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SUMMARY 

Short  period seismic a r r a y  da ta ,  toge ther  wi th  long per iod  
d a t a  from standard s t a t i o n s ,  have been analysed t o  provide e s t ima tes  
of t h e  l o c a t i o n  and y i e l d  of explosions i n  China, North Afr ica ,  t h e  Sovie t  
Union and the  USA. 
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2. ABBREVIATIONS 

PNE Peaceful  Nuclear Explosion. 

USCGS United S t a t e s  Coastal  and Geodetic Survey, now known a s  Nat ional  
Ocean Survey (NOS) operated under t h e  auspices  of t h e  US Department 
of Commerce. 

EDR Earthquake Data Report. A summary of e p i c e n t r e  s o l u t i o n s  and 
P wave a r r i v a l  t imes published by an i n t e r n a t i o n a l  d a t a  c o l l e c t i o n  
c e n t r e  operated by the  US Department of Commerce, National  
Oceanic and Atmospheric Agency i n  Rockvil le ,  Maryland, USA. 

N S t a t i o n  non opera t ional .  

X Event not  de tec ted  by a s t a t i o n .  

Ov Signal  i s  s o  l a r g e  the  recording system is overloaded. 
No amplitude information ava i l ab le .  

WWS SN World Wide Standard Seismograph Network. 

ISC I n t e r n a t i o n a l  Seismological Centre,  Edinburgh. 
Publishes a monthly b u l l e t i n  of earthquake ep icen t r e s ,  
P wave a r r i v a l  t imes and magnitudes of earthquakes. 



"b Short period body wave magnitude. 

M Long period surface  wave magnitude. 
S 

r! The absorption parameter. 

3. INTRODUCTION 

From t i m e  t o  t i m e  AWRE have issued Shot Reports* which give 
t h e  p r i n c i p a l  seismic data  of we l l  documented underground explosions 
recorded a t  four  seismological  a r rays  deployed t o  provide a da ta  base 
on which t o  study the  t echn ica l  problems of t h e  proposals f o r  a compre- 
hensive test ban t r ea ty .  The i n i t i a t i v e  f o r  these  r epor t s  r e su l t ed  from 
the  i n v i t a t i o n  by the  US representa t ive  Ambassador William C Fos ter  t o  
t h e  United Nations on 5 December 1968 t o  use some underground nuclear  
explosions f o r  t h e  c o l l a t e r a l  objec t ive  of a world wide seismological  
inves t iga t ion .  The use fu l  r o l e  these r epor t s  have played may be judged 
from t h e  wide c i r c u l a t i o n  given t o  them by the  Conference of the  Committee 
on Disarmament and from the  many references t o  them i n  t h e  s c i e n t i f i c  
l i t e r a t u r e .  

However, these  Shot Reports record only seismic data  on 
underground explosions f o r  which complete geophysical da ta ,  including 
t h e  approximate energy (y ie ld )  of the  source, a r e  publ ic ly  announced by 
the a u t h o r i t i e s  concerned with the  main purpose of the  explosion. The 
purpose of the  study reported here  was t o  take a world wide sample of 
s u i t a b l y  l a r g e  explosions ( i n  a l l ,  23 including s i x  which have been t h e  
sub jec t  of Shot Reports) and t o  ex t rac t  the  maximum information poss ib le  
by analyses of seismic records only. Most of the  explosions took place  
i n  the  Soviet Union, and o the r  than the  seismic s igna l s ,  l i t t l e  o r  
no information is ava i l ab le  about them. 

A l l  t h e  events  have been i d e n t i f i e d  as  explosions by t h e  r a t i o  
of t h e  mean (ar ray)  body wave magnitude (m ) t o  the  mean (IJWSSN) Rayleigh 
wave magnitude Ms. The standard s t a t i o n s  wbre used t o  es t imate  M because 
long period d a t a  from the  AWRE ar rays  were not ava i l ab le  f o r  thesperiod 
t h e  study was made. The bes t  est imates of seismic y i e l d  were a l s o  made 
from these  M values. Emplacement depths were estimated by s p e c i a l l y  
developing tfie technique of sp ike  f i l t e r i n g  f o r  the  purpose. 

With the  exception of the  cont inenta l  USA explosions, shot  t o  
rece ive  d i s t ances  l i e  between 30° and 90' of a l l  four ar rays ,  i f  complete 
da ta  were recorded, the  ar rays  were used t o  es t imate  locat ions .  

*Shot Report No. 1 LONGSHOT, AWRE Report 067166 (October 1966) 
Shot Report No. 2 MEDEO, AWRE Report 033170 (June 1970) 
Shot Report No. 3 GASBUCGY and RULISON, AWRE Report 046170 (June 1970) 
Shot Report No. 4 Explosions a t  NTS, AWRE Report 032172 (March 1972) 



The parameters of each explosion a r e  summarised i n  t h e  r e p o r t  
a s  follows:- 

E p i c e n t r a l  Data: 

The major i ty  a r e  provided by t h e  Earthquake Data Reports 
(EDRs) of t h e  US Department of Commerce. I n  t h e s e  cases  t h e  
e p i c e n t r a l  co-ordinates a r e  der ived from onse t  t imes a t  
WJSSN s t a t i o n s  (CGS l oca t ions ) .  Springer  e t  a l .  se i smic  
source  summary [l] is  t h e  p r i n c i p a l  source  f o r  explos ions  
i n  t h e  USA. The e p i c e n t r a l  co-ordinates  i n  t h e s e  c a s e s  
r ep re sen t  t h e  a c t u a l  l o c a t i o n s  of t h e  exp los ionss  

Array Data: 

P r i n c i p a l  d a t a  measured a t  each ar ray .  

Surface 'Wave Data: 

From t h e  World Wide Standard Seismograph Network (WWSSN). 

Array Location: 

Ep icen t r a l  co-ordinates der ived from t h e  fou r  a r r ays .  

The major p a r t  of t h e  r e p o r t  c o n s i s t s  of t hese  da t a ,  t oge the r  
w i th  i l l u s t r a t i o n s  of t h e  sp ik ing  f i l t e r  record from which t h e  emplacement 
depth is est imated and comments on t h e  geologica l  s t r u c t u r e  of t h e  area 
i n  which each exp los ionwas  f i r e d ,  on t h e  poss ib l e  e f f e c t s  of t h e  deeper  
s t r u c t u r e s  on se i smic  s i g n a l s ,  and on t h e  se i smic  y i e ld .  

For easy re ference ,  a summary t a b l e  ( t a b l e  1 i n  s e c t i o n  9)  
is provided. 

Notes on t h e  e s t ima t ion  of ep i cen t r e s ,  se i smic  magnitudes, y i e l d ,  
and emplacement depth precede t h i s  main p a r t  and a r e  provided t o  guide 
t h e  reader  as t o  t h e  se i smologica l  techniques which have been employed i n  
t h e  analyses .  The p r i n c i p a l  e r r o r  i n  depth e s t ima te s  is l i k e l y  t o  be  due 
t o  an  incomplete knowledge of t h e  up-hole v e l o c i t y  of t h e  r e f l e c t e d  
s i g n a l .  Usual ly t h i s  parameter can h e  es t imated  only from a rough i d e a  
of t h e  rock types  a t  t h e  ep icent re .  The v e l o c i t i e s  which have been 
adopted i n  t h i s  r e p o r t  a r e  given i n  t a b l e  2 i n  s e c t i o n  9. 



4 .  EXPLOSIONS SELECTED 

Kazakh, SSR ( f igure  1 )  

Uzbekistan, USSR ( f igure  1 )  

Caspian Sea, USSR ( f igure  1)  

Urals  and Novaya 
Zemlya, USSR - Urals: 
( f igure  1 )  

Novaya Zemlya: 

Explosion No. 1 15 January 1965 
2 7 May 1966 
3 21 Ju ly  1966 
4 22 September 1967 

Explosion No. 5 30 September 1966 
6 21 May 1968 

Explosion No. 7 1 Ju ly  1968 
8 26 September 1969 
9 6 December 1969 

Explosion No. 10 6 October 1967 
11 2 September 1969 
12 8 September 1969 

Explosion No. 13 21 October 1967 
14 7 November 1968 

Sinkiang Province, China Explosion No. 15 22 September 1969 
( f i g u r e  1 )  

Aleutian I s l e s ,  USA ( f igure  2) Explosion No. 16 29 October 1965 LONGSHOT 
17 2 October 1969 MILROW 

Nevada, USA ( f igure  2) Explosion No. 18 13  September 1963 BILBY 
19 2 June 1966 PILEDRIVER 
20 20 December 1966 GREELEY 

New Mexico and Colorado, USA 
( f igure  2) 

Algerian Sahara 

Explosion No. 21 10 December 1967 GASBUGGY 
22 10 September 1969 RULISON 

Explosion No. 23 16 February 1966 GRENAT 
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FIGURE 1. LOCATIONS OF RUSSIAN UNDERGROUND EXPLOSIONS USED IN THIS REPORT 



FIGURE 2. LOCATION OF UNDERGROUND EXPLOSIONS IN NORTH AMERICA USED IN THIS REPORT 



5 .  EPICENTRE LOCATION 

The loca t ion  and o r i g i n  time of a  seismic event can be est imated 
from the  a r r i v a l  time of the  P waves a t  a  number of recording s t a t i o n s .  
An ep icen t re  loca t ion  se rv ice  is provided by the  United S t a t e s  Department 
of Commerce Environmental Research Laboratories  (ERL) using P wave a r r i v a l  
t i m e  d a t a  provided on a rout ine  b a s i s  by a l a rge  number of seismic s t a t i o n s  
around t h e  world. The epicent res  a r e  published i n  the  form of earthquake 
d a t a  r epor t s  (EDR); a  minimum of f i v e  P wave a r r i v a l  times a r e  required 
before  an ep icen t re  is published by ERL. Epicentre loca t ion  is, i n  theory, 
poss ib le  with only th ree  a r r i v a l  times although the  uncer ta in ty  i n  each 
loca t ion  is large .  Thus, i t  is  poss ib le  t o  loca te  an event and es t imate  
its o r i g i n  time using the  a r r i v a l  time da ta  a t  t h e  four a r rays  and where 
poss ib le  t h i s  has been done f o r  the  events  contained i n  t h i s  repor t .  The 
loca t ions  obtained a r e  given i n  sec t ion  9; the  accuracy of these  loca t ions  
is not  discussed here  bu t  f o r  comparison the  e p i c e n t r a l  s h i f t  r e l a t i v e  
t o  the  ERL loca t ions  i s  given. The four a r ray  loca t ion  is included simply 
t o  give an ind ica t ion  of the  capacity of four  a r rays  t o  l o c a t e  an event. 

6. SEISMIC MAGNITUnES 

The amplitudes of s h o r t  period P waves can be used t o  determine 
the  magnitude of an event. The re l a t ionsh ip  between amplitude and magnitude 
i s  defined by Gutenberg and Richter  121 a s  

where A is  the  ha l f  peak t o  peak amplitude of t h e  f i r s t  two o r  t h r e e  
cycles of the  P wave i n  millimicrons (mu) and T is the  period of the  wave 
i n  seconds. R(A) is  a d is tance  normalising term which cor rec t s  f o r  t h e  
e f f e c t s  of geomettic spreading and absorption of the  seismic wavefront, 
The magnitude determined a t  each a r ray  s t a t i o n  is  included i n  t h i s  r epor t ;  
t he  values of A and T have been taken from the  processed records. 

The long period su r face  waves can a l s o  be used t o  determine 
magnitude. The long period magnitude MS is defined a s  

where A i s  the  maximum amplitude, defined a s  ha l f  the  peak t o  peak, i n  
t h e  su r face  wave t r a i n  measured i n  mp, B1(A) a d i s t ance  normalising term 
and P(T) is  a frequency dependent term which cor rec t s  f o r  t h e  e f f e c t  of the  
group ve loc i ty  c h a r a c t e r i s t i c s  of the  p a r t i c u l a r  transmission path over 
which the  waves have propagated. A f u l l  desc r ip t ion  of the  magnitude 
formula is  given by Marshal1 and Basham 131. 

Since t h e  four  a r ray  s t a t i o n s  w e r e  not  equipped wi th  long 
period recording equipment u n t i l  1971, measurements of M have been made 
on the  seismograms produced by the WWSSN. The M va lues  tuoted i n  t h i s  
r epor t  a r e  average values determined from 1 t o  f0 observations depending 
on the  s i z e  and loca t ion  of the  explosion. 



YIELD ESTIMATES 

The es t imat ion  of the  y i e l d  of an explosion i s  most d i f f i c u l t .  
For h i s t o r i c  reasons t h e  s i z e  of a seismic source has been estimated from 
the  magnitude of t h e  seismic waves generated. The magnitude s c a l e  was 
designed f o r  use  with earthquake generated waves and was applied 
d i r e c t l y  t o  explosion generated waves, but  the  source funct ion  and t h e  
d i s t r i b u t i o n  of energy by the  two types of sources is d i f f e r e n t  and g ives  
rise t o  u n c e r t a i n t i e s  i n  r e l a t i n g  the  magnitude of an explosion t o  t h e  
y ie ld .  

However, t h e  y i e l d  of an underground explosion can be 
est imated from t h e  magnitude of t h e  seismic s i g n a l s  generated by t h e  
explosion. The y i e l d  est imated i n  t h i s  way is known a s  t h e  seismic y i e l d  
es t imate  t o  avoid any confusion with y i e l d  es t imat ions  based on ana lys i s  
of r ad ioac t ive  debr is .  

