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1. INTRODUCTION

In order to discriminate the regional seismic signals produced by
underground nuclear explosions from those produced by earthquakes, rockbursts
and conventional mining explosions of comparable magnitude, it is necessary to
know the range of nuclear explosion signal variation that can be expected as a
function of source and propagation path conditions over the entire ranges of these
conditions which may be encountered in global test monitoring under the CTBT.
However, most of the empirical regional discrimination studies which have been
conducted to date have focused on analyses of seismic signals recorded from
underground tests conducted at the few major nuclear test sites, and these sample
only limited ranges of the variables of interest. This constitutes a serious
limitation in that existing theoretical simulation models have not yet proven
capable of fully explaining the observed characteristics of the various proposed
empirical discriminants and, therefore, their extrapolation to applications in new
environments is subject to considerable uncertainty. In an attempt to overcome
these limitations of previous analyses, we have been working with scientists from
the Russian Institute for Dynamics of the Geospheres (IDG) to use regional
seismic data recorded from the extensive Soviet Peaceful Nuclear Explosion
(PNE) testing program to better quantify the variability of regional discriminants
over ranges of explosion source and propagation path conditions which may be
more representative of the diversity which will be encountered in global CTBT
monitoring. '

From its inception in the mid 1960’s, the Soviet PNE program utilized
nuclear explosions in a variety of commercial and scientific applications. Over
120 explosions were conducted in this series up until its cessation in 1988 and the
locations of these tests were widely dispersed throughout the territories of the
former Soviet Union. This fact is graphically illustrated in Figure 1 where the
locations of a representative subset of these explosions are shown as overlays
(large squares) to a gray-scale topographic map of the former Soviet Union and
surrounding countries. The ISC seismicity database for the area for the period
1988-1990 is also included as an overlay (small squares) to this map to illustrate
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the tectonic variability of the PNE test environments. The PNE explosions were
conducted in a wide variety of geologic emplacement media (e.g. salt, clay,
sandstone, granite, limestone, dolomite) and are representative of broad ranges in
yield (0.01 to 140 kt) and source depth (31 to 2860 m). Moreover, because of
the tremendous geologic and tectonic diversity represented within the territories
of the former Soviet Union, regional data recorded from these tests sample
propagation path characteristics encompassing a range extending from
tectonically active to stable continental interior regimes. Thus, regional data
recorded from these tests represent a unique resource for use in seismic
verification studies of underground nuclear testing. The objective of the research
described in this report is to improve seismic discrimination capability through
in-depth analyses of regional seismic data recorded from these Soviet PNE tests.

This report presents a summary of the research investigations which have
been conducted in an attempt to better define the regional seismic characteristics
of underground nuclear explosions conducted over wide ranges of source and
propagation path conditions. The regional seismic data recorded at the Borovoye
Geophysical Observatory from a selected sample of Soviet PNE events are
reviewed in Section 2, where available information regarding the explosive
source conditions and propagation path characteristics are also presented and
analyzed in a preliminary fashion. This is followed in Section 3 by the
presentation of a detailed spectral analysis of these Borovoye data and a
subsequent investigation of source scaling and propagation path effects on the
regional phase spectra and the discriminants derived from them. In Section 4,
some near-regional seismic data recorded from a selected sample of PNE events
are presented and theoretically simulated in an attempt to better define the effects
of explosion source conditions on seismic coupling efficiency. The report
concludes with Section 5, which contains a summary and statement of conclusions
regarding the transportability of regional seismic discriminants for use in the
identification of underground nuclear explosions over the ranges of source
conditions which must be considered in global test monitoring of the CTBT.




2. OVERVIEW OF REGIONAL SEISMIC DATA RECORDED
AT THE BOROVOYE GEOPHYSICAL OBSERVATORY
FROM SOVIET PNE TESTS

Over the past several years, data recorded at the Borovoye digital seismic
station in Central Asia from a number of Soviet nuclear tests have been made
available by the IDG (Adushkin and An, 1990; Laushkin et al., 1995) for analysis
by the seismic verification community. The Borovoye Geophysical Observatory
is located in North Kazakhstan (53.08°N, 70.25°E) and is one of the oldest
digitally recording seismic observatories in the world, having initiated digital
recording in 1966. A variety of long-period and short-period seismic systems
have been deployed at this station over the years (Kim and Ekstrom, 1996),
including some relatively broadband systems which were recorded with
digitization rates in the 30-40 sample/second range. Thus, dynamic range
permitting, these data provide potential resolution of seismic frequency content to
10 Hz and higher. For most of the Soviet PNE tests, these Borovoye recordings
represent the highest quality regional seismic data which are available for detailed
analysis. |

A preliminary analysis of an initial sample of Borovoye data recorded
from 11 Soviet PNE events in the narrow epicentral distance range extending
from 7.2 to 11.0 degrees was described in our previous, interim report on this
project (Murphy et al., 1996). For the purposes of the present investigation these
initial data have been supplemented by the Borovoye recordings from an
additional 18 Soviet PNE events, giving a composite sample consisting of 29
explosions located in the regional distance range extending from 7.2 to 19.1
degrees from the Borovoye station. The map locations of these selected
explosions with respect to the Borovoye station are shown in Figure 2 where it
can be seen that they are widely distributed throughout the territories of the
former Soviet Union. Thus, their regional propagation paths to the Borovoye
station sample diverse ranges of crust and upper mantle structures which can
potentially provide some valuable constraints on the types of seismic
characteristics which may be expected in global CTBT monitoring.

