 54 0. 04 0. 20 - 0.39 0.47 -0.67 0.07 o. 19 - o.48 - 0.09 4. 1 5. 6 
May 15, 55 - 0.10 0.02 0.08 - 0.08 - 0. 13 -o. 77 - 0.04 0.32 -0.85 - 0.70 - 0. 36 4.0 5.0 
Jan. 3 , 56 0. 05 0. 02 - 0.30 - 0.05 0.62 I. 25 1.23 0.28 o. 11 0.3 I 0.82 1. 46 4.7 14. 9 
Oct. 4, 61 - 0.23 -o. 13 - o. 12 0, 59 - 0.2 1 0.38 0.43 -0.03 -0. 27 - 0.06 0.32 4. 1 4.3 
Oct. 20, 61 0.06 - 0. 16 o.45 - 0. 42 -0.05 -0.45 -0. 17 0. 27 -0.01 -0 . 52 -0. 40 - 0.0 1 4.3 4.6 
Oct. 20, 61 - 0.54 0. 36 - 0. 12 - 0.5 1 2. 16 1.83 0. 34 0. 36 -0.68 -0.26 o. 11 4.0 6. I 
Oct. 20, 61 - 0. 12 0.47 0.07 0.07 0.66 2.90 0. 42 0. 75 o. 18 -0.50 0.05 4. 0 7.2 
Oc t . 20, 61 - 0.06 -0.29 - 0.30 - 0.40 0. 55 2.53 0.54 0.29 -0.20 0.20 0. 05 4. 1 5.6 
Nov . 20, 61 - 0. 21 - 0.22 - 0.38 - 0. 38 -0.78 - 0. 25 - 0. 31 0.27 -0. 18 -0. 37 4.0 4.3 
Apr. 27, 62 0. 30 - 0. 37 0. 02 -o . 19 1.63 1. 84 1. 17 I. 42 0.1 8 0.41 1.69 4. 1 14. 5 0 

I\) 

N 14 14 14 12 12 12 12 11 5 12 10 8 8 I 

x - 0. 11 7 0. 050 -0 . 089 -0.080 0.365 0.665 0.564 - 0.065 o. 114 0.220 -0.014 - 0. 162 0.414 
fj 0.209 0.267 0. 214 0.328 0.66 1 I. 140 0.974 0.877 o. 121 0.4 10 0. 627 0. 449 0.695 

o"' 0, 35 0. 35 0.35 o. 38 0.38 o. 38 0.38 0.40 0.56 0. 38 0.4 1 o.48 0.48 n 
Dn o. 13 o. 12 o. 14 0. 16 o. 16 0.20 0.22 o. 16 0.25 0.20 o. 15 0.21 o. 30 

TAB LE I I - 16 



REGION 4. SAN BERNARDINO 

PAS MWC RVR PLM SBC HAI TIN CLC OLT BBC BAR WOY KGR FTC ISA Mag Depth 
Jan. 13, 50 -0. I 0 -0.07 o. 18 0.07 2. 72 o.oo 0. 10 4. I 0.6 
Aug. 12, 50 -0.30 -0.08 -0.06 -0 .08 -2.57 0.47 4.3 5.0 
Aug. 28, 50 o. 10 0.41 0.33 0.08 I. 53 -0. 19 -0.68 -0.38 4.2 15. 0 
Sept. 5, 50 o. 13 o. 48 -0.29 -o. 17 0.75 -0.57 -0.87 -0.76 11.8 15.0 
Oct. 16, 51 0.39 o. 53 o.42 0.21 1.24 0.36 0.70 -0.44 4.0 15.0 
Jan. 8, 52 0.27 0. 78 -0.01 -0.07 0.60 0,06 0.66 0.83 -0.06 4.4 15.0 
Sept. 11, 53 1.62 -0.82 -0.62 - 1. 31 - 0.28 - 0.02 4.2 2.5 
Apr. 20, 54 -o.43 0.16 .0.09 0.21 0.50 -0.43 -0.66 o. 12 0.03 - 0.24 - 1. 27 -0.29 0. 10 4.2 5. 0 
Oct. 31, 54 o. 12 -0.47 2. 11 1.68 -o. 14 0.20 0.3 1 - 0.33 I.BB 0.06 4.6 0.6 
July 2, 55 -0.09 -0.07 -0. 13 -0.07 0.01 0.2 1 0.02 -0.45 -0.24 -0.52 4.2 0. 1 
Mar. 16, 56 -0.31 0.36 -0.06 o. 45 0.53 0.46 0. 17 -0.26 0. 12 -0.97 -0.09 -0.39 4.8 0.6 
Mar. 16 , 56 -0.09 -0.0 1 0.29 0. 05 I. 89 o. oo -0.64 0.27 0. 17 ?.. 02 4.0 4.3 
Mar. 16, 56 -0 .01 0.07 0.25 -0. 28 0.74 I. 55 0. 17 - o.48 0.35 - 0.28 -0.80 l. 32 4.0 6.0 
Mar . 16, 56 -0.06 -0.00 -0.24 -0.02 0.82 -0.27 I. 39 o. 12 -0. 15 0. 10 0.20 -0.69 -0.09 4.4 0. I 
Mar . 18, 56 -0.07 -o. 33 0.36 o. 16 -0.51 1.62 -1. 12 0. 02 -0.30 - 0.30 -2. 02 4.0 1.1 
May 11, 56 -0.35 -0.07 o. 11 0.08 -o.46 -1.35 - 1.38 -1. 72 0.20 -0.24 - 1. 17 4.7 6.0 
Sept. I, 56 0.78 o. 16 -0. 30 0.3 1 o.84 -1. 18 -o. 13 -0.36 4.0 1. 7 
Sep t. 2, 56 2.39 1.26 0.34 -0.30 -1. 39 2.49 -0.27 0.50 -0.35 0.06 -0.65 4.2 lit. 0 
Sept. 23, 56 ·I. 13 -0.51 0.56 0.75 -1. 12 -0.50 0.25 -0. 36 0.99 0.1 1 -0. 36 -0. 70 4.3 6.4 
Apr . 2, 57 I. 30 -0.16 o. 34 1.28 -0.80 -0. 14 -0. 07 -0.30 4. 1 6.0 
Dec. 4, 57 -0.47 o. 12 -0.13 -o. 14 -1. 79 -1. 10 1.09 2. 18 4.3 5.0 
Dec. 12, 57 0.84 1. 36 -0.02 -0.01 1. 63 0. 73 1.47 0.82 0.22 0.52 4.4 15.0 0 Apr. 17, 59 0.92 o. 77 0.60 -0.83 -0. 11 - o.68 4.2 16.9 \.)..) 
June 12 , 59 -0.86 o.B5 o.oo 0.43 -0.41 0.67 I. 53 -o. 33 -o. 33 -0.54 -0.34 4.0 0.0 I 
June 27, 59 -0.04 I. 32 -0.0 1 0.08 o.46 -0. 14 -0.32 -0.83 4.0 6.2 
Aug. 4, 59 0.27 0.44 -o. 29 -0.07 -0. 52 -0.02 -1. 52 4.1 15 . I 
Aug. 26, 59 -0.23 0.27 -0. 06 o. 17 -1 .61 -2.00 -0.61 -2.26 -1 . 76 -1. 62 4.3 7. 1 
May 28, 61 - 1. 10 0. 10 1.88 -1.09 -1 .51 -o. 10 -2. 23 -1.25 - I .83 4.4 10.6 
Oct. 29, 62 -o. 13 -0.29 -0.47 1.32 0.44 0.62 -0. 41 -0.70 -0.24 -0.54 4.8 8.6 
Nov. 30, 62 o. 17 -o. 10 -0.67 o.45 0.95 -0.40 0.41 -0. 74 -o. 51, -0. 46 -o.88 4.3 7.0 
Oec. I, 62 -0.01 0.03 -0.07 -0.23 0.91 0.27 -0.06 1. 32 -0.63 -0.16 -0. 47 -0.55 4.3 9.6 
Dec. 2, 62 -0. 12 0.11 -0.07 2. 18 I.OS I. 17 1.06 0.5 1 4.4 6.6 