The amplitude, and hence magnitude, of t h e  seismic waves 
recorded from an explosion a r e  determined by (a)  t h e  y i e l d  of t h e  source,  
(b) the  environment i n  which the  explosion took place ,  eg,  g ran i t e ,  
alluvium e t c ,  (c) t h e  p roper t i e s  of the  transmission path,  including t h e  
upper mantle of t h e  e a r t h ,  and (d) the  r ece ive r  o r  seismograph used t o  
record t h e  seismic s i g n a l ,  the  important f e a t u r e  he re  is t h e  pass band o r  
frequency response of t h e  seismometer r e l a t i v e  t o  the  s p e c t r a l  content  
of t h e  s i g n a l  one wishes t o  record. These f a c t o r s  a f f e c t  both s h o r t  period 
and long period waves though genera l ly  t h e  e f f e c t s  a r e  more not iceable  
f o r  t h e  s h o r t e r  period P waves. For example t h e  dynamic response of t h e  rock 
surrounding t h e  explosion e x h i b i t s  g rea te r  v a r i a b i l i t y  a t  t h e  higher 
frequencies than the  lower frequencies. For t h i s  reason t h e  

S 
r e l a t i o n s h i p  is more dependent on the  sho t  medium than M 

The transmission path e f f e c t s  a r e  more s i g n i f i c a n t  f o r  P waves 
s i n c e  l a t e r a l  v a r i a t i o n s  i n  t h e  upper mantle per turb  the  s h o r t e r  period 
waves. The l a t e r a l  v a r i a t i o n s  i n  t h e  mantle may be t h e  presence of v e l o c i t y  
g rad ien t s  o r  of highly absorbent rock material .  The absorption of a region 
is  measured by the  absorption parameter Q, a region of high Q absorbs less 
of t h e  energy than a region of - low Q. The presence of l a t e r a l  v a r i a t i o n s  
i n  t h e  upper mantle can cause the  P waves t o  be absorbed, s c a t t e r e d  o r  
d i f f r a c t e d  whereas t h e  surface  waves genera l ly  propagate above such inhomo- 
gene i t i e s .  The c r u s t  of the  e a r t h  is very heterogeneous but  t h e  wavelengths 
of t h e  su r face  waves a r e  long enough t o  be unaffected by t h e  l aye r ing  i n  
t h e  c rus t .  

The bandwidth of the  recording systems used t o  de tec t  the  
se ismic  waves i s  a l s o  important s i n c e  a wide band system allows more of 
t h e  spectrum through, whereas a narrow band system f i l t e r s  out  some of 
t h e  wave energy. I n  t h i s  way a wide band system is  p a r t i c u l a r l y  use fu l  
f o r  i n v e s t i g a t i n g  t h e  s p e c t r a l  content of the  wave and magnitude 
es t imates  from such a system a r e  genera l ly  l a r g e r  than es t imates  made 
on a narrow band system i n  which some of the  spectrum has been cu t  out.  
The response of t h e  WWSSN s h o r t  period seismographs i s  p a r t i c u l a r l y  
narrow band when compared with systems such a s  t h e  arrays.  It should 
be noted t h a t  the  s i g n a l  t o  noise  r a t i o  f o r  small  magnitude events  decreases 
a s  t h e  band width inc reases ,  so,  t o  improve de tec t ion ,  the  bandwidth is 



made narrower b u t  t h e  magnitude e s t ima te s  w i l l  be  sma l l e r  than  e s t ima te s  
made wi th  wide band systems. For t h i s  reason g r e a t  cau t ion  should be  exe rc i sed  
when comparing magnitude measurements from say  a wide band Kirnos seismometer, 
operated by se i smologis t s  i n  t he  USSR, wi th  measurements made from WWSSN 
seismograms. The s h o r t  per iod  P s i g n a l s  a r e  a f f ec t ed  more than  t h e  long 
per iod  waves recorded by t h e  WWSSN by t h i s  problem of hand l i m i t a t i o n .  

A f u r t h e r  e f f e c t  which causes pe r tu rba t ion  i n  t he  observed t e l e s -  
e i smic  P wave s i g n a l  is t h e  e f f e c t  of t he  a r r i v a l  of t h e  f r e e  s u r f a c e  r e f l e c t -  
ion  pP ( see  s e c t i o n  8).  A s  pointed out  i n  s e c t i o n  8 pP may a r r i v e  w i t h i n  a 
f r a c t i o n  of a second of t he  main P wave. The superpos i t ion ing  of t hese  two 
waves can cause e i t h e r  cons t ruc t ive  o r  d e s t r u c t i v e  i n t e r f e r e n c e  depending 
on t h e  pP - P time i n t e r v a l .  This  i n t e r f e r e n c e  problem i s  i l l u s t r a t e d  i n  
f i g u r e  3 which shows a s imula t ion  of an observed t e l e s e i s m i c  P wave wi th  a 
f r e e  s u r f a c e  r e f l e c t i o n  a r r i v i n g  0.1 seconds, then  0.2, 0.3 e t c  seconds a f t e r  
t h e  P wave. Each waveform i l l u s t r a t e s  t h e  r e s u l t  of adding a P wave t o  i t s e l f  
wi th  a phase r e v e r s a l  introduced t o  s imula te  t h e  f r e e  s u r f a c e  e f f e c t .  
C lea r ly  t he  observed amplitude v a r i e s  a s  a func t ion  of source  depth and 
any e s t ima te  of y i e l d  based on a magnitude measured from a seismogram of 
P + pP must have regard f o r  t h e  e f f e c t s  of t h i s  wave in t e r f e rence .  The 
e f f e c t s  of t h e  depth of focus can e a s i l y  in t roduce  a f a c t o r  of 2 i n  t h e  
amplitude r e s u l t i n g  i n  a v a r i a t i o n  of 0.3 i n  magnitude s i n c e  the  magnitude 
s c a l e  is logari thmic.  For example, a 20 k ton  explos ion  f i r e d  a t  g r e a t  
depth such t h a t  pP and P a r e  w e l l  separa ted  w i l l  g ive  a sma l l e r  magnitude 
mb than  20 kton f i r e d  a t  a depth which w i l l  cause pP and P t o  i n t e r f e r e  
cons t ruc t ive ly .  The i n t e r f e r e n c e  e f f e c t s  mentioned he re  r e f e r  only t o  
pP and P, bu t  i n t e r f e r e n c e  can be caused with rays  fol lowing s l i g h t l y  
d i f f e r e n t  pa ths  from t h e  source t o  t h e  rece iver .  This  has  been d iscussed  
i n  a paper by Douglas, Marshal1 and Corbishley [ 4 ] .  

The l i m i t a t i o n s  of t h e  magnitude s c a l e  m,, have been b r i e f l y  
descr ibed  and a r e  accepted by se i smologis t s ;  t h e r e  a r e  a l s o  shortcomings 
i n  t h e  M s c a l e  b u t  because t h i s  s c a l e  is  l e a s t  a f f e c t e d  by t h e  parameters  
descr ibe8  above, t h e  M magnitude should be a b e t t e r  i n d i c a t o r  of y i e l d  . For t h i s  reas& more emphasis i s  given i n  t h i s  r e p o r t  t o  t h e  

e l d  r e l a t i onsh ip .  

For more d e t a i l e d  information s e e  r e f e rence  [ S ]  i n  which t h e  
r e l a t i o n s h i p  between y i e l d  and magnitude i s  given a s  M = l o g  Y + 2.0 
where Y i s  t h e  y i e l d  i n  k i lo tons .  This  is  t h e  r e l a t i o n g h i p  used i n  t h i s  
r e p o r t  t o  produce t h e  b e s t  e s t ima te  of y i e l d ,  There i s  l e s s  s i te  dependence 
i n  t h e  Ms:Y r e l a t i o n s h i p  than :Y which r equ i r e s  a knowledge of t h e  
geology of t h e  test s i t e  w h i c h l s  no t  always known. The Ms:Y is v a l i d  
f o r  a l l  consol ida ted  rocks and does not  inc lude  explos ions  i n  unconsol idated 
rocks. The est imated y i e l d  f o r  explosions i n  alluvium f o r  example would 
be underestimated by about a f a c t o r  of 5 by the  above Ms:Y r e l a t i o n s h i p .  

For explosions i n  hard rock and i n  a s h i e l d  reg ion  t h e  r e l a t i o n -  
s h i p  between t h e  s h o r t  per iod  magnitude and y i e l d  is es t imated  t o  be  % = 
log  Y + 4.0 and a p p l i e s  t o  events  i n  which P + pP superimpose t o  produce 
enhanced P waves. This  r e l a t i o n s h i p  g ives  a y i e l d  which is t h e  lowest 
y i e l d  e s t ima te ;  t h e  y i e l d  may be  g r e a t e r  i f  t he  device  i s  f i r e d  i n  an  
unconsol idated medium o r  i n  t h e  c r u s t  above a reg ion  of t h e  e a r t h  i n  which 
t h e r e  is evidence of low Q mater ia l .  





I n  sunnnary, t h e  y i e l d  is es t imated  from t h e  magnitude of s u r f a c e  
waves and t h e  r e s u l t s  a r e  given i n  t a b l e  1 ( s e c t i o n  9) .  

8. ESTIMATION OF EMPLACEMENT DEPTHS 

The seismograms from each explosion a r e  i l l u s t r a t e d  i n  s e c t i o n  
10. The upper t r a c e  shows t h e  u n f i l t e r e d  a r r a y  processed seismogram. To 
produce these  seismograms t h e  a r r a y  is tuned o r  beamed on t o  t h e  incoming 
s i g n a l  a f t e r  i t  has  been recorded by applying t i m e  de l ays  app ropr i a t e  t o  
t h e  v e l o c i t y  of t h e  wave f r o n t  ac ros s  t h e  a r ray .  The delayed s i g n a l s  a r e  
then added; i n  t h i s  way only the  s i g n a l  and not  t h e  n o i s e  is coherent  and 
t h e  summed seismogram shows an improvement i n  t h e  s i g n a l  t o  n o i s e  r a t i o .  
This  method is known a s  t h e  "delay and sum" a r r a y  process  [ 6 ] .  

Beneath t h e  i l l u s t r a t i o n s  of t h e  de lay  and sum processed r eco rds  
is an example of a "spiked" seismogram. This  "spiked" seisrnogram is 
produced by processing t h e  d i g i t i s e d  record t o  r ep l ace  t h e  f r equenc ie s  
removed from t h e  se i smic  waves by t h e  seismometer record ing  system and 
t h e  absorp t ion  e f f e c t s ,  i e ,  Q of t h e  mantle of t he  ea r th .  I n  theory ,  t h e s e  
records  should show a s e r i e s  of sp ikes  which have been generated n e a r  t h e  
source  by t h e  explos ion  impulse and r e f l e c t i o n s  from d i s c o n t i n u i t i e s  
c l o s e  t o  t h e  source.  I n  p r a c t i c e  t h e  a r r i v a l  of d i s t i n c t  p u l s e s  w i t h i n  
t h e  P wave coda can o f t e n  be  observed; t hese  a r r i v a l s  have t r a v e l l e d  from 
t h e  source  t o  t h e  r e c e i v e r  by s l i p h t l y  d i f f e r e n t  pa ths  t o  t h e  P wave. This  
means t h a t  t h e  absorp t ion  parameter used t o  produce a c l e a r  s p i k e  correspond- 
ing  t o  t h e  P wave is not  t h e  optimum parameter t o  produce t h e  b e s t  s p i k e  f o r  
l a t e r  a r r i v a l s ;  t o  i n v e s t i g a t e  a l l  t he se  a r r i v a l s  would r e q u i r e  pass ing  t h e  
seismogram through a s e r i e s  of sp ike  f i l t e r s  which is t i m e  consuming; 
however, h e r e  w e  a r e  concerned wi th  t h e  main a r r i v a l ,  i e ,  t h e  P wave and t h e  
i l l u s t r a t i o n s  i n  s e c t i o n  10  a r e  of t h e  processed record t o  produce t h e  b e s t  
spiked P wave record.  

The spiked seismogram should be u s e f u l  i n  e s t ima t ing  t h e  depth 
of focus of very  shal low sources  such a s  underground explosions.  This  i s  
because t h e  most powerful se i smic  wave r e f l e c t o r  c l o s e  t o  t h e  source  i s  I 

t h e  air-ground i n t e r f a c e ,  o r  f r e e  su r f ace ,  and t h e  spiked record  al lows l 

t h e  t ime de lay  between the  i n i t i a l  impulse P and t h e  f r e e  s u r f a c e  r e f l e c t i o n  ~ 
pP t o  be est imated.  From an  underground explos ion  t h e  d i r e c t  P wave is  
compressional and t h e  d i r e c t i o n  of f i r s t  motion of ground movement is 
upwards. The outward going pu l se  from t h e  explosion which reaches t h e  f r e e  
s u r f a c e  is a l s o  compressional bu t  upon r e f l e c t i o n  a t  t h e  f r e e  s u r f a c e  t h e  
phase is reversed and when recorded a t  t e l e se i smic  d i s t a n c e s  would cause 

I 

t h e  ground t o  move downwards. Thus, pP on a spiked record  should appear  as a 
l a r g e  nega t ive  spike.  The t i m e  i n t e r v a l  between pP and P is r e l a t e d  t o  t h e  
depth of focus and t o  t h e  compressional wave v e l o c i t y  i n  t h e  medium above 
t h e  s h o t  po in t .  To e s t i m a t e  t h e  depth of focus we use  t h e  r e l a t i o n s h i p  

~ 
l 

d = 
V x (P - pp) time 

2 9 l 
where d is t h e  depth i n  k i lomet res ,  V t h e  compressional wave v e l o c i t y  i n  
kmls and (P - pp) t h e  time s e p a r a t i o n  i n  seconds. V i s  es t imated  from a 
knowledge of t h e  age of t h e  rocks i n  t h e  source  reg ion  ( r e fe rence  [7]  and 
t a b l e  9.1 of r e f e rence  [8 ] ) ,  and on occasions more p r e c i s e l y  from 



pub l i ca t ions  concerning the  a r e a  of the  explosion. The depths of focus f o r  
the  explosions analysed i n  t h i s  r epor t  have been estimated i n  t h i s  way and 
a r e  given f o r  each explosion i n  sec t ion  10. 