The source parameters of these selected PNE events are listed in Table 1
where they have been divided into subsets (i.e., Groups I, II, A, B, Azgir and
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Table. 1 Source Characteristics of Selected Soviet PNE Events

Group I (A = 10.2°)

Date Latitude Longitude W kt h,m Medium A,°
“08/15/73 _ 42.18 _ 67.41 6.3 600 clay 10.5
10/26/73  53.66 55.38 10 2026 dolomite 8.3
09/02/81  60.62 55.59 3.2 2088 limestone 11.0
07/21/84  51.36 53.32 13.5 846 salt 10.6
04/19/87  60.25 57.08 © 3.2 2015 limestone 10.4
10/03/87  47.61 56.23 85 1000 salt 10.5

Group IT1 (A = 8.6°)
Date Latitude Longitude W, kt h,m Medium A°
10/17/78 _ 63.19 63.43 23 593 sandstone 10.7
10/04/79  60.68 71.46 21 837 clay 7.7
12/10/80  61.69 67.00 15 2485 sandstone 8.8
08/25/84  61.88 72.09 8.5 726 clay 8.9
06/18/85  60.17 72.50 2.5 2859 argillite 7.2
Group A (A = 15.6°)
Date Latitude Longitude Wkt h,m Medium A°
04711772 37.37 __ 62.00 14 1720  argillite 16.7
11/01/80  60.82 97.57 8.0 720 dolomite 16.7
09/25/82  64.31 91.83 8.5 554 gabbro 15.8
08/11/84  65.03 55.19 9.5 759 clay 14.2
09/06/88  61.36 48.09 7.5 793 dolomite 14.6
Group B ( = 18.0°)
Date Latitude Longitude Wkt h,m Medium A°
“07/26/71 _ 69.58 90.33 13 879 salt 19.1
08/20/77  64.11 99.56 8.5 592 tuff 18.9
05/25/81  68.21 53.66 37.6 1511 clay 17.2
1022/81  63.79 97.55 8.5 581 dolomite 17.7
09/04/82  69.21 81.65 16 960 sandstone 17.0
Astrakhan (A = 15.5°)
Date Latitude Longitude W, kt h,m Medium A°
10/08/80  46.71 48.22 8. 1050 salt 15.5
09/26/81  46.78 48.25 8.5 1050 salt 15.5
10/16/82  46.73 48.20 8.5 974 salt 15.5
09/24/83  46.78 48.32 8.5 1050 salt 15.4
10/27/84  46.77 48.31 3.2 1000 salt 15.5
Azgir (A = 15.0°)
Date Latitude Longitude W, kt h,m Medium A°
09730777 _ 438.14 47.85 9.3 1503 salt 15.0
07/14/79  47.81 48.10 21 982 salt 15.1
1024/79  47.81 48.16 33 982 salt 15.0




Astrakhan), such that the explosions in each subset are located in a fairly narrow,
common distance range. Note also from Table 1 that, although the explosions in
the Astrakhan and Azgir groups are located at distances from Borovoye which
are very comparable to those of the Group A events, they have been classified as
separate groups in order to assess any propagation path effects which may be
related to their locations within the Caspian Basin. With regard to source
parameters, the data of Table 1 indicate that these selected explosions sample wide
ranges of source media (i.e., sandstone, clay, salt, limestone/dolomite, argillite
and gabbro) and source depth (i.e., 554-2859 m) and that they are predominantly
low yield, overburied explosions of the type which represent the greatest
challenge to seismic monitoring of the CTBT.

The broadband, vertical component seismic data recorded at the Borovoye
station from the explosions of Table 1 were displayed and characterized in our
previous report (Murphy et al., 1996). In that report, data from the 11
explosions of Table 1 which lie in the epicentral distance range extending from
7.2 to 11.0 degrees were analyzed in detail as a single group, in view of the fact
that both predicted and observed attenuation effects appear to be fairly small over
this limited distance range. However, as is indicated in Table 1, these data have
been separated into two groups (i.e., Groups I and II) for the purposes of the
present analysis. This subdivision is based on the observation that, although these
events are all distributed over the same narrow band in epicentral distance, those
explosions located north of Borovoye (i.e., Group II) consistently produce
recordings at that station having broadband P,/P, ratios which are significantly
larger than those observed from the other PNE events at comparable distances
along different azimuths (i.e., Group I). This fact is documented in Figure 3
which shows a comparison of the vertical component, broadband signals recorded
at Borovoye from the 11 PNE events of Groups I and II. In this figure, the data
are displayed as a function of group velocity and it can be seen that, if we denote
the arrivals in the 6 to 5 km/sec window as P, and those in the 8 to 6 km/sec
window as P, then the broadband Pg/Pn amplitude ratios are clearly much larger
for the five explosions of Group II than they are for the six explosions of Group
L.
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The systematic variability of the seismic signatures shown in Figure 3 is
somewhat surprising in that all the propagation paths involved are predominantly
across platform regions of the stable continental interior of Central Asia. In this
sense, these observations provide some cautionary warnings regarding the
reliability of regionalizations of seismic propagation characteristics on the basis
of generalized geophysical data. The region surrounding the Borovoye station is
particularly relevant to such an assessment in that, not only is the crustal structure
thought to be relatively simple throughout the region, but the area was also
extensively studied during the Soviet Deep Seismic Sounding (DSS) program in
* which seismic data from various PNE tests were recorded along numerous linear
profiles crossing this area. Thus, the area has been unusually well-characterized
with respect to the delineation of crustal structures which might affect regional
seismic propagation characteristics.

