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Seismic Verification of a
Comprehensive Test Ban

A Comprehensive Test Ban Treaty
(CTBT) prohibiting all testing of nuclear
weapons has been discussed for more
than 20 years. In 1977 the United States,
the Soviet Union, and the United King-
dom reentered formal CTBT negotia-
tions. Although these negotiations have
been in recess since 1980, public interest
in such a test ban is widespread.

W. J. Hannon

Goals and Costs

In general, three goals of adequate
verification systems can be identified; (i)
to deter militarily significant testing pro-
grams (2); (ii) to ensure that significant
attempts to continue underground test-
ing and evade detection are identified in
time to respond appropriately (3); and

Summary. The capabilities of in-country seismic monitoring systems for verifying
the absence of underground nuclear explosions are compared against challenges
posed by possible clandestine testing schemes. Although analyses indicate that
extensive networks of in-country seismic arrays are needed to verify a Comprehen-
sive Test Ban Treaty, such networks cannot ensure that all underground nuclear
explosions will be identified. Political and military judgments will determine the level of

risk acceptable to each nation.

Adequate verification measures are
central to both formal and informal
CTBT discussions. Because the Limited
Test Ban Treaty of 1963 prohibits testing
in the atmosphere, oceans, and space,
verification concerns introduced by a
CTBT focus on testing underground.
However, a CTBT may change the rela-
tive importance of verification issues un-
der other treaties.

This article discusses the goals of veri-
fication for a test ban treaty and evalu-
ates networks of seismic stations with
characteristics similar to those proposed
for a CTBT verification system (/). The
performance of these networks is com-
pared with the challenges posed by cred-
ible clandestine testing schemes.

The author is program manager of the Seismic
Monitoring Research Program, Lawrence Liver-
more National Laboratory, Livermore, California
94550.
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(iii) to build confidence by minimizing
the number of natural or man-made non-
nuclear events that are misidentified as
nuclear explosions or remain unidenti-
fied.

By definition, a CTBT prohibits all
testing; however, the limitations of real-
istic monitoring systems prevent 100 per-
cent verification of compliance. There-
fore, realistic performance measures
must be established. Political, military,
and weapons design considerations will
help define such performance measures
(4) by balancing judgments about the
relative importance of each goal with
estimates of the technical capabilities of
the monitoring systems, definitions of
what constitute militarily significant test-
ing programs, and broad national policy
issues (for example, linkage to compli-
ance in other arms control areas). If
deterrence is emphasized, the perception
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of the verification system and cost-ver-
sus-benefit evaluation of clandestine
tests by the nation considering them
must be estimated by other nations. If
assurance that a treaty violation will be
identified is emphasized, political re-
sponses to incomplete evidence of clan-
destine testing are important.

In some cases, measures to meet one
goal are sufficient to meet another; for
example, requirements to ensure that
clandestine testing or treaty evasion at-
tempts will be identified are, themselves,
significant deterrents. However, a bal-
ance must be struck. If the requirements
for showing that a treaty violation has
occurred include a low detection thresh-
old, many small earthquakes and nonnu-
clear explosions will be detected but not
identified, and this could decrease confi-
dence that the treaty is being honored.

In discussions on adequate verifica-
tion some hold the position that any
testing by the other side significantly
threatens national security (2, 4). Fur-
ther, some speculate that the probability
of evasion attempts, given the right cir-
cumstances, is high irrespective of po-
tential political costs. Proponents of
these views suggest that the probability
of identifying a single clandestine test
should approach 90 percent. Others ar-
gue that only repeated testing has mili-
tary significance (5) and suggest that the
costs of being caught are so high that
even a small possibility of detection
would be a deterrent. Proponents of this
position suggest that our verification
provisions need only a 30 percent proba-
bility of detecting a single test. In effect,
they equate a high (but unspecified) de-
gree of confidence in deterrence capabil-
ity with a low probability of detecting a
single violation. The two approaches can
be compared quantitatively: given a 30
percent probability of detecting a single
event, seven tests would have to be
conducted before the probability of iden-
tifying at least one violation in the series
exceeds 90 percent.

The costs of negotiating, deploying,
and operating verification systems also
help determine their specifications. Con-
siderations include money and manpow-
er and such intangibles as the presence
of foreign personnel near sensitive loca-
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tions, technology transfer, efforts to re-
solve false alarms in one’s own and other
countries, and concessions to negotiate
verification provisions not desired by
other treaty participants. Ultimately,
each nation evaluates these costs in light
of its security goals.

