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SUMMARY

The spectral characteristics of regional phases from East Kazakh, USSR underground

nuclear explosions are studied for their dependence on parameters such as m b (generally

related to shot depth) and spatial location (Shagan versus Degelen). The observed results are

compared with those from the Nevada Test Site (NTS), where the near-source conditions are

better known. Pn and Lg from 25 Soviet nuclear shots recorded at the Chinese Digital

Seismic Network (CDSN) station WMQ are analyzed by obtaining spectral and time-domain

measurements on each phase. The average amplitude ratio Pn/Lg is found to be stable with

mb but to vary strongly with frequency. For both Shagan and Yucca Flat explosions of simi-

lar yield, the reduction in amplitude with frequency is considerably larger for Lg than for Pn.

At higher frequencies (3-7 Hz), the amplitude ratios Pn/Lg for explosions from Shagan,

Degelen, Pahute Mesa, and Yucca Flat test sites show significant differences that appear to be

due to variations in their source medium velocities. Over the frequency range of about 0.5 to

5.0 Hz, Pn/Lg increases by almost two orders of magnitude for the USSR shots and consider-

ably less for the NTS shots. A possible explanation for the observed Lg spectra varying sys-

tematically with shot medium velocity is that Lg from USSR explosions is dominated by S*

whereas that from NTS shots includes contributions from both pS and S*.
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INTRODIJCTION

The geological environment in which a nuclear explosive is emplaced has significant

influence on both amplitudes and spectral shapes of seismic signals. Perhaps the most impor-

tant single parameter is depth of burial; its effect on the generation of teleseismic and regional

phases is important for yield determination as well as for source discrimination. An important

parameter influencing mb(P) for a given yield is proximity to the water table, with shots

below it having significantly larger mb(P) than those above it (Gupta et al., 1989b). Other

related parameters are gas porosity, medium velocity, and density. The effect of physical

parameters such as shot depth or medium velocity on regional phases other than the direct P

is largely unknown. However, it is likely that the near-source parameters control the distribu-

tion of total seismic energy into various regional phases and their spectral contents. In this

study, we make spectral measurements covering a wide range of frequencies on Pn and Lg

from underground nuclear explosions from the East Kazakh test site and interpret the observa-

tions on the basis of results derived from Nevada Test Site (NTS) explosions, for which the

physical parameters and geological structures are much better known.

At regional distances, Lg is often the largest amplitude arrival from both earthquake and

explosion sources. Lg has proven useful for detection, source discrimination, and yield esti-

mation of underground nuclear explosions. It is therefore important to understand the genera

tion and spectral characteristics of Lg. Perhaps the most puzzling aspect of Lg from explo-

sions is their spectra's relative richness in low-frequency content compared to corresponding

earthquake Lg spectra, at least for the NTS shots (Murphy and Bennett, 1982). This may be

due to the influence of shear waves excited by the free-surface interaction of the spherical P-



wavefront emanating from an explosion, referred to as S* (Gutowski et al., 1984). Finite-

difference studies suggest that S* becomes an important phase if source depth, h, is less than

the predominant wavelength, X, of the pulse. This means that for most NTS underground

shots (depth less than I km), the contribution of S* should be significant for frequencies of 1

Hz or less. S* is generated at take-off angles greater than sin-13/a, where x and 3 are the P

and S wave velocities. Thus S* may contribute directly to Lg (Lilwall, 1988) but not to Pn.

It should be noted that the explosions used in Murphy and Bennett's (1982) study were all

shallower than 500 m, so the low frequencies 0.5 to 1.0 Hz, corresponding to h/k less than

about 0.2, are within the range in which S* is expected to be strong.



SPECTRAL CHARACTERISTICS OF Pn AND Lg FROM EAST KAZAKII SHOTS

We examined the spectra of regional phases from 25 East Kazakh nuclear explosions in

order to understand their dependence on source depth and crustal structure. The data set

included 17 shots from Shagan and 8 from Degelen regions recorded on the broadband instru-

ment at the Chinese network station Urumchi (WMQ), located about 950 km southeast of the

test site. The explosions are listed in Table 1, which includes data from Ringdal and Marshall

(1989) for 14 Shagan River explosions prior to the year 1989. Examples of seismograms are

shown in Figure 1. For these USSR shots, depths are not known, but mb should be a rough

measure of relative depths. On these recordings at distances of about 950 km, Pg is not well

developed, in agreement with an earlier study of regioi;al phases from Soviet nuclear explo-

sions (Gupta et al., 1980). A possible reason is that in a shield region, Pg energy leaks

rapidly into S with each surface reflection (Kennett, 1989).