Tectonically, the region encompassing the locations of the Group I and
Group II PNE events and their seismic propagation paths to the Borovoye station
are situated within platforms. Thus, the Borovoye seismic station and the
southernmost PNE event of 8/15/73 are situated within the ancient crystalline
massif of the Kazakh platform, while the northernmost explosions of Group II
are located within the West Siberian platform. The remaining explosions of
Group I are located within the Pre-Urals Depression, a transition zone from the
Russian platform to the Urals Mountains (i.e., 10/26/73, 9/02/81, 4/19/87) and at
the eastern edge of the Caspian Depression (i.e., 7/21/84, 10/03/87).

A simplified characterization of the variation in crustal structure across
this region is shown in Figure 4, where the different symbols denote variations in
the generalized, three layered crustal model which has been developed by Russian
geophysicists on the basis of analyses of DSS and other data (Zverev and
Kosminskyaya, 1980; Belousov et al., 1991). This simplified model consists of an
upper “granitic-gneiss” layer with P wave velocities in the range 58 to 6.4
km/sec, an intermediate “granulite-gneiss” layer with P wave velocities in the
range 6.5 to 6.7 km/sec and a lowermost “granulite-basalt” layer characterized by
velocities in the range 6.8 to 7.4 km/sec. In areas where it is required, this basic
model is extended by adding a surface sediment layer of variable thickness and
velocity. Also shown on Figure 4 are the locations (circles) of the Group I and

9




B¢ NN S H
% 2 \\\ t\\ I el

) s QAKX
\ JBDC XN ".’0’0‘”’ X
SIS
& o}e«i\/@wt‘

R

10

Figure 4. Map of types of crust in the Borovoye region. A sample of representative crustal types is shown in Figure 5.




Group II PNE events and it can be seen that the regional seismic propagation
paths from these explosion locations to the Borovoye station are predominantly
across regions characterized as crustal types labeled 4, 5, 6 and 7. The
subsurface velocity models corresponding to these four crustal types are
displayed in Figure 5 where it can be seen that the thicknesses of the individual
layers and the associated total crustal thicknesses vary somewhat between them.
Thus, for example, the total crustal thickness of model 7, which characterizes
most of the propagation paths from the Group II event locations to the Borovoye
station, is significantly less than that of model 4, which makes up most of the
propagation path from the southernmost Group I PNE event of 8/15/73 to the
Borovoye station (i.e., 53 versus 37 km). However, given the similarities of the
inferred velocity structures for these two crustal models and the fact that the
upper mantle P, velocity has been determined to be 8.1 km/sec or higher over
most of this area, it seems unlikely that such relatively minor structural
differences can explain the observed dramatic variations in the broadband P,/P,
amplitude ratios. Moreover, with reference to Figures 4 and 5, it appears that
the propagation paths to Borovoye associated with some of the Group I event
locations are more similar to those characteristic of the Group II event locations
than to those characteristic of other Group I event locations. Thus, even in this
relatively simple and extensively studied region, it is not a simple matter to
predict the regional phase propagation characteristics in a manner suitable for
nuclear monitoring purposes. It follows that extrapolations and interpolations of
the results of analyses of limited seismic calibration data based on regional
geophysical models may be subject to significant uncertainties which will have to
be factored into the event screening process under the CTBT.

All the Borovoye data corresponding to the PNE events of Table 1 were
carefully previewed by an experienced analyst to assess data quality and
suitability for digital signal processing. As in our previous study (Murphy et al.,
1996), although the data were found to be of generally good quality, close
examination revealed a number of instances of spikes, data dropouts and clipping
which would seriously contaminate any data analysis results at high frequency. In
cases where such data problems were isolated as single points, they were
corrected using simple interpolation of the adjacent data points. In those few
cases where the data problems were too complex to be remedied by such simple
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data interpolation, the time windows containing high frequency spikes were duly
noted and avoided in subsequent spectral analyses of those data traces.

