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SUMMARY. — Most of t h e nuclear explosion fired near N o v a y a - Z e m l y a 
is land f r o m Sep tember 1961 to J a n u a r y 1963 (21 in to ta l ) h a v e been recorded 
on t h e se ismographs of Toledo Obse rva to ry . T h e s t u d y of these records, 
ma in ly concern ing t h e dispersion of Rayle igh waves , has been the p u r p o s e 
of th i s pape r . 

A c r u s t - m a n t l e s t r u c t u r e for t h e Zemlya-Toledo p a t h has been de te rmin-
ed b y m e a n s of g roup veloci ty curves a n d especially b y t h e phase veloci ty 
ones ob t a ined f r o m Rayle igh waves of explosions. This s t r u c t u r e supposes 
a c rus t of a b o u t 40 k m s th ick wi th an uppe r s ed imen ta ry layer wi th a 
th ickness of a b o u t 5,5 k m s a n d a shear veloci ty of 2,3 km/sec . 

The average shear veloci ty in t he grani t ic a n d basa l t ic layers jo in t ly , 
is a b o u t 3,65 km/sec, p e r m i t t i n g a small a m b i g u i t y a t t h e posi t ion of t h e 
Conrad d i scon t inu i ty be tween t h e m . 

A veloci ty of 4,5 km/sec has been assigned for t he under ly ing crus t 
mater ia l , b u t a b e t t e r ag reemen t wi th t h e d a t a recorded is ob t a ined b y 
t a k i n g 0.28 for t he Poisson ra t io va lue . 

Dispers ion of Rayle igh waves of these explosions has been compared 
to t h e Rayle igh dispersion of some e a r t h q u a k e s of Euras ia , th ree of t h e m 
with epicent ra l d is tances similar to those of t h e explosions a n d o ther four 
wi th t h e s ame a z i m u t h in respec t to t h a t of Toledo-Zemlya , b u t more 
d i s t an t s . 

T h e resul ts do no t show a n y no tab le difference ei ther in dispersion 
be tween explosion a n d e a r t h q u a k e s or in s t r u c t u r e of t he p a t h considered. 

T h e phase veloci ty be tween Toledo a n d Malaga Observator ies suppor t s 
t h e same above s t r u c t u r e for th i s shor t p a t h . 

T h e veloci ty of Lg waves, which clearly appea r s on t h e record of t h e 
explosions, conf i rms th i s a d m i t t e d s t ruc tu re , which serves to deduce t he more 
p robab le t r ansmiss ion mechan i sm for these channel waves . 

Also a t m o s p h e r i c pressure waves h a v e been recorded on t h e th ree 
c o m p o n e n t s wi th very no tab le ampl i tudes . T h e m o v e m e n t of t he g r o u n d 
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par t ic le a n d t h e possible act ion mechan i sm 011 t h e records has been de ter -
mined . The dispersion of these w a v e s for t h e t h r ee more clear records , 
using t h e ver t ica l c o m p o n e n t , has been ca lcu la ted too. 

RESUMEN. — La m a y o r p a r t e de la explosiones nucleares hechas explo-
t a r en la isla de N u e v a Zembla desde Sep t i embre de 1961 l ias ta Ene ro de 
1963 (21 en to ta l ) , b a n sido reg i s t radas por los s i smografos del Observa tor io 
de Toledo. El es tudio de estos registros, p r i nc ipa lmen te en relacion con 
la dispersion de las ondas Rayle igh, es el ob je to p r inc ipa l de este t r a b a j o . 

Se h a d e t e r m i n a d o u n a e s t r u c t u r a Cor teza-Manto p a r a el t r a y e c t o 
Toledo-Zembla por medio de las c u r v a s de ve loc idad de g rupo y pr incipal-
m e n t e de las de velocidad de fase ob ten idas de las ondas Rayle igh p r o d u -
cidas por las c i t adas explosiones. E s t a e s t r u c t u r a supone u n a cor teza de 
unos 40 k m de espesor sobre la que se e n c u e n t r a u n a capa sed imen ta r i a 
de de unos 5,5 k m s de gruesa y u n a velocidad de cizalla de 2,3 km/seg . 

El p romedio de la ve loc idad de cizalla en las capas g ran i t i ca y basa l t i ca 
c o n j u n t a m e n t e es de 3,65 km/seg q u e d a n d o fijada la pos i t ion de la c a p a 
de Conrad en t re ellas con u n a cier ta a m b i g u e d a d . 

