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(Block 13, continued)

point velocity can be inferred from teleseismic signals. Such observations have the
potential to-both improve yield estimation (by indicating coupling conditions) and to shed
light-on the basic mechanisms of coda excitation. Reliable-isolation of any near-source
influences-requires thorough suppression of propagation and near-receiver effects on the
signals, which are shownherein te be significant-for comparisons of P and P coda. A
spectral factoring procedure-is used to determine event-averaged sotirce spectrafrom.which
propagation and receiver terms have been removed for both direct P signals and early P
coda. A large short-period waveform data- set (2457 signals) for 71 events at the Nevada
and Novaya-Zemlya test sites is analyzed with the event-averaging procedure. Spectral
ratios, and slopes of spectral ratios, for the event-averaged P-and P coda source terms-are
examined for dependence on event magnitude, burial depth, overburden velocity and other
known source characteristics. The slopes of P/P coda ratios for NTS events show only
weak dependence on near-source properties for the event-averaged spectra, while
individual stations sometimes show strong systematic trends, as discovered by Gupta and
Blandford (1987). The tendency is for larger, decper events (with ‘higher average
overburden velocities) to have relative enrichment of high frequency P wave energy
compared to-the coda. At frequencies less than 0.6-Hz, single frequency P/P coda spectral
ratios increase with-increasing magnitude, depth and overburden velocity. For Novaya
Zemlya, the-slope of P/P coda shows-a strong variation with magnitude, but P-waves.from
larger events have relatively depleted high frequency content, Differences in magnitude-
depth scaling may account for this difference:between test sites. Single frequency P/P coda
spectral ratios at-frequencies-iess than 1.0 Hz increase with magpitude for Novaya Zemlya
similarly to the NTS events, possibly as a result of enhanced: coda excitation for shallower
events combined with low- frequency pP interference. These variations -are not yet
quantitatively understood, but may ultimately provide empirical procedures for
characterizing the near-source environment of isolated events or additional test site
explosions.

Energy radiated upward from underground nuclear explosions has a complex interaction
with the free surface. that strongly influences the seismic wavefields recorded at telescion.
and regional distances. This interaction, differing from that for earthquakes primarily du.
to the much higher strains and strain rates involved, is essential to understand for both
explosion yield estimation and event dlscnmmauon Reflection of explosion P wave
energy from.the free surface, which produces the pP phase, involvesfrequency-dependent,
non-linear processes that are 1ntxmate1y linked to surface spallation. Attempts. to
characterize-the teleseismic pP arrival using a variety of time series analysis procedures
have yielded seemingly inconsistent results, which-can be attributed to-a-combination of
limited bandwidth, neglected frequency dependence and unresolved trade-offs with.source
time function, receiver and attenuation effects. Recovery of broadband ground
displacement, now viable with modern instrumentation, i$ resulting in more robust
characterizations of-the pP and-spallation-arrivals; however, the intrinsic trade-offs with
source parameters and attenuation remain. Numerical procedures to account for the non-
linear interactions, surface topographic effects, and shallow -crustal heterogeneity are
enabling a more complete modeling of the free surface interaction.
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Chapter 1

Near-Source Contributions to-Teleseismic P-Waves-and P-Wave-Coda-for
Underground Explosions

by

Thorne Lay -and Tianrun: Zhang




Abstract

Characterization of near scurce crustal properties for underground nuclear explosions
using distant seismic observations can potentially improv. nuclear test monitoring
capabilities. Previous analyses of the relative spectral content of direct P-waves and P-
wave coda .aave suggested that important physical parameters such as source overburden
velocity and shot point velocity can be inferred from teleseismic signals. Such
vbservations have the potential to both improve yield estimation  (by indicating coupling
conditions) and to shed light on the basic:mechanisms of coda excitation. Reliable isolation
0. any near -source iniluences requires thorough suppression of propagation and near-
receiver effects on the signals, which are shown herein to besignificant for comparisons of
P and P coda. A spectral factoring procedure is-used to determine event-averaged source
spectra_from which propagation and receiver terms have been removed for both direct P
signals and early P coda. A large short-period waveform data set (2457 signals) for 71
events at the Nevada and Novaya Zemlya test sites is analyzed with the event-averaging
procedure. Spectral ratios, and slopes of: spectral ratios, for-the event-averaged P and P
coda source terms are examined for dependence on event magnitude, burial depth,
overburden velocity and other known source characteristics. The slopes of P/P coda ratios
for NTS events show only weak dependence on near-source properties for the event-
averaged spectra, while individual stations sometimes show strong:systematic trends, as
discovered by Gupta and Blandford (1987). The tendency is for larger, ,deéper events
(with higher average overburden velocities) to have relative enrichment of high-frequency P
wave energy compared to the coda. Single frequency P/P coda spectral ratios increase with
increasing magnitude, depth and overburden velocity-for frequencies less than 0.5 Hz, with
these trends being reversed near 0.8 Hz. For Novaya Zemlya, the slope of P/P coda
shows a strong variation with magnitude, but P-waves from larger events have relatively
depleted high frequency content. Differences in magnitude-depth scaling may contribute to
this difference between test sites. Single frequency P/P coda spectral ratios at frequencies
less than 1.0 Hz increase with magnitude for Novaya Zemlya similarly to the NTS events,
possibly as a result of enhanced coda excitation for shallower events combined with low
frequency pP interference. These variations are not yet quantitatively understood, but may
ultimately provide empirical procedures for characterizing the near-source environment of
isolated events or additional test site explosions.




Introduction

Seismic radiation from underground nuclear explosions provides the primary means by
which explosion parameters and source region properties can be determined. Source
region properties influence the coupling and energy partitioning of the seismic radiation,.so
accurate explosion yield éstimation requires knowledge of the source environment.
Unfortunately, the amplitude and spectral influences of the source environment are masked
by propagation effects along the entire path to the receiver. In-order to isolate the source
medium influence, several recent studies have advocated analysis of the differential energy
content of direct P-wave signals and P-wave-coda (e.g. Gupta and Blandford, 1987; Lay
and Welc, 1987; Lay, 1987; Lynnes and Lay, 1988a, Murphy and O'Donnell, 1987).
Relative comparisons of signals in the same wavetrain at a given station intrinsically
eliminate common source radiation and receiver propagation effects, potentially revealing
event-to-event variations in energy flux caused by near-source factors. Experience with P-
wave coda indicates that it can provide a relatively stable reference signal that highlights the
more pronounced variations in the P phase (e.g. Bullitt and Cormier, 1984; -Gupta et-al.,
1985; Lay and Welc, 1987). However, it is-also known that P coda can be systefnatically
affected by regional-heterogeneity (Lay and Welc, 1987) and the excitation of the coda is
poorly understood, so relative variations between P and P coda cannot be automatically
attributed entirely to P.

Both time-domain and frequency-domain comparisons of P.and P coda have revealed
interesting patterns that appear to vary with source environment. Time-domain studies of
energy flux in different frequency passbands have shown that for frequencies-less than
about 0.7 Hz P/P coda energy ratios increase with magnitude for events at the Nevada,
Amchitka, and Novaya Zemlya test sites (Lay, 1987; Lynnes and Lay, 1988a). This has
been interpreted as the result of enhanced low frequency coda excitation for shallower
(smaller) events (Lay, 1987). At-intermediate frequencies around 1.0 Hz, interference with
the pP arrival causes highly variable magnitude scaling of the P/P coda energy ratio,
primarily because scalloping due to the pP phase affects the direct P signal window but not
the P coda energy (Gupta and Blandford, 1987; Lay, 1987; Lynnes and Lay, 1988a).
Frequency-domain comparisons, involving P/P .coda spectral ratios over a broader
frequency range (0.5-3.0 Hz), show even more interesting trends. Gupta and Blandford
(1987) found that the slopes of the spectral ratios of P/P coda for an isolated NORSAR
channel (NAQ) and a NORSAR subarray (1A) show systematic increases with average
overburden velocity, \yorkiﬁggpbim velocity, and burial depth for 20 NTS events-at Pahute

Mesa and Yucca Flat. Their interpretation is that enrichment of highfrequency.content of




the direct P wave due to increasing depth occurs, as predicted by Mueller and Murphy
(1971) source scaling, whereas the P coda‘is relatively stable because the energy averages a
large volume around the shot point. The volume averaging property of the coda may
intrinsically reduce its sensitivity to the localized.overburden velocity, although this idea
has not yet been:fully quantified.

In the study by Gupta and Blandford (1987) it was mentioned that the P/P coda
behavior showed large variations with both azimuth and epicentral distance, thus the
generality of the NORSAR results is unclear. If strong near-source influences.on the
relative spectral content of P and P coda exist, it is reasonable to expect a similar effect at all
recording stations. This paper will further pursue the frequency domain P/P coda
comparison approach using an extensive data set for many more events and receivers. At
‘this stage, the investigation is still empirical, as full quantification of the P-coda wavefield
1is beyond our present capabilities. Significant differences in the energy partitioning for
explosions in different media are observed, which will provide the basis for future efforts
to fully quantify the seismic signal sensitivity to the near-source environment.

Data-Analysis Procedures

The data set used in this analysis is the same as has been examined in- earlier time-
domain investigations of near-source influences on teleseismic P waves (Lay, 1987;
Lynnes and Lay, 1988a). It is comprised of short-period vertical component recordings for
underground explosions at the Nevada (NTS) and Novaya Zemlya test sites. The
waveforms were recorded at globally distributed WWSSN and Canadian Seismic Network
(CSN) stations and were manually digitized. The total number of digitized waveforms
available for this study is 2457, from.25 Pahute Mesa, 32 Yucca Flat, and 14 Novaya
Zemlya events. Only stations in the distance range 25°to 95° were used for each test site,
giving 71 stations for NTS events and 90 stations for the Soviet tests. The complete set of
waveforms, and full event information have been presented elsewhere (Burger et al., 1985;
Lay et al., 1986; Lay, 1987).

For most of the signals, about 30 sec of the P waveform was digitized, as well as a 10-
15 sec noise window, so our signal windowing was constrained to be slightly different
than that of Gupta and Blandford (1987). The direct P signal window was taken to be a
6.4 sec interval initiating 1.4 sec prior to the first arrival. Cosine tapers were applied to the
start and end of this window, such that the spectrum emphasizes the first 3.5 sec of the P
arrival. Note that this corresponds to the P(6.4 sec) window of Gupta and Blandford
(1987), and includes the pP arrival as well as the next two cycles of the waveform, which
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-may include-spall and near-source scattered energy. Conventional fast Fourier transforms

were used to estimate the spectra. The amplitude spectra were computed from the noise-
corrected power spectra with normalization for differing window lengths, aru were
corrected for the varying instrument responses. The amplitudes were also corrected. for

_geometric spreading to-a reference distance of 50° using the Veith-Clawson (1972) curve.
‘Murphy et al. (1989) have shown that this spreading correction appears to be valid over the

0.5-2.25 Hz spectral range.

For the P coda window, we used 12.8 and 19.2 sec duration intervals immediately after
the P window, again applying moderate tapers-and omitting traces with digitized coda
windows short of the desired length by more than 2 sec. The results shown in this paper
are all for the 12.8 sec coda window, as-this provided a more extensive data set with
somewhat better stability. Spectral points with signal/noise ratios less than 1.5 were
excluded. In general, it-would be desirable to have a longer coda window, but both-the
digitized signal lengths-and the low signal-to-noise ratio for the coda motivated us to use
the shorter window, which we refer to as the early P coda. The results found for the 19.2
sec window-are very similar to those shown here, leading us to expect that the- window
length is not critical, given the extent of averaging in our analysis.

The limited resolution of the hand-digitized data and the limited bandwidth observed for

‘highly attenuated signals from the NTS constrain our useful frequency band to the interval
0.3-2.5 Hz, with the lowest signal-to-noise ratios typically being at frequencies-less-than

0.4 Hz. This is again not ideal for resolution of subtle near-source effects; however, digital
data sets are sparse for the large historic events that we consider in this study. Hopefully,
the extensive averaging that is performed offsets the limitations of the hand-digitized data,
although we are aware of the possibility that a single-high quality digital station may have
comparable resolution to our global data set for certain applications. A

Motivated by the interesting results of Gupta and Blandford (1987), we initially
considered individual station spectral ratios of P/P coda, computing the slope of the

logarithm (base 10) of the ratio for each event. The spectral ratio confidence intervals were

obtained using the noise-spectra in the maximum likelihood estimation procedure from
Nakanishi (1979), with the confidence intervals then being used as weighting factors in a
least squares regression for a best fit linear slope. Regressions were performed over the
band 0.3-2.5 Hz, for data-points satisfying the signal-to-noise criterion for both P and P
coda spectra. Following Gupta and Blandford (1987), the slopes of the spectral ratios
were compared with known source information, including first-cycle magnitudes, or
mp(ab) (Lay et al., 1986), source depth, average working point velocity and average

overburden velocity for each event.




Figure 1 shows the single station results obtai~ed for two WWSSN. stations that

recorded many of the 57 NTS events. Station- KON is co-located: with digital station-

KONO, for which Gupta and Blandford- (1987) report results similar:to their-analysis of

NORSAR data. It is encouraging to find that KON does display the expected increase in-

P/P coda slopes with increasing average overburden velocity. The correlation coefficient
for this comparison is.0.592, with a regression slope of 0.168 sec/km. Station AREisata
substantially different azimuth, but the regression with overburden velocity also has a
positive slope-(0.281 sec/km) with.a correlation-coefficient of 0.637. The corresponding
numbers found for NORSAR station NAOQ are 0.236 sec/km-with correlation 0.869, for a
different population-of events (Gupta and Blandford, 1987). The scatter in.the WWSSN
data appears to be somewhat greater, but a substantially larger data set is included. The
-qualitative consistency indicates that the analog data are,adeqi;ate for-this analysis. As was
the case for NAQ, the correlations and regression slopes are slightly reduced for the
comparisons with working point-velocity for KON and ARE.. Comparable correlations are
found for mp(ab) and depth, reflecting the general tendency for the velocity. measures to
increase with burial depth. _

Sixteen stations, each recording more than 35 of the NTS events, were similarly
processed, with the results for regressions-on overburden velocity being given in Table 1.
It turns out that ARE and KON are the two stztionis with the highest correlations-and-largest
regression slopes for overburden velocity. Stations at similar azimuths can have
sigrificantly different P/P coda behavior, as was noted by Gupta and Blandford (1987).
Note that NUR, a high quality station close to KON, has negligible regression slope and a
low correlation. The underlying cause of this variability is illustrated in Figure 2. The P
and P coda spectra, and their ratios, are shown for two-CSN stations that recorded the
same Pahute Mesa event; TYBO. Both stations have favorable signal-to-noise
characteristics, but the spectral ratios have much different slopes. Over a suite of events,
the slopes do not necessarily vary systematically in a fashion that would indicate a simple
site-dependent change in reference slope. This gives rise to the inconsistent results in Table
1. Confronted with the fact that only a few isolated stations show a significant trend, one
must appraise the degree to which near-source information has been isolated by the ratioiag
procedure.

There is cause for concern that NORSAR and KON may have anomalous behavior
along the paths of the direct P waves for NTS events. Lynnes and Lay (1988b)
demonstrate that teleseismic stations at azimuths to the northeast of NTS have anomalously
low amplitudes and early arrival times for-all NTS events, with more pronounced patterns
for Pahute Mesa events. This is beiieved to be caused by defocussing by mantle velocity
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heterogeneity in the crust and upper mantle beneath Pahute Mesa as well as larger scale
heterogeneity deeper than 400 km beneath the Basin and Range province. The early P coda
exhibits similar amplitude variations, but with a reduced range (Lay and Welc, 1987),
indicating that some differential effect may accumulate due to the spatial averaging
properties of the-coda. The Yucca Flat and Pahute Mesa event populations have iimited
overlap in Figure 1, raising the possibility of an intersite baseline shift, but even the Pahute
Mesa data alone-suggest correlations, as is true of-Gupta and Blandford's-(1987) data for
NAO (see their Figure 4). The fact that ARE is-at-a much different azimuth, but shows
similar correlaticns to those at KON is not easily explained by -mantle heterogeneity. It is
possible that only rare points or regions, such as Norway, may be sensitive to the near-
source effect.