3. REGIONAL PHASE SPECTRA AND DISCRIMINATION

Much research has been conducted over the past several decades in attempts
to characterize the regional seismic signals observed from underground nuclear
explosions and earthquakes. Because of data availability limitations, most of the
initial U.S. research in this area focused on analyses of data recorded from
explosions at the Nevada Test Site (Blandford and Klouda, 1980; Blandford,
1981; Murphy and Bennett, 1982; Chael, 1988; Taylor et al., 1988; Bennett and
Murphy, 1986). These investigations were generally productive and led to rough
characterizations of the different seismic phases observed in this particular
region, as well as the identification of some diagnostic differences in the spectral
composition of the L, phases observed from earthquakes and explosions (Murphy
and Bennett, 1982; Taylor et al., 1988) which formed the basis for the definition
of discriminants (i.e., L, spectral ratio, L,/P spectral ratio) which have proved to
be applicable in a number of other testing environments. However, in general,
the applicability of many of the results of these empirical characterization studies
to other testing environments has been viewed with caution, due to the rather
unique source and propagation path features of the Basin and Range Province of
the Western U.S. In more recent years, some regional data have started to
become available from underground nuclear explosions at the principal Soviet
test sites at Semipalatinsk and Novaya Zemlya and at the Chinese test site at Lop
Nor, and these data have been extensively processed and analyzed in attempts to
assess their utility for event identification purposes (Ringdal and Hokland, 1987,
Bennett ef al., 1993; Baumgardt, 1990; Taylor and Denny, 1991). These studies
documented differences in the excitation of regional signals for different source
types in Eurasia, but they also showed that propagation effects sometimes made
the effects ambiguous or difficult to observe. In particular, it has been noted that
there are some significant differences in the relative phase amplitudes and
spectral composition of the signals observed from explosions at the different test
sites and this has increased the level of concern regarding the transportability of
simple empirical discriminants to new testing regimes.
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Coincident with the empirical studies referenced above, extensive research
has been on-going in attempts to define robust theoretical models which can be
used to quantitatively explain the observed characteristics of these regional signals
(McLaughlin et al., 1993; Stump and Reinke, 1991; Taylor and Randall, 1989,
Barker et al., 1990). Although much progress has been made as a result of these
theoretical investigations, the problem has proved to be complex and there are
still important features of the observed regional waveforms which are only
roughly and incompletely accounted for by existing simulation models. For
example, it has proved to be very difficult to theoretically account for observed
variations of S and L, excitation levels and spectral composition for explosions in
different environments and such variations can effect the performance of a
number of proposed regional discriminants. Thus, it is not possible at the present
time to confidently predict, either empirically or theoretically, how nuclear
explosion regional seismic signals can be expected to vary over the range of
source and propagation path conditions of potential interest in global test
monitoring. Data recorded at regional distances from the extensive Soviet PNE
test program provide the best available resource for evaluating such variability in
regional discriminant performance.

The Borovoye data corresponding to the selected PNE events of Table 1
have been processed to obtain estimates of the different regional phase spectra for
each event. In the first step of this processing, the data and pre-signal noise
windows for each event were bandpass filtered using a Gaussian comb of filters
spaced at intervals of 0.25 Hz between 0.5 and 10 Hz, where each filter is
characterized by a Q value of 6 f, with f_ the filter center frequency. Filters of
this type have been used by us and a number of other investigators in previous
studies (Murphy et al., 1989; Murphy et al., 1996) and have been found to
provide spectral estimates which are useful for purposes of seismic analysis.
Note that, although the digitization rates for the Borovoye data are nominally
high enough to support signal analyses to 10 Hz or higher, we have established an
upper limit of 5 Hz for the purposes of the present study. This reflects our
conclusion that the combination of limitations in the dynamic range of the
original data, uncertainties in high frequency instrument response characteristics
and the decrease in the signal-to-noise ratios with increasing frequency leads to a
significant increase in the uncertainty associated with the reduction of the higher
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frequency data. For purposes of the regional phase analyses, the filter outputs
for each recording were sorted into six distinct time windows and the spectral
amplitudes at each center frequency were estimated by computing RMS values
from the instrument-corrected filter outputs in each of the designated windows.
In the interests of simplicity and consistency, these regional phase time windows
were defined in terms of apparent group velocity intervals as follows: (1) pre-
signal noise, (2) V, > 7 km/sec, (3) 6 < V, < 7 km/sec, (4) 5 <V, < 6 km/sec, 5)
4<V,<5 km/sec and (6) 3 <V, < 4 km/sec. For purposes of subsequent
dlscuss1on these six time windows w111 be identified as pre-signal noise, P, Pcoga
Py, Sy and Ly, respectively. Although there are individual cases in which
reflned time wmdows could be specified that would more precisely isolate
particular regional phases of interest, this simple windowing procedure was
employed throughout as a test of its potential utility for routine seismic
discrimination purposes.

