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ABSTRACT

7 Application of cube—root scaling to the observed RAINIER reduced
displacement potential for tuff satisfactorily explains spectral ratios over

the yield range 0.7 to 1200 kilotons for NTS Pahute Mesa shots detonated

below the wa ter table and observed at K1~IIJT and MNNV. The same theory

extended to the time domain, assuming a reasonable value for the attenuation

parameter of t*=O.l, explains amplitude observations at KNUT and MIF~NV. ç 
*

‘ 1~~
However , for no reasonable value of ’t* can the same redu ced displacement
potential explain the observed teleseismic ’ m

b
:
~
l ‘ slope of unity. The only

plausible explanation seems to be that the waves emergent vertically downward

are signif ican tly dif fe ren t from those~ emergent vertically upward or nearly
horizontally. i’, . ‘ C 

I. / -

As might be expected from Bridgeman’s dimensional analysis, no clear

~,empirica1 scaling conclusions could be derived from -o.ur~ limit~ d data for

cratering events. It seems, however, that cratering explosions in the

range 20—100 kt generate substantially more Rayleigh waves than do contained

explosions in nearly identical media. For body waves there seems to be

approximately equal generation of low and high frequency waves, while the

cratering explosions seem deficient at intermediate frequencies , 1—3 Hz,

—2—
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JJ~TRQDUCT LON

Many work.ers in the field of explosion seismology have assumed that

cube—root scaling (for which the explosion amplitude in an infinite homoge-

neous space is propor t iona l  to the yield at a time and d i s tance  scaled by

the cube root of the y ie ld )  is valid for contained underground explosions

(e.g., Latter et a l . ,  1959; Carpenter  et - a l .,  1962; Haskell, 1967; Cherry et

a!, 1975a,b; Lyuke, Daragan and Peregontseva , 1976). The theoretical founda-

t ion for  these scaling laws are the dimensional analysis procedures originated

by Brid gman (1949). Applications of Brid gman ’s theory to contained and crat—

ering explosions have been mc~~c thoroughly explored by Chabai  (1965) who care—

fully discusses the possible limitations of cube—root scaling .

Latter , A. L., Martinelli, E. A. and E. Teller , 1959, Seismic scaling law for
underground explosions , Phys ics of Fluids , v. 2., p. 280—282.

Carpenter , E. W., R. A. Savill, and J. K. Wright , 1962 , The dependence of
seismic signal ampli tudes on the size of ur :derground explosions ,
Geophysical Journal, v. 6, p. 426—440.

Haskell , N. A., 1967, Analytic approximation for the elastic radiation from a
contained underground explosion , J. Geophys. Res., v. 72, p. 2583—2587.

Cherry , J. T., N. Rimer , J. M. Savino, and W. 0. Wray , l975a , improved
yield determination and event identification research , SSS—R—75—2696 ,
Sys tems, Science and Sof tware, LaJolla, California.

Ch err y ,  J. T., N. Rimer , and W. 0. Wray , l975b , Seismic coupling from a nuclear
explosion: the dependence of the reduced displacement potential on the
non—linear behavior of the near—source rock environment , SSS—T—76—2742 ,
Systems, Science and Software , LaJolla, California .

Lyuke , E. I., S. K. Daragan , and V. E. Peregontseva , 1976 , Forecasting the
Seismic wave spectra of large underground detonations from the spectic o t

small preliminary explosions , Izvestia , Physics of the SolLd Earth , V .  12 ,
p. 103—109.

Bridgma n , P. W., 1949 , Dimensional Analysis, Yale U n i v e r s i ty  Press , New Haven ,
Connecticut.

Chahai , A.  J .,  1965 , On scal ing dimensions of c r a t e r s  p roduced  by bur ied
explosions , J. Ceophys. Res., v. 70, p. 5075—5098.
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Von Seggern and B l and fo rc l  (1972) m o d i l  led i~i s k t - 1 1’ s (1967)  parameterizatiun

~~1 reduced d i sp l acement  p o t e n t i a l  m e a s u r e m e n t  ~
-, to allow b r  a discont in ll it v in

the measured velocity at the wavefront , instead ob insisting, as did Haskell

in his parameterization , that even th e accelera tion was continuous. This

modification , when combined with the ideas of cube—root scaling , led to

results in good agreement with observations for t h e Amc hiitka explosions

LONGSHOT , MILROW , and CANN1KIN.

Cube—root scaling will be valid only So long as t h e medium is unchanged

fo r  all the explosions in the expe r imen ta l  s e r i e s .  At  A m c h i t k a  the  w a t e r

table  is near the s u r f a c e , well  above all the  shot  p o i n t s ;  and the rock type

is fairly uniform with depth. There are , presumably, many test sites a r o u n d

the world which fit this description; however , the Nevada Test Site (NIS) is

not one of them.  The lithology is known to be complicated , and the water

table is typically 0.7 km deep, the approximate scale depth of the 65 kiloton

(Springer and Kinnaman (1971) explosion DURYEA . Thus because coupling is

much better for saturated as compared to unsaturated tuff , one would flOt ne

surprised by major changes in the observed explosion source function around

65 kt, the very yield level which is most commonly observed at telesei smic

distance. (Smaller events are  not d e t e c t e d , l a rge r  e v en t s  are less c o m n o n . )

Working  w i th  NTS data , such workers  as P e p p i n  ( 1974 )  and  S p r i n g e r  and

Ilannon (1973) have suggested that  c u b e — r o o t  sca l i n ~ i s  not v a l id at  NT~~.

This  conclusion , on the p a r t  of the f i r s t  s t u dy  in wlu c~i t i n -  d a t a  w n n  a n a 1v ; ~ed

In the  s p e c t r a l  domain , may be c r i t i c i z e d  on t h e  b a s i s  t i i . i t  t h e  au t . Ii ’t d i d  not

ensure t h a t  t h e  med ium was cons i s ten t  fo r  i l l  y i e l d s .  Sp r i n ge r and  H annon

(1973) did control the medium , hu t  p e r f o r m e d  t h e i r  a n a l y s i s  in  t h e  t i m e  d o m a i n .

We shall show in this r epor t  tha t  i n t e r a c t i n g  o t t  ects c u b e — r o o t  s c a l i n g ,

von Seggern , D. and R. Blandford , 1972 , Source time funct ions  and spectra fo r
u n d e r g r o u n d  n u c l e a r  explos ions , Geo p hy s .  J . R. A st r .  Soc . , v. 31 , p. 8 i—9 .

‘ epp  i n , W. A . ,  1974, Discrimin at ion among s m a l l  m a g n i t u d e  even t s  on N i v i d a  . 
-

Test Site , Geophys . J. R. Astr. Soc., v. 37 , p. 2 2 7 — 2 4 1 .

i n g er  , I). and W . Hannon , 197 1 , Amplitud e— v i eld sealing I or underground
n u c l e a r  e x p l o s i o n s , B u l l .  Se ism.  Soc .  Amer., v. h i , p.  4 7 7 — 5 0 0 .

Sp r i p;er , I). L. and R. L . Kinnaman , 1971 , Seismic source su i m n u , i r v  I or P . S .
u n d e r g r o u n d  n u c l e a r  e x p l os i o n s , 1961—19 i C ~ , v. 61 , p. 107 i — l 0 9 ~1.
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depth  of bur ia l , a t t e n u a t i o n , and ins t rumen t  response can conceal th e  e f f e c t s

of cube—root scaling in the time domain by “straightening out ” a magnitud e—

yield curve . A hint of this effect may he found  in the  f a c t  t ha t  Sp r i n g e r

and Hannon found different magnitude—yield slopes for regional and teles t-i smic

stations . We shall see that this can be partially explained h~ t h e strong

effects of absorption on measurements in the time domain. The reuaining d ied ,

we shall suggest , is due to differing waveforms emitted vertically downward

and hor izon ta l ly.

Since the question of the proper scaling of explosions in a given medium

is of profo und impor tance, both with respect to discrimination in a compre-

hensive test—han treaty , and with respect to magnitude—yield relations in a

threshold test—ban treaty , we will try in this report to unequivocally

establish that cube—riot scaling with discontinuous wavefront velocity is

the proper scaling law fo r exp losions in a fixed medium. We do this by using

data from MNNV and KNUT, only 2—3° from the test site; and by using yields

which range over 3.2 orders of magnitude.

— 1 1—
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DA TA AND T E C H N I Q U E

Table I is a l i s t  of the NT~; events  cons ide red  in th is  s tudy , and

Fi gure  1 is a map of t h e  NIS area I ron Sp r i n ger  and Hannon (1973) on wh ich

ha y be found all of t h e  events in Table I except events SED AN and PAR . These

latter two events are located about 30 km to the east within about 5 km of

one another.

in Figure 2 we see the vertical , radial , and transverse components at

KNU T and MNNV of the tour events detonated below the water table (Table I).

The f i r s t  a r r iva l  is P , the second arrival P .  All short—period data are

sampled at 40 samples per second . We see that the signal—to—noise ratio is

good , and that P
g 

arrives approximately 7 seconds into the signal at KNUT

and 2 seconds at ~~ NV. in the case of REX,-this arrival clipped even the

low—gain analogue tape channel , so that only data Up to this point may be

analyzed. Examination of the data for other events shows that the BENHAN

data is unclipped only up to 9 seconds at KNUT and only up to 4 seconds at

MNNV. For DURYEA the corresponding times are 7 seconds and 2 .5  seconds .