The first arrival Pn was distinct on all records, and the beginning of Lg was assumed to

be at a group velocity of 3.5 km/sec. Spectra of Pn and Lg were obtained by applying a 10%

cosine taper to time windows of 12.8 and 51.2 sec for Pn and Lg, respectively. These time

windows are indicated on the records in Figure 1. The spectra and the spectral ratio Pn/Lg

for the explosion of 27 December 1987 (mb = 6.0) are shown in Figure 2. The most striking

difference between the Pn and Lg spectra is the richness of lower (less than about I Hz) and

lack of higher frequencies in the Lg spectra. Average Pn/Lg amplitude ratios, with correction

for noise and no smoothing, were computed for several frequency ranges. Figure 3 shows a

plot of average Pn/Lg ratio (in log units) versus Mb for 14 Shagan River explosions for which

precise mb values are available. Results for frequency ranges of both 3-7 l z and 0.3-1.0 l z

3



TABLE 1

17 SHAGAN AND 8 DEGELEN EXPLOSIONS USED IN STUDY

(a) SHAGAN

No. Date Time Lat(N) Lon(E) mb

1* 12 Mar 1987 01:57:17.2 49.939 78.823 5.31
2* 03 Apr 1987 01:17:08.0 49.928 78.829 6.12
3* 20 Jun 1987 00:53:04.8 49.913 78.735 6.03
4* 02 Aug 1987 00:58:06.8 49.88J 78.917 5.83
5* 15 Nov 1987 03:31:06.7 49.871 78.791 5.98

6* 13 Dec 1987 03:21:04.8 49.989 78.844 6.06
7* 27 Dec 1987 03:05:04.7 49.864 78.758 6.00
8* 13 Feb 1988 03:05:05.9 49.954 78.910 5.97
9* 03 Apr 1988 01:33:05.8 49.917 78.945 5.99
10* 04 May 1988 00:57:06.8 49.928 78.769 6.09
11* 14 Jun 1988 02:27:06.4 50.045 79.005 4.80
12* 14 Sep 1988 04:00:00.0 49.870 78.820 6.03
13* 12 Nov 1988 03:30:03.8 50.056 78.991 5.20
14* 17 Dec 1988 04:18:06.8 49.818 78.910 5.80
15 12 Feb 1989 04:15:06.8 49.93 78.74 5.9
16 08 Jul 1989 03:46:57.6 49.87 78.82 5.6
17 02 Sep 1989 04:16:57.2 50.02 79.05 5.0

(b) DEGELEN

No. Date Time Lat(N) Lon(E) mb

1 06 Jun 1987 02:37:07.0 49.86 78.11 5.3
2 17 Jul 1987 01:17:07.0 49.80 78.11 5.8
3 20 Dec 1987 02:55:06.7 49.83 78.00 4.8
4 06 Feb 1988 04:19:07.5 49.80 78.06 4.8
5 22 Apr 1988 09:30:06.9 49.82 78.12 4.9
6 18 Oct 1988 03:40:06.4 49.87 78.08 4.9
7 23 Nov 1988 03:57:06.7 49.82 78.07 5.3
8 17 Feb 1989 04:01:06.9 49.87 78.08 5.0

* data from Ringdal and Marshall (1989)
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Figure 1. Sample records used in the study. Two records each from southwest Shagan,

northeast Shagan, Degelen, Pahute Mesa, and Yucca Flat regions are shown. For the NTS
shns, both below and above the watc- table shots (denoted by BWT and AWT, respectively)

