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Successful seismic monitoring of any eventual Comprehensive Test Ban Treaty
will require the development of a capability to identify signals from small cavity
decoupled nuclear explosions from among the numerous signals to be expected from
earthquakes, rockbursts and chemical explosion (CE) events of comparable magni-
tude., The investigations summarized in this report focus on preliminary studies
which have been carried out in an attempt to distinguish between decoupled nuclear
explosions and CE events through analyses of observed and simulated seismic data
for these two source types in both the U.S. and former Soviet Union.

Near-regional seismic data recorded from the U.S. nuclear cavity decoupling
test STERLING and the nearby tamped CE test STERLING HE are compared in Section
II in an attempt to identify diagnostic differences between these two source
types. This is followed in Section III by an analysis in which short-period P
wave data recorded at NORSAR from Soviet nuclear tests conducted in salt cavities
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at the Azgir site north of the Caspian Sea are systematically compared with corre-
sponding data recorded at the same stations from presumed CE events of comparable
size which have been located in the vicinity of the Azgir site. In Section IV,
broadband seismic data recorded at near-regional Soviet stations from an Azgir
nuclear cavity decoupling test are theoretically scaled to the 1 kt fully de-
coupled level and compared with data recorded at the nearby IRIS station KIV from
well-documented CE events. The results of these preliminary comparison studies
indicate that seismic discrimination between these two explosion source types is
not trivial and suggest that a reliable discrimination strategy will have to be
based on detailed analysis of data from multiple seismic phases.
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1. Introduction

As a result of research conducted over the past 20 years, the capability
now exists to unambiguously identify almost all seismic events having
magnitudes characteristic of well-coupled, underground nuclear explosions
with yields greater than a few kilotons (i.e. my> 4, OTA (1988)). However,
in the context of monitoring any eventual Comprehensive Test Ban Treaty
(CTBT), consideration will have to be given to the capability for identifying
the much smaller signals which might be expected to result from possible
evasive testing involving cavity decoupling. That is, since the U.S. nuclear
cavity decoupling experiment STERLING has established that it is possible
to reduce the amplitude of the radiated seismic signal by a least a factor of
70 using this testing procedure, it follows that comprehensive monitoring of
underground nuclear tests in the 1 to 10 kt range will necessarily involve
identification analyses of small seismic events with magnitudes in the range 2
< mp <3. Moreover, at such low magnitudes, naturally occurring
earthquakes are suppiemented by a large number of chemical explosions
(CE) of similar size which are associated with the variety of quarrying,
mining and construction projects which are continuously being carried out in
most developed areas of the world. This constitutes a potentially serious
monitoring problem in that there are no consistently reliable procedures
available at the present time for distinguishing between seismic signals
produced by cavity decoupled nuclear and chemical explosions. Thus, even
assuming the existence of the very extensive monitoring networks needed to
detect such small events, questions remain concerning our capability to
correctly identify the signals from small decoupled explosions among the
numerous signals expected from earthquakes and CE events of comparable
size. The objective of the research program described in this report is to
improve the capability to distinguish between small cavity decoupled nuclear
explosions and CE events through analyses of simulated and observed
seismic data representative of the two source types.




This report presents a summary of the preliminary investigations
which have been conducted during the first year of this project. In Section
2, near-regional seismic data recorded from the U.S. nuclear cavity
decoupling test STERLING and the nearby, tamped CE test, denoted
STERLING HE, are analyzed and compared in an attempt to identify any
diagnostic differences between these two source types. This is followed in
Section 3 by an analysis in which seismic data recorded at NORSAR from
Soviet nuclear tests conducted in salt cavities at the Azgir site north of the
Caspian Sea are compared with corresponding data recorded at the same
stations from events of about the same size which appear to be CE events
conducted in the vicinity of the Azgir site. In Section 4, broadband seismic
data recorded at near-regional Soviet stations from an Azgir cavity
decoupling test are theoretically scaled and compared with data recorded at
similar distances at the nearby IRIS station KIV from well-documented CE
events. The report concludes with Section 5 which contains a summary and
statement of preliminary conclusions regarding the identification of seismic
signals recorded from cavity decoupled nuclear and chemical explosions.
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2. Comparison of Broadband Near-Regional Seismic Signals
Recorded from the STERLING and STERLING HE
Explosions

The SALMON, STERLING and STERLING HE explosions were
conducted in the Tatum salt dome near Hattiesburg, Mississippi between
1964 and 1966 with the objective of evaluating the effectiveness of cavity
decoupling in reducing the amplitude of the radiated seismic signal from
underground nuclear explosions. The first of these tests was SALMON,
which was a fully coupled 5.3 kt nuclear explosion conducted at a depth of
828 m on October 22, 1964. This was followed on November 17, 1966 by
STERLING HE, a 2.7 ton tamped, high explosive calibration shot which was
detonated about 350 m southwest of SALMON at a depth of 831 m. The
decoupled nuclear test STERLING had a yield of 0.38 kt and was detonated
on December 3, 1966 in the 17 m radius semispherical cavity produced by
the SALMON explosion (Perret 1968a,b; Springer et al. 1968). Given that
the low frequency decoupling factor for STERLING has been estimated to
have been approximately 70 + 20 (Springer et al., 1968), it follows that the
amplitudes of the low frequency seismic signals from STERLING were of
the same order of magnitude as those to be expected from a 5.4 ton tamped
nuclear explosion. It follows that since HE is generally thought to produce
low frequency seismic signals which are about twice as large as those
produced by a nuclear explosion of comparable energy release, the observed
seismic data from STERLING should be directly comparable to that
observed from the 2.7 ton STERLING HE explosion. This hypothesis is
supported by the fact that the observed seismic amplitude levels at fixed
recording stations were generally quite similar for these two events. Thus,
these data provide a nearly ideal opportunity to compare seismic data
recorded from tamped CE and nuclear cavity decoupled explosions which
are nearly co-located and have very similar seismic source strengths.