The shor t—period data Ior all other events considered are valid up to at

least 10 seconds , the maximum length data sample used in this study .

Since only spectral ratios ot one event to another were of interest ,

the analysis procedure is to average the logarithms of the spectral ratios

fo r  every component possible.  As an example , cons ider  the  REX/BUT EO r a t i o ,

For KNUT the spectrum of the first 7 seconds of Z, R, and T for the REX

signal are divided by the spectrum of the first 7 seconds fo r  BUTEO . T h i s

yields three ratios. Three more ratios are d e t e r m i n e d  by the  f i r s t  2 seconds

of MNNV signal data. The logarithms ol all 6 spectral ratios are then

averaged to give the final result.

It  m i gh t  be ob~ ect ed  tha t  i r i c lu s  i on  oh the r a d i a l  and transverse

component  ra t ios  w i l l  lead to a large amount of “St rain r e l ease ” energy  b e i n g  . 
-

inc luded in t h e  r a t i o n .  h owever , s ince  the emer gence  a n g l e  is approximate lv

45 0 at d i s tances  of 2—3 ° , t h e r e  would  be as much s t r a i n  e n e r gy  in  the vert i~ ii

comp onent  as In t h e  -id i i i  c o r i p o n e r u t  . For the  I o 11 owing  t h e o r et  ical  r eason s

we b ’- h ove t h a t  t here  i s  l i t  t to nt -rai n energy In t h e  spectra.

— I 2—
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Tok soz and K e hr e r  (1972 )  have g e n e r a l l y  f o u n d  t ha t  the  long—per iod

( 2 0  si’L - )  s t r ain  r e l ease  R a y l e i g h a m p l i t u d e s  to be less than  those c r eat e d

d i r e c t l y  f rom the exp los ion  compress ional  waves .  Most  of t h e  s t r ain  r e le a s e

R a y l e i g h  waves come f r o m  shear waves , bu t  the conpr essiona l  to shear r a t - i l )

) L ) r  e ar t h q u a k e s  is approx imate ly  1:6 (B l an d f or d , 1975). Thus as long per iods

we t y p i c a l l y  expect  the direct strain release P waves to be less than 1/6

that f rom the  explos ion .  But  theory  also sugges t s  th a t .  t i l e  l o n g — p e r i o d  o

s h o r t — p e r i o d  r a t io  for  ear t h q u a k e s  is g r e a t e r  t han  f o r  explosions  (B l an d f o r d ,

1Q 7 5 ) .  F inal ly , there  is s t i l l  a ques t ion  in the minds of some workers (Bland—

f o r d  and Cla rk , 1974) as to w h e t h e r  the evidence  f o r  the existence of str ain

release is satisfactory . Near—source propagation and source asymmetries due

to i n s t a b i l i t i e s  may also be invoked to accoun t  f o r  the  e x i s t e n c e  of Love waves

emerging f r o m  the explos ion e p i c e n t e r .

From an experimental point of view one may justif y the averaging of all

three component ratios by the oh s cr v at  ion t h a t  in every case each of the three

show the same overa l l  t r ends ;  t he  onl y of I O L t of the averaging is to reduce

s c a t t e r .  Also , t he t ine domain a m p l i t u d e  r a t io  b e t w e e n  componen ts  was C o n s t a n t

from event to event over the magnitude range 0.7 to 1201) kilotons , this would

not be expected if var iab le  and s i g n i f i c a n t  p r o p l I r l i o u s  (If str a in r e l e a s e

were  involved . -

Each ind iv idua l  s p e c tr u m  is  L a 1 c u 1 d ~ e~i hi s  t o !  lows .  i h e  f i r s t  p o i n t  o f

t i l e  t ime series is selected to he 2.5 seconds in I root of the s i g n a l .  The

no [s e—plus—signa l  window is de t rended , and Cl 2.5 se cond cos [no t C l I ) e r  is ap p i  i e d

to  the s t a r t  of tile da ta  thus  giv ing  a smooth  “ le ad— in ’’ to th e signal. l’he

end of the s ignal  is tapered w i t h  a 1.0 second cosine t a p e r .  Tue r e s u l t i n g

‘I
Toksoz , H. N • and H • II . Kehr er , 1972 , fec t on ic  s t - r a i l )  r e lease  hv u n d e r g r o u n d

nuclear  explosions and i ts  e f f e c t  on seism ic- di sL -rim inat ion , Ceopiivs.
J . R .  A st r .  Soc. ,  v . 31, p.  141 —1 61 .

B lan d f o r d , R. , 1975 , A source t l I e I ) r v  fo r  complex  e a r t h q u a k e s , B u l l .  Sc in n .
Soc. Am. , v. 65 , p. 1385— 14 06.

i i l and for d , R .  and 0. ( . l b I r k , 1974 , De t ec t  ion  of l o n g — p e r  i 51 S ron earthquakes
and exp los ions  at LASA and I RSII  s t a t i o n s  w i til a p p l i c a t i o n  to p~ s i t  1cc
hi nd  n e g a t i v e  d i s c r i m i n a t i o n  of e a r t h q u a k e s  and u n d e r g r o u n d  exp los ions ,
SD A C—TR—74— l 5 , Te ledyne  (~eotecii , A l e x a n d r i a , V i r g i r n a .  ~\ l ) .\  0] I 672
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tapered waveform is supplemented wi t -h s ut l i c i e nt  zeros to fill out a 512— 
1

point array , and the amplitude spectrum is L a  I c u i h i l  ed us lug t h e  l-as t Four icr -

Trans form. -

Since th e underground explos ions are within 10 k:i of chicil other , t h e -

time interval between P and P is the SCUfle for practical purposes for each
U -

event. Thus each eveOt has a nearly identical p r o p o r t i o n  of each phase. Titus

even if there are different transfer functions I o r  each phase , e.g. 
~
‘l 

and -

ft~, they will cancel out of the s4 ectral rat io. For two events , a and b ,

the Fourier transforms of phase 1 and phase 2 together are (SH
1 
+ SI!

2
) and

(S
h

il
l 
+ S

b
11
2
). Factoring out 

~
11
i 
+ IL,) th e amplitude spectral ratio is

Is  J / j s  I where S and S are the Fourier amplitude spectra of events a and h.a b a b

— 18— 

— _- -_  -~~~



_ 
_ _

SCAl ING RESULTS IN THE SPECTPSAL DO~-L- \IN FOR BURIED EXPLOSIONS

Examination of Figure 1 and of the data in Table I shows that t h e

g r e a t e s t  d i s tance  between any two of the I irst. 5 events is 10 km i)e twcen

BEN 1IAM and SCOTCh . Furthermore , all of these events , except DU RY EA , are

below the water table. BUTEt) and REX are much deeper titan normal for their

y ield , thus they are in a common medium making t h e y i e l d  sequence BUT EO , FlEX ,

SCO 1’C}l , BENHAM uniquely valuable for a s t u d y  of amplitude—yield relations b i t  N I ’ S .

in Figure 3 we see the data for each of the first five contained explo-

sions in Table 1 up to just before the point at which tile REX data c l i p p e d .

At KNU T it is apparent to the eye t h a t  BUTEt) has substantially higher

f rec iuency  energy than does BENIIAM , suggesting t h a t  BUTEO ’s d i s p l a c e m e n t  a m —

plitude spectrum begins to fall off at a higher frequency .

in Figure 4 we see the ampl i tude  s p e c t r u m  of the KNUT data displayed

in Figure 3. Here we can see explicitly that the “corner  f r e q u e n c y ” f o r

BUTEO is much higher than for BENEIAN.

In order to apply scaling theory to these data it is essential to have

accurate estimates of the yields. Almost all authors are in agreement that

M :yield relationships are linear with a slope of 1.0. We shall assume that

t h i s  is the case and use von Seggern ’s (1973) N estimates to establish a

corrected yield for REX and , t o g e t h e r  w i t h  LR m e a s u r e m e n t s  at  M N N V  f o r  hit l Ec )

and REX , a yield estimate for BUTEO .

F i t t i n g  a line of slope un i ty to the  H :y ie ld  points of SCOTCH and

BEN IIAN , and using von Seggern ’s N e s t i m a t e  g i v es  an estimated yield f o r  REX

of 19 k t .

in F igu re  5 we see t r ac ings  of t i le N N N V  long—per i 4 I  ~I .it i I o r ILI LO , S I X

and BEN IhAM . It  is q u i t e  c lear  t ha t  the  n v s  t er i s  espond  l u g  n o n — l i  n ear  l v  - -

for BENIIAM . Note also t h a t  the  si gnal shape  is  sign it i ca n t  iv di i I e r o nt  I or

BU ’fEo and REX . (The only a v a i l ab l e  LR s i g n a l  I or H UTEO is i t  M N N V , t h e  l o n g —

per iod  v e r t i c a l  in s t rum en t  was i nop er a t  1 vO i t  K N I T  I or  B I ’ I E O . 1 EXhlmin;l t i o n

von Seggern , D. II. , 1973 , J o i n t  m a g n i t u d e  Jet I-rm i nat ion and a n a lv s  i s  4 1 1

va r i ance  f o r  explos ion  niagli i t  t id e en t n C )  t en , R u ]  I . Se i s . Soc.  A n .
v. 6 1 , #1 , p. 5 2 7 — 5 4 5 .