N 31 24 30 29 22 14 21 16 19 16 26 18 10 14 13 

x 0. 106 o. 329 -0.022 0. 020 0.697 0.331 0.0 15 -0.263 -0.023 -o. 142 0.025 -0.612 -o. 186 -0. 144 -0 .452 
6 0. 724 0.519 0.250 0.286 l. 159 1. 170 I. 110 0.953 0. 473 0.263 0. 524 0.803 1.000 1.078 0. 792 

D~ 0.24 0.27 o. 24 0.25 0.28 0.35 0.29 o. 33 o. 30 0.33 0. 26 0.31 0.4 1 0.35 0.37 
On o. 19 o. 13 0.07 o. 10 0.07 0. 14 o. 13 0.09 0.13 0, 11 o. 12 o. 12 o. 19 0. 20 o. 14 

TABLE 11 - 17 
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REGION 6 . SAN FRANCISCO 

BRK HHC PAC SFB HIN FRE REN SHS VIN H.llG DEPTH 

Apr. 25, 54 o. 02 0.01 -1 . 96 0.07 0.08 0.62 -0.06 5,3 5.0 
Ju ly 29, 54 0.22 0.14 -0.38 -0.19 -0.30 0.76 2.60 4.2 0.2 
Dec. 17 , 54 0.04 0.04 -0.02 -1. 15 -2 . 19 4. 5 0.4 
Hay 7, 55 0.09 -0. 03 -0. 16 -0.26 0.19 l. 77 0.25 4.6 0.4 
Sept.5, 55 0.34 0.02 o.o4 -0.46 -0.63 -0.99 o. 13 -1.47 5.5 5. l 
Oct. 24, 55 0.34 -0. 13 0.17 -0. 38 0.00 0.02 2.00 0,38 5.4 5.6 
Nov. 2, 55 -0.36 o. 10 0.28 -0.56 2.20 0.01 1.23 0.51 5.2 15.0 
Feb, 18, 56 -0.18 0.01 0.11 2.06 0.29 1.94 4 . 2 4.1 
Jul y 23 , 56 o.45 -0. 10 -o.oa 0.54 I . 71 -1.82 4. 7 0.1 
Nov. 22, 56 -0.05 -0.02 0.28 l. 37 1.80 -0.26 1.33 4. 2 1.5 
Mar. 22, 57 0.03 -0. 09 0. 05 -1.07 -0.16 0.64 -2.35 5,3 3. l 
Mar. 22, 57 -0.02 -0. 17 -0.03 o.o4 -0.76 -0.45 1.97 -2. 05 4. 4 5.4 
Har . 23, 57 o. 10 -0.16 o. 12 -0.09 -0.39 1.31 3.21 -0. 01 4.0 7.0 
Har . 23, 57 -0. 0l -O. o4 -0. 06 -0.55 0.90 2.64 2.21 4. 2 15.0 
Sept.28, 57 -0.30 0.02 0.26 -0.21 0.02 1.68 1.50 4.5 I. 1 
Oct . 31, 57 - 0. 27 -0.08 0.02 0.08 0.52 2. 50 4.1 5.0 
Hay 31, 58 0.03 0.31 -0.02 -o. 11 1.83 0.07 4. 1 5.0 
Jul y 9, 58 - 0.03 -0.04 0.02 o.oo -o.oa -1. 10 3.20 -0. 01 4.1 6.9 
Sept.21, 58 -0.51 0.08 0,35 l. 00 1.06 0.01 4.6 0.2 
Oct. 31, 58 -0. 02 0.28 -0.22 0.22 -1 . 02 2.55 4. 2 1.2 
Dec. 11 , 58 o. 17 -0.25 0.21 -o.oa -1.36 -0.23 -o.oa -2. 17 4. 7 10 . 3 
Jan. 29, 59 - 0.07 -0.01 0.02 0.02 0.84 -2.51 2. 19 4.3 5.0 
Mar. 2, 59 -0.34 0.09 0.29 o.44 1.07 -0.78 1.81 0.03 5.3 12.8 
Mar . 3. 59 -0. 61 0.13 o. 10 0.44 1.18 -0.24 2.60 0.01 4.4 10.6 
Har . 3, 59 -0.29 o.oo 0.15 o.83 -0. 20 -0.01 4.0 12. I 
Hay 26, 59 -0.34 0.01 0.07 -0.33 2.96 0.27 -0.08 4.6 11.8 
Dec . 29 , 59 0.06 -o. 08 0.11 -0. 51 1.26 -0.01 -0.09 4. 7 12.5 
Jan. 20, 60 -0. 73 -0.42 -0.30 -0.56 -0.81 0.24 o.42 -0. 07 5.0 6.4 
Jan . 4, 61 o.4o -0.02 o. I 1 0.60 2.40 1. 15 - 0.28 4.1 15 .5 
Apr, 9, 61 0.34 0.02 -0.29 -0.23 0.39 -0.06 0.11 1.40 -0. 17 5.6 4.8 
Apr , 28, 61 0.32 -0.15 -0. I 3 0.27 -0. 15 2.71 - 0.03 4.2 0. 3 

N 30 31 30 26 24 30 19 22 8 

x -0. 050 -0.002 -0.029 0.073 0.541 -0. 208 l. 539 0.411 - 0. 077 
6' 0.292 0.149 o.402 o.482 1.193 0.782 1. 030 1.611 0. 097 

o~ 0.24 0.24 0.24 0.27 0.27 0.24 0. 30 0.28 0.48 
On 0. 11 0. 15 0.18 o. 13 o. 13 0. 17 0.14 0.12 0.14 

TABLE I I - 18 
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APPENDIX 1- 1 

It is ne cessary to transfor m - ;~ to sphe r ical 

coo rdinat es . We denote by t.:.'l the first term in the 
(r) oO f1) 

/\. = Z C11 hn (~R) P,, (co~8) 
n :- o 

sum (l - 2), so 

We have: 
r i) = cc., 9 ) ) .J (t) n ,) 

- "dl\ = - 2 (sin8 _ ";)_ +- - R '){) c n n 7] (KpR) ,.,"" (cosB; (I -1 a) 
?r 71 ,.0 'dR. / 

