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1. INTRODUCTION 

The International Atomic Energy Agency (IAEA) is currently 
considering the role which it might play in the international 
observation of peaceful nuclear explosions called for by Article V of 
the Non-Proliferation Treaty (NPT). In November 1970 the Director 
General of the Agency convened a group of experts to advise him on this 
question and in their report (GOVl1433 Annex 11) they recommend that 
"the international observers should, inter alia, be enabled to employ 
simple but adequate instrumentation to ascertain that the nuclear 
device was exploded, for instance instrumentation for an approximate 
yield determination". Paragraph 14 of "Guidelines for International 
Observation of Peaceful Nuclear ~xplosions" prepared by the Director 
General for the Board of Governors (G0V/1540, 1972) suggests that 
"At the time of the detonation and immediately thereafter, as described 
in the observation agreement, the Agency observers shall employ simple 
but adequate methods to ascertain that the nuclear explosive device or 
devices have been detonated. For a completely contained underground 
explosion this requirement might be satisfied by ground motion 
instrumentation to determine approximate explosive yield". 

The purpose of this report is to examine how close-in and 
distant seismic signals might be used to determine the yield of PNE 
devices fired underground and to assess the advantages and disadvantages 
of the alternative methods in terms of feasibility, accuracy, 
acceptability and cost. It is assumed that yield determinations by 
sampling, or by ground motion measurements within several hundred 
metres of the explosion point, are ruled out since their implementation 
could lead to the international observers (and possibly others) 
securing information relevant to nuclear weapon design. 

2. YIELD ESTIMATES FROM DILATIONAL (P) WAVES 

In principle the motion of the ground resulting from the 
radiation of seismic waves generated by an underground explosion 
should be uniquely related to the size of the explosion. Empirical 
results on vertical ground motion measured from the amplitude of the 
seismic P-wave (the first to arrive at a recording station) show that 
this is not so in practice. For distances up to 1000 km, where the 
signal propagates through relatively shallow upper layers [l], as well 
as for distances of several thousand kilometres when deeper paths are 
traversed [2,3], variations in the P-wave amplitudes of nearly 100 have 
been observed for a given yield. This uncertainty is unlikely to be 
acceptable for PNE projects. The effect is due partly to the time 
histories of explosion sources being dependent on the source medium [4] 
and partly to large variations of the absorption, diffraction and 
scattering characteristics of rock material forming transmission 
paths for the propagating P-wave. 

It is true that the preliminary estimates of yields at the 
Nevada Test Site (NTS) are much more consistent. Four seismographs are 
operated there at fixed sites 200 to 300 km from the test area, and a 
relationship providing good estimates of yield between seismic 
amplitude and yield has been derived, from observations of several 



explosions of known y ie ld .  For example, the  J o i n t  Congressional 
Committee on Atomic Energy (JCAE) revealed t h a t  t h e  regional ly  
normalised seismic amplitudes a r e  r e l a t e d  t o  y i e l d s  of explosions from 
the  Pahute Mesa a rea  of the  NTS with a prec is ion  of 15 t o  20% [5].  

This r e s u l t  is poss ib le  only because the  propagation paths 
a r e  f ixed and have been ca l ib ra ted  with many sources of known y i e l d ,  
whereas explosions f o r  PNE pro jec t s  may take place i n  uncalibrated 
areas  i n  any p a r t  of t h e  world. The c a l i b r a t i o n  of unknown a reas  by 
means of small chemical explosions has not been t r i e d  sys temat ica l ly ;  
t h e  c a l i b r a t i o n  sho t s  must be emplaced a t  t h e  PNE-designed depth, and 
the  sca l ing  f a c t o r  f o r  chemical t o  nuclear  explosions has y e t  t o  be 
es tabl i shed.  Furthermore, the  inconsis tencies  i n  the  seismic 
amplitude (P-wave)-yield r e l a t ionsh ip  i n  d i f f e r e n t  a reas  is a t  t h e  
root  of the  divergence of i n t e r n a t i o n a l  views on the  sub jec t .  For these  
reasons i t  is thought t o  be unprofi table,  f o r  t h e  t i m e  being, t o  
consider the  use of P-waves t o  est imate PNE y i e l d s ;  t o  be adequate f o r  
IAEA purposes, t h e  procedure would not be simple, a s  advocated i n  
G0~/1540, 1972. 

3. YIELD ESTIMATES FROM RAYLEIGH (R) WAVES 

Variat ions i n  the geological  transmission paths ,  which 
contr ibute  t o  the  observational  s c a t t e r ,  approximate dimensionally t o  
t h e  wavelengths of the  propagating d i l a t i o n a l  (P) s igna l .  Although t h e  
s i g n a l  is bes t  detected a t  the  high frequency (> 1 Hz) end of the  
seismic spectrum, g rea te r  a t t e n t i o n  has been devoted recent ly  t o  t h e  
use of low frequency s igna l s  f o r  the  measurement of y i e l d  s i n c e  they 
a r e  less a f fec ted  by geological  va r i a t ions  which a r e  dimensionally 
small compared with the  s i g n a l  wavelength. I n  p a r t i c u l a r ,  sur face  
(Rayleigh) waves a r e  seen t o  be w e l l  dispersed i n t o  s inuso ida l  wave 
groups with wavelengths of 30 km o r  more when the  source t o  r ece ive r  
d is tance  is g rea te r  than about 1000 km, the  frequencies being 
approximately the  same a t  d i f f e r e n t  s t a t i o n s  f o r  groups whose group 
ve loc i ty  U is dis tance  (A)/ travel  time ( t ) ,  

The d ispers ion  is due t o  the  general  increase  with depth of 
the  ve loc i ty  of propagation of e l a s t i c  waves wi th in  t h e  ea r th .  The 
upper curves i n  f igure  1 i l l u s t r a t e  t y p i c a l  cases of the  v a r i a t i o n  of 
group ve loc i ty  with period (T) f o r  the  wholly cont inenta l  and oceanic 
paths of Rayleigh waves. The two curves r e f l e c t  the  d i f ferences  i n  the  
average increase  of ve loci ty  with depth wi th in  the  two p r i n c i p a l  e a r t h  
s t ruc tu res .  The problem of correc t ing  f o r  any path over which Rayleigh 
waves a r e  obaerbed is more t r a c t a b l e  than f o r  P-waves, and was solved by 
Carpenter and Marshal1 [ 6 ] .  Later ,  Marshal1 and Basham [7] evaluated 
average path correc t ions  f o r  Eurasian, North American, Oceanic and mixed 
continental-oceanic paths using group velocity-period observations of 
Rayleigh waves from earthquakes. The s i z e s  of the  correc t ions  i n  terms 
of magnitude (M8) u n i t s  are shown i n  the  lower sketch i n  f igure  1. The 
d i f f e r e n t i a l  e f f e c t  on amplitude is small  f o r  wave groups of about 20 
second period,  and f o r  d is tances  g rea te r  than about 2500 km t h e  maximum 
amplitudes of Rayleigh waves a r e  developed i n  t h i s  period range. (The 
amplitude-distance function used f o r  est imating the  r e l a t i v e  s i z e  of 
earthquakes was o r i g i n a l l y  constructed using Rayleigh waves of t h i s  
period. ) 