The first priority in the analysis of the Borovoye regional phase spectra is
the estimation of their dependence on the characteristics of the explosion seismic
source function. As in our previous analysis (Murphy et al., 1996), it has been
assumed that this source function, denoted S(®), can be approximated as a
product of simple power law relations of the form

S(w) ~ W p™@ 1)

where W and h are the explosion yield and depth of burial, respectively. In
contrast to the previous analysis, however, the Borovoye data recorded from the
PNE events of Table 1 represent a wide range of epicentral distance and,
therefore, the effects of the differences in propagation paths can’t be ignored and
they must be explicitly estimated and separated from the source effects. This has
been accomplished using statistical covariance techniques in which our model
describing the variations in the observed spectra for each regional phase p is:

Api(®) = Byi(@) WX n™? )
where k = 1,...,K denotes the designated subgroups of Table 1 (e.g., Group A,
Group B, etc.). The n (o), m,(®) and Bp,k(m) are simultaneously estimated from

the observed spectral data using covariance analysis procedures based on the
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least-squares fit criterion (Murphy and O’Brien, 1977). As was the case in the
previous analysis of a smaller data set (Murphy ez al., 1996), the yield and depth
scaling exponents derived from this larger data set have been found to be roughly
independent of phase type, at least within their rather large estimated uncertainty
bounds. That is, these spectral data are consistent with the hypothesis that, to first
order, all of these regional phases are produced from a single explosion P wave
source function through linear conversion processes. Thus, as has been noted
previously (Murphy, 1977), this observation implies that the entire regional
waveform, including both P and S wave phases, can be approximately scaled for
explosion yield and depth effects using scaling laws derived from a spherically
symmetric P wave source model. This approximation greatly simplifies the
estimation of the frequency dependent effects of variations in explosion source
characteristics on the regional phase spectral data used for event identification.

It follows from the above discussion that, if the yield and depth scaling
exponents can be assumed to be independent of regional phase type, then the
scaling model represented by equation (2) simplifies to

Ay () = Byu(@) W' p™@ 3)

where the coefficients B, ,(w) represent the average spectral amplitude levels for
each phase p and epicentral distance group k (i.e., the frequency dependent
propagation path effects for each phase). The regional phase spectral scaling
coefficients derived from a covariance analysis of the Borovoye data recorded
from the 21 Soviet PNE events of Groups I, I, A and B are listed in Table 2 for
each of the five regional phases which have been analyzed using the scaling model
of equation of (3). The yield and depth scaling exponents resulting from this
analysis are also plotted as a function of frequency in Figure 6, where they are
compared with the corresponding values predicted by the Mueller/Murphy (M/M)
explosion source model (Mueller and Murphy, 1971; Murphy, 1977). It can be
seen from this figure that the model predictions are generally consistent with the
experimentally derived values within the estimated 95% uncertainty bounds on
those values, except at low frequency where the statistically inferred depth
dependence is significantly larger at the 95% level than that predicted by the M/M
model. A similar discrepancy was noted in our previous analysis of the initial,
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Table 2. Frequency dependent regional phase scaling coefficients derived from the covariance
analysis of Borovoye data recorded from the 21 PNE events of Groups LILA and B.

f(HZ) n(f) m(f) BI(P n) BlI(Pn) BA(Pn) BB(Pn)
0.50 0.919 | -0.950 3.024 2.852 2.759 2.878
0.75 1.137 | -1.191 3.619 3.192 3.152 3.166
1.00 1.278 | -1.064 3.104 2.615 2.559 2.565
1.25 1.212 | 0917 2.628 2.299 2.175 2.191
1.50 1.192 | -0.875 2.435 2,138 2.111 1.955
1.75 1.284 | -0.846 2.202 1.944 1.961 1.618
2.00 1.275 | 0.723 1.811 1.471 1.511 1.104
2.25 1.230 | -0.599 1.422 0.951 0.992 0.566
2.50 1.161 | -0.521 1.204 0.618 0.644 0.272
2.75 1.188 | -0.398 0.753 0.146 0.238 -0.166
3.00 1.120 | -0.299 0.465 -0.075 -0.019 -0.475
3.25 1.111 | -0.257 0.364 -0.102 -0.159 -0.666
3.50 1.007 | -0.322 0.672 0.126 0.077 -0.430
3.75 0.921 | -0.304 0.626 0.133 0.020 -0.327
4.00 0.825 | -0.262 0.470 0.060 -0.092 -0.397
4.25 0.886 | -0.116 <0.112 -0.530 -0.608 -1.003
4.50 0.912 | -0.088 -0.200 -0.697 -0.808 -1.209
4.75 0.841 | -0.060 -0.269 -0.737 -0.864 -1.342
5.00 0.764 0.015 -0.483 -0.933 -1.056 -1.577
f(HZ) BI(Pcoda) BH(P coda) BA(Pcoda) BB(Pcoda) BI(P g) BII(Pg) BA(Pg) BB(Pg)
0.50 2.905 2.925 2474 2.423 2.780 3.512 2.360 2.346
0.75 3.409 3.248 2.811 2.744 3.244 3.904 2.680 - 2.647
1.00 2.851 2.632 2.225 2.075 2.727 3.036 2.093 1.933
© 1.25 2.409 2.345 1.799 1.655 2.261 2.602 1.661 1.502
1.50 2.187 2.188 1.705 1.515 2.032 2.402 1.511 1.324
1.75 1.964 1.959 1.533 1.229 1.800 2.150 1.329 1.023
2.00 1.584 1.510 1.084 0.679 1.418 1.595 0.869 0.475
2.25 1.222 1.027 0.661 0.174 1.045 1.136 0.420 -0.090
2.50 1.027 0.798 0.347 -0.091 0.832 0.793 0.109 -0.323
2.75 0.549 0.346 -0.128 0.513 0.340 0.309 -0.374 -0.730
3.00 0.224 0.045 -0.309 -0.842 -0.017 -0.006 -0.603 -1.049
3.25 0.096 -0.135 -0.466 -1.097 -0.166 -0.135 -0.751 -1.280
3.50 0.312 0.164 -0.286 -0.817 0.068 0.145 -0.553 -1.061
3.75 0.263 0.121 -0.342 -0.770 0.054 0.119 -0.613 -1.045
4.00 0.171 0.029 -0.401 -0.857 -0.039 0.013 -0.696 -1.089
4.25 -0.413 -0.498 -0.925 -1.384 -0.619 -0.605 -1.221 -1.625
4.50 -0.553 - -0.639 -1.103 -1.549 -0.732 -0.773 -1.408 -1.778
4.75 -0.552 -0.741 -1.179 -1.645 -0.813 -0.848 -1.509 -1.836
5.00 -0.747 -0.976 -1.415 -1.876 -1.046 -1.136 -1.735 -2.033
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Table 2. Continued.