Th is expr ess ion can be changed by the introdu ct i on of 

the known r e la tio ns (Mo r se and Feshbach, 1953) : 

(2n+J J/n8 P,., (c"se) = 4e [ 'f?,_
1 

[ev16) - Ain ( c.118)} ( 1- 1 b) 

(1 - ld) 

( I - 1 e) 

T hey rem a i n t r u e even i n t he ca s e n = o, i f we 
J (1) J (1) 

rememb er that ~,tk) = /?,t'z.) , a nd 1t_
1 
{~}= i n

0 
fr) 

After rep l acing i n (I -l a) and makin g the convenien t 

and a si mil a r r es ult is obt a i ned f or 
'dr 
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Not icin g that f or n = o on l y the first te rm in the 

sum contributes, and af te r r earranging terms, one finall y 

has: 

00 

)/':,. 'V r J {I) ~ t:1) J d P,, (co.s 8) 
- - = L l. ~ 77" (K't1R) + LJ 77 -11,, (k/JR) 

d r >?=I ., r I 'dB 
( I - 1 g } 

where 

r?'l [ C,,+I + 
C',,,_, ] = - 7 2n+3 2n- / 

:::= - .t:. [ :Dnn + ]),,_ , (I - 1 h} 
L'.ln J 'l1 ~n+3 2n-/ 

n = 1, :2., 3 , . .... . 
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APP END IX I - 2 

To prove the uniform conve r gence of the deve l opment 

(1 - 45) in bo und ed regions of the J..} - plane, we note that: 

(I - 2a) 

where 

( I - 2b) 

and -<limo( = -- ( I - 2c) 

The development 

(I -2d) 

is uniformly convergent in th e fin i te ~ -plane, because it 

can be derived from the subst i tut ion of the Neumann series 

for (l..~Jn+t = ~ {n-rif2/l)rr7J1f-1f} J_ , r2 ) 
2 ~ /1 ./ 11 r 2 r 2; 

:23 in the development of e Both dev e l opments are uniformly 

a nd absolutely convergent in bounded reg ion s ; t he refo re, 

it i s permis s i b l e to reorder the terms, obtaining (l-2d) . 

S i nce ( l-2d) i s uniforml y convergent , term by term, 

int egrat ion i s permitted in s ide the reg ion of convergence . 

I t i s easy to show t hat : 
tr 

-
1
- f P,,, (c-rit") de/; = P. f'0r18) P ( .i..!!...) 

2 7T -1? • r; 7/ k'O( 
(I - 2e) 
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and combining (l-2a) and (l-2d) with this result, we 

conclude t hat equat ion ( 1-45) is unifo rm l y convergent 

in t he finite i.J-plane. 
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APPENDIX 1-3 

To find the response of the cav it y to the fie l d 

r ef l ected f r om the fr ee surface, it is necessary to 

evaluate the integrals: 

The i ntegrals (l-3c) and (1-3d) can be expressed in 

a simpler way, to avoid the associated Legendr e functions 

of ord er 1 . Th i s i s done with the help of t he r elat i on -

sh i p : 

(I - 3e) 

Then we fi nd that <=-mn (o<) = 4tf3{c.:, 71n - C!.:;,n_,) . , 

, where 
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(I - Jg) 

The quanti ties (1 - Ja), (1 - Jb), (1 - J f), (1 - 3g), are 

generali zed Lege ndr e transforms of the four non - anal yti c 

reflection coefficien t s for cyl i ndrical compressiona l or 

shear waves tha t a r e reflected at the plane surface as 

compressional or shea r wav es . 

is not going to be a lar ge number, 

the exponentials in the integrands are go i ng to be smooth, 

non osci ll ating functions of u, in the range of i nteg ra tio n. 

Th i s condition is equivalent to say t hat we will cons id er 

large wavelength on l y . 

The i ntegra ls which we conside r , have th e Rayleigh 

pole as th e only singu l arity . The va lu es tL.= / and u.::::3 

in ( l-3a) and (l - 3g) are removab l e singularities, whi ch 

can be el .imi nated by uolt.£. - ol r/u.1-1, and uotu. o!/u~3, and 
V u.2- / /ur-3 

the us e of Stieltjes ' meth od of integration . 

The co ntri buti on near the Rayle i gh po le was eva lu ated 

by ex pansio n of the integrands in Lau r ent series a r ound 

u. = UR.J and direct integration, usi ng Cauchy's principal 
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va l ue. The integration was symmetric with respect to 

the pole to avo id numerical err ors . I f G<u.) stands for 

any of the integrands : 

then 

U~i-C. 

J Gru.) olu. "' -11'" A + 2 .B c.. +...L ..I>c.3 + 0 (c
5

) 

ltrC. 9 

To the ri ght of the Rayle i gh pole, the i ntegra nds 

are either rea l or pure imagin ary according to the orde r 

of the Legend r e polyn omia l s . They have a maximum near 

I u.= nr-m f F , for sma ll values of o<. . The main contri -

butio n comes f rom th i s r eg i on . 

The i ntegrals shou ld be computed for arbitrary values 

of <X We us e a modif i cation of the saddle po in t method , 

that was formu la ted by Kane (unpublished) to deal wi th 

integrals of this kind when the va lu e of th e parameter 

is small . The integrands consists of two fa ctors ; an 

expo nentia l and a n algebraic term . The interva l of 

integrati on is divided into two parts by a point at th e 

right of al l the singu l arities of the a l geb r aic term . 

We chose the dividing point to be u=~ for the first 

three i ntegrals a nd u~23 for I n the first portion 

of t he i n t e r v a 1 t h e ex pon e n t i a 1 term i s de v e 1 o pe d i n 
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Taylor series around the ori g i n; a nd in the second 

portion the exponent ial factor i s r eta ined for 

convergence ' s sake, bu t the a lg eb raic t erm is expa nde d 

in Laurent series . For the first portion we have: 

( 1- 3h ) 

(I - Jk) 

The in teg r a l s :31mnl( , etc . are compu ted by means 

of the tr apezoidad rul e . Th e number of d i v i sions was 

in creased with t he order of the Legen dre polynomia ls, to 

a cc o u n t for t he o s c i l l at i o n s . The program i n g i s d i s cuss e d 

in Appendix 1- 5 . 

For the second port i on of t he in t erval, af ter the 

algebra i c part is deve l oped in Laur e nt ser i es , term by 

term integrat i on i s poss ibl e, and the i nteg ra ls can be 



- 113-

eva l uated ex ac tly in terms of the incompl ete expone ntial 

integra l We put 

, an d 

simil a r l y for the other i ntegrals . The se ries expansion 

we arrive to, is as follows: 

o<. ~/t -n-hJ-2. £ ( 1+(3 oc) 
2p-m-l'J- J 

( I - 31 } 

(I - 3m) 

( l - 3n } 

(I - 3o} 

The quanti t ies Rlmnr , and the othe rs, are real 

and can be computed dir ec t l y. They are put i n magnetic 

tape together with the $s to be used for the computations . 
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APPEND IX I - 4 

The system of equations (1-50 ), (1-5 1) can be solved 

after th e evaluation of five 2 x 2 determinan ts . If we 
~ (r) place A= L,n. ( ;::,,,a.) 