The lower sketch a l s o  shows t h a t  the maximum amplitudes of 
Rayleigh waves observed from explosion sources a r e  developed a t  periods 
of 10 - 14 seconds. Because of the  wavelength dependence on geological  
s t r u c t u r e s ,  they a r e  more s e n s i t i v e  t o  changes i n  the  propagation path 
i n  t h i s  band, but the  amplitude correc t ions ,  though l a rge ,  vary 
smoothly . 

Following these recent s tud ies ,  the  r e l a t i v e  s i z e  of 
explosions expressed i n  terms of normalised R-wave amplitudes (b) is 
estimated from 

MS = log A + B1(A) + P(T), 

where A is the maximum amplitude (nm) i n  the  Rayleigh wave t r a i n ,  B'(A) 
cor rec t s  f o r  geometric spreading, dispersion and absorption ( t h e  
amplitude-distance function),  and P(T) is the  path correc t ion f o r  the  
period measured. The l a t t e r  may be applied from t h e  average r e s u l t s  
already published, o r  f o r  g rea te r  precis ion,  from a s p e c i a l  study of 
Rayleigh t r a i n s  (from previous explosions o r  earthquakes) which have 
traversed the  region of the PNE experiment. I f  the  y ie lds  a r e  t o  be 
100 kton o r  more, Rayleigh waves w i l l  be detected a t  s a t i s f a c t o r y  
s i g n a l  l e v e l s  a t  distances of 3000 km o r  s o  by the  e x i s t i n g  network of 
standard s t a t ions .  For smaller  y ie lds  i t  may be necessary t o  e s t a b l i s h  
one temporary s t a t i o n  (cos t  about $20000 f o r  instrumentation) i n  a 
shallow emplacement a t  1000 km or  s o  from the  PNE site t o  supplement the  
standard s t a t i o n s .  This would be a r e l a t i v e l y  inexpensive and s t r a i g h t -  
forward p ro jec t  using well-established equipment and methods and, by 
using a system which samples severa l  p a r t s  of the  seismic spectrum [ S ] ,  
the  one emplacement would a l s o  discriminate between explosions and 
earthquakes - a useful  f a c i l i t y  f o r  PNE pro jec t s  i n  seismic areas.  

The p r inc ipa l  disadvantages of the  R-wave amplitude method f o r  
es t imat ing y i e l d s  is t h a t  the  s igna l s  a r e  not s o  w e l l  developed from 
explosions a s  are the corresponding P-waves, and, because the  propagation 
veloci ty  of R-waves is less than hal f  t h a t  of P-waves, they a r r i v e  l a t e r  
i n  a more disturbed pa r t  of the record. Reliable measurements may 
therefore  be more d i f f i c u l t  t o  make f o r  y ie lds  l e s s  than about 10 kton. 

4 .  THE M -YIELD RELATIONSHIP 
0 

The consistency and precis ion of the normalised R-wave 
amplitude (Ms)-yield re la t ionsh ip  have been checked over a range of 
y i e l d s  between 5 t o  5000 kton [g]. The y i e l d  Y is  expressed very 
nearly by 

log Y = MS - 2 

i n  agreement with the  t h e o r e t i c a l  work of Hudson [10,11]. 

The s c a t t e r  of observations above 100 kton is small enough t o  
claim a precis ion of 50%. Below t h i s  l e v e l  the  s c a t t e r  of observations 
is covered by a fac to r  of two; the  reason f o r  the  increase  i n  e r r o r  
bands is the smaller  s i g n a l  t o  noise r a t i o s  and the  uncer ta in t i e s  i n  
P(T) a t  the  higher frequencies. The data  a r e  much more consis tent  than 



those derived from P-wave amplitudes, and i f  g rea te r  precis ion is 
required f o r  monitoring the  y ie lds  of less than 100 kton f o r  PNE 
pro jec t s ,  a temporary recording s t a t i o n  a t  a d is tance  of about 1000 km, 
a s  recommended above, would provide a precis ion of about 50% along 
properly evaluated paths, P(T). There a r e  few regions where P(T) 
cannot be estimated from ex i s t ing  earthquake data,  and computer codes 
a r e  ava i l ab le  f o r  rapidly est imating s p e c i f i c  paths. 

I n  contras t  t o  the P-wave case, another advantage is almost 
exact  coincidence between conventional Mg values current ly  estimated by 
Soviet ,  European and North American da ta  cent res .  The modifications with 
respect  t o  B f o r  distances 1000 - 2500 km and f o r  path e f f e c t s  P(T), 
which have been proposed by Marshal1 and Basham [ 7 ] ,  a r e  now being 
considered by the  In te rna t iona l  Asaociation f o r  Seismology's Commission 
on Pract ice .  The recommendations of t h i s  body may be advantageous i f  
PNE y i e l d s  a r e  t o  be ve r i f i ed  in te rna t iona l ly  by means of seismic 
observations. 

It is therefore  recommended t h a t  the  y i e l d s  of peaceful  nuclear  
explosions be estimated from the  quanti ty MS calcula ted  from the  
amplitudes of Rayleigh waves recorded by ex i s t ing  observator ies .and,  if 
necessary, by seismographs spec ia l ly  deployed f o r  the  purpose. 