are included. The arrows indicate the Pn and Lg windows (12.8 and 51.2 sec for the USSR
and 6.4 and 25.6 sec for the NTS shots) used in the spectral analyses.
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Figure 2. Waveforms and displacement spectra (,. signal and noise, corrected for instrumental
response, for (a) Pn and (b) Lg for the Shagan explosion of 27 December 1987; (c) Spectral
ratio Pn/Lg, corrected for nois, points for which S/N power ratio is less than 2 are not plot-
ted. The mean slope and average ratio (in log units), over the frequency range of 3-7 Hz, are
indicated.
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Figure 3. Aver-age Pn/Lg ratio (log units) versus Mb~ for 14 Shagan explosions for frequency
ranges of 3-7 Hz (top) and 0.3-1.0 Hz (bottom). Note the weak dependence on Mb and strong
variation with frequency.
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indicate no significant variation with m b, although there is strong dependence on frequency

since the two populations are separated by almost 2 log units. For Shagan River explosions,

mb is a fairly good measure of shot depth. Therefore Pn/Lg, measured over a narrow fre-

quency range, seems to be nearly independent of shot depth. In Figure 4, average Pn/Lg

values, in log units, over the frequency ranges of 0.3-1.0 Hz and 3-7 Hz are plotted at their

epicentral locations. For the higher frequency range (Figure 4a), the Shagan and Degelen

events are well separated, with the Degelen shots showing relatively more Lg than Pn. More-

over, the northeast and southwest Shagan explosions also appear to be separated, although

there are only three data points for the northeast region. This difference suggests relatively

more Lg than Pn in the northeast Shagan region and agrees with Ringdal and Fyen's (1988)

teleseismic observations on differences between mb(P) and mb(Lg).

We also computed RMS values, corrected for instrument response and noise, for both Pn

and Lg phases over several frequency passbands. This was accomplished by removing the

mean and linear trend from the observed record, applying taper to the selected regional phase

window, obtaining its Fourier transform, applying the instrment response correction, and

filtering over the desired frequency band by using a three-pole phaseless Butterworth filter.

This was followed by transforming back to the time domain, computing the mean squared

values separately for signal and noise windows, correcting for noise by subtracting the mean

squared noise from that in signal, and taking its square root. For 14 Shagan explosions with

precise mb available from Ringdal and Marshall (1989), the RMS values for various frequnCcy

bands were plotted against Mb for both Pn and Lg. Results for 0.5-1.0 tlz and 4.0-6.) liz

passbands are shown in Figure 5. For a fixed frequency, the mean slopes for Pn and l.g are

nearly the same, bi, the higher frequency slopes are much smaller than the lower frequency

8
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Figure 4. Average Pn/Lg amplitude ratio (in log units and demeaned) for 25 USSR (17
Shagan and 8 Degelen) shots plotted at their geographical locations for the frequency range of
(a) 0.3-1.0 Hz and (b) 3-7 Hz. At higher frequencies, the Degelen, northeast Shagan, and
southwest Shagan events appear well separated, suggesting differences in local structure.
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Figure 5. RMS amplitudes of Pn and Lg versus mb for 14 Shagan explosions for two fre-
quency passbands, as indicated. Each plot indicates the least squares linear regression (dashed
line), mean slope (with associated standard deviation), and one standard deviation of residuals
(SD). For a fixed mi,, the reduction in RMS at the higher frequency is much larger for Lg
than for Pu.
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slopes. This dependence of slope on frequency is expected on the basis of source scaling.

The slope values are, however, poorly constrained since the data points are not well distri-

buted with respect to mb. Plots of RMS versus Mb, such as those in Figure 5, were used to

compute mean log RMS for Pn and Lg for mb = 6.0. Results for various center frequencies,

shown in Figure 6, indicate Pn and Lg to have vastly different variation with frequency;

Pn(RMS) varies by less than 1 magnitude unit (m.u.) whereas Lg(RMS) varies by the

significantly larger amount of about 2.5 m.u. The decrease in amplitude with increasing fre-

quency is therefore much faster for Lg than for Pn.

Using all 17 Shagan shots (Table 1), and for frequency bands with the center frequency

ranging from about 0.5 to 5.0 Hz, log RMS amplitude ratios Pn/Lg were plotted versus mb,

linear regression fits obtained, and the mean value for mb = 6.0 computed. The resulting log

RMS (Pn/Lg) values are plotted versus center frequency in Figure 7. Similar results derived

from 8 Degelen shots are also included in Figure 7. For both Shagan and Degelen explosions,

Pn/Lg increases strongly with frequency (by almost two orders of magnitude) and, as sug-

gested by Figure 6, most of the increase is due to Lg diminishing rapidly with frequency.

