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Explosion Seismolo 

Capabilities and limitations of long-range methods I 

detecting and recognizing explosions are discuss( 

E. W. Carper 

Take a good look at Fig. 1. The 
traces you see were recorded at dis- 
tances of between 3000 and 10,000 
kilometers froni seismic events and 
represent the variation, with time, of 
vertical ground movement in a rather 
narrow frequency band between about 
1 and 2 cycles per second. Three of the 
records are from underground nuclear 
explosions, the rest are from, I trust, 
earthquakes. The problem is to dis- 
tinguish between the explosion and the 
earthquake records. Numbers 1, 7, and 
9 are explosion records. 

The problem you face is one which 
faces Western seismologists at the pres- 
ent day. They, of course, have access 
to many more records from each event, 
and the purpose of this article is to 
indicate ways in which present research 
is attempting to use such records to 
provide estimates of the capability of 
seismic detection systems. 

In 1958 the Conference of Experts 
which met at Geneva proposed a seis- 
mic detection network of 180 stations 
distributed around the world. Since 
then, however, there has emerged a 
new approach based on national sys- 
tems which rely on data obtained from 
outside the territory of the state in 
which the event occurs. The interconti- 
nental distances between source and 
receiver, which such a system implies, 
provide a considerable number of geo- 
graphical difficulties in the organiza- 
tion of controlled experiments. Conse- 
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ized by its magnitude- 
an arbitrarily defined s 
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duces. If an event has been detected 
at enough stations to give even a crude 
estimate of its position, then each sta- 
tion can provide a magnitude accord- 
ing to the equation 

;y m,i - logw,(A/T) + B(A) 

where A, in microns, is half the peak- 

for to-peak amplitude of the largest pulse 
within the first three or four cycles 

ed. of the record; T, in seconds, is the 
apparent period of the pulse; and B 
is a function of distance A. The varia- 
tion of B with A and the correspond- 
ing (average) variation of amplitude 
at T = 1 sec for an event of nm - 4.5 
are shown in Fig. 2. 

a from which A magnitude may be ascribed to 
tes have to be any event by taking the average of 
nulated rather the individual magnitude determina- 
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ias detected an mized, yet Fig. 3 was prepared from 
tin appropriate explosion data. That there is scope for 
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sition that an no emphasis. 
osion, the seis- The character of a seismic record 
e probabilities. changes very considerably over the 
gnore anything distance range shown in Fig. 2. When 
'e numbers of we concentrate on the first few seconds 
sions. He will of the record we are considering only 
s an explosion, the compressional, or P, waves. With- 
low proceed to in an angular distance of, say, 10? of 
spects in more the source, in the so-called first zone, 

where the amplitude is decreasing 
rapidly with distance, there are many 
P-wave phases due to waves traveling 

Definition complicated paths in the earth's crust. 
There are also many shear-wave, 
or S-wave, phases and surface- and 
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The author is a physicist employed in the 
United Kingdom Atomic Energy Authority's 
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Fig. 1. A typical, but by no means fully representative, selection of teleseismic records. 

guided-wave phases. Thus the record 
contains a lot of character, but most 
of it is governed by the propagation 
paths rather than by the source. Be- 
tween 10? and about 25? of the 
source there is often a shadow zone, 
where the signals are small and diffuse. 
Not very much is known about this 

region, most of the available informa- 
tion coming from earthquakes in west- 
ern North America and from explo- 
sions at the Nevada test site. Since 
contours of geophysical parameters 
seem to have a bad habit of circling 
Nevada, extrapolations to other re- 

gions are always a bit suspect. In the 
absence of relevant global data it 
seems safer to assume a shadow zone 
and accept any benefits that its ab- 
sence in specific regions might imply. 
The most promising range is the so- 
called third zone, which begins at the 
end of the shadow zone and ends at 
a distance from the source of about 
90?, where the characteristic upward 
refraction of energy due to the increas- 

ing velocity with depth within the 
earth is stopped by the earth's core. 

In this third zone the seismic P- 
wave signals stand in their simplest 
relation to the waves emanating from 
the event. Thirlaway has coined the 
phrase "the seismic window" for the 
third zone, since it is through this 
window that we most clearly "see" 
the source. Both the shear and the sur- 
face waves are well separated from 
the P-waves in both frequency and 
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time, although shear and surface 
waves from events in the magnitude 
range of interest-of say, 3.5 to 5- 
largely go undetected. Thus it is to 
the P-waves that we must turn for 
a teleseismic system based on stations 
remote from the seismic events, exam- 
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ining the P-wave character in the hope 
of finding parameters which distinguish 
earthquakes and explosions. 

To complete the detection picture 
we have to consider the ambient noise 
which is always present. A very reason- 
able requirement for detection is that 
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Fig. 2. Variation with distance of the average signal from a seismic event of m -= 4.5. 
a, "First" zone; b, shadow zone for western United States and probably other areas; c, 
teleseismic zone; d, source window. 
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the signal should be twice the noise 
level, but to complicate matters the 
noise varies both from station to sta- 
tion and with time at each station. 
Figure 4 shows a typical method of 
presenting noise as the probability 
that, in a randomly chosen period of 
2 minutes, the amplitude of the seismic 
noise will not exceed a specified level. 
Other noise presentations give the root- 
mean-square value, the peak value, or 
the average value, but it is often 
difficult to get strictly comparable data. 