The two papers appended present a sample of t h e  experimental 
evidence on which t h i s  recommendation is based. 
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PERIOD, S 

FIGURE 1. GROUP VELOCITY CURVES AND PATH CORRECTIONS 
FOR OCEANIC AND CONTINENTAL PATHS 



APPENDIX A 

UNITED KINGDOM WORKING PAPER ON SEISMIC YIELDS OF UNDERGROUND 
EXPLOSIONS - ESTIMATING YIELDS OF UNDERGROUND EXPLOSIONS 

FROM AMPLITUDES OF SEISMIC SIGNALS 

(Adopted from t h e  Conference of the Committee on Disarmament, 25 Apri l  
1972, CCDl363) 

A l .  DEFINITION OF YIELD AND MAGNITUDE 

By making seismic measurements c lose  t o  an explosion i n  a 
previously ca l ib ra ted  area,  t h e  energy re lease  ( s i ze )  of the  explosion 
can be estimated. Such est imates of explosion s i z e  a r e  general ly 
re fe r red  t o  as  the  "seismic" y i e l d  of the explosion and a r e  expressed 
i n  terms of ki lotons.  Recent testimony before the United S t a t e s  J o i n t  
Committee of the  AEC suggests t h a t  y ie lds  of nuclear  explosions i n  t h e  
Nevada Test S i t e  can be estimated from such measurements t o  within 15 
t o  20% of t h e  y i e l d s  estimated from radiochemical measurements. 

I n  the  context of the  comprehensive nuclear test ban (CTB) 
discussions,  t h e  Conference of the  Committee on Disarmament (CCD) has 
been concerned with the  more d i f f i c u l t  problem of est imating y i e l d s  of 
nuclear  explosions from seismic waves which have traversed uncalibrated 
paths of much g rea te r  length. A b r i e f  r ecap i tu la t ion  of the  p r inc ip les  
involved may be convenient. A small p a r t  of the  energy released by 
underground explosions is converted t o  e l a s t i c  energy and transmitted 
t o  d i s t a n t  p a r t s  of the  e a r t h  as  seismic waves. From the  amplitudes of 
these  waves, seismologists  can determine a "seismic magnitude" f o r  the  
explosion using magnitude s c a l e s  devised t o  measure the  r e l a t i v e  s i z e  of 
earthquakes. The amplitudes of the  seismic waves cannot be used d i r e c t l y  
a s  a measure of the  s i z e  of a seismic event because the  recorded 
amplitude depends on the  distance of t h e  recording s t a t i o n  from the  
explosion; i n  general,  the g rea te r  the  d is tance  the  smaller  the  recorded 
s igna l .  I n  computing the  magnitude, a f a c t o r  is applied t o  the  recorded 
amplitude t o  cor rec t  f o r  the  e f f e c t s  of d is tance ,  a f t e r  which a l l  
recording s t a t i o n s  i d e a l l y  give the  same magnitude f o r  a given event 
regardless  of d is tance  from the  source of t h e  event. 

I n  t h i s  appendix we discuss the  re la t ionsh ip  between the  
seismic magnitude s c a l e s  and explosion y ie lds  and demonstrate some of 
the  d i f f i c u l t i e s  i n  a r r iv ing  a t  a consis tent  re la t ionship ,  and hence i n  
r e l a t i n g  t h e  detec t ion and i d e n t i f i c a t i o n  thresholds,  expressed a s  
magnitudes, of a given recording system t o  explosion y ie lds .  

When t h e  CTB discussions began i n  1958 the  problem of 
est imating the  r e l a t i v e  s i z e s  of earthquakes from recordings a t  d i s t a n t  
s t a t i o n s  already had a long h i s to ry  of ca re fu l  experimental work. The 
p r i n c i p a l  object ive  of t h e  research was the provision of universa l  
d i s t ance  f a c t o r s  and the  following sect ion summarizes the  development of 
t h i s  work. 

A2. THE SEISMIC MAGNITUDE SCALES 

A s c a l e  f o r  measuring the  r e l a t i v e  s i z e s  of earthquakes was 
i n i t i a t e d  by D r  Charles Richter  a t  t h e  Cal i fornia  I n s t i t u t e  of 



Technology some 40 years ago. A local scale was developed for use with 
events within 600 km of recording stations, particularly in California, 
in order to eliminate subjective assessments of size by affected 
populations. The seismic magnitude scale is logarithmic, that is, 
differences in amplitudes of 10 at a given station from events at 
similar distances represent differences of one magnitude unit in the 
size of the events; the larger the number the greater is the size of 
the event. 

Richter's scale turned out to be more successful than had been 
expected, and attempts were made to extend its usefulness beyond the 
local seismic problems of California. With Dr B Gutenberg, Richter 
attempted the task using the combined surface waves recorded by two 
horizontal components. (In those days, sensitive vertical component 
seismographs could not be built because of technical problems concerned 
with the length and stability of springs.) This still left out deep 
focus earthquakes which do not generate such large surface waves, so 
Gutenberg went a step further and created a magnitude scale based on the 
amplitudes of long period (low frequency) body waves, including, of 
course, the first arriving P-waves. The results of this work were 
published in 1945. Finally, in 1956, Gutenberg and Richter published 
what is called the unified scale which makes use of data from - all 
sources, including short period P-waves.   he' authors used the term mb to 
identify unified magnitudes, and it is this scale which has been in 
common use for CTB discussions since 1958 because for distant events more 
data for short period than for long period P-waves have been available 
from the Benioff and Willmore vertical component seismographs. In 
recent years, however, surface (Rayleigh) wave data have been provided 
by more sensitive long period vertical component seismographs. The 
value of magnitudes (Ms) derived from them for discriminating between 
explosions and earthquakes is well known. This appendix demonstrates 
that surface waves are also useful for estimating the yield of explosions. 

Data from small events located at great distances were not 
numerous in the early days of CTB discussions and the various problems 
arising in these discussions focussed attention much more than before on 
the relative sizes and numbers of small seismic events. The problem of 
relating the original magnitude scale for local events (which included 
a sufficient number 'of small earthquakes) to the unified scale (which 
did not) proved difficult to solve during the lifetime of Technical 
Working Group I1 at Geneva in 1959. Long period instruments sensitive 
enough to record surface waves of such small events had not been 
developed at the time, and the Kirnos instruments of the Soviet Union, 
though technically ideal for resolving inconsistencies in the body wave 
magnitude scales, detect only the larger distant events above the 
seismic noise which is also well recorded by these seismographs. Some 
of the early difficulties enocuntered in applying the unified, or as it 
is now called, the mb scale, to the detailed seismological problems of a 
CTB remain unresolved insofar as international agreement is concerned, 
and an appendix is devoted to the problem in the report of the Conference 
on Seismic Methods for Monitoring Underground Explosions, SIPRI Stockholm, 
1968. 