f(Hz) | B«S.) | Bu(S) | Ba(S) | Bs(S) | Bily) | Buly) | BaLy | By(dy)
0.50 2.971 3.449 2.517 2407 3.345 3.484 2.734 2374
0.75 3.453 3.884 2.913 2.703 3813 3.864 3.047 2.639
1.00 2.904 3.075 2333 2.030 3.172 3.123 2413 1.876
125 2.444 2.620 1.799 1577 2.609 2.586 1.892 1.346
1.50 2.259 2435 1.595 1.349 2355 2.309 1.601 1.075
1.75 2.014 2.154 1415 1011 2.051 2.053 1.359 0.758
2.00 1.602 1618 1.007 0.500 1.504 1516 0.911 0.249
2.25 1172 1.126 0.553 0.044 1.046 1.039 0.442 20.255
2.50 0.895 0.899 0.195 -0.251 0.769 0.752 0.106 0537
2.75 0.425 0415 | 0313 | 0729 0.235 0248 | 0523 | -1.016
3.00 0.093 0039 | 0561 | 0998 | 0126 | 0091 | 0830 | -1310
3.25 009 | 0120 | 0701 | -1215 | 0322 | 029 | -0950 | -1508
3.50 0.183 0.111 0487 | -1023 | 0112 | 0034 | 0769 | -1303
3.75 0.157 0.126 | 0534 | -1027 | 0154 | 0018 | -08% | -1293
4.00 0.019 0098 | 0612 | -1076 | 0271 | 008 | 0968 | -1.300
425 0525 | 0483 | -1124 | -1645 | -0866 | 0638 | -1466 | -1.193
4.50 0662 | 0633 | -1356 | -1825 | -1.018 | 0761 | -1678 | -1969
475 20765 | 0663 | -1467 | -1877 | -1.051 | -0.824 | -1746 | -2.035
5.00 0982 | 0865 | -1657 | 2050 | -1325 | -1087 | -1934 | -2.233
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smaller sample of Borovoye data (Murphy et al., 1996) and, consequently, it
merits further investigation.

One simplification which was employed in the above analysis which needs
to be evaluated is the assumption that the seismic source coupling efficiency is the
same in all the sampled source media. Clearly, if this is not approximately true,
the scaling results of Table 2 and Figure 6 could be biased by source medium.
The scaling coefficients of Table 2 were used together with Eq. (3) to predict the
regional phase spectra corresponding to each of the selected 21 PNE events.
Ratios of observed-to-predicted spectra were then computed and logarithmically
averaged over the frequency band extending from 0.5 to 5.0 Hz. The resulting
values for the five phases were then logarithmically averaged to obtain a measure
of source coupling efficiency for each event. These final average ratio values for
the 21 selected PNE events are listed in order of increasing observed/predicted
ratio value in Table 3. It can be seen from this table that the values of this
coupling parameter vary from about 0.5 to 2.0, with average ratios less than 1.0
corresponding to cases where the source coupling is low, and those with average
ratios greater than 1.0 to cases where the source coupling is high, relative to the
average values represented by the covariance model predictions. Note, for
example that the three explosions in sandstone are associated with low,
intermediate and higher than average values, indicating that the coupling in this
medium shows no systematic difference from the average. In fact, the only
consistent dependence on source medium is observed for the explosions in clay,
which correspond to the five highest values in this table. Moreover, it can be
seen that within this clay subgroup, the offset increases with decreasing yield,
consistent with the my/yield results reported by Sultanov et al. (1993) for
explosions in that medium. These results are also consistent with the alternate
seismic source model for explosions in clay which was proposed by Murphy and
Barker (1994) on the basis of their analyses of network-averaged teleseismic P
wave spectral data. More generally, the results of these previous teleseismic
studies suggested that explosive coupling in clay represents the only significant
outlier among the various source media sampled by the Soviet PNE events, a
conclusion which is also consistent with the regional analysis results of Table 3.
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Table 3. Comparison of Relative Source Coupling Efficiency
as Inferred From Average Ratios of Observed to Predicted
(Covariance Model) Regional Phase Spectra for Selected
Soviet PNE Events Recorded at the Borovoye Station.