_;(1) 

D = L.3 n" r7a.J; a.. ::: Re A 

the determ i nants are: 

13~ = I~ 
.B 

]) 
. ~lrj :. , 

.63,, = 

q, .B 

e .D 

A a. 

c ~ 

A 11 of th is determinants 

. , etc . 

&- B 
. Ll.2.,,:::: .D J d. 

(I - 4a) 

A .fr 
. l'.14'1" (' cl , 

w i 11 be modified to avo id 

numerical erro r s due to the loss of the first o r der terms, 

t hat can c e 1 i dent i ca 1 1 y . The de t er mi nan ts b z.TJ and ,.63 rz are 

forma lly si mpl er, and after some stra ightforward 

computation we have 

;;;;;. -
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where we have use the properties of the Wrons kia n to 

simplify th e expressions. 

The evaluation of~ is more involved . The operators 
1/ 

etc. include te r ms li ke 
I (r) 
n.,.,rc,,a) and 

Gt-

We t ransform these t erms by the relat i onsh i ps : 

(I - 4d) 

and 

(I - 4e) 

After the transformation is done, the determinant 

can be evaluated directly and yie l ds: 

The d e t er m i n an t b,.,.., can be obtained by the same 
(!) j,,, r1co1a) formula, replacing t, (Ko(a) by J .!J,4 r') ' 

r eplacing 
Ii. (I) 

~ r~a) by 1.,,r~a) 

Then 

(I - 4g) 
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Fo r sma 11 values of ilE ' i t is known 
Ii. It) (2 1?-1)// 

and 
. i?,, 

Since a ., .,.. fr)"' i z"+·,· J ("'t-)"' ...., (2 '1+1)!! 

depend only upon Ko( -Ii_ ' 
we can see 

of K"" a. ' 11->, and r'TI ar e of the 

because and 

,.,., 0£(k-<af 5} But fo r n:::J we have 

"' 0 C(ic"01F3
] ' 

r, are of the or de r 

Ll '? -v 0 /l,koea)-6
} 

Q { (K.,.a.} 3] 

that 

or der 

( I - 4h) 

that 

and }";, 

for sma 11 values 

0£ (Ko1().)~n-'.J 
' 

Then A1 and 
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APPEND IX 1-5 

The problem of the numer ica l analysis of the system 

( I - 7 9) , ( I - 80) , together w i th t he ev a l u at i on of the 

int eg r als , etc. that are used in i t, presents 

sev eral de licate points that a r e discussed t ogether wit h 

the pro gr aming for the IBM 7090 di g i ta l compu te r a t 

th e Ca lif ornia I ns titute of Techno l ogy Co mput i ng Cen t er . 

I n the f irst place, i t was show n in Append i x 1- 3 

how to decompose each of the integrals a..,,.,.,, etc ., i nto 

two series : a power series in oc , with complex 

coefficients Slrrin1:;, etc ., and a Laur ent series i n o<., 

but with coefficients that ar e pr oducts of rea l co ns tants 

, etc . , and inc omplete exponential in tegrals . 

These developments are va l id fo r any posit i ve o<., 

because t he integ r ands do not cr oss s in gular it i es for 

The onl y r es tr ict i on we thus hav e is given by 

the ra te of co nvergence . Since it is imposs ible to pu t 

all the coeffici ents of the ser ies inside the memory of 

the computer, we are bound to count the devel o pm e nts 

at certain po i nts that ar e convenient for th e ra nge of 

values of ex we are in te res ted in. We decided to take 

15 t e rms for t he power series, and 25 for t he Laurent 

se ri es. With t h is limitation, we f ind empi r ica ll y that 

we have t o r est rict o< to the int er va l (0.25, 1. 6 ). 
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The comp utatio n of the coefflclents Sl~n~ , etc ., 

i s done by th e trapezoidal ru le and using Stielt jes ' 

meth od of in teg ration to avoid the s ingulari ties at the 

branch points. The integ ration was done numerically 

because of the comp l exity of the integrands. The program 

entitled "Program to comp~te the I ntegra ls of the Rayle i gh 

f unctions" performs t hese i ntegrations in two parts . The 

first is the evaluation of th e part due to Cauchy's 

principal va lu e, and it is s ee n in the flow cha r t unde r 

the heading "Residue at the Ray l eig h pol e". The second 

i s the use of the trapezoidal rul e for the int egrati on 

i n the rema i n in g part of the i nt erval. After the com pu 

tation is finished, the values of the 4 th r ee- dimensional 

comp l ex matr i ces :31-mni<( , etc., a r e written i n magnetic 

tape. The real matr i ces Rl..,,,.,,.,1e , et c., are read from 

cards int o the body of t he computer and then written i nto 

the same tape that i s t he n r eady to be used in the main 

program. 

The numerical in tegrat i on des cribed above was done 

wi th different i nterva l sizes , to decrease the errors . 

The int erval ( o,2) i n th e real ~-axis , was div i ded into 

8 parts each one subdivided in equal segme nt s. The 

number of d ivi s ions was incr eased near the branch points 

u.. = / and u:= i/3', to accoun t for the steepness of the 
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func tions. The accuracy of the integration was ve r ified 

by i nc r eas in g by a fac to r of 2 the number of intervals 

in the computa t ion . The test cases gave a precision 

of 4 to 6 s i gn i f icant figures, depending upon the ord er 

of the Legendre polynomials . 

The main pr og r am co nsist of th r ee d i fferent 

computational b l ocks . (a) Computation of the reflection 

coefficients cf,,.,' {w, a.) (b) Calcu l ation of the integrals 

a.,.,., ?? etc., the reflection coefficients of spherical 

waves at a p l ane su rf ace , from the value .x=,c:-... h. , and 

the matrices Sl.,,,.,nK , etc., an d (c) Formation 

of t h e l i n ear e q u at i o n s ( I -7 9 ) , ( I - 8 0 ) , and i n v er s i o n o f 

the system by Jordan ' s method to obtain the coeffic i ents 

X.., and ~ 
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Appendix No. I I - l 

INSTRUCTIONS FOR USING THE HYPOCENTER LOCAT ION 

PROGRAM FOR LOCAL SHOCKS AND TELESEISMS 

The Program is contained in t he deck label ed HYPO a, 

for FORTRAN version 11, and HYPO b, for FORTRAN vers io n IV. 

Several options are possible . We can process a t e l e 

sei sm or a local shock. I f it is a teleseism, the Program 

accepts only P phases, or P and S phases. I f i t is a local 

shock we can have first arrivals only, more than one P phase, 

or P and S phases together. The depth can be he ld fixed. 

Also, we can skip part of the printing in inte rmedia te 

it erat ions. I f a new station is not in the catalog, we can 

enter it as an "extra station 11
• Fo r each shock these should 

be introduced after the other stations. Each shock begins 

with an initial card containing general information. Then 

come the others with the station codes and the t imes of t he 

phas es . At the end of all the shocks there must be a card 

with a zero in columns 50 and 51 , to end the computation. 

