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R . STONELEY 

11 lias l)een obscrved by F. Neumann ( 1) , P. B y e r l y (-) and I. 

Le l imann ( ! ) t l iat in seismogranis of ea r tbquakes recorded al mo-

dera le distances, lite S phase appears first as SII, f o l lowed some 10-

14 seconds la ter by SV. Miss L e h m a n n at t r ibutes tbis pbenomenon 

lo the smal l angle tba t tlie S — oscil lations m a k e wit l i tbe hor izonta l , 

w h i l c Prof . B y e r l y suggests tbat some k ind of doublé re f rac t ion may 

be the cause. Botl i agree tbat the in te r ra i does not seem to depend 

on epicentra l distance. 

Ev ident l y m o r e observat ional ev idence is needed, but a pre l imina-

r y examinat ion can be made of the possibi l i ty tba t the pbenomenon 

arises because the outer pa r t of the Earth's mant le is not elastical ly 

isotropie. The s implest hypothesis we can m a k e to conform to tbis 

assumption is pe rhaps that ali directions at r ight angles to the ver-

tical are e q u i v a l e n t ; tbis type of solid is t e rmed « t ransverse ly isotro-

pie ». The assumed type of anisotropy is suff icientlv general to give 

an indicat ion of the o r d e r of magni tude of the a n o m a l y to be ex-

pected. Fur t l i e r , it is un l ike ly that the outer l ayers are ve ry m a r k e d l y 

anisotropie, else t li is depar ture f r o m isotropy wou ld p robab ly bave 

been noted long ago. It sliould suflìce tben, to take as a s tandard of 

comparison a t ransverse ly isotropie mater ia l wliose elastic constants 

are k n o w n : such a crystal is berv i , tbe constants of wliicli were deter-

mined by Vo ig t ('). 

T h e seismological impl icat ions of a t ransverse ly isotropie m e d i u m 

bave been investigateci, and one important fac t is that if ali directions 

p e r p e n d i c u l a r to the ver t ica l are equiva lent tben (neglecting the cur-

v a t u r e of the Ear th) the veloci l ies of SII and SV are d i f fe rent , and 

t h e y depend on tlie angle of incidence of the wave. The di f ierence 

in tlie l ime of propagat ion througli a sur face l a y e r of t l i ickness li 

can easi ly be calculated. Let suffixes H, V r e f e r lo SII, SV respect ive ly ; 

le t c he the wave-ve loci ty in any medium and i tlie angle of incidence 

(*) L a t r a d u z i o n e in l ingua i ta l iana de l la p r e s e n t e Nota è r i p o r t a t a a pag. 1 1 3 . 
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in t l iat m e d i u m . If r is t h e r ad ia i d is tance f r o n t tlie c e n t r e of t h e Ear t l i , 

t h e n f o r a n y r a y , in the s t a n d a r d n o t a t i o n , 

r sin i dT 

P ~ c ~~<ÌK 

S u p p o s e t l ia t a d i s t u r h a n c e o r ig ina t ing at A genera tes SH and SV 

w a v e s a r r i v i n g at B a long p a t h s PQ„B a n d PQVB. Lct I\M a n d QVN 

he p e r p e n d i c n l a r to P„ M and Q„ N r e spec t i ve l y , w h e r e r e f r a c t i o n is 

supposed to occur at t l ie base of a s u r f a c e l a y e r . 

T l ien f r o m t h e d iag ram P„M = NQn—li ( tan iv — t a n j„ì sin i, 

so t l ia t t h e d i f f e r e n c e of the t i m e of t ransmiss ion of S a long t h e p a t h s 

PyQy and PUQ„ i n t h e l o w e r m a t e r i a l , supposed isot ropie , is 2(/i/c) 

sin i ( t an i v — t a n i„) — 2dTt say. 

A l t e r n a t i v e l y , if 0 is tlie cen t re of t h e Ear t l i and R t h e r a d i u s 

at t h e d i scont inu i ty , w h i l e the angle Qv OQ„\zd A, t h e n QVQ„ — R. d \ 

— R(dA/dTi) dT\=c dri\ sin i, g iv ing t h e sanie resu l t as h e f o r e . 