P a r a el mate r ia l deba jo de la cor teza se le h a as ignado u n a velocidad 
de cizalla de 4,5 km/seg , encon t randose la me jo r coincidencia con los da tos 
de regis tro si se considera 0.28 p a r a el valor de a razon de Poisson. 

Se h a c o m p a r a d o la dispersion de las ondas Rayle igh de es tas explo-
siones con la de a lgunos t e r r emotos de Euras i a , t res de ellos de d i s tanc ias 
epicentra les pa rec idas a las de las explosiones y o t ros cua t ro del mismo 
azi inut que el t r a y e c t o Zembla-Toledo pero mas d i s tan tes . 

Los resu l tados de es tas comparac iones no m u e s t r a n n i n g u n a no tab le 
diferencia en t r e los t e r r emotos y las explosiones en c u a n t o se refiere a la. 
dispersion de las ondas Rayle igh , 6 a la e s t r u c t u r a de los caminos consi-
derados . 

E s t a e s t ruc tu ra cor t ical menc ionada h a sido con f i rmada con en calculo 
de la velocidad de fase d e t e r m i n a d a con los regis t ros de Toledo y Malaga 
c o n j u n t a m e n t e . 

T a m b i e n la velocidad de las ondas Lg, que apa recen m u y claras en 
a lgunos registros conf t rma es ta e s t r u c t u r a admi t ida , y ello c o n t r i b u y e a 
deduci r el mecan ismo mas p r o b a b l e de t r asmis ion de es tas ondas Lg. 

Las ondas de presion a tmos fe r i ca t a m b i e n b a n sido r eg i s t r adas con 
m u y no tab les ampl i tudes . De estos regis t ros se h a d e t e r m i n a d o el movi-
mien to de la pa r t i cu la del suelo y el posible mecan ismo de accion de es tas 
ondas sobre los s ismografos . Usando los t res registros mas claros h e m o s 
d e t e r m i n a d o la dispersion de es tas ondas de presion, a pa r t i r so l amen te de 
la c o m p o n e n t e ver t ical . 

RIASSUNTO. — L a maggior p a r t e delle esplosioni nuclear i e f f e t t u a t e 
nell ' isola della N u o v a Zemlia dai S e t t e m b r e 1961 al Gennaio 1963 (ven tuno 
in t u t t o ) , e s t a t a r eg i s t r a t a dai s ismografi de l l 'Osservator io di Toledo. Lo 
s tudio di ta l i regis t razioni , s o p r a t t u t t o in relazione alia dispersione delle 
onde Rayleigh, e a p p u n t o l 'ogget to pr inc ipa le di ques to lavoro . 
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Si e d e t e r m i n a t a u n a s t r u t t u r a Cros ta-Mante l lo lungo il t r ag i t t o Toledo-
Zemlia per mezzo delle curve di veloei ta di g ru p p o , e p r i nc ipa lmen te per 
mezzo di quelle di veloei ta di fase o t t e n u t e dal le onde di Rayle igh causa t e 
dalle esplosioni in ogget to . Ta le s t r u t t u r a s u p p o n e u n a cros ta di circa 40 k m 
di spessore, al di sopra della quale si t r o v a uno s t r a t o di sed imen t i di c i rca 
5,5 k m di a l tezza con u n a veloei ta per le onde t rasversa l i di 2,3 k m al sec. 

L a media della veloei ta per le onde t rasversa l i negli s t r a t i grani t ic i 
e basa l t ic i nel loro ins ieme e di 3,65 k m al sec lasc iando f r a loro un piccolo 
margine , alia posizione della d i scon t inu i t a di Conrad . 

Pe r il mater ia le che si t r o v a so t to la cros ta , si e a t t r i b u i t a una veloei ta 
per le onde t rasversa l i di 4,5 k m al sec, r i s con t r ando u n a migliore r ispon-
denza con i da t i regis t ra t i , se si d a al r a p p o r t o di Poisson il valore di 0,28. 

Si e c o n f r o n t a t a la dispersione delle onde di Rayle igh di ques te esplo-
sioni con quella p rovoca t a da alcuni t e r r emot i d ' E u r a s i a , t r e dei qual i di 
d i s t anza epic.entrale pressocche ana loga a quella delle esplosioni, e a l t r i 
q u a t t r o dello stesso a z i m u t r i spe t to a quello Toledo-Zemlia , m a piu d i s t an t i . 

I r i su l ta t i t r o v a t i per le esplosioni e i t e r r emot i non p re sen t ano a lcuna 
notevole di f ferenza ne per q u a n t o r i gua rda la dispersione ne per i t r a g i t t i 
cons idera t i . Ques ta s t r u t t u r a della c ros ta e s t a t a confe r ina ta da l calcolo 
della veloei ta di fase, o t t e n u t a dalle regis t razioni degli Osservator i di Toledo 
e Malaga (per ques to b reve percorso) . 

