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ABSTRACT

Regional seismic records for eleven underaround nuclear explosions were
processed and analyzed (empirically) in a search for source and path related
patterns in the signals. These nuclear tests were conducted between August,
1979 and April, 1980; all were located in Yucca Flat at the Nevada Test Site
(NTS). Tnhe seismic signals generated by these explosions were recorded on the

LLNL four-station network, located at distances of 200-400 km from the NTS.

This study represents part of a continuing effort aimed at enlarging our
regional seismic database. Amplitudes were measured for consistently recorded
vertical caomponent body waves, and for vertical and transverse components of
surface waves. Correlation between phase amplitudes was statistically
determined, and amplitude ratios were compared for four stations for the same
event, and at a singie station for the complete set of events. Previous
studies have shown that certain amplitude ratios are relatively unaffected by
the size of the explosion but sensitive to propagation effects. for this set
of event., we do not find a statistically significant change in the ratio of
Pg:Lg due to different propagation paths to the four stations. uWe Jo,
however, find increased variability in the amplitude measurements for the
smaller events in the population copsidered in this study. For purposes of
yield estimaticn and discrimination based on regional signals, it is useful to
characterize the stable phases propagatiag from NTS to the LLNWL seismic
stations. A continuation of thi, study will be aimed at developing and
maintaining our regional seismic database and placing a reasonable level of
effort upon controlled "experiments" to distinguish propagation path effects

from source effects.
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INTRODUCTION

Empirical analysis of regional seismic signals generated by nuclear
explosions is an integral part af the LLNL research efforts in support of
test-nan treaty verification. B8oth teleseismic and regional seismic signals
may be used for treaty verification purposes. However, discrimination between
explosions ana earthquakes, and yielc estimation of suspected explosions, is
most difficult for small events. Dahlman and Israelson (1977 rcported that a
large percentage of the events that could not be classified by screening
procedures currently available also could not be detected at epicentral
distances greater than 10°.  The LLNL regional broadband seismic network
surrounding the NTS (Denny, 1977) provides the capability for developing an
extensive regional database, and for investigations regarding propagation path
and source effects. Locations af the seismic stations and response curves for

the instruments are shown in Fig. 1.

As part of the Seismic Verification Program, regional seismic recoros for
eleven recent nuclear explosions at the NTS were analyzed. In the first phase
of the study, amplitudes for the most consistently recorded phases on the
vertical and horizontal transverse componenis of the broadband system were
measured and various amplitude ratios were calculated. Previous studies of
narrowband, short-period (1 Hz) data have suggested that the ratio of the
maximum Lg amplitude {on vertical or transverse components) to the maximum
ampiitude P bhase provides a stable ratio at regional distances (Blandford,
1980}, Bennett and Murphy (1980) suggested that because regional phases appear

as a complex wavetrain, a simple, peak amplitude measurement m1y not be
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Figure 1. The amplitude transfer function for the LLi. seismic
stations is displayed in (a); phase transfer ‘unction
is shown in (b) (from Nakanishi, 1979); and locations
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representative of the total energy on the regional phase. Preliminary results
of this analysis of NTS explosion records support the geéneral stability of the

relationship between Lg max and Pmax.

The second part of this study was an empirical analysis of amplitude
(velocity) spectra for compressional (P) waves and nigher-mode surface (Lg)
waves from the same eleven NTS explosions. For the compressional waves, seven
separate valves (three amplitude-frequency stopes, three “corner freguencies",
and the "zero freguency" ampiitude were estimated for those records of
sufficient signal-to-noise Tevels to allow measurements. For the Lg wave
train, three “"characteristics" (moment, corner frequency and high frequency
roll-off) were estimated for seven of the eleven event{s. OQur purpose in this
part of the study was to determing if some explasions produced spectral
signatures which were more consistent than others. This project is aimed at
assessing the factors wnich influence the reliability of yield estimation and
discrimination. Improved understanding of variability in the NTS seismic
records w€ill improve our chances for successful interpretation of regional
seismic records in other geologic settings where litile is known about the

source or propagation path.