— 
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of the Basin and Range fundamental mode dispersion diagrams in Clover and

Alexander (1970) shows that there is a maximum in t h e  .. ; roup ve lo c i  tv h L - t i V , - , -n

10 and 12 seconds , the per iod  of the initial LR pulse in BUTEO and L i - Y .  The

typical relative delay at this distance b r  periods of 4 to 6 seconds would

Si - 10 seconds . Thus we would not be surprised to find that the arrival 01

signal with these periods shortly following the firs t pulse of the LR si gnal

had driven the system into non—linearity. For this reason we have chosen to

determine the relative yield of BUTEO and REX by comparing the corresponding

amplitudes of the first LR pulse. In Figure 5 we see the subjectively draw:i

baseline for the BUTEO signal. Measuring from this baseline the result is an

estimated yield of 0.7 kt for BUTEO .

To predict theoretical short—period spectral ratios for comparison

with observation we therefore use for REX and BUTEO the yields of Table 1

which are indicated as “estimated” . These yield values are inserted in t h e

theoretical source spectrum of von Seggern and Blandford (1972) using the

source spectrum parameter values B=O , k 1 2  determined by fitting the Rainier

tuft data presented by Haskell (1967). The formulas for the von Seggern—

Blandford amplitude spectrum S(V ) are:

S() = Y [A
2
(~ /k ) 2 +

[ (wi /k)
2 
+ 11

3/ 2

A = 1 + 2B; k = k ( 5/ Y) l/ 3  ( 1)

To model the  effects of the surface reflection ott t h e  a m p l i t u d e  s p e c t r u m

wo m u l t i p l y  by

[1 + i — 2- c  ~~~~~~~~~~ 
~l/2  ( 2 )

WhIL:iI is the a m p l i t u d e  s p e c t r u m  of two de l t a  f u n c t i o n s  of o p p o s i t i -  s i gn  and

(e °i ;ltIvO ampl i tude  a s epa ra t ed  by t ime  T .  in Table I e s t i m a te s  b r  ar e

(; h o v L r , P . and S. S. A l e x a n d e r , 1970 , A compar i son  of t he  Lake  S u p e r i o r  and
Nevada Test S i te  source regions , S e i s m i c  Da t - i l . ; l b o r ; l t  o rv  Repor t  .~43 ,
T e l i n l v n c  L e nt  ech , A l e x a n d r i a , V i r g in i a .  Al) Sh ’ ‘~)i
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g i v e n  w h i c h  were  c a l c u l a t  4 _ L i  us ir i g dat a  in the p ap e  n- ni Cohen of il (l’ s 1 1)

. in i F r b t s i e r  ( 1 Y 7 2 ) .  ~~~ bib s , ) 5~~.’c values o b t a~~i i i - :  in  i l c i -  p r e s -  l i t  5 !  I)’.

a t t e mpts , descr ibed  below , to f i t  the  obse r v e d  spic t n i l  n i t  ion .

In  F igures  i n c — c  we b ; e i - t h e  ob served  s p e c t r a l  r at  los of ELY , SLu ~i d H , a m m d

B i - .N~L\M , to BUTE O . S u per i m p os e d  on t h e - s c  I i :~u r c s  m r  c t h -  t h c o r n - t i c . c l  sIlel L r V l l

rat b u s  , l p ] lr o p r l a t  t to the  y i e ld s , wirji amid i i  t i m o u t  t i m , - i-~ I - k - b  S ~h~~i (  t~ P 11 .

he i r r e g u l a r i t y  oi t u e  t l m e o r e t i c n l  r a t i o  in [ i g u m  6c a r i s e - - -. I ron t h o  i n t ’ l —

p l a y  01 t he  BUTE O and b h - 1Ni iA ~- l nu l  Is w h i c h  O cc u r  a! d i  f e ri- i - i t f r ~-n - ~nc

i n t e r v a l s . Se bi ~ ve d e t e r m i n e d  r e f l e c t ion  cod I i i :  b e - u t :  u f 0 . 7  b~~~~! i i i  ( I  ~i u 1 U

1 . 5 f o r  the  o t h e r s .  li m e -  v a lues  l i - t e d  l i i  Ta!’ le  I i t  ~
- thos 0 - b e t  o m n : i t i o , j  i i ’.

i n sp e c t ion  to give the Sen t  f i t  t o  t u e  d a t a .  Se sh u l d  no te  a t t h i s  poinl~

t h at  f o r  REX t ime  n on—l in e - - c r n ’ae , on the order of  100 meN m u  r a d i u s , w o u l d

extend above t h e  w a t e r  t a b l e .  h owever , we r u c v  s t i l l  exp sn - t  m e - i r — S i t u r i t  i o n

w i t h i n  200 b o o t  of the  w a t e r  t a b l e .

We see t h a t  in genera l  the  r at i o s  w i t h o u t  p1’ 1 a c t o r S  p i ’ ’ i u  ~i sat 1st a ctor- .

f i t  overa l l .  However , t h er e  l I e -ems l i t t l e  doub t t h a t  man~’ i i i  t b -  d e t a il s

espec ia l ly  fo r  0 .5  < f ~.0 Hz are  inf I u i - t i r e d  by p h’ .

— i t  is n o t ic eab l e  that all of t u e  r 5t i os  seem to be less t h a n  t i me

t h eo r e t i c a l  r a t i o  fo r  £ -z 0 .5  l I z .  S p e c t r a  of t ile no i se -  in f r o n t  01 a l l  t i l e

channels w e r e  computed  and it was f o u n d  that for P A b E 0  (S/N) - - 1.0 011 C I I  I

c h a n n e l s  f o r  f 0 .5  b b s .  This  p r e i m m a b L ~ r e f l e c t s  t h e  f .c - t f b i - c t  t i c ,  S L u r —

se isms Ire of a p p r e c i a b le  s i S c  in compar i son  to an e- x p ion bon of t i c  i s  11

a yield a nd  e x p l : c  ins  tS  low~-r  t h a n  e x p e C t e d  r at  ios  in this t r e c I )mo cl ~
-v r , l m L s - .

For t ! c ~~
- even t s  BUT EO , DU I - i u  1-i\ and SCOT CI! , ( S / N )  < 1 on s ’s o h  t i m e  c i m b l n n e l m - c

o ver  s on ic -  p o r t  ions o i c e  I r e - q i m e m t c -v range  5 < f —: 3 I s .  i - . x - c l h i i m - I ion of  t i m e

ot h , - m  r a t io s , :.g. R E N 0 \ N / 5~~o TCu1 , so -ems to show ( S / N )  - 1 f o r  f -I  ~~ l iz  for

REX , SCO-Uchi , and D U E t  !.-\

Loicen , I. J., 1 . L. :-; ,mx , :cnd hi. L. R u s t e d , 1972 , Spe-~- t n i l  w b i it e ni mcg w i t h
a ppi mi - i t  i on  to e-x j ’ h ccnion pP, Seismi c Da t a b.:ci - ora t orv R ep o i - t 252 ,

i e l e d v r i e -  I c o t  ecu , A i e x a n d r  ta 
* 

Vi rg in Ia. .\h) 75() 751

S. 14., 19/2 , Ohnc- rv jt ions o t  p h’ it - i  t h e  s h l c , r t — i c e r i L c d  p i~ t s t u  of 5 S
explo sions re-corded ; I t  N u w . c v  ( ; e o j o i m v s  . -1. R. A st r. S cm - . ,  v . 31 , t - c . ‘ c ’ i _  I i i .
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The low—frequency theoret ical  ratios w i t h o u t  the e f f e c t s  of p P inc luded

do tend asymptotically to tile observed LR— ampli tude r a t i o s .  Of course , in

the case of R.EX/BUTEO they must do so since the  estimated relative yields

in this case were determined directly from these relative amplitudes .

In the cases of SCOTCI-h/BUTEO and BENHAM/BUTEO , the asymptotic limits

must also agree closely with observation since the REX, and hence the BUTEO ,

yield was determined by a fit to the SCOTCH and BENHAN yields.

It would seem to be impossible to view Figure 6c, in which the BENHAH/

BUTEO theoretical spectral ratio ranges over 2.0 magnitude units and is in

good agreement with observations (except for f < 0.5 Hz where noise in the

BUTEO data is an explanation), and not believe that  there  is indeed a very

powerful scaling effect of spectrum with yield. It seems perfectly clear

from the data that there is a substantial change of corner  f r equency  w i t h

yield. If we choose the corner frequency as the point where (u/k) = 1.0 in

the theoretical source spectrum (1/2 amplitude point), for Y=O.7 kt it is

located at 3.7 Hz, and for Y l100 kt, at 0.31 Hz.

—28—
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SCALING RESULTS IN TIN E DOMAIN FOR BURIED EXPLOSIONS

To compare predictions with observations in the time domain , it is

necessary to compute actual waveforms. To do this we compute the wavelet

spectrum as the product of the source spectrum , (equation (1)), an amplitude
- —wT/2Q —ut*/2

attenuation operator e = e where T is the travel—time and Q is

the quality factor , and the LRSM short—period instrument response. The

Hu bert transform of the log—spectrum is then calculated to determine the

minimum phase correspond ing to the spect rum.  Instead of using the Hi lber t

t ransform , it would be possible to use Futterinan ’s phase for attenuation

(Werth et al., 1962), the measured LRSI-I phase response , and the wavelet

corresponding to the source spectrum . The present procedure gives the same

result and seems simpler and more flexible. The complex phase is multiplied

by tile amplitude spectrum , and when the full spectrum is inverted into the

time domain there results the minimum—phase wavelet. This wavelet is then

convolved with delta functions having the appropriate polarities , amplitudes

and time delays to give P and pP.