Anche la veloei ta delle onde Lg, che appa iono mol to chiare in a lcune 
regis t razioni , c o n f e r m a la s u d d e t t a s t r u t t u r a e cio contr ibuisce a d e d u r r e il 
meccan i smo piu p robab i le di t rasmiss ione delle onde Lg. 

Le onde di pressione a tmosfe r i ca sono s t a t e reg i s t ra te anche esse con 
ampiezze mol to notevol i . D a ques te registrazioni si e d e t e r m i n a t o il movi-
m e n t o della par t ice l la del suolo ed il p robab i le meccanismo d 'az ione di 
ques te onde sui s ismografl . U s a n d o le t r e regis t razioni piu chiare si e de-
t e r m i n a t a la dispersione di ques te onde di pressione, p a r t e n d o so l t an to dal-
la e o m p o n e n t e ver t icale . 

F r o m S e p t e m b e r 1 9 6 1 t o J a n u a r y 1963, 2 1 n u c l e a r exp lo s ions h a v e 
b e e n r e c o r d e d on t h e s e i s m o g r a p h s of T o l e d o ' s O b s e r v a t o r y , w i t h v e r y 
n o t a b l e a m p l i t u d e s . 

I n a n e x h a u s t i v e s u t d y of D r . B a t h ' s a b o u t a t o m i c exp lo s ions i t 
is s u g g e s t e d a m o n g o t h e r i m p o r t a n t conc lus ions , t h a t t h e r e is a consi-
d e r a b l e d e l a y i n t h e a r r i v a l s of t h e R a y l e i g h w a v e s of t h e exp lo s ions 
t o t h e S w e d i s h S t a t i o n s , p r o b a b l y d u e t o l a t e r a l r e f r a c t i o n . T h e r e f o r e 
w e h a v e c o n s i d e r e d i t i n t e r e s t i n g t o s t u d y b o t h t h e g r o u p a n d p h a s e 
ve loc i t i e s of t h e s e R a y l e i g h w a v e s i n o r d e r t o d e t e r m i n e a c r u s t a l s t r u c -
t u r e f o r t h e Z e m l y a - T o l e d o p a t h . W e a lso c o m p a r e t h e d i spe r s ion of 
s u r f a c e w a v e s of t h e s e b o m b s w i t h t h e s u r f a c e w a v e d i spe r s ion as s h o w n 
b y e a r t h q u a k e s , e i t h e r of s i m i l a r d i s t a n c e s o r of s i m i l a r p a t h s . 
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The four explosions da ted August 5 and 27, and September 8 and 
27, 1962 have been principally chosen to carry out th is s tudy because 
they are clearer t han the others. 

Fig. 1 - Eurasie map , showing locations antl az imuts of considered explosions and 
ear thquakes . 

Real ly all these records are similar, above all concerning the disper-
sion; nevertheless we have chosen four explosions to be t t e r guaran tee 
the result . 

MoArement of the underground part ic le shows clear Rayleigh waves, 
giving, on the horizontal plane, a re t rograde ellipse wi th the larger axis 
f i t t ing well into the ezimuth Toledo-Zemlya (20° about) . 

Comparing t h e Rayleigh waves dispersion curve (calculated by 
Press-method) for t he group velocity of these four explosions with the 
theoret ical curve computed by Press for his s t ruc ture 6 EG, we find i t 
to agree fair ly well wi th the dispersion curve which supposes a crust 
45 kins thick (Figs. 2-3) Real ly th is seems too large a thickness for 





Fig. 2 - Group veloci ty of Rayle igh waves . 
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tliis patli which is of course of continental s t ructure (Fig. 1) as shown 
b y the clear records of Lg waves. 

In order to confirm this agreement with the Press curve we have 
calculated the phase velocity by the method of Brune, Nafe and Oli-
ver (2) (*) for 0,5 -1 ,0 - 1 , 5 - 2,5, as n value. 

The result was the exact coincidence between dispersion curve of 
phase velocity for Press s t ructure (H = 45) and the curve of phase 
velocity calculated for n = 1,0. This result can not be admi t ted be-
cause we must suppose t ha t an explosion in the atmosphere produces 
a compression at the origin (n half-integer) as is shown, on the other 
hand, by the P waves recorded being compressional. 

If we suppose this crust thickness to be 35 kms and the 45 kms 
obtained to be due to an effect of lateral refraction, then the Zemlya-
Toledo distance ought to be considered about 500 kms greater than the 
maximal circle pa th . This seems too much especially if we take into 
account tha t , the continental borders are almost perpendicular to 
this pa th . 

