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ABSTRACT 

A d e t a i l e d  model f o r  the a t t enua t ion  o f  high frequency ( 1-8 RZ) 

P waves is developed for the paths from t h e  Sovie t  test s i te  i n  e a s t e r n  

Kazakhstan t o  t h e  sites o f  t h e  fou r  20-element United Kingdom a r r a y s .  These 

short period a r r a y s  ( Scotland,  India ,  Canada and A u s t r a l i a )  have been 

operated i n  an e s s e n t i a l l y  cons tant  conf igura t ion  s i n c e  t h e  mid-1960's and 

are very  w e l l  s u i t e d  to  high frequency spectral analyses.  Event P wave 

s p e c t r a  are computed by summing the power s p e c t r a  ( co r rec t ed  for the noise  

power) from ind iv idua l  a r r a y  elements, and the i n t e p r e t a t i o n  is based on 

very smooth average pa th  s p e c t r a  obtained by s t ack ing  s p e c t r a  from many 

s i m i l a r e v e n t s .  Effects of source d i f f e rences ,  e s p e c i a l l y  corner  frequency 

v a r i a t i o n s ,  can be seen and taken i n t o  account. The a t t e n u a t i o n  model 

inc ludes  con t r ibu t ions  from both i n t r i n s i c  absorpt ion and s c a t t e r i n g .  The 

absorpt ion  Q dominates at low frequencies  and is s t r o n g l y  dependent on 

frequency on t h i s  band. The p re fe r r ed  model has t* = 0.6 seconds at  long 

period and frequency dependence charac ter ized  by a half-amplitude va lue  

(rm) of 0.05 t o  0.1 seconds. The s c a t t e r i n g  is represented by an 

e s s e n t i a l l y  frequency-independent t* of about 0.1 seconds and has an 

important effect above 2.5 Hz .  Differences i n  t h e  phase spectrum for these 

two mechanisms f o r  a t t enua t ion  are important.  A key conclusion is that 

r eg iona l  a t t enua t ion  v a r i a t i o n s  are not  represented very  w e l l  by f i t t i n g  

frequency-independent t* opera to r s  to  P wave spectra i n  the 0.5 - 3.0 Hz 

band. Source spectrum v a r i a t i o n s  can have a l a r g e  b i a s i n g  effect, as can  

the effect of frequency dependence of  Q. The Q w i l l  be s e r i o u s l y  

overestimated i f  frequency dependence is present ,  bu t  not  included i n  the 

model. 
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I. JNTRODUCTION- AND SUM?4ARR 

BACKGROUND 

Despite much e f f o r t ,  there remains a n  inadequa te  q u a n t i t a t i v e  

unders tand ing  of t h e  e f f e c t  of a t t e n u a t i o n  and its r e g i o n a l  v a r i a t i o n s  on  

the ampli tude o f  s h o r t  pe r i od  P waves. U n t i l  v e r y  r e c e n t l y ,  t h i s  

a t t e n u a t i o n  has always been r ep re sen t ed  by  a Q mich is independent of 

frequency.  However, it has become i n c r e a s i n g l y  clear that there must be 

some frequency dependence that cause s  the effective Q at  long  p e r i o d s  

(greater t h a n  10 seconds)  t o  be much smaller t h a n  that at  h igh  f r e q u e n c i e s  

( g r e a t e r  t h a n  3 Hz). But how the Q varies between the two and how much 

effect t h i s  frequency-dependence has i n  the 0.5-2.0 Hz band where P wave 

ampl i tudes  are measured is n o t  known. 

There are s e v e r a l  reasons  why a s o l u t i o n  t o  t h i s  problem remains  

e l u s i v e .  The most important  is that  the data are inadequa t e j  the 

i l l u m i n a t i n g  characteristics are obscured by  n o i s e  and path effects. 

Another reason  is that  there is a St rong  t r a d e o f f  between sou rce  and 

a t t e n u a t i o n  effects i n  t h i s  band, most of the e v e n t s  that p rov ide  the best 

data have their c o r n e r  f requency w i t h i n  o r  ve ry  nea r  the 0.5-2.0 Hz band. 

I n  unders tand ing  the a t t e n u a t i o n  a t  these h i g h  f r equenc i e s ,  it is 

n o t  enough t o  cons ide r  o n l y  the ampli tude a t t e n u a t i o n .  The effects on the 

phase spectrum ( d i s p e r s i o n )  can a l s o  be important .  As has been po in t ed  o u t  

many t imes ,  ve ry  e f f e c t i v e l y  i n  a r e c e n t  paper b y  Richards and Menke (1983), 

there are d i f f e r e n c e s  between the phase effects o f  a t t e n u a t i o n  due  t o  

i n t r i n s i c  ab so rp t i on  and that due t o  s c a t t e r i n g .  Understanding these 

d i f f e r e n c e s  and p r o p e r l y  account ing  f o r  them is important  t o  e x p l a i n  k e y  

characteristics of observed P wave s i g n a l s .  



OBJECTIVE AND APPROACH 

The o b j e c t i v e  o f  th is  s t u d y  is t o  develop the k ind  of detailed 

understanding of a t t e n u a t i o n  needed to  con f iden t ly  assess the effect of its 

frequency dependence, mechanism and r e g i o n a l  v a r i a t i o n  on  short tperiod P 

waves. The key  is t o  have adequate data, and these are provided by 

record ings  of underground explos ions  made by  the f o u r  20-element United 

Kingdom a r r ays .  The data base is described i n  detail i n  Sec t ion  I1 where we 

n o t e  that these arrays provide  a uniform and c o n s i s t e n t  sou rce  of data for 

even t s  ( i nc lud ing  ear thquakes)  occu r r ing  s i n c e  1966. Because of the array 

des ign  and instrument  response, these data are uniquely s u i t e d  t o  high 

frequency spectral ana lyses .  

The a n a l y s i s  is based on the characteristics o f  the P wave spectra 

of underground nuc l ea r  explosions,  and data are a v a i l a b l e  for n e a r l y  a l l  

underground nuc l ea r  test sites e v e r  used. However, i n  t h i s  s tudy  we focus  

on the major Sov ie t  test site i n  e a s t e r n  Kazakhstan, and therefore on the 

a t t e n u a t i o n  i n  C e n t r a l  Asia. A few r e s u l t s  for some important US ( o u t s i d e  

Nevada) and French (Sahara)  tests are also b r i e f l y  d i scussed .  

While not  d i r e c t l y  r e l a t e d  to, o u r  primary focus  on a t t e n u a t i o n ,  

we also d i s c u s s  i n  Sec t ion  I11 the observa t ion  that the Shagan River  test  

site seems t o  d i v i d e  i n t o  two separate and d i s t i n c t  sites. !Phis is based on  

the fact that even t s  i n  the no r theas t  half of the site write seismograms 

that are d i s t i n c t l y  and c o n s i s t e n t l y  d i f f e r e n t  from the seismograms w r i t t e n  

b y  even t s  i n  the southwest half.  La te r ,  i n  Sec t ion  VI, we see that the 

spectra for these two areas are also d i f f e r e n t  i n  a way that sugges t s  that 

the source  co rne r  frequency is s y s t e m a t i c a l l y  d i f f e r e n t  ( for roughly the 

same y i e l d ) .  This suppor t s  the conclusion that the waveform d i f f e r e n c e s  

are due t o  site geology and is c o n s i s t e n t  wi th  the hypothes i s  that  the 

even t s  i n  the southwest occur  i n  a less competent or weaker material. 



1 . 3  METHOD -- 

The technique  f o r  e s t i m a t i n g  t h e  spectrum is described i n  S e c t i o n  

IV .  Each element o f  the a r r a y s  is processed s e p a r a t e l y ,  first computing 

energy  d e n s i t y  spectra f o r  ve ry  short ( t y p i c a l l y  2.5 seconds)  t i m e  windows 

chosen t o  i s o l a t e  t h e  f i r s t - a r r i v i n g  P-wave. The power spectrum o f  a n o i s e  

window j u s t  b e f o r e  the s i g n a l  is s u b t r a c t e d  and the f i n a l  e v e n t  spectrum is 

computed from the average of these ove r  the array. These a r r a y  s p e c t r a  are 

much smoother and simpler t h a n  s i n g l e  s e n s o r  spectra, and for many e v e n t s  

are c o n f i d e n t l y  determined t o  0 Hz. The nex t  step is t o  stack these spectra 

for s i m i l a r  even t s .  The stacked spectra are v e r y  smooth and are shaped b y  

o n l y  the average sou rce  spectrum and a t t e n u a t i o n .  Comparing d i f f e r e n t  

classes o f  even t s ,  the  sou rce  effects can  be i d e n t i f i e d  and their infLuence 

suppressed .  Thus o u r  a n a l y s i s  r e s u l t s  i n  smooth and c o n s i s t e n t  spectra 

whose shape is dominated by  t h e  effect o f  a t t e n u a t i o n .  

A remarkable f e a t u r e  o f  the spectra is that  t h e y  a l l  l i e  v e r y  c l o s e  

t o  the same s t r a i g h t  l i n e  above 2 . 5  Hz. Th i s  r e s u l t  depends on  the accuracy  

o f  the c a l c u l a t i o n s  at  f r equenc i e s  ( > 4  Hz) above t h o s e  where a lmos t  a l l  

p r ev ious  work has concen t ra ted .  Fu r the r ,  we are aware that  o t h e r  systems 

( e g ,  NORSAR and the SRO) cannot  g i v e  a c c u r a t e  spectra above 3 or 4 Hz 

because o f  d i s c r e t i z a t i o n  e r r o r s  a r i s i n g  f r o m  the g a i n  r ang ing  used i n  the 

d i g i t i z a t i o n  (eg BUngUm, 1903) .  Thus, we have s p e n t  cons ide r ab l e  e f f o r t  t o  

deve lop  conf idence  i n  the accuracy of o u r  r e s u l t s  a t  4-8 H z .  One impor tan t  

part o f  t h i s  e f f o r t  was a s t u d y  o f  the characteristics of the n o i s e  at  the 

UK arrays and t h e  r e s u l t s  o f  t h i s  s t u d y  are described i n  S e c t i o n  V. 

ATITNUATION FROM E. KAZAKH TO THE UK ARRAY STATIONS 

W e  have developed a clear, c o n s i s t e n t  an8 rather detailed model 

for a t t e n u a t i o n  between 1 and 8 Hz on these f o u r  paths. A key  f e a t u r e  of 

the model is that it separates the effect o f  a t t e n u a t i o n  due  t o  i n t r i n s i c  

ab so rp t i on  from that due t o  s c a t t e r i n g .  The latter is r ep re sen t ed  by  a 

frequency-independent ( o v e r  t h i s  band)  Q that. g i v e s  a t': o f  about  0.1 

seconds.  I t  is l i k e l y  that t h e  a t t e n u a t i o n  on eve ry  path, no matter what 



the i n t r i n s i c  absorpt ion,  inc ludes  a s c a t t e r i n g  con t r ibu t ion  o f  at least 

t h i s  s i z e .  On these p a r t i c u l a r  paths the i n t r i n s i c  absorpt ion  has a 

frequency dependence that has a s t rong  effect on the spectrum between 1 and 

4 Hz. The i n t r i n s i c  absorpt ion  is not  the same f o r  a l l  f o u r  paths, some 

(rather small) d i f  ferences can be seen. The p re fe r r ed  model f o r  the paths 

t o  GBA ( I n d i a  ) and WRA ( A u s t r a l i a )  has a long period tX of 0.6 seconds am 

frequency dependence charac ter ized  by a half amplitude (rm) value  o f  0.05 

seconds. For EK?i (Scot land)  the 7, appears t o  be somewhat larger, the best 

estimate is 0.1 seconds. The a t t enua t ion  t o  YKA (Canada) appears t o  be 

intermediate  between t h a t  f o r  t h e  GBA and EKA paths. Spectra were a l s o  

computed f o r  PcP phases recorded at GBA and show t h a t  the a t t enua t ion  is 

s l i g h t l y  g r e a t e r  than f o r  P. 

The Constant t* part o f  the model is dominant a t  h igh  f requencies  

and t h e  evidence that the mechanism is s c a t t e r i n g  seems q u i t e  clear. F i r s t ,  

we f i n d  t h a t  t h e  spectrum is the same above 2.5 Hz f o r  al l  classes o f  even t s  

and a l l  s t a t i o n s ,  and e s s e n t i a l l y  falls along a cons tant  t *  l i n e .  Second, 

the c d a  has more high frequency than  t h e  i n i t i a l  P wave. Third, s y n t h e t i c  

eeismograms w i l l  on ly  match t h e  data i f  the a t t enua t ion  at h igh  f requencies  

causes d i spe r s ion  and pu l se  broadening much greater than  t h a t  expected f o r  

i n t r i n s i c  a t t enua t ion .  

Inference of a t t enua t ion  at the lower frequencies  (1 - 3 H z )  

r equ i r e s  co r rec t ion  f o r  the source. W e  cannot be s u r e  we have been 

completely success fu l  i n  doing so, bu t  are able t o  see the effect o f  source  

corner  frequency on the spectrum and base our  r e s u l t s  on events  f o r  which it 

is least. These are large (q, > 6.0)  events  i n  the southwest po r t ion  o f  the 

shagan River  test site. 



The accuracy  of o u r  model is v e r i f i e d  by comparison on s y n t h e t i c  

and observed seismograms. W e  see that t o  improve the s y n t h e t i c s  we must: 

1. In t roduce  a Q model which has t h e  p rope r  phase spec t rum 

for the s c a t t e r i n g  c o n t r i b u t i o n .  

2 .  IntroUuce a pp r e f l e c t i o n  c o e f f i c i e n t  which is 

frequency-dependent and smaller t h a n  the elastic. 