Although data from STERLING and STERLING HE were recorded at
a number of stations located within about 70 km of their common epicenter,
the majority of these data are of questionable reliability due to signal-to-
noise limitations and other problems. Therefore, in the present analysis we
will focus on the stations denoted as 10S and 20S which were located at
ranges of 16 and 32 km south of the source locations, respectively (Murphy,
1969). Figures 1 and 2 show comparisons of the vertical component,
broadband (1-35 Hz) recordings from STERLING and STERLING HE at
stations 10S and 20S. It should be noted that although only these vertical
component data will be considered in the following discussion, it has been
found that the other components of motion display similar characteristics
and, therefore, the conclusions should be considered to be representative of
them as well. Figure 1 shows 8 second segments of the recorded time
histories at station 10S from STERLING (top) and STERLING HE
(bottom). These records are relatively complex for both sources at this
near-regional distance, presumably as a result of the propagation path
heterogeneities introduced by the source region salt dome structure and the
surrounding sedimentary layered sequence which it pierces. Many consistent
phases are apparent in the records between the two events. The initial P-
wave windows appear to match quite closely fcr the first second or so.
Beginning roughly two seconds after the first arrival is a second phase
consisting of a relatively low-frequency carrier with high-frequency signals
superimposed. This latter phase produces the largest amplitudes on the
vertical component records, and its interpretation is not clear. Springer et
al. (1968) identified this signal as an S phase, but Gupta et al. (1987)
determined on the basis of synthetic seismograms derived for a
representative structure that this phase arrived too early for S and was more
likely reverberating P-waves in the sediments. Accepting this latter
interpretation the S-wave window begins about one second later; we follow
this interpretation throughout the subsequent discussion. Comparing the
signals from: the two source types, it can be seen that the most prominent
difference is in the ratio of the S to initial P amplitudes, which appears to be
on the order of a factor of three larger for STERLING HE than for
STERLING.
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Similarly, Figure 2 shows 16 second segments of the ground motion
time histories recorded at station 20S from STERLING (top) and
STERLING HE (bottom). The records are again fairly complex including
multiple arrivals in the P-wave window which are apparently associated with
the propagation path since we observe general consistency between the two
sources. In this case the largest observed amplitudes begin arriving about
five seconds after the initial P. This phase is generally lower in frequency
and is thought to be S; in this case Gupta et al. (1987) agree with the
Springer et al. (1968) interpretation. Just as for P, the S arrival has a long
duration with multiple arrivals apparently associated with propagation in the
complex sedimentary structure. Once again, the most prominent difference
between these two signals is in the ratio of the S to initial P wave amplitude
levels. The difference here is also roughly a factor of three with relatively
larger S to P ratios for STERLING HE than for STERLING. Thus, this
observation seems to be consistent between statior~ *S and 20S.

In an attempt to develop a better understanding of these relative P and
S wave differences between STERLING and STERLING HE, spectral
analyses were performed on the signals recorded at stations 10S and 20S.
Figure 3 shows the initial P wave signal and pre-signal noise spectra
determined from the station 10S recordings of STERLING (top) and
STERLING HE (bottom). It can be seen from these figures that the P wave
spectral amplitude levels are well above the noise levels out to beyond 40 Hz
in both cases. Moreover, the signal spectra for the two events appear to be
quite comparable with both showing peaks at about 13 Hz, above which they
fall off slowly toward higher frequencies. The corresponding P wave signal
and noise spectra derived from the station 20S recordings of the two events
are shown in Figure 4 where it can be seen that, while the signal-to-noise
ratio for STERLING is again good out to about 40 Hz, the STERLING HE
signal spectrum is above noise only out to about 25 Hz. In particular, a
rather prominent noise spike is apparent in the STERLING HE spectra at
about 30 Hz for both signal and noise. Once again, the P wave spectral
shapes for the two events appear to be quite similar over the frequency
range in which they can be validly compared. These spectra have somewhat
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lower comer frequencies than the corresponding station 10S spectra of
Figure 3, presumably due to increased effects of anelastic attenuation on the
propagating P wave signals. As a result, the P wave spectra at station 20S
have their maximum values at frequencies near 4 to 5 Hz.

The corresponding S wave spectra for STERLING and STERLING
HE are plotted in Figure 5 for the signals at station 10S (top) and at station
208 (bottom). At station 10S the signal spectrum is above the noise over the
entire frequency band out to 50 Hz for both STERLING and STERLING HE
although the STERLING HE signal appears to be close to the noise level at
frequencies above about 25 Hz. At station 20S the STERLING S-wave
signal spectrum is above noise over the entire frequency range, but the
STERLING HE signal drops to the noise level near 25 Hz. For the
STERLING HE spectrum the roise spike at 30 Hz, observed in the P-wave
results, is again apparent in the S-wave spectrum. At 10S the S-wave spectra
for STERLING and STERLING HE exhibit a broad plateau at low
frequencies with a corner near 14 Hz; maximum spectral amplitudes are at 9
Hz and 4 Hz, respectively. Comparison of the STERLING and STERLING
HE S-wave spectra at station 10S reveals that the STERLING signals are
relatively richer in high frequencies above about 5 Hz. At 20S the S-wave
spectra show similar behavior. However, at 20S the low-frequency spectral
plateau seen at 10S is not apparent; this can again probably be attributed to
de-emphasis of the corner by higher attenuation at the more distant station.
As a result, the S-wave spectra are observed to decay quite rapidly at
frequencies above the spectral peak which is near 5 Hz for STERLING and
near 4 Hz for STERLING HE. Again, the spectral decay is less rapid for
STERLING so that the S-wave spectra at 20S are enriched at high
frequencies relative to STERLING HE. Therefore, at both stations 10S and
20S the decoupled STERLING explosion produced S-waves relatively richer
in high frequencies than those from the tamped chemical explosion,
STERLING HE.

