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INTRODUCTION 

Bans or limitations on nuclear weapons tests are one of the many types 
of arms control measures that have been attempted over the years. The 
first nuclear test agreement, the test moratorium, was made in 1958 and 
lasted until the Soviet Union unilaterally resumed testing in the atmos
phere in 1961. It was followed by the Limited Test Ban Trea-y of 1963, 
which prohibited nuclear tests in the atmosphere, in outer space, and 
underwater. In 1974 the Threshold Test Ban Treaty (TTBT) was signed. 
This treaty limited underground tests after March 1976 to a maximum yield 
of 250 kilotons (kt). The TTBT was followed by a treaty limiting peaceful 
nuclear explosions and, although neither of these was ever ratified by the 
U.S. Senate, both the United States and the Soviet Union claim to be 
abiding by the 150-kt yield limit. A comprehensive test ban treaty 
(CTBT), prohibiting all testing of nuclear weapons, has also been dis
cussed and there is widespread public interest in this idea. However, a 
verifiable CTBT is a contradiction in terms. No monitoring technology can 
offer absolute assurance that very-low-yield illicit explosions have not 
occurred. 

VERIFICATION PROCESS 

The principal tools for monitoring compliance with a CTBT are seismic 
networks and surveillance satellites. On-site inspections might also be 
required to resolve ambiguous events. Satellites are actually of limited 
use since it is possible to carry out low-yield explosions in buried 
cavities without resulting in any visible ground-surface motion. More
over, test activities, including the required excavations, can be associ
ated with mining or other large-scale industrial undertakings. The 
critical element of the Ronitoring system is thus the network of seismic 
stations, and in particular the in-country stations. 

Internal stations provide much more useful data than do stations 
situated outside the borders of testing nations. The external stations 
are generally so far from potential evasion sites that they record the 
motion of only a few waves from the larger events (those with seismic 
magnitudes, •£>, greater than about 4 on the Richter scale) and high 
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frequencies have been significantly reduced by attenuation and scattering 
throughout the earth. The larger amplitudes recorded by the internal 
stations, for the same event, result in an increase in detection 
capability. The multiple waves and higher frequencies improve the ability 
to distinguish between explosions and earthquakes. These two functions, 
detection and identification, are the main elements in the verification 
process. 

The detection capability of a seismic network is specified by the 
seismic magnitude of the smallest source that can be detected within its 
assigned territory, with a specified degree of confidence. Theoretical 
estimates of detection capabilities as low as mt, * 2.7 have been made 
foi- the Soviet Union, at the 90% confidence level, assuming a very 
extensive network of internal stations*; even lower estimates result if 
lower confidence limits are acceptable.2 

Given that waves from an event have been detected, the source must be 
identified as a nuclear explosion, a chemical explosion, or an earth
quake. Many discriminants have been proposed. First, the located depth 
of the source is useful since current drilling limits are less than about 
12 km. Therefore, explosions are not likely to be responsible for signals 
originating at greater depths. 

Second, the areas in which large magnitude earthquakes occur are 
fairly well known. A strong seismic signal originating at a shallow depth 
in say Kansas is much more likely to be the result of an explosion than an 
earthquake; the same would not necessarily be true for California. How
ever, areas that are seismically inactive at high magnitude levels may not 
be so at the low levels demanded for CTB verification. For example, a 
recent study of parts of Louisiana, Oklahoma, and Texas which had shown 
only one earthquake of magnitude 4.5 or greater in 8 years, revealed that 
almost one earthquake per day occurred in the magnitude range 2.0 to 
3.9.3 Similar results can be expected in many granitic regions so that 
the areal discriminant is probably of limited use for small events. 

For those large events that are not eliminated by depth or location, 
one of the most useful discriminants is based on the ratio of surface-wave 
to body-wave magnitudes (Mg s mb). If an explosion and an earthquake 
have the same body-wave magnitude, the surface-wave magnitude for the 
earthquake is generally larger.*'-* It has yet to be proven that 
M s : mb i s useful at low magnitudes, especially when explosions are 
set off in long tunnels or odd-shaped cavities (see below}. 