PHASE I. - DATA: EMPIRICAL ANALYSIS OF BROADBAND EXPLOSION RECORDS

As part of an ongoing program for analysis of regional seismic signals
generated by nuclear explosions, broadband seismic records for eleven tests
conducted in Yucca Flat in 1979 and 1980 were studied. Names, dates, and

approximate locations for the events are given in Table 1 and in Fig, 2.

TABLE 1. Dates and names of nuclear explosions uééd in this
study. MNumbers (1-11) refer to code used in tables and
figures in this paper.

1 9/6/79 Hearts

2 8/3/79 Burzet

3 8/8/79 Offshore

4 4/16/80 Pyramid

5 4/3/8u Liptaur

6 8/29/79 Nessel

7 2/28/80 Tarka

8 11/29/79 Backgammon
9 3/8/80 Norbo
10 9/8/79 Pera

11 12/14/79 Azul
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The main criterion for selection of seismic phases was reproducibiiity at
a given station. Three phases appeared consistent an the vertical component,
and two on the horizontal transverse component. Figure 3 is a sample record
from the Mina station wilh the measured phases labeied. The first phase
measured on the vertical component is the Pn arrival; the second is the
large-amplitude, guided crustal wave, Pg. The other consistent phase on the
vertical companent arrives at the same time as the Lg on the horizontal
component, and is thought to represent the vertical component of the Lg phase,
Lg(v). The two large amplitude signals on the horizontal transverse component
are probably due to multipathing, and the larger of the two amplitudes was
chosen arbitrarily as the best Lg amplitude for calculation of amplitude
ratios and subsequent data processing. The critically-refracted wave
traveling along the top of the mantle, Pn, is the first arrival at all of the
LLNL stations for NTS events. The phase labeled Pg follows the first arrival
by 5 - 10 seconds at the Mina (Nevada), Kanab, (Utah), and Landers
(California) stations, and by approximately 20 seconds at the Elko (Nevada)
station. This phase represents the crustal compressional wave which travels

with a group velccity of about 6 km/sec.

In an attempt to minimize path effects and maximize source effects,
amplitudes for a given phase measured directly from broadband velocity records
were averaged gver the network for each explaosion, with a minimum of three
stations in operation., Network-averaged amplitude values for Pn, Pg, Lg{v),
and Lg{t) for each explosion are shown in Table 2. Log/log plots were

prepared to estimate the relative excitation of the various phases. These
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TABLE 2. Station Averages:

Amplitude Data for Pg, Pn, Lg{t), Lglv).

NO. OF
STATIONS
EVENT RECORDING Pg Pn La(t) Lg(v)
(103 nm/sec)

1 4 316.75 44,52 371.80 386.05
{2.50)% {1.65) (2.57) {2.59)

) 3 24.21 2.87 44.05 25.42
(1.38) { .46) (1.64) (1.40)

3 3 27.94 2.44 49.07 38.0%
(1.45) {.38) {1.69) (1.58)

4 4 124.58 21.08 243.50 157.47
{2.09) {1.32) (2.39) (2.20)
5 4 29.18 3.568 60.84 36.90
{2.09) (1.32) (2.39) {2.20)

6 4 40.01 4.46 74.58 565.96
(1.60) ( .65) (1.87) (1.76)

7 3 12.77 3.10 28.93 20.09
.11) ( .49) (1.86) {(1.30)

8 4 2.56 .27 4.32 2.51
( .41) (- .57) ( .63) ( .40)

9 4 2.92 .42 5.83 3.96
(.46) (- .38) ( .77) ( .60)

10 4 1.69 .27 3.83 2.28
( .23) (- .57) { .58) ( .36)

11 3 2.38 .28 4,49 4.10
(.38) {- .55) ( .64) ( .61)

* (Logyg amplitudes are given in parentheses below

average amplitudes)
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diagrams are shown in Figures 4{a,b) and 5(a,b), and Vinear regression results
are provided in the captions. The averaged Log Pg/lLog Lg relationships siow
the lawest standard deviations and the best fit to a straight line, although
all ré values are large. An rZ {coefficient of determination) of 1.00
represents a linear relationship, or a perfect "fit" by the regression line.
The greater standard deviation for Pn is probably related to measurement error
because the small amplitude values for Pn were difficult to measure on the
broadband seismi¢ records used in this study. Although our data set is

relatively small, an r2

value exceeding .60 is significant at the 5% level.
These relationsnips suggest that for Yucca Flat explosions, the ratio of
surface (Lg) to body wave excitation is constant over the range of yields

considered in this study.