F i n a l l y ,  one of the key conc lus ions  of t h i s  work is that  the effect 

o f  r e g i o n a l  a t t e n u a t i o n  v a r i a t i o n s  on magnitude is no t  r ep r e sen t ed  v e r y  

w e l l  b y  d i f f e r e n c e  i n  the frequency-independent tX that f i t  P wave spectra 

i n  the  0.5-3.0 Hz band. Source spectrum v a r i a t i o n s  can  have a large b i a s i n g  

effect, and there must be frequency dependence on  t h i s  band. W e  have  

i n v e r t e d  t h e  frequency-dependent tX i n f e r r e d  f o r  these f o u r  p a t h s  to 

determine a Q model f o r  f > 1 Hz f o r  c e n t r a l  Asia. T h i s  model appears to be 

a c o n s i s t e n t  high frequency ex t ens ion  o f  the worldwide abso rp t i on  band Q 

model of Anderson and Given (1982), b u t  has much lower Q t h a n  would be 

ob t a ined  i f  the frequency-dependence were ignored .  

ADDITIONAL RESULTS 

W e  a l s o  d i s c u s s  i n  s e c t i o n  V11 the a v a i l a b l e  P wave s p e c t r a  f o r  

SALMON, the Amchitka e v e n t s  and the French Sahara even t s .  The data are 

s p a r s e  and the i n t e r p r e t a t i o n  d i f f i c u l t .  'Phe major p o i n t  is that  it w i l l  be 

necessa ry  t o  account  for the sou rce  t o  unders tand the  a t t e n u a t i o n  effect, 

and t h i s  has no t  y e t  been done. For  SALMON and two o f  the three teleseismic 

paths from Amchitka, there is no obvious  ev idence  f o r  s i g n i f i c a n t  

a t t e n u a t i o n  d i f f e r e n c e s  w i t h  respect t o  E. Kazakh; for one path (Amchitka 

t o  WRA) the a t t e n u a t i o n  is c l e a r l y  greater. For  French Sahara e v e n t s  a 

s i m i l a r  mixed p i c t u r e  emerges, w i t h  some i n d i c a t i o n s  o f  greater 

a t t e n u a t i o n ,  b u t  other ev idence  that it is no t  much d i f f e r e n t  t h a n  for E 

Kazakh . 



The next  s t e p  is t o  s tudy s p e c t r a  f o r  NTS events ,  which are 

numerous enough t h a t  we can hope t o  separate source and a t t enua t ion  

effects. Cer t a in ly  the NTS spectra a p p e a r , t o  be q u i t e  d i f f e r e n t  on i n i t i a l  

review. Perhaps t h e  i n s i g h t  gained i n  i n t e r p r e t i n g  them w i l l  a l s o  help fit 

the Amchitka and French Sahara s p e c t r a  i n t o  a coherent  p i c t u r e  o f  r eg iona l  

a t t enua t ion  v a r i a t i o n s  and their effect on body wave magnitude. 



I1 UNITED KINGDOM ARRAY DATA 

I n  the mid-1960's the United Kingdom deployed four arrays which 

have now been operated w i t h  essentially constant characterist ics for nearly 

two decades. Important characteristics of the array8 are  listed i n  Table 1 

and the locations are  mapped in Figure 1. 

The configuration of each array is shown in  Figure 2 .  The 

seismmeter response harr been carefully determined and checked over the 

years by the Blacknest s ta f f  and is very w e 1 1  known up t o  l0 Hz and beyond. 

I t  varies s l ight ly  among the stations and there have been some changes over 

the years, but a l l  t h i s  information is included in  the software used t o  read 

the data tapes and prepare them for processing. me amplitude reeponoea are  

plotted in  Figure 3. On the right side the reeponee for d ig i ta l  recording 

is compared t o  the reeponse of several other widely used instruments. Note 

that  the m seismometers respond l ike other short period seismometers at 

low frequencies, b u t  are much more sensitive t o  high frequencies. 

The standard processing applied t o  the UK array data includes 

simple delay-and-sum beamforming. For underground explosions we know the 

event locations, and simply use the slowness from the J-B tables t o  form the 

beam. More accurate slowness estimates and station corrections cannot make 

any significant improvement on the beam because of the s ize  of the arrays 

and relative simplicity of the s i t e  geology. The data quality obtainable 

for an early low signal/noise event ( S W N  ) is i l lustrated i n  Figure 4. A l l  

data are carefully examined t o  identify faulty channels (eg R10 and BB ) . 
Also, the spectral  processing described l a t e r  is a sensitive indicator of 

high frequency syetem noise, and is used t o  identify faulty data. 

It is necessary t o  discard a l l  overloaded channels. We know that  

5 volts is the maximum signal allawed by the instrumentation, so the data 

processing software marks a l l  channels where t h i s  level ha8 been reached. 

We also know that  the inmtrument response muet become non-linear a t  some 

point as the 5 volt  level is approached. We took a cautious approach and 





Figure 1 The UK array locations are plotted on an azimuthal great circle 
projection centred at SOON 7g0E. All stations are between the 
circular lines indicating ranges of 30' and go0. 
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Figure 2 (continued) 



SKETW MAP OF THE CAURIBIDMUR ARRAY 

Figure 2 (continued) 
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Figure 3 The instrument amplitude responses are plotted for the UK arrays. 
The analog recording response is nearly identical for EKA, GRA and 
IJRA. The SASP is the response when digital recording is used and 
it is compared to the response of several other short period 
seismometer systems. 



Figure 4 TKA data for the -19 (22 October 1964) beam rrrr (SUM) .nd 

individual array elrwatr are plotted. Tbr channel8 u r k e d  4 t h  an artrrirk are 
faulty (md wen net kluded in the mm. 



Figure 4 (contiaued) 



P i p e  4 (continued) 



Figure 4 (continued) 



designed the  software t o  mark a l l  channels where the  signal  haa exceeded 90% 

of the  clipping level ,  tha t  is, 4.5 volts ,  and did not use these channels 

i n  any of the  subsequent analysis. The process is i l lus t ra ted  fo r  a large 

event a t  EXA i n  Figure 5. 

A very d i f f i cu l t  f au l t  t o  identify is the  presence of small 

electronic spikes. Undetected, these w i l l  exaggerate the  high frequency 

content of the  signal .  We t r y  t o  eliminate t h e i r  e f fec t  by looking a t  t he  

. spectrum of every signal  and noise window processed, then delet ing channels 

t ha t  show any unusual high frequency behaviour. This information is then 

included i n  the  data base fo r  future researchers. 

The epicentral  distance of the four UK s ta t ions  from test sites of 

principal  concern is l i s t ed  i n  Table 2.  Only s ta t ions  i n  the 20-90° window 

are  sui table  for  studying the character is t ics  of teleseismic P, with 

s ta t ions  beyond 30° being preferred. Thus, for  eastern Kazakhstan a l l  four 

s ta t ions  are  a t  excellent distances while two o r  three s ta t ions  are at  

sui table  ranges for  other t e s t s  sites. Those data tha t  have been careful ly  

prepared for detailed analysis (as of 1 March 1984) are l i s t ed  i n  Tablea 

3-7. The data collection and quali ty control e f fo r t  is continuing and is 

expected t o  continue throughout the current contract.  

For each event the  ISC ( o r  PDE when ISC is unavailable) is 

l i s t ed .  Also l i s t ed  for  the E Kazakh events is an q, computed by P Marshal1 

and colleagues a t  Blacknest using a least squares method (Douglas, 1966 ) 

for  estimating s ta t ion corrections tha t  give the minimum variance Q. See 

Marshal1 g g (1984) f o r  de t a i l s  on these Q. 
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Figure 5 The CllA data are plotted for the 5 llrp 1982 Slugan Rfnr explosion, 

Tb. ch9nelr u r k e d  '0' are overloaded, whilr thore marked 'C' b e  peak mtionr 
greater tlua 90% of the ryrtem maxim. Only Rl, R3, B4 and B6 are included in 



C - L W  E I ( Y I  I C  m l C Y I W I d u 3  O m  ~ Y V O I I I  
r; 

Figure 5 (continued) 



Figure 5 (continued) 



Figure 5 (continued) 



Table 2 

Epicentre Distance to Major Test Sites 

Test Site 

E Kazakhstan 

NTS 

French Sahara 

French Mururoa 

Novaya Zemlya 

N Caspian 

EKA 

47.1 

71.7 

31.7 

133.2 

28.9 

32.2 

YKA 

67.5 

25.5 

81.3 

86.3 

44.0 

69.2 

GBA 

36.2 

128.1 

68.6 

144.5 

61.4 

41.9 

WRA 

85.4 

117.2 

not 
operating 

80.0 

106.3 

102.0 



Table 3 

Degelen Explosions 

Key: A - Available for processing 

0 - A l l  channels overloaded 

X - Data unusable or unavailable 

? - N o t  now available, but may be recoverable 

N - Too small to be seen 

Date 

18-12-66 

26-02-67 

25-04-71 

30-12-71 

20-02-75 

29-03-77 

30-07-77 

26-03-78 

22-04-78 

28-07-78 

15-10-78 

31-10-78 

06-05-79 

31-05-79 

18-10-79 

22-05-80 

31-07-80 

19-02-82 
l 

ISCDDE* 

mb 

5 . 8  

6 .O 

5 . 9  

5 . 7  

5 . 7  

5 . 4  

5 . 1  

5 . 6  

5 . 3  

5 . 7  

5 . 2  

5 .2  

5 . 2  

5 .3  

5 .2  

5.5 

5 . 3  

5 .4*  

Blacknest 
mb 

6.00 

5 .80 

5.73 

5.09 

5.62 

5 .29  

5 .68  

5 . 1 1  

5 .20  

5.18 

5.22 

5 .18  

5 .48  

5 .29  

0 

A 

0 

A 

A 

A 

A 

X 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

0 

0 

0 

A 

X 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

E K A G B A W R A Y X A  

0 

X 

0 

0 

X 

X 

A 

A 

A 

A 

X 

A 

A 

.I 

0 

0 

0 

0 

A 

A 

A 

A 

A 

0 

A 

A 

A 

A I A 

A 

A 

A 

X 

A 

A 

A 

A 



Table 4 

shaqan River E%ploaions 

#A broad-band velocity instrument is  operated at 1-ain. 
The notation VBB indicates that the array data are clipped, 
but thie single element is available. 

Date 

15-01-65 

19-06-68 

30-11-69 . 
30-06-71 

10-02-72 

2-11-72 

10-12-72 

23-07-73 

14-12-73 

31-05-74 

16-10-74 

27-12-74 

27-04-75 

30-06-75 

29-10-75 

25-12-75 

21-04-76 

09-06-76 

09-07-76 

28-08-76 

23-11-76 

07-12-76 

29-05-77 

29-06-77 

05-09-77 

30-11-77 

11-06-78 

05-07-78 

29-08-78 

15-09-78 

04-11-78 

29-11-78 

ISC/PDL* 
='b 

5 .8  

5 . 4  

6 . 0  

5.4* 

5 . 4  

6 . 1  

6 .O 

6 . 1  

5 . 8  

5 . 9  

5 .5  

5 .6  

5 . 6  

5 .O 

5 .8  

5 .7  

5 .3  

5.3 

5 .8  

5 .8  

5 .8  

5 .9  

5 .8  

5 . 3  

5 .8  

6 .O 

5 . 9  

5 .8  

5 . 9  

6 .O 

5 .6  

6 . 0  

Blackneat 
mb 

5.29 

5.37 

6.18 

5.82 

5.83 

5.47 

5 .50  

5.56 

4.63 

5.74 

5.70 

5.12 

5 . 8 1  

5.82 

5.87 

5 .90 

5.77 

5.22 

5.74 

5.86 

5.83 

5.99 

A 

A 

A 

A 

A 

0 

A 

0 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

! A 

G m  

X 

A 

X 

A 

X 

0 

0 

0 

X 

0 

A 

A 

A 

A 

A 

0 

A 

A 

0 

A 

A 

0 

0 

A 

0 

0 

0 

0 

0 

0 

5.56 A 

0 

A 

A 

ODRA 

X 

X 

A 

X 

A 

0 

A 

0 

A 

X 

X 

X 

X 

X 

A 

A 

? 

X 

X 

X 

X 

X 

X 

A 

A 

X 

-IC 

0 

0 

X 

A 

X 

0 

0 

0 

0 

0 

0 

0 

0 

A 

? 

0 

A 

A 

0 

0 

0 

0 

A 

0 

0 

l V B B  
0 

A 

X 

VBB 

0 

: 1, 
A VBB 



Table 4 Continued 

Date 

01+2-79 

23-06-79 

07-07-79 

04-08-79 

18-08-79 

28-10-79 

02-12-79 

23-12-79 

25-04-80 

12-06-80 

29-06-80 

14-09-00 

12-10-80 

14-12-80 

27-12-80 

29-03-81 

22-09-81 

27-05-81 

13-09-81 

18-10-81 

29-11-81 

27-12-81 

25-04-82 

04-07-82 

31-08-82 

05-12-82 

26-12-82 

ISC/PDE* 

'% 

5 . 4  

6 . 2  

5 . 8  

6 . 1  

6 . 1  

6 . O  

6 . 0  

6 . 2  

5 . 5  

8 . O  

5 . 7  

6 . 2  

5 . 9  

5 . 9  

5 . 9  

5 .6* 

5 .  9* 

5 . 4 *  

6 . 0 ~  

6 .o* 

5 .6* 

6 .2*  

6 .l* 

6.1* 

5 . 4 *  

6 . 1 *  

5 .7*  

Blacknest 
mb 

5 .38  

6 . 2 2  

5 .83  

6 . 1 6  

6 . 1 2  

5 .96  

6 . 0 1  

6 . 1 8  

5 . 5 0  

5 . 5 9  

5 . 7 4  

6 . 2 1  

5 . 9 0  

5 .95  

5 . 8 8  

5 . 6 1  

6 .05  

5 .46  

6 . 1 8  

6 . 1 1  

5 . 7 3  

6 . 3 1  

A 

A 

A 

A 

A 

A 

A 

A 

X 

? 

