ed data base may well prevent deter-
mination of the proper value of the
magnitude Mg within 0.1 magnitude
units for an explosion with high tec-
tonic release. Some have thought that
this problem of marked contamination
of the Mg value by the release of
tectonic stress seriously perturbed the
My values obtained for the large post-
treaty explosions at Semipalatinsk. It
is now generally accepted, however,
that there is no evidence for such a
perturbation. Contamination of the
magnitude Mg by tectonic release is
not a problem for any explosions at the
Nevada test site if those explosions are
observed over a broad range of azi-
muths.

P The velocities P, of the horizontally
traveling seismic waves along the Mo-
horoviéi¢ discontinuity are strongly
correlated with the amplitudes of the
vertically traveling P waves® The
contrast in the velocities P, between
the Soviet test sites and the US test site
(8.2-8.3 km/sec versus 7.9 km/sec)
confirms a bias in the magnitude m,, of
a few tenths between the Soviet and US
sites. However, this technique is inade-
quate to determine the bias in the
magnitude m, at a particular site to
the 0.1-0.2 level.

P There is an extremely close correla-
tion between the travel times and the
amplitude attenuations of P waves
through the crust and upper mantle of
the Earth. This correlation is associat-
ed with variations as great as 0.2 in m,,
bias for stations on similar rock in
terrains with indistinguishable veloc-
ities P, and with variations of greater
than 0.5 in m, bias between such
stations in different-P, terrains.® To
apply this technique of travel time
versus amplitude to evaluation of the
P-wave bias at Novaya Zemlya and
Semipalatinsk relative to the Nevada
test site one needs the P-wave arrival
times at seismic stations throughout
western North America and Eurasia
and data from a station at or very near
each test site. The Soviets have for
several decades published in their seis-
mological bulletins such P-wave arrival
times for several standard stations,
including one at Semipalatinsk. One
can get a detailed estimate of the m,
bias at Semipalatinsk relative to Ne-
vada by this procedure®; the resulting
value is 0.45 +0.02. Unfortunately,
there were no Soviet stations near
enough to Novaya Zemlya to allow an
equally accurate estimate of P-wave
magnitude bias there by this technique.
Note that two totally separate proce-
dures for estimating the m, bias
between Semipalatinsk and Nevada—
Mg and P-wave travel time—agreeon a
value of about 0.45.

» If one knows the shape of the source
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Calculated yields for 33 Soviet tests with accurately determined seismic magnitudes m,, .
The yield of each test was calculated two different ways—by its seismic magnitude m, and by
its seismic magnitude Ms. The two methods give the same results when one assumes a bias
to correct for seismological differences between US and Soviet test sites. Black points

represent tests at Novaya Zemlya; red points, tests at Semipalatinsk.*

spectrum of an explosion, one can
observe the broadband spectrum at a
distance, calculate the attenuation pa-
rameter required to reshape the ob-
served spectrum to the source spec-
trum and then apply this attenuation
parameter® to the passband used in
estimating the magnitude m,. The
problems in this procedure are the
assumptions one must make about the
details of the source spectrum and the
difficulty of uniquely separating elastic
and anelastic propagation effects. This
technique has reportedly given esti-
mates of an m,, bias of 0.35 for Semipa-
latinsk. The assumptions in the tech-
nique may lead to errors of as much as
0.1 in estimating the correct bias value.
» The ideal and direct technique, of
course, would be to have amplitude
data for P waves of distant earthquakes
or explosions as recorded at or very
near the Soviet test sites. The Soviets
have not made such data available in
their seismological bulletins. How-
ever, a group from the University of
California at San Diego is working in
the Semipalatinsk region on a project
funded by the Natural Resources De-
fense Council (see PHYSICS TODAY, Au-
gust 1986, page 57); one hopes this
group will obtain such data.

Figure 3

Recalculating yields. Figures 3b-d
present the yields for the 33 events
used in figure 3a, recalculated assum-
ing various values of P-wave magni-
tude or m,, bias for the Soviet test sites
relative to the US test site. A value of
0.2 (figure 3b), decreed by bureaucratic
fiat within the US government in 1977
in spite of evidence presented at the
time that the proper bias value for
Semipalatinsk was at least 0.40, is seen
to be inadequate to achieve agreement
of yield estimates calculated from the
magnitudes m, and Mg. Figure 3c
indicates that an m, bias value of 0.35
quite nicely fits the Novaya Zemlya
data, in agreement with Sykes and
Cifuentes and the analyses given ear-
lier.* A value of 0.45 (figure 3d) gives a
better fit to the Semipalatinsk explo-
sions, in agreement with the analysis of
P-wave amplitudes versus P-wave trav-
el times discussed above. As pointed
out earlier, the appearance of different
bias values for the two sites is not
surprising, as greater differences in m,,
bias were demonstrated many years
ago within geotectonic terrains of the
US comparable to those at Novaya
Zemlya and Semipalatinsk.?