To be specific, suppose we want a 
system containing a relatively small 
number of stations, say about 20 to 30. 
Then we could probably find at least 
three or four sites where the peak 
noise amplitude at a frequency between 
1 and 2 cycles per second is usually 
below 1 millimicron (there are seasonal 
variations) and several where it is 
below 2 millimicrons. Apart from is- 
land sites, introduced to cover areas 
like the Pacific, the remaining stations 
should have noise amplitudes below 5 
millimicrons. At each station it is 
possible to employ noise-reducing tech- 
niques, such as putting seismometers 
down a borehole or employing a large 
number of seismometers suitably spaced 
on the surface as an array, and these 
techniques are in principle capable of 
providing improvement in the noise 
level by an order of magnitude without 
degrading the signal. 

Once a system has been postulated 
it is a straightforward statistical prob- 
lem to take the station distribution, 
the noise statistics for each station, an 
appropriate signal-to-noise requirement 
for detection, and a magnitude distri- 
bution curve such as that of Fig. 3 and 
to obtain estimates of the probability 
of detecting events of given magni- 
tudes from a specific region at a speci- 
fied number of stations. It would ap- 
pear that with a global system of 20 
to 30 stations, virtually all events of 
magnitude 4 and above should be 
detectable with a signal-to-noise ratio 
of 2 at a minimum of seven teleseismic 
stations. The important thing is the ex- 
pectation of an average number of 
detections, ranging from, say, one at 
magnitude 2.5, through three at mag- 
nitude 3, to at least seven at magnitude 
4 and above. For the larger events, 
extra information would accrue from 
the present worldwide system of seis- 
mological observatories, which, al- 
though individually autonomous, have 
a long-established custom of inter- 
national cooperation. 
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Source Location 

When a seismic event has been de- 
tected at several stations the location 
of the source becomes a problem of 
prime importance. There are two rea- 
sons for this. First, the proof positive 
of a treaty violation would be the dis- 
covery of radioactive debris by an on- 
site inspection team, who obviously 
would require their search area to be 
closely defined. Secondly, accurate lo- 
cation is a valuable aid to earthquake 
identification. 

Four parameters can be determined 
for each event-its latitude and longi- 
tude, which together define the "epi- 
center"; its depth; and the time at 
which it occurred. The method of 
determining these parameters is straight- 
forward, and the use of modern com- 
puting machines has taken out the hard 
work. All that is required is knowledge 

m-I * I 

m-O 9 

m-0 7 

rm-o 5 

m-0 3 

m- . I 

m+O. I 

m+o. 3 

m+O. 5 

m+ 0 7 

m+0 9 

m + I 1 I 

0 

PERCENTAGE OF STATIONS 

Fig. 3. Teleseismic magnitude scatter for typical explosions, from U.S. data. Earthquake 
magnitudes would probably be more scattered, as would explosion magnitudes recorded 
on the worldwide system. Some of the scatter probably reflects inherent variations in 
station sensitivity, and statistical analysis to determine correction factors for individual 
stations is required. Differences in magnitude scatter could prove to be of value as a 
diagnostic aid. 
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of the arrival times of the P-waves at 
a number of accurately located stations 
and a set of tables giving travel times, 
as a function of distance. Such tables 
have been constructed from the earth- 
quake data accumulated over the years. 
The method is as follows: assume a set 
of parameters, calculate the distance 
from the assumed epicenter to each 
station, obtain the travel times from 
the tables and add them to the assumed 
time of origin of the event. Then com- 
pare these computed arrival times with 
the actual arrival times. By a series 
of successive approximations the pa- 
rameters are adjusted until the "best" 
solution is obtained-namely, that when 
the sum of the squares of the dif- 
ferences between observed and cal- 
culated arrival times is minimized. 

In discussing the accuracy of a loca- 
tion it is convenient to treat location 
of the epicenter separately from the 
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Fig. 4. A typical noise-probab. 

determinations of depth a 
time. The foremost require 
accurate location of the epic 
good (azimuthal) distributio 
tions around the event. The 
of these stations from the ev 
particularly important, altho 
is evidence, in fact, that epic 
best determined from stations 
lar distances of between 20? 
The reason for this is that 
distances the first wave ai 
traveled entirely in the crust 
mantle, where there are re[ 
locity variations. Unless reg 
rection factors are used to c< 
for these variations, the c 
errors can put the true epic 
outside the 500-square-kilonr 

which has been suggested as the maxi- 
mum area to be searched for radio- 
active debris following location of a 
suspicious event. The only method of 
checking location techniques is to ap- 
ply them to known explosions and to 
those relatively rare earthquakes whose 
location is accurately known from very 
local data. Herrin (1) has made an ex- 
haustive study of the problem and has 
concluded that with seven teleseismic 
stations well distributed around an 