S p e c i f i c  examples of t h e  problem i n s o f a r  a s  i t  relates t o  
e s t ima t ing  se ismic  y i e l d  of explosions a r e  provided below. They a r e  
s e l e c t e d  (a)  from t h e  United Kingdom s t u d i e s  on t h e  well-documented 
explosions codenamed Gasbuggy, Rulison and Medeo, which were c i r c u l a t e d  
by t h e  United Kingdom Delegation t o  t h e  CCD i n  August 1970, and (b) from 
t h e  explosions on Amchitka I s l and  i n  the  Aleut ians,  two of which a r e  
equal ly  we l l  documented ( f o r  example, i n  re ferences  [All and [A2]) and 
which provide a u s e f u l  frame of re ference  over a wider range of y i e l d s .  
No at tempt is made t o  summarize the  whole of t h e  mb-yield d a t a  which 
have accumulated s i n c e  1958; t h i s  is the  sub jec t  of a d e t a i l e d  a n a l y s i s  
which is being prepared f o r  publ ica t ion .  

Figure A 1  does, however, summarize t h e  more c o n s i s t e n t  su r face  
wave magnitude (Ms)-yield da ta .  The MS values p l o t t e d  on t h i s  curve 
have been measured i n  accordance with the  recommendations ou t l ined  i n  
t h e  Canadian Working Paper CCD/327 of June 1971, and d e t a i l e d  i n  a 
t echn ica l  paper published i n  t h e  Geophysical Journa l  of t h e  Royal 
Astronomical Society,  London [A5]. Some of the  d a t a  on which t h e  
MS-yield curve is based a r e  presented at appendix B. 

m-Y IELD 

Commonsense would suggest  t h a t  mb va lues  should inc rease  with 
inc reas ing  explosion y i e ld .  This i d e a  can be demonstrated experimental ly 
when source t o  r ece ive r  pa ths  a r e  i d e n t i c a l ,  o r  nea r ly  so,  f o r  
success ive  explosions.  Take, f o r  example, t h e  t h r e e  explosions on 
Amchitka I s l and  i n  t h e  Aleut ians a s  recorded a t  Eskdalemuir i n  Scotland. 
(Yield and magnitude values a r e  rounded o f f  t o  t h e  nea res t  s i g n i f i c a n t  
f i g u r e  i n  a l l  the  following t ab le s . )  

TABLE A 1  

Yields and Maenitudes f o r  E X D ~ O S ~ O ~ S  On Amchitka 
I s l and  Recorded a t  Eskdalemuir 

It might a l s o  be expected t h a t  t h e  seismic amplitudes would 
inc rease  i n  t h e  same r a t i o  as t h e  y i e l d s ,  but t h i s  is manifes t ly  not  
t r u e  f o r  t h e  Amchitka t o  Eskdalemuir path f o r  t h e  observed range of 
y i e l d s .  

Nevertheless ,  t h e  r e s u l t  f u l f i l s  expecta t ions  more c lose ly  
than t h e  fol lowing example of two explosions separa ted  by 300 km on t h e  
same cont inent ,  which were a l s o  recorded a t  Eskdalemuir. 

Seismic Magnitude 
a t  Eskda1emu.fr 

(mb) 

6.2 
6.6 
6.9 

Re la t ive  Size  from 
Seismic Amplitudes 

a t  Eskdalemuir 

1 
23 
5 

1 
10 
50 

Explosion 

Longshot 
Milrow 
Cannikin 

kton 

100 
1000 
5000 



TABLE A2 

Yields and Magnitudes for Gasbuggy and Rulison 
Recorded at Eskdalemuir 

On the face of it, the smaller explosion has given the 
larger seismic signal. A special study by the United Kingdom of the 
signal amplitudes recorded by distant (teleseismic) stations, and 
omitting the close-in stations of North America, confirms that the 
result is not a peculiarity of Eskdalemuir; the average figures are 
for Gasbuggy, m,, 5.0 and for Rulison mb 4.9. 

The next example is even more remarkable. It compares 
readings at Eskdalemuir of Rulison in the United States with two 
chemical explosions (Medeo) in the Alma Ata region of the Soviet 
Union. 

Explosion 

Gasbuggy 
(New 
Mexico) 

Rulison 
(Colorado) 

TABLE A3 

Ratio 

1 

14 

kton 

2 6 

40 

Yields and Magnitudes for Rulison and Medeo 
Recorded at Eskdalemuir 

7 

Relative Size from 
Seismic Amplitudes 
at Eskdalemuir 
(Corrected for 
Distance) 

1 ( 4 )  

0.25 (1) 

The relative size of Medeo (1) as estimated from seismic 
amplitudes was double that of the explosion which was 24 times more 
powerful. 

I 

Seismic Magnitude 
at Eskdalemuir 

5.3 

4.7 

Seismic Magnitude 
at Eskdalemuir 

(mb) 

4.7 

5 .0  

5.2 

Relative Size from 
Seismic Amplitudes 
at Eskdalemuir 
(Corrected for 

Distance) 

1 

2 

3 

Ratio 

24 

1 

2 

Explosion 

Rulison 

Medeo (1) 
(Chemical) 

Medeo (2) 

kton 

40 

1.7 

3.6 



These a r e  wel l  documented and accura te ly  made observa t ions  
which cannot be disputed.  Since they were made i n  t h e  r e a l  world, t h e  
observa t ions  must have r a t i o n a l  explanat ions.  The explanat ions,  however, 
a r e  i n  d i spu te  and have been the  sub jec t  of much debate i n  recent  years .  - 
Some poss ib l e  explanat ions a r e  l i s t e d  i n  the  following paragraphs, but  
no at tempt is made t o  a r r i v e  a t  degrees of p l a u s i b i l i t y  o r  p r i o r i t y ,  nor 
t o  make d e t a i l e d  q u a n t i t a t i v e  assessments. These top ic s  a r e  being d e a l t  
with a t  length  i n  the  d e t a i l e d  study r e f e r r e d  t o  e a r l i e r .  