Figure 3d indicates that even when
we use an m,, bias of 0.45 for Semipala-
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explosions in mesa tuff
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and a scale depth of
450 feet. The linear
segment in the high-
yield region is given by
equation 2. Figure 4
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tinsk, the several high-yield events
since 1978 have calculated yields with a
mean value of about 175 kilotons and
maximum and minimum values of
about 195 and 155 kilotons. The figure
suggests that either the set of five large
explosions with calculated yields
greater than 150 kt (the five rightmost
crosses in each frame of figure 3) were
actually each somewhat greater than
150 kt, that a greater m,, bias value is
required or that some other factors
such as rock properties or slight errrors
in the yield-vs-magnitude curves slight-
ly perturbed the m, value. That the
calculated yields are slightly above the
150-kt limit therefore does not neces-
sarily mean cheating by the Soviets.
(The standard deviation of the mean
m,, value of these explosions is 0.018,
meaning that the standard deviation of
the yield estimates is about 10 kt,
assuming correctness of the yield-vs-
mgnitude curves; if all are assumed to
be of the same yield, the mean calculat-
ed yield is about 175 kt with a standard
deviation of 5-10 kt.)

Lawrence Livermore National Labo-
ratory reached a similar interpretation
of the seismological data of the Semipa-
latinsk explosions some years ago. Ina
report in The Bulletin of the Atomic
Scientists, Marsh presents quotations
from letters by Warren Heckrotte and
Michael May of Livermore; in these

1000 10 000

May states explicitly that internal
Livermore documents “did conclude
that there was no evidence that the
Soviets had cheated on the Threshold
Test Ban Treaty.”'® Roger Batzel,'' the
present director of Livermore, reiterat-
ed that evaluation in testimony to
Congress in 1985.

The analysis of the US and USSR
testing programs presented below indi-
cates that the Soviets would accrue no
technical advantage by testing at 175
kilotons rather than at 150 kilotons.
Although it has not yet been demon-
strated, we expect that the explanation
for these higher-yield tests will prob-
ably be found in seismological details
such as those suggested above.

Thus several simple, direct and total-
ly independent seismological proce-
dures for estimating yields of Soviet
explosions agree on a positive P-wave
magnitude bias value of 0.35 or greater
for both Novaya Zemlya and Semipala-
tinsk relative to Nevada, while the
procedures we deem most accurate
indicate a P-wave magnitude bias of
0.45 for Semipalatinsk. In this regard
it is worth quoting from a presentation
to Congress by Paul G. Richards, a
geophysicist at Columbia University’s
Lamont-Doherty Geological Observa-
tory, who had reviewed all available
information.'? Discussing the adequa-
cy of then available data and analyses

for the quantitative evaluation of the P-
wave magnitude bias problem, Rich-
ards first quoted from a 1977 report by
Evernden® and then stated that “Al-
though in some details the scientific
argument has required slight revision
in light of later work, the main conclu-
sion is [essentially that?] adopted re-
cently when the US government’s [posi-
tion?] was revised.” The phrases in
brackets are our guesses of the words
that the government censored before
releasing Richards’s testimony in un-
classified form.

US testing program

To use an indirect procedure to
estimate the yields of Soviet nuclear
tests, it is necessary to have a reasona-
bly accurate picture of the entire US
test program. The yields of only a few
US explosions at the Nevada test site
have been declassified. (For a complete
list of these events, see Nuclear Wea-
pons Databook, Natural Resources De-
fense Council, Washington, DC, 1984.)
However, the government has an-
nounced the depths of nearly all the
Nevada explosions. Figure 4a, a plot of
data for Nevada events with an-
nounced yields and depths, indicates a
strong tendency to detonate explosions
at a scale depth D, of 400-450 feet,
based on the relation

Depth(feet) = D, [yieldkt)]'?  (3)