. MICRONS event it should be possible to define 
ility curve, areas of about 250 and 500 square kilo- 

meters for which the probabilities that 
one can find an epicenter located with- 

nd origin in these areas are 50 and 75 percent, 
:ment for respectively. As the number of stations 
:enter is a is reduced below seven the correspond- 
n of sta- ing areas increase rapidly until the 
e distance process becomes impossible with less 
'ent is not than three recordings, while with in- 
ugh there creases above seven in the number of 
enters are stations the accuracy increases until a 
s at angu- limit of something like 100 square 

and 90?. kilometers for the size of the search 
at shorter area is reached. 
rrival has The next step is an application of 

or upper modern computing facilities to process 
gional ve- the high-quality data from the world- 
ional cor- wide system of standard stations set up 
ompensate under the Project Vela program. This 
onsequent should result in the production of an 
enter well improved set of travel-time data and 
ieter area should make it possible to determine 

both local station corrections and small 
regional corrections of the same order 
of accuracy as the record readings. 
Jeffreys (2) has, characteristically, led 
the way with a refined statistical study 
of data from Pacific explosions. He 
found no evidence that the teleseismic 
travel times of P-waves were a func- 
tion of anything other than distance 
from the epicenter, and he confirmed 
the findings of Gutenberg (3) and 
others that all the travel times should 
be reduced by about 2 seconds, a re- 
finement which results directly from 
having independent data for the origin 
times of U.S. (and, so far, only U.S.) 
explosions. 

Determination of the depth and the 
origin time of an event from the ar- 
rival times of P-waves is much more 
difficult .An essential requirement is 
that stations be well distributed in dis- 
tance. It is easy to see why. Suppose 
we have a circle of stations with 
radius, say, 30?, and suppose that all 
the stations record an arrival at the 
same time. Then we could say that the 
source was at the center of the circle, 
but we would not know whether the 
event occurred at the surface at time T 
or at depth h an appropriate time 
later. For locating the epicenter this 
problem is trivial: just assume that the 
event took place essentially at the sur- 
face, where, by definition, it would 
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Fig. 5. The simple explosion model and a representative earthquake model, showing, two-dimensionally, the idealized P-wave and S- 
wave radiation patterns. The "cones of vision" from within which teleseismic first motions emerge are indicated. 
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occur if it were an explosion. However, 
the preceding sentence has a corollary 
-namely, that if an event takes place 
at considerable depth, say greater than 
5 kilometers, it cannot be an explosion. 
Thus, determination of depth is im- 
portant as an identification criterion. 

Unfortunately, past experience with 
depth determinations from the arrival 
times of P-waves has not been very en- 
couraging. The balance between depth 
and origin time is so fine that quite 
often earthquakes appear to originate 
above the surface! Clearly this is not 
satisfactory, and seismologists have 
tended to obscure the issue by label- 
ing such events as shallow. Improve- 
ments are now being made in the com- 
puter programs, principally to work 
into the theory the premise that earth- 
quakes must by definition occur within 
the earth and also to provide some esti- 
mate of the accuracy of the determina- 
tions. In particular the probability that 
a specific located event occurred at a 
depth greater than 5 kilometers can 
be explicitly provided. 

Since determination of the depth of 
focus is such a potentially powerful 
discriminant, attempts have been made 
to utilize another technique, which in 
fact has historical precedence over the 
travel-time method. When an event 
occurs in the earth, the first P-wave 
arrival at teleseismic distances is the 
wave which leaves the event more or 
less vertically downward. In principle 
this is followed by the wave, designated 
pP, which goes up to the surface as a 
P-wave and is reflected down as a P- 
wave, and this in turn is followed by 
the wave, designated sP, which goes 
up to the surface as an S-wave and is 
reflected down as a P-wave. If these 
waves can be recognized, then the time 
separating them gives an accurate es- 
timate of the depth; the problem is in 
recognizing them. Often the reflections 
are small and difficult to resolve above 
the noise, while in addition, and par- 
ticularly for near-surface events, the 
separations are insufficient for the var- 
ious phases to be clearly distinguished. 
No details of the effectiveness of dif- 
ferent methods of determining depth 
of focus have been published, although 
it seems implicit from the congressional 
hearings (1) that events from depths 
greater than 60 kilometers are gen- 
erally recognizable as such, either from 
analysis of arrival times or from sur- 
face reflections. Now we turn from the 
location of an event to a study of its 
character. 
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Source Characteristics 

There has always been a possibility 
that the character of the source might 
impose itself on the seismic records 
sufficiently strongly for identification 
criteria to be evolved. There is in 
seismology a widely held concept that 
an earthquake consists of shearing mo- 
tion along a fault plane (4), and this, 
at the risk of oversimplification, we 
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will take as a convenient starting point. 
In Fig. 5 the P-wave starting out from 
an explosion and the P-wave starting 
out from an earthquake are represented. 
Whereas the initial motion from an 
explosion is outward, an earthquake 
exhibits four quadrants which alter- 
nately give outward (compressional) 
and inward (rarefactional) first motion. 
Now the first motion has the rather 
unique property of carrying its char- 