A 

0 

A 

A 

A 

A 

A 

X 

A 

A 

A 

0 

X 

X 

A 

A 

A 

A 

0 

X 

A 

A 

0 

0 

X 

A 

A 

X 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

? 

A 

X 

0 

X 

A 

A 

A 

A 

0 

A 

A 

A 

0 

A 

A 

A 

X 

A 

? 

A 

A 

A 

0 

A 

X 

A 

A 

A 

0 

0 

VBB 

VBB 

VBB 

0 

0 

0 

A 

VBB 

VBB 

0 

VBB 

0 

X 

0 

0 

VBB 

VBB 

VBB 

VBB 

0 

X 

0 

A 

VBB 

VBB 



Table S 

Pmnch Exploeiom 

 ate 

18-3-63 

20-10-63 

01-12-65 

0247-65 

16-02-66 

 ate 

26-11-75 

11-07-76 

19-02-77 

19-03-77 

06-07-77 

22-03-78 

19-07-78 

26-07-78 

30-11-78 

17-12-78 

19-12-78 

09-03-79 

24-03-79 

29-06-79 

25-07-79 

22-11-79 

23-02-80 

Sahara 

Emerald 

Rubia 

Tourmaline 

Saphir 

Grenat 

Mururoa 

I%% 

ISCaQ, 

5 .O 

5 . 2  

5 . 8  

5 . 2  

4 . 8  

5 . 8  

4 . 9  

4 . 9  

5 . 4  

6 .O 

03-03-80 

23-03-80 

01-04-80 

04-04-80 

16-06-80 

21-06-80 

I I 

( 5 . 7  

] 5 . 1  1 4 . 5  

l 5 . 4  
l 
l 

I I N  
A  

! 

I N / A  

EKA 

A 

A 

A  

A  

A  

mm 

I A  

03-08-81 
.08-12-82 

A  

06-07-80 1 I 4 . 6  

CiBA 

X 

X 

X 

X 

A  

CBA 

I 19-07-80 , 
03-12-80 j 

" 1 :  

l 

i 1 

5 . 8  

A 
A  

WRA 

WRA 

A  

X 

X 

X 

A  

A 

' A  : l .  

A  
I l A  

I N  I A  
l ' A I A  

N  ! A  
N i A  

I 

7 1 0  
I 

i X  
i A 

A 

06-03-81 j l 
128-03-81 ' l 
08-07-81 j 

A  
A  

! ' 0  
! N ~ A  1 

A  1 
N i A  1 0 
N ' A  

1 a i A  

YKA 

A 

A  

A  

0 

A  

YKA 

A  

A  

A  

0 

A  

A  

I 

-L 

A 1 A  



T a b l e  6 

NTS E x p l o s i o n s  

 ate Name 

YUCCA PLAT 
17-12-70 l C a r p + b a g  

27-09-77 / B u l k h e a d  1 25-05-77 ! C r e w l i n e  

19-08-77 1 Scantling 

14-12-77 1 Parallones 

i 12-07-78 mll i 
j 27-09-78 D r a u g h t s  i 
j 27-09-78 ! R- 
1 
i 18-11-78 j Q u a r g e l  

i 06-09-78 ! H e a r t s  
I 

b 
A 

5.8  

5 .7  

5 .3  

5 .5  

5.7 

5.6 

5 . 0  

5.8 

5 . 1  

5.8 

A 

0 

X 

0 

0 

0 

0 

0 

i 

o l 
O I 
A  

A 

A 

A 

X 

N 

A 

X 

A 

A 

N 

A 

A 

A 

1 05-08-82 j A t r i s c o  

0 

A 

A 

A 

A 

A 

A 

0 

A 

0 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

5 .9  

5 .8  

5.9 

6 . 1  

6 . 2  

6 .2  

6 . 1  

5 .8  

5 .8  

6 . 2  

6 . 0  

5 .7  

5 .6  

5 .5  

5 . 6  

! 
I P m  MESA 

30-06-66 1 Halfbeak 
l 

1 20-12-66 1 G r e e l e y  1 14-05-75 !I'yb~ 

S t i l t o n  

26-06-75 

28-10-75 

03-01-76 

12-02-76 

14--02-76 

09-03-76 

19-03-76 

17-03-76 

11-04-78 

03-08-78 

26-04-80 

06-06-81 

Camember t  

Kasseri 

M u e n s t e r  

Pontina 

C h e t a h i r e  

E s t u a r y  

C o l b y  

P 0 0 1  

Baclcbeach  

Panir  

C o l w i c k  

B a r z e r  



Table 7 

US Exploeione - Non-NTS Tuff/Rnyolite 

n A single low-gain channel ie indicated by SM. 

m t e  

22-10-64 

29-10-65 

02-06-66 

19-01-68 

02-10-69 

06-11-71 

~ a m e  

Salmon 

Langnhot 

Piledriver 

Fault lees 

Milro~ 

Cannikin 

% EKA* 

N 

A 

A 

A 

SM 

SM 

n < ~  

A 

A 

0 

0 



111 SAAGAN RIVER - IM3 DISTINCT TEST SITES? 

A remarkable feature of the Shagan River data ( see Appendix A for 

the array beam seiemograme for a l l  events) recorded a t  the UK arrays is the 

way the waveforms consistently f a l l  into two classes. For example, a t  MA 

the waveforms for many events are quite simple, while others exhibit a 

consistent type of complexity. It is easy to  recognise the two types and 

separate the evente into Class 1, characterised by simple waveforms, and 

Claes 2 .  Some typical events in each class are shown i n  Figure 6.  This 

would not be especially noteworthy, except that the Claos 1 and C l a s s  2 

events also write distinctly different seiemograma a t  GBA and WRA, in  

Figure 7 .  A t  GBA the C l a s s  1 evente write very simple aeismograms, while 

the C l a s s  2 events show a strong interference shortly af ter  the second peak. 

A t  WRA C l a s s  1 events write seimograme wi th  l i t t l e  energy af ter  the second 

peak, while C l a s s  2 events are characterized by complex eignalo that 

continue for several cycles. A t  ntA the array data are too e-se t o  t e l l  

whether a similar separation occurs. However, the single channel velocity 

broad-band data do not seem to  separate into two classes. This may indicate 

that the waveform dichotomy does no t  occur a t  a l l  azimuths, or ( less  l ikely) 

that array beaming to  remove near receiver effects is necessaryto bring out 

the differences . 

For the three stations where the separation into two classes is 

clear, the waveform classification for 57 Shagan River events is summarised 

in Table 8. Fifteen of these were observed a t  only one station, while 29 

are observed a t  tw and 13 a t  a l l  three stations. O f  the l a t t e r  42 events, 

the classification is ambiguous for only three. Thus, the waveform 

complexity for C l a s s  2 events must be due to  something about the source 

and/or its vicinity. 

We note from the sumaary a t  the end of Table 8 that while the Class 

2 evente have generally mal ler  %, there is too much overlap to  attribute 

the waveform differences t o  source eize. The examples i n  Figures 6 and 7 

a180 demonstrate th i s  point. The explanation almost certainly muat be i n  

Ilysteratically different source coupling and/or near eource geology. 



Figure 6 Tbe m r r i m p a u  ( b a u d  array m) are plotted for two C l u r  1 
.1Dd tkae Clms 2 S h g m  River mmtr. The 5 ate indicated for each m a t .  - 
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Figure 7(a) m o  Clara 1 md tbroe C l u n  2 eeiamgram~ are plotted for CM. 
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Figure 7(b)  h Clua  l J th-• Clua  2 @ a i m ? -  a n  plottod for W. 



Waveform Classification for S h a ~ a n  River Explosions 

Date - GBA - 
X 
X 
X 
2 
X 
X 
X 
X 
2 
2 
2 
2 
2 
2 
X 
2 
X 
2 
X 
X 
2 
2 
X 
X 
X 
2 
X 
2 
X 
2 
X 
X 
1 
X 
2 
X 
X 
1 
2 
X 
1 
2 
2 
1 
2 
2 
1 
2 
1 
1 

WRA - 
X 
X 
X 
X 
2 
2 
2 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
2 
2 
X 
1 
X 



TABLE 8 (Continued) 

Class* MA - GBA - 
1 1 1 
1 X 1 .  
1 X 1 
'1' X 1 
? 1 2 
1 1 X 
2 2 2 

Summary 

=& Class 1 Class 2 

Total 24 30 

'1' and '2' indicate classification by only one waveform 



The waveform d i f  ferences correlate almost perfectly with location 

within the test s i t e .  A l l  Shagan River events were relocated by Joint 

Epicentre Determination (Douglas al, 1974). Travel times from the ISC 

data tapes were used and the locations were done with respect t o  the known 

(Shore, 1982) location of the 15 January 1965 cratering event. (For de t a i l s  

see W s h a l l  e t  a l ,  1984). 

The new locations are  plotted i n  Figure 8, along with the  

identif ication as C l a s s  1 and 2 events. Note tha t  with only one exception 

the two classes separate on e i ther  side of a l i ne  s t r ik ing  roughly 45O west 

of north through the centre of the t e s t  s i t e .  Also, two of the three 

ambiguous events l i e  close t o  the boundary. 

The most l ikely  explanation for  the waveform differences between 

the northeast and southwest Shagan events is tha t  they are  i n  di f ferent  

source media. h e r e  remains sow possibi l i ty  tha t  path differences a re  

responsible, but the similar effects  seen a t  three well-separated azimuths 

argue against t h i s .  Also, aa w i l l  be shown i n  Section VI, the corner 

frequency of the northeast Shagan event seems t o  be systematically lower, 

which suggests a higher strength source coupling medium. The argument tha t  

the northeast events are i n  a stronger material is fur ther  strengthened by 

the fact  that  the C l a s s  2 waveforms a t  GBA and EKA are more similar t o  

wavefonrw of Degelen events (Appendix A )  than t o  the C l a s s  1 Shagan events. 

However, the picture is clouded somewhat by the fact  tha t  a t  WRA the Degelen 

events write waveforms of a th i rd  c lass .  

In srmmary, the waveform and spectra l  data suggest tha t  the Shagan 

River t e s t  s i t e  is best viewed as two dis t inc t ly  d i f fe ren t  s i t e s .  The 

evidence suggests tha t  the events i n  the southwest are  i n  a l e s s  competent 

o r  weaker material. 



Figure 8 The locations of Shagan River explosions are plotted with symbols 
representing event classification according to waveform (Table 8). 
The open and solid circles represent Class 1 and Class 2 events 
respectively, while an X represents an event of ambiguous 
classification. 



N SIC;NAL SPECTRUM AND t *  ESTIMATION FWm ARRAY DATA 

4.1 Introduction 

A comnonly encountered problem in  seismology is the  need t o  

estimate the Fourier spectrum of a signal in  the  presence of interfering 

noise. Most studies are concerned with single s ta t ion  recordings and 

employ straightforward windowing and smoothing Operation8 t o  obtain the 

f i na l  spectral  estimate. For example, Der and h i s  colleagues (eg Der and 

McElfresh, 1976; Der e t  a1  1982 a ,  b )  have estimated the  spectra of a large 

number of P wave signals from e~q?losions and earthquakes. In t he i r  analysis 

the signal is Parzen windwed and the energy spectra l  density is then 

computed and smoothed. A noise power spectrum is computed the same way and 

subtracted from the signal energy density, and the f i n a l  spectra l  estimate 

is computed from t h i s  difference. Other investigators often use even more 

direct  procedures. For example, Sipkin and Jordan (1979) simply Fourier 

transform selected windows, then heavily smooth the resu l t  t o  obtain t h e i r  

multiple ScS spectral  estimates. 

When array data are available, much more can be done t o  ex t r ica te  

the  signal from the noise, and there is a substantial  l i t e r a tu re  devoted t o  

t h i s .  The most  d i rect  method is beamforming by simple delay and sum 

operations. Far  more elaborate techniques have been developed such as 

prediction-error f i l t e r i ng  (Claerbout, 1964) and maximelikelihood 

estimation (eg Capon e t  a1  l968), but these methods, fo r  a l l  t h e i r  

complexity, seem t o  offer  only a modest improvement on the resu l t s  from the 

simple delay-and-sum beamfoming . 

Beamforming w i l l  improve the signal/noise by a, with N the number 

of seismometers, i f  the noise is random and the signal is correlated and 

arrives a t  the  expected time. Thus, the s p e c t r u m  of the  beam-formed array 

output w i l l  have much bet ter  signal/noise than any single sensor spectrum 

over the frequency band where these conditions are  met. Spectra from the 

array beams have been used, fo r  example, by Bock and Clements ( 1982 ) who 

processed WRA recordings of deep P i  ji-nga earthquakes. However, they 

note tha t  the spectrum of the  beam-formed signal has l e s s  high frequency 

than the  average of the spectra from the single channels. This is 



consistent with the expectation that  the signal coherence across the array 

w i l l  decrease as frequency increases. Thus, beam-forming applies a 

signal-dependent lwpass f i l t e r  t o  the data. 

Taking t h i s  past experience into account, a spectral  estimation 

method w a s  designed t o  exploit the advantages of arraya, while using single 

channel spectral estimation methods similar t o  those employed by Der and 

h i s  colleagues. We w i l l  describe t h i s  method and give some examples of its 

use. We then br ief ly  describe how these spectra are used t o  estimate the 

attenuation parameter t *  . 

4 .2  Siqnal Spectrum Estimation 

For each channel a narrow signal window (length Ts) is selected 

and the data are 10% cosine tapered and Pourier tranaforrmsd. The signal 

window selection is based on the beam-sum trace and t h i s  window is then used 

for  the individual channels a f t e r  shift ing by the delay used i n  computing 

the beam. The energy Spectral density is computed by squaring the transform 

and t h i s  is then converted t o  the units of power by normdlizing by the 

length of the time window. Thus, i f  Aoei@o is the Pourier spectrum of the 

selected window, the apparent power is 

A;= AZs+ A: + 2 b A n  COS(@s - h ), (1) 

where subscripts s and n indicate the actual signal and the interfering 

noise, respectively. 