Verification Systems

Verification systems include compo-
nents that are under differing degrees of
national control. Some, called national
technical means (NTM), are controlled
by the monitoring nation—satellites and
seismic stations operated outside the
monitored country are examples. Others
are negotiated as part of the treaty and
involve interactions between treaty par-
ticipants; for example, provisions for in-
country local seismic networks and hy-
drodynamic measurements of yield are
part of the Peaceful Nuclear Explosion
Treaty. Finally, the openness of the soci-
ety and the availability of information
are factors.

Significant differences exist between
NTM and negotiated elements. Although
the NTM’s precise properties are known
by only one side or party to a treaty,
many properties of and data from the
negotiated provisions are known by both
sides. The only aspects of the negotiated
provisions that will not be known by all
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parties are the processing to be applied
to the data and the decision-making steps
that follow. Even these aspects can be
partially determined” through repeated
exchanges about possible treaty viola-
tions, allowing potential evaders to cali-
brate the overall system.

Another difference is that countries
may be unwilling to present evidence
from NTM in international forums even
though it indicates that a violation has
occurred. Such decisions are made to
protect some NTM capability for future
use or because the credibility of the
NTM has not been established interna-
tionally. Generally, neither consider-
ation constrains negotiated provisions.

Verifying CTBT compliance requires
both NTM and negotiated elements.
NTM could include external seismic sta-
tions and satellites. Negotiated elements
could include networks of seismic sta-
tions within the countries to be moni-
tored, providing data to all treaty partici-
pants (I), and ‘‘voluntary’’ on-site in-
spection privileges to resolve ambiguous
events (4).

In-Country Networks

There are significant differences be-
tween data recorded by external and in-
country seismic stations. External sta-
tions, distant from potential test sites,

Fig. 1. First 300 seconds of vertical-compo-
nent traces from two comparable earthquakes
recorded on the same instrument. (A) ‘‘Re-
gional’’ magnitude 5.6 event, 480 km from the
station. (B) ‘‘Teleseismic’’ magnitude 6.4
event at 2990 km. The regional signal has
larger amplitudes, more high-frequency infor-
mation, and multiple identifiable phases to
help detect, characterize, and identify the
source. P, and P, are compressional waves
that propagate in the upper mantle and crust,
respectively. L, is a complex wave composed
of higher mode surface waves propagating in
the crust. P, and L, are strongly dependent on
the crustal structure and propagate to limited
distances.

Fig. 2. Estimated short-period
detection capability for hypo-
thetical network of 50 stations
distributed worldwide (9). The
network represents existing
stations, including five in the
Soviet Union. Contours repre-
sent the m, of the seismic
event estimated to be detected
with 90 percent confidence by
a network of four or more sta-
tions.

record the motion of only a few useful
waves (for example, compressional and
surface waves) from larger events—that
is with seismic magnitudes (m;) greater
than ~4. Frequencies greater than ~5
hertz in the data have generally been
reduced by attenuation and scattering
within the earth. In-country stations, be-
ing closer to the sources, record multiple
useful waves with large amplitudes,
broad spectra (0.02< f <10 hertz) (6),
and, in some cases, even higher frequen-
cies from both large and small events
(Fig. 1) (6a).

These differences give in-country sta-
tions advantages for detecting seismic
waves and identifying their sources. The
large amplitudes increase the probability
of detection. The multiple phases ob-
served by in-country stations leave the
source at different angles and provide
more samples of the source radiation
pattern. The broad spectra and high-
frequency content increase opportunities
for using spectral differences to distin-
guish between explosions and earth-
quakes (7). The proximity of source and
receiver (<800 kilometers) helps locate
the source more accurately.

To use these advantages, data acquisi-
tion equipment must have a large dynam-
ic range and good resolution over a
broad range of frequencies. Triaxial seis-
mometers or small seismic arrays are
needed to determine the direction from
which the waves approach.

The data must be transmitted and
checked to ensure faithful recording.
Then they must be processed and ana-
lyzed in three interdependent steps: (i)
initial data processing, including seismic
signal detection, association with a com-
mon source, measurement of properties,
and wave identification (compressional,
shear, and so on); (ii) characterization of
source properties, including origin time,
epicenter, and azimuthal variation in the
energy radiation pattern as a function of
time and frequency; and (iii) identifica-
tion and discrimination among sources
(for example, nuclear versus chemical
explosions or earthquakes) for events in
regions of interest.