MEASURED PARAMETER 

Fig. 6. Diagram showing the principle of overlapping distributions of shallow-earthquake 
and explosion properties (for example, surface-wave energy divided by body-wave 
amplitude). 
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acter all the way to the recording sta- 
tion, so that positive evidence of rare- 
factional first motions is conclusive evi- 
dence of an earthquake. Unfortunately 
this method of identifying earthquakes 
is not particularly helpful, for two rea- 
sons. First of all, the first motion tends 
to be very small relative to the maxi- 
mum signal used for detection. Thus, 
whereas a (maximum) signal-to-noise 
ratio of 2 seemed a reasonable value 
for detection, a ratio of 10 may be 
necessary for confident recognition of 
the first motion as such. 

The other difficulty concerns the 
"cone of vision." A system of stations 
only "sees" as first motion those 

rays which leave the source within a 
vertical cone (see Fig. 5). For stations 
at angular distances of up to 10?, the 
cone's semiangle, 0, is greater than 45?, 

so that, if the number of stations is 
sufficient, rarefactional first motions are, 
in principle, always detectable. For sta- 
tions at teleseismic distances, 0 falls 
below 45? and there is consequently 
a finite probability that all first motions 
are compressive. A full evaluation of 
the probabilities of identifying earth- 
quakes by first motion will require a 
considerable extrapolation of existing 
earthquake data, but it is clear that its 

applicability is limited. 
As a positive method of earthquake 

identification the first-motion criterion 

occupies a unique position. We now 
consider less positive methods, which 
still have an important role to play. It 
is inconceivable that the mechanisms 
of earthquakes and explosions should 
not have more differences than a dif- 
ference in first motion. What we have 

to ask is: What are these differences? 
Have they observable effects? How sep- 
arable are they? 

Several promising techniques imme- 
diately applicable at distances up to a 
thousand kilometers from the event 
have been investigated (5), with varying 
degrees of success. Probably the most 
promising has been the discovery 
that earthquakes and explosions which 
generate the same degree of compres- 
sional waves often generate quite dif- 
ferent amounts of shear- and surface- 
wave energy. This difference is repre- 
sented in Fig. 6, a figure which, to me, 
seems of quite outstanding significance. 
It shows an overlapping distribution of 
the properties of explosions and earth- 
quakes. No longer are we faced with 
a clean-cut decision such as, for in- 
stance, that a rarefaction indicates an 
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earthquake; we are faced with a state- 
ment in terms of probability. By means 
of established statistical techniques, 
measurements of several different pa- 
rameters, each having its own independ- 
ent statistical distribution, can be com- 
bined to provide a probability that a 

specific event is an explosion. Attrac- 
tive as this method appears, it must be 
remembered that the basic statistical 
data can only be acquired from actual 
events. The number of events at the 
Nevada test site has been ample for 
such studies, but how are the character- 
istics of the explosions and those of 
the Nevada site itself to be separated? 
One way of removing this limitation of 
the empirical approach is to provide a 
theoretical basis. For instance, the re- 
lation between compressional and sur- 
face waves, for explosions, seems in 
reasonable accord with simple theo- 

retical considerations. If this is con- 
firmed, our confidence in the technique 
is increased for all regions, irrespective 
of empirical evidence. 

A number of teleseismic "diagnostic 
aids" and associated measurement tech- 
niques have been investigated at the 
United Kingdom Atomic Weapons Re- 
search Establishment, and I now devote 
a section to describing them. 

The Influence of Arrays 

Consider again the simple picture o:t 
an explosion in a homogeneous rock. 
To a reasonable approximation, the ex- 
plosion pushes the surrounding mate- 
rial outward and generates a very sim- 
ple seismic signal. No matter from what 
direction we look at the source, the 
signal is the same, and we can deduce 

the motion at the source from it. In 
the actual earth the explosion takes 

place near a free surface in a more or 
less complicated crust. The teleseismic 
signals we record leave the crust within 
a small cone (generally smaller than in 
the case of earthquakes), are refracted 
upward by the velocity gradient in the 
mantle, and emerge from the mantle 
through another crustal section. Now 
the picture we have of the earth's 
mantle indicates that it would have lit- 
tle effect on the signal other than that 
of absorbing some of the high-fre- 
quency energy. The free surface 
above the explosion results in a re- 
flected signal as large as the direct sig- 
nal, but the time delay between the two 
signals is only of the order of a second, 
so they cannot readily be resolved. Thus 
we expect signals entering the mantle 
to be reasonably simple, with the am- 
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Fig. 9. A set of records illustrating different processing techniques. In this method the essential step is the production of two sub-sums, 
ZB and ZR. These are, respectively, the summed outputs of the individual seismometers of the blue and red lines (see Fig. 7) after the insertion of time delays appropriate to the velocity and direction at which the signal crosses the array. Subsequent operations with these sub-sums include addition or multiplication. In the illustration, multiplication has been followed by smoothing and by taking the 
square root and smoothing. 
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plitude dying rapidly away after a few 
seconds, either to zero or, if there are 
reflections within the crust, to levels of 
about one-tenth the peak amplitude. 