A number of other promising regional discriminants have been 
suggested, based on differences in the spectral content and radiation 
pattern of the recorded signal.6 

EVASION OPPORTUNITIES 

Detection of an explosion can be avoided by insuring that the signal 
generated is below the background noise level, by emitting "normal" 
signals at times of high noise, or both. If the noise only partially 
masks the signal, detection may occur but identification may be impaired. 
Reducing the signal strength at the receiving station may be accomplished 
either by reducing the coupling of the explosive energy into the earth at 
the source or by choosing (through site selection) a path from the source 
to the seismic station through a region that absorbs significant seismic 
energy. 
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To understand the significance of decoupling it is necessary to 
interpret the detection capability of a network in terns of explosive 
yield, as illustrated in Figure 1. The seismic body-wave magnitude is 
plotted against the yield in kilotons. The data are representative of 
U.S. expedience at the Nevada Test Site (NTS).'' Various investigators 
have presented evidence that a given explosion in the Soviet Union 
registers several tenths of a Magnitude unit higher than the sane 
explosion at the NTS 8' 9 (this in fact was a principal factor in the 
recent controversy over alleged violations of the Threshold Test Ban 
Treaty). 

The upper band in Figure 1 shows the seismic Magnitude that would be 
generated by explosions that are tamped, or well-coupled to hard rock. 
The middle line drawn in this band is based on the "granite" represen
tation in ref. 7; the lower (ref. 10) and higher (ref. 1) lines derive 
fro* independent analyses made for hard rock. The widening spread at low 
yield is due to the facts that there are very few hard-rock data below 
1 kt, that these are characterized by considerable variability, and that 
there are problems in obtaining a consistent definition of magnitude as 
well. Under these conditions, if the lower limit of detectability 
corresponds to *b~ 2.7, the maximum explosive yield would be 
approximately 0.1 kt. 

The middle band in Figure 1 shows the effect of detonating the 
explosion in the deep, dry alluvial deposits at the NTS. For the same 
body-magnitude, the explosive yield would be about 10 times greater in 
alluvium than in hard rock. The reason is that the alluvium is porous and 
a large fraction of the source-energy is dissipated by pore collapse. 

The lower band in Figure 1 corresponds to explosions in large cavities 
and represents by far the most important potential for evasion. 

Fig. 1. Seismic body-wave amplitude vs. explosive yield for different explosion 
environments. The relationships are based on U.S. data from the 
Nevada Test Site. 
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CAVITY DECOUPLING 

The idea of using a large cavity to muffle the seismic signal from an 
underground explosion was first proposed 25 years ago by Albert Latter and 
Hans Bethe at an early conference on the discontinuance of nuclear 
tests. 1 1 They calculated that the strength of the distant seismic 
signal in an elastic medium is determined primarily by the volume of the 
cavity created by the explosion. If the explosion is set off in a large 
cavity, then it is the differential increase that determines the signal 
amplitude. Moreover, if the cavity is just large enough so that its walls 
suffer only elastic deformation, the distant signal, for a given yield, is 
minimized and it does not pay to make the cavity any bigger. Inelastic 
behavior causes increased coupling because the medium is unable to support 
shear and can thereby flow and thus undergo large displacements. 

Experimental confirmation of the cavity-decoupling theory was first 
obtained in a series of experiments collectively called COWBOY, that was 
conducted with chemical explosives in a Louisiana salt mine in I960. 1 2 

Salt was chosen as the test medium because of its homogeneity in situ and 
because of the ease in which a cavity can be constructed and maintained. 
The ratio of the seismic amplitude in the tamped explosion to that 
obtained when the same yield is generated in a excavated cavity is called 
the decoupling factor; a decoupling factor of 100 was measured in COWBOY. 

Confirmation of cavity decoupling in a nuclear experiment was made in 
the STERLING event (0.38-kt yield) 1 3, which was fired in the Tatum salt 
dome (near Hattiesburg, Mississippi) on December 3, 1966, more than two 
years after the SALMON event (5.3-kt yield) 1 4 created the cavity. A 
maximum decoupling factor 70 ± 20 was determined for STERLING, 
indicating that full decoupling may not have been achieved. It was known 
prior to STERLING that the SALMON cavity (17.4-ra radius) was too small to 
fully decouple the explosion; this would have required roughly 60% more 
volume. Moreover, although creating the cavity with an earlier explosion 
was cheaper than conventional mining techniques, the salt structure around 
the cavity was thereby weakened (the theory predicts the decoupling factor 
to be proportional to the rigidity modulus of the surrounding medium). 