Though t h i s  technique is  an improvement i n  the  i d e n t i f i c a t i o n  
of pP i t  s t i l l  r e l i e s  t o  some ex ten t  on the  s u b j e c t i v i t y  of the  analys t .  
The c h a r a c t e r i s t i c  compressional f i r s t  motion from an explosion is  
enhanced i n  the  spiked record and the  i d e n t i f i c a t i o n  of pP is made e a s i e r  
by t h e  knowledge t h a t  pP is  reversed i n  phase t o  the  P wave. The inc lus ion 
of the  spiked records i n  t h i s  r epor t  is pr imar i ly  intended t o  give an 
i n d i c a t i o n  of a technique s t i l l  being developed which shows considerable 
promise i n  the  i n t e r p r e t a t i o n  of seismograms. A more de ta i l ed  repor t  on 
the  spike  f i l t e r  process is  published by Douglas e t  a l .  [g] .  

SUMMARY OF RESULTS 

The r e s u l t s  and conclusions of t h e  ana lys i s  of the  seismic 
s i g n a l s  generated by the  explosions discussed i n  t h i s  r epor t  a r e  summarised 
i n  t a b l e  1. For s p e c i f i c  d e t a i l s  concerning individual  explosions, reference  
should be made t o  the  explosion ana lys i s  i n  s e c t i o n  10. 

The da ta  given i n  t a b l e  1 include the  da te ,  o r i g i n  t i m e ,  
estimated epicent re ,  depth of f i r i n g  and the  shor t  period magnitude 
determined from t h e  four  arrays.  The y ie ld  es t imates  a r e  made from the  
su r face  wave magnitude M f o r  the  reasons given i n  sec t ion  7. A d e r a i l e d  
explanation of the  prefe?ence f o r  M over % is a l s o  given i n  the  UK 
Working Paper presented t o  the  CCD 8eneva i n  Apr i l  1972. 



TABLE 1 

*Origin time rounded o f f  t o  nea res t  minute. 
+Less than 3 s t a t i o n s  repor ted a r r i v a l  t i m e s .  

Yield 
Range, 
kton 

40 - 160 
3 - 12 

20 - 70 
10 - 40 
30 - 120 
40 - 160 
25 - 90 
10 - 40 
50 - 200 

5 - 20 
10 - 40 
10 - 40 

l 0 0  - 400 
150 - 600 

10 - 40 
60 - 220 

700 - 2800 
180 - 450 

30 - 120 
650 - 2000 

15 - 40 
20 - 70 
l 0  - 40 

Average IJWSSN 
Magnitude 

3.90 
2.80 
3.55 
3.32 
3.79 
3.89 
3.67 
3.37 
3.98 
2.95 
3.29 
3.29 
4.34 
4.47 
3.25 
4.06 
5.15 
4.40 
3.76 
5.06 
3.40 
3.55 
3.35 

Estimated 
Depth, 

m 

370 
720 
720 
540 

1550 
2240 
560 

1400 
910 
590 

1200 
1080 
600 
615 
620 
7 30 

2900 - 
490 

1250 - 
2600 

840 

Best Estimate 
of Yield,  
kton 

80 
6 

35 
2 1 
6 2 
80 
4 7 
23 
95 

9 
20 
20 

220 
300 
18  

115 
1400 

250 
5 8 

1150 
2 5 
36 
22 

Average of 
Array m,, 

Magnitude 

6.07 
4.67 
5.43 
5.39 
5.16 
5.56 
5.91 
5.22 
5.89 
4.67 
5.17 
5.17 
5.82 
5.83 
5.17 
6.07 
6.60 
5.45 
5.23 
6.03 
4.83 
4.71 
5.01 

Epicentre S h i f t  
Re la t ive  t o  CGS 

Approx. 
Origin 

Time* GMT, 
h: min 

0600 
0358 
0358 
0504 
0600 
0359 
0402 
0700 
0703 
0700 
0500 
0500 
0500 
1002 
1615 
2100 
2206 
1700 
1530 
1530 
1930 
2100 
1100 

Explosion 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16 
17 
18  
19 
20 
21 
22 
23 

4 Array Location? 

- 
E o f N  

- 
137 
135 
225 

3 
231 
19 7 
196 
256 
135 
160 
16 7 
70 
7 8 

2 10 
269 
315 - - - 
- - 
5 5 

Date of 
Explosion 

15 January 1965 
7 May 1966 
21 Ju ly  1966 , 

22 September 1967 
30 September 1966 
21 May 1968 
1 J u l y  1968 
26 September 1969 
6 December 1969 
6 October 1967 
2 September 1969 
8 September 1969 
21 October 1967 
7 November 1968 
22 September 1969 
29 October 1965 
2 October 1969 
1 3  September 1963 
2 June 1966 
20 December 1966 
10 December 1967 
10 September 1969 
16 February 1966 

Lat. 
O N  

- 
49,62 
49.68 
49.85 
39.03 
38.76 
47.74 
45.55 
43.82 
57.53 
57.00 
57.06 
73.42 
73.43 
41.24 
51.L3 
51.54 - - - 

- - 
24.18 

km 

- 
14 
9 

20 
2 6 
28 
2 1 
40 

7 
25 
50 
35 
15 
14 
18  
12 
18 - 
- 
- 
- 
- 

2 8 

-- 
Long. 

OE 

- 
77.98 
78.03 
77.54 
64.51 
64.91 
47.87 
42.33 
54.70 
65.56 
55.15 
55.24 
55.27 
55.30 
88.19 

179.00 
~179.00 - - - - - 

05.26 



TABLE 2 

The Geological Time Scale and Associated Rock Veloc i t ies  

*Known ve loc i ty .  Measured i n  a rea  of t e s t  site. 

Eras Periods 

Recent 
Pleis tocene 

Pliocene 
Miocene 
Oligocene 
Eocene 
Palaeocene 

Cretaceous 
J u r a s s i c  
T r i a s s i c  

Permian 

Carboniferous 
Devonian 
S i lu r i an  
Ordovician 
Cambrian 

U 
d 
0 
N 
0 

S lu 
U 

Quaternary 

of 
Period lob years  

0.01 
1.5 - 2.0 

7 
26 
3 8 
54 
6 5 

136 
19 5 
225 

2 80 

345 
395 
435 

% 500 
% 570 

Mesozoic 

Palaeozoic 

Pre Cambrian 

Approximately P 
Wave Velocify 181, 

km s' 

2.5 

2.75 

3.3* 

3.3 

3 .3  

3.6 

3.9 

4.25 

Regions Relat ive 
to this Report 

Nevada 
) Caspian Sea 
) Uzbekistan 
) Sinkiang 
) Kazakh 
Aleutians 

) Colorado 
) New Mexico 
) Nevada 

) Caspian Sea 
) Urals ,  Novaya 
) Zemlya 
Kazakh 

Sahara 

Novaya Zemlya 



10. ANALYSIS OF SEISMOGRAMS 

I n  t h i s  sec t ion ,  the  p r i n c i p a l  p a r t  of t h i s  r epor t ,  t he  d e t a i l e d  
ana lys i s  of the  seismograms from the  four a r rays  is  presented. The 
loca t ion  of the  four  a r rays  is:- 

Eskdalemuir, Scotland EKA 55' 19' 59.0"N 
3' 09' 33.0"W 

Yellowknife, Canada YKA 62' 29' 34.3"N 
114' 36' 16.5"W 

Gauribidanur , India  GBA 13' 36' 15.O"N 
17 ' 26 ' 10.OtlE 

Warramunga, Aus t ra l i a  WRA 19' 56' 52"s 
134' 21' 03"E 

The explosions se lec ted  f o r  ana lys i s  have been grouped together  
a s  f a r  a s  poss ib le  i n t o  geographical regions and discussed, when known, 
i n  terms of l o c a l  geology, topography, and upper mantle s t r u c t u r e .  
A t a b l e  of the  geological  time s c a l e  and the  compressional wave 
v e l o c i t y  f o r  rocks of c e r t a i n  ages found a t  the  variotis test sites i s  
included. Information of the  type contained i n  t h i s  t a b l e  is u s e f u l  f o r  
i n t e r p r e t i n g  the  charac ter  of P waves and es t imat ing  the  emplacement depth. 

Each explosion is  accompanied by a t a b l e  summarising the  a r r a y  
data ,  WWSSN long period data ,  e p i c e n t r a l  da ta  and y ie ld  information where 
t h i s  has been announced. The seismograms from each a r ray  a r e  i l l u s t r a t e d  
f o r  each explosion. The l e t t e r  "i" ind ica tes  a  delayed and summed u n f i l t e r e d  
s h o r t  period v e r t i c a l  component seismogram, the  letter "ii" i n d i c a t e s  a  
spiked vers ion  of record "iN. 

The order  i n  which the  explosion ana lys i s  i s  presented i s  the  same 
a s  t h a t  given i n  sec t ion  4 s t a r t i n g  with the  Soviet t e s t  s i te  a t  Kazakh. 



10.1 Kazakh, SSR . ~ 

Explosions 1, 2, 3 and 4 were selected from t h i s  a r ea  which 
appears t o  be the main test s i t e  i n  the USSR f o r  low-intermediate under- 
ground explosions and is  located approximately 50°N and 7g0E some way between 
Semipalatinsk and Karaganda i n  Kazakhstan, SSR. The main test a r ea  appears 
t o  cover an a rea  no l a r g e r  than a c i r c l e  of about 5 km radius .  

The f i r s t  underground explosion a t  t h i s  t e s t  s i te detected by a 
UIC type a r ray  occurred on 2 February 1962, and a f t e r  a pause during 1963 
the  test s i t e  came i n t o  continued use from 1964. 

The l a rges t  e leva t ion  i n  t h i s  a rea  is  a small  mountain 1085 m 
above sea  l e v e l  but  only about 500 m above the  surrounding t e r r a in .  This  
means t h a t  i t  would be possible  t o  use conventional mining techniques 
a s  v e r t i c a l  d r i l l i n g  fo r  emplacement of t he  device t o  be detonated. The 
s i t e  is  located on the  l a t e  Paleozoic Kazakh fo ld  system, p a r t  of the  
Russian sh i e ld  region with an upper mantle Pn wave ve loc i ty  above 8 km/s 
ind ica t ing  a region of high Q hence low seismic wave a t tenua t ion  making 
i t  poss ib le  t o  de tec t  explosions of t he  order of 1 kton i n  t h i s  p a r t i c u l a r  
region, It is  expected t h a t  explosions f i r e d  i n  hard rock i n  t h i s  a r ea  
would be recorded with very l i t t l e  high frequency lo s s ,  hence very sho r t  
period P waves and would be very simple i n  character  s i nce  the sources a r e  
located i n  a sh i e ld  region. 

15 January 1965 (Explosion No. 1)  

The loca t ion  of t h i s  explosion i s  shown i n  f i gu re  1 and is the  
most e a s t e r l y  event detected a t  the Kazakh t e s t  s i t e .  Only two ar ray  
s t a t i o n s  were operating a t  the time of t h i s  explosion, EKA and YKA. The s i g n a l  
was s u f f i c i e n t l y  l a rge  t o  overload the  recording system a t  YKA but good 
s igna l s  were recorded a t  EKA. The record and spiked record a r e  displayed 
i n  f i gu re  4. 

This explosion is  probably a c r a t e r ing  experiment, described by 
USSR delegates  a t  the  IAEA Vienna, i n  which a nuclear explosive of some 
125 kton was used t o  s h i f t  l a rge  volumes of ea r th  f o r  the  construct ion of 
a reservoir .  This would mean t h a t  the  charge is  emplaced, by v e r t i c a l  
d r i l l i n g ,  a t  a shallow depth. The spiked seismogram does exh ib i t  a 
negat ive pulse  0.3 s a f t e r  the  pos i t i ve  P wave pulse,  The s u p e r f i c i a l  
l ayer ina  i n  t h i s  a rea  ind ica tes  a compressional wave ve loc i ty  of 2.5 kmls 
which gives a depth of f i r i n g  of 370 m. This is more than twice the  
announced depth; t he  e r r o r  may he due t o  mis- ident i f icat ion of pP o r  an 
e r r o r  i n  the  assumed ve loc i ty  of 2.5 kmls. However, a y i e ld  of 125 kton 
would requi re  an overburden of 800 m f o r  containment i f  the  USSR depth-yield 
r e l a t i onsh ip  [ l01 of h = 160y1 l 3  is used (h is  depth i n  metres, Y is  y i e l d  
i n  k i lo tons) .  The conclusion is t h a t  t h i s  explosion must have broken the  
sur face  and probably led t o  a r e l ea se  of rad ioac t ive  debr i s  i n t o  t he  
atmosphere. 



The su r f ace  wave magnitude i n d i c a t e s  a  y i e l d  of 80 kton  w i t h i n  
t h e  range 40 - 160 kton. 