An alternative interpretation of the station variability of P/P coda is that the processes
shaping the two spectra are-highly variable from station to station, requiring a procedure
that suppresses the site contributions for each signal type before any subtle near-source
variations can be detected. Figure 2 gives credence to this possibility, and thus we pursue
a spectral-factoring approach in-the remainder of this paper. The separation of source and
site spectral factors is accomplished using a least-squares procedure similar to that
introduced by Murphy et al. (1989) and Murphy (1989). In this procedure frequency
dependent station correction factors-and network-averaged source spectra are determined
for a suite of events recorded at a global array of stations. For the observed my(f), which
are logarithms of the P or P coda spectral amplitude at frequency f at station j from event i,
a least-squares procedure minimizes the residual error for the model:

mi;(f) = Mi(6) + 55(f) +e55(F)

where. M((f) is the event-averaged logarithmic source amplitude, Sy(f) is the logarithmic
station correction for station j, and €; is a Gaussian distributed error term with zero mean.
The simultaneous inversion for the source and receiver terms is constramned so that for each
frequency poin, the sum of the Sj(f) over the number of observing stations is zero. Thus,
common effects on the spectra, such as caused by the upper mantle attenuation under the
test site, are contained in the M,(f) terms. The Sj(f) terms then contain the systematic
frequency dependent propagation terms that deviate from the network average. Murphy et
al. (1989) show that as long as-the number of observations at each station is 5 or more the
resulting faciorization process results in smooth, stable source spectra.

Two analyses were performed using this spectral factoring procedure. First, event-
averaged S[-JCClra were obtained separately for the P and P coda windows, and then ratios of
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the average spectra were examined for-near-source influenceés. Separate site correction
spectra.for P and P coda windows-were obtained and can be examined to understand the
variations seen in-Figure 2. In the second approach, P/P coda spectral-ratios were frst
computed for each observation, and the ratioed spectra were put into th» event-averaging
procedure. This procedure results in an-event-averaged P/P coda spectral ratio, as well as
spectral ratio site terms. The latter procedure reduces instrument:correction effects and
gives a different intrinsic weighting to the data entering the factoring procedure. We.found
that the two approaches give very similar results for the final P/P coda spectral ratios,
mainly -because of the large number of data-available for the analysis. This-paper only
presents results for the first procedure, in which separate event-averaged spectra are
determined.

Results for the Nevada Test Site

The Pahute Mesa and Yucca Flat event populations were-treated sepz';r’ately, given the
concern about potential-inter-subsite propagation differences like those studied.by Lynnes
and Lay (1988b). Since the events are-relatively tightly clustered in each subsite, it is
reasonable to-assume that the-scattering processes-contributing-to the receiver terms for
both P and-P-coda windows are fairly stable for each event population. The event-averaged
P and P coda spectra for the 25 Pahute Mesa .events aré shown in Figure 3. As
demonstrated by Murphy et al. (1989),.the source spectra obtained -by-the least-squares
processing are quite smooth. The spectra are not particularly sensitive to.the precise set of
stations used, as long as a large number of data are available. Murphy (1989) has obtained
corresponding network-averaged spectra for Pahute Mesa events, and shows that
normalization by a Mueller-Murphy (197.1) seurce.inodel inidicates an apparent-t* value of
around-0.75 s as an average value over this frequency-band. We do not-need to consider
the absolute source parameters in this study, as all of our results involve ratios relative to
the P coda spectra, which should have a common average t* effsct.

The event-averaged- P spectra have stronger scalloping around 1 Hz than:the P coda
spectra; and a somewhat greater overall.range. This is believed to represent an enhan<ed
effect of the free surface reflection, pP in the direct phase.spectra. If the pP phase is.

“modeled as a delayed echo of the direct arrival, the estimated-pP-lag times_required to
produce the scalloped arrivals-are found-by Murphy-(1989) to have very consistent delays
to those inferred by relative waveform-inversion (Lay, 1985); however, the apparent pP-
delay times-are anomalously long with respect to the known burial depths-and overburden
velocities, as is commonly -observed for explosions (Lay, 1991). The inferred pP




amplitudes are also significantly reduced compared to those expected-for an-elastic free
surface reflection, which would predict deeper regularly spaced scalloping. To some
degree the spectral nulls are smoothed out by the spectral carpentry and the event-averaging
procedure, but the absence of clear higher frequency scalloping does indicate that the frée
surface reflection is -probably complex and frequency-dependent. The absence -of
associated scalloping in the coda spectra is probably due to a combination .of more
extensive averaging and a dominance of the.coda by waves that left the source more
horizontally, as both-body and surface waves, before scattering into the teleseismic
wavefield. The contribution from near-receiver generated.coda produced by scattering of
the direct P arrival appears to_be homogenized to such a degree that it-also loses any pP
character. These spectra thus clearly do contain variable near-source information, and our
objective is to determine whether systematic troends with important source parameters can be
detected.

The spectral factoring procedure also returns frequency-dependent site factors for each
source region. Examples are shown for-the Pahute Mesa source region in Figure'4. The
site factors for the two CSN stations-from Figure 2 are shown, for P and P coda. As
expected, the two stations display significant differences in the relative behavior of the P
and P coda-terms, such-that the P/P coda ratios are systematically- different at the two
stations. The site factors are plotted so-that-the negative value of the regression slopes are
proportional to the path differential t*, relative to the overall array mean. Both stations are
in the North West Territories, but BLC is in the-craton, while INK is on the western
platform margin. BLC has relatively negative (fast) P-and S wave travel time anomalies-
(Wickens and Buchbinder, 1980; Lay and Helniberger, 1983),:thus one might-anticipate
that it would have a less-attenuating path as suggested by the- positive slope-for the P
window. Howeyver, the P coda window does not reflect this, indicating-that the scattered
arrivals encounter higher scattering or intrinsic attenuation. The P factors are not as smooth
as P coda factors for either station, indicating that site resonances shape the spectra as well
as differential path attenuation. -Corresponding station spectra for.the Pahute Mesa events
were extracted for all 71 stations, and generally exhibit comparable behavior. The Yucca
Flat event set gives similar station terms and.comparable variations between P and P coda
station factors. The spectral factorization was also applied-using all 57-NTS events-in a
simultaneous inversion. The event-averaged spectra are very similar to.those obtained in
the separate subsite inversions. It appears that even the subsite data sets are sufficient to
provide stable characterization of the source spectra. The results shown in this-paper are

for the separate subsite results, but are very similar to those for the combined inversion.




Ratios of the-event-averaged P-and P coda spectra for each-NTS evént-were computed,
with the variance estimates-on the individual spectral estimates being used to calculate
confidence intervals-on the-ratio. The confidence-intervals were then used as-inverse
weighting factors in a linear regression over the frequency range 0.3 t0.2.5Hz. Figure.5
shows representative examples of..this procedure for two offtheerahut{:\Mcsa‘test(s. Event
PIPKIN is-a low magnitude event with a shall yw (0.62 km) burial depth, while COLBYis
a large event with a burial depth of 1.27 km. Note that the-logarithmic ratios empnasize the
differential scalloping of the spectra-due to-the pP effect. The spectral ratios are quite
smooth relative to single stationratios (see Figure 2). While these events are substantially
different in magnitude and burial depth,-the P/P coda ratios both:have very-flat slopes, and
the most notable differences are inthe shift to lower frequencies of the main scalloping null
for the larger event, and the baseline shift of the ratios to values greater than 1 for the larger
event. The lerger event does have a slightly more positive slope. The lowest frequency
spectral.point is-unstable primarily because of low-signal-to-noise and uncertainty in low
frequency instrument responses, so-it was not used in the regressions. Spectral fitting
procedures like those used-by Murphy (1989) can-be applied:to correct thé P -spectia
scalloping for a model of the pP phase, potentially improving the sensitivity of the spectral
ratio slope estimates, but we have not pursued this because of the -uncertainty in the
frequency dependence:of the process resulting in low pP amplitudes and reduced high
frequency scalloping.

Similar results are:shown for two Yucca Flat events in Figure 6. The set of events at
this test site only span-a limited range in magnitude, of about 0.5 magnitude units, so it.is
necessary to combine:these events with:the Pahute Mesa events to-explore a-wide range in
source parameters. The Yucca Flat events do commonly show scalloping around 1 Hz,
which is.likely due to a free surface intéraction, although anomalous pP parameters-are
again implied. The Yucca Flat data are more limited-in bandwidth because the events are
small and the waveforms of the direct P signal are complex. There is again a very slight
tendency for the’larger events to-have more positive slopes.

In order to establish whether the near-source environment has any systematic effect-on
the P/P coda relativé behavior, the slopes.of the ratios were compared with-a variety of
source parameters. The results of some of the comparisons that were made are shown in
Figure 7. The standard deviation of the regression slopes is used to define weighting
factors in.regressions on-each of the near-source parameters. The combined NTS data set
of 57 events indicates very little explicit dependence on event size, with-slightly positive
slopes and correlation coefficients of only 0.245 and 0.197 for mp(ab) and mp(ISC)
respectively. There is a stronger influence of burial depth, with a slightly increased
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correlation-coefficient of 0.305, but the correlation improves significantly to 0.542 if the
distance to-water table is used (all of the events used are at or below the water table). The
NTS data-have a moderate dependence on average overburden velocity, with-a positive
slope of 0.034 sec/an, and a correlation coefficient of 0.462. Average overburden
velocities were not .available for every event, so only 34 points were used in this
determination, compared to20 for-Gupta and Blandford.(1987). As in their study, there is
a distinct tendency for the Yucca Flat ratio slopes to bé-more negative than those of Pahute
Mesa events, thus-some-of this trend is defined by an intersite differencc that may have a
complex relationship to the differences in-the near-source structure. Therange of P/P coda
slope variations is-much smaller for our event-averaged results than for.the NORSAR-or
some other single-station values, and the:trends-are reduced correspondingly, but stili-hiave
the same general tendency. As was the case in the study-by Gupta and Blandford (1987),
the-correlation with working point velocity is-reduced relative to those for overburden
velocity and depth. Comparisons with other near-source factors such as téctonic.release.F-
factor, pP lag times, explosion noments, and-explosion yield all show at most slight
positive trends, with correlations less than that for. source depth.

The results in Figure 7 are consistent with-the variability suggested:-by the-individual
station analyses summarized-in Table 1. Relative to the-strong-trends for a few isolated
stations such as NAO, KON and ARE, the combined P/P coda behavior shows much more
subdued trends with near-source parameters such as overburden velocity and working
point velocity. This raises something of a-dilemma, in that one must either place great
confidence in what appear to be very unusual Stations that may be subject to a subtle
propagation bias, or one must accept the diminished resolution offered:by. the more robust
event-averaging results. In both cases the spectra indicate-a relative increase in the high
frequency content of direct P compared to P coda for increasing -average -overburden
velocity (and depth), but the apparent significance of this is influenced by choice of stations
and analysis procedure. Murphy and O'Donnel (1987) scaled NTS event-averaged P and P
coda spectra to a common:yield of 150 kt, and then computed the ratio, finding a slightly
negative P/P coda slope. Their result is consistent with the slightly negative average value
of all slopes in Figure 7. Their-processing made no corrections for source-parameter
dependence of the ratios ‘in the scaling to a common yield. The weak near-source
sensitivity of the P/P coda slopes will be discussed further below.

* The baseline shift of the spectral ratios in Figure 5 for different magnitude events
suggests that single frequency P/P coda ratios may-have:systematic behavior with source
parameters, This is explored further in Figure 8, where the spectral ratio-of event-averaged
spectra at two different frequencies are compared with my(ab), depth, average overburden
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velocity and working point velocity. These comparisons result in more systematic behavior
than:the spectral slope results. At a frequency of 0.469 Hz, the P/P-coda ratios increase
quite-regularly with-magnitude, depth, and- overburden velocity. Poorer correlation. is
found-with working point velocity. The YuccaFlat data alone-do not define a trend, but'the
Pahute Mesa data do-show systematic variation, so this-does-not appear-to be-just-a subsite
effect. At frequencies from 0.78 to-1.0°Hz, similar comparisons have-reduced trends, or
even strongly opposite trends, as shown in Figure 8. This appears to be directly the result
of pP scalloping moving into the-passband for the larger, more deeply buried events,
causing a rapid reduction in-the P spectral levels.

This pP interference interpretation is supported by. Figure 9, which summarizes the
slope determinations for comparisons of P/P coda ratios at each frequency with depth,
mp(ab) and average overburden velocity. The influence of these parameters is difficult to
separate because they-all show very- similar variations with-frequency, with the strong
reversal in trend corresponding well with the expected pP effect. It seems likely that depth
is the-dominant factor, given‘its-more extreme variations and clear physical link to the pP
induced trend. This frequency-dependent variation of the relative energy fluxin the direct
signal and the early coda was characterized by very different time-domain measures by Lay
(1987) and Lynnes and Lay (1988a), and appears.to be a robust feature of the data set.
Peaking of the spectrum near-0.5 Hz, with a corresponding minimum at 1.0 Hz-is expected
if the low frequency pP behavior has a strong.(-1.0) rgﬂection'coefﬁcjgnt and a delay time
of about 1 sec, which-is near the largest delay expected for NTS events. Thus, these trends
may be attributed to a systematic shift with source depth of'a strong free surface. interaction.
This explanation is somewhat at odds with the absence of stronger pP’ scalloping,
particularly at high frequencies. Thus, a frequency dependent—pP effect, or some additional
factor is suggested. An obvious concemn is that the low frequency behavior simply reflects
a noise-level saturation, as will be-discussed later.

Results for the Novaya Zemlya Test Site

Application of the P/P-coda-analysis to a foreign test site must proceed with very little
knowledge of the actual near-source properties. In-addition, our data set for Novaya
Zemlya is relatively-limited, and data for the two subsites (11-events at the northern subsite
and 3 events.at the southern subsite) on the island had to be merged to provide enough
sampling for the event-averaging procedure to be applied. Burger et al. (1986) have
reported systematic waveform variations between the-northem and southern subsites, but
we proceed under the assumption that the heavy averaging in-the processing provides
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reliable average source spectra. This-is supported by the large total number of statibri‘s.(éO),
that contribute data due to the favorable nétwork distribution. The signals are also riot as
band-limited-as for NTS events due to the lower level of near-source attenuation.

Examples of event-averaged P and P coda spectra for. two Novaya.Zchya~*évents are
shown in Figure 10. While- the lowest frequency point is-again unstable due to-noise
levels, it is clear.that the spectra have-even less pronounced pP scalloping than the NTS
data (Figures'5 and 6). Thisis an interesting result, compatible with:the results of P-wave
averaging by Murphy and ‘O'Donnell (1988). Other Soviet test sites also yield fairly
smooth event-averaged P spectra: Murphy and O'Donnell (1987) found vei‘yglittlg'specmi
scalloping in-event-averaged spectra for Shagan River events and correspondingly low. pP
amplitude estimates. Using-a multi-channél deconvolution method that-#mphasizes the
common high frequency source radiation, Chan et al. (1988) find much stronger pP
amplitudes for Novaya Zemlya events than-implied by Figure 10. This is partially due to
very short pP delay times, of only 0.2-0.6 sec, estimated by deconvolution. These short
delays shift any-scalloping to higher frequencies than for NTS events. Delay times:less
than 0.4 sec will-produce scalloping outside of our frequency passband. Application-of the
same deconvolution algorithm io NTS events indicates- very complex free surface
interactions for Pahute Mesa evehts,‘with weak pP arrivals (Der et al., 1987a,b). Burger et
al. (1986) also find strong pP amplitudes for Novaya Zemilya events using a-waveform
inversion procedure that emphasizes the lower frequency conteat, and their pP delay time
estimates of 0.55-0.74 sec tend to-be 0.3-0.4 sec longer than these for the same events
estimated by deconvolution (Chan et:al., 1988).