The significance of these results can be seen when they are combined 
with the lower limit of seismic detectability. As illustrated in 
Figure 1, an 1% measurement of 2.7 now corresponds to a 5-kt explosion 
(instead of the tamped, hard-rock value of 0.1 kt), even if the decoupling 
factor is only 50. Decoupling factors several times higher are predicted 
if the cavity can be excavated in a stiffer medium, such as granite.15 

Notwithstanding the experimental evidence, recent studies have 
questioned the utility of cavity decoupling.1**'17 Figure 2 illustrates 
the problem. The spectral variation of the seismic amplitude is plotted, 
for a fixed yield, for both tamped and cavity-decoupled explosions. In 
either case it is observed that only modest changes occur as the angular 
frequency is increased to the neighborhood of the eigenfrequency, 
ID K C / R I where c is the wave speed and R the elastic radius, after which 
severe damping occurs. For the cavity-decoupled explosion, this "corner" 
frequency is based on the cavity radius, Rn. For the tamped explosion, 
the radius at which the shock wave attenuates to an elastic wave, R>pr is 
much larger. A heuristic explanation for this derives from the fact that 
the radial momentum increase in a strong explosion is proportional to the 
square-root of the mass engulfed by the blast wave, which is evidently 
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Fig. 2. Spectral variation of seismic amplitude for tamped and cavity-decoupled 
explosions. Both abscissa and ordinate scales we logarithmic. The ratio 
of the tamped to the decoupled amplitude is called the decoupling factor 
and theoretically decreases at frequencies above o>T. 

many times larger when the cavity is initially filled with rock than with 
air. Thus, even though the amplitude of the tamped explosion is 50 or 
more times higher for w < u>j» = c/Bp, it may be much less in the region 
wp < w < UQ = c/RD. The decoupling factor can therefore be expected 
to decrease substantially in this frequency interval. The effect is of no 
signficance for teleseismic monitoring, since frequencies greater than 
u>p are effectively attenuated by the earth. There is some evidence, 
however, that efficient high-frequency transmission can occur at regional 
distances in certain geographical regions of importance. Also, earth 
noise decreases with increasing frequency, aiding in the signal analysis. 

One remedy would be to increase the size of the decoupled cavity. 
However, to fully decouple a 5-kt explosion requires a salt cavity with a 
radius of 49 m 1 8, so that it is infeasible, or at least impractical, to 
excavate a sphere of the required size. An alternate method of increasing 
the characteristic size of the cavity is to connect long tunnels to the 
explosion chamber. These could easily extend beyond distance? corres
ponding to Rp. Recent calculations have shown that, by exploiting 
c .structive interference effects, elongated cavities may serve as 
effective low-pass filters for seismic radiation in directions roughly 
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parallel to the long axis. 1 9' 2 0 For cylindrical tunnels, for example, 
the corner frequence varies inversely with length or, relative to a sphere 
with the same volume, with the 2/3-power of the aspect ratio. 

Construction of such facilities would be easier and cheaper than 
spherical cavities of the same volume. Hard-rock excavations of the 
required size would nevertheless be snormous and costly undertakings, 
difficult to conceal. Because such formations are often located in 
regions of very active seismicity, however, cavities excavated there 
would seriously complicate the already difficult problem of discriminating 
between low-yield explosions and earthquakes. 

The excavation of large underground cavities may not be hard to 
disguise from satellite observation if the activity is associated with 
mining or other large-scale industrial undertakings. In salt, the least 
expensive method is solution mining. A 1970 study indicated that a 50-m 
radius cavity could be solution-mined in the Tatum salt dome at a cost 
under $10M. 2 1 By 1977 the cost was put at $20M, but it was determined 
that a single cavity might be useful for up to 25 tests, performed over a 
period of two years. 2 2 Reuse of a cavity would probably be an important 
consideration since realistic present-day costs are undoubtedly still 
higher. With salt, however, there is always the SALMON option, i.e., to 
create a primary cavity with a tamped explosion, and then to enlarge it in 
steps by exploding in it larger and larger devices. It is possible that 
this technique may already have been employed by the Soviets in their 
Peaceful Nuclear Explosion (PNE) program, in which numerous nuclear 
explosions have been conducted for the announced purpose of storing the 
natural gas condensates from the Orenburg and Astrakhan fields. 2 3 
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