Figure 6 provides an alternative display of the phase amplitude data in
the form of amplitude ratios calculated for each event at each station. Only
the Log]o Pg vs. Log]0 Lg(v) is shown. Simiiar ratio values computed
using the Lg amplitudes measured on the horizontal transverse component show

greater scatter for the small events (#'s 7-11},
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PHASE I. - DISCU>SION

Both the Log PasLog Lg and the Log Pn/Log Lg slopes show high stabitity
for the eleven explosions when averaged aver the four-station seismic
network, Tnis is in general agreement with other research on Pg/Lg amplitude
ratios over regional distances (Blandford, 1980). Regression lines in Figures
4 and 5 were for station-averaged amplitude values. Regressions calculated

for each station separately give the following values for the two siopes:

Log Pn/Log Lg: Kanab 1.11 + .03 Log Pg/log Lg% Kanab 1.06 + .06
Mina 1.03 + .06 Mina 1.05 + .04
Landers 1.06 + .06 Landers  1.07 + .06
Eiko .96 + .06 £lko 1.10 + .04

A1l of tne above slopes are significant at the 1% level, but none of the slopes
significantly differ from each other at the 5% level, based on an F-statistic
which can be used to test for differences in regression coefficients (Sokal and
Roh1f, 1969}. The stapility observed in these slopes may be, in part, due to
outr selection of a populaiion of explosions that occurred in a localized source
region, but it also suggests that the relative excitation of Pg and Lg is
independent of the source parameters (such as yield, depth of burial, etr } for

this population.

Scatfer in the amplitude ratios plotted in Fig. 6 reflects a combination
of factors. Distance differences from Yucca Flat to the stations have not
been taken into account, and propagation paths to the stations may be
sufficiently different to cause some variability in the raties. The striking

effect is the increased scatter for the smaller tests.
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PHASE 1@ - DATA: EMPIRICAL ANALYSIS OF VELOCITY SPECTRA ‘E
Amplitude (velocity) spectra for the compressional (P) wavetrains for the

set of eleven NTS explosions (Table 1) were calculated and then characterized

SRAp—

by seven parameters. The seven values measured directly from the spectra are
defined in Fig. 11. MWe chose to delineate three line segmenis because some of

the Yucca events appeared to have a 2-nart roll-off segment following the

20int of maximum freguency (fz). Mean values and standard deviations were

calculated for ¢0, and for the three frequencies and three slopes.

Although the sample size is small, the standard deviation is helpfuy as an
indication of the dispersion about the mean. Averages for the seven
parameters for compressional spectra are given in Table 4. Averages for f],

fz, and f3 are fairly consistent, with the Landers station showing the
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most consistent data.

For seven of the events, Lg amplitude for displacement spectra from the
vertical component w#ere also calculated znd characterized. The high-frequency
roll-off and corner frequency for Lg were estimated in the same manner as for

the compressional-wave spectra.
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TABLE 4. Averages of Amplitude Spectral Characteristics
for Compressional Wavetrain.
BY STATION
MINA KANAB LANQERS ELKO
fl .25/.06 .22/.06 .30/.03 .26/.03
fy .77/.18 AV 72712 .67/.16
fq 3.6/1.0 4.1/1.2 4.0/.7 3.31/.76
m 2.12/.79 2.24/.91 1.75/.78 2.12/1.23
m, ~2.48/.92 -2.37/.53 -2.31/.86 -1.97/.65
mq -6.46/1.49 -6.13/1.23 -6.20/1.52 -6.33/1.58
BY EVEWT
by f.] fo f3 mj mp my
(x10-2)
Hearts 62.0 .24/.07 .70/.03 4.15/1.0 1.89/.25 2.75/.18 6.21/1.15
Burzet 4.9 .30/.05 .81/.14 4.3/1.9 1.49/.36 1.8/1.0 5.54/.85
uffshore 7.7 .25/.06 277,16 3.4/1.0 1.07/.41 2.02/.39 5.72/1.07
Pyramid 24.7 .23/.06 .65/.18 4.3/.86 2.4/.63 2.7/.88 5.12/1.0
Liptaur 6.8 .30/.04 .87/.01 1.9/.17 3.81/.58 2.36/.27 5.1/.37
Nessel 7.50 { .23/.04 .78/.13 4,2 1.75/.11 3.35/.89 6.12/.92
Tarko 2.70 - J1/.19 2.73/.30 - 2.1/.53 4.08/.66
Backgammon .82 - 1.0/.08 3.42/.15 - 1.76/.68 7.35/.39
Norbo .79 -~ J7/.13 4.37.22 - 1.78/.36 7.177.44
Pera .57 - .67/.10 4.15/.37 - 2.28/.50 8.57/.52
Azul 1,20 - .60/.01 3.8/.25 - 1.79/.21 7.12/.58
Averages .26/.06 L71/.13 3.76/.97 2.07/.91 2.28/.74 6.28/1.4
and Standard
Deviations
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Displacement spectra for Lg were corrected for geometrical spreading and
normalized to a source-receiver distance of 500 km by multiplying the entire
spectrum by vr/500, where r is the source-receiver distance. The moments