A4. DISCUSSION OF -YIELD ANOMALIES 
U 

Along with most seismograph systems, Eskdalemuir w a s  designed 
t o  d e t e c t  t he  c h a r a c t e r i s t i c  band of frequencies  i n  which t h e  se ismic  
energy of small events  is radia ted .  The cen t r e  po in t  of t h i s  band moves 
towards lower frequencies  a s  the  s i z e  of explosions inc reases ,  and 
because f o r  an explosion of 1 Mton the  cen t r e  po in t  of t h e  r ad ia t ed  
energy l i e s  on a d i f f e r e n t  p a r t  of t h e  s e n s i t i v i t y  curve than f o r  one 
of 1 kton,  t h e  recorded amplitudes may be t h a t  much smaller .  (The 
analogy of r a d i a t i o n  from the  sun is appos i te ;  t he  human eye cannot 
perce ive  beyond t h e  u l t r a - v i o l e t  and infra-red ends of t h e  l i g h t  
spectrum.) The importance of t he  e f f e c t  f o r  es t imat ing  magnitude (mb) 
of explosions may be uncer ta in ,  but  i t s  e f f e c t  i n  a s ses s ing  t h e  
r e l a t i v e  s i z e s  of l a r g e r  earthquakes is  obvious when comparing t h e  mb 
values of "standard" (WWSSN) s t a t i o n s  with those of the  wide band 
Kirnos instruments  of t he  Soviet  Union. The Kirnos a l s o  records a g rea t  
d e a l  of e a r t h  noise  and has consequently been held t o  be less u s e f u l  
s i n c e  the  CTB discuss ion  s t imula ted  e f f o r t s  f o r  t he  de tec t ion  of ever  
smal le r  events  and thereby pushed research teams i n t o  recording two 
narrow samples of the  t o t a l  se i smic  spectrum. Nowadays t h e r e  is a much 
g r e a t e r  understanding of the  s t r u c t u r e  of e a r t h  noise ,  and the  means f o r  
reducing i ts  e f f e c t s ,  and a new look might with advantage be taken a t  
t h e  Kirnos type system, f o r  d iscr iminat ion  problems a s  w e l l  a s  those of 
magnitude and y i e l d .  

Another source of t h e  observed anomalies may be due t o  
d i f f e rences  i n  coupling e f f i c i ency .  The Committee is a l ready aware t h a t  
media i n  which nuclear  explosives a r e  emplaced can a f f e c t  t he  s i z e  of 
t h e  P-wave s i g n a l s  by f a c t o r s  of t e n  o r  more when comparing coupling 
e f f i c i e n c y  i n  dry alluvium with t h a t  of a massive rock-like g ran i t e .  
I n  t h e  case  of Gasbuggy and Rulison t h e  rocks a r e  s h a l e  and sandstone 
[A31, which, although very d i f f e r e n t  types of rock, a r e  se i smica l ly  not  S O  

d i f f e r e n t  from each o the r  a s  a r e  dry alluvium and g r a n i t e .  The Medeo 
explosions were designed t o  move e a r t h  r a t h e r  than generate  seismic 
energy, and were the re fo re  incompletely contained;  although t h a t  g ives  
t h e  r e s u l t s  an even more ext raord inary  aspec t ,  i t  must be s a i d  t h a t  t h e  
more slowly r e a c t i n g  chemical explosions a r e  more e f f i c i e n t  genera tors  
of se ismic  energy than a r e  nuclear  explosions;  only a f a c t o r  of about 2 
o r  3 has ever  been suggested, however. 

The amplitude of s h o r t  period P-waves is a l s o  s e n s i t i v e  t o  
source depth. The depths a t  which Gasbuggy (1300 m) and Rulison 
(2574 m) were bur ied  a r e  unusually l a r g e  f o r  t he  y i e l d s  involved 
because the  experiments were designed f o r  t h e  purpose of improving t h e  
flow of n a t u r a l  gas i n  s trata a t  those depths. (For weapon t e s t s ,  i t  is 



necessary t o  bury the  device only t o  a depth s u f f i c i e n t  f o r  containment 
of r ad ioac t ive  debr i s . )  This depth would have t h e  e f f e c t  of i nc reas ing  
t h e  se i smic  coupling e f f i c i e n c y ,  but  would tend t o  s e p a r a t e  t h e  s u r f a c e  
r e f l e c t e d  s i g n a l  away from the  d i r e c t  s i g n a l .  This would be p a r t i c u l a r l y  
t r u e  of Rulison, f o r  which t h e  su r f ace  r e f l e c t i o n  can be c l e a r l y  
observed a r r i v i n g  some 1 2  seconds a f t e r  t h e  d i r e c t  P-wave a t  
Eskdalemuir ( f i g u r e s  2 and 3 of re ference  [ A 3 ] ) .  I n  t h e  case  of Gasbuggy 
(and a l l  nuc lear  weapon t e s t s  of s i m i l a r  s i z e  which were bur ied  a t  
shal lower depths) t h e  su r f ace  r e f l e c t i o n  adds t o  t h e  d i r e c t  s i g n a l  and 
can thereby double t h e  amplitude of t h e  d i r e c t  s i g n a l .  The y i e l d s  of 
weapons such a s  Milrow and Cannikin, however, a r e  s o  l a r g e  t h a t  t h e  
depths f o r  f u l l  containment of t h e  deb r i s  a r e  s u f f i c i e n t  t o  s e p a r a t e  
t h e  r e f l e c t e d  and d i r e c t  s i g n a l s ,  and t h e  magnitudes of both these  
events  may thereby be under-estimated r e l a t i v e  t o  Longshot; f a c t o r s  
nea re r  t o  2 than t o  10 a r e  involved. 