However, when the simple P-wave 
signal arrives at the crust near the 
recorder it can create other signals 
whose amplitude and character depend 
upon the nature of the crustal inhomo- 
geneities, such as faults or relief fea- 
tures. With a single vertical seismom- 
eter there is no way to differentiate 
the various parts of the signal, nor in- 
deed can interfering signals from dif- 
ferent events be distinguished. Three 
seismometers, two horizontal and one 
vertical, provide some improvement 
because they make it possible to dis- 

tinguish particle orbits, but arrays of 
seismometers offer a very much greater 
capacity for resolving signals which 
have different velocities over the 

ground, which come from different 
directions, or which differ both in velo- 
city and in direction. 

There are many types of array, one 
of the simplest being the linear cross 

array, which consists of two lines of 
equally spaced seismometers, as shown 
in Fig. 7. The design is quite flexible, 
and the principle of operation is as 
follows. A signal from a distant event 
arrives at slightly different times at 
the various seismometers, and the time 
differences relative to the central point 
can be either measured or predicted. 
The original signals are all recorded 
on a multichannel magnetic tape, so 
that, with conventional analog or digi- 
tal techniques, the appropriate time dif- 
ferences can be inserted to align the 
signals. The records are then added to- 
gether so that the required signal is 
reinforced in proportion to the number, 
N, of the seismometers. If the noise is 
random, then on adding the records it 
increases on the average by N-, with a 
net increase in the signal-to-noise ratio 
of N'. Signals, including coherent 
noise, arriving from different directions 
or with different velocities will also 
tend to cancel in a way which can be 
predicted for each specific array. 

The process is best illustrated by an 

example. Figure 8 shows the individual 
channels, and Fig. 9 shows their sum 
after the appropriate time delays have 
been inserted, together with a number 
of processed outputs. How you process 
the outputs is again a matter of choice; 
filtering is very important, and split- 
ting the signals into two groups, mul- 
tiplying, and smoothing the product 
has been found useful. The example 
in Figs. 8 and 9 is, in fact, the record 
from an underground nuclear explosion, 
and Fig. 10 shows the corresponding 
outputs from three arrays which employ 
identical instrumentations. These ex- 
amples are typical of the (admittedly 
few) teleseismic underground explo- 
sions recorded at these sites and show a 
remarkable degree of similarity. 

Explosion records from more limited 
arrays also tend to support this picture 
of the simplicity and similarity of ex- 
plosion records. Nevada explosions 
have tended to produce somewhat more 
complicated records than have explo- 
sions in other areas, but not more com- 
plicated than would be expected from 
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the geology, and the similarity between 
different records from the same event 
has remained high. Many records from 
single stations lend further support to 
the picture and, in the absence of posi- 
tive evidence to the contrary, those 
records which do not can be assumed 
to be from "poor" sites, where there 
are complicating geological factors. The 
disturbing possibility is that the effects 
may be reciprocal in the sense that an 
explosion at a "poor" site could give 
complicated records at the distant 
"good" stations. In general, arrays of 
seismometers would be incapable of 
"cleaning" the records from explosions 
at such sites, but the complicated rec- 
ords would probably still be similar. 
This sort of effect would be expected 
to occur with an underwater shot in 
the deep ocean. The reflection coeffi- 
cient is large at both the ocean floor 
and the free surface, so that a series of 
simple signals of slowly decreasing am- 
plitude and constant time separation is 
transmitted into the mantle. From good 
sites the teleseismic signals would be 
expected to be virtually identical at all 
azimuths and ranges, and the available 
evidence certainly tends to confirm this 
view. The arguments apply equally to 
records from several shots fired at the 
same site. 

Consider now an earthquake within 
the crust. Most studies suggest that the 
majority of earthquakes occur at depths 
greater than 5 kilometers, but very lit- 
tle is known about the actual displace- 
ments they produce. What we would 
like to do is to draw a sphere around 
the event and define the motion on it. 
It seems clear that some earthquakes 
occur in a way that, pictorially at least, 
can be represented by prolonged move- 
ment along a fault plane (or along sev- 
eral faults in the same region), giving 
records which last for a long time. Re- 
flection of the waves from the free 
surface also extends the records, by a 
time proportional to the depth. The 
large shear waves generated by earth- 
quakes (see Fig. 5) also enter the pic- 
ture, for they can create compressional 
waves by reflection in the crust. The 
conversion factors are small, because 
of the small angles of incidence, but 
the waves are often large enough to 
compensate for this, and since S-waves 
travel at a lower velocity than P-waves, 
the time scale is appropriately extended. 
In the most favorable situations, P, 
pP, and sP waves are distinguishable, 
and a depth of focus can be determined, 
but in general there results a complex 
extended P-wave train with the effects 
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of complicated source motion and 
crustal reflection intermixed. However, 
one would expect not only complexity 
of individual records but also a lack 
of similarity between them because of 
the asymmetry of the source itself. To 
date, most of the shallow-earthquake 
data from linear arrays seem to fit the 
above picture of overall complexity. 
Figure 1l shows typical records for 
three shallow earthquakes recorded at 
array stations. In each case the records 
from each line of seismometers have 
been summed after the insertion of time 
delays. The summed records from each 
line have then been multiplied and 
smoothed so that the resulting traces 
can be compared directly with the B 
records of Fig. 10. The records illus- 
trate both the complexity of earthquake 
signals and the differences between 
records of the same event recorded at 
different stations. Some earthquakes 
do give records which are simple in 
appearance, but most of the earth- 
quakes for which the evidence is at all 
conclusive are deep-focus events. This 
also we would expect, for the deep 
earthquakes occur in the relatively 