10
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The frequency dependence of the S/P wave ratios for the two source
types have also been compared through narrowband filter analyses of the P
and S wave signals recorded at stations 10S and 20S. In this approach, the
ratio of the maximum amplitudes in the P and S time windows for each filter
output are computed and the results are plotted versus the center frequency
of the filter. Such ratios are plotted in Figure 6 for station 10S (left) and
20S (right), where the results for STERLING are shown as solid lines and
those for STERLING HE as the dashed lines. It can be seen that in all cases
the S/P ratios decrease with increasing frequency from maximum values of
3-10 at low frequencies to values on the order of 0.5-1.0 at high frequencies.
These results corroborate the previously noted general observations made
from the time histories and individual spectra to the effect that the S wave
signals are of lower dominant frequency than the corresponding P wave
signals at both stations. Of greater potential significance for purposes of
event identification, however, is the observation that the S/P ratios are
generally about a factor of two larger for STERLING HE than for
STERLING over rather broad frequency bands at both stations. At station
10S this difference persists over the entire frequency band out to more than
20 Hz, while at 20S the two ratios are different out to about 12 Hz, above
which they appear to converge. However, this apparent high frequency
convergence may just reflect the reduced signal-to-noise ratios at higher
frequencies at this more distant station. In any case, this large, frequency
independent difference in the S/P spectral ratios is generally consistent at the
two stations and its persistence over such a broad range of frequencies is a
major puzzle. If it could be established that such differences are
characteristic of CE and nuclear cavity decoupled explosion sources, then it
would be possible to define a valuable new discriminant for use in seismic
monitoring. However, before proceeding to such a definition, it is first
necessary to establish the physical plausibility and general applicability of
any such discriminant. Therefore, it is appropriate to consider the source
characteristics and near-source environments of the STERLING and
STERLING HE events in greater detail.
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As was noted previously, STERLING and STERLING HE were
detonated at nearly the same depth in the Tatum salt dome with a horizontal
separation of about 350 m. Their relative locations with respect to the
boundary of the salt dome at source depth are shown in Figure 7 where it
can be seen that, while their separation is not negligible with respect to the
geometry of the boundary, both shot points are located more than 400 m
from the nearest boundary surface. STERLING HE consisted of 2.25 tons
of nitromethane which, according to Springer et al. (1968), is the energy
equivalent of about 2.7 tons of TNT. The explosive was distributed in a
circular cylinder with a diameter of 0.99 m and a length of 2.44 m.
STERLING, on the other hand, was a 380 ton nuclear explosion in a roughly
spherical cavity with a radius of about 17 m. These two source geometries
are shown in Figure 8 where they are compared with that of the recent
"chemical kiloton" CE test conducted at NTS in September, 1993. It can be
seen that none of these initial charge geometries are spherically symmetric
and, therefore, the question arises whether such variations in initial source
shape could be responsible for the observed differences in S/P ratio between
STERLING and STERLING HE. The most direct approach to this problem
would be to carry out a nonlinear finite difference simulation of the
evolution of the STERLING HE seismic source and then use the results to
quantitatively evaluate the relative efficiencies of S and P wave generation
by such a source. However, such a detailed simulation analysis lies outside
the scope of the current project. Moreover, there is much past experience
which suggests that such a simulation would reveal only very minor
departures from spherical symmetry in the resulting seismic source function.
That is, it has been found that the strong nonlinear response of the medium
surrounding the explosion tends to compensate for any asymmetries in the
initial charge configuration, producing a much more nearly spherically
symmetric seismic source function. Thus, for example, Rimer er al. (1993)
in their nonlinear simulation of the chemical kiloton charge geometry shown
in Figure 8 found that the simulated final cavity volume, cavity pressure and
yield radius were virtually identical to the corresponding values computed
for a spherically symmetric charge distribution having the same volume.
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Figure 7. Source locations of STERLING and STERLING HE with respect to the
boundary of the Tatum salt dome at source depth.
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Similar results were obtained by Stevens et al. (1993) in their simulation
analyses of the seismic source functions corresponding to some strongly
asymmetric nuclear charge configurations and by Stevens et al. (1991) in
their siniulations of the seismic response of ellipsoidal cavities having much
larger aspect ratios than STERLING HE. Therefore, we conclude that it is
highly unlikely that the initial charge asymmetry of STERLING HE is
responsible for the observed differences in S/P ratios with respect to
STERLING.

An alternate possibility is that differences in propagation path
characteristics might be responsible for the observed variations in S/P ratios.
Thus, although STERLING and STERLING HE were detonated within 350
m of one another in the same salt dome, their positions relative to the dome
boundary were somewhat different, as illustrated in Figure 7. Thus, it is
possible that the interaction of the outgoing compressional waves with the
dome boundaries was different in the two cases, resulting in differences in
the P to S conversion efficiency. A remaining difficulty with this hypothesis
is that it is not clear why any such boundary effect should be nearly constant
over such a broad frequency banc. These difficult issues will ultimately
have to be addressed using three-dimensional finite difference simulations of
the two explosions. In any case, it is probably instructive to note the rather
significant seismic differences which can be observed at a common station
from similar sources in such close proximity to one another.

In summary, near-regional, broadband seismic data recorded from the
STERLING nuclear cavity decoupling test and the nearby STERLING HE
tamped CE test have been carefully compared and evaluated for differences
which might be diagnostic of source type. It has been demonstrated that
although the relative spectral compositions of the P and S waves observed
from the two sources appear to be roughly comparable, the S/P spectral
ratios are significantly different over a broad frequency band extending
from at least 1 to 10 Hz. Evaluation of the possible effects of differences in
initial charge geometry have been evaluated in a preliminary fashion and it
has been concluded that it is unlikely that such effects can explain the
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observed differences in S/P ratios in this case. An examination of the
potential influence of variations in the locations of the two explosions with
respect to the boundaries of the Tatum salt dome suggests that this might be
a contributing factor, although it is not clear at this time that such a
mechanism can explain the frequency independent nature of the observed
seismic differences. In conclusion, additional experimental data will have to
be evaluated before it can be determined whether observed seismic
differences of the kinds noted for STERLING and STERLING HE can be
used to reliably discriminate between tamped CE and nuclear cavity
decoupled explosions.
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3. Comparison of P Wave Signals Recorded at NORSAR from
CE and Nuclear Cavity Explosions in the North Caspian
Basin

The area surrounding the Caspian Sea provides a good test bed for
evaluating procedures for identifying cavity decoupled nuclear explosions in
that it contains the Azgir test site at which the Russians have acknowledged
conducting a number of nuclear explosions in salt cavities. Moreover,
although the natural seismicity of the area surrounding the Azgir site
appears to be quite low, there appear to be significant numbers of CE events
occurring in the salt dome regions of the North Caspian Basin which can
serve as a source of seismic data to be compared with corresponding data
from nuclear cavity explosions for evaluation of potential discriminants. In
the following discussion, we will first briefly review the seismicity of the
Caspian region and then proceed to a comparison of NORSAR P wave data
recorded from selected CE and nuclear cavity explosions in the North
Caspian Basin.