Furthermore, the Pn/Lg values for Degelen shots are about 0.1-0.2 m.u. smaller than those for

Shagan explosions for nearly all center frequency values.
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Figure 6. Log RMS versus center frequency of passbands for Pn and Lg for a Shagan explo-
sion Of Mb = 6.0 (yield about 110 kt) derived from 14 Shagan explosions. Similar results for
a Yucca Flat explosion Of Mb = 5.5 (yield about 11I0 kt), derived from 23 Yucca Flat explo-
sions, are also shown.
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Figure 7. RMS amplitude ratios Pn/Lg versus center frequency of passbands, for Shagan and
Degelen explosions Of Mb z 6.0. Similar results for Pahute Mesa and Yucca Flat shots of

Mb=5.5 are also shown. Note the significantly larger increase with frequency for the Soviet
shots.
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REGIONAL PHASES FROM EXPLOSIONS AT THE NEVADA TEST SITE

Larger bandwidth data often show significant differences in the spectral content of the

various regional phases recorded at a common station. As an example, the bandpassed data

from the vertical component records of MAST (shot depth = 911 m, mb = 5.9) and STILTON

(depth = 732 m, mb = 5.8) at the Lawrence Livermore National Laboratory's station ELK are

shown in Figure 8. Although both of these shots are from the Pahute Mesa region, their work

point velocities (4.2 km/sec and 2.6 km/sec, respectively) are significantly different. The sig-

nals are passed through bandpass filters and the envelope shape of the seismogram is defined

by rectifying and smoothing the trace. The top trace is the original seismogram, rectified and

smoothed, while the bottom five traces are obtained by bandpass filtering into the frequency

bands noted on the left, prior to being rectified and smoothed. Whereas Pg appears strong in

nearly all frequency bands, Lg is rich in low frequencies only, and Pn is richer in higher fre-

quencies. Furthermore, the coda of Pg appears to trail into Lg for the first two frequency

bands. In the original seismograms, Pn/Lg for the lower velocity shot, STILTON, is smaller

than that for the higher velocity shot, MAST. A comparison of low- and high-frequency

amplitudes suggests the decrease of Lg with frequency at a rate faster for MAST than for

STILTON. It seems therefore that differences in the excitation of various regional phases

among various frequency passbands may be diagnostic of the near-source environment of an

explosion.

Gupta et al. (1989a) studied the dependence of P and Lg magnitude-yield relationships

on physical parameters such as gas porosity, shot depth, and shot rnedium velocity. Figures 9

and 10 are based on their results for 102 NTS tuff-rhyolite shots for which overburden (aver-

14
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Figure 8. Envelope seismograms from vertical component records of MAST and STILTON at
ELK. The traces have been rectified and smoothed and the bottom five traces have been
bandpass filtered into different frequency bands. The maximum amplitude and the average
frequency (from a count of zero-crossings prior to rectification) are indicated below each
trace. Note the frequency-dependent differences in the excitation of various regional phases
for the two shots.
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Figure 9. Mb(P) Mb(Lg) versus (a) overburden velocity, (b) shot depth, and (c) uphole time

for 102 NTS tuff-rhyolite shots. Linear regression results are shown and the correlation
coefficient and mean slope (with associated standard deviation) values are indicated. The
dependence on overburden velocity appears to be relatively stronger than on shot depth and
uphole time.
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versus overburden velocity for 68 Yucca Flat explosions, and (c) m1 (P) - nib(Lg) residual

versus gas porosity. Dependence on gas porosity is not significant when the data are

corrected for the effect of overburden velocity.
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age of work point to surface) velocity, gas porosity, mb(P) (P. D. Marshall, written commnUuni-

cation), and mb(Lg) (Patton, 1987) were available. The data set consisted of 69 Yucca Flat

(YF), 39 Pahute Mesa (PM), and 2 Rainier Mesa (RM) shots and included both below the

water table (BWT) and above the water table (AWT) shots. The regression in Figure 9a sug-

gests some dependence on overburden velocity, consistent with relatively larger Lg for lower

velocity media. The dependence on shot depth (Figure 9b) is somewhat weaker than on over-

burden velocity. From theoretical considerations, the uphole time (shot depth)/(overburden

velocity) is more likely to be the parameter controlling the generation of seismic waves than

the shot depth, but the regression in Figure 9c indicates poor dependence. Therefore, it seems

that the relative excitation of P and Lg is influenced by medium velocity and not by shot

depth; the apparent dependence with shot depth is perhaps due to the fact that overburden

velocity and shot depth are correlated since the medium velocity generally increases with

depth.