The modest spectral scalloping between 1.5 and.1.8 Hz in Figure 10 is quite consistent
with-the pP delay time estimates for these two events from Burger et-al. (1985):.0.64 sec
for October 14, 1969 (predicted spectral null at 1.56-Hz), and 0.58 sec for:November 2,.
1974 (predicted null at 1.72 Hz). For comparison, Chan et al. (1986) estimate delay timeés
of 0.35 sec and 0.62 secres;iectively for these two events. Frequency-dependence of the
pP reflection and multiple arrivals caused by spallation of the free-surface are likely to be
the cause of differences in pP parameter estimatio; for different methodologies. (Lay,
1991). The shorterpP lag estimates are likely to give'more accurate.indications of source
depth. The very short:delay times estimated by Chan et al. (1988) indicate unusually
shallow burial depths at Novaya Zemlya, particularly for events at.the northern subsite,
with less variation than expected based on normal yield-scaling for the observed magnitude
range.

The spectral ratio slopes in Figure 10 show a systematic decrease in slope with
increasing magnitude, and somewhat higher spectral ratio levels for the larger events. The
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slope estimates for all“14 events aré compared with mp(ab), explosion source strength, pP
lag time, and pP/P absolute.amplitude ratio in Figure 11. The latter-three measures are
obtained by waveform intercorrelation processing of the signals by Burger et al. (1986).
Thesé pP parameters should.be interpreted as-'apparent' pP-parameters for the lower
frequency componént of the signal, which Corresponds to our frequency band. There.is no
independent information about average overburden velocity or.other-detailed near-source
parameters for this test site. There is evidence that the majority of-events-are buried at
relatively shallow depths, and that the region has higher velocity source rocks-than the NTS
area (e.g. Burger et al. 1986;.Chan et al., 1988).

The P/P coda spectral ratio slopes for Novaya Zemlya show:a systematic decrease with
increasing magnitude, and to the degree that the estimates of apparent pP lag times reflect
actual burial dé'pth variations, there:is a corresponding variation with depth. The variation
of P/P coda slope for estimates of explosion source strength is similar to that for
magnitude, as expected. The relative pP amplitude estimates also-show -a systematic
variation, but_note the high pP amplitudes from the intercorrelation procedure-of Burger et
al. (1986). These values appear v be influenced by a mrre complex process than a simple
free-surface reflection; and qualitatively can be-interpre-ed as a mapping of the combined:
pP and spallation effects into a single arrival. Given the appa.ently shallow:burial depths
-and ‘possible -departure from normal yield-scaling of ‘tairial -depth, it is likely that the
intercorrelation results reflect more of a spallation volume contribution rathér than a true
burial depth effect. While the precise interference-effect is-not known, and-appears to be
complicated judging from the results-of deconvolution analysis (Chan et al. 1988), it is
-clear that there is a systematic differential effect on the P-and.P ¢nda spectra. The trends are
all significantly different than any found for NTS. events, showing that there are
fundamental differences in the energy flux partitioning between the test sites (see also Lay
and Welc, 1987; Lay, 1987; Gupta et al., 1989.

The P/P coda ratios for Novaya Zemlya are not sigzity-axly viferent than for NTS
events, even allowing for a 0.3 magnitude unit shift between the sites. This is not
inconsistent with'the analysis by Lay and Welc (1987), vhich reported lower complexity:
measures for Novaya-Zemlya events, as characterized by energy centroid times, because
the differences they observe are mainly accumulated in-the first 5 sec of the waveform,
during which the Novaya Zemlya data are more impulsive than comparable magnitude NTS
events. Murphy and O'Donnel (1987) find that absolute ratios of P/P coda are higher for.
yield-scaled events at Shagan River than at NTS, but any such trend in our data is at best
subtle. However, we do find that for frequencies less than 1.0 Hz the P/P coda-single
frequency ratios increase systematically with niagnitude, as is true for the low frequency
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spectral ratios for NTS events (Figure 8). Regressions were performed on magnitude for
the ratios at each frequency, with the results being summarized in Figure 12, The ratios
have positive slopes and high correlation coefficients-up until about 1 Hz, with higher
frequencies sometimes having negative slopes:ard correlations, but with more Sporadic
behavior. Very similar trends are found in:comy.». ¢ ,-with the apparent pP delay time
and relative amplitude estimates.

Discussion

This.empirical analysis of the spectral content~ - *rent P-waves and early-P-wave coda
from underground nuclear explosions 2t the 1 18 -and Novaya Zemlya test sites
demonstrates that there is some sensitivity -to near-source properties in the differential
behavior-of teleseismic P and P coda. The applicatiun of spectrel-factoring to combine
.pectra from-a-global:set of stations has somewhat degraded the-zpparent sensitivity to-
overburden velocity suggested by a few isolated stations for NTS-events. This-casts-doubt
on our ability to:remotely constrain overburden velocity by-spectra from-either networks or
single stations if we are lacking. extensive-calibration data. The-processc. that shape the
spectra at different stations may have such high-variability that only a few-is¢'.azed stations
have favorable behavior, or:alternatively those stations may erronecusly indicate greater
near-source influence than actually &kists:

The-general tendency that is foand for NTS-events is for-events with-higher average
overburden velocities to. have relative enrichment of high-frequency P spectral> content,
which is consistent with near-field observations-for constant yield events in varying media,
as discussed by Gupta and Blandford (1987). The differential behavior of the-P coda'may
be-attributed to the shallower origin-of much of the energy that arrives in-the coda, as a
result of near-surface scattering -and delayed surface-interaction arrivals. Gupta and
Blandford (1987) question whether this can actually explain the large differences-they
observed at NORSAR, but perhaps those particular phases are.enhanced by path-specific
properties. The more subdued trends of the event-averaged spectra may be easier to
explain, but this will still require quantitative three-dimensional modeling, which is beyond
the scope of this paper. It is possible t:,at inadequate signal-to-noise levels-of the hand-
digitized data have simply undermined the advantages of the spectral averaging:i:rocess, <~
further P/P coda analysis of global digital array data is desirable. This paper does
demonstrate that individual station behavior is strongly influenced by site-specific effects,
thus the absolute value.of isolatzd P/P coda spectral ratio slopes should not be-interpreted
as completely due to a near-soirce effect.
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While-our NTS data are generally supportive of the interpretations of Gupta and
‘Blandford-(1987), the Novaya Zemlya signal-behavior-appears-to be different. Lack of
independent knowledge -of ‘the relation between event size and overburden velocity at
Novaya Zeralya handicaps our interpretation; however,the decrease of P/P.coda spectral
slope with magnitude probably cannot be fully explained by the mechanisnis Gupta-and
Blandfoid (1987) proposed-for NTS. It is -generally believed -that test site subsurface
‘heterogengity is-stronger at NTS than at Novaya Zemlya, and that events at the no:them
Novaya Zemlya test site may depart:from normal yield-scaled burial depths, so it is not
likely that th. 2 is much overburden velocity-variation for the latter events. Diminisied
variability in near-source overburden-may account for some of the test site nfferezices, but )
it-appears that additional mechanisms affect the spectra.

The systematic behavior of the individual frequéncy P/P coda spectral ratios for the »
NTS events is evidence in favor of the reliability of our event-averaged spectra for
_establishing sensitivity to near-source properties. Noise level saturation at-low frequencies
is a possible contaminating factor, but probably should-not result in such systematic trends.
The complementary trends with increasing magnitude-of increasing ratios at frequencies
less than 0.5-Hz and decreasing ratios around 0.8 Hz are most readily interpreted-as the
effect of -the free surface interaction. While it does-not appear that thé pP phase is a
coherent, single arrival; both: this spectral-analysis-and the time domain waveform analysis
of Lay (1985), indicate that the Jow freq...ncy direct P spectra have a strong 'effective’ pP
interference that varies systematically with burial depth. Constructive interfercrice at the
lower frequencies and’ destructive- interference -at the mid-frequencies. should: shiit
systematically through the frequency band as depth (and magnitude) varies. The
differential effect on the ratios appears to stem from the averaging properties of the-P coda.
This frequency-dependent behavior-is clearly what controls-the:pP parameter esiimation
procedures of intercorselation (e.g..Lay, 1985; Burger-et al:, 1986) or model fitting of
-évent-averaged specira (e:g. Murphy, 1989). It can also account for the frequency-
dependent shifts of energy centroids-for diffeteat passbands (Lay, 1987). The possibility
that the spectral ratio behavior is not entirely due to variation of the P spectra alone is raised
by the fact that the:Novaya Zemlya data also show the systematic-increase with magnitude

at low frequencies.. Since these events are less deeply buried, and have shorter apparent pP
delay times, it seems unlikely that spectral modulation from free surface interaction alone is
responsible.

Ariother interpretation of the low frequency P/P coda ratio behavior, advanced by Lay
(1987) and Lynnes-and Lay (1988a) is that shallow events have enhanced low frequency
coda levels due to a greater contribution of near-source-surface-wave scattering into the
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teleseismic coda. This interpretation can explain the-strength of the low frequency P/P coda-
ratio-trends with depth and magnitude in Figure 8-and 12, but such-behavior alone cannot
account for the negative average values of P/P coda ratio slopes for NTS (Figure 7); or the
increase in slopes (to values near zero). with increasing  magnitude and-burial depth.
Another problem- with this interpretation is that P-coda spectra-appear to give better
estimations of yield than corresponding P spectra, especially at low-frequencies (Gupta et
al,, 1985). The Novaya Zemlya data do have a systematic decrease in P/P coda slope with
increasing magnitude and apparent pP lag (Figure 11), which could result from enhanced
low frequency coda for smaller (shallower?) events, but the slopes for the larger events are
negative, which requires an-additional effect. If the variation in burial depth is actually
small, a volumetric influence, by which larger source volumes excite more High frequency
energy in the coda (or a depletion-of high frequency content of the direct P) must be
invoked. These qualitative ideas can only be tested by-extensive modeling, perhaps
including non-linear surface interactions. The nead for such modeling is suggested by the-
fact that the reduction of P/P coda slopes with magnitude for the Novaya _Zemlya—.events
could lead to erroneous interpretations -of the near-source environment based on
comparision-with the NTS behavior. It may be that the differences between the sites are
due to competing burial depth and overbi;rden velocity influences on the -spectra, or
possibly non-spherical source radiation, or different coda: gener.iion mechanisms_play a
role. Until this is better understood it will be difficult to plabe any confidence in remotely
determined near-source properties.

Conclusions

A large data set of teleseismic short-period P wave seismograms from underground
nuclear explosions has been examined to test whether the differential spectral content of P
and early P coda is sensitive to near-source properties. Application of a spectral factoring
procedure designed.to remove receiver and propagation spectral factors results in stable
event-averaged spectra for P and P coda. The slopes of P/P coda:spectral ratios show a
slight sensitivity to overburden velocity, burial depth relative to the water table, and’
wotking point velocity for NTS events, with events in higher velocity rock having
relatively enhanced high frequency P spectra. The Novaya Zemlya events show a different
tread, with larger events haveing relatively decreaséd P spectral content. These test site
specific patterns are difficult to reconcile with any single near-source influence. All of the
events show a tendency for P/P coda spectral levels to increase with magnitude at
frequencies around 0.5 Hz, and to decrease at higher frequencies (near 0.8 Hz for NTS,
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1.6 Hz for Novaya Zemlya). The latter behavior is most reasonably attributed to
interference effects with free surface phases that preferentially affect the P spectra.

However; systematic frequency-dependent variations of the P coda spectra may also-play a

role in-these patterns. Quantification of the observed behavior-is required-before there is
any hope. of reliably-remotely characterizing near-source environment for isolated tests.
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Table 1

OVERBURDEN VELOCITY DEPENDENCE OF P/PCODA SLOPE
FOR THE STATIONS WITH MORE THAN 35 OBSERVATIONS

| sTATION | POSITION | DIS- AZIMUTH | NUMBER | CORRE- | SLOPE |
, TANCE "OF LATION | VERSUS
| OBSER- | COEFFI- | OVER- |
VATION |CIENT | BURDEN
ARE Peru 68 133 44 | 0637 | 0281
KON Norway 74 25 | 36 0.592 0.168
STI  |Newfoundland| 47 56 39 0177 | 0.167
GDH | Greenland 46 26 40 0.207 0.107
ATL | Georgia 26 88 40 0.402 0.104
TOL Spain 81 46 ) 10.403 0.089
KTG | Greenland 57 24 e 0.291 0.083
UME Sweden | 74 19 4 | 033 | 0047
SHK Japan 84 309 48 T oam2 0.047
TRN Trinidad 56 104 42 0.301 0044
NUR Finland 78 19 | s3 0341 0.040
STU | Germany 82 33 ) 0227 | 0034
MAT Japén 80 308 44 0.000 0.026
CAR | Venezuela 51 108 4 0.032 0.006
COL Alaska 34 336 40 -0.012 -0.008
KIP Hawaii 40 259 43 0280 | -0.141
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Figure 1. The slope of the speciral ratio of P/P coda is plotted as a funciion of first-cycle

mp(ab) magnitude, burial depth, working point velocity and average overburden velocity
M for WWSSN stations KON (top row) and ARE (bottom row) for NTS explosions. The
correlation cocfficient for each comparison is shown. These results are qualitatively
consistent with those of Gupta and Blandford (19587) with the specirl ratio slopes
increasing with increasing overburden velocity.




LOG AMPLITUDE SPECTRUM

LOG AHP RATIO
' - DY

(=)

TYBO FREQUENCY(Hz) 7 “FREQUENCY(H2)

Figure 2. Comparison of the P and P coda amplitude spectra for two CSN stations, INK
(left).and BLC (right) that recorded the Pahute-Mésa explosion TYBO. The top figures
show the signal amplitude spectra as well as smoothed noise spectra, while the lower
figures show the logarithm of the P/P coda spectral ratios, witlra signal-to-noise weighted
“linear regression curve. Note that the two stations have: significantly different spectral
ratios, characterized by the regression slopes, for the same event,
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Figure 3. Event-averaged source spectra-for 25-Pahute Mesa explosions for the direct P
signals (top) and the-early coda signals (bottom). The P spectra-show scalloping near1-Hz
associated with pP interférence- that is missing from the P coda spectra. The pP
interference varies with source depth, thus the-scalloping shifts to higher frequencies.for
the smaller events.
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Figure 4. Event-averdged recciver terms for the two CSN stations from Figure 2 for the 25
Pahute Mesa explosions. The P and P coda station spectra are shownwith vertical bars
indicating the standard deviation of the spectral estimate at each frequency and a variance-
weighted lincar regression curve is superimposed. The spectra are plotted such that the
slope of the curve is proportional to the differential attenuation from the mean value for the
entire suite of stations for the corresponding phase. The relative differences in slope for P
and P coda at the two stations account for-the differences in the spectral Tatio slopes shown
in Figure 2, demonstrating the nced for the speciral factoring procedure.
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Figure 5. Two examples of event-averaged P (crosses) and P-coda (triangles) spectra and
associated spectral ratios (x's) for Pahute Mesa events. The P spectra-show clear evidence
of a shift in pP -scalloping_to-lower frequency with increasing magnitude (and hence
increasing burial depth). However, the slopes-of the spectral ratios are only slightly
different, with the larger event having-a slightly more positive slope. Note that the absolute
amplitude ratios do.increase systematically with increasing cvent size for frequencies
removed from the spectral ratio minima caused by pP.
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Figure 6. Results similar to those in Figure 5, but for two Yucca Flat events. The P
‘spectra again exhibit greater modulation than the P coda spectra, with the ratios
emphasizing-the pP effect near 1.0 Hz. The Yuc:a-Flat eveits only span a magnitude range
of about 0.5 magnitude units, but little in the way of.a magnitude-dependent variation in the
spectral ratio slopes is indicated.
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Figure 7. A summary of correlations for NTS event-averaged P/P coda spectral ratio
slopes as functions of known source properties. The-correlation coefficient for each
comparison is indicated. The error bars on the slopes indicate the formal uncertainty in the
signal/noise weighted regressions. Yucca Flat events are indicated with squares and Pahute
Mesa events with circles. The spectral ratios show some increase in slope.with increasing
overburden velocity as well as with distance from the water table. The other comparisons
suggest a slight increase in slope with increasing size and burial depth. The correlation
with- overburden velocity has the same sign as the single station analysis of Gupta asd
Blandford (1987) and Figure 1, but the trend is weaker.
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Figure 8. ‘Variation of single frequency PIP coda spectral ratios for NTS cvents with
source propertics for frequencics of 0.4688 Hz (lop row) and 0.7812 Hz (botiom row).
Fairly systematic increases are observed at the lower frequency,-with deeper, larger events
having enhanced ratios. The higher frequency values show a reduction of the ratio
attributable to interference with the pP pulse which contaminates this spectral range for the

larger events.
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Figure 9. A summary plot of the slopes of individual frequency P/P-coda spectral ratios
versus depth; mp(ab) and overburden velocity-forthie N TS events.. Al caciifrequency; the:
spectral ratios were regressed on the associated source parameter, as in-Figure 8. The
reversal of slopes near 0.8 Hz is caused by the interference of pP. in the P spectra for the
larger events.
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‘Figure 10. Results similar to those in Figures 5 and 6, but for two Novaya-Zemlya events.
The P spectra show very little modulation that can be attributed to pP, and the spectral
ratios are relatively smooth, As for the Pahute Mesa events in Figure §, the larger Novaya
Zemlya events have larger-spectral ratios. In addition, there is a:tendency for the spectral

ratio slopes to vary with magnitude, but the slope decreases rather than increases.
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Figure 11. A summary of correlations for Novaya Zemlya test site event-averaged P/P
coda spectral ratio slopes as functions of teleseismically measured:event parameters from
Burger et al., 1986. The correlation coefficient for each comparison is-indicated. The
ratios decrease systematically with increasing source size as measured by first-cycle
magnitude (my(ab)) and log(explosion strength) from waveform intercorrelation. There is
alsoa s%stematic decrease with increasing apparent pP-lag time and increasing apparent pP
amplitude.
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with high correlation coefficients, indicating a systematic increase in P/P coda ratio with