The first six cards af ter the * DATA card are 

common to a ll the shocks. The content of these cards is 

shown in Figur e l. They can be changed if the user wants 

to alter some of the inpu t formats, or some parameters of 

the computation. 

reported here. 

I f any such change is made, it must be 
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EXP LANATI ON OF DAT A CARDS 
(See Figures 1 and 2) 

Card Co 1 . 
No. 

Explanation 

Contains the headings of t he output s hee t s 

1-1 2 LOCAL SHOCK (2A6) 

13-24 TELESEISM (2A6) 

2 Contains the names of the phases that ar e used 

for the solution. 

1-6 P lP 2PN ( 3A2 ) the P phas es fo r local shocks . 

7-9 OFF ( A3 ) if some phase i s r e j ected by t he 

Program. 

10- 15 SlS2SN ( 3A2 ) S phases for local shocks . 

16-1 8 PS (2Al) P and S phases for teleseisms. 

3 Contains the two fo rmats fo r the read in of 

4 

the stat i on codes and trave l t imes of l oca l 

shocks. 

1- 30 (2(13,F 2,2, 5FS.OF10. 0 )); read with the format 

(5A6) for local s hock s wi th more t han one P 

phase . 

31 - 60 ( 13, F2. 2, 12F5 . 0); read with the format ( 5A6 ) 

fo r l oca l sh ock s where P and S phases are 

available. 

Contains two formats for the read in of station 

data, cod es and travel ti mes of teles e isms, and 

local shocks where on l y t he first arriva l is 

avai lable. 
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Card Col. Exp l ana tion 
No. 

l-30 (4( l3,F2 . 2,2F5.0 ,F3 . l,F2.0) ); read with the 

format (5A6 ) fo r teleseisms and local shocks 

wh ere only the first arrival is ava i lable . 

3 1-60 (2 (13,F2 .2 ,4F5.0,3F5.0)); read wi th format 

(5A6) for teleseisms whe r e P and S read i ngs 

exists. 

5 l - 54 (A6, l4, F4 . l , l 3,F4 . l,F3 . l,F2 . 2,6(F2 . 0,F4 . 0), 

6 

2F5 . 0, F5.0 ) r ea d wi th format (9A6); for 11 ex t r a 

st a ti ons 11
, that is, stations that are not in 

the catalog. 

Contains the initial tolerance l imit f or t he 

size of the residuals, t he max imum perm i ss i b l e 

number of iterations, the fi nal tole r ance lim it, 

and the factor by whi ch the tolerance limit is 

decreased. The tolerance l imit is multip l ied 

by t hat factor after each itera t ion and is 

kept at least equal to t he fina l tole rance 

1 i mi t. 

1-4 10 .0 (F4.l) tolerance li mit ( ini tia l). 

5- 6 03 ( 12) max i mum number of iterations 

7-10 2 . 0 (F4 .l ) tolerance limit. 

11-1 4 F4. l Factor. 

7 First card of the first shock processe d . 

Contains general information concerning the 

shock . 
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Card Col. Explanation 
No. 

1-20 (4A5) contains the date of the shock and some 

other iden t ification, such as the region, etc. 

21 -28 (F8.0) Guess in longitude (in degr ees), GLAM, 

i t is positive to the east of Greenw i ch and 

negative to the wes t. 

29- 35 (F7.0) Gues s in latitude ( in degrees), GPHI, 

positive to the north of the equato r , negative 

to the so uth. 

36- 4 1 (F6.0) Guess in dep t h (in km), GDEPTH, datum 

42- 44 

45- 49 

50- 51 

52- 53 

is sea level for teleseisms, and +1 km for 

loca l shocks. 

(F3.0) Guess origin time (minu t es), GORIG, 

(F5.0) Guess origin time (seconds), GOR IGS. 

( 12) The number of stations, N. 

( 12 ) The number of these stations that are in 

the catalog, NEX. If all of the stations are 

in the catalog, this number is equal to t he 

previous one . 

54-55 (12) Reference time (hours), 101. The travel 

56- 57 

58 

times and origin times are counted with this 

as zero. 

( 12) Reference time (minutes), 102. 

( 11) Test for typing intermediate iterat i ons, 

JT YP E 
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Card Col. Explanation 
No. 

59 (11} Test for keeping a constant dep t h. JFI X. 

If JFIX=O: don't fix t he dept h of t he shock. 

If JF IX=l: kee p th e depth fixed a t t he va l ue 

of the gues s . 

60 (11) Test fo r tel ese i sms, NTELE . If NTELE=O: 

the shock is local. If NTELE=-1, t he shock is 

a te les e ism . 

6 1 ( 1 1 ) Tes t for t he pha ses availa b le . NP HASE. 

If NP HASE LOCAL TELESEISM 

0 onl y one p phase one P phase 

more than one P P and S pha ses 
pha se 

2 P and S pha ses --------------
8 and follo wing 

Contain codes and t ra ve l times of the shock 

according to t hefformats in car ds 3, 4 , or 5 . 

At the end of al 1 the shocks, there mus t be a ca r d 

s imila r to card No. 7 , wi th a zero in the plac e of t he 

nu mber of sta tio ns (t wo zeros in col umns 50 and 51} . 

The ref er e nce time is t he zero to whi ch a l 1 the t imes 

are refer r ed to. It shou ld be an exac t minute . 

Next we expla in the format s for t he different options . 

Cols. Format Explanat ion 

TELESEISMS 

a } Fir st Arri val Only. 



Co 1. Format 

1-3 ( 13) 

4- 5 (F2 . 2) 

6-1 0 ( FS . 0) 

11-1 5 (F S. O) 

16-18 (F3.l) 

19-20 (F2.0) 

21 - 40 

41 - 60 

61 - 80 

l-3 

4- 5 

6-1 0 

11- 15 

16- 20 

21 - 25 

26- 30 

3 1-35 

36- 40 

41 - 80 

( 13) 

(F2 .2) 

(F5.0) 

(FS.O) 

(F5 . 0) 

(FS. O) 

(F5.0 ) 

(F5 . 0) 

(F 5 .0) 
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Exp lana ti on 

It i s possible to put four stations per card . 

Code No. of th e s tation in t he cata l og, INDEX . 

Weight assigned t o each station, W. O ~W < l 

Arrival ti me (minu tes), PM. 

Arrival time (seconds), PS. 

pP -P time (i n seconds) , PPMP. 

Cr usta l thickness at the stati on (in km), CD. 

Usuall y 33 km. 

Same thing for next station. 

II 11 II 11 11 

II 11 II II II 

b) If P and S Phases Are Present. 

Two stations per card are possible. 

Stat i on code. 

Weight. 

P time (minutes). 

P time (s eco nds ). 

S t i me ( min utes ), SM. 

S ti me (seconds), SS. 

pP-P time (seconds). 

sS-S time (seconds), SSMS. 

Crustal thicknes s (km). Usually 33 km. 

Same format for the next sta ti on . 

LOCAL SHOCKS 

c) If Only the First Arr i va l i s Kn own . 



-1 26-

Col. Forma t Expla na tion 

The li sting i s the same as i n case a ) for 

t e lese i sms . 