In order to find if there is some difference between the travel-t ime 
or Rayleigh waves of explosions and earthquakes, we have chosen 4 
ear thquakes of northern J a p a n (Table I I , ear thquakes Ai) t ha t exhibit 
clear t rains of Rayleigh and Love waves, and whose azimuth is the same 
as the Toledo-Zemlya one. In Fig. 2 can be seen t h a t their group ve-
locity is very similar to tha t of the explosions. I n order to check 
this coincidence once more we have chosen three new ear thquakes of 
Inner-Asia (Eartl iq. Bt Table I I ) whose epicentral distances are more 
or less equal to t h a t of the explosions. I n Fig. 3 their Rayleigh wave 
dispersion curves are compared wi th the dispersion shown by the explo-
sions, as well as with a dispersion curve deduced from At ear thquakes, 
a f te r the pa th Toledo-Japan has been considered as composed of two 
segments and the necessary correction has been made in the dispersion 
for the segment Zemlya-Japan. This correction was made using the 
Press-Dewart method and the empirical dispersion curve computed by 
Evison-Ingham (1960) (H = 32). 

The results shown in Fig. 3 indicate t h a t there is not an impor tan t 
difference between the dispersion of these ear thquakes and explosions. 

Hence, we explain the first unsuitable results by the crustal struc-
ture of Press (6 EG) t h a t we have used being inappropriate for this 
occidental-european border. 

(*) (See b ib l iography a t last) . 
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The dispersion of Love waves o£ the Ai ear thquakes lit fairly well 
with the theoretical dispersion curve computed by Evison-Ingham (10) 
for a crustal thickness of about 34 kins (Fig. 4). 

This shows t ha t we must t ry to use teoretical curves which have 
been calculated for s t ructure similar to t ha t of Evison. 

Seeking through the last papers dealing with dispersion of surface 
waves we have found a number of theoretical curves among which only 
the next curves (Fig. 5) fit in with the da ta fairly well: 

a) The Rayleigh dispersion curve for the Evison's s t ructure 
(H = 35) is in good agreement with the Rayleigli dispersion of explo-
sions, which coincides with the thickness found by using the Love waves 
f rom At earthquakes. 

b) Dorman structures cases 8043 and 8021 give an excellent 
coincidence with da ta . A crust of 40 and 38 kms thick is obtained 
f rom the first and second cases respectively. 

I n order to make these results more precise we have calculated the 
phase dispersion curves for n = 0,5, 1,5 and 2,5, for which the explosions 
on Sept. 8th and 27th were used. 

In Figure 6 we can see t h a t Dorman 8021 case, 11 = 38 agrees with 
the curve n = 1,5, which fits in whi th the result obtained from group 
velocity. 

A be t te r coincidence is obtained with the curve n = 1,5, by using 
the crust-model by S. W. Smith (12) which supposes a crustal thickness 
of about 40 kms, especially for the low frequency end. 

These comparison suggest the following conclusions: 
The results of group and phase velocity are in agreement and they 

show a crust of about 40 kms thick with a low velocity sedimentary 
layer and un upper mant le with a shear velocity of 4.5 kms/seg and 
with a Poisson's ratio of 0.28. 

The Smith model would agree very well with the da ta if we supoosed 
its sedimentary layer to be thicker or its shear velocity lower in this 
layer, in order to get a bet ter coincidence in the T < 23 sec. periods range. 

I t sometimes happens in these works on dispersion t h a t it is pos-
sible to find crustal structures with different parameters t ha t fit fairly 
well with the da ta , bu t generally more thorough s tudy or careful com-
putat ions enable us to distinguish wich s t ructure is the true. one. 

We have such a case when we compare (Fig. 7) our Rayleigh di-
spersion curves of explosions with the theoretical curves by H o m m a 
H = 33 kms (I3) and by Smith (H = 30). There is a perfect coin-
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cidence between these two curves and the phase velocity curves calcu-
lated for n = 0.5. 

This fact of course could be admi t ted in principle bu t really m a n y 
things exist t ha t show this second structure to be less convenient t h a t 
the Dorman or Smith (H = 10) ones. The principal reason is t h a t 
we have calculated the phase velocity from Toledo to Malaga by using 
the two clear explosions on Aug. 5 and Sept. 15, recorded ve iy well 
a t both Stations, and the result of the comparison of this velocity to 
the dispersion curves calculated for different values of n, was a good 
agreement with the cuive for n = 1.5 (Fig. 8). 