Strong differences in tectonics and natural seismicity exist in the
region surrounding the Caspian Sea. The southern region, including the
Caucasus mountains west of the Caspian and the Kopet Dagh area east of the
Caspian, is tectonically active with a high level of natural earthquake
activity. In contrast the northern Caspian basin is a stable platform region
with little, if any, natural seismicity. This dichotomy is illustrated in Figure
9 which depicts epicenters of earthquakes with energy class K > 11 (mp > 4)
reported in the annual Russian earthquake catalogs for the period 1962 to
1979. The earthquake activity tends to be clustered, but the map shows a
clear diminution in the level of seismicity north of about 44° latitude on the
west side of the Caspian and a similar drop off in activity north of 40°
latitude on the east side of the Caspian. Although this northward drop in
seismicity may to some extent reflect Russian reporting practice and bias
associated with the locations of Soviet seismograph stations, the stable
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geologic conditions and total absence of earthquakes in the northern Caspian
basin as reported in international catalogs appears to confirm that the area is
seismically quiet. This is potentially significant in the current context, since
the principal Soviet nuclear testing area in salt was located in the northern
Caspian basin at Azgir (cf. Figure 9). Thus, this region provides a
prototype for the environment in which seismic monitoring for cavity
decoupled explosions might take place.

At first glance, the results summarized in Figure 9 might suggest that
detection of a seismic event in the vicinity of Azgir is equivalent to its
identification as a nuclear explosion. However, even though this region
seems to be largely devoid of natural earthquake activity, a number of low
level seismic events are in fact detected in the area every year. For example,
Ringdal (personal communication, 1984) has identified more than 180 events
in the NORSAR catalog which were located in the aseismic area bounded by
45°N and 52°N north latitude and by 42°E and 55°E longitude during the
time period October, 1971 to October, 1981. The NORSAR locations for
these events are shown in Figure 10 where it can be seen that they
completely surround the Azgir nuclear testing area. Ringdal has concluded
that most of these events are probably chemical explosions on the basis of
their strong clustering during the local daylight hours. This fact is
illustrated in Figure 11 which shows a comparison of the distribution of
times of occurrence of the seismic events from Ringdal's north Caspian list
with that for natural earthquakes from the Caucasus area to the south. It can
be seen that the north Caspian events from the NORSAR list are strongly
clustered in the time period from about 6 to 18 hours GMT, in contrast to
the Caucasus events which seem to be evenly spread throughout the 24 hour
period. This strong peaking of the events from the NORSAR list suggests
that the majority of them are not natural. Given this observation and the
presence of oil-shale development and construction activities in the area, it
seems reasonable to conclude that these events are mostly chemical
explosions similar to those which might be found in other seismically quiet
areas of the world.
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As was indicated above, a number of North Caspian nuclear and
presumed CE events have been detected by the NORSAR array and listed in
the NORSAR event bulletin. Table 1 lists the sample of 12 such events
which have been selected for comparative analysis. It can be seen that the
first eight of these have been designated as presumed CE events, while the
last four have been identified by the Russians as having been nuclear
explosions in salt cavities at Azgir (Sultanov, personal communication,
1993). It can be seen that the NORSAR my estimates listed in this table
indicate that the samples for the two source types encompass about the same
range in magnitude, thereby permitting direct comparisons of the recorded
seismic data. The NORSAR locations of these selected events are plotted on
the map of the North Caspian region in Figure 12 where it can be seen that
the estimated locations of the presumed CE events surround the locations of
the nuclear explosions. Note from Table 1 and Figure 12 that Events #1 -
#3 appear to be co-located and were detonated on the same day at intervals
of about 14 seconds, which would seem to confirm that at least these three
are CE events. It is difficult to assess the accuracy of the NORSAR locations
given the available information, but, given the size of the events and their
distance from NORSAR (A = 25°), it would not be surprising if the
epicentral uncertainties are on the order of 100 km or more. This rough
estimate agrees with the observed maximum mislocation of the Azgir
nuclear explosions, which is on the order of 125 km for Event #12.

With regard to the nuclear explosions, the Russians have confirmed
that explosions #9 - #12 in Table 1 were detonated in two different cavities
in salt at the Azgir test site. More specifically, Adushkin et al. (1992) have
indicated that Event #9 was an 8 kt decoupled nuclear test conducted in the
38 m radius, air-filled cavity produced by the 64 kt tamped nuclear
explosion conducted at Azgir on 12/22/71. Similarly, Sultanov et al.
(personal communication, 1993) report that Events #10 - #12 were sub-
kiloton nuclear tests conducted in the 32 m radius, water-filled cavity
produced by the 25 kt tamped nuclear explosion of 7/1/68. Thus, only Event
#9 was a true decoupling test and even that was only partially decoupled as a
result of the fact that its yield was a factor of three or more larger than that
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Table 1.
NORSAR Source Parameters of Selected
North Caspian Events
Event #* Date Origin Time (UT) N Lat. E Long. mb
1(CE) 09/14/78 04:00:02 51.2 53.2 3.6
2 (CE) 09/14/78 04:00:16 51.2 53.2 3.6
3 (CE) 09/14/78 04:00:29 51.2 53.2 36
4(CE) 04/28/34 14:53:48 46.2 45.8 4.5
5(CE) 06/27/86 07:25:44 48.1 48.7 4.1
6 (CE) 07/25/86 07:22:35 474 49.9 39
7(CE) 08/22/86 06:31:37 48.3 49.4 40
8 (CE) 09/28/86 14:08:16 45.6 41.5 44
9(NC) 03729776 07:00:03 48.0 48.0 39
10 (NO) 10/14/77 07:00:02 48.0 48.0 39
11 (NC) 09/12/78 05:00:01 48.0 48.0 35
12(NC) 01/10/79 07:59:53 46.9 48.3 4.1

* CE denotes presumed chemical explosion and NC denotes nuclear cavity

test.
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specified by the Latter criterion for full decoupling in a cavity of that size.
Moreover, the water-filled cavity tests were observed to have coupled better
than tamped explosions of the same yield in salt, consistent with previous
experience of the relative seismic coupling efficiency of nuclear explosions
in water. However, all four of these nuclear tests were conducted in nearly
spherical cavities in salt and, therefore, except for absolute amplitude level,
they might be expected to produce low frequency seismic signatures
comparable to those expected from fully decoupled nuclear explosions.