Figure 4b also suggests use of a scale
depth of 450 feet. The red points on
Figure 4b are data for explosions in
mesa tuff or granite for which the
government announced yields; the m,,
values for these explosions are as pub-
lished by Evernden and Archambeau®
or in the bulletins of the National
Earthquake Information Service.'?
The line drawn through these points is
somewhat different from that pub-
lished in Evernden and Archambeau,
because the high-yield curve of figure
4b has the added contraint imposed by
the two explosions near 90 kilotons,
code-named Miniata and Starwort.
The bend in the curve indicates® a
change in the frequency spectrum for
yields exceeding about 50 kilotons. The
black points in figure 4b are based upon
m,, values published by NEIS for explo-
sions in mesa tuff or granite between
1971 and 1983, with the “yields” for
these events being based on their an-
nounced depths, use of equation 3 and a
scale depth of 450 feet. The agreement
of the black points with the curve based
on the red points indicates that usual
US practice in recent years certainly
has been to use a scale depth of close to
450 feet. The single black point far
below the other data implies either a
greatly over-buried explosion—one
much deeper than the 450-foot scale
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depth—or an explosion that did not go
off at the expected yield—one with a
magnitude m, lower than expected.

Figures 5a and 5b are yet another
demonstration that the United States
uses a scale depth of approximately 450
feet. The black curve of figure 5a is the
plot of df(Y)/d log(Y) published by Ray
Kidder'* of Livermore for test yields at
the Nevada test site during 1980-84.
Here f(Y) is the fraction of tests whose
yields were Y kilotons or less. Kidder’s
curve is based on the actual yields. The
red curve in figure 5a is the function
fY) derived by integrating Kidder’s
curve. The red histogram of figure 5b
is derived from the function f(Y) of
figure 5a, while the black histogram is
derived from US tests during the same
period by using published depths of
explosions, a scale depth of 450 feet and
equation 3. The vertical scale of the
red histogram is adjusted to imply the
same number of tests as the black
histogram. The two patterns of figure
5b are different in detail but basically
very similar. Though the curves have
peaks of somewhat different shape,
they do show nearly the same number
of high- and low-yield tests. The agree-
ment is adequate to support the conclu-
sion that explosions at the Nevada test
site are routinely detonated at a scale
depth very near 450 feet. In the
following discussion, interpretation of
the US testing pattern is based on a
scale depth of 450 feet for all explo-
sions. We do not mean to imply that
one can accurately estimate the yield of
each US test in this manner; it does,
however, yield a close estimate of the
pattern of US testing.

USSR testing program

Non-seismological arguments based
on the above discussion of the US
testing program and on various other
considerations all indicate a high bias
in the magnitudes m, for Semipala-
tinsk and Novaya Zemlya relative to
the Nevada test site, with an associated
lack of regional variation of the magni-
tudes My. Statements both old and
recent by people connected with the US
weapons laboratories provide the bases
for these arguments.

An argument for a large m, bias
between Semipalatinsk and Nevada
was presented by weapons designers 20
or so years ago—before there was a
seismological understanding of the bias
problem. Recent statements in the
open literature permit us to present
that argument, which is as valid today
as it was originally.

To begin with, it has often been
stated that nuclear warheads are char-
acterized by having “primary” and
“secondary” explosive devices, both of
them nuclear. This is confirmed in a
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Yield distribution of
explosions* at the
Nevada test site,
1980-84. The black
curve in a is the
published function
df(Y)/d(logY). The
red curve, obtained by
integration, is the
implied fraction £(Y) of
tests with yields at or
below Y kilotons. The
black curve in b is a
histogram of yields -
calculated from
announced depths
when one assumes a
scale depth of 450 feet
for all explosions. The
redcurveinbis a
histogram based on
the red curve in a.
This histogram and
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1983 Lawrence Livermore bulletin,
which states that “x-rays produced
during the nuclear explosion of the
primary transfer energy to compress
and ignite thermonuclear fuel con-
tained in the secondary.”’® It is the
testing of the primary that is critical to
the design of a nuclear weapon, as
Richard L. Wagner Jr, then assistant to
the Secretary of Defense for atomic
energy, stated in 1986: “The primary
design is the sort of bellwether of
whether it will work . . . we can test all
primary designs which are at a lower
yield, thereby giving us continued rea-
sonable assurance that the design will
work at full yield.”'® Wagner was
speaking within the context of the
Threshold Test Ban Treaty, which, he
noted, allows one to test “the primary
or a combination of the primary and an
altered secondary, which would not
exceed the threshold.”