. Observed
Event Medium W kt h,m Average: Predicted
’ ’ 0.5-5.0Hz
09/25/82 gabbro 8.5 554 0.48
10/17/78 sandstone 23 593 0.49
09/02/81 limestone 3.2 2088 ' 0.74
07/21/84 salt 13.5 846 0.74
09/04/82 sandstone 16 960 0.79
04/19/87 limestone 3.2 2015 0.81
10/03/87 salt 8.5 1000 0.87
08/20/77 tuff 8.5 592 0.89
07/26/77 salt 13 879 0.94
11/01/80 dolomite 8 720 0.95
04/11/72 argillite 14 1720 0.95
06/18/85 argillite 2.5 2859 0.98
09/06/88 dolomite 7.5 793 : 1.09
10/22/81 dolomite 8.5 581 1.10
10/26/73 dolomite 10 2026 1.11
12/10/80 sandstone 15 2485 1.12
05/25/81 clay 37.6 1511 1.24
10/04/74 clay 21 827 1.33
08/25/84 clay 8.5 726 1.38
08/11/84 clay 9.5 759 1.74
08/15/73 clay 6.3 600 2.09

On the basis of the results of the coupling analysis summarized in Table 3,
the covariance analysis was repeated using the subset of the Borovoye spectral
data which remained after the removal of the data from the five explosions in
clay. The resulting revised scaling coefficients are listed in Table 4, and the
associated yield and depth scaling exponents are plotted as functions of frequency
in Figure 7 where they are again compared with the corresponding values
predicted by the M/M source model. Note that the low frequency depth
exponents inferred from this revised covariance analysis change significantly with
respect to those shown in Figure 6 and that, in this case, the predicted M/M yield
and depth scaling exponents are completely consistent with the experimentally
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Table 4. Frequency dependent regional phase scaling coefficients derived from the covariance
analysis of Borovoye data recorded from the non-clay PNE events of Groups LI A and B.

fHz) | n® | m® | B(P) | Bu(P.) | Ba(P) | By(Py)
0.50 0.937 -0.618 1.864 1.819 1.689 1.865
0.75 1.198 -0.810 2.266 1.905 1.920 1.979
1.00 1.289 -0.792 2.112 1.845 1.761 1.723
1.25 1214 -0.520 1.247 1.058 1.018 1.053
1.50 1.301 -0.231 0.222 -0.204 0.066 0.066
1.75 1.360 -0.326 0.425 -0.009 0.298 0.076
2.00 1.298 -0.318 0.413 0.005 0.246 -0.079
2.25 1.228 -0.169 -0.028 -0.582 -0.321 -0.683
2.50 1.124 <0.148 -0.060 -0.678 -0.449 -0.831
2.75 1.206 0.039 -0.781 -1.421 -1.059 -1.460
3.00 1.098 -0.010 -0.524 -1.135 -0.854 -1.297
3.25 1.085 | -0.076 -0.251 -0.727 -0.694 -1.192
3.50 0.975 -0.156 0.137 -0.422 -0.443 ~0.900
3.75 0.896 -0.095 -0.049 -0.585 -0.607 -0.915
4.00 0.809 -0.113 -0.052 -0.449 -0.520 -0.792
4.25 0.905 0.009 -0.553 -0.999 -0.982 -1.357
4.50 0.930 0.113 -0.894 -1.409 -1.414 -1.808
4.75 0.885 0.173 -1.094 -1.579 -1.600 -2.059
5.00 0.805 0.206 -1.156 -1.671 -1.681 -2.168
fHz) | Bi(Pess) | Bu(Peoss) | Ba(Peoss) | Bu(Poowa) | BiPp) | Bu(P) | Ba(P) | By(P) |
0.50 1.760 1.893 1.390 1.437 1.640 2.333 1.309 1.369
0.75 2.053 1.980 1.543 1.573 1.905 2.569 1.441 1.470
1.00 1.874 1.810 1.392 1.226 1.751 2.103 1.252 1.079
1.25 1.052 1.026 0.614 0.491 0.887 1.194 0.488 0.328
1.50 -0.015 -0.151 -0.385 -0.448 -0.178 0.068 -0.541 -0.644
1.75 0.193 0.097 -0.184 -0.349 0.020 0.281 -0.364 -0.569
2.00 0.189 0.077 -0.240 -0.516 0.042 0.183 -0.448 -0.737
2.25 -0.236 -0.492 -0.701 -1.105 -0.393 -0.369 <0.951 -1.346
2.50 -0.202 -0.496 -0.782 -1.198 -0.397 -0.469 -1.061 -1.397
2.75 -0.918 -1.221 -1.459 -1.803 -1.135 -1.197 -1.733 -2.037
3.00 -0.701 -0.933 -1.181 -1.636 -0.953 -0.995 -1.467 -1.882
3.25 -0.496 -0.703 -1.026 -1.617 -0.737 -0.734 -1.283 -1.798
3.50 -0.229 -0.355 -0.809 -1.289 -0.455 -0.413 -1.034 -1.516
3.75 -0.428 -0.545 -0.952 -1.372 -0.625 -0.615 -1.223 -1.627
4.00 -0.331 -0.407 -0.845 -1.290 <0.531 -0.520 -1.155 -1.524
4.25 -0.844 -0.931 -1.336 -1.769 -1.039 -1.089 -1.642 -1.999
4.50 -1.234 -1.403 -1.721 -2.173 -1.410 -1.519 -2.049 -2.369
475 -1.377 -1.560 -1.920 -2.394 -1.629 -1.704 -2.247 -2.537
5.00 -1.447 -1.580 -2.035 -2.484 -1.720 -1.835 -2.327 -2.611
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Table 4. Continued.