Well-defined signals from a few sta-
tions are used to determine a trial loca-
tion and origin time. If a structural model
has been determined from initial in-coun-
try studies, the arrival times and ampli-
tudes of waves arriving at other stations
are predicted and the seismic data at all
stations reexamined for additional sig-
nals. Then the trial location is redeter-
mined and the process repeated. The
final location forms the basis for an ini-
tial decision about the signal source, the
focusing of other NTM, and more inten-
sive efforts to identify the source.
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Fig. 3 (left). Estimated short-period detection capability at 90 percent confidence level for a network of 30 stations, including 15 within the Soviet

Union (5, 10).

sites as in Fig. 3 but with small arrays instead of single instruments at internal stations.

The information needed by the United
States for these functions will be based
on empirical and theoretical knowledge
from studies of U.S. explosions and
earthquakes and initial experience with
in-country systems in the Soviet Union.
Information about waveforms recorded
at in-country stations from Soviet nucle-
ar weapons tests or nuclear and chemical
explosions in their civil applications pro-
gram (8) is limited. This lack of in-coun-
try Soviet explosion data seriously limits
U.S. confidence in its ability to identify
small seismic events. The Soviets labor
under no such limitation. U.S. seismic
data and nuclear test information, in-
cluding many explosion yields, are wide-
ly available.

Network Capabilities

At a given location, the detection ca-
pability of a seismic network is defined
as the seismic magnitude of the source
that will be detected there with a speci-
fied degree of confidence. Detection ca-
pability is estimated from the probability
that the signal from a source at the given
location will be sufficiently greater than
the noise at a receiver site to be noticed
by an analyst. Individual probabilities
for distant stations, which contribute
only a single short-period signal to the
detection process, are combined to de-
termine the probability that four or more
stations will detect the event. (Four inde-
pendent measurements are needed to
determine the three spatial coordinates
and the origin time of the source.) Figure
2 shows the calculational results for a
hypothetical network of 50 stations dis-
tributed worldwide, including five in the
Soviet Union (9).

Although nations could attempt clan-
destine testing outside their borders, and

nuclear proliferation is a concern, the
focus in this article is on monitoring
within the Soviet Union. The size of the
Soviet Union "(almost 2.5 times larger
than the contiguous United States) and
operational and security considerations
provide many possible sites for clandes-
tine testing. Evernden (/0-12) and Sykes
and Evernden (5) describe a 30-station
network for monitoring the Soviet
Union. It includes 15 high-quality sta-
tions surrounding the Soviet Union and
15 simple stations, each with a single
triaxial seismometer, within the Soviet
Union. Figure 3 illustrates their esti-
mates of this system’s detection capabili-
ties. Although their estimates do not
make full use of regional phases to en-
hance detection capability, they predict
significantly  better capability than
shown in Fig. 2.

Figure 4 indicates the detection capa-
bility predicted for the Sykes and
Evernden network with 15 simple in-
country stations replaced by small-aper-
ture regional arrays. The improvements
result from explicit use of multiple seis-
mic waves and array stations in exten-
sions of calculational procedures de-
scribed by Evernden (/7). The array
stations were assumed to have an effec-
tive noise level 12 decibels lower than
the simple stations and improved abili-
ties to detect and use combinations of
regional seismic waves (for example, P,
Pg, and L, in Fig. 1). These improve-
ments may help locate seismic sources
from signals detected at as few as two
stations.

The network would be expected to
have a 90 percent probability of detect-
ing seismic events with magnitudes
greater than 3.0 or 3.1 in about 90 per-
cent of the Soviet Union (Fig. 4). This
contrasts with detection capabilities of
3.8 to 3.9 for the network with distant

Fig. 4 (right). Estimated short-period detection capability at 90 percent confidence level for a network with stations at the same

stations only (9) and 3.4 to 3.5 for the
Sykes and Evernden network (5, 11).
The capabilities of networks with in-
country arrays are as low as 2.4 in specif-
ic regions, but, because the properties of
internal stations are known, these local-
ized high capabilities may not represent
conditions that are present when a clan-
destine test is attempted. Also, the net-
works include external stations of un-
known political viability in Iran and Af-
ghanistan.

Figure S indicates the dependence of
detection capability estimates on the
number of internal stations and contrasts
the capabilities of simple stations with
stations that are small-aperture regional
arrays. These estimates involve assump-
tions about the regional properties of
signals and noise in the Soviet Union
because of the lack of information about
seismic wave properties there.