Eagnitude. The free-surface interference may eliminate this trend at frequencies above 1
z.
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The Teleseismic Manifestation of pP: Problems and Paradoxes.
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Abstract

Energy radiated upward from underground nuclear explosions has a complex-interaction

withthe free surface that strongly influences the seismic waveficlds recorded at telescismic

and regional distances. This interaction, differing-from that for earthquakes primarily. due

to the much higher strains and strain rates involved, is ¢ssential to-understand for both

explosion yield estimation and event discrimination. Reflection of explosion P wave

energy from the free surface, which produces the pP phase, involves frequency-dependent,

non-linear processes that are intimately linked-to surface spallation. Attempts to

characterize the teleseismic pP arrival using a variety of time serics analysis procedures

have yiclded seemingly inconsistent results, which can be attributed to a combination of

limited bandwidih, neglected frequency dependence, and unresolved trade-offs with source

time function, receiver and attenuation effects. Recovery of “broadband ground

displacement; now viable with.modern instrumentation, is resulting in-more robust

characterizations of the pP and spallation arrivals; however, the intrinsic trade-offs with

source parameters and attenuation remain. Numerical procedures to account for the non-

linear interactions, surface topographic:cffects, and shallow crustal heterogeneity are

cnabling a more complete modeling of the free surface interaction.

’ INTRODUCTION
Seismic waves from underground nuclear explosions provide a‘basis for identifying and

estimating the yield of such tests, critical components of nuclear treaty monitoring
procedures, as well as for interrogating the deep interior structure of Earth. The
characteristics of underground tests that are most distinctive relative to natural earthquakes
are the shallow burial depths of explosions and-the-(ideally) spherical symmetry of te
initial radiation from the source. The proximity to the surface and symmetry of radisiion
leads to strong interference effects between the downgoing P wave.energy, and the
compressional wave reflected off of the surface (pP), which anives within a second
afterward. The free surface reflection reverses the sense of motion of pP relative to P,
producing destructive interference between these signals at longer wavelengths, which-in
turn-provides many of the defining characteristics of seismic signals from explosions. It
has thus been a long standing problem:to fully characterize the pP-refleciivn and its
complexity.

Understanding the pP surface reflection from nuclear explosions requires consideration:
of seismic wave interaction with the free surface above the source. The upgoing
compressional wave produced by an underground nuclear explosion can produce
remarkable accelerations and ground velocities at the free surface. ¥or example, the <SMt
explosion CANNIKIN produced surface vertical accelerations varying from 17to 3.2 g at
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horizontal ranges of 0.3 to 3.4 km from the shotpoint, and corresponding-peak -ground
velocities of from 946 to 233 cm/s [Burdick et al., 1984b]. The initial compressional pulse
of acceleration-in these close-in recordings:(Figure 1a) is followed by a ballistic-interval
characterized by -1-g-acceleration that is terminated by high frequency pulses as the airbom
material-impacts (i.e. slapdown). This complex surface interaction-involves a zone of
spallation, in which rock failure occurs on surfaces at depth when the downgoing tensional
stress wave resulting from reflection at the free surface (pP) exceeds the sum of the upward
compressional stress, the lithostatic stress, and the tensile strength of the rock. Spallation
is-commonly observed [Springer, 1974], and may involve several discrete surfaces of
parting at depth [Eisler et-al., 1966].

The initial vertical peak ground velocities within the spall zone can actually be well
explained by elastic theory [Burdick et al., 1985], which suggests significant rock strength
under compression; however, the subsequent tensional spallation- phenomenon clearly
involves anelastic and nonlinear processes. At distances slightly beyond the spall zone, the
surface vertical velocity recordings involve much smaller peak velocities, and the entire P
waveform can be well-modeled using elastic wave propagation theory (Figure 1b). In
these signals the major arrivals are the P wave tuming’Below the source and: the pP
reflection from the free-surface (the downward spike in the synthetic and observed
waveforms in Figure 1b). For these records the pP reflection point is several kilometers
horizontally from the shotpoint, and the distributed spall source does not appear to produce
a-coherent high frequency arrival, which-allows the successful elastic modeling. At
regional distances, there is evidence for corresponding pPn arrivals [Burdick et al., 1989],
and it does appear that spall contributes to Pn and Lg phases {Taylor and Randall; 1989].
At teleseismic distances, the pP arrival will more directly sample the zone just above the
shotpoint, where the downgoing pP will encounter-the disturbed medium around the
explosion cavity, and where spallation is most pronounced and can potentially
constructively interfere to give coherent teleseismic amrivals.

The upgoing P energy from a nuclear explosion is partitioned into pP, pS, spallation and
slapdown phases, as well as surface wave excitation and anelastic effects. The upgoing
radiation itself may deviate from an isotropic wavefront if there is significant pre-stress in
the vicinity of the source, or if an earthquake is triggered by the explosion; effects which
are considered elsewhere in this issue. Understanding the pP phase is required for
constraining the source-depth, for appraising any bias on the body wave magnitude
resulting from constructive or destructive interference, and for assessing how upgoing
energy is partitioned in the seismic wavefield, which-may reveal source region properties

[Gupta and Blandford, 1987]. Systematic differences-in pP delay times between source
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regions-may- also provide a means for characterizing the source-medium, which is critical
for yield estimation. The question that thus arises is:whatis the-teleseismic manifes:ation
of pP? This article will review the seismological investigations-of teleseismic pP for
undergrouna: explosions to synthesize our understanding of this complex free surface
interaction. ‘

Throughout the following discussion of teleseismic investigations of the pP phase, it is
aseful to keep in mind the linear filter representation of a teleseismic signal spectrum:

U(w) = E(w) I(w) Q(w) G(w)
where ® is angular-frequency, U(w) is the far field P-wave displacement spectrum, E(®) is
the far-field explosion source spectrum-(generally assumed to not vary with take-off angle
from the source, although departure from spherically symmetric radiation-has sometimes
been suggested), I(w) is the instrument,responsc,Q((o)'is the:attenuation operator,-and
G(w) is the total Earth propagation response. The Earth response for teleseismic signals is
often approximated by:
G(w) = S(w) R(w)/ro
where S() is the source region transfer function, including the direct P arrival, pP, crustal
reverberations near the source, and any secondary arrivals associated with spall; R(c) is the
receiver region transfer function including crustal reverberations beneath the receiver; and
1, is a geometric spreading term. The transfer functions are expected to correspond to time
domain spike trains for teleseismic distances, to the-extent that crustal structure can-be
approximated by a set of horizontal layers. Of course, some distortion due to frequency
dependent reflection coefficients accompanying non-linear effects or complex scattering.
structures may actually be required. It is critical to recognize-the complete tradeoff-that
exists between the multiplicative filters. Any attempt—to estimate S(w) is- subject to-
limitations in-our knowledge-of E(w), R(®).and Q(®). -All existing methodologies for
estimating pP behavior, whether frequency domain or time domain, involve assumptions
about one or more of these parameters, and-much of the inconsisténcy in published pP
characteristics reflects differing assumptions.underlying, and sometimes ,obsc;uredf‘by2 the
processing.
LONG.PERIOD CONSTRAINTS ON pP CHARACTERISTICS

There has been twenty years of extensive research-on teleseismic P waves from
underground expl 3sions focused on-quantifying the pP arrival, but unlike the situation for
-earthquakes, relatively little progress has been made by analyzing long period body waves.
Usually, when considering; long period body waves, simple .assumptions about
propagation:effects ar¢ adequate to detérmine gross properties of the source. Ideally, a
purely isotropic explosion should produce a teleseistic P wave comprised of only a direct
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compressional P phase,.and a slightly delayed-dilatational pP-phase. Given the shallow
burial depths of all explosions, the time between pP-and direct»P, 7o, Should:be only 1 s or
less, and at teleseismic distances the elastic pP-surface reflection coefficient, o, should be
close to.-1.0. In this ideal case, we can assume S(t).= 3(t) + & 8(t - T5). The-destructive
interference of these two arrivals should:greatly reducethe amplitude and increase the
dominant frequency content of the P waves recorded .on long period instruments (10-15-s-
penculum periods) relative to-eacthquake signals, which tend to have deeper sources-and
strong additional sP arrivals.

P arrivals on long-period WWSSN-instruments for.large explosions (Figure 2) are in fact
very distinctive from P waves from earthquakes with-comparable mp, The-explosion
arrivals are low amplitude, resemble differentiated instrument responses; and are depleted
in low frequency content relative to earthquake signals, which serves as the-basis for
discrimination procedures for large events{{Molnar, 1971; Wyss et al., 1971; Hasegawa,
1972; Helmberger -and. Harkrider, 1972; Shumway and Blandford, 1978; Burdick.and
Helmberger, 1979; Burdick et al, 1984a). In the frequency domain this is manifested as a
peaking of the explosion'P wave spectra at periods near 2-3 s for megaton size shots, with
a rapid decrease in spectral levels at longer periods.

Peaking of the explosion spectra is readily explained by interference with a strong pP
arrival, if we assume-that the sourcetime function-(the time-history of pressure applied on
the source elastic radius) for long period radiation is-essentially.a step-function. If the pP’
arrival has an elastic reflection, the teleseismic P spectrum will be modulate_:d by a factor of
(1+02+20. cOsWTo)1/2, where @ is angular frequency. For o = -1, and T =1.0 s this
modulation factor will have a maximum-value at a period of about 2 s. For a step source-
time function, the far field spectrum (given by the derivative of the source time function
convolved with the modulation term) is directly proportional to-this modulating factor, and-
hence, proportional to ®-at low frequencies. The spectrum is thus expected to drop off at
long periods from the peak near 2 s, as is.observed.

However, peaking of the teleseismic -explosion P wave spectra may-also be attributed to
overshoot of the source time function, which requires the pressure on the boundary of the
elastic zone surrounding the explosion cavity to be more impulsive than step-like [Molnar,
1971; Wyss et al., 1971; Miiller, 1973]. Overshoot of the source function has been
suggested in many studies of near-field and even teleseismic data, and cannot be dismissed
as-a possibility. This remains.a fundamental trade-off between S(w) and E(w). Some
progress has been made by combining body wave and surface wave constraints-on the
broadband source spectral content, but difficulties remain in independently determining
overshoot of the source function [Lay et al., 1984]. It is likely that both overshoot and pP
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interference contribute-to the depletion of long period energy in teleseismic P waves.
Regardless of the precise mechanisms for the drop off in-long-period spectral-levels, the net
result is that most explosion P wave observations are made using high frequency.
instrumentation. Thus, the rest of this review will concentrate on pP results obtained:using
short:period and broadband seismograms.

HIGH FREQUENCY pP ANALYSIS PROCEDURES

This review of teleseismic short period P wave analyses is organized to roughly parallel
the history of technique development and application. We will first consider procedures.
that utilize only the amplitude or power spectra, then time-domdin waveform and
differential waveform modeling procedures, .and finally the variety of deconvolution
techniques which are presently giving the most useful results. At their core, all
methodologies exploit the spectral interference produced by multiple arrivalsin the signal,
but-they vary widely with respect to assumptions about the source radiation, attenuation;
and Earth-transfer functions.

Power Spectrum-Techniques

The underlying assumption for most amplitude or power spectrum procedures is that the
pP and any other secondary arrivals are delayed, undistorted echos of the direct P arrival
with relative arrival times. and amplitudes to be determined. For the ‘two. arrival
approximation described in-the previous section, the displacement power spectrum will
have the modulation factor [1 + 02 + 20 cos(@T,)], which: for negative values of o (as.
expected for pP) predicts -that -spectral nulls. will occur at frequencies of f;, = n/t,,
n=0,1,2,3,..., while positive values of o (as might be associated* with-slapdown).predict
spectral nulls at frequencies fn ={(2n + 1)/2)/1,. Identification-of spectral nulls and their
frequency spacing is thus an obvious procedure by which to-attempt to characterize the pP
arrival.

For some events, such as CANNIKIN (Figure 3) the strong spectral:scalloping ¢an-be
well matched by a three arrival spike train, where the third spike has the same polarity as
direct P and can be attributed to a slapdown arrival [Bakun and Johnson, 1973]. This
modeling of the amplitude spectrum.requires a parameterization of the source time function
and attenuation filter. These spectra were fit with pP arrival values of o, ranging from -0.4
to -0:71 and < values from 1.12 to 1.18 s; and slapdown arrival values of o ranging from
0.67-t0 0.85 with delays of 1.92 to 1.94 s. “Time:domain comparisons based -on-the-
spectral fitting are shown on-the right, indicating that omission of the phase spectra in the
modeling has not led to significant loss of timing information. Note that the primary
spectral scallop is well matched, but even the three source model provides a marginal fit to
the higher frequency-spectra. This, in part, stems from the simplified version of S(t) used,
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in which crustal reverberations near-the -source ‘are ignored, as well as from ignoring
receiver complexity.

An extension of the direct power spectral modeling technique that reduces the potential
error from incorrect attenuation-assumptions and unknown receiver-complexity, involves
ratioing the spectra from two nearby. events recorded at a common statier-(Figure 4), and-
stacking the ratios from various stations to enhance.the signal to noise ratio [King:et al.,
1972]. Assuming perfect cancellation of the attenuation, instrument, and receiver effects,
the stacked ratios for events i andj give the following:

Ui(w)/Uj(0) = [Ei(@)Si(w))/[Ej(w)Sj(w)]
The ratios can then be modeled assuming spike trains-for the two events simultaneously,
with differences in-the source functions explicitly being inverted for as well. The
procedure clearly works best if the source functions-and depths are very different,
otherwise the information-about-each parameter is lost in the ratioing procedure. Any
common attributes of the source such-as overshoot tend to'be lost as - well.

Numerous applications of these power spectrum techniqués have been-performed-[e.g.
Cohen, 1970, 1975; King et al., 1972, 1974; Kulhanek, 1971; Bakun and.Johnson, 1973;
Flinn et al, 1973; Shumway and Blandford, 1978], with it being quickly recognized-that
the implied pP delay times and amplitudes were inconsistent with the known: overburden
velocities-and elastic free surface reflection-coefficients. Systematically, the pP delay time
is longer than expected and the amplitude is smaller. The-presence:of a clear third arrival
for the twolarge Amchitka explosions (MILROW and CANNIKIN) led to the idea that the
missing pP energy was being converted into the:even more delayed 'slapdown" arrival.