Tlius, in al i , t h e d i f f e r e n c e ili the t imes of t ransmiss ion of SH and SV 

T T 2h 2,1 • - 2h • • U • , • i i „ — 1 y = sec i„ sec i v sin i (tan iY — tan t„) 
cH cv c 

w h e r e c, i r e f e r to the m e d i u m i m n i c d i a t e l y h e l o w the j t inct ion. 

T o see t h e t y p e of v a r i a t i o n of c v a n d c„ wit l i i n c l i n a t i o n 0° to 

t h e ve r t i ea l , i t w i l l suflìce to w o r k wit l i t h e dens i ty and elast ic con-

stants of h e r y l , and to scale d o w n the resu l l s so as to cor respond to 

a v e l o c i t y 3 .40 km/sec. in the l a y e r f o r SV at tì = 0 " a n d i l = 9 0 " . In 
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the undedying material we take c=4.38 km'see.; thus the modcl 

eorresponds to a granitic eontinent rCHting on ultrahasic mateI·ial. 

The I·erluisite fonllulae for C H amI c v are found in thc paper 

alrearIy cited (H). For a transversely isotropie hody in whieh the 
stmin.encrgy function W is given Ily 

2 W =A(é 11+ e\y}+ C e 2 .. + 2F (eu +f>yy) e .. + 
+2 (A-21\') e n en -1- L (e~y"+e2 .. )+ Ne ~~y 

thc velocity c of a wave eorreHponding to HS is given Ily 

where n = eOH ù; l=sin ù. For waves of SV type 

2, c'. ~ Al'+C n'-II (A-L)l'-(C- L)n' l' +41'1'.' l! 
in whieh J=F +L. 

Voigt's values, in dynesi cm", are 

A=2.fi94XI0I \ C=2.363XI01~j A-2N=0.961XI01~; 

F=0.661XI0 1\ L=0.6;)3Xl01~; N=O.866XIOI~. 

From the foregoing formulae, the value8 of CII and Cv, sealed so that 
they correspond to matel"ial in which C~ll and c~ ,. fOI· i) = 0" are 

11.56 X 1010, are given in the following tahle: 

T AnLE I 

,')0 CH X 1O"~ c,. X 10-~ 

O 3.40 3.40 
10 3.41 3.48 
20 3.46 3.68 
30 3.54 

I 
3.905 

40 3.62 4.0,1 
50 3.71 4.02 
fiO 3.79 3.855 
70 3.86 3.64 
80 I 3.90 3.47 
90 I 3.92 3.'10 

1he rIiffel"ing trends of CH amI c,· with U dre evident fi"Om this 
tahle. 

In what follows the layer wilI he tl·eated as thin, so that for propa-
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gation in this l a y e r t l ie Eart l i m a y ho considered as piane. 

T h e n iH and ;'v a re given by 

sin i sin iH s i n i v 

c cH c v 

w h e r e c = 4 . 3 8 km/sec. and (sin i)/c=(dT/d A0)/110.7 

S ince dT/d A is k n o w n f r o m seismological tables, the angle i can 

he computed f o r va r ious epicent ra l distances A. 

To complete the calculat ions w e first consider SII, and p u t {) = 

in iri T a h l e I. Thus (sin in )/c can he computed as a f u n c t i o n of i , 

and f r o m the foregoing equat ion /„ is f o u n d as a f u n c t i o n of A . The 

ca lculat ions f o r S F are m u d i longer , b u t the genera l p r inc ip le is the 

sanie. W e thus obta in Tab le II. I t w i l l he seen t l iat the d i l fe rences 

he tween /',, and i v a r e not large. The va ine of (T H —T v )/2/i can n o w 

he computed di rect ly . 