homogeneous mantle, well away from 
the major contrasts of velocity and 
density which characterize the crust. 

The general view that explosion 
records are characterized by either sim- 
plicity or similarity in all directions, 
whereas earthquake records are both 
complex in form and different in dif- 
ferent directions, is of course very 
attractive as a diagnostic aid. It does 
not serve to identify explosions, but it 
provides a probability whose value de- 
pends upon statistics backed by theory. 
On the basis of present empirical data 
the discrimination appears to be good, 
but the data are limited, particularly 
the data from explosions in seismic 
areas whose very nature might imply 
sufficient complexity to complicate this 
simple picture. 

A more objective method of look- 
ing for differences between earthquake 
records and explosion records would be 
examination of the Fourier spectra of 
the summed array output. Intuitively 
one would expect earthquakes to show 
relatively more low-frequency energy 
than explosions. One reason is that low- 
frequency energy from explosions is 
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inhibited by the free-surface reflection. 
Another possible reason is that S-wave 

energy tends to have a lower frequency 
than P-wave energy, so that sP-waves 
have more low-frequency energy than 
P-waves-a point which could help in 
the identification of sP-waves. 

Two further developments seem im- 

mediately possible. In the first place, 
array technique can be applied in the 
detection of surface waves. Data from 
Nevada explosions, explosion theory, 
and earthquake observation all indicate 
that shallow earthquakes generate sig- 
nificantly more surface waves than do 
explosions of the same magnitude. At 

present, detection of surface waves is 
the problem, but there does seem every 
indication that arrays of long-period 
seismometers are feasible. The ampli- 
tudes of surface waves decrease by only 
slightly more than the inverse of the 
distance traveled-an attenuation attri- 
butable to both geometric spreading and 

dispersion. If, as we think, correlation 

techniques improve detection by an 
amount proportional to the length of 
the record, then detection capability de- 
creases only as the square root of the 
distance traveled, a slow rate of decay 
which is important if the recording sta- 
tions are at great distances. 

The desirability of using arrays for 

detecting surface waves from small 

earthquakes is emphasized by the pos- 
sibility that, since the surface wave 
records last for a long time, much of 
the noise may be composed of the 
records from other events. 

Another discriminant which requires 
only detection of energy is evidence of 
shear waves. The method has been 

applied with some success to records 
from events within 1000 kilometers, 
but the conversions of P-waves to S- 
waves within the crust tend to obscure 
the source-generated S-waves. At tele- 
seismic distances these conversions are 

unimportant, and earthquakes and not 

explosions should produce S-waves. The 

practical problem is, again, one of sig- 
nal-to-noise ratio. Shear waves in the 

period range 1 to 3 seconds probably 
behave much as P-waves in the range 
/3 to 1 second do, but the noise 

against which they have to be detected 
is likely to be higher by a factor of 20. 

Arrays of horizontal seismometers 
could well be the answer, and again we 
would know from the P-wave data just 
when to look for S-waves. It appears 
that the noise at periods above 1 second 
behaves more predictably than the noise 
at shorter periods, so that S-wave arrays 
could well provide signal-to-noise im- 
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provements very much better than the 
NW appropriate to random noise. 

One final point about arrays which 
has always intrigued me is the possibil- 
ity of using existing seismological ob- 
servatories. The resolving power of an 
array increases with its size, provided 
the signal character is preserved across 
it. The separations between the P-wave 
and phases like pP and sP do vary with 
distance (deeper events showing more 
variation), and earthquake P-wave rec- 
ords must change rapidly between 

points on either side of a nodal line 

(see Fig. 5). Effects like these, which 

change the character of the records, 
impose upper limits on array dimen- 

sions, but there is certainly a case 
for using some of the many sensitive 
stations in the United States as a na- 
tional array. 

System Statistics 

So far we have considered the prop- 
erties of earthquakes and explosions 
simply as an exercise in seismology. In 
our context, no one is very much in- 
terested in the magnitudes of explo- 
sions; a magnitude-yield relationship is 

required. The most comprehensive data 
available on this come from the con- 

gressional hearings and are summarized 
in Fig. 12. The easiest way of regard- 
ing this relationship is to pick a cer- 
tain value of magnitude-say, m = 4.0. 
Then this can be equated with some- 

thing between 0.3 and 1.5 kilotons in 
hard rock, 2 and 10 kilotons in tuff, or 
6 and 30 kilotons in alluvium. On the 

average the amplitude of the seismic 

signal increases linearly with yield up 
to some limiting value beyond which 
it increases rather more slowly; the 
"harder" the rock, the higher the yield 
at which this change of dependence 
occurs. 