The most recent amplitude spectrum procedure is that of Murphy et al. [1989] and
Murphy [1989], which attempts-to achieve a separation of E(®)-and:R(w) by using-a suite
of events recorded- by a suite of stations. A linear regression model: is used to
simultaneously determine average station correction factors and station-corrected, network
averaged P wave spectra, under the constraint that the station-correction factors at each
frequency sum to zero. The procedure is to compute the spectral amplitude in-a sequence
of frequency bands, w, by using narrowband filters for station j from eventi. Then the
regression models minimizes- residual error, eij(wk), in a least squares sense for the
instrument corrected spectra:

logUij(wx) = log[Ej(a)Si(ax)Q(wp)] + logRj(wxk) +ejj(wy)
where the station.correction factors, Rj(wy), describe the systematic, frequency-dependent
departures at station j from the average propagation effects (such as average Q(wy)) of the
network. Once the receiver effects are separated, corrections for attenuation and
modulation effects associated with Sj(w) are removed to obtain Ej(wy). Examples of this
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procedure for NTS events are shown in Figure 5,and it-is again.apparent that low pP
amplitudes (A) are obtained, along with large pP délay times relative to the expecte values
0f0.6-0.9 s. This procedure does-not eliminate.the problems arising from- tradeoffs
between the assumed attenuation and.source-models, but does-stiould help to statistically
remove - the station influence. Assuming that the station terms-sum to z¢ro orojects any
common effects-onto the source model, so a large number of observations must-‘bé used in
this technique. If pP-does not have-the same time dependence as P, or if -other phases
arrive within the time interval encompassed by P and pP,-both the timing and amplitude
estimates for pP can be biased, as is true of all modeling procedures. If there is significant
variation in the pP-timing between stations the spéctral-nulls in the network averaged
spectra could be smeared out, leading to an underestimate of true pP amplitude.

Given the tendency for spectral modeling procedures-to result in anomalously low
amplitude pP phases-which-are delayed beyond-the elastic:predictions, one must-question
the model assumptions used in the various spectral scalloping procedures. While it is quite
reasonable to anticipate that some pP energy has been lost to the spallation process, and the
downgoing pP reflection will encounter a very disrupted medium, which may have lower
average P velocities-than theinitial overburden, it is-certainly not clear that the resultant .pP
waveform will any longer resemble a-simple echo of the direct P arrival. Remember that
this is a fundamental assumption in all of the spectral fitting procedures. While we will
return repeatedly to this question, itis instructive to consider Figure 6. Two-dimensional
finite difference calculations that attempt to account-for nonlinear pP reflection processes
consistently predict a frequency dependent pP reflection coefficient that is significantly
smaller than the elastic value [Bache 1982]. Even small departures from elastic theory will
obscure spectral nulls that the techniques described above are designéd to find. The
resulting time domain waveforms for the two calculations in:Figure 6 are virtually-identical,
which suggests the difficulties to be encountered:in the next section where waveform
modeling procedures are described.

Waveform Modeling Techniques

A significant disadvantage of the power spectrum procedures is that.they all require
spectral carpentry on the signal, involving windowing, tapering, and-transforming the
signal. The degree of spectral scalloping is window dependent, thus high resolution of the
pP parameters is difficult to obtain. As a result, many studies have attempted to model the
time domain waveforms directly, exploiting-the phase information to emphasize-the time
window of the pP arrival. The synthetics in Figure 7 suggest the potential time domain
resolution of pP parameters that could be obtained by comparison with observations; while

Figure 8 demonstrates that time domain information does clearly contain gross information
A
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about different test site pP properties. Complete waveform modeling comes-with-the cost
of having to specify many parameters including the transfer functions at the source and
receiver, the source model, and the attenuation model, as well as requiring a measure of
waveform fit that is sensitive-to the pP parameters [e.g. Carpenter, 1966; Hasegawa and
Whitham, 1969; Hasegawa, 1971; Bache et-al., 1975; Bache-et al, 1979; Burdick-and
Helmberger, 1979; Lundquist et al., 1980; Helmberger and Hadley, 1981; Burdick et al,.
1984a; Mellman et al., 1985].

These waveform modeling studies differ primarily in the degree to which they utilize
independent constraints on one or more of-the various filters required to synthesize the time
domain waveform. For example, Hasegawa [1971] and-Mellman et al. [1985] utilize
detailed crustal transfer functions to account for R(®), while Helmberger and Hadley
[1981] and Burdick et al. [1984a] constrain the source spectrum, E(w), by modeling near-
field records, and constrain Q(®) by-matching absolute amplitudes of te;iesei‘smic*signals.
Figure 9 shows.synthetic and observed waveforms for event CANNIKIN from Burdick et
al. [1984a], where the pP parameters were selected by matching the general shape of the P-
waveforms for a large set of stations, allowing-for variation in attenuation between stations.
No explicit accounting for receiver effects.was involved in.this analysis since a global set of
stations was utilized. The pP delay times inferred from this modeling are very compatible
with spectral analysis results; however, the pP amplitudes are closer to the elastic prediction
for this time domain modeling. It.is not clear whether this inconsistency is a result of
inadequate-parameterization of the time domain modeling or biases in the spectral carpentry
procedures.

Time domain modeling of the entire waveform is, of course, also subject tc many trade-
offs in the pP parameterization. Figure 10 shows a-calculation by Cormier [1982], in
which virtually identical - waveforms are produced by trading off frequency dependence of
the source model, the attenuation operator,-and the pP reflection coefficient. In-this case,
only spectral analysis could differentiate between the models. Recognition of these strong
trade-off’s led to the development of higher resclution time domain techniques, which strive
to remove receiver and: propagation effects fromthe problem by determining inter-event
‘transfer-functions that exploit the differential waveform information [Filson and Frasier,
1972; Mellman and Kaufman, 1981].

The most extensively developed of the relative waveform procedures is called
intercorrelation [Lay et al., 1984, 1985; Lay, 1985; Burger et al., 1986]. In this
procedure, seismograms from a given station for two events at the same test site are
equalized by parameterizing S(t) for each event as a spike train, and correcting. for
differences in the source functions arising from-yield- scaling. Figure 11 illustrates the
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convolution-of each.observed trace- with E(t)*S(t) for the other event. The propagation
effects.in the mantle and near-the receiver; along with the instrument response, ‘are
intrinsically accounted for by this procedure. The principal parameters are the:spike train.
sequence, here chosen to involve only the P-and pP arrivals, with-the pP amplitude.and
delay time to be determined by-making the intercorrelated- séis,mogréms as similar as
possible. The choice of source function is not-as important as for direct forward modeling,
because it is the difference in: source function between -events which influences. the
equalization. The major limitation of this procedure is again in the specification of a spike.
train-for the source:region transfer function, along with the fact-that the optimization of
spike parameters is only viable with three or fewer spikes in each S(t).

In practice, the intercorrelation procedure is -applied to a large set -of stations
simultaneously for two or more-events. Typical results are shown in-Figure 12, where
three spike versions of S(t) have been used to equalize MILROW and CANNIKIN
waveforms. These spike-trains are shown after convolution with the respective source
functions-in the traces labeled- Mg and Cs. Note that the second spike, pP is comparable in
size to the third, upward, spike, which corresponds to the 'slapdown’ arrival. In this study
[Lay et al., 1984], the source functions were indépendently constrained by near-field
modeling, to try to-minimize the trade-offs with pP parameters. While the preferred pP
delay times are in very close agreement with spectral results, especially those obtained by.
the network averaging techniques such as the spectral magnitude method of Murphy et al.
[1989], the amplitudes tend to be closer to elastic than-in other methods. Unfortunately
there is a tradeoff with the third spike amplitude. The intercorrelation technique is
intrinsically most sensitive to differences-in pP-parameters between-the events, so it is
possible that the baseline pP amplitudes are -biased high; however, the resulting source
models do provide good matches to the observed waveforms.

-An important characteristic of the intercorrelation method for determining pP. parameters
is that it intrinsically emphasizes the lower frequencies in the waveforms, because of the
convolutional smoothing. Thus, it is reasonable to interpret the resulting pP parameters as
being-appropriate for the longer periods, with frequency dependence of the-pP reflection
coefficient likely to give smaller pP amplitudes in procedures which emphasize the higher
frequencies. This is supported by Figure 13, which compares spectral.ratios of source
models obtained by intercorrelation-with spectral ratios of actual:data [Der et al. 1987b).
While the lowest frequency spectral peak-and null are in reasonable agreement, the higher
frequency observations do not show the regular beating predicted by the results obtained
for spike trains. This particular comparison is somewhat misleading, because it compares
event averaged results with single sensor results, and because a long window of 25.6 s
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was used to compute the spectral ratios. The intercorrelation results only apply-to the first
5 s of the waveform, and it is well known that later P coda shows less scalloping [Lynnes
and.Lay, 1988] than the early P waveform. Nonetheless, it appears that the spike-train
approximation is simply too restrictive to adequately.model the-pP phase-at high frequency
by either time or frequéncy domain techniques.

Deconvolution Procedures

Ideally, one would like to make as few assumptions about S(w)-as possible, for a
frequency dependent pP reflection could require a-very complex parameterization. A
variety of deconvolution procedures have been utilized to characterize pP, several of which
involve very few assumptions about S(w), although trade-offs with receiver, source
function, and attenuation uncertainties remain. At the heart of most deconvolution
procedures is the idea of bandwidth extension, usually accomplished by removing
bandlimiting filters such as instrument response: Signal bandwidth-is critical to a complete
interprefation of the pP arrival in either the time or frequency domains. Frasier [1972],
Burdick and Helmberger [1979]; Lyman et al. [1986}, Douglas et al. [1987] and Stewart
[1988] have used time or frequency domain deconvolution to remove the instrument and
assumed attenuation effects from teleseismic-explosion P-waves. The-hope is-that the
resulting signal is-not overwhelmed by R(®), so that E(w) S(w) can be-isolated. When
array data are-available, initial stacking of the signals can reduce the effects of heterogeneity
in R(w), but does not eliminate any. common effects.

Examples of the deconvolution of array data are shown in Figure 14, where short period
recordings have been deconvolved to first remove the instrument response, -and then an
attenuation filter. Ideally, the final trace should be E(w) S(), with little effect from R(w).
It is interesting to compare these functions with:the intercorrelation results from Figure 12.
In general, the close agreement of the results, particularly if the different array
deconvolutions were further stacked to better suppress-R(®), supports the simple three
spike version of S(®) adopted in the intercorrelation procedure. However, it is clear that
the pP phase does have some complexities, notably broadening, which suggest a frequency
dependent arrival.

To further characterize the details of S(w), the broadband seismogram can be
deconvolved by an-assumed source model, E(w). Extracting the source wavelet can be
done by a variety of procedures, one of which is shown in Figure 15, where L1
deconvolution of the source wavelet (along with instrument-and -attenuation) has been
performed by linear programming, with- the constraint that the resulting S(®) has a
minimum number of spikes [Mellman et al., 1985]. Note the complex transfer function
which is obtained, which is a combination of source and receiver effects. This procedure is




only-as reliable as the choice of E(®) and Q(®). Autocorrelation and’matched,ﬁltefing are
other procedures for characterizing the source-and receiver spike trains [Cohen, 1970; Elinn-
et al, 1973, Douglas et al, 1972]. Another procedure for extracting the propagational
impulse train is- homomorphic deconvolution [Cohen, 1970; Bakun and Johnson, 1973].
Results of applying this-procedure to remove instrument,-source and-attenuation-éffects-for
MILROW and CANNIKIN are shown in-Figure 16. Note that the-pP and'slapdown'
phases are very similar to the results in Figures 12 and 14.

The latest deconvolutional approach, which involves few assumptions about S(w), and
explicitly strives:to.eliminate R(®) involves multi-channel maximum likelihood iterative
deconvolution of a suite of events recorded at an array of stations [Der et al., 1983,
1987a,b, 1989; Shumway and Der, 1985].. This procedure initiates.by estimating each
source term E(m)S(w)b}? stacking over the suite of observations for an event, then using
the average source terms to deconvolve each observation and stack the various observations
for a given station. The estimated station terms are then deconvolved from the data, and the
procedure is repeatéd until convergence. In-most applications Q(«) and E(w) are specified.
The effective separation of source-and receiver terms hinges:upon variations in the source
terms from event to event. Any common features in the spectra between events can be
placed either at:the source or at:the receivers, with this procedure tending to attribute
common terms-to the receiver functions.

Application of the iterative deconvolution-to several events-from the Degelen test site
(Figure 17) illustrates the resulting source functions for joint and separate analysis.of
several arrays. No E(w) was deconvolved in this case. Thus, these functions presumably
represent E(w) S(w) alone, to the degree the receiver effects have been successfully
removed. Note that the joint deconvolution is greatly simplified relative to the separate
array results. This requires either variations in the source radiation with take-off angle and
azimuth or incomplete suppression of receiver effects in-the separate deconvolutions. If
one accepts the assumptions, one can infer that these events have very small pP arrivals,
unless they are in some way obscured by the source function and interference with the
direct P arrival. The small amplitude of pP may-be associated with cratering of the surface
for these events. Deconvolution-procedures of this type are essential for investigation of
events that may involve cratering, which will have a particularly complex surface
interaction [Gupta et al., 1985].

Figure 18 illustrates the effect of specifying a source model for E(w), and deconvolving it
in the multi-channel procedure. The Von Seggern-Blandford (VSB) source model is only
one of several parameterized models that can be used, so there is still a direct trade-off with
the source model. Overshoot of the source model can strongly affect the ground
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displacement overshoot, which-is used to-estimate the parameters of the pP arrival. Figure
19 illustrates the-effect of using a frequency independent attenuation model (constant t*)
versus a frequency dependent attenuation model (t*(f)). While the effects can be-subtle, as
for INLET, they can-also be significant for the pP parameters as for STILTON.

The deconvolutions for Pahute Mesa events'in Figure 19 indicate little overshoot of the
ground motion (small pP arrivals), and indeed Der-et al. [1989] assign pP an amplitude of
zero for these events. Intercorrelation for these events has suggested nearly elastic pP
amplitudes [Lay, 1985], and. the spectral stacking results of Murphy [1989] give
intermediate values for pP amplitudes, but almost the same delay times as for
intercorrelation. Can frequency dependence of pP reconcile these inconsistencies? The
situation actually becomes more confused when Figure 20 is considered. This shows
determinations of the broadband source functions [E(t)*S(t)] for-four large Pahute Mesa
events determined by the separate deconvolution procedures of Lyman et al. [1986], and
Der et-al. [1987a]. The results-are from the same.-data-at the:EKA -array, but the results of
Lyman et al. [1985]-exhibit strong overshoots, consistent with significant pP arrivals,
whereas the multi-channel deconvolutions suggest no pP arrival at all. The latter results
have higher frequency content as-well.