A noiee window of length Tn is selected prior t o  the signal 

and its power m p e c t r u m  (g:) computed in an analogous way) tha t  is , by 

squaring the Pourier spectral amplitude and dividing by Tn. An estimate 

of the signal power (q) is then computed by subtracting the noise panr 

estimate from the pow2r in the signal window. That is, 

The f ina l  e s t  imate of the signal amplitude spectrum I P( w ) l in the mean of 

the  2; from the N elements of the array. That is, 



B u t ,  combining ( 1 ) and ( 2 ), we see tha t  

I f  the noise is random and stationary, the gecond term w i l l  vanish as N 

increases. The last term muet also decrease rapidly with increaeing N if 

the noise is uncorrelated with the signal. Thue, as N increases the signal 

power estimate, 2; w i l l  approach the actual 8ignal power A' and lP(w) l w i l l  
8 

- be a good estimate of the actual  signal spectrum. 

Aa an example, consider a high signal/noise GBA recording of a 

large Shagan River explosion. The data are plotted in Figure 9. Note t ha t  

in t h i s  case there are twelve usable channels. The Pourier spectra of the  

signal and noise windows selected are plotted for  a typical  channel i n  

Figure 10. Note tha t  t h i s  and a l l  subsequent spectra have been multiplied 

by f z  for f 1 Rz for  reasone discueeed l a t e r  i n  Section 4.3. On each 

spectral  plot we also show the original  seismogram together with the signal 

and noise windows (including the 101 cosine taper). The signal window is 

very short, including an undistorted 1.8 seconds plus the tapered 0.3 

seconds on each end for  a t o t a l  of 2.4 seconds. The ultimate objective is 

t o  estimate the attenuation that  influences amplitude measures l ike  aq,, so 

it is important t o  ieolate  the f i r s t  arriving P wave. However, it turns out 

that  the gross properties of the spectrum (including its ra te  of decay) are 

insensitive t o  the choice of window length i n  most cases. In analysing 

random and stationary processes one might prefer longer windows t o  suppress 

the effects  of sidelobes of the windowing f i l t e r ,  but t h i s  idea is real ly  

not applicable t o  the short duration transient signals of principle 

in te res t .  

The noiee window is 3 . 8  seconds for  t h i s  example, and windows of 

about t h i s  length are being used for a l l  our analyses. Hypothetically, one 

might assume tha t  a larger noise window would have the advantage of 

providing a somewhat more accurate estimate of the actual  noise preceding 

the signal, while the  advantages of a noise window of exactly the  length of 

the signal window would be tha t  the side-lobe contribution would be the same 

for  the actual  and estimated noise spectra. AB a pract ical  m t t e r ,  the  

noise window length seem t o  make very l i t t l e  difference . 



P i w e  9 Ihe GBA array mm m d  useful individual 
channel recordines are &own for the 27 December 1981 

S h g m  River explosion. 



Figure 9 (continued) 1 







The spectra exemplified i n  Figure l0 are proceseed a8 described 

above, and the f ina l  spectrum ( I F( U) l i n  equation 3 ) i e  shown in  Pigure 11. 

Plotted with IF(@) l is the average noise spectrum estimate derived from the 

sum of the C',. nisi is iapor+ant t o  help define the frequency band where 

the signal spectrum is essentially uncontaminated by noise. Aleo, we 

require 

2 N A z  
I : A o > C A  n 

. tocompute I F ( ~ ) I .  

I n  Pigure 12 we ehow the I F( w ) l and average noiee spectra compared 

t o  the Fourier spectra of the signal and noise on the beam eum trace.  This 

confirms the expectation tha t  time domain beam summing f i l t e r s  out part of 

the high frequency energy in  the mignal. Similar compatirrons are rhown for  

other events i n  Appendix B. From these we see tha t  wing the km sum 

spectrum w i l l  lead t o  underestimation of the high frequency energy i n  the 

signal. W e  also note that  the noise is roduced by a factor wry close t o  dN 

by the beam suaming. Ae a f ina l  demonstration of the consistency of the 

IF(w) l ,  in  Pigure 13 it is superimposed on the raw Pourier spectra of each 

of the twelve channels. W e  Bee that  IFw) l is basically a .mooth average of 

these spectra for t h i s  high eignal/noiee event. 

The YKA recordings of SAX.WN (Pigure f) provide a good example of 

a low signal/noiee event. The Fourier spectra of the eum and a typical 

single channel are shown i n  Pigure 14. In Figure 15 the I P( U )  l and average 

noise are plotted. When ( 5 )  is not eatisfied,  IF(@) l is undefined and a 

horizontal l i n e  i e  plotted, a6 can be seen a t  high frequencies in  the plot.  

I n  Figure 16 the IF(@) l and average noiee are compared t o  the Fourier 

spectra from the beam sum. Again, the tiw domain beam summing rducea the 

apparent high frequency content of the signal. The cotupariaon of IF( w )  l 

with the individual channel spectra is shown i n  Figure 17.  

Thie spectral  estimation technique is being routinely applied to ,  

the data base described in,Section 11. The resulting spectra are a powerful 

reeource for studying the combined effect  of Q, the eource mpectrum and pp 

on the seimwgrams from large exploeions. 





Figure 12 The IF( U) l and average noise spectra from Figure 11 are compared 

t o  the Fourier spectra compted from the time domain beam sum (Figure 10). The 

noise spectra have been shifted by 1.0 l o g  unit8 for  c lar i ty  of presentation. 

A bar shows an amplitude s h i f t  by f i  (in t h i s  case N = 12). 
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Figure 13 The 1 ~ ( w ) l  i r  ruptrinpored on the Fourier transform amplitudes for the 

signal windows from the GBA individual channels for the 27 December 1981 Shagan 

E v e r  explorioa. 







Figure 13 The ?(U)' and mer a p  noise rpectra are plotted for the 'IIU recordings 

of S M N .  Sixteen channels were procerred. 



Figure 16 The IF( 13 1 and average noise spectra from Figure 15 are compared 

to  the Fourier spectra computed from the time domain beam m. The noise spectra 

have been shifted by 1.0 log  units  and a bar shows an amplitude sh i f t  by Jz. 
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Figure 17 The IF(@) l for SALPI)N at TKA is ~uperbposed on the Fourier 

tranrform .mplitudes f r a  the individual cbnnel rpectra. 



tX Estimation from S igna l  Spectra - .. 

The s i g n a l  amplitude spectrum IF(w)l is assumed t o  be a product  of 

t h e  source spectrum, S(@),  a t r a n s f e r  funct ion t o  r ep resen t  t h e  elastic 

p r o p e r t i e s  o f  t h e  t r a v e l  path,  T(w) and a t r a n s f e r  funct ion  G(@) 

represent ing  the a t t enua t ion  that occurs  along t h e  path ( t h e  instrument  

response has been removed). That is, 

T(w) is assumed t o  vary about a frequency independent cons tant  va lue  which 

inc ludes  geometric spreading and c r u s t a l  ampl i f ica t ion .  The S( w ) inc ludes  

a l l  t h e  P waves leaving t h e  inrmediate source region wi th in  a second o r  two 

( s i n c e  very  s h o r t  t i m e  windows are used) o f  t h e  explosion de tonat ion .  mat 
is, t h e  d i r e c t  P, pp and any o t h e r  su r face  r e f l e c t i o n s  that may be p resen t ,  

any propagating P waves from spa11 c losu re  and a s soc ia t ed  phenomena, and 

any P waves from t e c t o n i c  release occurr ing immediately a f t e r  t h e  

explosion.  

The a t t enua t ion  opera tor  G ( w )  is usua l ly  expressed as: 

G ( @ )  = exp [ -  w J' ds ] = e x p (  - n i t * ) ,  
2 a Q ( w )  

where a is P wave v e l o c i t y  and the i n t e g r a l  is taken  along t h e  r ay  pa th .  

I n  t h i s  formulation Q inc ludes  both a n e l a s t i c  a t t e n u a t i o n  and any 

a d d i t i o n a l  a t t enua t ion  due t o  s c a t t e r i n g .  The Q may depend on 

frequency, i f  necessary, and t h i s  poses no d i f f i c u l t y  i n  computing t*, 

which w i l l  then  a l s o  depend on frequency (eg ,  Anderson and Given, 1982). 

I f  we c o r r e c t  f o r  instrument response and assume T( U )  o s c i l l a t e s  

about a frequency-independent cons tant ,  we have 

10s [ P(@) ] = l og  [ ~ ( w )  ] - [ n log  e ] t *  f + cons tan t .  

( 7 )  

Thus, i f  we  know the dependence of  S(w)  on frequency over  some frequency 

band, w e  can determine t*(  f ) .  



The most commonly used source models for explosions are 

charac ter ised  by an f2 decay above some corner frequency (which depends on 

y i e l d  and source depth) .  The semi-empirical models o f  Mueller and Murphy ~ 
( 1971 ) and von Seggern and Blandford ( 1972 ) have t h i s  form. A e e l  w i t h  an l 

l 

f decay w a s  suggested by Helmberger and Hadley (1981) and has recen t ly  - I l 

been used by Burdick e t  al. (1984) and Lay et al. (1984) t o  model an 
l 

extensive set o f  near-f ield and teleseismic d a t a  from t h e  t h r e e  US Amchitka I 

explosions (LONGSHOT, MILROW and CANNIKIN). However, LAY et al.  

(1984) po in t  out  that their conclusions are rather i n s e n s i t i v e  t o  the 

assumed asymptotic frequency behaviour of  their model. l 

Whether fZ o r  f3 is a more accura te  desc r ip t ion  of  the decay o f  

t h e  source function beyond the corner frequency is the kind o f  q u a l i t a t i v e  

quest ion f o r  which d e t a i l e d  f i n i t e  d i f f e rence  explosion coupling ? 

ca lcu la t ions  like those  done by Cherry et  al. ( 1975) are best su i t ed .  I n  

Figure 18 we show t h e  l S ( w ) (  computed f o r  explosions i n  t h r e e  d i f f e r e n t  

materials. The Mueller and Murphy (1971) source i n  g r a n i t e  is a l s o  shown. 

W e  see that  t h e  f i n i t e  d i f f e rence  source functions show a more complex 

behaviour t h a t  v a r i e s  with material p roper t i e s .  S t i l l ,  it is clear t h a t  t h e  

spectral decay is between fz and f3 i n  the range o f  i n t e r e s t  ( f requencies  

between t h e  corner and 8 H z ) .  Another important po in t  is t h a t  i n  a l l  cases 

the spectrum is decaying like o r  faster f o r  frequencies above about 

2 Hz. For y i e l d s  l a r g e r  than 100 k t  th is  corner w i l l  occur at soXn€!What 

lower frequencies. If  t h e  depth is fixed,  the corner scales w i t h  the 

cube-root of  the y ie ld ,  but ,  i f  the depth increases,  as expected, w i t h  

y i e ld ,  the corner shifts  more slowly. The MUeller/Murphy d e l  predicts 

corner frequency s c a l i n g  with y i e l d  t o  the 0.19 power when depth is 

propor t ional  t o  the cube-root o f  y ie ld .  The f i n i t e  d i f f e rence  ca lcu la t ions  

are genera l ly  cons i s t en t  with th is  depth-dependence o f  the corner frequency 

(eg, Bache, 1982). 
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Figure 18 The amplitude of the far-field displacement 

spectrum (in a whole space) is shown for finite dif- 

ference calculations in three different source materials 

and (lower right) for the Mueller and Murphy (1971) 

source in granite. The yield is 100 kt (adapted from 

Stevens and Day, 1984). 



Taking a l l  th i s  into account, we can be f a i r ly  certain tha t  

for frequenciee above 2 Rz or  so, W e  should also keep in mind that  the 

effective n could be lee8 than 2 when the explosion is accompanied by large 

secondary sources (eg tectonic releame) which have higher corner 

frequencies, and t h i s  might happen from time t o  time. Using ( 8) ,  ( 7 )  

become8 

log IP(@)l = - n log f - ( R  log e)  t *  f + constant, ( 9 )  

Then plotting log IP(o) l versus f allows t*( f) t o  be estimated for  any 

choice of asslmlptions about S(@), o r  n i n  th ia  parameterhation. But we 

have the additional constraint that  t *  must be the same for  a l l  events i n  a 
-11 source -a. Thus, ~8 CM hope t o  obtain good estimates for  both t *  

and S(@) from broad band spectra for  large sui tes  of events. 



V SEISKt'C NOISE -STICS OF THE UK ARRAYS 
m 0.5 'PO 8 Az 

There are  various consistency checks tha t  can be made to ,  gain 

confidence i n  the  val idi ty  of the spectra being computed, especially a t  

high frequencies. one is comparison with the spectrum from the beam sum 

(Figures 12  and 16 and Appendix B ) .  Another is tha t  events i n  the same area 

give remarkably consistent resul ts ,  ae w i l l  be seen in  l a t e r  sections. 

These features, while very encouraging, do not en t i re ly  eliminate the 

possibi l i ty  of contamination of the resul ts  by system noise or  errors  i n  the  

assumecl instrument amplification. However, the spectra l  character is t ics  of 

the seismic noise described in  t h i s  section provide an independent check 

which indicates tha t  these kinds of system errors  axe insignificant.  

The noise a t  the UK array8 hae been previously studied for  many 

purposes, including estimation of detection thresholds ( Burch, 1968 ) , 
evaluation of the effectiveness of the delay-and-sum beaming procedures 

used for  event detection (eg Burch 1968) Muirhead, 1968 ), and even i n  an 

unsuccessf u l  attempt t o  detect gravity waves ( Weichert , 1973 ) . However, 

none of these ea r l i e r  studies present t he i r  resul ts  i n  a form convenient fo r  

comparison with often referenced noise spectra published by P i x  (1972 ), 

Peterson (1980) and Herrin (1982).  The purpose here is t o  make tha t  

comparison, b u t  more important t o  address the d i f f i cu l t  question of the  

extent of contamination of the spectral  estimates by system noise. 