Figure 6 shows the estimated effects of
varying some parameters. Changes in
the signal-to-noise ratio (SNR) and re-
quired confidence levels have significant
effects. If the SNR at internal stations
decreases 12 decibels, detection capabil-
ity is degraded 0.4 magnitude units. Re-
laxing the degree of confidence from 90
to 30 percent produces an apparent in-
crease in the network’s detection capa-
bility of 0.25 magnitude units.

The sensitivity of the estimated capa-
bility to variations in SNR is particularly
important because noise levels and
wave-propagation properties in the Sovi-
et Union are poorly known to the United
States while the Soviets will know these
properties and the real-time data from
internal stations. Thus, explosion sites
could be selected such that the paths
attenuate signals to stations providing
the greatest constraint on evasion, or
explosions could be detonated during
high noise, or both.



Characterization and Identification

If waves from an event have been
detected, the source must be character-
ized and identified as a nuclear explo-
sion, an earthquake, or a chemical explo-
sion. This process has several elements.
First, event depth is an initial discrimi-
nant since current drilling limits are
less than approximately 15 kilometers.
Therefore, we can eliminate from con-
sideration with confidence events deeper
than 25 kilometers.

Second, earthquakes of magnitude 4.5
and above occur in fairly well-defined
areas in the Soviet Union (Fig. 7) (I3).
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Events with magnitudes greater than 4
occurring outside these areas would be
presumed explosions, and detection of
such events is nearly equivalent to iden-
tification. Similar statements cannot be
made for smaller magnitudes. For exam-
ple, we recently supported a study of
parts of Louisiana, Oklahoma, and Tex-
as where only one earthquake with a
magnitude greater than 4.5 occurred in 8
years. The study revealed almost one
earthquake per day in the magnitude
range of 2.0 to 3.9 (/4). These results and
the low-level seismicity observed in
many areas with granite outcrops'indi-
cate that identification of small events
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Fig. 5 (left). Overall detection capability as a function of number and type of internal stations.
Above this magnitude, explosions at any point in 90 percent of the Soviet Union would be
detected with 90 percent confidence. In specific areas, capability is up to 0.6 magnitude units

better than overall network capability (see Figs. 2 to 4).

Fig. 6 (right). Sensitivity of overall

detection capability to variations in assumptions made in calculating network capability in Fig.
4. Calculations were carried out for a 90 percent degree of confidence.
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Fig. 7. Regions in the Soviet Union where earthquakes larger than magnitude 4.5 occurred
between 1911 and 1967 (13) and regions of salt deposits and rock suitable for cavity decoupling
(27). The distribution of smaller earthquakes is not known, but earthquakes in the range 2 to 2.5

are thought to be widespread (/4).
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will be a distinct operation throughout
much of the Soviet Union.

One discriminant for large events that
are not eliminated by depth or location is
that surface-wave magnitudes for earth-
quakes are generally larger than those
for explosions with the same body-wave
magnitudes (15, 16). Although evidence
is incomplete and contradictory, this
separation may exist at low magnitudes
in some regions (Fig. 8) (/7-19).

Other promising discriminants based
on variations in spectral content and
radiation pattern (7) have received limit-
ed study for low-magnitude events.
However, regional signal variations will
cause the discriminants’ effectiveness to
vary significantly.

Characterization and identification
typically involve spectral analyses and
examination of seismic-wave particle
motion, requiring a greater SNR than
that for detection. Presumably most
events of 0.5 magnitude units greater
than the detection level will be charac-
terized and identified (/7).

The efficiencies of characterization
and identification algorithms in this 0.5-
magnitude-unit interval are not known
for internal stations. We assume the al-
gorithms are relatively efficient so that
only 20 percent of the events in this
interval will remain unidentified. Be-
cause small but potentially significant
events (magnitudes 2 to 3) are poorly
reported, their numbers must be estimat-
ed from larger events (Fig. 9) (20). Figure
9 shows estimates indicating that 100 to
1500 events per year may remain uniden-
tified at magnitudes of 2 to 3. These
magnitudes correspond to cavity-fired
explosions with yields of a few kilotons
(that is, equivalent to a few thousand
tons of chemical explosives), and the
events pose a significant problem to trea-
ty verification. These estimates do not
include contributions from earthquake
swarms or aftershock sequences. These
can contribute significant numbers of
(often similar) events in limited time pe-
riods.

Constraints on Evasion

Successful evasion of the verification
process can occur if any step in the
process is prevented. Evasion is unnec-
essary if detected signals are attributed
to natural seismic events or chemical
explosions. Here, the focus is on evasion
techniques that affect the detection of a
nuclear explosion.