and hignh frequency roll-offs for vertical component Lg spectra are summarized

in Tabla 5., Moments were estimated using the formulation of Street et ai.
{1975), where the distance-corrected, far-field displacement spectrum gf the
source S{w), is estimated for r>r, by:

S(w) = 4mpp3 "o (r‘/r‘o)”2 Q {w)

where r = normalized source-receiver distance = 500 km,
p = density = 2.5 gm/cm3,
! B = velocity = 3.5 km/sec,
i Q@ (w) = observed Lg spectrum at a distance r from the source,
- and
) r, = scaling factor reflecting change in character of Lg with
. distance = 100 km (empirical).

- The moment Mo’ is then given hy
S(w=0), where
2 {w=0) = measured long period level.

Moments estimated by this procedure may be overestimated because the
crustal velocity chosen (B=3.5 km/sec] is high for Lg fm the western U.S,
The scaling factor, Fo» is an empirical value derived for the eastern U.S.,
and may not be the correct value for the western U.S. However, the values

presgnted in Table 5 were consistently derived and can be compared to each

other,
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Ly (vertical component) spectral characteristics

High Frequency

Station* M_ (dyne-cm) Corner Frequency (Hz) Roll-off
Hearts 5.8 my
3
(x 1027)
M 1.8 .76 w32
2.1 .76 w33
1.5 .60 w3l
£ 1.1 .65 oo y=3.0
| Mean| 1.63 5 .37 .69 + .07 {305 ¢
Hessel 4.7 mb
(x 10¢%)
M 1.8 1.1 w40
K 2.1 1.1 w2
3.1
L 1.2 .75 ”
£ 1.2 .90 w39
LMean 1.58 + .39 .96 + .15 3.70 + .43
Offshore 4.8 My,
22
(x 10°%)
K 2.1 .95 w32
1.5 .70 w304
0.6 1.20 Wil
Mean| 1.4 + .62 .95 + .20 3.67 + .31
Burzet 4.4 m,
21
{x 10°%)
9.6 1.20 il
L 4.5 1.00 w32
£ 3.6 1.40 w2
Mean| 5.90 + 2.64 1.20 + .16 3,80 + .43

j
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£

i
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Table 5 (continued)

Event - Magnitude High Frequency

: Station* M, (dyne-cm) Corner Frequency (Hz) Roli-off
Backgammon
(x 102])
M 0.84 1.40 w40
K 1.80 1.10 w38
; 0.60 1.40 w38
‘ 0.42 1.50 w0
] Mean| .91 * .53 1.35 + .15 3.90 + .10
;i
/; Azul 3.7 m .
’ (x 16°")
1 1.2 1.0 w30
i K 1.3 1.0 w36
% £ 0.4 1.4 w31
1 Mean| .97 * .40 17+ 7 3.23 ¢ .26
Pera 3.6 m 20
; {x 0°°)
M 5.4 1.2 w23
i 5.1 1.4 w30
" 2.7 0.92 w3
3.0 1.50 w30
. Mean{ 4.05 + 1.21 1.26 + .22 2.75 + .25

, * M = Mina, K = Kanab, L = Landers, E = Elko
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PHASE II - DISCUSSION

From a general inspection of Table 4, compressional spectra show f]
frequency values from .2 - .3 Hz; f2 falls between .60 and .80 Hz; and f3
ranges from 3.0 - 5.0 Hz. The slope for M, varies from +1 to +3; P

ranges from -1.5 to -3; and ms ranges from -5 to -7.