The noise estimates are a by-product of the  spectra l  calculations 

described in  Section 4.1. Recall that  the power spectrum is computed for  a 

3.8 second window of noise just before the P wave on each element of the 

array. The mean of these provides the noise estimate for  tha t  event. 

Except for  the amall s h i f t  due t o  moveout of the P wave across the array 

( t he  mwimum aperture varies from 10 t o  26 Ion for  the  four arrays),  a l l  

these estimates are taken a t  the  same tinu?. However, since the noise is 

incoherent across the array (eg, Figures 12  and 16) ,  t h i s  estimate is 

essent ia l ly  equivalent t o  taking N meparate 3.8 second samples from an  

element with "averagew properties for the  array location. 



For each event studied, a noise estimate is computed. Averaging 

many such estimates, an overall average noise power for the station is 

computed. No attempt waa made t o  collect an unbiased temporal sample; the 
selection is controlled by the time explosions occur. For GEA (India) and 

EKA (Scotland) the noise estimates t o  be shown are associated w i t h  Soviet 

explosions i n  eastern Kazakhstan, and thus are mainly taken between 0300 

and 0500 GMT. The YKA (Canada) estimates are associated with French Mururoa 

explosions, and are mainly taken between 1600 and 2000 C;MP. In t e r m  of 

. local time, th i s  is 0830-1030 for GBA, 03004500 for EKA and 0-1300 a t  

m. 

Typical noise estimates are ahown in Figure 19. The 

instrumentation is basically identical a t  these s i tes ,  except that some of 

the GBA data were recorded digitally.  The question t o  be addreused is, what 

properties of these spectra represent the characteriatice of true earth 

noise a t  these s i tes? The GBA and EJtA eetimates are averages from 14 

randomly selected "eventw samples. The YKA estimate is from 10 events, but 

here some selection has been made t o  avoid days of unusually high noise. 

These spectra can be shifted up or  down by 5-10 dBs ,  depending on the sample 

selection, b u t  the general spectral shape seem t o  be consistently 

maintained. This is nicely demonstrated by closer examination of the GBA 

data. Some were originally recorded on analog tape, while some' are from 

after  March 1979, when digi tal  recording equipment war, inotalled. Noise 

estimates from 14 event samples of each type are compared in Figure 20. 

Also shown are the envelopes enclosing each sample se t .  

I n  Figure 2Othe average noise from the d ig i ta l  recordings is about 

6 dB8 less be lw 1 Bz, and the separation increases t o  8-10 dB8 a t  higher 

frequencies. The low  frequency difference is due t o  the remarkable 

coincidence that 12 of the 14 digitally recorded events were on days of 

quiet or  average noise, while 10 of the analog recorded events were on days 

of above average noise. Comparing different samples of the d ig i ta l  noise 

data shows that increasing the ambient noise tends t o  raise the spectrum 

rather uniformly across the entire frequency band. Thus, the high 

frequency portion of the analog power spectrum probably includes 2-4 dBa 

due t o  noise in the analog aystem. 
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RECORDING 

FREQUENCY, Hz 

Figure 20 me average noiu power 8p.ctra are compared for event8 
originally r.oord.d on analog tape urd event8 roc0rd.d 
digitally. There are fourteen evmt e8tinute8 i n  each ut 
and the envelop. encloming them i. &l80 8hawn. 



A prominent f ea tu re  of t h e  GBA noise d a t a  is t h e  f l a t t e n i n g  t h a t  

occurs (at  about -215 dB8 i n  t h e  d i g i t a l  sample) above 4 Hz. Herrin (1982) 

notes  t h a t  f l a t t en ing  occurs a t  about t h i s  l e v e l  f o r  some of  t h e  q u i e t e r  SRO 

sites, but  a t t r i b u t e s  it t o  self-noise i n  t h e  SRD instrumentation. 1s 

self-noise a l s o  t h e  reason f o r  t h e  f l a t t e n i n g  a t  GBA? Note i n  Figure 19 

t h a t  t he  nearly i d e n t i c a l  analog aystem at  EKA shows a tendency t o  f l a t t e n  

(a t  about -209 dB above 6 Hz f o r  t h i s  sample), while t h e  noise from t h e  a l s o  

i d e n t i c a l  YKA system decreaees s t ead i ly ,  reaching -227 d B  a t  8 Hz. This 

- s t rongly  suggests t h a t  self noise is not a dominant f a c t o r  shaping t h e  GBA 

d i g i t a l  noise spectrum. 

An experiment suggested by H Bungum (NORSAR, personal  

comunica t ion)  was ca r r i ed  out  as a fu r the r  check on t h e  v a l i d i t y  o f  t h e  

measured noise spectra. In  t h i s  experiment three 90 second noise samples 

were recorded d i g i t a l l y  on a moderately q u i e t  day at  one EI(A sensor .  The 

system operated normally f o r  t h e  first and t h i r d  samples, bu t  t h e  ga in  was 

increased by a f a c t o r  of  21 f o r  t h e  middle one. Nine 3.8 second windows 

were taken a t  t e n  second i n t e r v a l s  from each sample and t h e  average noise 

computed as before.  The r e s u l t  is shown i n  Pigure 21. The t h r e e  s p e c t r a  

a r e  e s s e n t i a l l y  t h e  same, proving t h a t  d i s c r e t i z a t i o n  e r r o r  is not 

important. I n  Pigure 22 t h e  mean of  t hese  t h r e e  spec t r a  is compared t o  t h e  

average (analog recorded) EKA noise from Pigure 19. The epectrum from 

Figure 19 is lower by 2-3 dBs up t o  about 4 Hz. The s l i g h t  t rend  toward 

f l a t t e n i n g  t h a t  then occurs is probably due t o  noise i n  t h e  analog system. 

In  fact, t h e  analog system noise of  2-4 dB8 estimated f o r  GBA from the 

spectra i n  Figure 20 is t h e  r i g h t  s i z e  t o  explain t h e  spectral d i f f e r ences  

i n  Pigure 22. 

I n  Figure 23 t h e  analog recorded YKA spectrum from Figure 19 and 

t h e  d i g i t a l l y  recorded GBA and EKA spec t r a  from Figures  20 and 22 are 

compared t o  t h e  noise spectrum f o r  t h e  very q u i e t  L a j i t a s ,  Texas site 

(Herr in,  1982 ). Also shown is t h e  NO- noise model (Bungum, 1983 ) based 

on measurements made with a gain amplified version o f  the NORSAR ins t ru-  

mentation. The important f ea tu re  o f  t h e  NORSAR noise is t h a t  it has  a 

constant  s lope  (50 dB8 pe r  decade) from 2-3 Rz t o  w e l l  above 10 Rz.  The 

L a j i t a s ,  EKA and YKA d a t a  a loo  follow a s t r a i g h t  l i n e ,  though with a smal le r  

elope. 
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Figure 2 1  me noiee power spectra m eompard for 8aIQle8 of ttm 
LKA noise, tvo with normal gain recording urd ona with the 
gain increarr.4 by a factor of twenty-one. 







The CBA spectrum in  Figure 23 is different from the others i n  tha t  

it approaches a conatant value above 4 Iiz. But actual earth noise can 

behave l ike  t h i s ,  aa was shown in  some experiments recently done by R Burch 

 lackne neat) and J Durham (Sandia). In these experiments eeveral us and m 
sei8mometers were operated simultaneously on the same pad a t  the  

Albuquerque seiamometer t e s t  fac i l i ty .  The recorded data were processed t o  

reparate the correlated (presumably t rue  earth noise) and uncorrelated 

(presumably system noise) portions of the signal. Tne earth noise wqe found 

. t o  be abou t  20 dB8 larger than the system noiee below l0 Rz. Different 

seiwrometers gave almost precisely (agreement t o  within a dB8 or  80) the 

same earth noiae spectrum. This proves tha t  the ayatem reeponse is known 

very well, eliminating another possible source of error  in  the epectral  

estimates. A typical noise spectntm i S  compared t o  the  GBA noise i n  Figure 

24. Except for the epectral l ines due t o  cul tural  rources of noire i n  

Albuquerque, the two spectra are quite similar, yet we know t ha t  the 

AlbUq~erque data represent true ground motion. 

Noise spectra tha t  follow a constant slope ( l ike  the NORSAR, YKA 

and EKA noise) are  seen a t  Albuquerque when quiet timbs are .elected and the  

data are  from a borehole instrument ( S  Durham, personal coormunication). It 

has long been known (eg, the Geotechnical Corporation, 1967) tha t  

differences of exactly t h i s  kind (constant slope fa l lo f f  versue epectral  

f lat tening) are  seen between surface and borehole instruments a t  some 

s i t e s ,  and Alburquerque is apparently one of them. It is l ike ly  t ha t  GBA is 

another. 

These reaults indicate tha t  the UIC array spectra shown i n  Figure 

23 represent the t rue earth noise a t  those aiteo.  Large (>* l0  dBs) temporal 

variations of the noiae occur, but the primary e f fec t  is t o  s h i f t  the en t i r e  

mpectrum, the epectral shape is relatively constant. A t  two of the s i t e s  

the  spectrum decays with a comtant slope which is leas  than the slope 

characterizing the NORSAR noiae. A t  GBA the epectrum f la t tens  above 4 FIz, 

but t h i s  appears t o  be a characterist ic of the t rue earth noise, rather than 

a eystem noise limitation. 
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Figure 24 Tho noiu pawer o.tirPat.d from GM digital ncordings is 
to th8t r u u t o d  at tho SMdia Alkrrquorqua 

ni8umet.r test frcility . 



Recal.1 that the  s i g n a l  spectra ( e g  F i g u r e  1 1 )  are based on  the  

d i f f e r e n c e  between t h e  s i g n a l  e n e r g y  d e n s i t y  and n o i s e  power ( e q u a t i o n  2 ) .  

Thus the effect of a d d i t i v e  sys tem n o i s e ,  l ike  that s e e n  b y  comparing the 

a n a l o g  and d ig i ta l  n o i s e  estimates at  EKA and GBA, w i l l  be p r o p e r l y  removed. 

More s e r i o u s  would be some m u l t i p l i c a t i v e  error ( eg e r r o n e o u s  i n s t r u m e n t  

a m p l i f i c a t i o n )  b u t  a l l  i n d i c a t i o n s  are that no such  error 'is o c c u r r i n g .  

Thus, t h i s  s t u d y  o f  the n o i s e  g r e a t l y  enhances  c o n f i d e n c e  i n  the  

r e l i a b i l i t y  o f  the P spectra estimates. 

I n  the a n a l y s i s  i n  t h i s  s e c t i o n  we h a v e  n o t ,  t o  t h i s  p o i n t ,  

c o n s i d e r e d  t h e  data from WRA. T h i s  s t a t i o n  poses  a special problem because  

the d i g i t i z i n g  sys tem i n s t a l l e d  i n  June 1977 appears to, scatter s m a l l  

random spikes th rough  the data. These are o f t e n  impossible t o  detect i n  the  

t i m e  series because  t h e y  are so small. T h e i r  e f f e c t  on  the spec t rum is 

e s s e n t i a l l y t o  add a c o n s t a n t  w i t h  ampl i tude  p r o p o r t i o n a l  t o  the s i z e  o f  the  

s p l k e .  T h i s  ampl i tude  is s m a l l  compared t o  the spectral ampl i tude  for 

f r e q u e n c i e s  below 3 Hz o r  so which dominate the t i m e  s i g n a l ,  b u t  c a n  be as 

l a r g e  or larger t h a n  the  a c t u a l  spectral ampl i tude  at  high f r e q u e n c i e s .  

Thus, the  p r e s e n c e  o f  spikes is o f t e n  r e v e a l e d  b y  a n  o t h e r w i s e  i n e x p l i c a b l e  

f l a t t e n i n g  o f  t h e  high f requency  spect rum a t  a n  u n u s u a l l y  large ampl i tude .  

I n  many cases the  f a u l t  is obvious ,  b u t  there are ambiguous cases as w e l l .  

I n  a n a l y z i n g  the  d a t a  the procedure  was g e n e r a l l y  t o  discard the c h a n n e l  i f  

there was any  doub t .  The s u c c e s s  o f  t h i s  q u a l i t y  c o n t r o l  e f f o r t  c a n  be 

judged b y  subsequen t  r e s u l t s  which show WRA s p e c t r a  t o  be c o n s i s t e n t  w i t h  

those from the more reliable s t a t i o n s .  The n o i s e  data p r o v i d e  f u r t h e r  c a u s e  

for c o n f i d e n c e  and are p l o t t e d  i n  F i g u r e  25 where t h e y  are compared t o  the 

F i g u r e  23  n o i s e  estimates from the other three UK a r r a y  s t a t i o n s .  W e  see 

tha t  the WRA n o i s e  e s s e n t i a l l y  parallels the GBA n o i s e  and c o u l d  therefore 

be correct for a l l  the  same r e a s o n s .  However, s i n c e  the data rev iew was 

done w i t h  the o b j e c t i v e  of d e l e t i n g  c h a n n e l s  for which the s i g n a l  was 

contaminated,  t h i s  n o i s e  estimate i n c l u d e s  the effect o f  at  least a few 

s p u r i o u s  pikes. But the effect is a p p a r e n t l y  n o t  v e r y  large s i n c e  the n o i s e  

remains  w i t h i n  r e a s o n a b l e  limits. 
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Figure 25 Noise estimates are compared for the four UK array stations 



V1 AN A'ITENUATION MODEL FOR E KAZWB m THE UK ARRAY STATIONS 

6 .1  I n t r o d u c t i o n  

Ueing the  t echn iques  desc r ibed  i n  S e c t i o n  IV, epectra have been 

computed f o r  Shagan River  and Degelen Test Site exploeione recorded at  t h e  

four  UK a r r a y  s t a t i o n s .  I n  t h i s  s e c t i o n  we d e s c r i b e  the r e e u l t s  of  t h e e e  

c a l c u l a t i o n s  and d e r i v e  from them a model for the a t t e n u a t i o n  on these 

paths. A l l  s p e c t r a  c a l c u l a t e d  f o r  E Kazalch e v e n t s  are collected i n  Appendix 

C. I n  t h i s  s e c t i o n  we show key examplee that i l l u s t r a t e  o u r  conclueione 

about  the path a t t e n u a t i o n .  