The probability of detection may be
decreased by reducing the explosive en-
ergy that is transmitted (or coupled) into
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the earth at the source or by choosing
source-to-receiver paths that absorb sig-
nificant seismic energy. Clandestine test-
ing schemes that rely on decoupling ap-
pear to determine the numbers and types
of in-country stations that are required
for adequate verification. Schemes that
rely on raising background noise, such as
hiding explosion signals in earthquake
coda or in natural or man-made noise,
are also important but place less strin-
gent constraints on the monitoring net-
work.

To interpret network detection capa-
bilities in terms of yield, the relations
between magnitude and yield from the
Nevada Test Site (NTS) are used (Fig.
10). Their applicability to the Soviet
Union is under study. Various investiga-
tors (21-23) have shown that certain ex-
plosions at the main Soviet test site
register several tenths of a magnitude
unit higher than the same explosions at
NTS, thus demonstrating a bias between
the sites. The relation between magni-
tude and yield at low yields is uncertain.

The top band in Fig. 10 illustrates
seismic magnitudes generated by explo-
sions well coupled to hard rock in a
region like NTS (24, 25). A well-coupled
1-kiloton (kt) explosion at the Soviet test
site will have an average m;, of 3.8 t0 4.2,
depending on the NTS-Soviet bias.

Smaller m;, values can be generated
for given yields by exploiting systematic
reductions in the interaction between the
explosion and surrounding material. The
middle band in Fig. 10 shows the magni-
tude to yield relation expected for explo-
sions detonated deep in dry alluvium like
that in some NTS areas (25). Such mate-
rial muffles explosions, and the depth
prevents collapse craters common with
shallow events.

Limited U.S. knowledge of Soviet ge-
ology indicates such material is rare in

the Soviet Union. If it exists, 1-kt de-

vices fired in it would have seismic mag-
nitudes of 2.8 to 3.4, depending on the
NTS-Soviet bias. Such events could re-
main undetected at the 90 percent confi-
dence level by networks with 15 internal
array stations (Fig. 4). Because charac-
terization and identification capabilities
require higher SNR'’s, the probability
that networks would identify such explo-
sions is significantly lower.

If cavities with explosion-produced
wall stress below the elastic limit were
constructed, further decoupling gains
would be achieved. The lowest band in
Fig. 10 shows the magnitude range pre-
dicted for explosions detonated in such
cavities (26). If the variation in NTS-
Soviet bias is combined with the spread
in the decoupling factor and the magni-
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Fig. 8. Plot of Rayleigh-wave amplitude as a
function of body-wave magnitude for small to
medium seismic events in the western United
States (17).

tude-yield curves at low vyields are
known, cavity-detonated explosions
with 1-kt yields would have seismic mag-
nitudes in the range of 2.2 to 2.7. To
approach the capability of detecting
magnitude 2.6 events with 90 percent
confidence in 90 percent of the Soviet
Union, networks would need approxi-
mately 30 internal arrays (Fig. 5). Be-
cause the signals from decoupled explo-
sions are small, the seismicity cannot be
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considered localized. Thus, additional
array stations would be needed to
achieve the same degree of confidence in
characterization and identification. The
negotiability of such networks is uncer-
tain.

The estimate for networks with 15
array stations is that they could, with 90
percent confidence, detect cavity-decou-
pled events with yields of 3 to 10 kt [1 to
4 kt with 30 percent confidence (Figs. 5
and 9)], depending on the bias used.
Some events in these ranges would not
be identified, and the 90 percent confi-
dence level for identification may in-
clude events twice as large. (However, it
may be impossible to construct suitable,
stable cavities for such large events.

Cavities sufficient to fully decouple 1-
kt explosions would have volumes of
40,000 to 100,000 cubic meters, depend-
ing on the material in which they are
constructed. Salt domes are especially
attractive because of the volume of ho-
mogeneous, easily mined material that
they contain. Assessments of the extent
of salt domes and regions with thick,
bedded salt (Fig. 7) indicate that oppor-
tunities for decoupling small events in
salt cavities are widespread throughout
the Soviet Union (27). To construct new
cavities without suspicion would require
suitable cover operations.