The path from NTS to EKA is known to be in a direction-of strong defocussing [Lynnes
and Lay, 1988], and the bandwidth-of the signals is further limited by attenuation. As a
consequence of the limited bandwidth, many of the ground displacements are very similar,
despite the differences in source function and burial depth. It appears that these common
features between events have been assigned to the receivers in the multi-station
deconvolutions, which may or may not be correct: In addition, the techniques emphasize
the longer period content in very different ways, with the multi-channel procedure placing
higher weight on the higher frequency spectra. Truly reliable separation of the receiver
functions appears to require more dramatic-differences between the depths and source
functions in the population of sources than are commonly observed for a set of explosions
at a given test site.

o

It is also possible that the difference in passband of the deconvolutions combined with a
frequency dependent pP arrival is primarily responsible for the inconsistent results for NTS
events. Figure 21 shows several bandpass filtered versions of a synthetic ground
displacement which has a pP reflection that depends on frequency [Der et al., 1989]. Note
that the bandwidth influences the strength of the apparent pP arrival. Thus, it may actually
be possible to reconcile all of the pP determinations for the Pahute Mesa events by
recognizing the varying frequency sensitivity of the techniques, and invoking a physically
reasonable frequency dependence for the pP reflection process. Even when very
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broadband sourceé functions are available, care must be taken in interpreting the pP
parameters-due to the uncertainty in the source time function, as well as the interference
effect between P-and pP.. This is illustrated-in Figure 22, which shows-€rrors in pP lag
time resulting from the limited-bandwidth of-the synthetic pulses. Also note how-very
short time delays can lead-to a rapid variation in peak to peak amplitide, which could bias
magnitude measurements for small,-shallow events.
pP AND SPALL REPRESENTATIONS
“Thus far, we have emphasized the empirical analyses of pP parameters, and found
frequent indication of additional arrivals that appear to be from the source region. Whatis
the precise physics by which pP and spall processes are linked, and how does it affect the
teleseismic manifestation of pP? This is a poorly understood topic, perhaps because of the
many difficulties encountered in quantifying:the pP arrival alone, as described above.
Nonetheless, it is well recognized on physical grounds that spall and pP must be intimately
linked, and a simple three-spike:model is inadequate to represent the process [Day et al.,
1983]. Burdick et al. [1984] proposed a phenomenological model for the coupled pP.and
spall process which can explain some-of the.anomalous properties of pP, such as its
apparent delay and additional arrivals. Their model, constructed to conserve-momentum is
shown in-Figure 23, where the-spall process is initiated by the pP-arrival; and produces
both downgoing and upgoing waves during both spall opening-and closing. The initial
downgoing spall arrival will destructively interfere with the pP arrival, resulting-in an
apparent delay . of the surface interaction. The spall source-can be viewed as-a tensional
crack or a distributed source over a conical surfaéc, for computational purposes. Utilizing
a model ofthis type, synthetic seismograms can be constructed which are quite consistent
with the results of intercorrelation and spectral methods for the Amchitka events, as shown
in Figure 24. While clearly a simplification of the non-linear spallation process, this type
-of approach provides a parameterization-of the complete free surface interaction that.can be
used to synthesize signals at all distance ranges [Burdick et al., 1984]. Further
development of parameterized free surface interaction models is required to enable a more
complete interpretation of the source functions that are being obtained by deconvolution
procedures.
‘CURRENT NUMERICAL MODELING PROCEDURES
Along with the many developments in-pP waveform analysis, there have been substantial
advances in numerical modeling procedures-that are revealing: the physics of the free

surface interaction and its teleseismic manifestation. An informative example is provided
by the implementation of the Kirchhoff-Helmholtz wave theory to assess frequency
dependent pP reflection from the free surface [Scott-and Helmberger, 1983]. Figure 25




shows the result of a spatially varying pP reflection coefficient, decreasing.in amplitude just
above the shotpoint. The three-dimensional wave:theory predicts a pls{reﬂection which
will be delayed-and decreased in amplitude -in proportion-to the anomalous zone of low
reflection, which.physically may correspond to the spall zone. This model.can qualitatively
account for the-anomalous delay, decreased-amplitude and frequency dependence-of-the
actual pP observations. Accounting for the missing energy requires more complete
modeling procedures, such as the two-dimensional non-linear finite-difference calculations
of McLaughlin et al. [1988], in which an attempt is made to include all of the physics of the
actual spallation and pP reflection process. These axisymmetric calculations tend to
actually underpredict the pP arrival, so it is clear that all of the pertinent physics has not yet
been included; and possibly the assumption of axisymmetry is inadequate to explain actual
pP reflection processes.

Numerical modeling procedures are also-useful for addressing heterogeneity in the
shallow crustal velocity structure in the vicinity of the shotpoint. Even elastic finite
difference calculations for complex regions such as the Yucca Flat Test Site at-NTS exhibit
very complex P coda, initiating with the pP arrival [Figure 26] [Stead and Helmberger,
1988; McLaughlin et al, 1986]. In -this calculation [Stead and Helmberger, 1988] of
teleseismic waveforms, a hybrid two-dimensional finite difference and Kirchhoff-
Helmholtz procedure was used-to account for the shallow crustal reflections and wave
conversions near the source. This level of modeling is critical for appraising the
complexity apparent in-source function deconvolutions like those-in Figure 20. When the
source coda is as strong as in Figure 26, methods invoking simple-assumptions of 2 or 3
spike source functions will clearly give erroneous.results for pP. Another situation:in
which numerical modeling is necessary, is when there is significant-surface topography-
near the test site (a common. occurrence). Figure 27 shows two: dimensional finite-
difference calculations for a line source [McLaughlin et al., 1987], that illustrate how the
upgoing explosive wavefield can be disrupted by topography. Future evaluation of three
dimensional effects and braodband data will help to assess whether the pP phase actually
has significant azimuthal variations, as suggested by Figure 17.

DISCUSSION AND CONCLUSIONS

The current level of understanding of the teleseismic pP phase from underground nuclear
explosions is far from complete. This review has illustrated the diversity of procedures and
results which have been obtained over the past twenty years of seismological
investigations. There is general agreement that the actual pP phase is influenced by
frequency dependent reflection, with longer period energy having higher reflection

coefficients. The estimated delay of pP phase may be biased when the phase is-assumed to




be a reflected impulse, and all estimation of pP parameters are influenced by the bandwidth.
of the technique being used.as well as the assumptions-about the frequency-content. Asa
general rule, many of the contradictory pP paramieters in the literature could be reconciled
by specifying the frequency band most-emphasized in the processing, and the-greatest
stability-dppears to accompany the largest bandwidth procedures. »

Given the direct trade-offs between source and propagation effects for-teleseismic
signals, especially when fréquency dependence is involved, it appears ‘that the most
reasonable approach to analyzing the pP phase is simple broadband ground motion
restitution. This involves rem()-vin'g the instrument response effects to-extend the
bandwidth of the signal. The resalting signals can then be interpreted for-a variety of
assumed attenuation and source-models, _and'SIackcd'to suppress»r,éce‘iver effects. The
latter processing should always acknowledge the direct trade-offs that exist, and should
fully explore assumptions about the source before placing ahy weight on the-resulting
interpretations of the pP parameters, 'dep*;_h, coupling, etc.. Spectral fzictdi'ing to-separate
'source and receiver transfer functions tends to emphasize-high frequency content, and-is
unstable with-respect to partitioning of c6mmonzsp;c&al éharacteristicé.

There-is a-need for more numerical.analysis of the pP-spall-process, as interpretation of
the broadband ground motjons requires a parametric description of this energy-partitioning.
In addition, continued-development of numerical:models:to elucidate the cOmplcxi‘fyof_;;.‘-?
and subsequent coda arising from complex near-source structure and surface topography is
very important. The numerical studies performed to-date -suggest that even the elastic
processes accompanying the pP reflection are very complex, and-possibly azinuthally
variable.
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Figure 2. Comparison of WWSSN long period P recordings for three NTS events;
GREELEY, BOXCAR, and FAULTLESS, and three .earthquakes; Borrego Mountain,
California’ (Apnl 9, 1968), Peru (April 13, 1963), and Seattle (April 29, 1965), all havmg

mp=6.2-6.5. Arrows indicate minute marks. Note the high frequency character of the P
arrivals for the-explosions relative to the earthquakes. [From Molnar, 1971].

55




Frequency (Hz)

Time {s)

Figure 3. Observed spectral modulus (solid line) and least squares fit of a three spike
model (dashed line) for CANNIKIN are shown on the left. The corresponding time
domain traces are shown on the right, [From Bakun and Johnson, 1973].

56




30

15+

AVERAGE RATIO

FREQUENCY (Hz)

Figure 4. Average spectral ratio of MILROW/LONGSHOT using stations KNUT;
RKON, LCNM, and HNME. The dashed lines indicate the standard deviation of the
average. The time window was 5 s. [From King et al., 1972].
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Figure 5. Comparison of normalized observed (solid) and theoretical (dotted) network-
averaged P wave spectra for Pahute Mesa explosions. The spectra on the left are corrected:
for pP and attenuation, while those on-the right show the fitting of optimum pP amplitude

(A) and relative delay time (to). The source spectra involve a yield and source depth scaled:
model. [From Murphy, 1989].
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Figure 6. Far-field displacement spectra for a one-dimensional finite difference model with
elastic pP reflection processes, and a two-dimensional model with non-linear pP reflection
process. The source was a 20 kt explosion at a depth of 1000 m-in-a geology like that at
the PILEDRIVER site. Note that the scalloping of the spectra is very-different, with the
elastic pP arrival producing strong spectral nulls, while the non-linear model does not. The
synthetic teleseismic P wave (including a KS36000 instrument response) is virtually
identical for the two sources, and is shown at the right. [Bache, 1982].
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Figure 7. Synthetic short period and long period explosion signals for acommon source
model and attenuation function, but with varying pP lag time and relative amplitude. [From
Burdick et al., 1984a].
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Figure 8. Stacked envelopes of WWSSN short period recordings for explosions in several
different test sites. The complexity of the main peak for Pahute Mesa events indicates the
delayed pP and strong spall arrivals for this test site relative to the Novaya Zemlya sites.
Detailed consideération of the individual seismograms can ideally quantify the associated pP
‘parameters, which then reflect the emplacement medium. [Lay and Welc, 1987].
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Figure 9. Comparison of observed short and long period P waves for CANNIKIN with
synthetics for a range of attenuation parameters (t*). The synthetics were generated using a

near-field source model, & =-.9, and 7o = 1.15 s. [From Burdick etal., 1984a].
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Figure 10. Synthetic seismograms and amplitude spectra for two models for event
MILROW, which illustrate the trade-offs between parameters. The synthetics on the left
and the solid line spectra are for an @2 source model, with t*=0.7 s, and a pP reflection
coefficient modified from-the elastic model by a factor F=0.5+0.5exp[-(@/27)2]. The

synthetics on the right, and the dashed spectra are for an -3 source model, with t*=1.0's,
and an elastic pP reflection coefficient. [From Cormier, 1982].
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Figure 11, Example of intercorrelation of seismograms recorded: at WWSSN:station ADE

for A.nchitka-e/ents MILROW and LONGSHOT, The observations are each convolved

with E(t)*S(t) for the other event to equahzc the waveforms. “S(t) in this case involves just

the P and pP-arrivals, with-the pP-parameters being adjusted to-optimize the equalized
wavefcrm. agreement. [From Lay et al, 1984].
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Figure 12, Equalized waveforms for the optimal MILROW:CANNIKIN. mtercorrelatxon
for S(t) with three spikes for each event, In this case the source functions were determined
by modeling near-field records. The top trace in each paif is a MILROW observation
convolved with the CANNIKIN E(t)*S(t), which is shown below (C3), and.the loweér trace
is the CANNIKIN observation at the same station convolved with the MILROW E(t)*S(t),
which is also shown below (Mg). [From Lay et al., 1984].
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Figure 13. Comparison of spectral ratios for-pairs-of Pahute Mesa events at NORSAR
channels with predicted ratios.from intercorrelation results [Der-et al., 1979b]. Note the
poor agreement at frequencies above 1 Hz.
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Figure 14, Short period and derived broadband recordings for MILROW and
CANNIKIN, from four UK array beams. In each-case the top-trace is-the short period
event beam, the second trace is deconvolved ground motion, and the third trace is the
ground motion-corrected for -attenuation assuming t¥=0.15. Ag corresponds-to the third
arrival-which has positive polarity. [From Douglas et al., 1987].
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Figure 15. An-example of L1 deconvolution of YKA broadband displacement data for a
Shagan River event of 8/4/79. The deconvolved wavelet used has a t*=0.35-and a-von
Seggern-Blandford time function. The resulting spike train-is shown in the middle, and-a
reconstituted waveform is shown at the bottom. [From Mellman et-al., 1985].
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Figure 16. Mean impulse trains (solid lines) and standard deviation (dashed lines) obtained
by averaging 4 impulse trains deconvolved from LRSM recordings for MILROW (top) and
CANNIKIN (bottom). [From Bakun and Johnson, 1973].
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Deconvolved Source Functions
EEKTS Events Recorded at EKA
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Figure 18. Source functions obtained by multi-channel deconvolution of East Kazakh
explosions when the explosion source is Temoved, leaving S(t) (left); and when it is-not

removed, leaving E()*S(t) [Deret al., 1987a).




Deconvolved Source-Time Functions
NTS Events Recorded at NORSAR
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Figure 19. Source functions obtained by multi-channel deconvolution of Pahute Mesa
(NTS) events for frequency independent attenuation (left) and frequency. dependent
attenuation (right) models [Der et al., 1987a].
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Figure 21. Bandpass fiitered synthetic seismograms for a explosion signal with P-and pP
arrivals, with a frequency dependent pP reflection coefficient. Note how the apparent pP
amplltudc, indicated by the overshioot; dxffers depending on the frequency band:of the
trace. [Der et al., 1989].
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Figure 22. Demonstration of the biasing effect in:pP lag time measurement for very short
lag times with bandlimited data. The actual pP arrival times are shown by the solid line
labeled pP, while the times-inferred from the trough overestimate the true time. The effect
on the peak to peak amplitude of the broadband data is shown at the top as a function of pP
lag time as well. [Deretal.,, 1989]
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Figure 23. A simple, momentum conserving, phenomenological model for the coupled pP
and spallation process. Opening and closing. of the spall source, taken as either a tensional
crack or a conical distributed surface. leads to-additional.arrivals at teleseismic distances.
The spall opening arrival destructively interferes with pP, leading to anomalously late
inferred pP arrival. The geometry of the closure process can concentrate the corresponding
pP energy, producing the frequently observed teleseismic 'slapdown' phase. [From-
Burdick et al., 1984b}.
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Mode! For The Effects Of Spall Radiation-

MILROW CANNIKIN

Radiated Synthetic
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Figure 24. Application of the spall model in Figure 23 to the MILROW and CANNIKIN
events. The predicted source functions and synthetic short period seismograms for the
model are compared with the results of intercorrelation analysis of the actual data by Lay et
al. [1984]. [From Burdick et al., 1984b].
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Figure 25. Simulation of a frequency dﬂpendent pPF reflection from a-free surface with
spatially varying reflection coefficient usin g the- Kirchhoff-Helmholtz approach. The short
period and long period synthetics for varying radius of the anornalous reflecting zone-are
shown at the bottom.. ‘Note the svstématic delay of the peak-energy as the. weakly reflecting
—rpgxon grows, and -he rapid decrease in the amplitude-of the short period feflection. [From

Scott and Helmbcrger, 1983].
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Figure 26. Results of a hybrid finite-difference-Kirchhoff method used to model
explosions in the complex crustal structure at the Yucca Flat test site, compared with
teleseismic observations at station MAT, Complexity of the basic interactions strongly

affect the early part of the waveform where pP arrives, as well as the later coda. [From
Stead and Helmberger, 1988].

79




1 . | i 1 1 1
’ /""\
R " . X
4
. 6;%
. - Ry
§ !.l
et .
Y]
B - 33
IRERS.
N
!
&
B .
4
L3
1Y
3
el o
235
PR
- T, i i
- o ﬂ :
) .
- Sl R M T oii b
oy TP v A
1 T sty o, PP Y
1 DI 4 e SARCRTH B
i i lxl'lﬁfxy», e
i st
K gk 4 XA
%
s
RS T
&G T
-1 :
|3
gy by .
v xﬁ#}‘#% ki) B
B G A R AT
.
’
N
F30 311 .
e Wit
1y s
ghifitnt B
PR
I i e 8
(RO RT T LAY
LI vy L
(530} ] ke ;-u (it
i | Yo,
! S
¥
Midne o M A
AR R

Figure 27. Two-dimensional finite difference calculations in different time slices for the
explosion wavefield produced in a region of significant surface topography. Note the
complexity of the pP reflection. [From McLaughlin et al, 1987].
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NUCLEAR TESTING AND SEISMOLOGY

T. Lay
University of California, Santa Cruz

I.  Introduction
II.  Seismic Waves from Underground Explosions
III.  Explosion Detection and Discrimination
IV.  Explosion Yield Estimation
V.  Nuclear Test Monitoring and the Earth System

GLOSSARY

Containment; The procedures involved in designing underground nuclear tests to prevent release
of radioactive material to the surface of the Earth. A

Decoupling: Reduction in seismic wave amplitudes for an explosion of a given yield produced
by detonation in a pre-existing cavity.

Hydrodynamic Mcthods:  Procedures for estimating the yicld of an explosion by recording the near-source
shockwave in the ground surrounding the ¢xplosion.

Radiation Pattern: The variation in amplitude and sense of motion over the-surface of a-seismic
wav. it as it leaves the source.

Spall: The parting of surface rocks above-a buried explosion, produced when the
tensional stress exceeds the rock strength. The rocks fly into the air during the
ballistic-period, followed by impact, or ‘slapdown’.