The best and most complete data are those from GBA and EKA, and the 

GBA d a t a  w i l l  be desc r ibed  i n  some d e t a i l  t o  e x p l a i n  how the r e e u l t e  are 

d e r i v e d .  A t  YKA t h e  e i g n a l e  from moat E Kazakh explosions are clipped 

(Tab le  4 ) ,  s o  o n l y  a r e l a t i v e l y  emal l  data s u i t e  is available. ~e waa 

desc r ibed  i n  the prev ious  s e c t i o n ,  the d a t a  from WRA are o f t e n  contaminated 

by s m a l l  random s p i k e s ,  and while every  effort wa8 made t o  d e l e t e  channe l s  

where th i s  occurs ,  the conf idence i n  WRA spectra i e  n e c e s s a r i l y  l e e e  t h a n  i n  

the spectra from t h e  other s t a t i o n s .  S t i l l ,  the data from all  f o u r  e t a t i o n e  

are remarkably c o n s i s t e n t  and lead t o  the same conc lus ions  about  Q. W e  can 

t h e n  account f o r  the e f f e c t  o f  Q and draw some i n t e r e s t i n g  conc lue ions  about  

the n a t u r e  o f  the s o u r c e  func t ion .  

6 . 2  Spectra f o r  GBA 

The E Kazakh exploeion d a t a  were d i v i d e d  i n t o  three groupea 

southeas t  Shagan River ,  n o r t h e a e t  Shagan River  and Degelen Mountain. The 

j u s t i f i c a t i o n  for the b i s e c t i o n  of Shagan River  waa d e s c r i b e d  i n  S e c t i o n  

111. The IF(o) l  wa6 computed for each even t  as i n  F i g u r e s  11 and 15. A 

c u t o f f  frequency waa selected for each epectrum by n o t i n g  where the I F( w ) l 

d rops  below the l e v e l  of the  average no i se .  For  example, for the large SW 

Shagan even t  i n  P igure  18  the c u t o f f  f requency would be B Rz, while f o r  

SAIMM at  YKA ( P i g u r e  1 5  ) a Value o f  5.1 Rz was chosen.  I n  view of ( 4) ,  

t h i s  is b e l i e v e d  t o  be a c o n s e r v a t i v e  c r i t e r i o n  that should  avoid  any  

b i a s i n g  n o i s e  contaminat ion of the spectra. 



fa Figure 26 the I F ( u )  I for thirteen SW Shagan River events are 

plotted. The best way t o  analyse such data is t o  begin with the  simplest 

assumptione and l e t  the resul ts  suggest the need for  more complex models. 

Thus, we assum an U-2 source model m v e  1 Kz and a frequency- 

independent Q model. A least-squares l inear f i t  wae conputed for  each 

spectrum and is shown i n  the figure along with the t *  (computed from 

equation 9 with n = 2 )  associated with that  l ine .  

We expect spectra l i ke  those i n  Figure 26 t o  vary due t o  differing 

source geology, depth of burial  and contribution of prompt secondary source 

radiation from tectonic s t r e s s  release. For example, where the t rue  source 

function f a l l s  off more rapidly than the epectrum w i l l  decrease more 

rapidly, biasing toward a lower t* .  I f  the source corner frequency were t o  

nrove t o  1 tIz and above, we would have a region where n 2 and the plotted 

spectrum would f la t t en  o r  even cur l  downwards toward low frequency. 

Indeed, it appears tha t  t h i s  corner frequency effect  can be eeen by 

comparing the smallest and largest  IQ, event epectra. 

Many of the effects  tha t  cause variations among the event spectra 

are probably poorly correlated from event-to-event, so a clearer picture of 

the spectral  shaping effect  of the "average source" and attenuation can be 

obtained by stacking the  individual event spectra. The stacking is done by 

multiplying the event spectra by exp(n f nt*), where 2* is the mean t *  fo r  

t h i s  su i t e  of events, then normdlising so each (corrected) spectrum has the 

same mean. The stacked spectrum is then the average of these ~ l t i p l i e d  by 

em(-n f 2' ) . The stacking is only done over the frequency band where there 

are  a t  least three event spectra. 

The stacked spectrum for  S W  Shagan t o  GBA is shown i n  Figure 27 

plotted ftom 1-8 Az and from 2.5 t o  8 Az. Above 2.5 H2 the  spectrum is 

remarkably smooth and close t o  a s t ra ight  l ine .  The simplest 

interpretation is tha t  for  these frequencies the  average source is 

p r o p o t t i o ~ l  t o  KZ and t *  is independent of frequency. Different models 

a re  possible, but require a neat cancelling of effects .  Belw 2.5 Bz the  

spectrum increases and it w i l l  be shown tha t  t h i s  i e  due t o  frequency 

dependence of Q. 



Figure 26 The 1 F( 3 I a r e  p lo t ted  f o r  twelve southwest Shegan River events. 

The events and t h e i r  ISC 5 a r e  l i s t e d  i n  order a t  the  top  of the figure. Each 
2 spectrum has been mult ipl ied by f . A l e a s t  squares f i t  t o  each l i n e  is  shown 

and the value of t* consis tent  with t h a t  l i n e  is given. The amplitude sca le  is 

a rb i t r a ry  s ince  the  spec t ra  have been sh i f t ed  f o r  convenient display. 



Figure 26 (continued) 



Figure 27 The sracked spectrum derived from the event spectra in Figure 3 
i s  plotted over the 1.0-8.0 and 2.5-8.0 Hz bands. A least squares 
linear f i t  and the t* derived from the slope of that line are shown. 





6.3 Attenuation from E Kazakh t o  the UK Array S t a t i ons  

I n  Figure 28 stacked spec t r a  a r e  p lo t ted  f o r  a l l  four  UK ar rays .  

Except f o r  YKA, where the da t a  a r e  sparse  because the c l ipp ing  threshold i s  

about $ 5.5, the E Kazakh events  a r e  divided i n t o  th ree  populations.  The 

individual  event spec t ra  included i n  each stacked spectrum a r e  p lo t t ed  i n  

Appendix C. 

The th ree  populations of events a r e  charac te r i sed  by d i f fe rences  t h a t  
- a re  cons is ten t  from stat ion-to-s ta t ion,  and a r e  b e s t  explained by a t t r i b u t i n g  

them t o  systematic d i f fe rences  i n  the source corner  frequency. That is, i t  appears 

t h a t  the assumption of an f-2 source is reasonable above 1 Hz f o r  the SW Shagan 

events,  but t h a t  the corner frequency i s  almost c e r t a i n l y  g r e a t e r  than 1 Hz f o r  the 

Degelen events,  with the NE Shagan events  intermediate  between the two. The 

SALMON spectrum is included a s  an extreme example of a high corner  frequency 

event ( the  y i e ld  is about 5 k t ) .  Certainly we expect the Degelen events  t o  have 

higher corner f requencies  due t o  d i f fe rences  i n  y ie ld .  The d i f f e r ences  between 

the mean mb f o r  the SW Shagan and Degelen populations i s  0.64 a t  GBA, 0.54 a t  WRA 

and 0.43 a t  EKA. I n  the s implest  i n t e rp re t a t i on ,  assuming y i e ld  proport ional  t o  "'b 
and corner  frequency t o  cube-root of y i e ld ,  t h i s  t r a n s l a t e s  t o  a corner  frequency 

s h i f t  of 40-601 (evidence of a y i e ld  r e l a t e d  corner  frequency s h i f t  is  a l s o  

seen i n  the event spec t ra  i n  Figure 26). But t he re  must a l s o  be some source 

mater ia l  property cont r ibu t ion  to  the corner  frequency s h i f t .  This i s  seen i n  

severa l  ways. F i r s t ,  f o r  YKA the Degelen population a c t u a l l y  has a l a r g e r  average 

m,, than the Shagan population, ye t  a percept ib le  d i f fe rence  s t i l l  remains. More 

i n t e r e s t i ng ,  the d i f fe rence  between NE and SW Shagan River events  i s  b e s t  explained 

by the l a t t e r  having a lower corner frequency, s ince  the  d i f fe rence  p e r s i s t s  even 

when the event populations have the same mean mb (Figure 29). 

Above 2.5 Hz a l l  the spec t ra  f o r  E Kazakh events  a r e  f i t  very wel l  by * 
a frequency-independent t of 0.14 seconds. This is  seen i n  Figure 28 and i s  

con£ irmed by computing the bes t  ( l e a s t  squares) f i t t i n g  l i n e s  t o  these spec t r a .  

The small d i f fe rences  t h a t  do occur a r e  wel l  wi th in  the range expected f o r  minor 

devia t ions  of the  average source from the  assumed fW2 behaviour. Of course,  the * 
average source could have a s teeper  f a l l o f f ,  and t h i s  would lead t o  a lower t 

est imate .  It i s  a l s o  i n t e r e s t i n g  t o  note t h a t  t he re  appear to  be no s i g n i f i c a n t  

d i f fe rences  i n  the a t t enua t ion  fo r  f > 2.5 Hz f o r  these fou r  t r a v e l  paths.  
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Figure 28 The stacked spectra a re  shown fo r  E Kazakh explosions recorded a t  
the UK arrays. The t o t a l  number of event spectra included are  36 
a t  GBA, 38 a t  EKA, 16 a t  YKA and 28 a t  WRA. The events are divided 
in to  three populations, except a t  YKA where unclipped data were 
available fo r  only f ive  Shagan River events. A t  each s t a t i o n  the 
stacked spectra were superimposed so tha t  the leare Equates l inear  
f i t  i n  the 2.5-8.0 Hz band parses through the same value a t  5 Hz. 
Also shown is  the spectrum fo r  SALMON a t  YKA and a l i n e  with slope 
corresponding t o  t* - 0.14. 
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Figure 29 Stacked spectra are compared for  e ight  event populations of NE 
and SW Shagan events chosen so  the mean mb is nearly the same. 
The events are l i s t e d  i n  Table 9 .  



Table 9 

Events Included i n  Stacked Spectra i n  Figure 29 

* From Marshal1 e t  a 1  (1984) un less  marked otherwise 

t From PDE 

SW SHAGAN 
* 

Date % 

04-08-79 6.18 

13-09-81 6.10 

18-10-81 6.07 

22-04-81 5.98 

29-11-81 5.73 

29-ID-75 5.69 

25-04-80 5.48 

31-08-82 5.41 

Mean 5.83 
Standard 
Deviation 0.30 

NE SHAGAN 
* 

Date mb 

14-12-80 5.98 

12-10-80 5.91 

23-11-76 5.91 

28-08-76 5.90 

27-12-80 5.86 

26-12-82 5.7t 

04-11-78 5.61 

27-12-74 5.60 

5.81 

0.15 



Over the whole band the spec t ra  a r e  b e s t  modelled with an absorpt ion band 

Q ( h i  e t  a 1  1976; Minster, 1978; Lundquist and Cormier, 1980) t h a t  includes two * 
bands, one t o  f i t  the  decreasing t between 1 and 2.5 Hz, and a second t h a t  keeps the * 

l 
apparent t near ly  constant  from 2.5 t o  8.0 Hz. To minimize contamination by 

source e f f e c t s  a t  the low frequency end, we f i t  only the lowest corner  frequency 

events,  which a r e  l a rge  mb explosions a t  SW Shagan River. We a l s o  need some * 
cons t r a in t  a t  long periods.  Most long period t es t imates  a r e  near 1 second l 

(eg Anderson and Given, 1982). but  a r e  based on g loba l  o r  broad regional  averages,  

i 
so  smaller  values  a r e  l i k e l y  f o r  paths l i k e  these.  Values l i k e  0.5 o r  0.6 

seconds seem reasonable, but  t h i s  remains a subjec t  f o r  inves t iga t ion .  

I n  Figure 30 a double absorption band model is  f i t  t o  the b e s t  es t imate  

f o r  the GBA spectrum. Three models a r e  shown t o  i l l u s t r a t e  the  trade-off S among * 
the  con t ro l l i ng  parameters. The bes t  i s  Model 2, which has  a long period t of 

0.6 seconds and a rmof  0.05 seconds. Models 1 and 3 i nd i ca t e  the  s e n s i t i v i t y  t o  * * 
to and T ~ .  Other models f i t t i n g  a s  w e l l  a s  model 2 must have to 0.6 and * 
f m  ': 0.05 o r  to > 0.6 and > 0.05. I f  we impose the reasonable c o n s t r a i n t  t h a t  * 
0.5 < t < 1.0, then an est imate  f o r  the bounds is  0.04 < 'rn1< 0.08. The second 

O * 
(lower t ) absorpt ion band i s  r e l a t i v e l y  wel l  constrained t o  have an almost * 
frequency-independent Q t h a t  gives  a t of about 0.1 seconds, so the spectrum has 

a near ly  constant  s lope over the 2.5 t o  8.0 Hz band. 