The time interval between P and pP used in this paper for waveform time

domain calculations is t = . l2Y l/
~ (with Y in kilotons) which was used by

Douglas et al. (1972) for granite; and which may be derived from the USSR

containment depth formula h = .l6Y~°
’3 

km together with a velocity for Kazakh

of 2.75 km/sec; Marshall (1972). A similar formula may be derived for NTS

tuff events by plotting the yield of events of known yield in tuff versus

depth , and assuming a velocity of known yield in tuff versus depth , and

assuming a velocity of 2.5 km/sec; see for example Marsi call (1972). This

yields t = .l5Y
uI’3 sec. In this study we assume for all events , ~ .12Y1/3

since for most purposes the difference between the formulas is negligible.

Specific cases of interest in the future could be investigated individually .

Werth , G. C., R. F. Herbst , and D. L. Springer , 1962 , Amplitudes of seismic
arrivals from the M discontinuity, 3. Geophys. Res., v. 67, p. 1587—1610.

Mar shall , P. D., A. Douglas , and 3. Hudson , 1971, Surface waves from under-
ground explos ions, Nature , v. 2.14, p. 8—9.
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In Figure 7a we have plotted the calculated amplitude ( in  a r b i t r a r y  u n i t s )

of t i m e  P—wave b i r s t  mot ion  versus  y i e l d  f o r  exp los ions  Ill t u f f . We see that t h e

-~1c) l co changes f r o m  a v a l u e  close - to 1.0 f o r  y i e l d s  less t h a n  I k t , to a s l o p , -

close to 0.5 around 100 k t .  Since the ampl i tude  beyond the  corner  f r e q u e - m m c -\-

in t u e  Von Segg e rn—Bl andfo rd  model increases as t h e  cube—root  01 the  y l o l u ,

the asymptotic slope for large yields must be 0.33.

Note that tile effect of increasing va lues  of t~ is to increase t u e

slope , w h i l e  of course reduc ing  t h e  abso lu te  amp l i t u d e .  C a r p e n t e r  (1966)

and 1)ouglas et al. (1973) used a value of T/Q = t* = 1.0 for p r e d i c t i o n  a t

t eles ei s m i c  records . Trembly and Berg (1965) used t * = 1.0 f o r  t h e  p at h

N T S—N I’NT . Frasier and Filson (1972), Frasier (1972), and N o p i o n e n  (1975)

calculated values between 0.4—0.5 for the  NTS — N OR SAR p a t h .  Der and M c E l f r e s l c

(1975) deduced values of about 0.1 from Louisiana to the Eastern United States ,

and of about  0 .5  to the  Wes te rn  U n i t e d  S t a t e s .  For t h e i r  r e s u l t s  to be con-

sistent with 0.4—0.5 for NTS—NORS AR t h e y  r equ i red  a Q of 3000 in the lower

mantle. Noponen (1975) also deduced a value  f o r  t * of 0 .2  f o r  the K a s , c k l c —

NORSAR path.

Deta i l ed  invest iga t ion  by t i le  au tho r  of the s u p p o r t i n g  s tud ies  f o r

t~ > 0.5 reveals  genera l ly  u n c o n v i n c i m m ~ p a r t i a l  or p r e l i m i n a r y  a n a l y s e - s .

Thus in this study we c o n c e n t rat e  on values f o r  t~ of less t h a n  0.6.

La r b - e-nter , E. S. , l9o6 , .\ quantitative evalu:ct ion of t e l e s e i s mi e  e’xp los i on
records , P roc. Roy . Soc. ,  A . ,  v. 290 , p .  3 9 i c — -~0 7 .

Douglas , A., 3. A. Hudson , and C. Blarney , 1972 , A quantative c - v c i l , i a t i , > t t  o f
seiu -:nhi, signals at teleseismic d i s t a n c e ’ s — — —  I l l  eo ’ n m l >um t cd h I’ COld l tciv I e i g h c
wave seisinogranmls , Ceo. J. R. As tr . Soc., v. ‘5, p . 35 )— -4l 0.

T r e m b l y ,  L.  D. and 3. W. Ber2 ,  1968, Seismic soe mr ce- cllaraC - t c -rb s t i c s I rots

explosion—generated 1’ w aves , B u l l .  Se ism.  Soc. Am. v .  58 , p .  153 3—15 4 ~c .

F r a s i c -r , C. 14. and J. R. F i lson , 1972 , A direct me cscc recc cen t of tile earth ’s
short—p c -n od attenuation a l o n g  a t c l e n e - i sm i c - r ay  p a t h , 3. Se-op bcvs . kc -:c

v. 77 , p. 3782—2787.

Nop on en , I . , 1975 , Comp ross i onal wave power -
~l’c - c t rum f r cc c um no ism ic son r~ c~~~ ,

Institute of Seismology , Universit y of  h e l s in k i , l u l l S  a > 1 — 4 5 — 0 5 3 8 — 7 .
Cont rio 1 A F I ) S k — 7 2 — 2  3 7 7  Final R e - p o n t

Der , 2 . .-\. ccn d i .  W. M c E l f r c ’ s l c , 19/ 5 , Sh o r t — p e r i o d  P—wave  . I l t e - c l c c a t  ion - i lot ip
various p a t hs  i n  S o r t  Ii Am erica as di’ t i  rm i t ied f r o n> P—wave ’ s po u t  - c o f  t ic ,’
SA1 Mc)\ n u c l e a r  e - x l ’ l c ’ u  ion , S h ) - \ C — I l h — 7 — h t c . b e - i e o l v c i e  C eu t e c h c , A ]~ - x t u i b r i i ,
Vi rg i n i c c .
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In Figure 7a we see that the ni
b 

vs. Y slope varies with t*. At megaton

y ields the slopes are near ly  ident ical  w i t h  a value  of a p p r o x i ma t e l y  1 . 4 3

whi le  at 10 kt yield the  slope varies from .68 to .91 as t~ varies from 0 to

0.6. This could be a partial explanation for the o b s e r v a t i o n s  of S p r i n g e r

and i-Iannon (1973) that regional magnitude—y ield slopes are smaller than

teleseismic ones. ThIS possibility was also suggested by Springer and

Hannon.

Note that if paths to d i f f e r e n t  stations had different slopes due to

different t* values , station corrections independent of yield would not be

sufficient to give consistent magnitudes . Internally consistent m a g n i t u d es

could , however , s t i l l  be obtained ii~ measurements  are taken at a complete

set of stations for every event.

For Figure 7a the calculat ions proceeded on the assumption that there

was no sur face  r e f l e c t i o n .  This would be valid if tile upward coupl ing were

weak , if the su r f ace  were hi ghly i r regular  so tha t  non—specular  r e f l e c t i o n

occurred , or if significant spall occurred resulting in sig n i f i c a n t  non-

linear energy transfer to frequencies not detectible teleseismicly .

In Figure Th we assume tha t  there  is a s u r f a c e  reflection and that the

reflection is perfect. Since this figure also is for first—motion amplitude ,

there is no e f f e c t  on tile resu l t s  except fo r  small y ie lds  where  the  conta in-

ment depth is qui te  shal low . Comparison of F igures  7a and 7b shows t h a t

for small yields the first motion amplitude is much less with tIne su rf ace

reflection than without. (Note that this would not apply for BUTEO whichi

was o v e r — b u r i e d . )

Similar conclusions may be reached by comparison of Figures  7c and 7d

where th e amplitude plotted is one—half the  m ax i m u m  t r ou g h — t o — p e ak  a m u n l i t u d e

of the signal. (The amplitude is not corrected for system response at the

apparent period of the motion , as is done in Figures 7e and 7f .) In this

case we may see by detailed comparisons t h a t  at intermediate yields pP . 
-

reinforces the amplitude by as much ~cs 0.2 mag nit udc- units. The m a x i m u m

enhancement  may be seen t o  occur  a round  2 k t  t o -or 1* = 0 , and a round  200 k t

for  t* = 1 .6 .  At large y i e l d s  t l> ~’ a mp i  i t  u des a r c -  i d e n t i c a l  t o ’  7c and 7d

because t h e  d i ro ’c t and r ef  lec t e d  pu i nc - s  i c c  i c c - ic c I m l  od in t i m e  and ar c  of

equal  a m p l i t ’ c d c - .
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In I-ipur cs 7e and 7f we have computed amplitude as l og(A/ T )  wh e r e  A is

tii~ same as in Fi 2 i m r e c ;  7c , d ex c e p t  t ha t it has heeci corrected for the systems

r~-~cpono ~’ at time p e r i o d  T. T is measured as t i c u i nt e r v a l  b et w e e n  t u e  f i r s t

zero crossings on either side of the maximum peak—to—trough amp litude . The

cu rves  in t } m e ~~ e f i g u r e s  are  more i r r e g u l a r  than io tile p ni - - c-e d i c c g  u S e s

because a large cht a cn ~;e in the period can occu r  w i t i c  a sma l l  i .cnc ;e in s i g n a l

wa v e f o r m s , depending upon w h e t h e r  a “ fa l s e  cycle 0 ’ c ro ss , -;; t i c  .~er,c line. This

resul t  would seenc to indicate  that f o r  pu rposes  o~ magnit ude—yield estimation

it would be best not to measure period or to correct A for it.