fHz) | BAS) | Bu(S) | Ba(S) | Bs(S) | BTy | Bul) | BaLy) | Byl
0.50 1.835 2.255 1.424 1.382 2.209 2.200 1.633 1.360
0.75 2.127 2.507 1.614 1.519 2.468 2.460 1.741 1.437
1.00 1.958 2.107 1.407 1.198 2.210 2.165 1.469 1.042
1.25 1.100 1.236 0.551 0.378 1.267 1.172 0.630 0.145
1.50 0.049 0.055 -0.471 -0.642 0.128 -0.082 -0.492 -0.932
1.75 0.273 0.228 -0.306 -0.594 0.256 0.141 -0.363 -0.846
2.00 0.282 0.170 -0.350 -0.737 0.147 0.116 -0.461 -0.974
225 -0.227 -0.342 -0.858 -1.218 -0.396 <0.442 -1.005 -1.520
2.50 -0.304 -0.395 -0.983 -1.321 -0.470 -0.523 -1.136 -1.603
2.75 -1.011 -1.141 -1.702 -2.029 -1.223 -1.297 -2.012 -2.294
3.00 -0.807 -0.996 -1.469 -1.823 -1.058 -1.105 -1.769 -2.092
3.25 -0.647 -0.796 -1.277 -1.715 -0.903 -0.919 -1.538 -1.983
3.50 -0.321 -0.501 -1.012 -1.477 -0.647 -0.602 -1.311 -1.729
3.75 -0.494 -0.641 -1.166 -1.622 -0.832 -0.749 -1.572 -1.843
4.00 -0.416 -0.455 -1.090 -1.511 -0.754 -0.630 -1.414 -1.698
425 -0.891 -0.982 -1.574 -2.028 -1.276 -1.118 -1.882 -2.153
4.50 -1.310 -1.330 -2.017 -2.418 -1.682 -1.495 -2.338 -2.516
475 -1.555 -1.467 -2.232 -2.590 -1.849 -1.690 -2.511 -2.690
5.00 -1.618 -1.500 -2.296 -2.629 -1.980 -2.538 -2.755

-1.816
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determined values, within the statistical uncertainty of those mean values. We
conclude that the Mueller/Murphy explosion source scaling model is consistent
with these observed Borovoye PNE regional phase spectral data within the rather
large existing uncertainty bounds. More precise data will be required in order to
determine whether the observed discrepancy in the average depth scaling
exponents at low frequencies is significant enough to warrant modification of that
explosion source model. : ‘ :

Another issue that needs to be considered concerns the definition of
spectral amplitude which has been employed in the above analyses of the
Borovoye data. That is, do the RMS values of the narrowband filter outputs
computed over the long time windows defined by the selected group velocity
limits accurately represent the spectral amplitude levels of the individual regional
phases? In an attempt to answer this question, the RMS spectral amplitude levels
were estimated over 5-second windows of the filter outputs and the maximum of
these 5-second values was determined for each group velocity window. These
‘short-term maximum values were then taken to represent the spectral amplitude
levels of the different regional phases and the covariance analysis was repeated
using the data from the non-clay explosions of Groups I, I, A and B. The results
of this analysis are summarized in Figure 8 where the derived yield and depth
scaling exponents as functions of frequency are compared with the corresponding
values from Figure 7, which were derived using the original definition of
spectral amplitude level. It can be seen from Figure 8 that these two sets of
scaling exponents are remarkably similar, which indicates that the source scaling .
analysis results are robust and not dependent on the details of the spectral
estimation procedure. More generally, these results also suggest that phase
association based on rough group velocity windows may be adequate for
verification purposes, which would greatly simplify semi-automated analyses of
the large volumes of seismic data which will have to be considered in global
monitoring of the CTBT.

The effects of variations in explosion yield and depth of burial on the
regional phase spectra predicted by the non-clay covariance model are illustrated
in Figure 9 for the Group I P, phase. Note that although the overall spectral
shapes depend on phase and group, the relative source effects shown here are
common to all phases and groups for the model represented by Eq. 3). It
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can be seen from Figure 9 that the low frequency (f < 2 Hz) regional phase
spectral amplitudes are predicted to increase more rapidly with increasing
explosion yield and to decrease more rapidly with increasing source depth of
burial than the higher frequency spectral amplitudes, as would be expected on the
basis of the results shown in Figure 7. In particular, at a fixed yiéld, this sour