The advance of cavity-construction
technology in various media (28, 29) sig-
nificantly increases the area suitable for
cavity decoupling. Many cavities are
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Fig. 9 (left). The annual number of shallow
seismic events above a given magnitude var-
ies with magnitude (upper band). We assume
at least 20 percent of the detected events
within 0.5 magnitude units of the overall de-
tection threshold (especially those closest to
the threshold) will not be identifiable (lower
band). Fig. 10 (right). Seismic magnitude
as a function of yield for different explosion
environments. On the basis of data from the
Nevada Test Site. Corresponding magnitudes
for Soviet explosions could be several tenths
higher. Values for yields of less than a few
kilotons are extrapolated.
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elongate, with widths narrower than the
minimum desired for full decoupling.
The overall volumes far exceed the total
volume needed, however, and the asym-
metry could generate radiation patterns
that affect detection (30). Soviet regions
underlain by suitable rock types for cavi-
ty construction are shown in Fig. 7.

It appears that cavity decoupling will
significantly challenge CTBT verifica-
tion of explosions near 1 kt, even with 30
in-country array stations. However, a
possible decrease in the decoupling fac-
tor at higher frequencies (3/), together
with decreased noise levels at higher
frequencies and good propagation of
high-frequency seismic waves in some
regions of the Soviet Union (31, 32), may
make decoupling a less effective. evasion
tactic. These areas are being actively
studied. Also, satellite surveillance may
constrain the use of this evasion method
in some areas.

Use of Increased Noise Levels

Earthquake signals could be used to
mask explosion signals, although this
approach lacks the flexibility of location
or choice of firing time provided by cavi-
ty decoupling. Internal stations marked-
ly decrease opportunities for such
masked explosions, but the choice of the
right test location could eventually allow
detonations of explosions with yields of
several kilotons. Choosing the location
and detonation time is a significant tech-
nical challenge.

Accurate methods for predicting or
exciting earthquakes could dramatically
increase the usefulness of masking ex-
plosions in earthquake noise. At present,
neither the United States nor the Soviet
Union appears to have the requisite ca-
pabilities for large earthquakes, although
both are actively involved in disaster
prevention research. Periods of natyrally
occurring or man-made noise could also
be used to mask explosion signals. This
may seriously degrade the usefulness of
low-noise sites for detecting and identi-
fying clandestine explosions (33).

On-Site Inspection

The United States considers provi-
sions for on-site inspections necessary
for CTBT verification. Although the pos-
sibility of on-site inspections increases
costs associated with clandestine testing
and limits the data that can be collected
from such tests, the efficiency of on-site
inspections is unknown, and such in-
spections may not identify a violation

256

identifiable by other means (34). There-
fore, the role of on-site inspections in
verification systems must be considered
carefully. They may best be viewed as
significant deterrents and a means of
reducing false alarms and as providing
sufficient but not necessary evidence for
declaring a violation.

Conclusions

Seismic verification of a Comprehen-
sive Test Ban Treaty will not ensure
identification of all underground nuclear
explosions. Political and military consid-
erations must determine the degree of
confidence desired of the verification
system, what yields and number of tests
constitute a militarily significant testing
program, and the number of unidentified
events that is acceptable, even, if unre-
solved by on-site inspection.

Seismological analyses indicate that
networks with 15 high-quality array sta-
tions in the Soviet Union could detect
events with seismic magnitudes of 3.0
(and down to 2.4 localized regions). Such
networks are thought to be capable of
detecting cavity-decoupled explosions
with 3- to 10-kt yields with 90 percent
confidence.

Confident detection of lower-yield ex-
plosions would require networks of more
than 30 high-quality in-country arrays.
The negotiability of such networks is not
known. With ejther the 15- or 30-station
network, many events would remain un-
identified and, if unresolved, significant-
ly jeopardize continued acceptance of a
CTBT.

In reaching these conclusions, en-
hanced internal station capabilities re-
sulting from the use of multiple regional
waves were explicitly invoked and the
use of a greatly improved network of in-
country seismic arrays capable of detect-
ing and analyzing regional seismic waves
was postulated. Three factors deter-
mined the conclusions: (i) decoupling
cavities may be constructed throughout
much of the Soviet Union; (i) knowledge
of signal and noise levels at in-country
stations would allow calibration of the
stations’ ability to detect signals from
various locations and the choice of a
favorable detonation time—that is, when
background noise is high—thus reducing
network capability in specific areas; and
(iii) because seismicity in the magnitude
range 2 to 3 (appropriate for cavity de-
coupling 1- to 10-kt explosions) can oc-
cur in many areas, small unidentified
events will pose significant verification
problems.

Insufficient knowledge of signal and

noise properties in the Soviet Union and
the lack of regional discriminants and
uncertainties in the magnitude-yield rela-
tion at low yields introduce uncertainties
in all such calculations. Satellite surveil-
lance may help in identifying cavity con-
struction and high-frequency signals may
improve detection capability significant-
ly, but both are currently unproven.