However, poss ib ly  t h e  most important cause of mb anomalies 
has been revealed i n  t h e  l a s t  twelve months by s t u d i e s  i n  t h e  United 
Kingdom, which i n d i c a t e  t h a t  t h e r e  a r e  deep-seated geologica l  s t r u c t u r e s  
i n  a r eas  which a r e  assoc ia ted  with earthquake b e l t s  and with mountain 
ranges,  having a g r e a t e r  capac i ty  f o r  absorbing high frequency se ismic  
energy ( s h o r t  per iod  P-waves) than t h e  ocean f l o o r  and those  anc i en t  
blocks i n  t h e  i n t e r i o r  of cont inents  known as s h i e l d s .  Such s t r u c t u r e s  
may a l s o  cause t h e  P-wave r a d i a t i o n  t o  t ake  two o r  more pa ths  (mult i -  
pathing)  j u s t  d i f f e r e n t  enough t o  cause t h e  s i g n a l s  t o  i n t e r f e r e  one 
with t h e  o t h e r  a t  t h e  recording s t a t i o n s .  By means of computers, models 
of t hese  poss ib l e  s t r u c t u r e s  have been designed and t h e  passage of 
se i smic  s i g n a l s  i n  them has  been s tudied .  The r e s u l t s  do suggest  t h a t  
t h e  geophysical causes of t h e  more ex t raord inary  anomalies may be found 
t o  unde r l i e  se i smic  and r ecen t ly  se i smic  a reas .  A s  explosion 
se i smologis t s  develop techniques f o r  using l a r g e r  chemical explos ions  
f o r  t h e  s tudy  of e a r t h  s t r u c t u r e ,  more evidence accumulates t o  i l l u s t r a t e  
t h e  e f f e c t s  because the  de tona t ions  a r e  o f t e n  i n  s t a b l e ,  ase ismic  a reas .  
The most r ecen t  example, an explosion of 10 tons i n  t h e  North Sea, was 
repor ted  i n  t he  jou rna l  Nature a s  having been recorded a s  f a r  away as 
B r a s i l i a  and Brisbane, and was given a se ismic  magnitude of mb 4.8 a t  
Uinta  Basin i n  Utah. The United Kingdom s t u d i e s  p r e d i c t  t h a t  explosions 
i n  c o n t i n e n t a l  s h i e l d  a r e a s  recorded by s t a t i o n s  on s h i e l d s  w i l l  be 
assigned mb magnitudes some two u n i t s  g r e a t e r  than record ings  of t h e  
same y i e l d  on se i smic  a rea  t o  se i smic  a rea  pa ths .  When t h e  Sovie t  Union 
r e l e a s e s  more y i e l d s  of explosions,  g r e a t  progress  i n  t h i s  f i e l d  of 
research  w i l l  be  poss ib l e  because of t h e  v a r i e t y  of geologic  s t r u c t u r e s  
and se i smic i ty  i n  t h a t  country. 

Whatever t h e  explanat ion,  t h e  observat ions of mb a r e  a 
mat te r  f o r  concern s i n c e  one conclusion t o  which they lead  is t h a t  i t  is 
a t  p re sen t  almost impossible t o  e s t ima te  t h e  r e l a t i v e  s i z e  of explos ions  
from mb unless  they a r e  f i r e d  a t  one s i t e  and compared a t  one s t a t i o n .  
This is a very s e r i o u s  c o n s t r a i n t  i n  t h e  context  of a CTB. Whether f o r  
counting numbers of earthquakes a t  a given y i e l d  equ iva l en t ,  o r  f o r  
de f in ing  magnitude y i e l d  thresholds ,  a method f o r  e s t ima t ing  t h e  
r e l a t i v e  s i z e s  of earthquakes and explosions,  much l e s s  s e n s i t i v e  t o  
source,  pa th  and r ece ive r ,  and which provides f o r  e a s i l y  eva lua ted  pa th  
co r r ec t ions ,  is highly des i r ab l e .  



I n  recent  years  the  United Kingdom has the re fo re  devoted some 
e f f o r t  t o  the  s tudy of t h i s  problem. The success fu l  development of 
s e n s i t i v e  long period v e r t i c a l  seismographs by t h e  United S t a t e s  has 
made p o s s i b l e  t h e  accumulation of su r face  wave da ta  of smal l  events .  
The p r i n c i p a l  impact of t hese  da ta  has ,  of course, been on t h e  mb:M, 
c r i t e r i o n  f o r  d iscr iminat ing  between earthquakes and explosions but  t h e  
United Kingdom has taken another  look a t  t h e  use of s u r f a c e  wave 
magnitudes (Ms) f o r  e s t ima t ing  y i e l d ,  and t h e  p r i n c i p a l  r e s u l t s  of t h i s  
s tudy are reviewed i n  the  f i n a l  paragraphs of t h i s  appendix. 

What has always been a t t r a c t i v e  about using su r face  waves f o r  
e s t ima t ing  r e l a t i v e  s i z e  is f i r s t l y ,  t h a t  t h e  much l a r g e r  wavelengths 
make them l e s s  s e n s i t i v e  t o  t h e  vagar ies  of geologic s t r u c t u r e ,  s o  t h a t  
gross  pa th  co r rec t ions  can be appl ied  on a continent-wide b a s i s  ( a s  w a s  
amply demonstrated i n  the  Canadian Working Paper) and secondly, t h a t  t h e  
frequencies  of t h e  recorded s i g n a l s  f a l l  wi th in  t h e  usual  recording band 
of frequencies  of long period seismographs over a much g r e a t e r  range of 
y i e l d  than is t h e  case f o r  t h e  P s i g n a l s  recorded by high ga in  s h o r t  
per iod  seismographs. Surface wave magnitudes a r e  a l s o  p re fe r r ed  because 
seismographs i n  t h e  Sovie t  Union provide almost i d e n t i c a l  va lues  t o  
those  est imated elsewhere. The d i f f i c u l t y  i n  t h e  use of MS has  been t h a t  
s u r f  ace  waves were recorded only from r e l a t i v e l y  l a r g e  events .  

Table A4 gives t h e  su r face  wave magnitude-yield comparisons 
f o r  t h e  s e t  of explosions which have been looked a t  e a r l i e r  when 
cons ider ing  the  mb-yield r e l a t i o n s h i p .  The Medeo explosions cannot be 
included because no su r face  waves from them have been de tec ted  ou t s ide  
t h e  Sovie t  Union. The su r face  wave magnitudes have been determined i n  
accordance with the  recommendations of t h e  Canadian Working Paper CCD/327. 

TABLE A4 

Yields and Magnitudes (Ms) f o r  Underground 
Explosions i n  t h e  United S t a t e s  

It is i m e d i a t e l y  obvious t h a t  t h e  MS values a r e  much more 
c o n s i s t e n t  over  t h e  whole range of y i e l d s  than any of t h e  mb values  
l i s t e d  i n  t h e  e a r l i e r  t a b l e s ,  not  only i n  r e l a t i o n  t o  y i e l d ,  but  a l s o  
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Average 
Seismic Magnitude 

(Ms) 

3.4 
3.6 
4.1 
5.2 
5.7 

Explosion 

Gasbuggy 
Rulison 
Longsho t 
Milrow 
Cannikin 

Yie ld  
Rat io  

1 
1 4  
4 

40 
200 

Yield,  
kton 

2 6 
40 

100 
1000 
5000 

Rela t ive  S i z e  from 
Seismic Amplitudes 

(Corrected f o r  
Distance and Path 

According t o  
CCDl327) 

1 
1.6 
5 

60 
200 



from si te  t o  site. This  very s a t i s f a c t o r y  r e s u l t  has been confirmed by 
d e t a i l e d  ana lys i s  of a l l  the su r face  wave d a t a  a v a i l a b l e  t o  t h e  United 
Kingdom from explosions f o r  which t h e  y i e l d s  have been announced by 
France, t h e  Sovie t  Union and the  United S t a t e s .  