One can infer from a comment by
Harold Agnew in a letter to Congress-
man Jack Kemp that testing at a yield
of about 10 kilotons or somewhat more
is of particular importance to a rational
test program!”: “I don’t believe testing
below five or ten kilotons can do much
to improve (as compared to maintain-
ing) strategic posture.” As we will see,
the distinction between “improve” and
“maintaining” corresponds to that
between testing secondaries or only
primaries. Discussing the effect that a
comprehensive test ban treaty would

100
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have on weapons design, Agnew said,
“The military significance to either the
USSR or the USA of conducting clan-
destine tests below 5 or 10 kilotons is
per se of relatively little importance
today.”

Figure 6a shows the yields of US tests
during 1963-65, the first three years of
underground testing, calculated as-
suming a scale depth of 450 feet. The
histogram has peaks at a few kilotons
and indicates an almost uniform level
of testing from 10 to 56 kilotons. The
testing at low yields is almost certainly
related to the development of tactical
nuclear weapons and primaries; note in
figure 2b the concentration of low-yield
tests in the very early years of the
underground program.

During the years 1965-70, as US
seismologists were establishing that it
is possible to identify the seismic waves
of underground explosions down to
magnitudes m,, of around 4.75 (corre-
sponding to yields of 10-15 kilotons in
hard rock, as figure 4b indicates),
representatives of the weapons labora-
tories repeatedly depreciated these ac-
complishments as being of no signifi-
cance to a test-ban-monitoring environ-
ment: They stated that it is possible to
scale up to full yield without testing
above 10-20 kilotons. The implications
of that repeated statement agree with
the supposition that primaries have a
maximum yield of 10-20 kilotons and
with Wagner’s statement about the
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Histograms of yields for the US and Soviet test programs during
the first three years of underground tests. Yields for US tests
during 1963-65 were calculated using announced depths and a
scale depth of 450 feet. Yields for Soviet tests during 1964-66
were calculated using National Earthquake Information Service
magnitude values, equation 2 and the indicated biases in the

magnitudes m,,.

possibility of scaling up from the test-
ing of primaries or of primaries and
degraded secondaries.'®

Figures 6b-h are based on the first
three years of Soviet underground test-
ing. Figure 6b, which assumes no bias
in the magnitude m,, indicates that
there were no Soviet tests between 10
and 14 kilotons and that the highest
peak in activity was at 80-112 kilotons.
This pattern is drastically different
from the US pattern in figure 6a and
implies the unlikely conclusion that
the Soviets were testing secondaries
and relatively few primaries or that
they were using 100-kt primaries.
However, as the P-wave magnitude
bias increases from figure 6b to figure
6h, the calculated pattern of Soviet
testing becomes very similar to the US
pattern. Under the obvious constraint
that physical and - military require-
ments dictate the character of testing
patterns, figures 6f-h imply an m,, bias
distinctly greater than 0.35 at Semipa-
latinsk.

Further study of the patterns of
testing by the US and the USSR
strengthens these conclusions as well
as leading to some interesting interpre-
tations. Figure 2b presents the US
testing pattern for 1963-84, based on a
scale depth of 450 feet and the use of all
events for which a depth was an-
nounced. Each tick mark along the
horizontal axis indicates ten tests. The
vertical line demarcates 31 March

Figure 6

1976, the acceptance date of the 150-kt
limit of the Threshold Test Ban Treaty.
Note the burst of high-yield testing just
prior to the treaty and the absence of
tests exceeding 150 kt since the treaty.
(The magnitudes m, of these events
confirm them to be less than 150 kt.)
The concentration of low-yield tests in
the mid- to late 1960s is obvious.

Figure 2a gives the pattern of Soviet
testing during 1964-85, expressed in
magnitudes m, as published by the
National Earthquake Information Ser-
vice. The maximum magnitude m, of
5.8 immediately after the treaty and
the subsequent rise to 6.2 are clearly
visible. This rise at Semipalatinsk and
confusion about its proper interpreta-
tion triggered the now largely resolved
intragovernmental disputes about the
magnitude bias in 1976.

Sykes has pointed out that study of
the Soviet pattern of high-yield tests is
yet another means of demonstrating a
large bias in the magnitudes m, at
Novaya Zemlya.'® He notes that
between 1973 and 1976 the USSR
deployed five strategic systems, includ-
ing the MIRVed versions of the SS-17,
SS8-18 and SS-19, with warhead yields
beteen 300 and 600 kilotons according
to CIA National Intelligence Estimates
quoted by Peter Samuel.’® Samuel’s
statements make it clear that these
yield estimates are based on non-seis-
mological criteria. Samuel says that if
one uses the official value of the m,

bias, presumably 0.2, then no Soviet
tests prior to 1976 have had yields in
the 300-600-kt range. He concludes
that either the methods of determining
yields from seismic data are incorrect
or the yields of Soviet warheads given
by the National Intelligence Estimates
are wrong.