Full NORSAR array data have been retrieved for each of the 12
events of Table 1 and previewed to assess relative data quality across the
array. In agreement with the results of previous studies by Ringdal et al.
(1983), it was found that subarray O2B consistently provides the highest
quality signals for these north Caspian events and, consequently, our analyses
have focused on data recorded at the six elements of this subarray. The
recordings at the center element (i.e., O2B0) for the 12 selected events are
compared in Figure 13. It can be seen that the signal-to-noise ratios at this
station are generally quite good for these events, although there is some
evident interference from longer period microseismic noise. Due to the
differences in relative frequency content, this noise can be effectively
suppressed by filtering and Figure 14 shows the results of filtering the
seismograms of Figure 13 through a bandpass filter with corner frequencies
at 0.8 and 6.0 Hz. It is evident from these figures that there are some
significant differences in the short-period P waves produced by these events.
For example, the recordings from the HE Events #4, #5 and #6 are more
emergent and have higher coda levels than those of the nuclear cavity Events
#9 - #12, which are very similar to one another. On the other hand, the
recordings from some of the HE Events (e.g., #1 - #3) appear to be quite
similar in character to the nuclear recordings. Thus, in terms of general
time domain characteristics, the recordings from the presumed chemical
explosions show a degree of variability which appears to encompass the
characteristics of the corresponding decoupled seismograms.
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The next step in the analysis procedure was to estimate P wave signal
and noise spectra for the 12 events at each of the six elements of subarray
O2B. The data were recorded at a sampling rate of 20 samples/second and
the spectra were computed using the first 4.5 seconds of the P wave signal
and a corresponding window of pre-signal noise. The resulting spectra were
smoothed and corrected for instrument response and representative spectra
for Events #1, #4 and #10 are displayed in Figures 15, 16, and 17,
respectively. With reference to Figures 15-17, it can be seen that the usable
passband generally extends from about 1-2 Hz to about 7-9 Hz. Although
there is some evidence of site effects on the spectra observed at the
individual elements, the P wave spectral composition has been found to be
quite stable across the O2B subarray. This is illustrated in Figures 18-20
which show the individual element and subarray-averaged P wave spectra
corresponding to the events of Figures 15-17, plotted over the passbands
containing usable signal-to-noise ratios. The dashed lines enveloping the
subarray averages in these figures denote the one standard error of estimate
levels which, for the six element array, correspond roughly to 95 percent
confidence intervals about the average values. For the HE events
exemplified by Figures 18 and 19, the standard error of estimate over this
frequency band averages to less than a factor of 1.5. Somewhat
surprisingly, the variation in P wave spectra across the subarray appears to
be noticeably larger for the nuclear cavity explosions, averaging to nearly a
factor of 2.0, as illustrated in Figure 20. There is no obvious reason for this
difference and it may just reflect the fact that the decoupled events are
generally older and may have been recorded during a period in which the
instrument calibration factors were less well determined than they have been
in more recent times.

Examination of these subarray-averaged P wave spectra indicates that
the events can be roughly divided into three groups, consisting of Events #1
- #3, Events #4 - #8 and the nuclear cavity Events #9 - #12. The subarray-
averaged spectra within each of these three groups are compared in Figures
21-23, respectively, where the individual spectra have been normalized to
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the same average amplitude level over the available passband. It can be seen
that the spectral shapes within each group are quite consistent over the
frequency band available for analysis. Thus, for example, the spectra for
nuclear Events #10 and #11 in Figure 23 are essentially identical, as might
be expected since they are of similar size and were detonated in the same
cavity. More surprising is the close similarity of the P wave spectral shapes
for the HE Events #4 - #8 in Figure 22, particularly considering the fact that
they represent a range of source size and testing location. Figure 24 shows a
comparison of the average spectra for each of the three groups of Figures
21-23, spproximately normalized to the same low frequency level. It can be
seen that the group consisting of the presumed chemical explosions #4 - #8
represents the lowest frequency source, while the group consisting of the
presumed chemical explosions #1 - #3 appears to represent the broadest band
source. Once again, as with the time domain characteristics, the average P
wave spectra of the presumed chemical explosions in the two groups differ
more from one another than either does from the average nuclear cavity P
wave spectrum. This observation is illustrated more specifically in Figure
25 where the ratios of the average spectra for the two HE groups of events
computed with respect to spectrum for cavity decoupled Event #9 are
compared. This figure concisely summarizes the principal conclusion of the
NORSAR analysis, which is that the variation of the characteristics of the
recorded P waves from presumed chemical explosions envelopes the
characteristics of the recorded P waves from nearby nuclear cavity
explosions of comparable magnitude. Thus, this evidence suggests that
teleseismic P wave data in the band from about 1 to 10 Hz is unlikely to
provide a reliable basis for discriminating between these two source types.
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4. Comparison of Broadband Near-Regional Seismic Record
ings from Soviet CE and Cavity Decoupled Explosions in
the Caspian Sea Region

As was noted in Section 3, we currently have knowledge of only two
full scale nuclear decoupling experiments; namely, the U.S. test STERLING
and the Soviet air-filled cavity test at Azgir. The Soviet cavity decoupling
experiment was carried out on 3/29/76 when an 8 kt nuclear device was
detonated at a depth of 987 m in a 38 m radius cavity in salt produced by a
previous 64 kt tamped nuclear explosion conducted at that site on 12/22/71
(Adushkin et al., 1992). Broadband seismic data were recorded from this
decoupled test at near-regional distances ranging from about 1 to 113 km
and these analog data were subsequently digitized at a rate of 200
samples/second, converted to ground motion amplitudes and installed as a
database at the ARPA CSS (personal communication, I. Kitov, 1992). These
data provide an important reference base for comparison with seismic data
recorded in the same distance range from CE events in the Caspian Sea
region. However, before comparisons can be made for the nominal, fully
decoupled 1 kt evasion scenario, it is necessary to first normalize the
observed data to account for the fact that the Azgir decoupling experiment
was at a yield of 8 kt and was only partially decoupled. This has been
accomplished using the approximate, theoretical scaling model described
below.