Measurement in the spectral domain at a selected frequency would result

in the same amplitude—yield slope for an- . ti’. (A wh i t e  s p e c t r u m  w o u l d  r es u l t

in a slope of 1.0 for any t*.) Care would have to be taken , however , to avoid

the nulls , if any , c re a t e d  b y pP i n t e r f e r e n c e .  A poss ib le  s o l u t i o n  he r e

would be to compute the envelope of the spectrum. ihese are subjects for

f u r t h e r  research .

Figures 7g—l are similar to Figures 7o— f CX ej)t that they are ca lcu la t ed

with tine granite reduced displacement potential. The low—frequency limit ot

this potential has been set equal to that of tile tu t f potential as a matter

of convenience. The observed (granite/tuff) low—frequency ratio , Haskell
(1967) ,  is 0 . 4 9 .  Fronc von Seggern and B l a n d t or d  (1972) t ine pa ramete rs  f o r

~ kt in granite are B = 2.04, k = 16.8.

By use of Figure  7m we may compare  tile g r a n i t e  and t u f f  curves  and nc ) te

that the granite- curves maintain a slope close to 1.0 to hi gher yields than

do th e ted f curves , in accordance  ~ ‘ i th a higher .-onm m c r fre quenc y I or grcmni t c .

Figure  7mn gives curves for t*=0, 0.5, i.0 , 1.3 , and 2 .0.

Let us now compare some ot  these- results wit h observation. In Figure 8

wi.- see that for granite and witil t~~ = 0 . 4  there is pooch , c , - r , - c ’ m e - t m t  b etwee n

t h e o r y  and o b s e r v a t i o n  fo r  time average telescismic firs t mo t ion r at  los f o r

‘) SP ShiO T , M i  t .R0W , and CA NN 1K I N .  The first mot i - o c c  d c cta  w e r e  r epo r t ed  by

V O U  e p c r f l  and Blandford (1972). N ration were a iso d et e r m in e d  by von

Se-gpo rn and Bl and I ’  rd , wit ii  e t lie cch nol mite 1,-v o l ~~ i i i  r i. 1 f o r  ‘- es t ima t ion

was de te rmined  by von Se pg ern  and Lamber t  i a 72)  . von ~- c -c ; ; c -  rca cin ch bland 1 c o r d

von Pe-g u~ rci , 1). 11. and 0. C. Laccibert , 1972 , ,\ na iva is ccl t o ’ lese’jsnm ic chat c f or

the nucle ar exp los Ion NILROW , Se ismic Data l ci ic ora t ‘‘rv  < c - p c c r t  258 .
Te-ledy ne Coot ccii , Aiexandr icc , Vi m g  in  i c i  . Al) 7/ ~ 3 (172.
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0.6; t c c l f  , (A / T )  y~ u - t o -  A i s  o n e — h a l t  m , c x i m c i m  t , , ~~~~~t t - i o  - i ~~ m ,-t m o o > in t i c ,

s i  gnu I , c or c- .- > t c -o h  c o t  n v -  I -rn res pc ct c- c - i t  t c - t  I ‘cob 1 . t c~ me i s c i c  . 1  cs I cc -

ic ~e h o - t w o - c - c t  , m c - c c c — ,  t o - - i c i ~ o; no c i t l c . - c  n i l . -  ot t I c . - m c ~ m u m  j o - o k — c  t o— t a ck

m o t i o n  c c - J . c t , c f  to t  m , - c - . c i r , -~ , c - m t t  , ti c’ ,, irf i i  o -  c c - f  b -  t i c o c c .
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Fi gure 7 1 . l I c c r u t  l i - i t  am pl  i t  c i I c - — - i e id  c c c r v c ~ lor t * = t i , ) . i , ‘ . 2 , n .,
0.>-> ; tuft , (A/I) w l c c - r c -  A i s  c o c c c - — b c ; i b f  maximum pc- k — c  ‘— j e-ak motion i t t  the
si gna l , -o rr c cc c-ct t , or system r e n l c c c c l s e -  ct period F. I i tn e- i sc ir c-d cs
the t ime b e t w e e c i  / ( - r c c — c r c o n s  i t i e ;  cm either s Plc ol the maxlmctm i a - c c k —  t o o —

peak motion - ; , - l o - c  c - - I t o t  ctc .c;ccrc>m (’ti t , no ~- c c t  c - c -  r e t  l o u t i - i ; .
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Figure 8. Four ;ie ~u su r e s  of short—period P—wave versus long—period LR
radiation for t h e  events BIJTEO , REX , SCOTCH , and }3ENILAM. • i )  

~
1b (von

Seggern , 1973); b) short—period :~PN T first motion relative amplitude ,
log (REX amplitude) = 4; c) 1og10(a—b) mc K N U l  and MNN V ; d)  [tiff
theoretical relative first n i t  Ion for 0.7, H, 150 , and 1100 kilotons ,
t*~ 0.l, fitted to first point of curve c; e) teleseismic firs t motion
LONG SHOT , M I L R u W , C.- \ N N I F i N , von Seggern and Bla ndfo rd ( 1972) , ~h 5 from
von Seggern i - i  L an t h er t  (1972) and von Seggern and Blandtord (P172);
f) gr in it - theoretical tirst motion ratio Ico r 80, 100 0, and 5000
kiloton >-’ ; t*.O.4, b i t t e d  to I ir st point of curve e.
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also found good agreement sirttily by comparing t h e first—motion amplitude

ratios to the predicted relati\-e Source d m p l i t L r d e s  at  1 lIz .  Tlcev also

verified that the RKON spec - Ic a l ratios for the Ame-iuit ka shots , corrected for

pP, were in agreement with theory.

Similarly , we have good agreement with observation tor t* = 0.1 for the

relative first maximum to first—trough amplitudes measured at KNU T and ~[NNV

for  BUTE O , REX, SCOTCH , and BLNIIAFI . The theoretical curve “d” in Figure 8 is

for teleseismic first motion. Calculations for a head wave result in perfect

agreement between the resulting new curve “d’ and the data of curve ‘c ”.

From earlier in this study we are also aware that agreement is excellent in

the frequency domain.

A major contradiction arises , however , in attempts to compare theory

with observations of teleseismic amplitude ratios . The ni
b 

values for REX ,

SCOTCH , and BENHAN computed by von Seggern (1973) exh ibit a slope elite, to

1.0, as do first motions measured especially for this study at N1’F~1. Apparently

similar results are reported by Springer and hlannon (1973) in that they report

slopes near 1.0 for teleseismic amplitude—yie ld observations of Pahute ~1e~~c

events below the water table. No value of t* in Figures 7a— f gives a curve

which can be regarded as in agreement with a slope cd 1.0. By reference to

Figure 7n which gives first motions in t u f t  for t~ values of 0, 0.5, 1.0. 1.5,

and 2.0 we can see tha t  a t~ value of about 1 . 5  Is n o t - led to ste-e pem i and

straighten the amplitude—yield curve between the tc-lese ism icallv de tectable

limits of 10 and 1000 kt. Such a value is sub s tant i cily gm - c ct er than c m v

ever suggested be fo re , and is much g r eat e r  t h an  ever  di. l-ice d I ron spectral

analysis of data.

The only apparent escape from this paradox is t o  cissunie t hat t h e

effective reduced displacement potential is difl e re nt for waves de-~’ c c r t I n g

near ly  ve r t i ca l l y  downward titan fo r  those d e p a r t i n g  u p w a r d  or sid i .’w ,uv s .  The-

rays measured fo r  reduced d isplae-en ie n t  po te n t i - c i s  and regional  ohsi .’ r v c t  ions

emerge in these latter directions . A substantially h i g h e r  v a l u e  c cl k , nay

k=30 instead of k12 , would straighten out  the  c t l r , ’ c- f o r  va lues  of t * = u .S.

Aside from measurements taken simultaneously (us t outside t l cc’ e i cs t ic zone

below and to the side of an explosion , the onir direct way of a p p r i c c c h i t - i g

this problem would seem t c c be h y d r o d y n - am i c c c l n u m e r i c a l  c a l c u l a t i o n s  to veri ly

the differences as a fitnet ion to t - c k c c c f  I c i t c g l e .  The d i i  I e rei i ce ’s  p r c - n u i m c c b l v

—48—
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would result from the varying effects of gravity at varying emergence angles ,

and thereby from the resistance of the mass of the earth at low emergence

angles as compared to hydrostatic pressure at high emergence angles. The

good agreement found above between the Amchitk.a teleseismic measurements

and re~’ults predicted from a reduced displacement potential for granite may

simply reflect the greater strength of Amchitka basalt as compared to NTS

tuff. This greater strength would seem, int. .citively , to reduce asymme try due

to hydrostatic pressure gradient.

We should keep in mind that the explosions considered in Figure 6 were

all below the wa ter table, whereas examination of typical water table levels

for shots at Rainier Mesa (Springer and Kinnaman , 1971) indicates that RAINIER , 
-

from which the tuff potential was derived , was above the water table. This

would suggest that the water mass fraction I , and the initi. cl air—filled

volume frac t ion ~ would be different between RAINFIIR and the events in this
0

report to which RAINIER ’s measured reduced displacement potential was applied.