No e p i c e n t r e  l o c a t i o n  w a s  poss ib l e  s i n c e  only  two a r r a y s  recorded 
t h e  event .  An i n d i c a t i o n  of t h e  e p i c e n t r a l  p o s i t i o n  can be  obta ined  from 
t h e  phasing condi t ions  required t o  beamform an a r r a y ;  t h e  phasing cond i t i on  
f o r  EKA i n d i c a t e s  an e p i c e n t r e  i n  t h e  Kazakh reg ion ,  

Ep icen t r a l  Data: 

Arrav Data: 

Date: 

Time GMT.: 

Lat i tude :  

Longitude: 

Code Name: 

Source of Data: 

Yield : 

15 January 1965 

05 59 58.5 

49. 8g0N 

78.97OE 

EDR 6-65 

Surface Wave Data (WWSSN): 

Magnitude MS: 3 .9  t 0.2 

Array Location: 

I 

Magnitude, 

"'b 

6.07 

- 

P Wave 

N 

06 0835.4 

06 10 56.1 

N 

S t a t i o n  

GBA 

EKA 

Y U  

WRA 

Amplitude, 
ml.c 

82 

Ov 

Per iod ,  
S 

0.55 

- 

BB' 

60 

350 

A 

47.4 

67.4 

AzO 

30.9 

6 



EKA 

FIGURE 4 



10.1.2 7 May 1966 (Explosion No. 2) 

This explosion is located i n  the  southern region of t h e  Kazakh 
test s i t e  very c lose  t o  the  ep icen t re  of t h e  21 Ju ly  1966 event.  It is 
a small explosion with t h e  r e s u l t  t h a t  the  s i g n a l  t o  noise  r a t i o  a t  each 
a r ray  is not  good. It was detected a t  a l l  four  a r rays  although the  
i n i t i a l  onset  a t  GBA and EKA is not  very c l e a r  ( f igure  5 ( a ) ;  
however, t h e  spiked record enables us t o  pick a c l e a r  compressional f e a t u r e  
corresponding t o  t h e  a r r i v a l  of the  P wave. The depth phase pP is assumed 
t o  be t h e  negative spike  occurring some 0.4 S a f t e r  t h e  d i r e c t  P wave. 
The P - pP separa t ion  time would give a depth of 720 m f o r  P wave v e l o c i t y  
of 3.6 km/s c lose  t o  the  source. 

The su r face  wave magnitude determined from one observation gives 
a y i e l d  of 6 kton. This y i e l d  would be f u l l y  contained a t  t h e  estimated 
depth of 720 m. 

Explosion No. 2 

Epicent ra l  Data: 

Array Data: 

Dates 

Time GMT: 

Lati tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield : 

7 May 1966 

03 57 58.0 

49.74ON 

77.90°E 

EDR 30-66 

Surface Wave Data (WWSSN): 

Magnitude MS: 2.80 (1 s t a t i o n )  

Magnitude, 

"b 

4.37 

5.06 

4.77 

4.57 
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GBA (i) 

FIGURE 5 (a) 
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FIGURE 5(b) 
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10.1.3 2 1  Ju ly  1966 (Explosion No. 3) 

This explosion is located very close t o  the explosion on 
7 May 1966 but  is somewhat l a rge r  giving a b e t t e r  s i gna l  t o  noise  r a t i o  a t  
a l l  four  a r ray  s t a t i ons .  The records a r e  displayed i n  f i gu re s  6(a) and 6(b). 
A s  with the previous event GBA gave no c l ea r  evidence of a pP a r r i v a l  but 
t h i s  phase is  iden t i f i ed  a t  the  o ther  arrays.  The average P - pP t i m e  is 
0.4 S and assuming 3.6 km/s ind ica tes  a depth of 720 m. This i s  t he  same 
depth estimated f o r  the previous event which may suggest t h a t  the  phase 
i den t i f i ed  a s  pP i s  not a surface r e f l ec t i on  but a f ea tu re  associated with 
perhaps t he  transmission path. This is very unlikely.  It i s  more probable 
t h a t  access t o  the  f i r i n g  chamber was made through a mined a d i t  s o  t h a t  
both devices were emplaced a t  a s imi l a r  depth. This would i nd i ca t e  e i t h e r  
t h a t  there  i s  no s t r i c t  adherence t o  the  depth-yield re la t ionsh ip  o r  t h a t  
the  explosion of 7 May 1966 was expected t o  give a y ie ld  nearer  t o  t h i s  
p a r t i c u l a r  explosion. 

The surface wave magnitude gives a y ie ld  of 35 kton i n  the  
range 20 - 70 kton. An overburden of 720 m would be s u f f i c i e n t  t o  contain 
up t o  90 kton. 

Explosion No. 3 

Epicentral  Data: 

Array Data: 
. 

Date: 

Time GMT: 

Latitude: 

Longitude: 

Code Name: 

Source of Data: 

Yield : 

Surface Wave Data (WWSSN): 

Magnitude MS: 3.55 + 0.25 

21 Ju ly  1966 

03 57 57.8 

49. 71°N 

77.92OE 

EDR 51-66 

S ta t ion  

GBA 

EKA 

YKA 

IJRA 

Array Location: 

A 0  

36.0 

47.0 

67.7 

85.4 

AzO 

180.8 

309.5 
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128.1 

0.5 

61.3 

351.3 

327.1 

P Wave 
Arr ival  Time 
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Amplitude, 
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Magnitude, 
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EKA 

FIGURE 6(a) 
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FIGURE 6(b)  



10.1.4 22nd September 1967 (Explosion No. 4) 

This  explos ion  was s e l e c t e d  because i t  i s  t h e  most wes t e r ly  of 
a l l  t h e  events  i n  t he  Kazakh test s i t e  area. It w a s  recorded by a l l  fou r  
a r r a y s  and t h e  records  a r e  displayed i n  f i g u r e s  7(a) and 7(b) .  The GBA 
a r r a y  spiked seismogram shows pp, t h e  s epa ra t ion  t i m e  between P and pP is 
0.3 S. Th i s  g ives  a depth e s t ima te  of 540 m assuming a P wave v e l o c i t y  of  
3.6 km/s. 

The y i e l d  est imated from t h e  s u r f a c e  wave magnitude is 21 k ton  
i n  t h e  range 10 - 40 kton. This  y i e l d  should be f u l l y  contained .at t h e  
es t imated  depth. It should be  noted t h a t  EKA gave a small magnitude f o r  
t h i s  event .  Normally explos ions  from Kazakh a r e  recorded wi th  h igh  
magnitude a t  Eskdalemuir, and i t  g ives  an i n s i g h t  i n t o  t h e  v a r i a t i o n  
one may expect  i n  t h e  P wave s i g n a l s  from even sma l l  s h i f t s  i n  e p i c e n t r a l  
pos i t i on .  

E p i c e n t r a l  Data: 

Array Data: 

l 

Date : 

Time GMT.: 

T,atitude: 

Longitude: 

Code Name: 

Source of Data: 

Yield: 

Sur face  Wave Data (WWSSN): 

22 September 1967 

05 03  57.9 

5 0 . 0 3 ' ~  

77 .61°E 

EDR 62-67 

Magnitude MS: 3.32 + 0.25 

Array Location: 
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EKA (i) 

FIGURE 7 (a) 
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FIGURE 7(b) 
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10.2 Uzbekistan, USSR 

This is a region with gas and o i l  deposi ts .  It 10 known t h a t  
nuclear  devices have heen detonated t o  suppress a runaway gas w e l l  f i r e  and 
t o  plug a runaway o i l  well.  Each of these  events  has been described i n  
some d e t a i l  by USSR delegates  a t  IAEA Vienna [ l l ] .  The two eyents  analysed 
i n  t h i s  sec t ion  a r e  believed t o  be the  events  r e fe r red  t o  above. 

The loca t ion  of t h e  shots  is i n  the  v i c i n i t y  of Rukhara some 
250 km w e s t  of Samarkand. This region has heen t e c t o n i c a l l y  s t a b l e  s ince  the  
end of t h e  Palaeozoic e ra .  The c r y s t a l l i n e  basement is genera l ly  buried a t  g r e a t  
depth beneath folded geosynclinal  rocks with Mesozoic-Cenozoic platform 
cover. The c r u s t a l  thickness i s  of the  order  of 40 - 45 km and the  Pn wave 
ve loc i tv  is 8.15 kmls. This would i n d i c a t e  a region of high Q,  ie, low 
seismic wave a t tenuat ion ,  however, seismic waves t r a v e l l i n g  t o  the  south 
and e a s t  of Rukhara may be perturbed by the  complex fo ld  stlrslctures of t h e  
Northern Pamir fold b e l t  and by Tien Shan fo ld  b e l t .  This  would cause 
considerable absorption and s c a t t e r i n g  of the  seismic waves. Thus, t h e  
r a d i a t i o n  of energy from the  source is expected t o  be asymmetric. 

The su r face  e l eva t ion  i n  t h i s  region is of the  order  of 200 m 
above s e a  l e v e l  and is r e l a t i v e l y  f l a t  over a l a r g e  area.  This makes it 
unl ike ly  t h a t  device emplacement would be achieved by mining i n t o  h i l l -  
s ides ;  r a t h e r  v e r t i c a l  d r i l l i n g  techniques would be  used. According t o  
the  Russian desc r ip t ions  [ l11  t h i s  was s o  f o r  the  two explosions 
analysed here. 

10.2.1 30 Sentember 1966 (Exnlosion No. 5) 

An extensive desc r ip t ion  of t h i s  explosion is given i n  reference  
[ I l l .  The experiment was conducted t o  see  i f  a 30 kton explosion f i r e d  
i n  c l ay  would force  the  c lay  i n t o  the  w e l l  ho le  and s e a l  the  ho le  such 
t h a t  the  supply of gas t o  t h e  f i r e  a t  the  wel l  head was cut  of f  and t h e  
f i r e  extinguished. It would appear t h a t  the  t e s t  was successful .  

Seismic s i g n a l s  from t h i s  explosion were detec ted  a t  a l l  four 
a r ray  s t a t i o n s  and a r e  displayed i n  f igures  8(a) and 8(b). Assuming a 
ve loc i ty  of 2.75 km/s cons is tent  with rocks of the  age i n  t h i s  a rea ,  and 
a c l e a r l y  defined P - pP separa t ion  t i m e ,  t h e  depth of f i r i n g  is est imated 
t o  be 1550 m; t h e  announced depth is 1532 m. 

The seismic y i e l d  es t imate  based on surface  wave d a t a  is 62 kton 
%n t h e  range 30 - 120 kton. The range of y i e l d s  predicted he re  would be  
f u l l y  contained by the  overburden of 1532 m and it would not  be expected 
t o  l eak  r a d i o a c t i v i t y  i n t o  the  atmosphere. 



Explosion No. 5 

Ep icen t ra l  Data: 

Array Data: 

Date : 

Time Cm: 

Lati tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield : 

30 September 1966 

05 59 52.8 
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64.5OE 

ISC B u l l e t i n  
September 1966 

Surface Wave Data (WWSSN): 

Magnitude MS: 3.79 f 0.25 
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FIGURE 8(a) 
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YKA (i) 

FIGURE 8(b) 
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10.2.2 21 Hay 1968 (Explosion No. 6) 

This  is the  second of the  PNE sho t s  i n  t h i s  region. This  was 
the  experiment t o  s top  o r  plug a runaway o i l  w e l l .  The y ie ld  of t h i s  
sho t  was 47 kton and i t  was detonated i n  s a l t  i n  an e f f o r t  t o  fo rce  t h e  
s a l t  t o  flow i n t o  the  we l l  hole  and cut  o f f  the  supply of  o i l .  Only 
th ree  of the  a r rays  were opera t ional  on t h i s  day and each recorded good 
s i g n a l s ;  these  a r e  i l l u s t r a t e d  i n  f igures  9(a)  and 9(b). A s  with the  
previous event ,  pP is c l e a r l y  seen on the  spiked seismograms giving a 
P - pP separa t ion  of 1.63 S and again using a ve loc i ty  of 2.75 km/s 
a depth of f i r i n g  of 2240 m is obtained, which i n  good agreement with t h e  
announced depth of 2450 m. 

The record a t  G B A , i s  very complex, a f e a t u r e  i t  is believed 
of t h e  transmission path from the  t e s t  site. This event is the  sub jec t  
of a recent  paper i n  Nature [ 4 ]  describing a low Q region which could 
cause the  complexity of the  s i g n a l  and the  r e l a t i v e l y  long period of t h e  
P wave. 

The surface  wave magnitude ind ica tes  a y ie ld  of 80 kton i n  the  
range 40 - 160 kton,  somewhat higher than the  announced y ie ld .  Again, 
t h i s  y i e l d  range would be f u l l y  contained a t  a depth of over 2000 m. 

Explosion No. 6 

Epicent ra l  Data: 

Date : 

Time GMT: 

Latitude: 

Longitude: 

Code Name: 

Source of Data: 

Yield : 

21 May 1966 

03 59 11.5 

38.92'N 

65.16"E 

EDR 30-68 



Array Data: 

Surface Wave Data, (WWSSN): 
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FIGURE 9(b) 



10.3 Caspian Sea 

The loca t ions  of events  f i r e d  i n  t h i s  and the  Uzbek region a r e  
given i n  f i g u r e  10. The Caspian Sea region f o r  the  purposes of t h i s  r epor t  
can be divided i n t o  two t ec ton ic  regions: (a) The north Caspian bas in ,  p a r t  
of t h e  Russian platform, and (b) the  Scytho-Turanian platform. These 
a r e  described below. 

(a)  Most of the  platform has been r e l a t i v e l y  s t a b l e  s i n c e  
the  Proterozoic  era ;  t h e  nor th  Caspian bas in  subsided receiv ing 4 t o  10 hun 
of sediments. Many dome and o the r  gen t l e  u p l i f t  s t r u c t u r e s  formed i n  t h i s  
region up u n t i l  t he  e a r l y  J u r a s s i c  period. The extens ive  salt domes i n  t h i s  
region were derived from Permian beds. 