Let Z1(t), Z2(t) denote the seismograms for a particular component of
motion recorded at a fixed station from explosions at the same source
location, with corresponding Fourier transforms Z1(®), Z2(®). Then, in
operational form, the ground motion spectra can be written as
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Zi(w) = Si1(w) T(w)
1)
Z2(0) = S2(0) T(w)

where S1(w), S2(®) denote the seismic source functions corresponding to the
two explosions and T(w) is the propagation path transfer function which is
common to both. It then follows that, to this degree of approximation

S
LH(w) = ;ﬁ% Z1() 2
Z20 = |21 s¢-v @ 3)

where S(t) is the explosion source scaling operator. Thus, the expected
ground motion time history for the second explosion can be determined
from the observed ground motion from the first explosion if the spectral
ratio of the two seismic source functions can be estimated. For the simplest,
spherically symmetric model of the explosion source, the required source
spectral ratio has the form (Mueller and Murphy, 1971)

2
W + i © - w2
Sa@ _ paw@rel; ot TPl P @
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where rely, rel; are the elastic radii of the two sources at which spherically
symmetric pressures p1(®), p2(®) act and




(%)

with o the P wave velocity and A, . the Lame constants characteristic of the
common source medium. Now for explosions at the same depth in a fixed
medium, the elastic transition pressure should be constant then, assuming a
step function approximation for the pressure profiles acting at the elastic
radii, it follows that p2(w) = p1(®) in (4) and the modulus of the source

spectral ratio can be written simply as

(o1 - B®2)2 + @002
S2@)| el of
Si(wy)| ~ rel1

IS(w)| = (6)

2 2
(o2 - Pw2)2 + 0 Hw?

Thus, the I~w and high frequency asymptotic values of the source spectral
ratio are given by

. relz (0(2,1
2B sl = —— = (o
® >0 rel 0)(2,2 rel)
| )
tim o el
© [S(w)l = rel;

or, since rel is proportional to the cube root of the yield W for explosions at
a fixed depth in a given medium,
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(8)

This is the familiar cube root scaling model for the explosion seismic source
function.

The time domain operator corresponding to Equation (6) for the case
A = p has the form

2
rely - 3 @o2t 2y3 . 22 rely
St =- rel; e 3 [Clcos =3 Wo2t + Casin 3 o)ozt] + rel; ()
9
where
4
Ci = 3 (o2 - Wo1)
(10)
1 Wol
C =5 142 — . ]
273 0 [ oz > (moz]z
Then defining S(t) = S1(t) + (rel2/rel;) 8(t) in (9), we can write
rel
20 = [ 210 S1¢t-9) dv + 55 210 (1)

It follows that, given an observed seismogram from an explosion with
known source characteristics, the seismogram to be expected at that same




station from an explosion with different source characteristics in the same
region can be approximated using scaling relations of the form exemplified
by Equations (9) - (11).

The simple scaling procedures described above have proven to work
quite well in a number of different applications. For example, Figure 26
shows the results of scaling observed STERLING data from near-regional
station 10S at a range of 16 km to the source conditions of SALMON using
the source parameters inferred by Murphy (1969) for these two explosions.
It can be seen that, despite the simplicity of the source approximations, the
agreement between the scaled STERLING and observed SALMON seismic
data at this station is quite remarkable. This would seem to confirm the
validity of the procedure as applied to co-located events in the same medium.
A remaining question concerns the applicability of SALMON/STERLING
seismic source scaling and decoupling relations to explosions in the Azgir
salt domes. Although additional work is needed to fully assess the
consistency of the seismic source coupling in these different salt
environments, some recently acquired Soviet free-field data from a tamped
explosion at Azgir suggests that they might be quite similar. These new
free-field data were recorded from the 1.1 kt tamped nuclear explosion
which was conducted at a depth of 161 m at Azgir on 4/22/66. For this test,
vertical component particle velocity waveforms were measured above the
detonation point at ranges extending from 63 to 161 m in a satellite hole
offset from the emplacement hole by about 10 m (personal communication,
L. Kitov, 1993). Using simple cube-root scaling as a first approximation, the
recording made at a range of 84 m above shot depth corresponds to a range
of 142 m at the 5.3 kt yield of SALMON. The cube-root scaled version of
this recording is shown in Figure 27 where it is compared with the
SALMON shot depth recording at a range of 166 m. It can be seen that the
arrival times, waveshapes and amplitude levels (preliminary for Azgir) are
remarkably similar for these two recordings, which suggests that the seismic
source coupling characteristics of Azgir salt may not be very different from
those of SALMON salt. Additional data will have to be analyzed in order to
definitively test this hypothesis. However, these preliminary data suggest
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Figure 27. Comparison of observed SALMON free-field particle velocity recording at a
range of 166 m with the cube-root scaled Azgir 4/22/66 free-field particle velocity recording
at a scaled range (at 5.3kt ) of 142 m.
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that the SALMON/STERLING source scaling procedures, illustrated by the
results shown in Figure 26, should provide a reasonable first approximation
for application to Azgir explosion data.

The vertical component displacement waveforms recorded from the
Azgir cavity decoupling test of 3/29/76 in the near-regional distance range
extending from about 18 to 113 km are shown in Figure 28. It is evident
that these data are quite complex and variable as a function of distance.
Thus, for example, it can be seen that while the first arrival at 25.5 km is
impulsive and simple, that at the nearby 23.0 km station is much more
emergent and complex. Similar comments apply to the observations at
distances greater than 40 km, which show no obvious explosion-like
characteristics of the kind which frequently distinguish teleseismic P waves
recorded from underground explosion sources. This observed high degree
of variability is typical of broadband, near-regional recordings from
earthquakes and explosions and contributes to the difficulty of defining
reliable discriminants for application in this distance range.