Furtherm ore the calculations of Cherry et il. (1975a ,b) suggest substantial

changes in the reduced displacement potential for plausible changes in ci and

f . Thus it would seem to be coincidence that the RAINIER reduced displace—
w
ment potential satisfactorily accounts for the rays departing BUTEO , REX ,

SCOTCH , and BENHAM to local distances.

I

Springer , D. L. and R. L. Kinnaman, 1971, Seismic s , , c i r , e ’  s umm ary  f o r  U . S .
underground nuc lear explosions , 196 1— 1970 , v. 61 , p. 1073—1098.
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DUR YL\ , \:~ EV I -~N l  Al  I E  WATE R TABLE

In Figure 9 we see the s pe c t r a l  ra t  i i ,  D U g Y E A / B U ~~i - c ) . There are a nu inbi- r

of i n t e r e s t ing  f e a t u r e s  in th is  f i g u r e  w h i c h  can  be e x p l a i n e d  by r e f e r e n c e  to

lice f a c t  tha t  DURYE A was set o f f  j u s t  above the w a t e r  t abl e , so t hat  t h e

upgoing wave which was converted into pP and LR was probably less  e f f e c t i v e l y

coupled than the downgoing direct P. It is noteworthy that use> of k =lO ,

c 0.2 for DURYLA gives a better fit than the standard k =l2 , u0.5 . The

difference , though small , can be detected with some confiilemice- . This ~r u p l i e s

less high frequency energy and a small pP and would seem to be conslS te -fli

with the idea that the shallow t u f f  layers are more porous than t h e deeper

ones. Frasier (1972) also concluded tha t  pP phases from N I  ~
- explosions were

of lower amplitude and frequency than P.

Note also in Figure  9 tha t  the LR r a t io , ob ta ined  u s i n g  the DURY L\ ~-1

f rom von Seggern (1973) , is s u b s t a n t i a l l y  less than  the  y ield ra t io ; and is

lower (0.5 magnitude units) by about the degree of the estimated ratio (0.7/0. ~
)

of pP amplitudes. Thus one might expect that NTS explosions tested right at

the  water table might be easier to discriminate than shallower or deeper ones.

On the other hand , the influence of a weak pP on ni
b 

must also be considered ,

since we have seen tha t  for  i n t e r m e d i a t e  y ie ld  events  a s t r o n g  pP can enhance

by 0.2 magnitude units.

—50—
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CRATER 1NG E X P L O S I ON :

F i g u r e  10 shows tic , -  KNU T SPZ trace- s for tli~- c r c  t o - r i  ng e x I c 1 co t - icons c o n -

s idered in th i s  repor t , toge ther  w i t h  t he  t r c u c  e I c - c  i P , a c  c O l t .  i a -: e x l d l - - t o r i

in a l l uv ium which  we s h a l l  compare w i t h  t he  c - r a t e -  r i n g  o-:- .p 1cc~ i c c r c  SE c -

exploded nearby and in s imi l a r  m a t e r i a l .  We- not  1 o-  I c : - i e - u m i t e l y  05 ar m be-

v e r i f i e d  by inspec t ion  of the sp ec t r a  in Fi g u r e  11 t l t ~~t t h e  c i t i L u i n e d  ~~V e i t

PAR , is a p p a r e n t l y  of lower f r e q u e n c y  t i tan  t i le  c c i t  o r i n g  ev e -n t , Sil )~~~, W U  t e l l

is a lso of g rea te r  y ie ld .  Th is seems contrary ic i n t u i t  icc- e x p e c t  - c i  i c o m a - d . - c

shall  see below tha t  this  a c t u a l l y  r e f l e c t s  the  ab c-c c - t i c -c i c r  SUD A N of m t  e l —

mediate frequencies .

In the c r a t e r i n g  ser i e s  i’ ~~c l - \ N d l t l  I N , CA B R I OL E T , S 1 ! l c ) d ) N l i~ ( a l l  c - : o - u l t  - - n ear

to o n e — a n o t h e r )  , SCHOONER has tile ic ighes t  y ie ld and t i e -  1 c d\ ~’ e-S t r eq  u c Ocy

which is in general  ag reemen t  w i t h c  ititidt lye expect cutions .

In F igure  12 we see the LR data f o r  these e v e n t s  as r e - c i r c l e d a t  ~-lNN \’.

Non—linear  behavior  is app urc- nL I or the  r eco rd ing  of tile SCID it) NI- N evert t , c c c

we saw also fo r  the REX even t .  Re l a t i ve  measuremen t s  w e r e  a l scc  :sccde - on Li- ~

at KNUT f o r  these events , and f o r  none of them was t h e r e  any i n d i c a t i o n  of

non—linearity . Taking care to measure only common , undist ui rt eel phases the
— 

fo l lowing  LR log 10 a m p l i t u d e  ra t ios  to BUTEO w e r e  d~~t e r m i u i c d :  C A I I L I O L E T ,

— 0 . 3 7 ;  ItAI AN DIIIN , — 0 . 2 4 ;  SCHOONER , 1. 15. The value I or Si-N )-\N/P.-\ ii w i

de te rmined  to  be 1.08. These values  are e n t e r e d  at  zero  I r u - i ~u i ~ - i c c v on t l i o

spectral ratio plo ts  wh ich  fo l low .

F i g u r e  13cc g ives t h e sjiect ral  r a t  h o  of SEDAN/PAP , a c r c t  c - r i n g  s ico t  c-

c i c u icp c red to a c- c o n t  ained shot , both in dry a l l  uv I c i a .  W e -  Oo t e  that t ic it iglc—

I r e qu e n c y ,  and poss ib ly  the  low— m rc ’c l cu et l cv , P—wave a m p l i t u d c -  m c c l  i c c  i s  a p p r c c : s —

i t t iate 1 ‘
~
‘ equal to the y ielci r a t i o .  Betwe e n 1 .0 and 1.0 Hz , lm ,o y e - v , ’ t , P PlAN h i s

cons id erc ib  ly  less energy  t han  would be expei - te I I r i u l s  [ l i e ’  yield rat ic c . lice hR

rat io is s ub s t c i n t l a l l v  g r e a ter  t han  L ic e y i e l d  l i i  i c c . I b i s  n u l l  i n  ü i o -  i t i t  c - i —

cs -c l l i t , ’  f r e q i i en i - i t t -  b c c r  Si-P)-’cN (o r  m ii x i n cur t m In  i t i t  c - tics - I m c tc- I recluen - ic-s for

P A R )  , n - c o u t n  I s  b o t  t i c -  a p j - c c e n t l v  I vu I I r 0  - -p ct - i ’- c c ii I t n t  [c i  r I°AR i t t  t c c  - t line

huor ut~ijn. f rom t i t e se -  ro t - u  I t t-c c i i i ,  m i g h t l c c t zc i r d  ~c cc cc n e r a l  I t  i c -i, t c i t  the i~ ic ~h—

I ic - quency r ,idiat iuc n for i i i !  t p c - i t  Sh tc ltt- i in  a l  l t c v i c u n  w i l l  P c - i n  p r c o l d c rt i - i c

i c c  y i e l d , w it !  i c  t h c , ~ l R  w i l l  lie r ; c i h s t - c i c t  i i i  i v  g r e - i t o -I  t o t- th e t r i t o r i t t p ,  - l i ’ s.
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Figure 10. Firs t few seconds of SPZ data  as recorded cit  <N i l f o r  c- v t - i l l s
PALANQ UIN , CAB RI OLET , s ( : I I cs ) NI - : R , SEDAN , and PAI l . ‘c l i  c x c c ’ p t  PAR were
cratering events.
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In Figure 13b , SCHOONER / REX , we compare the spec t rum of a bur ied  shot

in saturated tuff to a cratering shot in u n s a t u r a t e d  t u f f  w i t h  bo th  shots

being of approximately equal yield. As would be expected , the amplitude -

ratio is less than the yield ratio at every frequency . in this case the- LR

ratio is less than the yield ratio. Apparently better coupling for t ime - buried

event in a more competent medium has overcome the tendency for tile cratering

explosion to more efficiently generate surface waves. A num ber c: ratios of

this type were presented b y Muel ler  and ~-lurphy (1971).

In Figure 13c , SCII O ON Efl /DUR Y E A , we compare a c r a t e r in g  explosion to  a

buried explosion jus t  at the water table. Here we find almost all frequencies

equally well excited and in proportion to the yield , although , as w ith t he -

previous two slides there is a frequency b and , in t i c i s  case- f r o m  1.5 to 4 . 5

Hz , where the c ra te r ing  explosion seems to generate less efficiently.

Figures 13d , ci , f compare the crateritlg explosions SCh OONER , P-\LANi~U l N ,

and CABRIOLET to the overburied shot BUT EO . In c- d e l l  case a t high frequencies ,

the c ra te r ing  explosion has s u b s t a n t i a l l y  less high freqic ec m~ y energy than

does the buried explosion; and at all frequencies substantially I c - c c - - c  e n e r g Y

than indicated by the yield ratios. We must remember , however , th at t h e

explosions in these ratios are not in identical media; and thi s fact alone-

may account fo r  most of tile d iU e r e n c e.