There appears to be a tendency for iarger explosions to have higher m,
slopes, 2nd for smaller explosions to have higher w3 siopes. For smail
events, the value for the My slope is consistently greater than four times
the m, value, while for larger events, the My value is less ihan twice the
m, value. This suggests that m, and ms are more 1ikely to represent

distinctly different 1line segments for small events.

As predicted by scaling Taws, the corner frequency increases with
decreasing moment for the Lg spectra given in Table 5. This relationship
occurs because corner freguency is inversely proportional to source "rise

u

time," or yield, of the event and moment is directly proportional to yield.
The moment estimates range from 2.7 x 1023 dyne-uin, recorded at Landers for
the explosion Hearts, to 2.7 x 1020 dyne-cm for the explosion Pera, also at
the Landers station. Corner frequencies range from .60 Hz at Landers for
Hearts %o 1.5 Hz for Backgammon at the Elko station. The high frequency

roll-off ranges from a high of -4.2 at Elko for Burzet, to -2.5 at Mina and

Landers for Pera.

s
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txamples of the Lg spectra for the stations at Kanab and Landers are
shown in Figure 12. The Kanab spectra are peaked around 0.6 Hz, while the
other station spectra do not exhibit this "peaking". The moments calculated
for a1l but one event are highest at Kanab as well. In general, the moments
estimated for Mina and Kanab are at least a factor of 2 higher than the
moments for Landers and Elko. Because Mina and Kanab are about 145° apart
in azimuth, as are Landers and Eiko, the difference in moment between the
stations could be related to the radiation pattern of Lg, perhaps suggesting a

non-isotropic generator.

It is known that large explosions generate more low frequency energy than
small explosions. Because of containment concerns. we also tend to detonate
large explosions more deeply. Seismic coupling iS generally more efficient
for deeper explosions, and we also know that there is preferential attenuation
of the higher Frequencies during propagation in any anelastic medium.
Differences in orientation and prominence of geologic structures along
propagation paths also contribute to the signal variability. The larger
explosions are therefore most heavily biased toward emhancement of low
frequencies, or conversé]y the small explosive events are biased toward a
relative enhancement of the higher freguencies. However, because of the
size/depth of burial relationship, the exact biases affecting a signal are
difficult to determine. As our data set is enlarged, it should become
possible to empirically sort out some of the guantitative relationships among

these competing effects.
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SUMMARY

This report is a summary of an ongoing series of empirical studies of
regional broadband seismic recards from NTS explesions. A set of
closely-spaced explosions in Yucca Flat were analyzed so that propagation
effects were effectively standarized for each station. This enhances the
potential for identification of source effects and for recognition of
non-random near-receiver effects. Station-averaged amplitudes for Pg and Lg
phases appear stable over the LLNL regional network. Stopes cdiculateu «or
regressions of Pg vs Lg for each station treated separately are not
significantly different at the 95% confidence level. However, there is much
greater vartability in the ratio for small eveats, probably due in part to the

difficulty in accurately measuring the broadband amplitude for small events.

Amplitude spectra for compressional and Lg waves generated by the 11
explosions were calculated and analyzed. Spectral parameters were used to
characterize the frequency content of the signals for comparisons hetween
stations and between events. The Mina and Kanab stations again are simidlar in
that moments calculated from Lg were nigner by a factor of Z than moments for
Landers and Elko. This could also partly be due to the influence of the
structural "grain" of the Basin and Range province. Propagation paths from
the NTS to Mina and Kanab cut across the structural trends, wnile paths to the
Elko and Landers stations are parallel to the structures. Further
documentation of this effect could be useful for explaining station

differences in other geological settings.
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Qur plans include continued development of a regional phase-amplitude
dacabase. This effort will provide the empirical basis for a more complete

understanding of the propagation and generation of regignal seismic phases-
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