Figure 12 highlights the very large 
variation in the yield-versus-magnitude 
relationship, which creates further un- 
certainties when we are trying to decide 
what identification and detection mag- 
nitude limits really mean. Also, a de- 

coupling factor of the order of 100 may 
have to be introduced in connection 
with the hard-rock figures. Briefly this 
means that if a weapon were fired in a 

sufficiently large underground cavity 
in hard rock, a magnitude-4 event 
could correspond to something of the 
order of 100 kilotons. 

Several points warrant mention. 

First, the magnitude-yield relationship 
is specifically derived from U.S. data, 

predominantly from shots in Nevada, 
a region whose unique character has 
already been alluded to. Some evidence 
does suggest that teleseismic magni- 
tudes might be higher than first-zone 
magnitudes, and there is scope for a 
study of explosion-magnitude data spe- 
cifically at teleseismic ranges. Unfortu- 
nately, most of the sensitive seismic sta- 
tions are in North America and there- 
fore do not contribute to teleseismic 
measurements from Nevada explo- 
sions, while neither Russia nor France 
have announced the yields of their ex- 
plosions. Then, decoupling, although 
proved beyond doubt as a principle, in- 
volves formidable technical difficulties. 
The "medium decoupling" of alluvium 
relative to hard rock is well docu- 
mented, but a possible violator of a 
test ban must beware the structural 
weakness of alluvium, which could re- 
sult in the collapse of explosion cavities 
giving unmistakable surface evidence. 

In the past the numbers of seismic 
events have been related to explosion 
yields. Although the step from magni- 
tude to yield is an essential one, the 
two separate factors-that is, measured 
numbers of events versus magnitude 
for any geographical area, and magni- 
tude versus yield for specific condi- 
tions-should be clearly recognized. 
Already the number of earthquakes 
equivalent to a given yield has been 
revised by a factor of 21/2 without any 
alteration in the number-versus-magni- 
tude relation. Unless the two factors 
are clearly separated, considerable con- 
fusion could result should either factor 
be subsequently revised. 

As a pertinent example of magni- 
tude and numbers of events, consider 
the data for Russia. On the average 
there are each year something like 170 
shallow seismic events (defined as 
events which show no conclusive evi- 
dence of originating at depths greater 
than 60 kilometers) of magnitude 4 or 

greater (see 1). For each 1.0 decrease 
in magnitude the number of events 
can be multiplied by 8-a seismic rule 
of thumb which always seems to work. 
Thus, there would be, on the average, 
500 events of magnitude above 3.5 
and 20 of magnitude above 5, the an- 
nual numbers varying about the mean 

by something like a factor of 2. Ob- 

viously, the higher you push the system 
sensitivity the larger become the prob- 
lems of sheer numbers, particularly 
when each seismometer is detecting 
10 times as many events from the rest 
of the world as from Russia. 

The earthquakes from Russia are not 
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uniformly distributed geographically; 
they tend to occur along her borders. 
The majority, about 60 percent, come 
from the Kurile Islands and the Kam- 
chatka Peninsula region, and that so 
many events are coastal is very import- 
ant. First of all, by using records from 
ocean-bottom seismometers it is possi- 
ble to apply identification techniques 
applicable to records obtained at angu- 
lar distances of less than 10?. Secondly, 
many of the earthquakes probably 
occur sufficiently far out from land 
that, if there is no evidence of an under- 
water explosion, they can be eliminated 
as possible explosions. No evidence is 
available about location accuracies in 
this region, but there is nothing to sug- 
gest that teleseismic methods give less 
accurate results here than in other 
areas. 

Summary and Conclusions 

I have tried to describe some cur- 
rent research trends in seismology 
which are specifically directed toward 
solving the problem of detecting, lo- 
cating, and identifying underground 
nuclear explosions. Attention has been 
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directed specifically toward problems 
which arise in efforts to obtain infor- 
mation at distances in excess of 2500 
kilometers. The main scientific advan- 
tage which accrues from working at 
such distances is that the seismic sig- 
nals suffer minimal distortion by the 
geological complexities of the earth. 
Extrapolation of the data to the ques- 
tion of an international test ban is 
not within the scope of this article. 
Suffice it to note that all of the param- 
eters must, in the final resort, be re- 
solved in terms of probabilities. In 
some cases the seismological prob- 
abilities can be estimated with reason- 
able degrees of accuracy, but the future 
of the test ban question depends not 
only on seismology but on such ques- 
tions as inspection and what prob- 
abilities are acceptable. 