Now, before the data of Figure 28 can be scaled to that expected for
the 1 kt fully decoupled scenario, it is necessary to first define an
approximate seismic source model for this 8 kt partially decoupled
explosion. Detailed, nonlinear finite difference simulations of this source
are currently underway but, for the present application, we will employ the
simplest analytic approximation corresponding to a step in pressure acting at
the elastic radius. Preliminary modeling of the near-field P wave spectra
for this test suggests an equivalent elastic radius of about 50 m, a value
which is significantly larger than the initial cavity radius of 38 m. This is
not surprising, since a cavity with a radius of more than 45 m would be
required to match STERLING conditions for 8 kt at this depth. It follows
that cube-root scaling to the comparable conditions of 1 kt in a 19 m radius
cavity at the depth of the Azgir cavity should give an elastic radius of about
25 m. The source spectral ratio corresponding to Equation (6) for this 8 kt
to 1 kt scaling operator is shown as a dashed line in Figure 29, where it can
be seen that the low frequency level is equal to 0.125 (i.e., (25/50)3) and the
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Figure 29. Comparison of approximate source scaling operators for partially
(dashed) and fully (solid) decoupled 1 kt explosions, estimated relative to the
partially decoupled 8 kt Azgir cavity explosion of 3/29/76.
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high frequency level is equal to 0.5 (i.e., 25/50) in accord with the
asymptotic relations given by Equations (8). Now the observed decoupling
factor for the 3/29/76 Azgir test was about a factor of 15 (Adushkin et al.,
1992), as opposed to the observed STERLING nominal "full” decoupling
factor of 70. Therefore, in order to approximately scale to STERLING
decoupling conditions for 1 kt at Azgir, the source scaling operator
represented by the dashed line in Figure 29 has been multiplied by the ratio
15770 to obtain the final source scaling operator shown as the solid line in
Figure 29. This is the operator which has been used to scale the near-
regional data observed from the 8 kt partially decoupled Azgir test to
approximate the ground motions which would be expected from a 1 kt fully
decoupled explosion at that same source location. Note that for frequencies
less than about 15 Hz, this operator in nearly constant, independent of
frequency, at a level given by the low frequency asymptotic value of
Equation (8). It follows that since the observed 8 kt decoupled Azgir data of
Figure 28 are dominated by components having frequencies less than about
10 Hz, the expected effect of scaling to the 1 kt fully decoupled scenario is to
reduce the amplitude level by about a factor of 40 without significantly
modifying the time dependent character of the signals. This expectation is
confirmed in Figure 30 which shows the approximations to the 1 kt fully
decoupled ground motions obtained by applying the solid line source scaling
operator of Figure 29 to the observed Azgir waveforms of Figure 28.
Comparing Figures 30 and 28, it can be seen that the relative spectral
composition of the signals is unchanged by scaling in this case, in contrast to
the pronounced change for the SALMON/STERLING scaling results shown
previously in Figure 26. The inferred peak vertical component displacement
amplitudes from Figure 30 are plotted versus range in Figure 31 where it
can be seen that they decrease with distance at an average rate about equal to
that reported by Adushkin et al. (1992) for tamped explosions at Azgir.

Unfortunately, no data from CE events have been recorded at the
stations used to record the Azgir nuclear decoupling test. However,
numerous mine blasts have been recorded in the same near-regional distance
range at IRIS station KIV which is located west of the Caspian Sea at
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Figure 31. Estimated peak vertical displacements as a function of distance for a fully
decoupled 1 kt cavity explosion at Azgir.
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Kislovodsk, approximately 600 km southeast of Azgir. The location of
station KIV with respect to Azgir is shown in Figure 32, which also shows in
expanded scale the locations of two mines near KIV, as well as the locations
of five satellite stations surrounding KIV which have recorded seismic data
from blasts at these two mines (Riviere-Barbier, 1993). These stations
recorded data at an extended sampling rate of 125 samples/second from two
well-documented explosions at the Tyrnyauz mine and one at the Zhako-
Krasnogorskaya mine which provide a broadband, near-regional seismic
data base comparable to the Azgir nuclear decoupling data recorded in the
same distance range. According to Riviére-Barbier (1993), the two well-
documented Tyrnyauz mine blasts were conducted about one minute apart on
4/12/92. Both were ripple-fired explosions detonated in multiple boreholes
extending to a depth of 15.6 m below the surface of the open pit mine. The
first, denoted 4/12/92(1), a total yield of 27 tons of CE, while the second,
denoted 4/12/92(2), had a total yield of 70 tons CE. The documented blast at
the Zhako-Krasnogorskaya mine occurred on 5/8/92 and was also a ripple-
fired, multiple borehole explosion at the surface of this gypsum pit mine,
having a total yield of 11.9 tons CE.

Before proceeding to waveform comparisons, it is appropriate to
examine the amplitude levels of the ground motions produced by these mine
blasts as they relate to those expected in the same distance range from the
nominal 1 kt fully decoupled nuclear explosion at Azgir. The peak vertical
displacements observed at the KIV station array from the three well-
documented mine blasts are displayed as a function of range in Figure 33.
On these figures, the dashed lines represent the average 1 kt fully decoupled
amplitude-distance relation from Figure 31 and the solid lines represent the
attenuation relations of the same slope which provide best fits to the
observed ground motion amplitudes for these three mine blasts. The vertical
arrows with annotated values indicate the average multiplicative factors
separating these two lines in each case. Now, since a 1 kt fully decoupled
explosion is expected to produce low frequency seismic motions with
amplitudes comparable to those expected from a 14 ton (i.e., 1000 tons/70)
fully tamped nuclear explosion at the same source location, it might be
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expected that the displacement amplitudes from the 1 kt decoupled test would
be comparable to those observed from the 5/8/92 11.9 ton CE test and
significantly lower than those observed from the 4/12/92(1) 27 ton and
4/12/92(2) 70 ton CE tests. However, it can be seen from Figure 33 that, in
fact, the average 1 kt nuclear decoupled amplitude levels represented by the
dashed lines lie well above the observed CE amplitude levels in all three
cases. These observations are consistent with the theoretical simulation
results reported by Barker ef al. (1992) which indicate that the seismic
coupling efficiencies of ripple-fired, excavation CE blasts are significantly
lower than those to be expected from contained underground nuclear
explosions of comparable yield. The comparisons of Figure 33 suggest that,
on average, a CE mine blast with a yield of about 75 tons at these mines
would be required to produce the same low frequency ground motion
amplitudes as a 1 kt fully decoupled or 14 ton tamped underground nuclear
explosion. That is, the low frequency seismic coupling efficiency of these
CE mine blasts is on the order of a factor of five lower than that expected
from a tamped nuclear explosion of comparable yield. Of course,
significant deviations from this average coupling difference can be expected
in individual cases due to variations in blasting practice.