The places for PPMP and CD are left in b la nk . 

d) d) If More Tha n One P Phase Is Ava ilabl e . 

1-3 

4- 5 

6-1 0 

l 1- 15 

16-20 

2 1-25 

26- 30 

3 1-40 

4 1-80 

( 13) 

(F2.2) 

(F5 . 0 ) 

(F5.0) 

(FS.O) 

(F5 . 0) 

(F5 . 0 ) 

(Fl O. 0) 

1-3 ( 13 ) 

4-5 (F2 . 2 ) 

6- 10 (F5 . 0 ) 

11-1 5 (F5 . 0 ) 

16- 20 (F5.0) 

2 1-25 (F5 . 0 ) 

26- 30 ( F 5 . 0 ) 

Up to three P phases can be used. Two 

station s can be put on one card . 

Stat ion code . 

Weig ht. 

First P time (minut es ), PM. 

First P time ( second s ), PS. 

Second P time (minutes ), PM2. 

Second P t ime (second s ), PS2 . 

Th i rd P time (minute s ), PM3. 

Third P ti me ( seconds), PS3 . 

Same format for next station . 

e) If P a nd S phases a r e present . 

Th ree P a nd thr ee S ph ases can be used . On l y 

one station per card i s possible . 

Station code. 

Wei ght. 

F irs t P time (mi nutes), PM. 

First P time (seconds), PS. 

Second P time (mi nu t es ), PM2. 

Second P t ime ( seconds), PS2 . 

Th i rd P t ime (minu tes ), PM3 . 



Col. 

31-35 

36-40 

41-45 

46-50 

5 1-55 

56- 60 

61-65 

Format 

(F5.0) 

(F 5 .0) 

(F5.0) 

(F5.0 ) 

(F5 . 0 ) 

(F5. 0) 

(F 5.0 ) 

l-6 (A6 ) 

7-10 (1 4 ) 

l l -1 4 (F4.l) 

15- 17 ( 13) 

18-21 (F3. l) 

22-24 

25-26 

27-28 

29-32 

( F3. l) 

(F2.2) 

(F2.0) 

(F4.0) 
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Exp lana tion 

Third P time (seconds), PS3. 

First S time (minutes), SM. 

First S time (seconds), SS. 

Second S time (minutes), SM2. 

Second S time (seconds), SS2. 

Third S time (minutes), SM3. 

Thi rd S time (seconds), SS3. 

f) Extra Stations. 

If a station is not in the catalog, i t can 

be entered as an 11 extra station". The cards 

for the extra stations go after all t he 

cards of stations t ha t are in the catalog, 

for a given shock. It is possible to enter 

one station per card. 

Name of the station. 

Longitude of the station (degrees). 

Longitude of the station (minutes), without 

the sign. 

Latitude of the station (degrees). 

Latitude of the station (minutes), without 

the sign. 

Elevat ion of the station ( km}, above datum. 

Weight. O~W<-.l. 

First P time (minutes, PM. 

F i rst P time ( seconds}, PS. 



-1 28-

Col. Format Expla na tion 

33- 34 (F2.0) First s time (minutes), SM. 

35-38 (F 4 . 0) F ir st s time (seconds), SS . 

39- 40 (F2. 0 ) Second p time (minut es ), PM2 . 

4 1-44 {F4. 0 ) Second p time ( se conds} , PS2. 

45- 46 (F2. 0 ) Second s time (minut es), SM2. 

47-50 (F 4.0) Second s time ( seco nd s ), SS2 . 

51-52 (F2.0} Thi rd p t ime {mi nutes) , PM3 . 

53- 56 (F4 .0 ) Third p ti me ( seco nds), PS3. 

57- 58 (F2.0) Third s ti me (minutes), SM3. 

59- 62 (F4. 0 } Third s ti me (sec onds), ss3. 

63- 67 (F 5.0 ) pP- P t i me (s e conds}, PPMP. 

68-72 (F 5 . 0 ) sS- S time (s eco nd s ), SSMS. 

73-77 (F 5 . 0 ) Crustal th i ckne ss (km), co . 

Some examp l es of the way to punch th e data cards are 

shown in Figu re 2. An examp le of the in put fo r a Telesei sm 

is shown in F ig ur e 3. The explanat i on of the quantities is 

given in the text. The geograph i c lat i t ude and longitude 

are denoted by PH I an d LAMBDA r espectively . The horizonta l 

dis tance is called DELTA. The er r ors are the standar d 

deviations of the so lu tions of th e normal equations and 

they do not involve the data which is re j ected by the 

Progr am . 
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APPENDIX 11-2 

SUBROUTINES FOR HYPOCENTER LO

CATI ON PROGR AM 

1 . lsuBROUTINE PPP(DEPTH,Z,S,K)I 

Computes t he depth of a te lesei sm f rom pP-P a nd sS-S 

r ead in gs. The J eff r eys-B u llen tab l es are us ed, and the 

dep t hs are ob tained by linear int erpo lation . 

Input: In COMMON: 

DELT A :distance epicenter-station (Km.). 

K : fo r pP-P K=O, for sS- S K=l. 

PPT I ME( I ,~): pP-P ti me tab 1 es . 

SSTLME(l,J):sS-S time ta b les. 

PPD EL (I) :di stance in ter vals in pP-P ta bles . (degree) 

SSDEL(I) :di stance inte r va ls i n sS-S ta bles .( deg ree) 

s 

Output: 

z 
DEPTH 

In the a r guments of the subro ut i ne : 

:pP-P or sS- S t imes ( sec ). 

: number of pP-P or sS-S rea di ngs . 

: ca l cu la ted average depth (Km ) . 

2 . ls uBROUTINE PTIME~DEPTH,Dl,D2,PT,DD,DH,ELEV,K)I 
Computes the times of P and S pnases for t e lese i sms 

from the Jeff r eys-B u ll en tab les .T he t imes are corrected for 

el li pt i city. 

Input: In COMMON: 

DELT A : distance ep i ce nter - stat i on ( Km) . 
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K :for P phase s K=O, fo r S phases K=l. 

T IMEP(l,J) : Jeff r eys-Bullen P tables . 

TIMES(l , J) :Jeff re ys-Bull en Stables. 

In the arguments of the subroutine: 

ELEV 

DEPTH 

D l 

02 

Output : 

DD 

DH 

PT 

: e l evat ion of the station (Km). 

:depth of the focus (Km). 

:elevation of t he mean sp here at t he 

s t atio n (Km). 

:elevation of t he mean sphere at the 

epicenter (Km). 

:5t/5~,variation of the travel ti me with 

distance (sec/Km) . 

: 5t/5h,variation of the travel t ime wit h 

t he depth of the focus (s ec/Km ). 

:travel ti me of the P or S phase (sec ). 

3 . I s u BR 0 UT I NE v E CT 0 R ( AM, pH I , A' B , c, D ) I 
I nput : 

AM 

PH I 

Output: 

A,8,C 

D 

: long i tude ( r ad i ans) . 

:l atitude (radians). 

:geocentric d i rect i on cos in es . 

:el evat ion of the mean sphere (Km). 