The c r u s t a l  thickness i n  t h i s  a r e a  i s  of the  order  of 40 km 
and the  P wave v e l o c i t y  is 8.15 km/s. This would i n d i c a t e  a region 
of high  in the  upper mantle but  explosions near  the  Caucasus Mountains 
may not  e x h i b i t  the  same c h a r a c t e r i s t i c s  a s  events  near  the  nor th  Caspian Sea 
due t o  presence of the  mountains with i ts  associa ted  deep s t ruc tu re .  The 
su r face  e l eva t ion  i n  t h i s  a rea  i s  of the  order  of only a few metres above 
sea  l e v e l  and it  is  f a i r l y  c e r t a i n  t h a t  device emplacement i s  achieved by 
v e r t i c a l  d r i l l i n g .  This would be t r u e  i f  any of t h e  explosions were made i n  the  
s a l t  domes. I f  explosions do occur i n  the  s a l t  domes of t h i s  region it 
is expected t h a t  the  P wave recorded a t  te lese ismic  d is tances  would have 
high frequencies and l a rge  amplitudes and be f a i r l y  simple i n  charac ter .  
I f  waves propagate t o  t h e  south they may of course be perturbed by the  
s t r u c t u r e  t o  the  south i n  the  same way t h a t  explosions i n  the  Bukhara 
region a r e  af fec ted .  

(b) The Scytho-Turanian platform exh ib i t s  s i m i l a r  s t r u c t u r e  
t o  the  Rukhara, Uzbekistan region re fe r red  t o  e a r l i e r .  However, t h e  
c r u s t a l  thickness i n  t h i s  region i s  of the  order  of 30 km and the  P 
wave v e l o c i t y  is 8.15 km/s. It is  presumed t h a t  the  seismic waves fBom 
explosions i n  t h i s  region would be s imi la r  t o  t h e  waves from events  i n  
Uzbekistan. 





10.3.1 1 Ju ly  1968 (Exoloeion No. 7) 

This explosion is located i n  an aseismic a r e a  nor th  of t h e  
Caspian Sea i n  a region with extensive s a l t  deposi t s  i n  the  form of s a l t  
domes. It is  a l s o  s i t u a t e d  t o  t h e  west of a region of known o i l  depos i t s  
( f igures  l l ( a )  and l l ( b ) )  . 

A l l  four  ar ray  s t a t i o n s  recorded good P wave s i g n a l s  and a t  
EKA the  high frequency content of t h e  s i g n a l  is very apparent,  Depth 
phases a r e  p a r t i c u l a r l y  c l e a r  a t  EKA and YKA giving a P - pP aepara t ion  
of 0.34 S. IJsing a v e l o c i t y  of 3.3 kmls t h i s  gives a depth of f i r i n g  of 
560 m. (This depth is s u f f i c i e n t  t o  penet ra te  i n t o  a s a l t  dome.) The 
high frequency content of t h e  EKA record would i n d i c a t e  a hard rock coupling, 
c h a r a c t e r i s t i c  of explosions i n  s a l t .  

The su r face  wave magnitude ind ica tes  a y i e l d  of 47 kton i n  t h e  
range 25 - 90 kton. The estimated depth is s u f f i c i e n t  t o  contain an 
explosion of up t o  50 kton. 

The Soviets  have discussed plans t o  detonate devices of t h e  order  
of 40 kton i n  s a l t  domes t o  c r e a t e  underground s torage  c a v i t i e s  f o r  gas 
and o i l .  It is poss ib le  t h a t  t h i s  explosion is  a PNE shot  t o  c r e a t e  such a 
s to rage  cavity.  

Explosion No. 7 

Epicent ra l  Data: 

* 
Date : 

Time GMT: 

Lati tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield : 

1 Ju ly  1968 

04 02 01.7 
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47.95'E 

EDR 46-68 



Array Data: 

Surface Wave Data (WWSSN): 

Magnitude MS: 3.67 + 0.27 
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FIGURE ll(b) 
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10.3.2 26 September 1969 (Explosion No. 8) 

This event is loca ted  i n  an o i l  and gas f i e l d  nea r  Stavropol.  
This  impl ies  t h a t  t h i s  event is a PNE shot.  Three a r r a y s  gave good P 
wave records  ( f i g u r e s  12(a) and 12(b)), WRA being too distant to detect 
c l e a r  P waves. The depth phase pP is  very c l e a r  a t  YKA and i n d i c a t e s  a 
P - pP sepa ra t ion  time of 0.85 S. I f  t h e  explosion occurred i n  rocks of  
t h e  P le i s tocene  age a v e l o c i t y  of 2.75 km/s would he  of  t h e  r i g h t  o r d e r  f o r  
P waves c l o s e  t o  t h e  source, bu t  f o r  direct comparison with events  from 
t h e  region a v e l o c i t y  of 3.3 km/s i s  taken t o  e s t ima te  depth. This  g ives  
a depth of 1400 m which i s  r a t h e r  deep. 

The s u r f a c e  wave magnitude g ives  a y i e l d  of 23 kton i n  t h e  
range 10  - 40 kton. From the  frequency content  of  t h e  body waves t h e  s h o t  
medium does not  appear t o  be very hard rock though t h e  frequency con ten t  
may h e  more a funct ion  of t h e  t ransmission path from t h i s  p a r t i c u l a r  region. 

The emplacement depth  would f u l l y  conta in  an explosion of t h e  
y i e l d  range given here.  The excessive depth f o r  such a y i e l d  i n  t h i s  
reg ion  s ~ l g g e s t s  t h a t  t h i s  explosion is f o r  e i t h e r  a gas o r  o i l  s t imu la t ion  
PNE experiment. 

Explosion No. 8 

Ep icen t r a l  Data: 

Array Data: 

Date: 

Time GMT: 

Lat i tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield : 

26 September 1969 

06 59 55.8 

45.89"N 

42.47OE 

EDR 63-69 

'Magnitude, 

"h 

5.30 

4.52 

5.84 

(4.82) 

Period,  
S 

0.96 

0.84 
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0.65 

Amplitude, 
mu 

4 8 

9 

63 

1 

89.1 

324.5 

16.8 

313.6 

AzO 

305.1 

126.1 

348.9 

102.9 

S t a t i o n  

EKA 

GB A 

YKA 

WRA 

P Wave 
Ar r iva l  Time 

07 06 07.2 

07 08 02.3 

07 11 12.9 

07 14 08.2 

A' 

30.0 

43.6 

70.4 

105.3 



Surface Wave Data (WWSSN): 

Magnitude MS: 3.37 + 0.24 

Array Location: 



GBA (i) 

FIGURE 12(a) 
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WRA (i) 

FIGURE 12(b) 
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6 December 1969 (Explosion No. 9) 

This  explosion is  loca ted  between the  Caspian and A r a l  Seas i n  
the Scytho-Turanian platform and was recorded by a l l  four  a r r a y s  with 
good s i g n a l  t o  noise  r a t i o .  

A l l  four  a r rays  gave good P and pP ( f igu res  13(a) and 13(b)) 
s i g n a l s  and give a sepa ra t ion  t i m e  of 0.55 S and assuming a v e l o c i t y  of 
3.3 km/s gives  an est imated depth of 910 m. 

The su r face  wave magnitude gives a y i e l d  es t imate  of 95 kton i n  
t h e  range 50 - 200 kton. The depth of f i r i n g  would be expec ted . to  f u l l y  
conta in  a y i e l d  of about 150 kton. 

Explosion No. 9 - 
Epicen t ra l  Data: 

Array Data: 

Date: 

Time GMT: 

Lat i tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield : 

6 December 1969 

07 02 57.4 

43 .83 '~  

54.78'E 

EDR 77-69 

Surface Wave Data (WWSSN): 

Magnitude MS: 3.98 5 0.23 
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11 
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S 

0.96 
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0.80 

Magnitude, 
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6.22 

5.73 

5.48 



GBA (i) 

FIGURE 13(a) 
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FIGURE 13(b) 
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10.4 Urals  and Novaya Zemlya 

A t o t a l  of 5 explosions were se lec ted  from t h i s  region f o r  
a n a l y s i s  (10 - 14 inc lus ive) .  It is believed t h a t  explosions f i r e d  a t  
Novaya Zemlya a r e  l a r g e  weapon tests whereas explosions around t h e  
Urals  a r e  of a PNE nature.  The reason f o r  grouping a l l  t hese  events  
i s  the  s i m i l a r i t y  of the  s t r u c t u r e  and geology i n  which the  explosions 
occurred. 

Novaya Zemlya i s  a d i r e c t  continuation of the  Ural  Mountain 
chain, a fo ld  mountain b e l t  which does not achieve p a r t i c u l a r l y  g rea t  
su r face  e levat ion .  Being a fo ld  mountain system the  Ural b e l t  may be 
expected t o  have a c r u s t a l  thickness of about 50 km. I n  Novaya Zemlya 
t h e r e  is a complete absence of rocks o lder  than the  Cambrian a s  found 
elsewhere i n  t h e  Ural fo ld  b e l t .  Rocks of both Ordovician and S i l u r i a n  
ages a r e  extens ively  represented and a r e  mainly limestones, greywacke-type 
sandstones and shales .  The eas te rn  por t ion  of t h e  Urals  conta ins  a 
r e l a t i v e l y  g rea te r  proport ion of sha les  and sandstones than t h e  western 
por t ion  where the  Devonian rocks cons i s t  mainly of  limestone. The Novaya 
Zemlya por t ion  of the  fo ld  b e l t  d i f f e r s  markedly from the  main p a r t  t o  the  
south i n  t h a t  l a r g e  i n t r u s i v e  g r a n i t i c  bodies a r e  extens ively  developed. 
I n  add i t ion  b a s i c  and u l t r a b a s i c  rocks a r e  comnon. 

This suggests  t h a t  the  seismic coupling between the  explosion 
and t h e  medium i s  good, generat ing waves of r e l a t i v e l y  high frequency. 
These waves however, may be subjec t  t o  s c a t t e r i n g  due t o  the  complex 
fo ld ing i n  the  source region. The Pn ve loc i ty  i n  t h i s  region is over 
8 b / S ;  though not  a s  high a s  t h e  Kazakh region,  it does suggest t h a t  
t h e  transmission of e l a s t i c  waves from t h i s  region would be q u i t e  e f f i c i e n t  
with l i t t l e  l o s s  of high frequency energy due t o  absorption. 

The e leva t ion  i n  the  region of Novaya Zemlya is j u s t  over 
1000 m above sea  l e v e l  and i n  the  region of the  Matochkin S t r a i t s  the  
contours a r e  r a t h e r  s t eep  which suggests  t h a t ,  again,  mining techniques 
can he used f o r  device emplacement r a the r  than d r i l l i n g .  For t h e  Ural  
events ,  f i r e d  i n  regions t o  the  e a s t  and west of t h e  Urals  where t h e  
e l eva t ion  i s  very low, i t  is suggested t h a t  d r i l l i n g  techniques would be 
required t o  emplace the  device t o  provide the  required depth f o r  
containment. 

10.4.1 6 October 1967 (Ex~losiorr  No. 101 

This event i s  located t o  the  e a s t  of the  Ural  Mountains c l o s e  t o  t h e  
town of Tyumen and e a s t  of a region of known o i l  depos i t s ,  The s i g n a l s  
from t h i s  event were recorded a t  a l l  four a r rays  but  the  s i g n a l  t o  no i se  
r a t i o  is poor ( see  f i g u r e s  14(a)  and 1401)).  A£ t e r  processing t h e  t h r e e  
a r rays ,  c l e a r  pP phases can be seen. The t i m e  separa t ion  between P and 
pP is  0.33 S and assuming a ve loc i ty  of 3.6 km/s cons i s t en t  wi th  t h e  age 
of t h e  rocks i n  t h i s  a r e a  i n d i c a t e s  a depth of 590 m. 



The s u r f a c e  wave magnitude gives a y i e l d  estimate of 9 k ton  i n  
the range 5 - 20 kton. The s h o r t  period array s i g n a l s  are n o t  cha rac te r i sed  
by p a r t i c u l a r l y  high frequency which would i n d i c a t e  a coupling less 
e f f i c i e n t  than  consol idated rock. 

The depth of f i r i n g  est imated above would be s u f f i c i e n t  t o  f o l l y  
con ta in  a y i e ld  of about  50 kton. It is thus  assumed t h a t  t h e  explosion 
was f u l l y  contained and was probably a PNE experiment possAbly a s soc ia t ed  
wi th  t h e  o i l  f i e l d s  t o  t h e  west of Tyumen. 

&&osion No, 10 

Epicen t r a l  Data: 

Array Data: 

Date: 

Time GMT: 

Lati tude:  

Longitude: 

Code Namet 

Source of Data: 

Yield : 
F 

6 October 1967 
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EDR 69-67 

Surface  Wave Data (WWSSN) : 

Magnitude MS: 2.95 k 0.30 
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FIGURE 14(a) 
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YKA (i)' 

FIGURE 14(b) 



10.4 2 2 September 1969 (Explosion No. 11) 

This  explosion and t h e  one fol lowing ( s e c t i o n  10.4.3) occurred 
a t  almost t h e  same l o c a t i o n  near  Perm t o  t h e  west of t h e  Urals  near known 
o i l  f i e l d s .  

S igna l s  were recorded from t h i s  explosion a t  a l l  a r r a y s  
( f i g u r e s  15 ( a )  and 15(b) )  and depth phases a r e  t e n t a t i v e l y  i d e n t i f i e d  
g iv ing  a P - pP s e p a r a t i o n  of 0.67 S. Using a v e l o c i t y  of 3.6 km/s t h i s  
impl ies  a depth of 1200 m. 

