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SUMMARY 

Since 1975 t h e  French have  conducted  underground nuclear  weapon 
tests beneath  t h e  Mururoa a to l l  in t h e  Tuamotu  Archipelago in t h e  Southern 
Pacif ic .  A l ea s t  squares  joint e s t i m a t e  of  origin t i m e  and  ep icen t r e  t oge the r  with 
a l eas t  squares  joint e s t i m a t e  of magnitude is  presented  fo r  presumed explosions 
in this  a rea .  These  a r e  based on  d a t a  taken  f rom bullet ins of  t h e  In terna t ional  
Seismological Cent re .  Some seismograms,  recorded in Canada ,  a r e  included t o  
i l lus t ra te  t h e  n a t u r e  of t h e  P waves  from t h e s e  presumed explosions. 

INTRODUCTION 

Basic source  information (location, origin t ime,  depth,  yield, e t c )  
about  underground nuclear  explosions is  impor tant  t o  seismologists in teres ted  in 
fundamenta l  propert ies  of t h e  s t r u c t u r e  of t h e  ea r th ,  as well as those  in t e re s t ed  
in discriminat ion be tween  ea r thquake  and explosion from the i r  se ismic  signals. 
Numerous sc ient i s t s  have appealed  fo r  t h e  re lease  of ep i cen t r a l  de t a i l s  of 
explosions to aid research  programmes (Bullen, 1958, Griggs a n d  Press,  1961, 
Teller,  1963). In response, Springer and  Kinnaman (1971, 1975) published t h e  basic 
ep icen t r e  de ta i l s  fo r  a l l  underground nuclear  explosions, US a n d  British, 
de tona ted  in t h e  USA f rom 1961 t o  1973. Numerous yield e s t i m a t e s  w e r e  a lso  
included. The  origin t i m e  and  prec ise  ep icen t r e s  of French underground nuclear  
explosions in t h e  Sahara  be tween 1961 and 1966 have  been published by Duclaux 
and Michaud (1970). However no comparable  d a t a  a r e  ava i lab le  fo r  underground 
explosions in t h e  USSR o r  t h e  French Pac i f i c  Tes t  S i t e  at t h e  ~ u ' a m o t u  
Archipelago. 

Severa l  in terna t ional  d a t a  c e n t r e s  co l l ec t  se ismic  wave  ar r iva l  t i m e s  
f rom a l l  ove r  t h e  world and  compute  e s t i m a t e s  of t h e  origin t i m e ,  ep i cen t r e ,  
depth  and s i z e  fo r  se ismic  disturbances. Bulletins containing t h e s e  d a t a  a r e  
published by t h e  US National Ear thquake  Information C e n t r e  (NEIC) in Colorado,  
USA, and  t h e  Internat ional  Seismological C e n t r e  (ISC) in Newbury, UK. A s imi lar  
serv ice  is provided by t h e  Ins t i tu te  of Physics of t h e  Ea r th  in Moscow, but t h e  
Soviet bulletin does  no t  repor t  d a t a  on Soviet  nuclear  explosions. The  F rench  
produce a bulletin for  the i r  met ropol i tan  a n d  Polynesian seismological  ne tworks  
but  t h e  bullet in conta ins  no information on French explosions. 

To provide seismologists  with improved e s t i m a t e s  of s o m e  of t h e  
basic source  informat ion  about  French presumed underground nuclear  explosions, 
se ismic  wave  ar r iva l  t i m e  and  ampl i tude  d a t a  co l lec ted  by t h e  ISC h a v e  been  
analysed using a joint ep i cen t r e  technique  (JED) t o  r e loca t e  t h e  epicent res ,  and  a 
leas t  squares  analysis  (LSMF) of ampl i tude  d a t a  t o  provide cons is ten t  e s t i m a t e s  
of t h e  se ismic  magnitude. A similar  s tudy has  a l ready been m a d e  fo r  explosions 
at t h e  Soviet test s i t e  near  Semipalatinsk, E a s t  Kazakh and  has  been  published 
by Marshal1 et a1 (1984). 



I t  is planned to carry  out  a similar study of o the r  Soviet test s i t e s  
such as Novaya Zemlya, North Caspian Sea region and t h e  Nevada Test  S i t e  
(NTS) USA. 