The use of earthquakes to mask explo-
sion signals has not been considered in
detail because analysis indicated that
cavity decoupling determines the critical
properties of in-country seismic net-
works. However, explosions with yields
of several kilotons or more can be hidden
by earthquakes. (The long intervals be-
tween tests, however, raise questions
about the military value of such
schemes.) Their usefulness could in-
crease dramatically if earthquake predic-
tion or excitation technologies become
available.

Defining and negotiating in-country
seismic systems for CTBT verification
requires interrelated political, military,
and seismological analyses and deci-
sions. Political and military consider-
ations establish performance require-
ments, and seismology provides techni-
cal specifications for the seismic system
needed to meet those requirements. The
acceptability of specific systems or trea-
ties ultimately is determined by each
nation’s view of its national security
requirements.

References and Notes

1. Documents on Disarmament (U.S. Arms Con-
trol and Disarmament Agency, Washington,
D.C., 1961), pp. 129 and 283.

2. Ibid. (U.S. Arms Control and Disarmament
Agency, Washington, D.C., 1972), p. 589.

3. Ibid. (U.S. Arms Control and Disarmament
Agency, Washington, D.C., 1982), pp. 439-455.

4. R. N. Fritzel, Nuclear Testing and National
Security (National Security Affairs Monograph
Series 81-2. (Nationa]l Defense Univ. Press,
Washington, D.C., 1981).

5. L. Sykes and J. Evernden, Sci. Am. 247, 47
(October 1982).

6. D. Springer and M. Denny, ‘‘Seismic spectra of
events at regional distances’’ (UCRL-52048,
Lawrence Livermore National Laboratory, Liv-
ermore, Calif., 1976).

6a. S. Ingate, E. Husebye, A. Christopherson,

‘‘Regional arrays and optimum data processing
schemes”” (Norsar Contribution 348, Kjeller,
Norway, 1984).

7. P. Pomeroy, W. Best, T. McEvilly, Bull. Seis-
mol. Soc. Am. 72 (No. 6), S89 (1982), part B.

8. J. Scheimer and 1. Y. Borg, Science 226, 787
(1984).

9. United Nations Conference of the Committee on
Disarmament, ‘‘Report to the conference of the
Committee on Disarmament of the ad hoc Group
of Scientific Experts to consider international
co-operative measures to detect and identify
seismic events’’ (CCD/558, Geneva, 8 March
1978).

10. J. Evernden, Bull. Seismol. Soc. Am. 66 (No. 1),
245 (1976).

1., ibid., p. 281.

12. ., ibid. (No.2), p. 549.

13. U.S.S.R. Epicenters, Magnitude >4.5, Shallow
(<70 km); 1911-1967 (Military Geology Branch,
U.S. Geological Survey, Reston, Va., 1972).

14. D. Racine and P. Klouda ‘‘Seismicity of the salt
areas of Louisiana, Oklahoma, and Kansas’
(AL-79-3, Teledyne Geotech, Alexandria, Va.
(1979).

SCIENCE, VOL. 227




15. O, Dahlman and H. Israelson, Monitoring Un-
derground Nuclear Explosions (Elsevier, New
York, 1977), pp. 219-235. )

16. A. Douglas, in Identification of Seismic
Sources—Earthquake or Underground Explo-
sion, E. Husebye and S. Mykkelveit, Eds. (Rei-
del, Boston, 1981), pp. 1-48.

17. T. McEvilly and W. Peppin, Geophys. J. R.
Astron. Soc. 31, 67 (1972).

18. W. Bakan and L. Johnson, ibid. 22, 139 (1970).

19. J. Murphy and T. Bennett, Bull. Seismol. Soc.
Am. 72 (No. 4), 1351 (1982).

20. L. Gorbunova, in Zemletryasenia v SSSR v 1973
Godu, 1. Gorbunova, N. Kondorskay, N. She-
balin, Eds. (Nauka, Moscow, 1976).

21. B.J. Mitchell and T. C. Bache, ‘‘A review of the
nature and variability of the anelastic properties
of the upper mantle between North America and
Eurasia’ (SSS-R-77-3164, Systems, Science and
Software, LaJolla, Calif., March 1977).

22. P. Marshall, D. Springer, H. Rodean, Geophys.
J. 57, 609 (1979).

23. L. Sykes and I. Cifuentes, Proc. Natl. Acad.
Sci. U.S.A. 81, 1922 (1984).

24. T, Bache, Bull. Seismol. Soc. Am. 72 (No. 6),
S131 (1982).

25. Defense Advanced Research Projects Agency,
‘“Progress and problems in seismic verification
resegrch” (T10-73-3, Washington, D.C., 1973),
p. 79.