Let us assume that the Soviets tested
these warheads at full yield. Figure 2a
shows there to have been five explo-
sions prior to 1976 in the m,, range 6.4—
6.5, all of them at Novaya Zemlya and
of very similar yield. Use of an as-
sumed m, bias of 0.2 leads to the
conclusion that there was little testing
in the range 300-600 kt, but that there
were five tests in the range 600-800 kt,
a yield range with no known purpose
for Soviet warheads. Using an m,, bias
of 0.35, however, one finds the set of
five explosions to have -calculated
yields of 400-500 kt, while a bias of 0.4
gives yields of 300-400 kt for these
explosions. This adjustment of calcu-
lated yields by use of the seismological-
ly correct m,, bias brings the seismolo-
gical estimates and the National Intel-
ligence Estimates into full agreement.
The National Intelligence Estimates
thus give another demonstration of a P-
wave magnitude bias at Novaya Zem-
lya of 0.35-0.40 as shown in figure 3.

The impact of using the correct m,
bias to evaluate the Soviet test program
is succinctly indicated by comparing
the aggregate explosive yields of that
program obtained assuming no magni-
tude bias and using the proper biases at
Semipalatinsk and Novaya Zemlya.
Use of zero m,, bias leads to a calculated
aggregate yield of 59 megatons for all
Soviet underground tests, while use of
the proper m, biases lowers the esti-
mate to 19 megatons.

Historical comparison

Figure 7 shows histograms of the
patterns of testing by the US and USSR
over the years. The figure separates
the testing programs into four time
intervals. In the US program, the
years 1965-74 were characterized by
development of sophisticated war-
heads, with little further advance in
design in later years. One can inter-
pret the nearly uniform level of testing
between 20 and 1000 kilotons during
this period as a reflection of the devel-
opment of sophisticated secondaries.
Contrast this US pattern with that of
the USSR during the same years. With
the assumed bias of 0.45 at Semipala-
tinsk, the site of all these tests, the
Soviet testing pattern shows marked
peaking at 15-30 kilotons. This is the
expected pattern if primaries were of
those yields and if the test program
included mostly primaries, with full-
yield weapons requiring little further
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Evolution of US and Soviet underground testing programs. Some US test yields in the period
1976-80 exceed 150 kilotons because that period brackets the acceptance of the treaty limit.
The absence of US test yields exceeding 113 kilotons in the period 1981-84 may reflect use
of a scale depth of slightly less than 450 feet for the larger explosions of this period. As
discussed in the text, yields of the largest Soviet tests since the treaty are calculated as

170 + 20 kilotons; most of these explosions thus fall in the yield bin 160-226 kt. The
histograms assume a 450-ft scale depth for US tests and a magnitude bias of 0.45 for Soviet

tests.

testing as discussed above.
Comparison of the US and Soviet
testing patterns for 1981-85 suggests
that both countries do indeed use pri-
maries with maximum yields of 10-30
kilotons. Further, inspection of the
periods 1976-80 and 1981-85 indicates
a marked change in Soviet testing;
these patterns look very much like the
US 1965-69 and 1976-80 patterns,
respectively, lacking the high-yield
events barred by treaty. Thus it seems
reasonable to conclude that the Soviet
testing program and stockpile designs
have been proceeding toward greater
sophistication along the lines pursued
by the US 5 to 10 years earlier.
Arguments for the greater reliability
and slower degradation of Soviet wea-
pons under a comprehensive or low-
threshold test ban treaty, based as they
are on the presumed simplicity of
Soviet warheads, may not be as solidly
based as frequently implied.?® Itis also
not necessarily true that any degrada-
tion of the nuclear weapons stockpile
need occur under such treaties.?!
The multiplicity of seismological ar-
guments demonstrating a large bias in
the P-wave magnitude m, between the
Soviet test sites and the Nevada test
site—arguments extant in the seismo-
logical literature since the early
1970s—should finally be accepted as
definitive. The only remaining issue is
the exact value of the bias at any
particular point, as there is marked
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Figure 7

variation in bias even within terrain
that appears uniform by superficial
analysis.
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