Figure A 1  summarizes t h e  ana lys is .  For completeness, t h e  MS- 
y i e l d  t h e o r e t i c a l  curve f o r  atmospheric explosions is a l s o  summarized. 
The t h e o r e t i c a l  b a s i s  f o r  t he  curve was published i n  re ference  [A41 and 
is of s p e c i a l  i n t e r e s t  a t  lower y i e l d s  ( l e s s  than 50 kton) because i t  
app l i e s  a l s o  t o  underground explosions i n  dry alluvium o r  o t h e r  
unconsolidated rocks. The curve f o r  underground explosions a p p l i e s  t o  
containment i n  any consol idated rock i n  any p a r t  of t h e  world. The 
dot ted  l i n e s ,  which bracket  t he  s o l i d ,  show t h e  maximum s c a t t e r  of t h e  
observat ions used i n  the  ana lys i s .  The r e l e a s e  of more y i e l d  da ta ,  
t oge the r  with more r e f ined  pa th  co r rec t ions ,  i s  expected t o  decrease  t h e  
width of t h e  e r r o r  bands. 

These curves a r e  now used by t h e  United Kingdom f o r  ob ta in ing  
t h e  b e s t  es t imates  of se ismic  y i e l d .  Low y i e l d  explosions,  f o r  which 
su r face  waves are not  de tec ted ,  must s t i l l  be est imated from mb with 
a l l  t h e i r  inherent  u n c e r t a i n t i e s ,  but explosions a s  small a s  5 kton 
have provided su r face  wave records from t h e  c l o s e r  s t a t i o n s .  A s  more 
s u r f a c e  wave d a t a  a r e  re leased ,  and b e t t e r  long per iod  s t a t i o n s  a r e  
deployed, t h e  l i m i t  of t h e  method w i l l  be e s t ab l i shed ,  and t h i s  l i m i t  
is a l s o  of i n t e r e s t  as represent ing  t h e  t echn ica l  threshold  f o r  
d i sc r imina t ion  by the  mb:MS c r i t e r i o n .  

I n  using t h e  curves, de lega t ions  may f ind  i t  i n t e r e s t i n g  t o  
make es t imates  of y i e l d  from M, values provided by t h e i r  n a t i o n a l  
s t a t i o n s  o r  by world d a t a  cen t r e s .  The pa th  co r rec t ions  w i l l  be found 
i n  the  t e c h n i c a l  paper on which t h e  Canadian Working Paper CCD/327 is 
based. As  an example on which t o  conclude, t h e  following estimates of 
t h e  y i e l d s  of some of t h e  l a r g e r  underground explos ions ,  which have 
occurred a t  each of t he  world's p r i n c i p a l  nuclear  t e s t  sites, are 
es t imated  from t h e  pa th  cor rec ted  world average MS values ,  and t h e  
recommended MS-yield r e l a t ionsh ip .  

TABLE A5 

S i t e  

Sahara 
Kazakh 
Nevada 
Nevada 
Novaya Zemlya 
Novaya Zemlya 
Aleut ian  I s l a n d  
Aleut ian  I s l and  

Explosion 

Saphi r  
1 3  February 1966 
Greeley 
Benham 
14 October 1970 
27 September 1971 
Milrow 
Cannikin 

Average Path 
Corrected MS 

4.1 
4.4 
5 .1  
5.1 
5.1 
5.1 
5.2 
5.7 

Yield Est imates 
from curve, o r  

l og  Y MS - 2, k ton  

125 
250 

1250 
1250 
1250 
1250 
1600 
5000 
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1 APPENDIX B 

SURFACE WAVES FROM UNDERGROUND EXPLOSIONS 
by P D Marshall ,  A Douglas (UKAEA) and J A Hudson (Universi ty  of cambridge) 

l (Reprinted from Nature, 234, (5323), 8-9, 5 November 1971) * 

Severa l  au thors  [Bl,B2] have publ ished d a t a  on t h e  s u r f a c e  
wave magnitude (Ms) and y i e l d  (Y) f o r  underground explosions at test 
sites i n  North America. Figure B1 shows t h e  dependence of MS on y i e l d  
f o r  a l l  t e s t  sites f o r  which we could ob ta in  explosion y i e l d  da ta .  The 
d e t a i l s  of t h e  explosions are given i n  t a b l e  B 1 .  From f i g u r e  B 1  i t  is 
c l e a r  t h a t  f o r  explosions i n  consol ida ted  rock ( t u f f ,  s a l t ,  g r a n i t e ,  
andes i t e  and sandstone) a l l  t he  observa t ions  l i e  c lose  t o  t h e  l i n e  

MS = l og  Y + 2.0 

f o r  y i e l d s  from 4 t o  1300 kton. Only f o r  Discus Thrower and Duryea does 
t h e  observed value of MS dev ia t e  by more than 0.3 magnitude u n i t s  from 
t h i s  l i n e ,  s o  only f o r  these  explosions would t h e  y i e l d  es t imated  from 
MS d i f f e r  by more than a f a c t o r  of 2 from t h e  publ ished y i e ld .  For 
explosions i n  unconsolidated rock (alluvium) t h e  curve of MS a g a i n s t  
y i e l d  seems t o  be more l i k e  

= l og  Y + 1.0 

a t  l e a s t  f o r  y i e l d s  less than 100 kton,  bu t  more d a t a  a r e  r equ i r ed  t o  
d e f i n e  t h i s  curve. The MS va lues  p l o t t e d  i n  f i g u r e  B1 a r e  means of 
i nd iv idua l  s t a t i o n  determinat ions of MS, each of which is co r rec t ed  f o r  
dev ia t ions  of t h e  source  t o  r ece ive r  path from an average pa th .  Af t e r  
co r r ec t ion ,  t he  s tandard  dev ia t ion  (SD) of an observa t ion  f o r  a given 
explosion is usua l ly  0.25 magnitude u n i t s  and t h e  SD on the  mean va lue  
of MS is about 0.1. Correc t ions  a r e  app l i ed  f o r  t h e  e f f e c t  of t h e  pa th  
on t h e  propagat ion of su r f ace  waves of d i f f e r e n t  per iods.  Over s h o r t  
pa ths  i n  North America, f o r  example, t h e  l a r g e  amplitude pulse- l ike  
a r r i v a l  observed on wide band long period instruments  is made up of 
per iod  components c lo se  t o  a minimum value i n  t he  group v e l o c i t y  curve. 
This  apparent  l a r g e  amplitude is due t o  t h e  path and not  t o  t h e  source ;  
t he  path e f f e c t  can be est imated a s  a func t ion  of frequency and a 
c o r r e c t i o n  determined (P D Marshal1 and P Basham, t o  be publ ished) .  It 
should be pointed out  t h a t  path co r r ec t ions  a r e  s i g n i f i c a n t  only f o r  s h o r t  
t ransmiss ion  paths  over which t h e r e  is l i t t l e  d ispers ion .  I f  t hese  
t ransmiss ion  path co r r ec t ions  a r e  not  appl ied ,  t he  d a t a  do no t  
d i sp l ay  a cons i s t en t  r e l a t i o n s h i p  between MS and y i e l d  when d a t a  from 
d i f f e r e n t  test sites a re  combined. 