4. SUB ROUTINE DISTAN( Al,Bl,Cl,A2,82 , C2,D ELT A,DDD LAM, 
DDD PHI 
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Comp utes the distance ep i center-station and the par 

t i a l der i vat i ves with r espect to the longitude and latitude 

of the ep icenter. 

Input: 

Al,Bl,Cl, 

A2 , 82,C2 

:di rec ti on cosines of the station . 

: direction cosines of the epicenter. 

Outp ut : 

DE LT A 

DDD LAM 

DDDPH 1· 

: distance epicenter- stat i on (Km}. 

: 56/5 A (Km/radian) . 

: 56/5~ (Km/radia n}. 

5. lsuBROUTINE AZIMTH (A l, A2 , A3 ,Bl, 82,B3,AZl,DELT A) 

Input : 

A 1, A2, A3 

8 1,82,83 

DELT A 

: di rect ion cos i nes of t he s t a ti ons. 

:di rec t ion cosines of the ep i cent e r. 

: di stance ep i center - station (Km ). 

Output: 

AZ I :azimuth of the line ep i center-s t at io n 

at t he ep i center (r adia ns} . 

6. lsuBROUT IN E CHOOSE(XLAM,PH l, A,B ,C,DELT A,L,DUMMY)I 

Se lects the crus t a l va lu es for Loca l shocks, at var 

ious po in ts bet ween the epicente r a nd the station . 

In put : In COMMON : 

CRUST( l , J,K} : crusta l values at t he gr i d cr os s ings 

i n t he Cal1 f ornia-N evada re gi on. 
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ln the arguments of the subroutine: 

XLAM 

PHI 

A,8,C 

DELTA 

: longitude of the epicenter (degrees). 

: latitude of the epicenter (degrees). 

:direction cosines of t he station. 

:distance epicenter-station (Km). 

Output: In COMMON: 

VPATH( l,J) :crustal values at the L+2 points that 

divide the distance DELTA. DELTA is 

divided into L segments of 25 Km. and 

a last segment , called DUMMY, smaller 

than 25 Km. 

In the arguments of the subroutine: 

L 

DUMMY 

:t he largest integer contained in 

:DELTA-25. L (Km) . 

DELTA 
25 . 

7. SUBROUTINE MTPl(EL EV,DT P l DD,DTPlDH,VP1,VP2,VP3 ,DUMMY, 

L ) 

Computes the travel time of the direct arrival in an 

irregular crust, and the derivat ives with respect to the 

dist a nce an d the dep th. 

Input: In COMMON: 

VPATH(l,J) : cru sta l values along the path. 

DELTA 

H 

K 

:di stance epicen t e r- station. (Km). 

:dep t h of t he focus, below t he datum (Km~ 

:for P phases K=l, for S phases K=4. 

In th e arguments of the subro utin e : 
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ELEV :elevation of the stat i on (Km) . 

VP1,VP2,VP3 :mea n ve loc i t i es (P or S ) in the layers 

(Km/sec) . 

DUMMY :DELTA- 25.L (Km) . 

L 

Output : 

TPl 

DTP lDD 

DTPlDH 

: largest integer contai ned in DELTA/25 . 

:travel time of the direct wave (sec) . 

(in COMMON). 

:5t/5~ at the epice nter ( sec/Km) . 

: 5t/5h at the epicenter (sec/Km). 

8 . SUBROUTI NE MTP2(ELEV, TP2,DTP2DD,DTP 2DH, VPl,VP2,DUMMY, 

L ) 

Comp ut es the trave l time of the first refr acte d arriv

a l i n an i rregu la r crust . 

Input: In COMMON: 

VP ATH( l,J ) : cr usta l va l ues a long the path . 

DELTA :di stance ep i center-stat i on . (Km). 

H :dept h of the focus be low the datum (Km) . 

K :for P phases K=l, fo r Sphases K=4 . 

In the a r guments of the sub routine: 

ELEV :elevation of the statio n (Km) . 

VP1,VP2 

DUMMY 

L 

:mean velocities (P or S) in the layers 

(Km/sec) . 

:DELTA-25 .L (K m) . 

: la r gest integer conta i ned in DELTA/25 . 



Output: 

TP2 

DTP 2DD 

DTP2DH 
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: t ravel time of the first refracted 

arrival (sec). 

: 5t/5~ at t he epicenter (sec/ Km). 

: 5t/5h a t the epicenter (sec/Km) . 

9. SUBROUTINE MTPN(ELEV,TPN,DTPNDD,DTPNDH,VPl,VP 2, VPN , 

DUMMY,L) 

Computes the arr i val time of t he second refracted 

arr ival in an irreg u lar crust. 

Input: I n COMMON: 

VPATH(l,J) :crus ta l va lu es along the path . 

DELT A :di sta nce epicenter- s tation ( Km) . 

H :de pth of the focus (Km). 

K :f or P phases K=l, for S phases K=4 . 

In the ar gum ents of the s ubrou t in e : 

ELEV :elevat i on of the s tation (Km). 

VP1,VP2,VPN :mea n veloc iti es (P or S) in the laye r s 

(Km/sec ). 

DUMMY 

L 

Output: 

TPN 

DTPNDD 

DTPNDH 

:DELTA-25.L (Km). 

: la rg est Integer contained i n DELTA/25 . 

: travel time of the second refracted 

ar riva l ( sec ). 

: 5t/5~ a t the epicenter (se c/Km ) . 

: 5t/5h at the epi cen ter (sec/ Km) . 
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10. SU BROUTI NE OETERM(A , B, C, O,E ,F , G,H, T, U, P, Q,R , S,X , Y,Z , V) 

So l ves the e quat i on : 

rA B c 0 x p 

B E F G y Q 

c F H T z R 

0 G T Li v s 

by Gauss e li mi nation technique . 

Output: 

x : correct i on i n lat i tude , f). <p (rad i ans) . 

y : correct i on i n l ongi tude,b..A (radians) . 

z : cor r ection in depth , b.h (Km) . 

v : cor r ect i on in orig in ti me, b.to (sec) . 

l l. SUBROUTINE SN 0 RE Q ( OT 0 PH I , OT 0 LAM, OT 0 H, RES, W, A, B, C, 0, E, 

F,G,H, T, U, P,Q, R,S,WC,WN) 

Forms the norma l equat i ons . 

Input : 

OTOP HI : ( 5 t/5 cp )i at the . th 
I station (sec/radian). 

OTO LAM : ( 5t/5 .A. )i at the .t h stat i on ( sec/rad ian) . I 

OTOH : ( 5 t/5 h l; at the 
. th 

sta t ion (sec/Km ). I 

RES :(residua l) 1 at the .th stat i on (sec ). I 

Outpu t: 
2 2 2 

A= L ( 5t /5<f ) i mi ; B= L ( 5t/5<f ) i ( 5t/5A.) i mi 

C= ~ (5t/5~ ) .( 5t/5h ) . m~; 0= ~ (5t/5 ~). m~1 , 
L I I I L I 

2 2 2 
E= I ( 5t/5A) ;mi ; F= L ( 5t /5A)i ( 5t/5h )imi 

G= I ( 5 t/5 ~ ) imT H= I ( 5t/5h )fmT; 
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T= 2 ( 5t /5h ) i mr ; U= ~ mT ; P= L ( 5t/5<f') i Res i (j)T J 

Q= 2 ( 5t/5A}iR esim~; R= ~ ( 5t/5h }iRes;mT ; 

S= 2 ResimT ; WC= L (R esi }2mT ; WN= L l . 