Tha t shows this value (n = 1.5) to be the proper one. This com-
parison is available since we were able to ident ify the corresponding 
crests in the records of both Stations accurately and because the maximal 
circle of Malaga-Toledo-Zemlya being the same it was possible to de-
termine the phase velocity from Toledo to Malaga by using the simplified 
method by Press (4) which correlates the same crests in different records. 

Also, it is possible to get the t rue value of the n a t the first crest 
by making use of the Airy's phase, t h a t was very well recorded on some 
of the records. This method, based on determining the value of n a t 
the Airy's phase (2), is ra ther nevertheless imprecise. We have calcu-
lated it and got n = 22.5 which also gives n = 1.5 a t the first crest. 

L g W A W E S . 

In order to confirm the crustal parameters admi t ted by us for the 
first layers in the crust we hawe a calculated the velocity of Lgl and 
Lg2 waves tha t were recorded very well for the two explosions on 
30 Oct. 1961 and 5 Aug. 1962. The confirmation has been found to 
be accurate. 

Shea r ve loc i ty D o r m a n 
8021 

S m i t h 
(H = 40) E v i s o n 

E x p l o s i o n 
30 X 961 
vel . of L g . 

E x p l o s i o n 
5 V I I I 962 
Vel. of L g 

I n w h o l e c r u s t 3 . 4 9 3 . 5 8 3 . 4 7 3 . 4 8 ( L g l ) 3 . 4 7 ( L g l ) 

I n s e d i m e n t a r y 
+ g r a n i t i c l aye r s 3 . 1 9 3 . 2 8 — 3 . 2 7 ( L g 2 ) 3 . 2 6 ( L g 2 ) 
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T O L E D O Z f E X P L O S I O N 5 - V I I I - 6 2 
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Pig. 9 - An e x a m p l e of records . 
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On the other hand as we can see in the above table, the velocity 
of L g l agrees with the shear velocity in the whole crustal leyer, which 
confirms t h a t the transmission mechanism of L g l is a successive range 
of to ta l reflections near the surface and the Moho discontinuities. Also 
the Lg2 velocity, being in coincidence with the shear velocity in the 
two first layers of the crust, suggests tha t its transmission mechanism is 
by reflections on the surface and on the Conrad discontinuity excluding 
the mechanism which supposes t ha t the Lg2 wave does not reach the 
sediments in its propagation bu t remains inside of the granit ic layer. 

A T M O S P H E R I C P R E S S U R E WAVES. 

These waves have been recorded with very large ampli tudes on t h e 
three components of long period seismographs of Toledo. In the sei-
smogram here (Fig. 9) they can be seen, al though in other seismograms 
(explosion of Dec. 24) the amplitudes were three or four t imes larger. 

In Fig. 10 the underground part icle movement for two clear explo-
sions is shown. The movement is almost longitudinal in the horizontal 
plane and its direction is approximately N f f . In the plane formed b y 
this direction and the Z axis the movement forms an ellipse wi th direct 
rotation. 

I n order to obtain a sat isfactory explanation of this kind of move-
ment as is shown by composing the ground motion recorded on the 
three components we must admi t as only compatible solution, t h a t t h e 
pressure wave has ac tua ted against the Observatory area coming from 
closely N W direction (see Fig. 10), and forming an angle with the ho-
rizontal plane, of about 30°. These results are strange because it would 
be na tura l to expect the arrival direction to Toledo to be more or less 
the same than the azimut f rom Toledo to Zemlya. This deviation in 
az imuth of about 65° f rom the great circle Toledo-Zemlya is too large 
to be explained by some geological local effect as generally these kind 
of deviations have been considered, when the same effect as observed in 
the ear thquakes lias been studied. We could explain this deviation by 
an effect of the wind on the propagat ion of the pressure wave. In fac t , 
the average of wind velocity for this European zone was on August 5 
about 14 km/h and coming from N E direction which could deviate the 
t ra jec tory of the pressure wave. On the other hand the wind on Sept. 25 
was weaker (8 km/h) which agrees with the fact tha t the deviation a t 
this day was smaller (Fig. 10) besides, i ts principal direction this day was 
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E S w h i c h p r o b a b l y w o u l d i n c r e a s e t h e a n g l e of v e r t i c a l i nc idence as w e 
h a v e seen t o h a p p e n . 

F i n a l l y t h e d ispers ion of t h e s e a t m o s p h e r i c p r e s su re w a v e s c a n b e 
seen in F i g . 10, fo r some of t h e c lea re r r ecords , t a k e n f r o m v e r t i c a l 
c o m p o n e n t s . 
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