The su r face  wave magnitude g ives  a y i e l d  e s t ima te  of 20 kton. 
The depth ca l cu la t ed  f o r  t h i s  event c l e a r l y  would conta in  an  explosion 
i n  t h e  y i e l d  range 10 - 40 kton. Its proximity t o  t h e  o i l  f i e l d s  and i ts depth 
suggest  t h a t  t h i s  explosion may be a PNE experiment. 

Explosion No. 11 

Euicen t r a l  Data: 

1 Time GMT: 

I 
j Lati tude:  
l 

1 

r 
I Date: 

/ Longitude: 1 54.86.E l 

2 September 1969 

Code Name: l 

l l 

( Source of Data: I EDR 59-69 I 1 i e :  I 
-p- I 

Array Data: 

Surface  Wave Data (WWSSN): 

Magnitude MS: 3.29 t 0.18 

Magnitude, 

"b 

5.03 

5.48 

5.01 

(4.84) 
- 

Array Location: 

& 

S t a t i o n  

EKA 

GBA 

YKA 

WRA 

Amplitude, 
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15 

2 1 

10 

3 
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S 

0.7 

0.55 

0.6 

1.0 

P Wave 
A r r i v a l  Time 

05 06 21.1 

05 08 27.6 

05 10 08.3 

05 13  45.7 

A' 

31.4 

47.0 

60.1 

101.1 

AzO 

291.4 

149.3 

354.4 

109.5 

61.9 

343.5 

6.6 

327.2 



' FIGURE 15(a) 



YKA 

FIGURE 15(b) 
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10.4.3 8 September 1969 (Explosion No. 12) 

This  explosion is very s i m i l a r  t o  the  previous s h o t  ( sec t ion  
10.4.2) i n  almost every respect .  The a r ray  s i g n a l s  a r e  i l l u s t r a t e d  i n  
f i g u r e s  16(a)  and 16(b).  The P - pP depth es t imate  f o r  t h i s  event is  a 
l i t t l e  shal lower a t  1080 m than t h e  previous explosion. The y i e l d  estimate 
is exact ly  t h e  same from t h e  s u r f a c e  wave measurements. This appears  t o  
be a r epea t  of t h e  earlier experiment and t h e  d iscuss ion  regarding  t h a t  
explosion a l s o  app l i e s .  

Explosion No. 12 

Epicent ra l  Data: 

Array Data: 

Date: 

Time GMT: 

Lati tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield: 
C 

8 September 1969 

04 59 56.1 

57.37ON 

55.11°E 

EDR 59-69 

Surface  Wave Data (WWSSN): 

Magnitude MS: 3.29 f 0.23 

- 
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1.0 
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GBA 

FIGURE 16(a) 
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10.4.4 21  October 1967 (Explosion No. 13) 1 

Since  1966 t h i s  a r e a  has been used t o  test l a r g e  explos ions  
underground a t  t h e  rate of one per  year .  The l a s t  r e a l l y  l a r g e  explos ion  
a t  t h e  Kazakh t e s t  s i t e  was f i r e d  i n  February 1966 and vented. I t  may b e  l 
that t h e  proximity of t h e  t e s t  s i t e  t o  towns such a s  Semipalat insk caused 
s a f e t y  expe r t s  some concern regard ing  t h e  r e l e a s e  of r a d i o a c t i v e  m a t e r i a l  1 
and t h i s  was t h e  reason  f o r  using t h e  remote n o r t h e r l y  a r e a  of Novaya 
Zemlya. Novaya Zemlya was t h e  t e s t  s i t e  used f o r  t h e  ex t ens ive  s e r i e s  of 
atmospheric tests i n  1961 and 1962. 

l 
The l o c a t i o n  of a l l  t h e  Novaya Zemlya explosions t o  d a t e  has  

been on t h e  nor thern  t i p  of t h e  south  i s l a n d  j u s t  sou th  of t h e  Matochkin 
S t r a i t s .  The explos ion  of t h e  21  October 1967 was recorded a t  a l l  s t a t i o n s  
wi th  a  good s i g n a l  t o  no i se  r a t i o  ( f i g u r e s  17(a)  and 17 (b ) ) .  The record  
a t  YKA is r e l a t i v e l y  complex; t h e  P wave has  a  low frequency onse t  and 
t h e  magnitude f o r  YKA is p a r t i c u l a r l y  low. 

The only  c l e a r  evidence of a  depth phase is a t  EKA which g ives  
a P - pP time of 0.28 S. The v e l o c i t y  of t h e  I' waves i n  t h i s  p a r t  of Ural 
Mountain s y s  tem is taken a s  4.25 km/s c o n s i s t e n t  w i th  Ordovician l imestone,  
t h e  m a t e r i a l  i n  which i t  is be l i eved  tl iese events  a r e  detonated.  This  
g ives  a  depth of about  G00 m;' t h i s  overburden could  b e  r e a d i l y  achieved 
by mining a n  a d i t  i n t o  t h e  s i d e  of t h e  mountain which drops s h a r p l y  from 
a he igh t  of some 1000 m t o  s e a  l e v e l  w i t h i n  t h e  Matochkin S t r a i t .  

The s u r f a c e  wave magnitude i n d i c a t e s  a  y i e l d  of 220 k ton  i n  the 
range 100 - 400 kton.  

A depth of 600 m would be s u f f i c i e n t  t o  c o n t a i n  a  y i e l d  of t h e  
order  50 kton. This  is cons iderably  lower than  t h e  y i e l d  es t imated  here;  
t h i s  would sugges t  t h a t  t h e  explos ion  vented. I f  t h i s  i s  no t  s o  t h e n  t h e  
explos ion  was f i r e d  deeper which would mean t h a t  t h e  v e l o c i t y  assumed f o r  
t h i s  a r e a  is  too  low. 

Explosion No. 13 

E p i c e n t r a l  Data: l 

Date: 

Time GMT: 

Lat i tude:  

Longitude: 

Code Name: 

Source of Data: 

Yield: 

4 

21 October 1967 

04 59 58.1 

73.37'N 

54. 81°E 

EDR 65-67 



Arrav Data: 

Surface Wave Data (WWSSN) : 

Magnitude MS: 4.34 +, 0.25 
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FIGURE 17(a) 
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FIGURE 17 (b) 
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10.4.5 7 November 1968 (Explosion No. 14) 

This  explosion,  j u s t  south  of t h e  Makochkin S t r a i t s ,  gave s i g n a l s  
which were w e l l  recorded a t  t h e  four  a r r a y s  ( f i g u r e s  18(a)  and 18(b ) ) .  
YKA produced a complex record ,  s i m i l a r  i n  genera l  d e t a i l s  t o  tlle previous 
event.  The depth phase pP can be seen  a t  EKA and GRA and g ives  a P - pP 
sepa ra t ion  time of 0.29 S; assuming a v e l o c i t y  of 4.25 km/s t h i s  g ives  a 
depth of 615 m. 

The s u r f a c e  magnitude gives a y i e l d  of 300 k ton  i n  t h e  range 
150 - 600 ktons. 

A s  with t h e  previous event  t h e  ind ica t ed  depth would no t  f u l l y  
con ta in  such a n  explosion and vent ing  may w e l l  have occurred. I f  we use 
t h e  depth-yield r e l a t i o n s h i p  f o r  containment published by t h e  Russians 
and assume they have used i t  f o r  t hese  events  we can  e s t ima te  t h e  
v e l o c i t y  of P waves i n  t h i s  region.  This  g ives  a v e l o c i t y  near  7.5 km/s 
which seems excess ive ly  high. It must t he re fo re  be assumed t h a t  t h i s  
explosion vented. 

Explosion No. 14 

@central  Data: 

Date: 1 7 November 1968 I I Time GMT: 1 1 0 0 2 0 5 . 2 9  I 
I Lati tude:  

Longitude: 

I Code Name: 
l 

/ Yield: I I 
Source of Data: 

Array Data: 
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S 
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(6.30) 

P Wave 
A r r i v a l  Time 
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26 
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Surface Wave Data (WWSSN): 

Magnitude MS: 4.47 k 0.29 

Array Location: 



FIGURE 18(a) 
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FIGURE 18(b) 
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10.5 Sinkiang Province, China 

The underground explosion d iscussed  i n  t h i s  r e p o r t  was 
detonated i n  t h e  Lop Nor r eg ion  of t h e  Sinkiang province. Lop Nor is  a n  
is an  area of shal low salt  water and marsh covering some 200 km2 
s i t u a t e d  a t  t he  e a s t e r n  end of t h e  intermountain s t r u c t u r a l  depress ion  
known a s  t h e  Tarim Basin. This  a r e a  is p a r t  of an  anc ien t  t e c t o n i c a l l y  
s t a b l e  block which from t h e  l a t e  Pro terozoic  t i m e  has r e s i s t e d  deformation 
by t h e  s e r i e s  of orogenic movements which have occurred a long its borders .  
The comparatively r ecen t ,  l a t e  T e r t i a r y ,  development of t he  Tarim Basin 
has  l ed  t o  t h e  almost complete masking of t h e  s o l i d  geology i n  t h e  f l o o r  
of t h e  depress ion  by terrestrial d e p o s i t s  of cons iderable  th ickness .  The 
o l d e s t  rocks a r e  c r y s t a l l i n e  q u a r t z i t e s ,  g r a n i t e s  and gneisses  and are 
ove r l a in  by, i n  p a r t s ,  s e v e r a l  thousand metres of sedimentary and 
volcanic  rocks. S i l t s  and f i n e  sands r ep resen t  t he  last s t a g e  of 
depos i t ion  s i n c e  t h e  P l iocene  era and where t h i s  has  been measured i t  
amounts t o  a th ickness  of about 200 m. 

The Tarim Basin is  a t  an  a l t i t u d e  of about 500 m above s e a  
l e v e l ,  t h e  e l e v a t i o n  inc reas ing  very r ap id ly  a t  t h e  southern  edge of t h e  
b a s i n  r i s i n g  t o  5000 m. I n  view of t h e  p l a t eau  na tu re  i t  i s  l i k e l y  t h a t  
t o  provide t h e  requi red  overburden f o r  containment t h e  devices  a r e  emplaced 
by v e r t i c a l  d r i l l i n g  o r  v e r t i c a l  s h a f t  mining. 

The depth t o  the  base of t h e  c r u s t  is between 45 and 50 km and 
i t  would b e  expected t h a t  t he  P, wave v e l o c i t y  immediately beneath t h e  
Tarim Basin was c l o s e  t o  8 km/s. However, t h e  extremely complex, and 
s t i l l  se i smica l ly  a c t i v e  f o l d  b e l t s  t o  t h e  n o r t h  and sou th  of t h e  Basin 
may produce complex P wave s i g n a l s  e x h i b i t i n g  some absorpt ion .  This  w i l l  
depend very much on t h e  angle  and d i r e c t i o n  from which the  se i smic  waves 
l eave  t h e  source.  

This  event i s  bel ieved t o  be the  f i r s t  underground nuclear  
explos ion  conducted by t h e  Chinese. The word "nuclear" is used simply 
because of t he  s i z e  of t h e  event .  

The s i g n a l s  from t h i s  event were de tec ted  a t  a l l  a r r a y  s t a t i o n s  
and a r e  i l l u s t r a t e d  i n  f i g u r e s  19(a)  and 19(b) .  The s i g n a l  t o  no i se  r a t i o  
and appearance of t he  seismogram v a r i e s  from s t a t i o n  t o  s t a t i o n  and from 
a knowledge of t he  s t r u c t u r a l  geology t h i s  is not  s u r p r i s i n g .  The GDA 
record i s  f a i r l y  complex and a s  expected f o r  a complex record g ives  a 
low magnitude. The processed seismograms show a depth  phase a t  a t i m e  
0.45 s a f t e r  t h e  P wave. I f  t h e  ve loc i ty  of 2.75 km/s is assumod a depth 
e s t ima te  of 620 m is  obtained.  This would put t h e  device below t h e  
superf  i c i a l  a l l u v i a l  depos i t s .  Because of the  f l a t  topography i t  is  
assumed t h a t  t h e  device was emplaced by v e r t i c a l  d r i l l i n g  o r  s h a f t  mining 
techniques. 

The s u r f a c e  wave magnitude gives a y i e l d  of 18  k ton  i n  the  range 
10 - 40 kton. The depth es t imated  above i s  s u f f i c i e n t  t o  f u l l y  c o n t a i n  a 
y i e l d  of about 60 kton. 



It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  seven days after t h i s  underground 
explosion a test i n  t h e  megaton range was conducted i n  rlie atmospl~ere 
above Lop Nor. 

Explosion No. 15 

Ep icen t r a l  Data: 

Array Data: 

Date: 

Time GMT: 

Lat i tude:  

Longitude: 
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Source of Data: 
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10.6 Aleutian I s l e s ,  USA - . . 
The t e s t  s i t e  f o r  underground explosions i n  t h i s  a rea  i s  

s i t u a t e d  on t h e  i s l and  of Amchitka on the  western end of  t h e  Aleutian Arc. 
This is  .a very a c t i v e  region se ismical ly  i n d i c a t i n g  i n s t a b i l i t y  . AmchikE;a4 
is on a por t ion  of the  Aleutian Ridge which is a g rea t  f a u l t  block t i l t e d  
southwestwards towards t h e  a r e a  of t h e  Aleutian Trench. This block c a n s i s t : ~  
of Ter t ia ry  volcanic tuf  f s  and brecchias bounded by f r a c t u r e  zones. There 
is a weathered l aye r  c l o s e  t o  t h e  su r face  some 15 m th ick  overlying brecchias 
with interbedded t u f f ,  s i l t s t o n e s  and greywackes. The i s l a n d  a r c  systdm 
cons i s t s  of a  narrow mountainous b e l t  of Ter t i a ry  volcanics.  This suggests  
a  narrow band of s t r u c t u r e  which w i l l  cause asymmetry i r i  t h e  r a d i a t i o n  of 
e l a s t i c  waves from t h i s  region. 