Tectonic Release: Release of earthquake-like seismic radiation produced by underground explosions,
which-may involve either a triggered fault, or relaxation of prestress in the rock
around the shotpoint.

Yield: A measure of the energy released in an underground explosion, usually expressed
in kilotons (kt), with 1 kt = 1012 caiories, or about 1000 tons of TNT.

Underground nuclear explosions produce seismic waves that propagate throughout the
Earth, resulting in surface vibrations that can be detected by sensitive ground motion
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sensors and used to locate the event. Seismic waves from explosions have characteristics
that are distinctive from those of naturally-occuring sources, such.asfault motions,
allowing all but the smallest-explosions to be-identified. The amplitude of the seismic
waves provides a means for determining the yield- of underground explosions as well.
Thus, seismology, the study of seismic waves in the-Earth, plays a vital role in monitoring
and enforcing nucleartesting treaties, and seismic waves from nuclear tests have helped -to
reveal the internal structure of the planet..

I. INTRODUCTION

Detonation of an underground nuclear explosion produces elastic waves-that transmit
through the Earth's interior. These waves spread outward from the source, reflecting off
of and transmitting across internal boundaries in the planet, with the wave motions
eventually reaching the surface at different distances. The surface motions can be detected
by-seismographs, which are instruments that record the ground motion-at a fixed location
on the Earth's surface as a function of time. The seismic waves, along with procedures for
their analysis developed in the field of seismology, provide a means for locating the source,
for discriminating explosions from earthquakes, and for estimating the energy release, or
yield, of the explosive device. Thus, seismology has played a critical role in the
monitoring of global nuclear testing ever since the first underground nuclear explosion,
RAINIER, was detonated in 1957. In addition, the seismic waves-from:explosions can be
analyzed to reveal the deep structure in the Earth, from the crust to the core.

In 1963 the Limited Test Ban Treaty (LTBT) banned atmospheric, oceanic, and deep
space testing of nuclear devices by.all of its 116 signatory nations. This drove-all nuclear
testing by the United States anu Soviet Union underground, greatly reducing the
radioactive contamination of the Earth's atmosphere and surface that had initiated with the
Trinity explosion in 1945. Figure 1 illustrates the history of nuclear testing programs. The
great majority cf explosicns in the past 27 vears have been conducted underground. The
constraint of contained underground testing intrinsically imposes a limitation on the
maximum size of nuclear devices that can be detonated, with the largest underground
explosion (CANNIKIN, conducted by theU.S. in 1971), being a full order of magnitude
smaller in yield [measured by. kilotons (kt)] than the largest atmospheric test (Figure 2).
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However, the devices that can:be exploded-underground are still vastly larger than the
Hiroshima bomb, which-has allowed the development of many new weapons_systems.

Underground-nuclear testing motivated the development of seismological techniques
and instrumentation for monitoring foreign testing programs. The need to detect and locate
events on a global basis brought about global deployments of standardized seismic
instruments beginning in the 1960's and conﬁhuing today. These instruments include high
quality -observatories distributed around the world as well as localized dense arrays of
stations for which the seismic signals can be stacked to enhance signal-to-noise properties.
In addition, the need to distinguish earthquakes from explosions prompted the development
and deployment of seismic sensors with very broadband: sensitivity to ground motions,
along with wide-spread deployment-of sensors capable of recording three-component,
rather than only vertical, ground motions. Many techniques -have been developed- to
discriminate large explosions and earthquakes, -and ongoing-research is-directed at
discriminating small nuclear explosions from small- earthquakes or-chemical explosives
used in quarry blasting.

With the signing of the Threshold Test Ban Treaty (TTBT) and the Peaceful Nuclear
Explosions Treaty, both of which went into effect in 1976, the superpowers agreed to limit
the mev1qum size of individual underground explosions to 150 kt (see Figure 2).
Establishing compliance with this yield restriction has provided the additional task for
seismology of reliably estimating the explosive yield of underground explosions.
Incteasing the accuracy of seismic yield estimation-has required more than a decade of.
improvements in our detailed knowledge of how seismic waves are produced by
explosions in different materials, and how they transmit through the Earth from different
source regions. Until recently, the uncertainties in yield estimates have been substantial,
and as a result, the 1976 treaties have not besn ratified by the U.S. Senaie as of July 1990,
because it has been felt that they can not be adequately monitored. This perspective is now
undergoing reassessment in the-light of recent demonstrations of the accuracy of seismic
yield estimates.

The technical requirements associated with nuclear test treaty monitoring have spurred-
on many fundamental advances in our knowledge of Earth structure and dynamics. The
many seismic instruments:deployed to record explosions-have collected vast amounts-of
earthquake data, that have played a critical role in formrlation of the theory of plate
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tectonics. The seismic waves from both earthquakes and explosions have also been used to
reveal the dctailed seismic velocity structure of -the planetary interior, from the variable
thickness of the crust to the depth:-to-the inner—‘core; which, in-turn, has-been improved
explosion monitoring capabilities.

The enforcement of existing test limitation treaties, and the negotiation of future, even
more restrictive treaties, will depend-heavily on the capabilitics of seismology. Recent
breakthroughs in the exchange of data between:the-superpowers, and the deployment of
U.S. seismometers within the Soviet Union, have improved the seismological monitoring
of very small explosions, reducing the technical obstacles to a very low threshold or a
comprehensive (total) test ban. There is not yet a consensus-in the seismological
community as to the lowest yield for which seismic monitoring can presently be performed
at high confidence levels, but estimates range from 1 to 30°kt, depending on various treaty
evasion scenarios. The policy issue of whether further testing limitations are in the national
interests of various snparpowers is a complex-topic which will not be-addressed here, but
enforcing any such measures will certainly depend heavily.on the basic-aspects of nuclear
explosions seismology described below.

I1. SEISMIC WAVES FROM UNDERGROUND EXPLOSIONS

The material properties of the Earth are-such-that any transient source of deformational
e .y, either natural or man-made, can excite propagating elastic disturbances, or seismic
waves, in the interior. Sudden sliding of a buried fault releases stored deformational
energy in the rock around the fault, producing waves that spread spherically away. from the
source, eventually shaking the surface as an earthquake. Small explosions, and heavy
vibrating trucks are used in the oil industry to excite reismic waves which travel downward
and reflect off of rock layers in the crust, thereby revealing the crustal structures that may
contain oil or gas. Underground nuclear explosions suddenly create a cavity in the ground
filled with hot gasses which apply a spherically symmetric pressure pulse to thexock. The
sudden application of the pressure force excites seismic waves, which transmit through the
interior. In addition to these sources, there are many other processes which generate
seismic waves, such as wind, tides, landslides, traffic, and magma motions in volcanoes.
The resulting vibrations establish a background noise level, which is highly variable from
place to place, against which the motions from a distant nuclear explosion must be detected.

85




For an elastic-body, there are two fundamentaltypes of wave disturbances that travel
within-the medium; P waves-and-S waves. The particle-motions associated with these body
-waves are shown in Figure 3. P waves travel fastest, about 6 km/s in the crust-and more
than 8 km/s in the upper mantle. They involve volumetric compression and dilatation in the
direction of propagation as the P wave passes by, while the slower S waves (with
velocities of about 4 to 5 km/s) produce shearing motion in a direction perpendicular to the
propagation direction. The-relative degree-to which P and S waves are excited, and their
sense of initial motion depends on the type-of source producing the waves. When P and-S
waves interact with-the Earth's free-surface and the low velocity-layers near the surface,
they can producc—travelihg,surface disturbances called Rayleigh and Love waves, which
propagate with velocities of -about 3'to 4 km/s. Rayleigh waves travel slower than both S
waves and Love waves, and-involve elliptical ground-motions which are strongest on the
vertical component. Love waves result from horizontally polarized S waves that
reverberate-in low velocity near-surface layers.. Both types of surface wave are dispersive,
with different frequency.components. traveling at different phase velocities controlled by the
variation of material properties with-depth, and their amplitudes are usually larger than the
body waves because the energy is distributed over a two-dimensionally expanding
wavefront rather than a spherical wavefront.

The radiation-of body and surface waves from a source depends on the strain geometry
and time history of forces at the source. An explosion involves primarily outward
compressional motion, with spherical symmetry (Figure 4). Thus, explosions
preferentially generate P wave energy, distributed -over an expanding compressional
wavefront, with S waves ideally arising-only by -conversions of P wave energy at the
Earth's surface or at internal boundaries. Rayleigh waves with a symmetric initial radiation
pattern are produced as well, but Love waves are not produced by a symmetric explosion,
since there is no sense of horizontal shearing motion at the source. In reality, departures
from spherical symmetry of the cavity, crustal structure heterogeneity, and triggered release
of tectonic stress on nearby faults or in the rock around the cavity can produce both S wave
radiation and Love waves from an explosion source.

Earthquakes produced by shearing motion of crustal masses-on faults (Figure 4)
intrincically generate relatively sirong S waves, including transverse horizontal - motions that
generate Love waves. Shallow earthquakes are much more efficient at generating strong
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surface waves than are underground explosions. The-asymmetry in strain due to.shear
fault sources causes the P and Rayleigh wave radiation patterns to have quadrapolar
variation in initial motion distributed over the corresponding wavefronts, with alternating
first motions toward or away from the source. Given a good distribution of recording
stations, the fault orientation can be determined from the systematic variation of body and
surface wave motions with respect to the fault, after correcting for any propagation-effects.

The theory of elastodynamics-is used in seismology to understand the excitation and
propagation of waves in an elastic material. If the material properties of the medium are
known, it is possible to compute the wavefield that will be excited by internal orexternal
force systems. An underground explosion can be modeled as a uniform pressure applied to
a cavity in the medium, or alternatively, as a system of three orthogonal-dipole forces
(Figure 4) in a homogeneous medium. Figure 5 shows observed surface ground motion
recordings from close-in distances for a large underground explosion, along with synthetic
motions comprised of an initial high frequency P wave arrival, followed by a-longer period
Rayleigh wave. Matching observed waveforms-with synthetic seismograms provides a
means for characterizing the source; usually-a parametric representation of the pressure
function time history is adopted forthe modeling. Application of modeling procedures to
events with a wide range of yields has led to the development of scaling laws that describe
how the frequency spectrum of explosion or earthquake radiation varies with strength of
the source.

Examples of theoretical amplitude spectra for such-'seismic source models' are shown
in Figure 6. These specira indicate the relative amplitude of source radiation for different
frequency seismic vibrations. The low frequency explosion strength increases in direct
proportion to the yield, for a homogeneous medium, and there may be an overshoot, or
peaking, of the source spectrum preceding the high frequency drop-off in spectral
amplitude. The overshoot may result from peaking of the pressure function in the source
cavity followed by partial rebound of the cavity or dissipation of gas pressure. There is
uncertainty in the precise nature of high frequency radiation from explosions, as indicated
by the differences between the two explosion source models shown in Figure 6.
Earthquake spectra do not show significant peaking, and may have different ‘corner’
frequencies (the frequency where the high frequency decrease in spectral level begins) than
for explosions with the same long period spectral levels. Differences in these source
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spectra, combined with differences i radiation pattern and propagationefﬁ:cté result in
diagnostic signal characteristics that can be used to-identify-underground e;cplo_sions;

Seismology uses a variety of measures of seismic waves to,charagtqri;e the sources,.
with the most common being magnitude scales. These are-logarithmic scales based on thé
amplitude of ground motion at a particular frequency for a.given wavetype. The observed
values are equalized to.a:common-distance by éorrec;ing for geometric spréading of the
wavefield as well as for anclastic losses-that result from:frictional heating.as-ihe wave
travels through the rock. Two magnitude scales are particularly common for explosions,
the body wave magnitude, mp, based on the amplitude of 1 s period P wave signals at
teleseismic distances (more than 3000 km from the source), and the surface wave
magnitude, Mg,-based on 20 s period Rayleigh waves. Figgi'e 6indicates that M; islikely
to directly reflect the event yield, while mp may be affected-by overshoot as well as by-
variations in the source corner frequency. A 1 kt explosion produces-an-my, of about .0 + ;
0.3, while the approximately 4400 kt explosion, CANNIKIN produced an-mp, 6f about
6.9, along with ah M; of about 5.7. "The number of db‘servations’availzible'fdr'estiihagng a
magnitude clearly decreases for the smaller events: For exampie, it is difficuit to meésure
M; values of less than about 3.5 (yield of about 10 kt) due to the very low Rayleigh-wave
amplitudes. Magnitudes are intrinsically relative arfiplitudesmeasures, with the significarice
of the absolute level of the magnitude depending on calibration with respect to independent
measurement of the associated source energy release. .

Both empirical and theoretical investigations of nuclear expiosiorj source functions have
shown that the coupling of energy into the seismic wavefield varies with thé source
emplacement medium. This is illustrated by the variation in source spectra-for a given yield
event shown in Figure 7. Of the-total energy release in an underground explosion,.only
from 0.1 to 1% is converted into seismic wave energy, with the remainder being converted
to heat and deformation of the expiosion cavity and surrounding rock. The pcréemagg of
seismic wave energy relative to the total energy is called the seismic efficiency. Genefally,
harder, more competent rocks have a higher seismic efficiency, as well as producing a
greater proportion of high frequency seismic energy. This becomes an impartant issue for
seismic yield determination, as independent information on the rock types at a suspected
explosion source site must be-available if accurate yields are to be determined. For some
materials, such as salt-or-alluvium, the medium profoundly reduces the seismic radiation
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causing much I rger events-to produce: the same magnitude as-a smaller event in harder
rock. While numerical models of coupling variations arnong different-rock types are quite
successful, actual detonations in a variety of media‘have been-performed t6 quantify the
coupling effects.

III. EXPLUSION DETECTION AND DISCRIMINATION

Monitoring of global nuclear testing requires automated procedures for detecting and
locating all major sources of seismic waves,-and for distinguishing between earthquakes
and nuclear explosions. Seismic waves spread in all directions from a source, but the
amplitude of the ground vibrations decreases with distance due to geometric spreading-of
the fixed amount of energy being distributed-over the expanding-wavefront, as well as due
to anelastic losses associated with the imperfect elasticity of Earth materials. Given the
many sources of background noise in the ground motions at any given site, all stations
have a detection threshold below which they do not provide useful data. At least four
unambiguous arrival times with good distribution around the source are required to-solve
for the location and origin time of an event. Thus, there is a lower limit to the source size
in a given region for which all events can be detected. There is an even higher minimum
magnitude for having sufficient wavefield information to discriminate nuclear explosions
from natural sources or quarry blasts.

Maenitoring nuclear testing in a vast country like the Soviet Union is a major challenge.
Figure 8 shows the widespread distribution of presumed underground nuclear tests that
have been conducted inthis region. The majority of tests have been located at the main test
sites in Novaya Zemlya, Semipalatinsk, and Azgir, just as th.e majority of U.S. tests have
been 4t the Nevada Test Site, but many other explosions, often involving large scale
excavation applications of the Peaceful Nuclear Explosion program, have taken place at
scattered locations across the country. Many of these areas lack background seismic
activity, as shown in Figure 9, so almost any detected event may be suspected. However,
for areas with frequent earthquake activity, which are the likely locations of any efforts to
conduct clandestine testing, seismologists must locate all earthquakes as well as all
explosions, and fird ways to tell them apart.

Given a global network of seismic sensors, such as presently exists, it is believed that
almost. all events with my, greater than 4.0 can be detected across the Soviet Union. To
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significantly-reduce this threshold, data from stations within the country are desirable. For
a combined network of global and 30 internal Soviet stations, the event detection limit can
be pushed down-to an:my, of about 2.0 (Figure 10), which -would:provide detection for
well-coupled events with yields that are only a fraction of 1 kt. The detection capability can
also be improved by using seismic arrays, which suppress background noise by stacking
the-signals. Modern seismic arrays located at quiet sites outsiue of the Soviet Union can
achieve detection thresholds as-low as an-my, of 2.0, for extensive portions of the country.
The primary motivation for lowering the detection threshold-involves the possibility of
decoupling an explosion by- detonating. it in a pre-existing cavity or-in weak salt or
alluvium, which can greatly reduce the;ampl,itudg: of seismic waves that are generated.
There are also difficult issues in discriminating very small explosions from other sources.
There are more than 7500 globally distributed earthquakes each year with magnitudes
greater than 4.0, and around 50,000 each year with magnitudes from 3 to 4, taxing any
networks' ability to detect and locate all events.