Selected vertical component ground motions observed from the two
4/12/92 Tyrnyauz mine blasts are shown in Figure 34 where they are
compared with scaled Azgir ground motions recorded from the 3/29/76
cavity decoupled nuclear test in the same near-regional distance range. It
can be seen that there are no obvious differences between these recorded
ground motions which would permit an analyst to visually discriminate
between the two source types. Of course, this conclusion is contingent on
the unstated assumption that there are no major differences in regional phase
propagation characteristics between the Azgir and KIV sites which might be
obscuring source related differences in the recorded signals. This
assumption will have to be tested more carefully in the next phase of this
investigation. In any case, the preliminary comparisons shown in Figure 34
suggest that it will not be a trivial matter to discriminate between CE and
cavity decoupled nuclear explosions using broadband, near-regional seismic
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data. Additional research will be required to determine whether more
detailed and sophisticated comparisons of the data will provide a reliable
seismic procedure for identifying small, cavity decoupled nuclear explosions
in a background consisting of large numbers of CE events of comparable
magnitude.
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S. Summary and Conclusions

§.1 Summary

Successful seismic monitoring of any eventual Comprehensive Test
Ban Treaty will require the development of a reliable capability to identify
seismic signals from small, cavity decoupled nuclear explosions from among
the numerous signals to be expected from earthquakes and CE events of
comparable magnitude. The preliminary investigations summarized in this
report have centered on a variety of comparative analyses of observed and
simulated seismic data corresponding to decoupled nuclear explosions and
different types of CE events. In particular, data recorded from cavity
decoupled nuclear tests conducted in both the U.S. and former Soviet Union
have been used as points of reference for evaluating potential seismic
discriminants which might be used to differentiate such sources from CE
events occurring in the same source regions.

Near-regional seismic data recorded from the U.S. nuclear cavity
decoupling experiment STERLING and the nearby tamped CE test
STERLING HE were compared in Section 2, where the time and frequency
domain characteristics of the signals were examined in detail. It was found
that, although the relative spectral compositions of the P and S waves
observed from these two sources appear to be roughly comparable, the S/P
spectral ratios are significantly higher for STERLING HE than for
STERLING over a broad frequency band extending from at least 1 to 10 Hz.
Preliminary evaluation of possible causes of this difference seems to rule out
differences in charge geometry, but differences in locations of the two
sources within the Tatum salt dome structure remains as a possible
explanation which needs to be tested more rigorously in future studies.

Short-period P wave data recorded at NORSAR from Soviet nuclear
tests conducted in salt cavities at Azgir and from nearby CE events were

62




compared in Section 3 where the array data were processed to obtain
average P wave spectra for each selected event. The results of this signal
processing analysis were then used to demonstrate that the variation of the
spectral characteristics of the recorded P waves from the different types of
CE events envelopes the spectral characteristics of the recorded P waves
from nearby nuclear cavity explosions of comparable magnitude. This
evidence was interpreted as an indication that teleseismic P wave data in the
band from about 1 to 10 Hz are unlikely to provide a reliable basis for
discriminating between these two source types.

Finally, in Section 4, broadband seismic data recorded at near-
regional Soviet stations from an Azgir nuclear cavity decoupling test were
theoretically scaled to the 1 kt fully decoupled level and compared with data
recorded at the nearby IRIS station KIV from well-documented CE events.
Using the results of these comparisons, it was shown that the ground motion
amplitude levels corresponding to the 1 kt fully decoupled nuclear test are,
on average, a factor of five larger than those observed from near-surface
mine blasts of comparable energy release, in agreement with the results of
previous finite difference simulations of the relative seismic coupling
efficiency of these two source types. Moreover, the broadband, near-
regional ground motion time history data recorded from these events were
shown to be highly complex and variable and not obviously indicative of
source type. These preliminary findings were interpreted as an indication
that additional, inncvative research will be required to define a reliable
seismic procedure for identifying small cavity decoupled nuclear explosions
using broadband, regional data.

5.2 Conclusions
The research summarized above supports the following preliminary

conclusions regarding the seismic identification of small, cavity decoupled
nuclear explosions.
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The STERLING HE test produced seismic signals with amplitude
levels which are about twice as large as those expected from a
tamped nuclear explosion of comparable energy release. It
follows that a tamped CE test with a yield of about 7 tons would
be expected to produce ground motion amplitudes equal to those
expected from a 1 kt fully decoupled nuclear cavity test.

The S to P wave spectral ratios for STERLING HE are
significantly higher than those for STERLING over a broad
frequency band extending from at least 1 to 10 Hz. This appears
to be unrelated to differences in charge geometry between the
two tests, but may correlate, at least partially, with differences in
source location within the Tatum salt dome structure.

The variations of the spectral characteristics of the short-period P
waves recorded at NORSAR from CE events near Azgir envelope
the characteristics of the corresponding P wave spectra for
nuclear cavity explosions of comparable magnitude at the Azgir
test site. This evidence suggests that teleseismic P wave data in
the band from about 1 to 10 Hz are unlikely to provide a reliable
basis for discriminating between these two source types.

Observed seismic data from nuclear tests can be theoretically
scaled to other hypotheiical source conditions with reasonable
accuracy using simple, analytic approximations to the nuclear
seismic source functions. In particular, experience with
SALMON/STERLING indicates that the procedure is applicable
to the simulation of ground motions expected from low yield
cavity decoupled explosions.

Preliminary comparisons of free-field ground motion data
recorded from a tamped nuclear explosion in salt at Azgir with
corresponding SALMON free-field data suggest that the seismic
source coupling is quite similar for these two salt domes.
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(6) Comparisons of the seismic amplitude levels corresponding to a 1

¢)

kt fully decoupled nuclear cavity test at Azgir with the amplitude
levels observed from well-documented surface mine blasts at IRIS
station KIV indicate that the seismic coupling efficiency of these
ripple-fired CE events is about a factor of 5§ lower than that
expected from a tamped nuclear explosion of comparable energy
release. It follows that ripple-fired mine blasts with explosive
yields of about 70 tons would be expected to produce seismic
signals with amplitude levels equal to those to be anticipated from
a 1 kt fully decoupled nuclear cavity test.

Comparisons of near-regional ground motion time histories
corresponding to a 1 kt fully decoupled nuclear cavity test at
Azgir with ground motion data recorded in the same distance
range from ripple-fired mine blasts at station KIV, reveal no
obvious differences which wculd permit an analyst to visualiy
distinguish between the signals from these two source types. It is
concluded that mure detailed and sophisticated comparisons of
such data will be required before it can be determined whether a
reliable seismic procedure can be defined for identifying small,
cavity decoupled nuclear explosions in a background consisting of
signals from numerous CE events of about the same magnitude.
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