12. lsuBROUTINE STANDR(AJBJCJDJE,F,G,H,T,U,DX,DY,DZ,DV)I 

Computes the va l ue s DX,DY,DZ,DV , that are use d to 

then DX= (sr1
) 11 , DY= (_ti-I ) 22 , DZ= (~-I l33 , DV= ($1-I l44 



Figure - 1. 

Figure - 2. 

F igure I - 3. 

Figur e I - 4. 

Fi gure I - 5 . 

Fig ure I - 6. 
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F I GURE CAPTI ONS - Pa r t I 

Geometry of t he problem. 

Contour of integrat i on for the integra l 

representations of the f ie ld. Branch 

points and branch cuts are not shown. 

The i nde ntat i on is at the Ra yleigh pole k. 

Schematic representation of t he waves that 

mus t be in equi li brium acco r d i ng to t he 

linear eq uati ons (1-79 ), ( 1-80); and the 

i ntegra l equatio ns (1-73), (1-74) . Only 

one of the refl ecte d waves i s shown . (a) 

Spherical coordinates n- space . (b) Cylindri -

ca l coordinates, k-space . Equ i l ibr i um is 

ach ie ve d through t he reflect i on coefficients 

b~ in case (a), and through (F( k )/ F(k l) · 

-e- 2vh in case ( b ). 

Paths of integration 1n th e complex k-pl ane , 

to compute t he surface wave con t ribution 

f r om t he branc h line i ntegrals . 

Behavior of the body waves from a spherica l 

cavity in an infinite solid . 

Decoupling fact or for Ra yleigh waves . The 

numbers in th e figure indicate the ratio of 

the cav i ty ra di us to its depth . 



Fi gure I - 7. 

Figure I - 8 . 
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Normalization of Rayleigh waves to a sphere 

in an infinite space. The numbers i n the 

figure indicate the ratio of the cavi t y 

radi us to its depth. 

Rayleigh waves from a cavity in a half space, 

normal i zed to t he Rayleigh waves from a 

point source in a half space . The nu mbers 

in the figure indicate th e ratio of the 

radius of the cavity to it s depth. 

Fig ure I - 9. Same as Fi gure 1-8, but the ind ependent 

var i ab l e i s ko< a i n stead of k"' h . 

Figure I - 10. Phase of the Rayleigh wave d i sp l acements 

from a cavity in a half space, minus the 

phase of the Ray l e ig h wave displacemen ts 

from the po i nt source is a half space. The 

phase is given i n degrees. The numbers in 

the figure indicate the rat io of the radius 

of the cavity to the depth. 

Figure I - 11. Same as Figure I - 10, but the i ndepen dent 

var ia b l e i s k~a i nstead of k~ h . 

Fi gure I - 12 . Amp li tude of the displac eme nts normalized 

to the point s ource i n a ha lf space . The 

ind e pend en t variab l e i s a/h the rat i o of 

the cavity radius to i ts depth . The 

numbe r s i n the f i gure indicate the values of 

the dimens i onless f r equency k~h. 
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Figure I - 13 . Contours util i zed for numerical evaluat ion 

of the integ r als A
0

n a nd C
0

n· 

Figure I - 14 . Va lu es of (-l)nA ( a. ) o<n+3 . Only the rea l on 

part i s given . 

Figure I - 15. Va 1 u es of ( - 1 ) n- 1 C ( oe ) d... n+ 3. 
on 

On l y the 

real part i s g i ven . 

Fi gure I - 16 . Flow diagram for th e program to compute 

t h e i n t e gr a l s g i v e n i n e q u at i on s ( I - 8 1 ) t o 

( 1-84 ) . 

Figure I - 17. Flow d i agram for the p rogram to solve the 

sys t em of l in ear equations ( 1-79), ( 1-80) . 
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FIGURE CAPTIONS - Part I I 

Fi gu r e I I - l. First arrival as a funct i on of d i stance and 

depth of the focus, fo r a simple cr ustal 

model wi th parallel plan e boundar i es 

(Press, 1960). 

Figure II - 2. Simplified f low diagram for t he IBM 7094 

hy po cen t er locat ion program. 

Fi gure I I - J. California-Neva da reg ion, a s used in the 

computatio n of lo ca l s hocks. The different 

geo logi c prov in ces are limit ed by dotted 

li nes. The grid lines are ~o apa rt . 

Figu re I I - 4. Corr e lation be t ween topograph y and th i ckness 

of t he crust . The negative elevat ion s 

correspond to points be l ow sea leve l. All 

va l ues are g i ven in km. 

Fi gure I I - 5 . Reg ion s in wh i ch shoc ks we r e se l ected f or 

the pe ri od 1950 on , t o study stat i stical 

frequency-depth r e la tion sh i ps . Wel l 

l ocated shocks in region 5 were few and they 

were not in c luded in th e r es ults. 

Figure I I - 6. Horizo nt al distribution of t he epicenters 

of the Ke r n Co unty aftershocks. The sense 

of mot i on is taken fro m B~th and Ri chte r 

( 1955 ), the l ower ones are s la nted and give 

the de pths in km . 
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Figure I I - 7. Vert ical cross section sh owin g t he distri

bution of the aftershocks in depth . The 

dash e d line s indicate possible brea ks north 

of the main f ault. Th e depth of the main 

shock is uncertain, and i t could well be 

sha ll ower than 8 km . 

Fig ure I I - 8 . Freq uency and cumulati ve dist rib ut io n of 

the Kern Count y s hocks with dept h . For 

t he freq ue ncy distrib ut ion divide the 

vertical scale by 10. 

Fig ure I I - 9. Fr equency and cumu lati ve distri bu t i on fo r 

the combined regions of Figur e I I - 5 . For 

the frequenc y distribution, div ide t he 

ve rtical sca le by 5 . 

Figu re I I - 10 . Frequency and cumulativ e distribut ion for 

th e combined regions of Figur e I I - 5, when 

the uncertainties in depth are taken i nto 

account by smoothing the histograms of 

Figu re I I - 9, ac cording to section 

Part I I. Di vide th e vertica l sca l e by 5, 

for t he freq ue nc y distrib ution. 

Figu re I I - 11. Frequency and cumu lat ive d ist ribution for 

the ene r gy of the combined regions of 

Figure I I - 5 . 
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F i gure I I - 12. Frequency and cumu l a t ive dist r ib ution fo r 

th e ene rg y of the comb i ned regions of 

Fi gure I I - 5. 

Figure II - 13 . Normalized cumulati ve distributions for 

the sever a 1 r eg l ons in Figure 11 - 5 . Th ey 

re fe r to the total number of s hocks i n eac h 

regi on. 
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k- plane 

--------------"•'-----------------------... --~ K 

Fig ure 1-2 
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(a) (b) 

F i gure 1-3 
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k- plane 

Figure 1-4 
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