Similar  double absorption band models can be f i t  t o  WRA and EKA spec t r a  

f o r  l a rge  mb events  i n  the SW Shagan River Area, and severa l  examples a r e  shown 

i n  Figure 31. The three  S-event populations a r e  l i s t e d  i n  Table 10. Note t h a t  

there  a r e  no events  i n  canmon between GBA and EKA and only two i n  common f o r  

GBA-WRA and EKA-WRA. The WRA spectrum i s  unusual i n  the way i t  decreases below 

2 Hz. This may be a pP e f f e c t  t h a t  i s  e spec i a l l y  s t rong  f o r  t h i s  p a r t i c u l a r  s e t  

of events.  Assuming t h i s  t o  be the  case,  there  appears t o  be no s i g n i f i c a n t  

d i f fe rence  i n  the a t tenua t ion  along the  paths t o  GBA and WRA. Comparison of 

stacked spec t r a  f o r  sets of corerman events  (Figure 32) a l s o  i nd i ca t e s  no d i f fe rence .  

On the o the r  hand, f o r  EKA (Figure 33) the e f f e c t s  of frequency-dependent Q l 
appear t o  be l e s s  than f o r  GBA over the frequency band p lo t t ed ,  suggesting a * 
l a r g e r  fm. I f  t is  f ixed  a t  0.6 sec,  the b e s t  f m i s  about 0.1 sec. The la rge  

0 
event da ta  a r e  not  ava i l ab l e  f o r  a s imi l a r  ana lys i s  of the path t o  YKA, but 

comparing spec t r a  f o r  common Degelen events  (Figure 34), i t  can be seen t h a t  the 





Figure 31 YM and MA stacked spec t ra  f o r  f i v e  l a r g e  (m,, > 6 .0 )  S.U. Shagan explosions i r e  f i t  with 
double absorpt ion band Q models. The model2 a r e  s imi l a r  t o  those i n  Figure 6 and the key 
parameters a r e  l i s t e d .  The second (lower t ) absorpt ion ,band is the same a s  i# Figure 6 
except Nodel 5 f o r  which t h i s  band has  a somewhat l a r g e r  (0.14 sec) constant  t l eve l .  



Table 10 

Large SW Shagan River Events Used to  

Determine an Attenuation Model 

* From Marshal1 e t  a1 (1984) unless marked otherwis* 
t From PDE 

GBA 

Date 

27-12-81 

14-09-80 

25-04-82 

05-12-82 
04-07-82 

I+,* 

6.28 

6.25 

6.10 

6 .  lt 
6.20 

EKA 

Date 

23-06-79 

04-08-79 

18-10-81 

15-09-78 
23-12-79 

WRA 

m,,* 

6.23 

6.18 

6.07 

6 .O1 
6.17 

Date 

04-08-79 

13-09-81 

05-12-82 

18-10-81 
25-04-82 

6.18 

6.10 

6 . l f  

6.07 
6.10 
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Figure 32 Stacked spectra are compared for event se t s  common to GBA and 
WRA. The number of events included in  each stacked spectrum i s  
indicated i n  parentheses. 
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Figure 33 Stacked spectra are compared for event sets coomro(n to EKA and 
GBA . 
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Figure 34 Stacked spectra for YKA are compared to spectra for the same 
Degelen events at  GBA and EKA. There are seven events in each set.  



at tenuat ion on the YKA path is a t  l e a s t  a s  Strong a s  on the GBA and WRA paths, 

and there is  some indicat ion tha t  the frequency dependence is  grea te r  a t  low * 
frequencier. This ruggestr  rm s l i g h t l y  l e s s  o r  to s l i g h t l y  more th4n f o r  the GBA 

and WRA paths, but the differences a re  small. 

The in te rpre ta t ion  of the two absorption bands is  tha t  on* represents 

mainly i n t r i n s i c  a t tenuat ion,  and the other  i s  mainly due t o  scat teging (thus 

i t  i s  not r ea l l y  an "absorption band"). Richards and Menke (1983) point ou t  

t ha t  sca t te r ing  due to  many weak inhomogeneities has the e f f e c t  of a frequency- * 
independent Q, j u s t  l i k e  the lower t p a r t  of the model. Since so- s ca t t e r ing  * 
w i l l  always occur, there must be a minimm leve l  f o r  the t o t a l  t , and perhaps * 
the t of 0.1 seconds fo r  the lower band i s  near t h a t  minimum. Where s ca t t e r ing  is  

the predominant mechanism, w expect the coda t o  contain r e l a t i ve ly  more high 

frequency energy than the i n i t i a l  pulse. Comparison of our shor t  time window 

spectra  with rpectra  computed fo r  windows including some of the P cdda (Figure 35) * 
shows tha t  t h i s  is indeed the case. Thus, the lower t murt be due almost 

en t i r e ly  t o  sca t te r ing .  The mechanism f o r  the at tenuat ion represented by the * 
l a rger  t absorption band remains a subject  fo r  speculation, but  th4 e f f e c t  seenu 

t o  be i n t r i n s i c  absorption. Our conclusion tha t  T~ i s  0.05 to 0.1 $econds 

f o r  t h i s  band is consis tent  with e a r l i e r  work to  define the frequen4y dependence * 
of t near 1 lit. For example, Der (1982) suggest r m -  0.08 s4c f o r  

shield-to-shield paths. 

Excellent recordings of PcP a re  obtained a t  GBA f o r  l a rge  E bzalth 

explosions, and these can be used t o  fur ther  define the Q model. The r e s u l t s  

a re  shown i n  Figure 36. Differences i n  the at tenuat ion f o r  P and PcP a r e  

d i f f i c u l t  t o  resolve, but  i f  there  is 8 difference,  it is toward sqewiaat g r ea t e r  * 
at tenuat ion of PcP. This meam s l i g h t l y  lower f m o r  grea te r  to. A model * 
betueen thore i n  the f i gu re  (eg to - 0.7, rm-  .05) provides a good f i t .  

* 
In  S-ry, our preferred t is given by Model 2 (Figure 90) f o r  GBA and * * 

WRA, s l i g h t l y  lowr t f o r  EKA and s l i g h t l y  higher t fo r  U, while the GBA PcP 

seems to be somewhat more at tenuated than any of the P waves. Thesb f i v e  ray 

paths a r e  spaced t o  sample the mantle q u i t e  evenly, as seen i n  Figure 37. 



GBA Degelen 

Figure 35 Several comparisons are made between event spectra computed for 
different time windows. In each case the window length is 5 
seconds for the l e s s  smooth of the two. The short window length 
is 2.4 seconds for the middle comparison and 2.2 seconds for the 
others. 
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Figure 37 The ray path8 for the UK array r t a t i o ~  are plotted for a 
Jeffreyr-Bullen earth -del. The plot  i. drawn to scale and the 
depth to the outer core loo2890 h. The rource-station azimuths 
(mqsured c1ocbri.e) are 6 for W. 129' for W, 182' for GBA and 
309 for EKA. . 



* 
The depth of penetra t ion of the  ray and the preferred t values  a r e  a s  f o l l ~ s :  

These values  cannot be f i t  by a smooth azimuthally sympletric w d e l ;  

d i f ferences  between s t a t i o n s  must be due t o  azimuthal e f f e c t s .  But t o  #e t  the  kind * 
of Q model implied by these t , we can assrrmz t h a t  Model 2 a l s o  represe+ts  the  

EKA and YKA paths. This would be e n t i r e l y  appropria te  i f  the  d i f f e r e n c ~ s  are 

caused by the rece iver  half  of the  path, and the  Q =del would then repkesent 

Central  Asia. 

The Q model from the inversion is p lo t t ed  i n  Figure 38 f o r  1 a d  5 Hz 

and is compared t o  the  Q a t  1 Hz from the  Anderson and Given (1982) modal vhich is 

based on worldwide average data w e r  the  e n t i r e  band from normal mode pdriods t o  

1 Hz. Our Q model a t  1 Hz is e s s e n t i a l l y  the  same as t h i s  model. The dnly 

s i g n i f i c a n t  d i f fe rence  i s  near the  core-mantle boundary, bu t  t h i s  depends e n t i r e l y  * * 
on our  PcP t which is  not  very well constrained. I n  f a c t ,  i f  the  PcP t is s a i d  * 
t o  be almost the  ram a s  the  P t , vhich is possible  (Figure 361, the re  v i l l  be 

no low Q near the boundary. Also shown i n  the f i gu re  is the model resull t ing 

from assuming t = 0.14 s ec  f o r  the  four  P waves and 0.19 sec  f o r  CBA Pap. This * 
t is a good f i t  t o  the data above 2.5 Hz (Figures 29 and 36) i f  a freqdency- 

independent Q is assumcd. This s h w s  t ha t  l a rge  e r r o r s  i n  Q r e s u l t  i f  firequency 

dependence is present,  bu t  not included i n  the  model. 



Figure 38 A Q model for central Asia derived from UK array obrervations of 
E Kazakh explorionr ir plotted for 1 and 5 Hr. Alro rhavn ir a 
Q model derived by arrudng a frequency-independent t* and using 
the value the beat fit8 the spectral the spectral falloff for 
f > 2.5 Hr. 



6.4 Synthetic Seismograms 

It is one thing t o  show tha t  the spectra  of E Kazakh exptosions a r e  

consis tent  with a Q model l i k e  t ha t  i n  Figure 38, It is qu i t e  another t o  f i t  

t h i s  i n to  a complete model f o r  P-wave s igna ls  from explosions, f o r  t h i s  requires  

consideration of the phase spectrum of the Q and source, a s  w e l l  a$ proper 
l 

representation of the pP phase. Computing synthe t ic  seismograms with cur ren t ly  

avai lable  models, ve can see t ha t  some important issues remain unsolved. 

- In Figure 39 typ ica l  s ing le  sensor GBA recordings of two l a r g e  SW 

Shagan River explosions a r e  compared t o  several  syn the t ic  seismogrqms. The 

synthet ic  seismograms were computed with a program based on Douglas e t  a 1  (1972) 

and include reasonable models fo r  the c r y s t a l  s t ruc tu re  a t  the source and receiver  

and the Carpenter (1966) geaarctric spreading fac tor .  The Mueller and Murphy (1971) 

source model was used and the y ie ld  was f ixed a t  150 Lt. The f i r s 4  synthe t ic  * 
seismogrlln is f o r  a frequency independent t of 0.2 seconds and thd source depth 

(corresponding t o  a P-pP log time of 0.44 sec) war chosen so  the period T 
C 

(twice the f i r s t  trough t o  second peak time) would be about the  sade as observed. 

A t  f i r s t  glance, the waveform comparison may not seem too bad, but  there  a r e  some 

important discrepancies. I n  par t icu la r ,  the onset is too abrupt, #he f i r s t  peak 

i s  too large and the Tb period (twice the f i r s t  trough t o  f i r s t  pe.L time) is  

about 0.2 seconds too small. Further, looking back a t  Figure 26, we see a robust 

spec t ra l  hole a t  frequencies no la rger  than 2.0 Hz f o r  the % > 6.0 events,  

suggesting P-pP l ag  times of 0.5 - 0.6 sec f o r  these eventr.  But 9he most 

s i gn i f i can t  discrepancy is i n  the 5, f o r  the amplitude of the synthe t ic  seismogram 

is nearly an order  of magnitude too large. This discrepancy, i n  itself, i s  a s t rong 

indicat ion tha t  there  must be rapid s h i f t  t o  grea te r  a t tenua t ion  i n  the l - 2 Hz 

band which cont ro ls  the amplitude. 

Our preferred model f o r  a t tenuat ion along the CBA E Kazduh path is 

Model 2 i n  Figure 30, and the other  two rynthet ics  were computed with it ( the 

Doornbos, 1983, formulation was used f o r  the computations), The f i r s t  has Tb and 

Tc periods very near those observed and an m,, t h a t  is a l r o  i n  reasonable agreement. 

However, the P-pP log time is too shor t  t o  be cons is ten t  with the da jor  spec t r a l  

hole, and the f i n a l  synthet ic  was ccmputed with a P-pP log time cor/sistent with the  

spec t ra l  evidence. These synthe t ics  c l ea r ly  represent  a s t e p  i n  tlie r i g h t  d i rec t ion ,  

and the major dircrepancies  a r e  what we rhould expect. The most obvious i s  the 
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Figure 39 Single renror recording8 of two typical SW Shagan River exploriono 
are compared to reveral rynthetic reir*gr.aar. ?or the obrervationr 
the g is for thir clement; the PDE .B are 6.1 (04-07-82) and 6.2. 
The TCir twice the firrt trough to recond peak and ir wed to 
calculate the W. The key parameterr for the ryntheticr are the 
attenuation model and P-pP delay time, and there are indicated. 



shape and r e l a t i v e  amplitude of the  f i r s t  pe&, which i s  s e n s i t i v e  t o  the  high 

frequency por t ion of the Q model. But we have concluded t h a t  s ca t t h r i ng  is the  

dominant a t t enua t ion  mechanism a t  high frequencies,  and Qxpcct an &sorpt ion band 

model derived from the  amplitude spectrun t o  underpredict  the  d i spers ion  and 

pulse-broadening associa ted v i t h  s ca t t e r i ng  (Richardr and Menke, 19b3). Thus, a 

co r r ec t  representat ion of the  phase spectrum f o r  a Q due t o  s c a t t e r i n g  w i l l  c l e a r l y  

chaage the  appearance of the f i r s t  peak toward t h a t  seen i n  the  o b s ~ r v e d  seismograms. 