Theore t i ca l  curves of MS aga ins t  y i e l d  computed using t h e  
theory descr ibed  by Hudson [B3,B4] and using the  explosion source 
func t ions  of Haskel l  [B51 a r e  a l s o  shown i n  f i a u r e  B1. These t h e o r e t i c a l  
computations have a l s o  been cor rec ted  t o  an average c r u s t .  For  
consol ida ted  rocks, t he  f i t  of t he  computed curve with t h e  observa t ions  
is very good; f o r  unconsolidated rocks t h e  p red ic t ed  value of MS f o r  a 
given y i e l d  seems t o  be r a t h e r  low. (Theore t ica l  p red ic t ions  were only 
made up t o  30 kton i n  unconsolidated rocks because t h i s  is approximately 



t h e  maximum y i e l d  f o r  containment i n  a su r face  l a y e r  of alluvium 0.5 km 
th ick  - t he  depth of the  alluvium laye r  i n  the  c r u s t a l  model of t h e  
Nevada Test  S i t e  [B8].) 

From the  da ta  presented i n  f igure  B 1  w e  conclude t h a t ,  
provided one assumes t h a t  explosions a t  any loca t ion  have been f i r e d  i n  
consolidated rock, y i e l d s  can usually be est imated t o  wi th in  a f a c t o r  
of two. This is a g rea t  improvement on rou t ine  ca lcu la t ions  using body 
wave magnitude. For example, the  body wave magnitudes (mb) of t h e  Medeo 
explosions (1.6 and 3.7 kton chemical explosions) were 5.0 and 5.2 
respect ive ly  a t  Eskdalemuir (EKA) [B7], whereas t h e  value of mb f o r  t h e  
40 kton Rulison explosion i n  Colorado was found t o  be 4.7 a t  EKA [B8]. 
Figure B 1  a l s o  shows t h a t  the  use of the  mb:Ms c r i t e r i o n  [B91 t o  i d e n t i f y  
explosions at the  t e l e se i smic  de tec t ion  l i m i t  of MS % 2.5 implied y i e l d s  
of about 40 kton i n  dry alluvium and 3 kton i n  consolidated rock. Long 
period a r rays  on low noise  s i t e s  a r e  required t o  record such low 
magnitudes a t  d is tances  g r e a t e r  than 15 degrees from t h e  f i r i n g  site.  

TABLE B1 

De ta i l s  of Some Underground Bxplosiom 

Event 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
l1 
12 
13 
14 
15 
l 6  
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

(a) 

Name Date 

NW S c i e n t i s t ,  437 (May 1966) and reference  B13: (d) reference  B9: (a) pres s  
repor ts :  ( f )  infer red  from p res s  r epo r t s  and reference B11; (g) reference  812. 

14 Apr i l  1965 
15 February 1962 
22 October 1964 
26 October 1963 
5 November 1964 
3 December 1961 
24 February 1966 
30 September 1986 
27 thy  1966 
10 December 1967 
9 October 1964 

Region Medium 
1 

Yield, 
kton 

Palanquin 
Hardhat 

, Salmon 
Shoal 
Handcar 
Fisher 
Rex 
Bukhara I 
Diecus Thrower 
Gasbuggy 
Par 

1 

Nevada Rhyolite 
Nevada Grani te  
L s s i s s i p p i  1 S a l t  
Nevada , Grani te  
Nevada 1 Dolomite 
Nevada Alluvium 
Nevada I Tuft  
Bukhara Clay 
Nevada Tuf f 
New Mexico 1 Shale 
Nevada Alluvium 

10 September 1969 / Rulison 

4.3(a) 
4.8(a) 
5.3(a) 

12.2ca) 
12 (a) 
13.5(a) 
16 (a)  
30 ( f )  
21 (d) 
29 (a) 
38 (a) i Colorado Shale 

Nevada Alluvium 
Nevada Granite 
Nevada Rhyolite 
Nevada Rhybli t e  
Nevada I Tuff 
Aleutians Andersite 
Nevada , Alluvium 
Kazakh I Sandstone 
Algeria Grani te  
Nevada / Tuff 
Nevada Tuf f 
Nevada ( Rhyolite 
Nevada i Tuff 
Nevada ' Tuff 
Nevada T U ~  f / ~ h y o l i t e  
Aleutians ~ a v a  
Nevada ' Mesa 
Algeria Grani te  
Bukhara ( S a l t  

27 June 1962 
2 June 1966 
14 Apr i l  1966 
6 May 1966 
26 May 1967 
29 October 1965 
6 Ju ly  1962 
15 January 1965 
27 February 1965 
23 May 1967 
13 September 1963 
30 June 1966 
20 December 1966 
19 December 1968 
26 Apr i l  1968 
2 October 1969 
26 March 1970 
l May 1962 
21 May 1968 

40 (a) 
45.5(a) 
56 (a) 
65 (a)  
70 (a) 
7 1  (a) 
85 (a) 

l00  (b) 
125 (R) 
135 (d) 
150 (a) 
250 (a) 
300 (a)  
825 (a) 

1100 (a) 
l200 (a) 
l200 (e) 
1200 (e) ( 

52 (g) I 

47 ( f )  1 

Haymaker 
P i l ed r ive r  
Duryea 
Chart reuse 
Knicker Bocker 
Longshot 
Sedan 
Kazakh 
Saphir 
Scotch 
Bilby 
Half Beak 
Greeley 
Benham 
Box Car 
Milrov 
Handley 
Beryl 
Bukhara 11 

Digest, 2, No. 11; (c) i n f e r r e d  from Reference B10; (b) Vela "Uniform" Information 
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