T A B L E I I 

A dTA »H iy i 
degrees sec/deg degrees degrees degrees 

1 0 24 .4 56.3 58.7 74.5 
2 0 19 .4 Sd 39.3 45.0 50.0 
20 18.7 S r 38.0 4-3.0 47.7 
30 15.8 30.0 34 .8 38 .8 
40 15 .0 28 .5 32.3 36 .4 
50 13.9 26 29 .4 33.5 
60 12.8 23.5 26 .4 30.5 
70 1 1 . 8 2 1 . 5 23.0 27 .8 
80 10.5 19 .0 20.7 24 .5 
9 0 9.0 16.2 17.2 20.9 

1 0 0 9 .4 15 . 0 16 .0 19.2 

S ince the ob jec t of this invest igat ion is lo ascertain on ly the 

o r d e r of m a g n i t u d e of the ef fect of d e p a r t u r e f r o m isot ropy , i t suf-

fices to consider t h r e e va lues of ( T i , — T v ) / 2 h . F o r A = 2 0 ° ( S r ) it is 

0 .039, f o r A = 5 0 ° i t is 0.035, and f o r A = 8 0 " it is 0 .025. Thus, the 

v a r i a t i o n wit l i ep icent ra l distance is not large. However , the t i i re dif-

f e r e n c e is qui te small , e.g. f o r / i=33 km., about the m a x i m u m per-

missible thickness of the granit ic l aye r , T „ — T v amounts only to 

about 1.6 sec. T h u s the exp lana t ion in te rms of d e p a r t u r e f rom iso-
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t r o p y in the ou te r l ayers seems to fai] , f o r wit l i a typ iea l c rys ta l l ine 

m e d i u m (« ad jus ted » to f i t l lie ve loc i ty of Sg), it wo u ld need a 

t l i ickness of an isot ropie rock of the o r d e r of 300 k m to account f o r 

a d i f f e r e n c e of 14 seconds in the t imes of a r r i v a i of SII and SV at 

an ep icen t ra l distanee of 80". W h i l e one cannot e n t i r e l y r ide out t l ie 

poss ih i l i ty of a p r e f e r r e d or ienta t ion in t l ie ou te r c rys ta l l ine p a r t of 

t h e m a n t l e ( rougl i l y t h e p a r t above the 20" d iscont inui ty) it is to he 

r e m e m h e r e d t h a t the mode l chosen is one in wl i ich the axes of sym-

m e t r y of ali the const i tuent crysta ls a re r ad ia i . Aceord ing ly , unless 

decis ive ev idence of an iso t ropy in t l ie Eart l i 's crust is f o r t h e o m i n g 

f r o m o t h e r sources, tliis w i l l not he an a d e q u a t e e x p l a n a t i o n of t h e 

ohserved l i m e d i f f e r e n c e T „ — T v . P r o v i s i o n a l l y , then , Miss Lehmann's 

e x p l a n a t i o n seems the m o r e l ike ly . 

Comunicazione presentala al Convegno per la costituzione della 

F.S.E., tenutosi a Verona dal 12 al 16 settembre 1950 (v. « Annali 

di Geofìsica », voi. I l i , pag. 579). 

SUMMARY 

In earthquakes recorded at moderate distances it lias been ohserved 

that S phase appears first as SII, folloived some 10 to 14 seconds later 

by SV. The object of tliis paper is to try to decide ichether doublé 

refraction is likely to be the explanation of tliis jìlwnomenon. 

A simpie model to consider ivould be a « transversely isotropie » 

material, symmetrical about the radiai direction. Formulae for the 

velocities of SII and S V waves are available; tliese velocities depend 

on the angle that the ray makes ivi t li the norma!. It is unlikely that 

the Eartli could be as markedly anisotropie as the minerai beryl, which 

is transversely isotropie; aceordingly, this material, of ivhich the fi ve 

clastic constants are knoivn is taken as an extreme example, and 

the velocities of SH and SV for different angles of incidence are 

« scaled down » so as to match the velocity of distortional ivaves in 

granite. It is then possible to calcitiate the difference in the timo taken 

by ivaves from one point of the surface of the Earth to anotlier point 

on the surface according as the S wave in the surface layer is of SH 

or SV type. 

It is found that, even in this extreme case, a layer of anisotropie 

rock some 30 km thick tvould account only for a time difference of 
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about 1 y, seconds. Thus, if the Earth ivere as strongly anisotropie as 

beryl (which is unlikelyj oue would need tlie layer of preferred orien-

tatimi to extend to a depth of about 300 km. This is difficult to believe, 

and thus no great credence can be attaclied to ari explanation in ternis 

of doublé refraction. 
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