The second major problem with the syn the t ics  is t h a t  e l a s t i c  theory i s  

used t o  compute pp, and there  is ample evidence from previous work (eg Bache, 1982) 

and from these da ta  t o  conclude t ha t  t h i s  cannot be cor rec t .  Synthhtic and 

observed amplitude spec t ra  a r e  compared ia Figure 40. The f i r s t  trbugh i n  the  

observed spec t ra  can reasonably be assumed t o  be due t o  P-pP interfhrenee,  

but  the re  is no more than a h i n t  of higher frequency peaks. This is about what 

one should expect f o r  a pP r e f l e c t i o n  coe f f i c i en t  t h a t  is sm811er than the  e l a s t i c  

and s t rongly dependent on frequency. The next generation of syn the t ic  seimogramr 

must include such a coe f f i c i en t  along v i t h  the proper phase spectrt$m f o r  a Q due 

t o  s ca t t e r i ng ,  and is expected t o  c lose ly  resemble the  observations i n  a l l  

important respects.  These improvements may change the  5 of the  ryn the t i c s  by 

several  tenths ,  so we must be caut ious  about i n t e rp r e t i ng  the  a t t e twa t i on  e f f e c t  

on mb u n t i l  they a r e  included. 
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Figure 40 The m l i t u d e  rpectrum of the ayathetic reirwgrlm conputed with 
attenuation W e 1  2 and a P-pP delay of 0.54 recondr is compared 
to the CM rpectra for three typical SW Slugan evtntr. 





V 1 1  SPECTRA FOR SALMON AND THE 

AMCHITKA AND FRENCH SAHARA EVENTS 

7.1 Introduct ion 

I n  Sect ion V 1  w e  showed tha t  our techniques lead t o  a g r e a t l y  improved 

understanding of the separa te  e f f e c t s  of source and a t t enua t ion  on explosion P 

waves. As was pointed ou t  i n  Sect ion 11, the da t a  a r e  ava i l ab l e  t o  apply these 

techniques t o  study events  i n  o ther  test a reas ,  including French Mururoa, the  

Nevada Test  S i t e  and Novaya Zemlya. These a r e  a reas  where the events  a r e  

numerous enough so t h a t  we can hope t o  separa te  source and a t t enua t ion  e f f e c t s .  

We w i l l  be t ry ing  t o  do so  and w i l l  descr ibe the  r e s u l t s  i n  a fu tu re  repor t .  

There a r e  .other t e s t  s i t e s  and i so l a t ed  events  f o r  which the da t a  a r e  

sparse ,  but  qu i t e  important. We have computed spec t r a  f o r  severa l  of these and 

descr ibe the r e s u l t s  i n  t h i s  sect ion.  

SALMON and the Amchitka events  

The one ava i l ab l e  spectrum (YKA) f o r  the SALMON event  (% 5 k t  i n  a 

Mississ ippi  s a l t  dome; U+, 1. 4.5) was p lo t t ed  i n  Figure 29 a s  an example of an 

event  f o r  which the corner frequency must be over 1 Hz. This means t h a t  w e  cannot * 
i n f e r  much about t below 3 - 4 Hz without co r r ec t i ng  f o r  the source,  with a l l  the  

uncer ta in ty  t h a t  e n t a i l s .  However, comparison with YKA spec t r a  f  ram the smal les t  

E Kazakh events  is  enl ightening (Figure 41). A t  high frequencies  (>  3 Hz) there  

is  not  much d i f fe rence ,  though i t  appears t h a t  the SAIMON spectrum f a l l s  o f f  

s l i g h t l y  more rapidly.  The low frequency behaviour is  cons i s t en t  with the 

expectat ion t ha t  SALMON has a higher corner frequency. 

The ava i l ab l e  spec t ra  f o r  the Amchitka events  a r e  p lo t t ed  i n  Figure 42. 

Array spec t r a  a r e  only ava i l ab l e  f o r  LONGSHOT. A t  EKA t h i s  suggests  s t rong  

frequency-dependence of a t tenua t ion ,  but  the e f f e c t  i s  not  seen i n  the s ing l e  

element spec t r a  f o r  the o the r  events.  For the  o the r  two events  w e  have only one 

s ing l e  element spectrum and can only draw conclusions from the  most robust  

fea tures .  It does appear t h a t  t he  CANNIKIN spectrum decays f a s t e r ,  bu t  f o r  t h i s  

huge event (2 5000 k t ) ,  we should be so  f a r  beyond the  corner  frequency t h a t  the  

source decay may be more rapid.  A t  YKA and EKA the  a t t enua t ion  above 2 Hz seems 

l i t t l e  d i f f e r e n t  than f o r  SALMON (o r  the  E Kazakh events) .  The s i m i l a r i t y  t o  t he  

E Kazakh paths  i s  a l s o  seen i n  camparing long and s h o r t  window spec t ra ;  the r e s u l t s  
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Figure 41 The YKA S M  rpec trum i. compared to the PlLa rtrckc~d Degelen 
rpectrm from N ~ r e  5 a d  the spectrum for oue of thb ma11wt 
Degelen eventr. A t  the battom it ir rhown with 8 lirr corruponding 
to frequency-iadependent t* of 0.2 ~ c o d r ,  
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Figure 42 The available spectra are plotted for the Amchitka events. 
For MILROW and CANNIKIN there are not array rrpectra, but are 
computed from a single low-gain channel. 



f o r  LONGSHOT a t  YKA and E U  look much l i ke  Figure 8. A t  WRA the gpectral decay i s  

greater  md long md  short  window spectra  p lo t  together over the h o l e  band; 

thus, there s eem to be pore i n t r i n s i c  at tenuat ion on t h i s  path. 

Developing a more quant i ta t ive model fo r  the Q f o r  f * t Hz, the band 

of importance for  m,, w i l l  require correction f o r  the source. Anrlysis of the 

spec t ra l  nu l l s  i n  Figure 62 shows some of t h e  d i f f i c u l t i e s  t ha t  mbrt be faced i n  

doing so. The f i r r t  nu l l  i s  a t  frequencies corresponding t o  a P-PP l ag  time of 

0.55 sec fo r  LONGSHOT and 0.85 sec fo r  XILROW, valuer consis tent  b i t h  previous 

w6rk (eg King e t  a1  1976). The f i r r t  CANNIKIN nu l l  correrpondr do 0.75 sec, much 

too ear ly  t o  be pp. But there a r e  ac tua l ly  several n u l l s  a t  regular in te rva ls  

and these appear t o  be mu1 t i p l e r  of 0.9 Hz f o r  LONGSHOT, 0.6 Bz $or HUELOW 

and 0.6 Hz fo r  CANNIKIN. There suggest lag times (1.1 sec and 1!6 sec) t h a t  

cannot be  r i gh t  f o r  pp. Thus, it appears t ha t  a phase later tha* pP ( spa l l  

rlapdovn?) is an important contributor t o  the spectmm f o r  these events and 

in te rpre ta t ion  is  tha t  much more d i f f i c u l t .  

7.3 French Sahara Eventr 

The well-determined spectra  for  French t e s t s  i n  the Sahara are plot ted 

i n  Figure 43. The best  data  a r e  from EKA and they shw a consir  en t  pat tern,  F 
assuming tha t  SAPHIR (I, l20 k t )  is the l a rge r t  corner frequency kvent. The 

preferred model f o r  E Ihzakh-CBA f i t s  these data rather  well, 80, one cur  only 

argue tha t  attenuation on the French Sahara-EKA path i s  grea te r  t h m  from 

E Uzakh by assuming tha t  the SAPHIR spectrum i r  contaminated by1 sou source 

e f f e c t  (eg the corner frequency may be grea te r  than f o r  the SW skag&n events).  

However, M indication tha t  the attenuation is d i f f e ren t  than oq t h e  E Kazakh-GBA 

path i a  tha t  shor t  time window SAPHIR spectra  have more high frdquency energy than 

long time window spectra.  Thus, the at tenuat ion has apparently not reached the 

level  where sca t te r ing  predminates.  

There is strong evidence tha t  there is grea te r  attenu4tion on the 

French SaharrYKA path, though i t  is troubleroue t o  note the laf8e differences 

i n  the low frequency character  of the spectra  f o r  the a8me event a t  these two 

s ta t ions .  b a i n ,  a. f o r  WON and the Amchitka events, a quant i ta t ive  estimate 

f o r  the at tenuat ion w i l l  require  a confidant correct ion f o r  the source. 
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APPENDIX A 

WAVEFOR% FOR SEMIPALATINSK EXPLOSIONS 

I n  Sect ion 11, Table 4 , the  l a rge  Shagan River explosions a r e  l i s t e d  

with an i nd i ca t i on  of the UK ar ray  s t a t i o n s  f o r  which good data  a r e  ava i l ab l e .  

The same information i s  given f o r  a l a rge  sample of Degelen explosions i n  

Table 3. I n  t h i s  Appendix a r e  shown the  waveforms corresponding t o  these 

t ab l e s .  These a r e  beam sum seismograms r e s u l t i n g  from delay-and-sum processing 

of the individual  channels, using the  slowness derived from the  ISC loca t ions  

and the  Jeffreys-Bullen t r a v e l  time t ab l e s .  During the  processing,channels 

which have a maximum amplitude l a rge r  than 90% of the c l ipp ing  l e v e l  a r e  

discarded. A l l  d a t a  were examined and channels with obvious f a u l t s  (spikes ,  

dropouts and excessive system noise)  were a l so  discarded. 

The beam sum displayed here  was computed from e s s e n t i a l l y  t he  same 

channels used t o  compute the  spec t r a  discussed i n  Sections I V  and V 1  f o r  EKA, 

GBA and YKA. Occasionally there  a r e  f a u l t s  (small sp ikes)  t h a t  only become 

apparent when the high frequency spec t r a  a r e  examined, bu t  fewer than 5X of 

the da t a  were discarded f o r  t h i s  reason. However, t he  small spike problem i s  

much more severe a t  WRA, and 30-50X of the  channels used t o  compute t he  WRA beam 

sum seismograms displayed here were discarded i n  computing the  f i n a l  spec t ra .  

The seismograms a r e  divided i n t o  t h r ee  c lasses :  SW Shagan River, 

NE Shagan River and Degelen. The reasons f o r  the b i s ec t ion  of the Shagan River 

s i t e  a r e  given i n  Section 111. 
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WRA Northeast Shagan River 
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APPENDIX B 

GBA SPECTRUM CALCULATIONS 

The procedure f o r  ca l cu l a t i ng  spec t r a  i s  described i n  Sect ion I V .  

In  Figures 12 and 16 some important fea tures  of the  ca l cu l a t i on  a r e  

demonstrated by comparing the  f i n a l  event spectrum ca lcu la ted  by the  method 

of Section I V  with the  Fourier  spectrum computed from the  seismogram obtained 

by delay-and-sum beam forming. I n  t h i s  Appendix t en  more comparisons of 

t h i s  kind a r e  made f o r  GBA recordings of Shagan River events.  

Each p lo t  shows the  s igna l  and noise  spec t ra  computed the two ways. 
2 A l l  spec t ra  have been mult ipl ied by f f o r  f 1 Hz. The noise  spec t r a  have 

been sh i f t ed  down by 1.0 log un i t s .  I n  each case the  smoother spectrum t h a t  

i s  l a rge r  a t  high frequencies is computed by the  method of Sect ion Iv. For 

some of t he  lower s igna l /no ise  events t h i s  spectrum has f l a t  places  t h a t  occur 

when the  spectrum i s  undefined (see Section IV). The average noise  from 

the individual  sensors i s  l a rge r  than the noise  on the  beam sum channel by 

about G, with N the number of channels processed. 

I n  the upper r i g h t  of each p l o t  i s  the beam sum seismogram and the  

s igna l  and noise  windows selected.  The individual  channel processing i s  done 

with these same windows. 
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APPENDIX C 

SPECTRA FOR EAST KAZAKH EXPLOSIONS 

The spectra used in the analysis discussed in Section V1 are all 

plotted in this Appendix. They are computed with the methods described in 

Section IV. In naking the plots a different cutoff frequency was selected for 

each spectrum. This is the frequency at which the signal spectrum drops below 

the level of the average noise (Section 6.2). 

The events are divided into three groups (SW Shagan, NE Sbagan, 

Degelen) for each station but YKA where all Shagan event spectra are plotted 

together. The amplitude scale is entirely arbitrary and was chosen to separate 

the spectra on the plot. Each set of spectra is plotted twice and the events 

are identified with their ISC or PDE (post-1980) magnitudes. The second plot 

includes the least squares fit to each spectrum. If Q were frequency-independent, * 
the slope of this line would be directly proportional to t , and this value of * 
t is indicated. These lines are not thought to provide a very good indication * 
of the actual t , as described in Section VI, but are useful when comparing 
spectra from different events. 
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Figure A . l  MA Recordings of Southwert Shagan River Explosions 
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Figure A. 1 (continued) 
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Figure A . l  (continued) 
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Figure A.2 MA Recordings o f  Nor?Aeast Shagan River Exploeions 
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Figure A. 2 (continued) 
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Figure A. 2 (continued) 
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Figure A.2 (coatinued) 
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Figure A.3 GBA Recordings of Southwest Shagan River Explosions 



Figure A. 3 (continued) 
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Figure A.4  GBA Recordings of Northeast Shagan River Explorrions 
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Figure A.4 (continued) 
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Figure A.4 (continued) 
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Figure A.5 GBA PcP Southwest Shagan River Exploeione 
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Figure A.5 (continued) 
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Figure A.6 Y U  Racotdingr o f  Shagan River Exploriow 
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Figure A. 6 (continued) 
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Figure A.7 WRA Recordings of Southwest Shagan River Explosions 
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Figure A.7 (continued) 
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Figure A.7 (continued) 
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Pigme A. 7 (continued) 
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Figure A.8 WRA Recording8 of Northeast Shagan Biver Explosions 
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Figure A. 8 (continued) 
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Figure A. 8 (continued) 
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Figure A.9 EICA Recordings of Degden Explosions 
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Figure A.9 (continued) 
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Figure A. 9 (con tlnued) 
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FiguraA.9 (continued) 



Figure A.10 GBA Recordings of Degelen Explosions 

2 01 



Figure A.10 (continued) 
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Figure A. 10 (continued) 



Figure A. 10 (continued) 
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Figure A . l l  YKA Recordingr of Dcgslen Explosions 
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Figure A. 11 (continued) 
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207 ~igure A.11 (continued) 1 
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Figure A.12 WIU r(acord1ngs of  Degelen Explosions 
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Figure A.12 (continued) 
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