These last three figures have been computed to se-c it our knowledge of

the BUTEO source function could be exploited to determine arc equivalent

reduced displacement potential for cratering explosions. Matclting the t l c e c c t c - —

tical and observed ratios was very difficult , since the low frequency asvmp tot c-c

could not be predicted theoretically nor observed experimentally due to lciw

S/N. Attempted matchings of t Ic,’ three observed and computed average s pc c trcc l

rat ios i,-nplied that 1.0 < k - 4.0 and B ~ 8.0. Thus , as might be exp ect u- cI ,

we titccl that the time constant for cratering explosions in dry tul f is larger

* than for a contained explosion in saturated tuff .

M u e l l e r , Ii. A. and J. R. M u r p h y ,  1971 , Seismic ch a r z c c  t e r i s t  ics of un d e t  i t  c iund
nuc lea r  d e t c c n a t  ions : Par t  I , he ic;tn i c scaling law of u n d e r g r c i c m n c l
deto n a t i o n s , B u l l .  Se - I sm.  Soc. A m . ,  v. 61 , p. 1 67 5_ l f t tLd .
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Using k 10 , B = 4 as a marc -h f o r  th e- a l l uv ium reduc ed  p o t e n t i a l

in HaskL- i 1 ( l*)7 ) ,  we were  unable  to f i n d  any p a i r  of values  k and B f i r

Si- hAN to obtain even a fair l i t  to the  experimental data in Figure- 13a.

T h e  i o r c - ; o i ng  ci rm ~~~Iy c-iis  ~ l i e - c l  t o  f i nd  a sui table we- l i—dc- I m c d  s c a l i ng

fo r  SLO AN , SCh O O N E R , PAl N() L IN , and GA UL 1 U L L ~~. Th is is , of  cou r se , t ie-

expected result  s i m i c e  Haskell (1955),  Sedov (1959) and Ch aba i  ( 1965) lc dlve -

shown that  fo r  e x p l o s i o c - is in which the  value of gravity (g) is an i m p o r t a n t

pa r amete r , cube— root s c a l i ng  ncust f- cu in thaL the p a r c i n - e t e r  c 2
/g d (c is

velocity of sound , d is a characteristic distance) must remain constant. To

place this remark in C i f l L e t X t  l et  us first develop the scaling theory,

fol lowing Chabai (1965) .  Suppose we have:

Independent  var iab les

a , radius of spherical  explosive charge (L)

d , c l ep t h i  of bur ia l  of explosive charge (L)

p. a hydrostatic pressure (
1
T~~)

W , mass of expl osive charge ( M )
2E , e n e r gy  of explos ive  charge  (Mi T 

~
)

U , distance from explosion center (L)

t , time ~i t t c - r  explosion

Y , y i e l d  st  rc-rtgth (~-iL I )
v , visc o s i t y  ( N i H  1 1)

I k ’ 1 i & ’ f l c j t ’ l t  t van dl ) los

r, crater radicts (L)

h , c r at er  dep th  ( 1 )

V , crat er volume (L
3
)

u, vel ’c i t v  cit med i um particle (PT
1
)

d ccc;l’- ~-1l , N .  A .  , 1955 , Some cot ta  i c l e r a t  ions on t lie neil - 11 ing  of c I  c c r  p henomena
in e a r t h , A i r  F ree Surv. Ge’opl iyc . 67 , 1N— 55— .N) 5 , Air Forc - c- C,i rtt li r Idge’

Research C - n t  c r , Bed f o rd , ilassachusett

hc’ilov , 1,. I ., 1059 , similarity and Diccie ttnional M eth o ds  in M ec lc c t t i c s ,  p. $5ci ,
A c a d e m i c  Piess , New York and London .
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c , a cc e l e r a t i o n  oi medium par t  i i  ic (LT
2

)

a , s t r e s s  on medium pa r t i c l e  (ML 1
T

2
)

:, characteristic t i !t f t c , wave cc -riad (T)

Cons tan t

g, gravity ficid strength -i (LT
2
)

Othe r varIables c~ u1d also be included.  D i m en s i o n l e : -  q u a n t i t i e s  such

as strain , void ratio , or m o i s t u r e  conten t  cl~ t h e  m e d i u m  can simply be ins ert ed

into the finai r e su it  and will not affect ttce d im e- i- --ional analysis ci t  t h e

l i s t ed  v a r iab l e s . Quantities which ha-ite dimensions icl -- cit ica l to t }i~~c~e of

-cmra ,ib l cc listed——for example, he-at capacitY , or heat of vaporization c ,

explosive density p .  detonation velocity 0, or detonation pressure- P——app ear

in the final result as the dimensionless ratios c / F , / , c , 0/c , and P / p .

Then th e scaling relations when gravity is not important are:

2 1~c’3 1 2 1/3 
2 1/3 

-

r a— — ~~ d -
~
-

~~
-- - - ii

E 
— 1 E E ‘ 2 ‘ 

- 2 1 / 3  ‘ 2 ° 2 (3)
gc (Ia c) , c C

1/3 - 1/3

R(~~~-_ ) , 

~
-_
~

) }
hCic /E)

1 
= H

2 
(F~/~ c

8
)~~~ = H

5

V (p c
2
/E) hI~ u/c = H

f
2 5 . 1/3114 C C IL) 11

7

And when g r a v i t y  i -a  i m p o r t a n t :

2 2 1/3 2
r(t~~~~ = I

l {d(_~~~) 
. a(~~~_ ) ‘ 2 ’ ~~~~~2 )l / 3 ’ 2 2

2 
1/3 1/3 2

R (L_ ) , }
Ii  -_ 

—--- - -~~~~~~~



hi (, C
2/E ) 1/3 

= 12 (E/ C c
8) 1/3 

=

h(1 C
2/E) = 1

3 
u/c =

a/ p c 2 14 r ( p c 5/E) l /3  
= 1

7 .

Equations (3) are the mathematical expression of ‘ cube—root scaling ”.

That is, assume constant  values for p, , c, Y , c , neglecting a for the

moment;  then , if r , d , a , R , and t are proportional to E~~
3
, equation 3 may

be extended to other yields. Since ~~~~~~ would not he constant for

V = constant , we assume that viscosity is unimportant , or , to put it another

way , tha t  v is large enough or small enough that its particular value has no

influence on the solution. In the near—field this may well be the case since

this region is dominated by shock waves in which it is well—known that if

the viscosity is weak enough , the dissipation is independent of viscosity.

Cherry et al (1975b), following Wilkins (1964), have only an “artificial ”

viscosity to maintain continuity across shocks . The particular value of tile

viscosity does not appreciably effect the final solution.

The far—field signal does depend on viscositY (Q) but in this case we

feel that we have an adequate model of a linear dissipative system which

enables us to cancel out the effects by spectral ratios . Thus we may 5d~~l l c -

the reduced displace’ i-ic-nt potential and combine it with mathematical operators

which incorporate the parameter Q to examine’ the complete variation with

yield.

I t  is of course true that g r a v i t y  is inh iort at it even in overburied

explosions in that it contributes to th e- overLurden pressure P . ilowe- ver ,

i i  t h a t  o v e r b u r d e n  p res su re  is cons tan t , t h e n  the  a c t u a l  vdc l ue s  of d e p t h

and grav i ty should he un impor I  , n t .  (Depth  ol course influences pP and

croci  t C’S nulls in th e- spectrum i t m I e p e n d e n t  of y i c  I~~i ;  t hose we’ take’ accou l i  t ot

by p h y s i c i l  mod e- i s  “ tacked on ” to the scaled SOU T i  c ’ c;pec trUm . ) i -x , iminat ion

W i l k i n s , N .  L . ,  1906 , C c i l c u l a t  i c o n s  of i - 1 l d i : ; t I ,  —I ’ l , i - a t i i  Flow , N e t h i o c l s i t t
Computational l ies , 3, A rcccl& ’ n i i c h ° t i ’ t ~c ; .
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of Figure 3.7 in Cherry et al. (l9 75b ) together with tite m ere- c-ac - of pressure

of 300 b a r s/ km  suggests that the effects on the s i g nal s  of overburden press ure-

var iation for the first five events in Table 1 will be on tile order of 0.1

magnitude units.

The actual value of grav ity will , however , clearly become important in

the case of spall or cratering where, for  example , the tine spent in free fall

is linearly related to the value for g.

The influence of gravity Is seen in equatiors 4 in term c
2
/gd which mus t

be constant for similarity to hold . But if g and c are constant , then d

must scale as E~
’3. Since g cannot scale, we cannot attain similarity in a

medium with constant properties.