JOINT EPICENTRE RELOCATIONS 

'The Joint  Epicentre Determination (JED) method described by 
Douglas (1967) was employed t o  re locate  t h e  events  using P h PKP arrival  t i m e  
d a t a  taken from International Seismological Centre  (ISC) bulletins. To  fix t h e  
overall location of t h e  group, one of t h e  epicentres must b e  restrained t o  a 
predetermined value. 'The restrained epicentre  chosen was t h a t  for t h e  event  on 
25 July 1979, t h e  largest  and most  widely recorded. No t rue  epicentre  has been 
published and so the  location must  b e  fixed using other  evidence. The s t ra tegy 
used here  was t o  shift  t h e  restrained epicentre  until t h e  overall pa t t e rn  f i t t ed  
central ly over t h e  island (figure 1). Taking t h e  median lat i tude and longitude as 
representative of t h e  group, only when t h e  restrained epicentre  is located near  
t h e  southern coas t  does this median l ie on t h e  island and i t s  centra l  lagoon. The  
adopted epicentre  (2 1.88S, 138.94W) gives t h e  minimum deviation of t h e  median 
location from t h e  lagoon c e n t r e  ( taken a s  21.83S, 138.91W). Confidence in t h e  
restrained location is gained by t h e  f a c t  t h a t  t h e  ISC location (21.865, 139.OW) is  
approximately 6 km WNW of t h e  chosen position, a bias similar t o  t h a t  expected 
when stat ion t ravel  t ime  corrections a r e  not used (Lilwall and Underwood, 1970). 

Arrival t i m e  readings were weighted t o  remove gross e r ro r s  and allow 
for variation in t h e  quality of arrival  t i m e  measurement between stations. The 
e f fec t s  of gross errors were reduced using t h e  method of uniform reduction 
(Jeffreys, 1961). Where a stat ion reported sufficient events  (here set at 10) t h e  
standard deviation of t h e  residuals was calculated and t h e  station's arrival  t i m e  
readings weighted t o  account for variation in this. This technique also permit ted  
t h e  incorporation of a large body of PKP d a t a  which would al l  normally be  given 
ze ro  weight. 

Table 1 gives t h e  relocated epicentres, origin t imes  and t h e  95% 
confidence limits. All depths were  constrained to  a surface  focus source. 
Figure l shows t h e  epicentres  plotted on a map of t h e  atoll. Although t h e  
standard deviation of t h e  residuals (0.28s) is small t h e  poor azimuthal  distribution 
of stat ions results in relatively large limits, t h e  majority (22 o u t  of 28) however 
a r e  less than 10 km. All hut  th ree  (events 11, 22, 24) have 95% limits  which 
in tersect  t h e  island. 

3. DETERMINATION O F  MAGNITUDE 

The s i ze  of a seismic source is measured by i t s  magnitude. For short  
period (SP) seismic P wave da ta  t h e  Gutenberg and Richter  definition is used:- 

where A is t h e  amplitude of t h e  P wave in nm, T i t s  predominant period in 
seconds, B(A) a distance normalising t e rm and S a stat ion correction. 



Consider n explosions recorded at sorne o r  a l l  of q s tat ions.  Then if m 
is t h e  magnitude of t h e  i t h  explosion recorded at s t a t ion  j,  we  c a n  wr i t e  

m = b . + s . + ~  i j  1 J i j '  

where  b. depends o n  t h e  seismic s i ze  of t h e  explosion, S. is a s t a t ion  t e r m  and  s 
i' is an  er!or te rm.  Leas t  squares  c a n  b e  used t o  e s t i m a t d  bi and  S. if i t  is assumed 

t h a t  1 

By making t h e  fu r the r  assumption t h a t  t h e  e r ro r s  E i. a r e  normally distr ibuted,  
conf idence  l imi ts  c a n  b e  de termined for  bi and S.. ~ h \ s  is t h e  procedure  used t o  
obta in  t h e  l ea s t  squares  e s t i m a t e  of t h e  magnitudk of explosions (Douglas, 1966). 

The  basic input d a t a  a r e  taken  f rom t h e  ISC bulletins, e i t h e r  as mb o r  
in t h e  fo rm of log , ,  A/T f r o m  which g is  calculated.  T h e  s t a t ions  used a r e  
located in t h e  d is tance  range  60 t o  9 0  .%he mean  magnitude,  ( a  l ea s t  squares  
e s t ima te )  of  t h e  explosions is given in t a b l e  1. S ta t ion  correc t ions  a r e  given in 
t a b l e  2 toge the r  with t h e  95% conf idence  l imi ts  and  t h e  number of observations. 
The  s t a t i s t i c s  associated with t h e  l ea s t  squares  analysis a r e  given in t a b l e  3. 