Once an event is detected and located, it must be-identified as an explosion or not, with
high confidence. Unless the event is clearly at too large of a source depth-to possibly be an
explosion, orlocated under the ocean, this requires a diagnostic characteristic of-the seismic
wavefield. Even determining the source depth requires waveform information if the event
is shallower than about 30 km, given limitations in depth determination usingtravel times
alone. For large events, the discrimination procedure is rather straightforward, and
primarily relies on the difference in excitation of surface waves and-high frequency P
waves between explosions and earthquakes. Figure 11 compares long period seismic
recordings on a common scale for an earthquake and.an explosion. The earthquake
produced much stronger surface waves, a clear S wave; and a relatively long period-P
wave, compared with the explosion, despite the higher mp, of the latter event. Comparisan
of the mp and Mg measurements can separate populations of earthquakes and explosions
(Figure 1Z), with high confidence for all but the smaller events, for events large enough-tc
produce measurable M.

The differences in source radiation pattems and source spectra between explosions and
earthquakes can be exploited in a variety of other discrimination procedures. Observation
of quadrapolar body and surface wave radiation (i.e. alternating motions toward or away
from the source) can identify an earthquake, although care must be-taken to account for
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tectonic release effects triggered-by an explosion. Tectonic release can pr..Juce signals that
are very similar to-an earthquake (Figure 12), as well as biasing the magnitudes that are
measured for the event. The effects of tectonic release are usually assessed by analyzing
the Love waves and azimuthal-patterns in the Rayleigh waves. For some source regions,
explosions are found to generate more high frequency body wave radiation than a
comparable size earthquake, so frequency dependent body wave magnitude-measurements
nave also been used for discrimination.

Discrimination becomes increasingly difficult for smaller events, mainly due to the low
signals amplituces and increased high frequency scattering effects on the seismic
wavefield. Seismic observations at regional distances, out to 15({) km, are dominated by
complex arrivals that reverberate in the crust, and propagation effects can obscure the
source characteristics. Systematic differences in the spectral content of various regional
phases are being examined in order to improve low yield discrimination capabilities. One
area of progress is in distinguishing ripple-fire quarry blasts (which involve a sequence of
explc.ions)-from nuclear tests, using spectral.modulations arising from lag between the
quasry blast charges.

IV. EXPLOSION YIELD ESTIMATION

Seismic waves transmit through the Earth with predictable decrgéses in amplitudes and
other fairly well understood propagation effects, which makes it possible to relate measured
seismic magnitudes such as mp or M to the strength of the explosion-source as long as the
absolute level is independently established. This is most reliably done by determining a
magnitude-yield calibration curve, based on evenis with known yields in a uniform:source
medium. Nuclear devices are very complex, and ofien experimental, so the theoretical
yield is typically not very reliable. Actual explosion yields can be accurately measured by
several methods, including hydrodynamic techniques that record the shock wave velocity in
the rock around the source, or by radiochemical techniques that involve drilling back into
the source region and examining the radioactive products of the explosion. Some official
yield estimates have been released by both the U.S. and the Soviet Union, and of course
there are many classified determinations by both countries. These yields can be combined
wiih the measured magnitudes to estatlish magnitude-yield calibration curves.
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Once a magnitude-yield curve is determined for-a given source region, the yield-of a
new event in that region can be estimated based on its magnitude, as shown in Figure 14.
The data.used to define the calibration curve always-exhibit-some scatier about the-best
fitting curve, which provides a statistical bound on-the uncertainty in the yield estimate
expected for the new event. The scatter is primarily the result of local scale variations in
coupling, focussing and defocussing of the seismic-radiation, and actual measurement
uncertainty due to noise at the sensors and variation in the available seismic data set. For P
waves, the amplitude-variations due to-shallow crustal structure variations can be very
pronounced, even among closely spaced sensors (see Figure 15). This requires that the
magnitude determination include a large number of observations with corrections for
systematic station patterns. In addition to the seismological scatter, there is some
uncertainty (<30%) in the yield déterminations by the hydrodynamic and radiochemical
procedures. For many years, seismic yield estimates were given a "factor of two"
uncertainty, meaning that the-assigned yield had a 95% chance of being within a factor of
two of the actual yield. But this uncértainty factor was contingent upon the transportability
of calibration curves between test sites, which was not-clearly demonstrated to be valid.

The need for high confidence in yield estimation is indicated by Figure 16: The body
wave magnitudes for-Soviet.underground tests are shown as a-function of time. Note that
the largest tests were conducted at the Novaya Zemlya-test site prior to the Threshold Test
Ban Treaty in 1976. After 1976, the largest magnitudes were less than 6.0 for several
years, followcd by an apparent increase in the maximum event magnitude to about 6.25.
“The obvious question is whether the 150kt limit is at a magnitude of 6.0 or 6.25. Ifitis
the former, the Soviet testing program would appear toAb,e systematically violating the
TTBT, as was the contention of the Reagan administration during the early 1980's.
Furthermore, even an my, value of 6.0 would correspond to an explosion with a yield above
300 kt at the Nevada Test-Site. Lackirig a calibration shot, or series of shots, at a Soviet
test site, seismologists must determine what magnitude-yield curve to use to estimate yields-
for the Soviet explosions.

As shown earlier, the efficiency of seismic wave excitation is dependent on the
properties of the source medium, so it is important to-have information about the type of
rock in which the explosion is detonated. This can often be-determined from large scale
geological features in the source area, which can be appraised by satellite imaging. To a
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certain extent the source medium can also be inferred from the spectral characteristics of the
seismic signals; harder rock source regions tend to more efficiently couple high frequency
energy into the seismic wavefield. An additional consideration-is the characteristics of the
crust and uppér mantle structure near the source region. If the upper mantle is anomalously
hot, all of the downgoing P waves that are used to compute mp, may be attenuated,
resulting in low magnitudes {(Figure 17) relative to the same yield explosions at other sites.
Unless calibration events are available for the site, -or the degree of attenuation is
independently determined,-this can lead to underestimating the yields when using the
-calibration curve for another site.

It is now widely accepted that-the my-yield relation-for the main Soviet test sites are
significantly shifted relative to the curves for the Nevada Test Site, even after allowing for
differences in-sonrce rock:types. This is due to the strong attenuation experienced by the P
waves as they traverse the mantle under the Nevada Test Site. As-a.result, the same size
explosion, in the same rock type at the two sites -will produce my, values that are 0.3-0.4
magnitude unitslbwcr for the Nevada source region (Figure 17). This baseline shift-in the
‘my-yield curve has been strongly.debated, and a variety of seismological procedures have
been introduced to establish the precise value of the shift.

Comparison of different magnitude scales is one procedure for establishing the my-
yield baseline shift between test sites. Figure 18 shows how a plot of Mg versus my,
suggests that an my shift of 0.35 magnitude units is required to bring Nevada explosion
observations into general agreement with the data for the U.S. test site on Amchitka Island
and the Novaya Zemlya data. Surface waves-are less affected by the highly attenuating
-material in the upper mantle under the western United States, so Mg'should not be shifted
relative to other regions as much as mp. Surface waves may-be strongly affected by
tectonic release, so care must be taken to avoid events with contaminated surface waves, or
corrections must be applied to remove the effects of tectonic release for this procedure.

Other procedures, such as determining the degree of attenuation of the P wave spectrum
can be.used to estimate the variation of site effects on magnitudes. Of course, the most
direct method is to accept at face value the released yields for foreign events, and to
compare magnitude-yield curves between sites. This encounters many-objections due to
the unverifiable nature of the released yields. Ultimately direct calibration of the test site is
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the most convincing way to estabJish-the;absolute-baseline- for the: magmtude-yleld relation,

‘but this requires direct measurement of thewyield-on the. fo;elgn testsite.

Direct calibration has been discussed for many: years, ‘but-only. became arteality with. the
Joint Verification Experiment in 1988. The JVE involved the getonatlon of- one_exglosggn!
in Nevada, and one in the Shagan River, U.S.S.R. test site, with-hydrodynamic techiniques
being applied by botk countries:for both events. This remarkable€ exchange came only two
years after the Soviet Union first permitted the deployment of US. operated seismic
recording equipment in the Soviet Union. The magnitude-yield point for the JVE explosion
can be used to -set the -baselinezof a hard-rock yield scaling curve, which would be
appropriate for the Shagan River test site. Oné such curve is shown in Figure 19, where
the U.S. hard-rock data have been shifted to correspond to the expected Soviet site
baseline. The break in slope of the mp-yield curve is a natural result.of the 1 hz'spectral
scaling of explosion -source functions, as shown in Figure 6, -in. combination with the
effects of increasing burial depth with increasing yield and interference with reflections
from the free surface. While the precise curve to use for —yieldigrediction’axound 100 kt is
ambiguous, the actual JVE point plots directly-in the middle of the expected -values,
indicating how accurately the yield was estimated using only seismological means. Note
that the 150 kt -yield should have an my of about 6.2. Using-an unbiased mp-yield
calibration curve results.in the yield estimates for Soviet explosions shown-in Figure. 20,
which suggests that there has not been a systematic-violation of the TTBT, Full confidence

in-the yields over the entire magnitude range requires additional:calibration.events for a

range of yields, but the seismic methods have been demonstrated to-be remarkably accurate
for yields above 10 kt, now that the differences between sites have been.recognized and:
well determined.

Given the interest in negotiating more restrictive testing limitation Ueaﬁee, it has become
important-to improve the vield estimation.accuracy for very small events. Small events are
best observed at near-by stations, a possibility given the recent deployment of U.S. stations
within the Soviet Union. However; at regional distances less than 1500 km the character
of the seismic wavefield i greatly complicated by crustal reverberations. The relative.
complexity of regional and teleseismic distance waveforms is illustrated by Figure 21. The
P; and Sp, phases are-apparent:at-regional distances, and correspond to body waves that
travel along the crust-mantle boundary, while Py and Lg are reflections and -multiple
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reverberanons -from: cru%al discontinuities. Cempared with the. sxmple P “waveform - at
larger distances; it appeat.. that regioral:phases might: be less accurate for yleld esumatxon,
but actually this hasnot. prow R tlc’ ase ] ,

Given accurate geanelric Spr»admg;and a',tgnuatic’m corrections, 4 seismic magnitude
scale can be determined for-almost any seismic-phase, including those at regional distances.
The Lg phase has proven particularly useful, for magnitudes based on this phase exhibit
very little scatter when magnitude-yield curves are determined. Figure 22 shows-the
potential of regional phase rﬁagnitudes for yield estimation, for the Nevada Test Site. Just
as for mp, events in different source media (such as granite, compared to the normal NTS
tuff), have a systematic shift, but for a uniform source medium the scatter versus yield is as
small or smaller than for my,

One-of the-most promising applicaticns of yield estimates from regional phases is to
combine yield estimates from different data sets to obtain a unified seismic yield estimate,
with lower overall factor of uncertainty. Figure 23 illustrates how statistically independent
yield estimates from 3 different seismic phases can be merged to give reduced uncertainties
inthe-yields. The success of thisprocedure hinges on the independence of the-different
seismic.phases-as well as on the relative precision of the various-yield estimates. For very-
small events, my, values may only. be available from a limited number of seismic arrays;and
the regional phases will provide the primary constraint on the yield estimate. Seismological
research is now-iocussed on the problems-of dletecting, discriminating, and-estimati.. - .2
yield of very smal' explosions, including possible decoupled explosions, to provide the
technical means for enforcing restrictive testing treaties.

V.NUCLEAR TEST MONITORING AND THE EARTH SYSTEM

The most beneficial aspect of underground nuclear testing for Earth System Science is
that the need to monitor foreign test programs has brought-about great advances in the field
of seismology, which have in turn revealed much-about the dynamic Earth system and the
natural hazards it poses for humanity. In turn, seisraology continues to provide the only
reliable means for globally monitoring underground nuclear testing, and will continue tobe
a cornerstone in the verification of any future very limited test ban treaties. Since nuclear
weapons pose one of the greatest threats to human existence, inhibiting the proliferation of
such devices is desirable, and seismology provides an important tool for reducing testing
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-and detecting: any new weapon development programs. While there is diminishing:
enthusiasm for the use of nuclear explosions for large scale excavation or other peaceful
-applications, seismologists have always.exploited-the precise knowledge of explosion
location and timing to interrogate deep Earth-structure-using the explosib;i.ssi'srhic waves.
Thus, ironically, the most beneficial peaceful application. éf ‘nuclear tésting has been for
irnproving our knowledge of the deep Earth system.
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Fig. 2. Tllustration of the variation in explosive energy of various nuclear devices.
The volume of the boxes are proportional to the relative yield, with the largest box
corresponding to a Soviet atmospheric test in 1961; the -next smaller box
corresponds to the U.S. test CANNIKIN conducted in 1971 on' Amchitka Island;
the 150-kiloton box corresponds to the testing-limit set by the Threshold Test Ban

Treaty (TTBT); and the smallest box represents the Hiroshima bomb. One kiloton

is equal to the release-of 1012 calories of energy, approximately equivalent to the

energy in 1,000 tons of TNT.
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Fig. 3. The fundamental categories of seismic waves, with corresponding sense of
particle motion as the wave propagates from left to right. The top two are body
waves, which propagate throughout the Earth's interior. The lower two are surface
waves, with particle motions confined to near the Earth's surface. Explosions
preferentially excite short wavelength P waves and Rayleigh waves, while the
shearing motion of earthquakes excites strong S waves and Love waves as well.
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Fig. 4. Illustration of the- symmetrical radiation of P-wave and Rayleigh wave

energy for an explosion (left), in contrast to the quadrapolar P, Rayleigh-and Love

wave radiation for a shear fault source.
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Fig. 5. Observed (top trace) and calculated-P and Rayleigh waves-from ground
velocity seismometers within a few kilometers of a large underground explosion,

illustrating how well elastic wave propagation-theory can match observed signals

from an explosion.
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Fig. 6. Comparison of relative amplitude spectra for two explosion source models
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scaling-with yield, the high frequency spectral fall-off, and the amount of overshoot

(peaking) of the amplitude-spectrum. The explosion and earthquake spectra are not
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Fig. 12. A procedure for discriminating earthquakes from explosions based on
differences in theirrelative excitation of long period surface waves (measured by
Ms) and high frequency body waves-(measured by mp). Squares-denote U:S.
explosions, while crosses are Soviet explosions, and the my, values are adjusted to

account for regional variations in the amplitudes of short period waves.

109




TOP TRACE - 8/16/66
BOTTOM TRACE=-
GREELEY:

recordings from an- earthquake-on

parison of 'SH ‘and Love wave

Fig. 13. Com
August 16, 1966, a

nd the NTS explosion GREELEY. The explosion produced 2

alg that are almost‘identical 10 an

large amount of tectonic release, resulting in-sign

earthquake.




« Calibrction Curve
Average

Magnitude, My

My,

Estimated Yield
and Uncertainty

Fig. 14. Procedure for-estimating seismic yield. The body wave magnitude is
measured from an observed P wave recording, and the network average magnitude

is compared with a calibration curve to estimate yield and its uncertainty.
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Fig, 15. Illustration of the variability of P wave amplitudes across a seisinic array.
This-variability suggests the importance of both source and receiver corrections in-

the computation of magnitudes and yield determination.
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size explosion at a-Soviet site.
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Fig. 18. Procedure for estimating source region baseline shifts based on relative

behavior of different seismic magnitudes. Increasing the Nevada Test Site my
values by 0.35 produces close agreement with:the Amchitka and Novaya Zemlya

test sites. Mg is believed to be less sensitive to variations in upper mantle properties
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Different-magnitudes-and calibration

curves can result in slight variations in-these yields, but present evidence supports

general compliance with the TTBT limit.
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Fig. 21. Comparison. of seismic waveforms recorded at regional -(top) and
teleseismic (bottom) distances. The Py and Sy, phases are refracted-along the crust-

rhantle interface, while the Pg and/ng‘— phases are intra-crmetal reflections and-

reverberations. Magnitude-yield scales can be developed for each type of phase.
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