26. D. Springer, M. Denny, J. Healy, W. Mickey, J.
Geophys. Res. 73 (18), 5995 (1968).

27. J. Rachlin, U.S.S.R. Salt Deposits (Military
Geology Branch, U.S. Geological Survey, Res-
ton, Va., 1969).

28. E. Cording, A. Hendron, Jr., D. Deere, in ASCE
Symposium on Underground Rock Chambers
(American Society of Civil Engineers, New
York, 1971), pp. 567-600.

29. R. Lien and F. Loset, in Norwegian Hard Rock
Tunneling (Tapir, Trondheim, Netherlands,
1981), pp. 43-45.

30. L. Glenn, A. Ladd, B. Moran, K. Wilson,
‘‘Elastic radiation from explosively loaded ellip-

Interactions Between the Gonadal
Steroids and the Immune System

Historically the fields of reproduction
and immunology have been classified as
separate biological disciplines. A con-
nection between these fields was first
reported in 1898 when Calzolari (I) ob-
served that the thymus of rabbits castrat-
ed before sexual maturity was larger
than that of the controls. At the time this
report first appeared it was not consid-
ered of much importance. However, 70
years after Calzolari’s publication, re-
searchers have begun to place greater
emphasis on the interactions between
the reproductive and immune systems.
These reproductive-immunological inter-
actions appear to be hormonally regulat-
ed, and the hormones involved originate
from the thymus, the hypothalamus-pitu-
itary unit, and the gonads. In this article,
the role of the gonadal steroids in regula-
tion of the acquired immune system is
emphasized.

In humans, the innate and acquired
immune systems constitute the total im-
mune system. The innate system (also
known as the nonspecific system) en-
compasses all reactions that are not anti-
gen dependent, such as phagocytosis and
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inflammation. The acquired system (also
known as the specific system) involves
the antigen-dependent reaction of class-
es of lymphocytes called T cells and B
cells. T cells are regulators of the cell-
mediated immune response, B-cell func-
tion, and phagocytosis, whereas B cells
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Sex Steroids and Humoral Immunity

Many studies have demonstrated that
immunoglobin production is greater in
females than in males. In mice, females
show a greater and more sustained re-
sponse than males to the antigens bovine
serum albumin (4) and hemagglutinin (5),
and females also generate higher titers of
the immunoglobins IgG (6), IgGl (7),
IgM (6), and IgA (8) than do male con-
trols. Female hamsters also generate
larger amounts of immunoglobin as mea-
sured both in vitto (9) and in vivo (9, 10)
than do males, and this lessening of
antibody production in the male coin-
cides with the increase in sex steroid
hormones at sexual maturity (10).

The mechanism responsible for the
greater concentrations of antibody in fe-
males than in males is not completely

Summary. The immune system is regulated by the gonadal. steroids estrogen,
androgen, and progesterone, but the circulating levels of these steroids can also be
affected by immune system function. Such interactions appear to be mediated
through the hypothalamic-pituitary-gonadal-thymic axis and depend on pituitary
luteinizing hormone released by thymic factors under the control of the gonadal

steroids.

are involved in humoral immunity and
produce immunoglobulins called anti-
bodies (2, 3).

Both clinical and experimental evi-
dence support the hypothesis that gonad-
al steroids regulate immune function.
This conclusion is based on the following
observations: (i) a sexual dimorphism
exists in the immune response; (ii) the
immune response is altered by gonadec-
tomy and sex steroid hormone replace-
ment; (iii) the immune response is al-
tered during pregnancy when the amount
of sex steroid hormone is increased; and
(iv) the organs responsible for the im-
mune response contain specific recep-
tors for gonadal steroids.

understood at present. However, estro-
gens enhance the antibody response in
mice (/1) and appear to regulate the
synthesis of uterine IgA and IgG in rats
(12). This suggests that the spontaneous
increase of immunoglobin levels during
the estrous cycle may result from the
action of estradiol in the uterus (12).
One possible mechanism for the stimu-
lation of antibody production by estro-
gen is found in a report by Paavonen et
al. (13) suggesting that estradiol can in-
hibit suppressor T-cell activity. Since
suppressor T cells prevent B cells from
manufacturing antibody, it follows that
inhibition of suppressor T-cell function
will enhance B-cell maturation and in-
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