If we insist that p and g remain constant but allow other material

properties to vary , we may obtain the fourth—root scaling rule (Haskell , 1955;

Sed ov , 1959). Set

2 2 3/ 4 - 1/4
C p

11p2 
= p

1c1 /p 2c2 
= p

1
g
1
d
1
/p
2g2

d
2 

(- - 1
g
1/e 2

g
2
) (L 1/ E 2 ) ,

5 5 1/8 3/8 5 5 1/8 - 1/8
~

1 1 g1/p 2 g2
) (E

1/E 2
) , t

1
/t

2 C ~,g 2 / ~ ) (L
1

/L ,)

3 3 1/8 1/8
= (~ 2g1 / 1

g2 
) (E

1
/E 2
) , (4

then:

= d
1/d

2 
= R

1
/R
2 

= a
1

/a
2 

= (p
2
g2

/,
1
g
1
)~~~

4 (E
1

/E 7)
1
~~~, (f’)

and the first of equations (4) may be rewritten lcc t h e  more itclornnat ive way :

1/4 1/4 1/4 -

r(~~~
) 

= I
1{d(~~~) 

a(~~~
) (

3
R
3F) 1/4 ‘ S

gE
3
)
U8 ‘

1/4 5 1/8 1/3

(1

~~

g
3E)

~~~

4 ~ R(~~~) ~ ~~(i ) 
. . .~~~~ ( - ~~~i ’)
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From the above i - e n i ir k s  We should not be s u r p r i s e d  if we find it d i fficult

to find a simple yield scaling for seisntic dat ,c I ron cratering explosions.

Ne’ mig h t also remark t h a t  the ove rburden  p r e s s u r e  varies m a r k e d l y  he t i .s- e- en

t hoSe ’ events , so that even it cube—root scaling were valid we would not be

able to scale  f r o m  the  deeper  even t s .

In F igure  14 we Sec the dep th  of the events  cons idered  in this re - li - a rt

plotted as a f u n c t i o n  of t h e i r  y ie lds .  k’ e see how 13IJTEO and REX were v a s t l y

overbur ied , and how the depths for  the event  -a CABRI OLET , PALANQU IN , and

SCH OON L R  fol low n e i th c er  cube—roo t  or f o u r t h — r o o t  s ca l ing .  Titus we are not

surprised to see in Fi gu re 15 how the l o n g— p e r i o d  LR f r o m  the PAUl L NLS:\

c r a t en i n g  5 c - r i c s  fa i ls  to f o l l o w  a slope of 1.0 , as it would certainly do

if it could be described by a single reduced d i splacet t t ent  p o t e nt i a l  whic it

could be scaled wit lt yield . Evidently the basic 5 kt reduced displacemet t

p cential is greater h e r  SGIIOUNEI-t. than fo r  CABRIOLET or PALANQIJIN. This

might be due to more competent media properties , or to va r i a t i on  due to  t h e-

c
2
/gd parameter.

N o t e  t h e  excel lent  co r re l a t ion  of long—period LR amplitude with yield

fo r  the conta ined ser ies .  (of  co t mrse  this is mostly an artifact since the

y ields of 0 . 7  and 19 kt  f o r  Bi l kO and REX were d e t e r m i n e d  by l inear  s c a l i n g

from SCOTCH and B LUIIAM .)  Note-  how t h i s  line is a p p r o x i m a t e l y  0 .5  m m c g n i t m i i i e

units above the IJLP’iEA point.

The situation with respect to LR coupling for cratering and contained

explosions is not c l e a r ;  SilbUS )NI-l h~ and DUR Y EA , b o t h  in t u f f , have LR v a l u e s

in proport ion to t he  i n  y ield al th toug hi the dept ics  are  q u i t e ’ di t I e r e n t

wherea s  SL O AN and PAR , in a l l u v i u m , show t h a t  the  c- r a t e r i n g  e x p l o s i o n  has a

s u b s t a n t i a l l y  g r e - c t e r  5 . The e x p l a n a t i o n  mn~ y he t ha t  the  SLI ) A N/ l° -\U p ropo r -

t ion is c o r r c - c t and t ha t  DU RYE A , be ing  c - L o s e ’  t o  t h e ’  w a t e r  t a b l e  has enhanced

LR due to p ar t  [al s,- o t t t r c i t  ion. In dry t n t  I the T - E would  he lower .

Compar i son  ot PAR i n  dry a l  iuv i m u t t  w i  t i m  thc e c i i  u r ;t t e d  t u f t  hi t - i c ’  s hows a

di I t o r e - n r c  in coup l ing  of 1.8 m a g n i t u d e  units. lb is compate c; to ci d i i  t e r c ’fl c’r

of 1. 3 magn it  ud e - coi l t -d h o u n d  by Ncc r m ; c i , i 11 et cii . (19 71 )  c i t  f og  Evern dc ’n  c i t i d

M a r s h . i h  1 , P. 1) ., A. t o ng  1 c m , and J .  h l i t i I ; ; i t  , 1971 . Sut l ,tct waves I rein t in der—
grou nd ~~Xj ) los ions , Nat t i  rc - , V . 234 , p .
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F i l s ot i  (1971) and Wagner (1970). However , considering tha t  tile a l luv ium

s i m o t s  have low amplitudes and are detected only at nearby stations; and that

1t t l ; e ; ; e  nearby stations the signals from larger events are apt to be

d i s t o r t e d  by non— l inear i t ies, we tend to p r e f e r  the r e l a t i v e  a m p l i t u d e s

given In this report .  Although the data are fewe r by comparison to earlier

studiecc , they have been measured in a manner designed to avoid these serious

bia-aing e~~~~ec t S.

l e r u l c r i , J . and J. F I l s on , 1971 , Re g l - i t t c ’  1 mender c Ot  s u rt  a c e— W a v e  Versus
body—wave magnitudes , J . of e - eip lm y . Res. , -

- 7~ , p. 110 3—3 11) 8 .

0. , 1970 , N i c e  lear V f~- lds f r o m  R a y l e i g h  w ov e-a  , icc r t  l m q t t a k e  N i t  em ,
‘ . 16 , p. i l _ d I )
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CONCI US I

In th is s t u d y  we have  u n c o v e r e d  an appa ren t  pa radox .  The R A I N )  ER

r educed displ i ccet t oen t  l)Otet l t l c d  coupled w i t h  c i t h e - — r o o t  s c a l i ng  gives  a

sat islactory explanation of t h e  r e l a t i v e  R av l e i g lt  and body—wave  s p e c t r a  as

observed at KNUT and ~L NNV . Howe v e r , the same p o t e n t ia l s  canno t  e x p l a i n  t ) i e

o b i t e r v e d  a m p l i t u d e— y i e l d  r e - lot ions  at t e lesei smic  d i s t ances .  The o n ly

ap; i areiit W ay  out  ol t h i s  p a r a d o x  is to ass m cmne t i cat  the  source  is o~cvrIme t n i  -

and t h a t  t i m e s igna ls  dep a r t i n g  v e r t i c a l l y  downward to  t e leseismic  distances

are d i f te r e nt  f r o m  those d e p a r t in g  more n e a r l y  l t o r i 2 e i n t a l l y  w h i ch  a r e  used

to d e t e r m i n e -  t h e  reduc ed d i s p l a c em e n t  p o t e n t i a l  and w h i c h  t r a v e l  to  t m e i r h m v

se i s m i c  - - t a t io n s .

The nest un m i S -  ic;dle u s wiv to settle thIs quest ion would be to measure

ti me reduce- i dis 0 - I i -  o - a c - i c t  pot c - m i t  i 0 1  si n u lt citmo ’- m m s l y  above , below , and to t h e

side o f a su i t ab h -  und , - i  c~r ,i i m mi I test. A less it i m - t f a c - t i i r v  a p p r o a ci c  w o u l d  be -

a I m i t ’ -  dl t i c - u ,  nec 2 — e t  l c o - u -  i o t u a l  c a l c ul at  ion  which w i l l  g i v e  t h e  RAIN 1 ER

Ie -~~~i1re mc.e - it s ~or me’usc ro -mit t tt s t rem i :uit h ce r -shoo t in tuf t a t  t h e  s ide  ma

v e r t  ~~e i h l y  - i  ; t I n e one w ouhe sc- c what d i s p l c c u - e’ mtuc ’n t t i e - same coi: upumt e n  ru in

g i ves i c r  - b i t  - t lv be- h i ’ ~ t I me t m - m t • h i t  ~ CiC ’lle es of cloi ui e degree must be

~xp ected t~or we ktiow t h u  s h i l l  l i n g  o cc u r s  n e c u r  the s un  ,ice- , and t mi cct t h e

~~h i t  tCr ,-~l zone ri  - u i  I t  in g f ron t  an e’ > l o i o s  I din extends upward fcirt d o t  t i t a n  down-

wa rd .  N e i t ~ t h a t  e V T d i ie t r y  in t h e  i~om i ri c’ ca l  is i n t o  ( g i c - t t i O f l  t hi ~ entire

co ncept  cii a r,’d oced diap ha c l o u t  b l o t  en t  ial  W h o c i s t  e d  i s t o i t c e  is d e r i v e - - ) i m c

t i d e  con t e x t i t  s~ i i m o r i c c i 1  s y m m u n e t  ry .

The f a c t  t h a t  s ca l i n g  l :- so d i b  t i - t i l t  I o n  c r c )  c-rin g e-xj ~ I u i m;ieins S t t g ~~ c - - - t S

e i t h e r that model experi~ e-nt s will have to t i e  c c i r r  I i d  ou t  or t i t  t i t t  i t  -

d i i  l c ~ rc t l c e  c- ,ul cu lcu t ions will h i v e - to be- u i - i t  ormed lii c o r d e r  t o  p r o d )  t r o - c i m i

rom future cratetriug explosi-aons . The cc c i i i  I -  r e - b u r t  c c l  in t h i s  s t i n t ’ - u - - c u d

se rve mc ; u s e f u l  c-i l ihr a t ion points f o r  t I m e - m c i -  c c p p r i i ) u c - u . 
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