The thickness of the c r u s t  i s  about 20 km but t h e  P, wave v ,. 
ve loc i ty  immediately below Amchitka i s  a s  low a s  7.6 ind ica t ing  a region 
of low Q and hence lligh seismic wave a t t en tua t ion .  Bowever, .the P, v e l o c i t y  
is a s  high a s  8.2 kmls only 250 km south of the  i s land;  s i m i l a r l y  a s  one 
goes f u r t h e r  north from the  i s l and  t h e  P, ve loc i ty  increases.  This means 
t h a t  rays leaving t h e  source e i t h e r  t o  the  north o r  south w i l l  experience 
l i t t l e  a t t enua t ion  but rays leaving the  source along the  a x i s  of  t h e  a r c  
w i l l  be severe ly  a t t enua ted  and, i n  view of t h e  s t r u c t u r e ,  may experience 
considerable s c a t t e r i n g .  Many s c i e n t i f i c  papers concerning propagation of 
seismic waves from t h i s  region have been published and a number of 
hypotheses have been suggested t o  expla in  the  observations obtained from 
explosions i n  t h i s  region. 

The i n t e r p r e t a t i o n  of seismograms, t r a v e l  times and amplitude 
anomalies from events  i n  t h i s  region a r e  of considerable importance r e l a t i v e  
t o  "test ban" reismology s i n c e  the  Aleutian A r c  i s  very s i m i l a r  i n  s t r u c t i ~ r e  
t o  the  a rcua te  s t r u c t u r e  around Kuri le  and Kamchatka. Thus, the  knowledge 
gained from explosions i n  the Aleutian I s l e s  can be used t o  i n t e r p r e t  
seismograms of seismic events i n  the  highly se ismic  a r e a  of t h e  Kurile- 
Kamchatka region. 

10.6.1 29 October 1965 LONGSHOT (Explosion No. 16) 

This was an  explosion of 80 kton f i r e d  i n  t h e  i s l and  a r c  s t r u i t u r e  
of t h e  Aleutians on t h e  i s l a n d  of Amohitka and has been t h e  sub jec t  of 
an AWRE Report [12]. The t e s t  was conducted a s  p a r t  of t h e  US Government 
Vela Uniform programme. mny s t a t i o n s  around t h e  w ~ r l d  were a l e r t e d  p r i o r  
t o  t h e  event which gave s s a t i o n  opera tors  t h e  opportunity t o  a d j u s t  the i r  
instrumentat ion t o  produce the  optimum records i n  terms of  s i g n a l  t o  
noise  r a t i o  and accura te  timing. Seismologists have given t h i s  event 

' 

c l o s e  a t t e n t i o n  and a l a r g e  number of s c i e n t i f i c  papers have been 
published on t h e  ana lys i s  of t h e  observations enhancing our understanding 
of  t h e  problem of seismic discrimination.  

S ignals  were recorded a t  a l l  a r ray  s t a t i o n s  (although most 
seismographs a t  GBA were overloaded) and a r e  i l l u s t r a t e d  i n  f i g u r e s  20(a) 
and 20(b). YKA has a smal l  precursor t o  t h e  l a r g e  amplitude s i g n a l  and 
a s  seen on t h e  spike  seismogram t h i s  l a r g e  amplitude s i g n a l  i s  of opposi te  
ground motion t o  t h e  small compressional P s igna l .  This means t h a t  t h e  
l a r g e  amplitude a r r i v a l  may be pP and t h a t  t h e  low frequency, smal l  



amplitude precursor i s  a heavily absorbed o r  sca t t e red  d i r e c t  P wave. This 
may be  caused by the  s t r u c t u r e  beneath the  i s l and  a r c  system. The remaining 
a r rays  produced very simple records. The pP - P time i n t e r v a l  was 
estimated a t  0.43 s and using the  measured up-hole ve loc i ty  of 3.38 km/s 
gives a depth of 730 m. This agrees very wel l  with the announced depth 
of 755 m. 

The su r face  wave magnitude gives a y i e l d  of 115 kton i n  the  
range 60 - 220 kton. 

This t e s t  was conducted a s  p a r t  of t h e  Vela Uniform programme 
t o  d iscr iminate  between explosions and earthquakes by seismic methods. 

Explosion No. 16 
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10.6.2 2 October 1969 MILROW (Explosion No. 17) 

This explosion, i n  the  low megaton range, was detonated a t  a 
loca t ion  5 km sou211 of the  LONGSHOT ep icen t re  and was the  sub jec t  of an 
AWRE Report. Since no p r i o r  announcement was made of the  exact  d a t e  and 
time of detonation no attempt was made t o  a d j u s t  the  s e n s i t i v i t y  of t h e  
recording s t a t i o n s ;  with the  exception of EKA a l l  the  a r ray  s t a t i o n s  
were overloaded. The record from EKA i s  i l l u s t r a t e d  i n  f i g u r e  21. 

The EKA spiked record shows a very l a r g e  negative sp ike  a t  P 
+ 1.72 S. Assuming the  same wave ve loc i ty  given f o r  LONGSBOT the  depth 
ca lcula ted  f o r  MILROW is 2900 m,jtJhich is considerably deeper than t h e  
announced depth. Subsequent processing of t h i s  event shows t h a t  t h e  small  
a r r i v a l  a t  P + 0.67 S could w e l l  be pP and t h e  very l a r g e  a r r i v a l  i n i t i a l l y  
i d e n t i f i e d  a s  pP is i n  f a c t  an example of multipathing. There a r e  
a l t e r n a t i v e  arguments to" expla in  t h i s  record but  they a r e  beyond t h e  scope 
of t h i s  repor t  . 

The su r face  wave magnitude gives a y i e l d  of 1.4 Mton i n  the  
range 700 - 2800 kton. 

This explosion was the  sub jec t  of a previous AIqRE Report [ l61  

Explosion No. 17 
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10.7.1 13  September 1963 BILBY (Explosion No. 18) 

The seismogram from t h e  EKA a r r a y  is shown i n  f i g u r e  22. The 
l a r g e  amplitude p o s i t i v e  s p i k e  is  the  onse t  of t he  P wave and t h e r e  i s  
no c l e a r  pu l se  which can b e  i d e n t i f i e d  a s  pp. The P wave is c e r t a i n l y  
complex and t h e  a r r i v a l  of s e v e r a l  pulses  a f t e r  t h e  P wave, i n d i c a t e d  
on t h e  spiked seismogram, sugges ts  t h a t  t h i s  i s  another  example of 
mult i pa  thing.  

The s u r f a c e  wave magnitude i n d i c a t e s  a y i e l d  of 250 k ton  i n  t h e  
range 180 - 450 kton,  From t h e  announced depth of 716 m i t  is  assumed that: 
a y i e l d  of about  200 k ton  would be f u l l y  contained;  i t  i s  poss ib l e  t h a t  
s l i g h t  vent ing  may have occurred. 

Explosion No. 1 8  
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10.7.2 2 June 1966 PILEDRIVER (Explosion No.  19) 

This is one of t h e  few explosions i n  g r a n i t e  at .  t h e  Nevada Test 
S i t e  and is  located  a t  t h e  north end of t h e  Yucca F l a t  region. The 
seismogram from EKA is shown i n  f i g u r e  23; t h e  P wave i s  recorded with 
good s i g n a l  t o  noise  r a t i o  and is r e l a t i v e l y  simple i n  appearance. 

The spiked seismogram shows a c l e a r  d i r e c t  compressional P 
wave sp ike  followed by a r a r e f r a c t i o n a l  sp ike  0.68 S l a t e r .  From t h e  
known depth of f i r i n g  t h i s  second a r r i v a l  is too l a t e  f o r  pP and is 
probably caused by a mult ipath a r r i v a l ,  an  a r r i v a l  which has taken a 
s l i g h t l y  d i f f e r e n t  route  from t h e  source t o  t h e  rece iver .  I f  t h e  f i r s t  
negative s p i k e  i s  taken a s  pP then the  es t imate  of depth is 490 m 
assuming a ve loc i ty  of 3.3 km/s appropr ia te  f o r  g r a n i t e  of t h i s  age. 

The su r face  wave magnitude gives a y i e l d  es t imate  of 58 kton 
i n  the  range 30 - 120 kton. The depth of focus i s  j u s t  s u f f i c i e n t  t o  
f u l l y  conta in  the  PILEDRIVER explosion p a r t i c u l a r l y  a s  t h e  overburden was 
g r a n i t e  . 
Explosion No. 19 
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Nevada, USA -- -- 
This  i s  t h e  p r i n c i p a l  t e s t  s i te  i n  t h e  US, Tes t s  of a l l  types 

have talcen p lace  i n  t h i s  a r e a  inc luding  weapon, PNL and physics  t e s t s .  
The f i r s t  underground explosion occurred i n  1957 and the  s i t e  has  been 
i n  use ever  s ince .  The US Government have announced more d e t a i l s  of t h e i r  
underground explosions than any o the r  na t ion  which has  proved p a r t i c u l a r l y  
u s e f u l  t o  r e sea rche r s  i n v e s t i g a t i n g  t h e  problem of seismic d iscr iminat ion .  
It has been very u s e f u l  not  only i n  loca t ion  of ep icen t r e s  but  a l s o  i n  
t h e  understanding of t h e  problem of sho t  medium coupling, v i t a l  i n  
es t imat ing  y i e l d  ranges from seismic waves from under ground explosions. 

The geology of t h e  Nevada Test  S i t e  is  complex. Tlze outcropping 
rocks of t h e  c e n t r a l  p a r t  of the  t e s t  s i t e ,  t he  Yucca F l a t  a r ea ,  range 
from t h e  Pre-Cambrian q u a r t z i t e  t o  Quaternary b a s a l t  and have a th ickness  
of about  12000 m. The only  Mesozoic rocks exposed i n  t h i s  a rea  a r e  
i n t r u s i v e  bodies of q u a r t z  and granodior i te .  The remaining bedrock outcrops 
i n  the  a r e a  c o n s i s t  of volcanic  rocks of Eiocene o r  younger age and are 
the  order  of 1200 m th ick .  Illis rock i s  known as t u f f  . Overlying t h e  
tuf f  a r e  depos i t s  of Quaternary alluvium, c o n s i s t i n g  of g rave l  and sand; 
t he  th ickness  of t h e  al luvium v a r i e s  from 0 - 700 m and is d r y  alluvium 
t o  a depth of about  400 m. 

Tile Yucca F l a t  reg ion  i s  about  1100 m above sea  l e v e l  r i s i n g  
sharp ly  i n  t h e  e a s t  and w e s t  t o  a he igh t  of about 2000 m,  This e l eva ted  
reg ion  c o n s i s t s  mainly of volcanic  t u f f .  This means t h a t  v e r t i c a l  d r i l l i n g  
i s  probably t h e  procedure used f o r  device emplacement b u t  use  can a l s o  
be  made of mining i n t s  t h e  h i l l s i d e  f o r  explosions i n  t u f f  . Tuf f is a 
f r i a b l e  m a t e r i a l  s o  d r i l l i n g  i s  easy and i t  is supposed t h a t  v e r t i c a l  
d r i l l i n g  is  a l s o  used i n  t h e  Pahute Mesa t u f f  a s  t h e  a r e a  t o  t h e  w e s t  of 
t h e  test s i t e  is known. 

The c r u s t  is not  very th i ck  beneath t h e  Nevada Tes t  s i t e ;  
measurements g ive  a thickness of 28 km. The upper mantle v e l o c i t y  
immediately beneath t h e  c r u s t  is low (around 7.81 b / s ) .  

Thus, we have a wide range of media i n  which t h e  device  may be 
loca ted ,  ranging from dry alluvium t o  g ran i t e .  This w i l l  g r e a t l y  a f f e c t  
t he  s p e c t r a l  content  of t h e  i n i t i a l  seismic waves leaving  t h e  source; 
t h i s ,  coupled with a sub-crus ta l  reg ion  of low Q and hence high se ismic  
wave a t t enua t ion ,  sugges ts  t h a t  waves recorded from explosions i n  Nevada 
w i l l  be low frequency, f a i r l y  complex, and of low magnitude. 

The depth of f i r i n g  f o r  f u l l  containment of the  explosion and 
y i e l d  r e l a t i o n s h i p  used f o r  t h i s  a r e a  is taken a s  h = 125 where h i s  
t h e  depth i n  metres. This r e l a t i o n s h i p  is a l i t t l e  d i f f e r e n t  t o  t h e  
Russian r e l a t i o n s h i p  [ l01  and is  approximately t h a t  used by Mueller and 
M U ~ P ~ Y  1171 

The only a r r a y  records  from explosions i n  Nevada analysed i n  
this r e p o r t  are from EKA. This is t h e  only a r r a y  s t a t i o n  wi th in  the  
d i s t a n c e  range 30' - 90' from t h e  Nevada Tes t  S i t e .  A s e l e c t i o n  of 
explosions has been analysed and an  AWRE Report [ l 3 3  prepared on t h e  
r e s u l t s  from t h e  fou r  a r r a y  s t a t i o n s .  