The current research program has 
produced revolutionary advances in the 
science of seismology. By far the 
greater part of the work has been di- 
rected toward obtaining a fuller under- 
standing of seismic propagation paths 
within the crust and upper mantle, and 
relatively little of it has been aimed at 
achieving a deeper understanding of 
earthquake mechanism. With a con- 
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centration of effort on interpreting the 
character of earthquake signals as seen 
through the "seismic window" it has 
become possible to think in terms of 
actually defining the motion at the 
source from the seismic records it 
creates. Despite the fact that only a 
small section of the source can be 
viewed through the "window," its def- 
inition would undoubtedly mark a big 
advance in our knowledge of how earth- 
quakes occur-one which could lead, 
possibly, to a realization of the seis- 
mologist's dream of accurate predic- 
tion of earthquakes. 

References and Notes 

1. A large amount of background material, in- 
cluding a relevant bibliography, is contained 
in the "Congressional Hearings," particularly 
in "Hearings before the Joint Committee on 
Atomic Energy, 88th Congress, First Session, 
on Developments in Technical Capabilities for 
Detecting and Identifying Nuclear Weapons 
Tests, March 1963." 

2. H. Jeffreys, Geophys. J. 7, 212 (1962). 
3. B. Gutenberg, Proc. Natl. Acad. Sci. U.S. 39, 

849 (1953). 
4. H. Benioff, Science 143, 1399 (1964). 
5. J. Brune, A. Espinosa, J. Oliver, J. Geophys. 

Res. 68, 3501 (1963); F. Press, G. Diment, 
R. Gilman, ibid., p. 2909. 

6. I am grateful for the help and guidance of my 
colleagues at Blacknest-in particular, Dr. 
H. I. S. Thirlaway. Nevertheless, the views 
expressed are my own and should not be 
taken as necessarily representing the views of 
the United Kingdom Atomic Energy Authority. 

centration of effort on interpreting the 
character of earthquake signals as seen 
through the "seismic window" it has 
become possible to think in terms of 
actually defining the motion at the 
source from the seismic records it 
creates. Despite the fact that only a 
small section of the source can be 
viewed through the "window," its def- 
inition would undoubtedly mark a big 
advance in our knowledge of how earth- 
quakes occur-one which could lead, 
possibly, to a realization of the seis- 
mologist's dream of accurate predic- 
tion of earthquakes. 

References and Notes 

1. A large amount of background material, in- 
cluding a relevant bibliography, is contained 
in the "Congressional Hearings," particularly 
in "Hearings before the Joint Committee on 
Atomic Energy, 88th Congress, First Session, 
on Developments in Technical Capabilities for 
Detecting and Identifying Nuclear Weapons 
Tests, March 1963." 

2. H. Jeffreys, Geophys. J. 7, 212 (1962). 
3. B. Gutenberg, Proc. Natl. Acad. Sci. U.S. 39, 

849 (1953). 
4. H. Benioff, Science 143, 1399 (1964). 
5. J. Brune, A. Espinosa, J. Oliver, J. Geophys. 

Res. 68, 3501 (1963); F. Press, G. Diment, 
R. Gilman, ibid., p. 2909. 

6. I am grateful for the help and guidance of my 
colleagues at Blacknest-in particular, Dr. 
H. I. S. Thirlaway. Nevertheless, the views 
expressed are my own and should not be 
taken as necessarily representing the views of 
the United Kingdom Atomic Energy Authority. 

Spandex Elastic Fibers 

Development of a new type of elastic fiber stimulates 
further work in the growing field of stretch fabrics 

Elija M. Hicks, Jr., Arnoldus J. Ultee, John Drougas 

Spandex Elastic Fibers 

Development of a new type of elastic fiber stimulates 
further work in the growing field of stretch fabrics 

Elija M. Hicks, Jr., Arnoldus J. Ultee, John Drougas 

Vulcanized rubber, from which the 
first elastic fibers were made, has found 
wide application in the manufacture 
of elastic fabrics. For many years fiber 
chemists have sought to develop ma- 
terials superior to rubber in recovery 
force, resistance to abrasion, and 
chemical stability. Several such fibers 
have now been produced within the 
field of urethane chemistry and are 
being manufactured commercially, un- 
der various trade names. The generic 
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name of these fibers is spandex, which 
is defined as a segmented polyurethane 
(1). In this article we discuss the syn- 
thesis and structure of segmented 
polyurethanes and the properties of 
spandex fibers made from these poly- 
mers. 

The classical theory of elastic be- 
havior is called the kinetic theory of 
elasticity (2). The theory requires ki- 
netically active, long molecular chains 
with characteristics of liquids, joined 
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by tie-points to provide for recovery 
from deformation (see cover). 

In an ideal rubber there is no change 
in internal energy during stretching, 
and the retractive force, being solely 
dependent upon entropy change, is pro- 
portional to the absolute temperature. 
The retractive force of a deformed 
elastomer depends also on the molecu- 
lar weight of the polymer and on the 
average distance between the tie-points. 
Statistical considerations (3) lead to the 
relationship 
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where f is the force per unit initial 
area of cross section, R is the gas 
constant, T is the absolute tempera- 
ture, d is the density of the polymer, 
M is the molecular weight of the 
polymer, Me is the average molecular 
weight between tie-points, and a is the 
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