4. SEISMOGRAMS 

The  shor t  period seismological a r r a y  s t a t ion  loca t ed  at Yellowknife, 
Canada ,  appea r s  t o  b e  well  placed t o  d e t e c t  explosions at Mururoa. Severa l  
examples  of t h e  beamed-array P wave  a r e  i l lustrated in f igure  2. I t  would appea r  
t h a t  t h e  s e i s ~ n o g r a m s  fal l  i n to  one  of t w o  categories .  For  example ,  explosion 
number 19  has  no la rge  second trough whereas  explosion number 24 has  a c lear ,  
la rge  second trough; t h e  presence  or  absence  of t h e  second la rge  ampl i tude  
trough def ines  t h e  t w o  categories .  The  presence of t h e  second trough may  b e  a 
"depth" e f f e c t  caused  by t h e  in terac t ion  of t h e  d i r ec t  P with t h e  f ree-sur face  
ref lect ion (pp) s ince  most  of t h e  explosions whit+ exhibi t  th is  f e a t u r e  a r e  of 
relat ively la rge  magni tude  compared  t o  t h e  lower magnitude explosions for  which 
t h e  second trough is absent .  
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TABLE 2 ( a )  

S t a t i o n  Terms f o r  Explosions a t  Mururoa 

ITERATION 0 

STATION COMPUTED* 95 PERCENT 
VALUE CONFIDENCE LIMITS NUMBER 

AL. 
ARE 
ASP 
BCT 
BDW 
BFD 
BKS 
BLA 
BM' 
BNH 
COL 
C TA 
DUG 
EDM 
EI*IM 
EUR 
FBA 
FFC 
FVM 
GIL 
GLS 
GOL 
HDM 
HNH 
J C  T 
LP3 
LON 
LPB 
U S  
MAW 
MS0 
NW 
NN A 
PIG 
PlvlR 
PNT 
SDV 
SES 
SPA 
STK 
TOO 
TOV 
TUC 
TUL 
UAV 
UC T 
WRA 
YKC 

* To use a s  s t a t i o n  co r rec t ions  the  s ign  of t h e  s t a t i o n  
term must be reversed (see  equation ( 2 ) ) .  



TABU 2(b)  

S t a t i o n  C o r r e c t i o n s  
ITERATION 3 

STATION COMPUTED 95 PERCENT 
VALUE CONFIDENCE LIMITS 

AlLg 
ARE 
ASP 
E T  
B&' 
BFD 
EMS 
BLA 
Brn 
BNH 
COL 
C TA 
DUG 
EDEl 
E r n  
ELX 
FBA 
mc 
FVM 
G I L  
GLS 
GOL 
HDM 
HIJH 
J C  T 
LD3 
LON 
LPB 
LPS 
MAW 
m0 
rvmi 
NIIA 
PYG 
PPIx 
PKll 
SDV 
SES 
SFA 
S'IE; 
TOO 
Tov 
TUC 
TUL 
UAV 
UC T 
WRA 
KC 

NUMBER 



TABLE 3 

Statistical and Other Variables Used - French Test Site 

Iteration 0 

Number of Readings 

Number of Unknowns 

Sum of Squares of Residuals 

Mean Square of Residuals 

Number of Degrees of Freedom 

Students T 

Sum of Residuals 

Sum of Squares Due to Stations 

Mean Square Due to Stations 

Number of Effective Stations 

Sum of Squares Due to Events 

Mean Square Due to Events 

Number of Effective Events 

Mean Station-Event Effect 

Sum of Dummy Variables 

Squares Due to Dummy Variables 



TABLE 3 (continued) 

Iteration 3 

Number of Readings 

Number of Unknowns 

Sum of Squares of Residuals 

Mean Square of Residuals 

Number of Degrees of Freedom 

Students T 

Sum of Residuals 

Sum of Squares due to Stations 

Mean Square due to Stations 

Number of Effective Stations 

Sum of Squares due to Events 

Mean Square due to Events 

Number of Effective Events 

Mean Station-Event Effect 

Sum of Dummy Variables 

Squares due to Dummy Variables 
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FIGURE 2. EXAMPLES OF THE P-WAVEFORMS RECORDED AT YELLOW- 
KNIFE, CANADA FROM UNDERGROUND EXPLOSIONS AT 
MURUROA. 
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