10.8.1 1 0  December 1967 1967 GASBUGGY (Explosion No. 21) 

Only one a r r a y  s t a t i o n  is w i t h i n  t h e  30' - 90' d i s t a n c e  range,  
EKA, and t h e  record  of t h e  GASRUGCFY explos ion  is given i n  f i g u r e  25. No 
c l e a r  depth  phase is v i s i b l e  on t h e  spiked record ,  which is a somewhat 
s u r p r i s i n g  r e s u l t  i n  view of t h e  depth of t h e  explos ion  s i n c e  a c l e a r  
wel l-separated depth phase may be exphcted. This  may be  due t o  a series 
of a r r i v a l s ;  P waves by two s l i g h t l y  d i f f e r e n t  r o u t e s  a r r i v i n g  a t  about  
t h e  same t i m e  producing a complex P wave onse t  which is a t  p r e s e n t  
beyond t h e  r e s o l u t i o n  of t h e  s p i k e  f i l t e r .  

The magnitude of t h e  s u r f a c e  waves gives a y i e l d  e s t i m a t e  of 
25 k ton  i n  t h e  range 15 - 40 kton. 'Illis explos ion  is a PNE experiment and 
a t  t h i s  depth would be f u l l y  contained.  

Explosion No. 21  1 
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l 

, 10.7.3 20 December 1966 GREELEY (Exploeion No. 20) 
I 
l 
1 The r eco rd  from EKA i s  shown i n  f i g u r e  24; t he  i n t e r e s t i n g  

f e a t u r e  immediately apparent  is t h e  very low frequency content  of t h e  

l 
main P wave a r r i v a l .  This low frequency is  a func t ion  of t h e  high y i e l d ,  

I t h e  medium response and t h e  low Q i n  t h e  upper mantle. The spiked 
l seismogram shows a very complicated record wi th  a poss ib l e  depth phase pP 
I 
l 

a r r i v i n g  a t  1.0 S a f t e r  t h e  P wave. Assuming a l o c a l  P wave v e l o c i t y  of 
2.5 kmls c o n s i s t e n t  w i  tli t h e  type and age of t h e  rocks t h e  depth es t imated  

i is 1250 m or  30 m shal lower than  t h e  announced depth. 

l 
l The s u r f a c e  wave magnitude i n d i c a t e s  a y i e l d  of 1.15 Mton i n  
1 t h e  range 650 - 2000 kton. The depth of f i r i n g  is s u f f i c i e n t  to fully 

con ta in  the  GREELEY explosion. 

Explosion No. 20 
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10.8.2 10  September 1969 RULISON (Explosion No. 22) 

This event  has  a l s o  been t h e  s u b j e c t  of an  AWRE Shot Report [14].  
A s  with t h e  previous event only EKA is w i t h i n  t h e  30' - 90° d i s t a n c e  
range and t h e  record  of RULISON is  shown i n  f i g u r e  26. The s i g n a l  t o  
n o i s e  r a t i o  is  poor and t h e  sp iked  record g ives  no c l e a r  depth phase. I n  
view of t h e  s i g n a l  t o  n o i s e  r a t i o  t h i s  is not s u r p r i s i n g  and i s  perhaps 
more a r e f l e c t i o n  of t h e  complexity of a r r i v a l s  (mult ipathing)  which 
make up t h e  i n i t i a l  P wave. I n  t h e  AWRE Shot Report, us ing  a d i f f e r e n t  
s p i k i n g  f i l t e r ,  a depth phase was t e n t a t i v e l y  e x t r a c t e d  g iv ing  a P - pP 
time of 1.57 S. Assuming a v e l o c i t y  of 3.3 km/s t h i s  gives a depth 
e s t ima te  of 2600 m, only 30 m deeper  than  t h e  announced depth ,  Note ttre 
v e l o c i t y  used here,  measured i n  s i t u ,  i s  t h e  same as assumed f o r  t h e  
Caspian Sea region,  a n  a r e a  i n  whicti i t  is assumed t h a t  some PNE experiments 
a r e  conducted by t h e  USSR. 

The magnitude of RULISON a t  EM is anomalously low when compared 
wi th  t h e  magnitude from GASBUGGY and t h i s  anomaly i s  be l i eved  t o  be 
caused by s t r u c t u r a l  d i f f e r e n c e s  c l o s e  t o  t h e  source.  The azimuth from 
both events  t o  E U  i s  67' k 1' E of N ( s ee  f i g u r e  27). From RULISON t h e  
waves recorded a t  EKA have en te red  t h e  deeply d ipping  s t r u c t u r e  of t h e  
Southern Rocky Mountains, an area of known low Q,  whereas t h e  GASBUGGY 
e p i c e n t r e  i s  f a r  enough away from t h e  Southern Rocky Mountains s t r u c t u r e  f o r  
t h e  waves t o  e n t e r  t h e  high Q upper mantle d i r e c t l y  beneath t h e  Colorado 
Plateau.  It is  p o s s i b l e  t h a t  t h i s  is t h e  cause of t h e  magnitude difference! 
t h e  reason  i s  however not  y e t  f u l l y  understood. 

The s u r f a c e  wave magnitude i n d i c a t e s  a y i e l d  of 36 k t o n  i n  t he  
range 20 - 70 kton. This explosion is a PNE experiment.and would be  f u l l y  
contained a t  t h e  announced depth. 

Explosion No. 22 

Ep icen t r a l  Data: 

10 September 1969 - - T - - - 1  
I Lati tude:  1 39.41°N I 

Longitude: 107.95OW 

Code Name: 

Source of Data: 

RULISON 

[ l ]  

Yield : 40 k ton  J 



10.8 New Mexico and Colorado, USA 

Two PNE experiments have been conducted i n  conjunct ion with t h e  
American O i l  and Gas Indus t ry  i n  t h e  USA. These t e s t s  were conducted a t  
two loca t ions :  (a) Colorado, and (b) New Mexico. 

(a) Colorado. This  is  t h e  l o c a t i o n  of t h e  RULISON experiment. -- - 
The geology beneath the  sho t  poin t  is composed of t h i n  l aye r s  
of inter-bedded alluvium and b a s a l t  flows overlying a t h i c k  
sedimentary column of  Te r t i a ry ,  Mesozoic and Palaeozoic rocks. 
Pre-Cambrian basement rocks exis t  a t  a depth of about 6000 m. 
The device was loca ted  i n  a layer  of inter-bedded Upper Cretaceous 
sandstone and shale. 

The t e s t  s i t e  i s  wi th in  the  Colorado P la t eau  Province, t h e  
boundaries of which a r e  formed by the  Great Basin t o  t h e  sou th  
and w e s t  and t h e  Rocky Mountains on t h e  n o r t h  and east.   his 
extremely complex s t r u c t u r e  surrounding t h e  RULISON s i t e  sugges ts  
t h a t  seismic waves recorded a t  t e l e se i smic  d i s t a n c e s  i n  an  azimuth 
range 270' - 180' east of nor th  may produce complex records  
with low magnitudes. 

The c r u s t a l  s t r u c t u r e  of  t he  Coloradac P la t eau  i s  in t e rmed ia t e  
between a r e l a t i v e l y  t h i n  c r u s t  found i n  the  Basin and Range 
Province c h a r a c t e r i s e d  by a P, wave v e l o c i t y  of 7.8 kmls, and 
a th i ck  c r u s t  beneath the Southern Rocky Mountains where t h e  Pn 
v e l o c i t y  is of t h e  order  of 8.1 kmls. 

(b) New Mexico. The l o c a t i o n  of GASBUGGY is a l s o  on t h e  Colorado 
P la t eau  loca ted  i n  t h e  e a s t  c e n t r a l  po r t ion  of t h e  San Juan 

1 

Basin. The s t r u c t u r e  i s  very s i m i l a r  t o  t h e  RULISON s i te  b u t  
t h e  s h o t  poin t  is f u r t h e r  from the  s t r u c t u r e s  which surround 
t h e  Plateau.  The rocks i n  t h e  southern  p a r t  of  t h e  Basin e x h i b i t  
ex tens ive  fo ld ing  and f a u l t i n g  but  s i n c e  the  e p i c e n t r e  is w e l l  
s epa ra t ed  from the  complex s t r u c t u r e s  surrounding t h e  Colorado 
P la t eau  i t  would be expected t h a t  t e l e se i smic  records of t h e  
GASBUGGY s h o t  would b e  r e l a t i v e l y  s impler  and g ive  s l i g h t l y  
h igher  magnitudes r e l a t i v e  t o  t h e  RULISOM loca t ion .  The c r u s t a l  
th ickness  is of the  order  of 40 km and the  P, v e l o c i t y  around 
7.8 kmls. Note t h e  P, v e l o c i t y  i s  somewhat lower beneath t h e  
US PNE s h o t s  than t h e  P, v e l o c i t y  i n  t h e  upper mantle beneath 
t h e  Caspian Sea region.  E f fec t ive ly  t h i s  means t h a t  a 20 kton 
s h o t  i n  t h e  Caspian Sea would g ive  a l a r g e r  magnitude than 
20 k ton  f i r e d  i n  t h i s  area of t h e  Colorado Pla teau  region.  

The two events  from t h i s  r eg ion  a r e  t h e  s u b j e c t  of AWRE 
Shot Report No 3 [l41 . 



FIGURE 26 
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FIGURE 27. LOCATION OF THE RULISON AND GASBUGGY EXPLOSIONS RELATIVE TO 
THE LOCAL STRUCTURE 



10.9 Algerian S a h a z  

This a r e a  was used extens ively  by the  French f o r  t e s t i n g  
nuclear  weapons both i n  the  atmosphere and underground. The l a s t  underground 
explosion occurred on 16 February 1966 and t h i s  i s  the explosion s e l e c t e d  
f o r  ana lys i s  i n  t h i s  r epor t .  

The exact loca t ion  of these  explosions [ l51  i n d i c a t e s  t h a t  
they a r e  detonated i n  a g r a n i t e  massif i n  t h e  Hoggar Mountains. The 
g r a n i t i c  i n t r u s i o n  is i n  the  form of an e l l i p s o i d a l  dome 8 km by 5.6 km 
and rises 1000 m above the  surrounding t e r r a i n  which i t s e l f  is some 1000 in 
above sea  l eve l .  This suggests  t h a t  conventional mining; techniques could 
be  used r a t h e r  than d r i l l i n g  f o r  charge emplacement. 

The ve loc i ty  of P i n  t h i s  region i s  not known bu t  i t  is  
probably c lose  t o  8.0 km/s.'fiis assumption is based simply on t h e  age 
of t h e  rocks around Hoggar. Thus, seismic wave transmission from t h i s  
region should be good with l i t t l e  a t t enua t ion  ~f the  higher frequencies.  
However, i t  is repor ted  t h a t  the  c a v i t i e s  which r e s u l t  from t h e  explosions 
a r e  somewhat smal ler  than c a v i t i e s  from equivalent  y i e l d s  f i r e d  i n  
Nevada, USA. This may be due t o  t h e  extent  of weathering of t h e  g r a n i t e  
o r  more l i k e l y  the  low water content  of t h e  rocks i n  t h i s  region. Since 
the  c a v i t i e s  a r e  smaller  one may expect lower amplitude seismic s i g n a l s  
from an explosion i n  lloggar than f o r  the  equivalent  y i e l d  f i r e d  i n  Nevada. 
Note t h i s  does not however inc lude  any absorption e f f e c t s  over t h e  
transmission path t o  a p a r t i c u l a r  recording S t a t ion .  

10.9.1 16 February 1966 GKENAT (Explosion No. 23) 

Three a r r a y  s t a t i o n s  de tec ted  P waves from t h i s  explosion; t h e  
s i g n a l  t o  noise r a t i o  is low a t  E U  but good a t  YKA and GBA ( f igures  
28(a) and 28(b)). A phase corresponding t o  pP a r r i v e s  0.50 S a f t e r  t h e  
P wave. The veloci ty  is assumed t o  be 3.9 kmls giving an estimated depth 
of f i r i n g  of 840 m. This depth is cons i s t en t  wi th  a s h a f t  dr iven i n t o  
t h e  mountain using mining techniques from t h e  p la teau  l eve l ;  t h i s  would 
produce a maximum overburden of 1000 m. 

Kazakh , 
m e  d i  um 

The. s h o r t  period 
t h i s  suggests  t h a t  

is l e s s  e f f i c i e n t  a 

waves a r e  longer period than t h e  P waves from 
t h e  coupling between t h e  e ~ ~ 1 o s i o . n  and t h e  

t Sahara than Kazakh or  t h a t  t h e r e  is  more 
a t t enua t ion  i n  t h e  upper mantle between the  two s i t e s .  

The su r face  wave magnitude of t h i s  explosion gives a y i e l d  
es t imate  of 22 kton i n  t h e  range 10 - 40 kton. 

The estimated depth is s u f f i c i e n t  t o  f u l l y  conta in  an explosion 
of up t o  180 kton s o  i t  is unl ike ly  t h a t  t h i s  explosion vented. 



Explosion No. 23 

Epicentral Data: 

Array Data: 

i 

Date: 

Time GMT: 

Latitude: 

Longitude: 

Code Name: 

Source of Data: 

Yield: 

16 February 1966 

11 00 00.0 

24 ,04O~ 

5.04'E 

GRENAT 

[ l51 

Surface Wave Data (WWSSN) : 

Magnitude MS: 3.35 t 0.15 

Array Location: 

Aze 

r 

S tat ion AO 
P Wave 

Arrival Time 

---.-.----p-- 

1 1 0 6 2 5 . 8  

11 11 05.1 

11  12 18.0 

Period, 
S 

0.60 

0.60 

0.70 

Amplitude, 
"'P 

17 

5 

8 

165 

290 

53 

EKA 

GBA 
-- 

YKA 

L 

Magnitude, 

"b 

5.15 

4.90 

4.87 

31.7 351 

68.6 1 84 

81.3 325 



FIGURE 28(a) 
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FIGURE 28(b) 
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