Figure 10a shows a plot of mb(P) - nb(Lg) versus gas porosity, and it may seem that

there is significant dependence. However, this may be due to the fact that gas porosity corre-

lates well with overburden velocity. In order to test this, data from Yucca Flat shots with

large variations in both overburden velocity and gas porosity were selected. Pahute Mesa

shots were excluded because a large number of them had porosity equal or close to zero. A

plot of mh(P) - mb(Lg) for 68 Yucca Flat shots versus overburden velocity (Figure 10b) was

used to obtain the corresponding residuals which were then plotted versus gas porosity l-igure

10c). The weak dependence between the two parameters in Figure 10c suggests that tihe

difference between P and Lg amplitudes is insensitive to gas porosity when the data are

corrected for the effect of overburden velocity.
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We analyzed the spectral characteristics of Pn and Lg phases from 53 NTS (30 Yucca

Flat and 23 Pahute Mesa) shots well recorded at ELK; a few examples are shown in Figure 1.

Most of these shots were in tuff and rhyolite, but 6 Yucca Flat shots were in alluvium. Since

the source-receiver distances for these shots are only about 400 km, the time windows for Pn

and Lg were taken to be 6.4 sec and 25.6 sec, respectively. As an example, the spectra and

the spectral ratio Pn/Lg from the Yucca Flat explosion ROUSANNE (mb = 5.5) are shown in

Figure 11. Comparison with a Shagan explosion of similar yield (Figure 2) shows significant

differences between both spectra and spectral ratios. For Pn, the reduction in spectral ampli-

tudes with increasing frequency appears to be faster for the Yucca Flat shot than for the

Shagan explosion wheeas for Lg the reverse seems to be the case. For frequencies less than

about 7 Hz, the spectral ratio Pn/Lg increases with frequency at a rate much faster for the

Shagan explosion than for the Yucca Flat shot.

Average Pn/Lg amplitude ratios were computed for all 53 explosions, which included 21

BWT and 32 AWT shots. Plots of this ratio versus overburden velocity, work point velocity,

and shot depth are shown in Figures 12a, 13a, and 14a, respectively for all 53, 21 BWT, and

32 AWT shots. In order to avoid possible complicated effects of proximity to the water table

on regional phases (Blandford, 1976), the observed results were reexamined by excluding

explosions with their shot points within one cavity radius of the water table. The cavity radii

for various shots were computed by using Closmann's (1969) empirical relationships for shots

with known yield and shot medium. The resulting plots for explosions that are either well

below the water table (WBWT) or well above the water table (WAWT) are shown in Figures

12h, 13h, and 14h. An examination of the 18 least squares regressions shown in Figures 12

through 14 shows that the average ratio Pn/lg generally increases with overburden velocity,
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Figure 11. Similar to Figure 2 for the Yucca Flat explosion, ROUSANNE. A comparison of
these results with those for the Shagan explosion in Figure 2 indicates large differences in
both mean slope and average Pn/L-g amplitude ratio, over the frequency range 3-7 Hiz.
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Figure 12. Average PnILg amplitude ratio (in log units) for the frequency range of 3-7 Hz

versus overburden velocity for (a) 53 explosions, including 21 BWT and 32 AWT shots, and

(b) 39 shots with 16 well below water table (WBWT) and 23 well above water table

(WAWT) shots. The number of explosions, correlation coefficient, and mean slope (with one

standard deviation value) are indicated near each regression line. Note the general increase in

the average ratio Pn/l-g with overburden velocity in all cases.
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work point velocity, and shot depth. However, whereas Pn/Lg is influenced by the two velo-

cities (overburden and work point) by nearly the same extent, there is considerably weaker

dependence on shot depth, especially for BWT and WBWT shots. In a study of geophysical

properties of shot media at NTS, Ramspott and Howard (1975) observed that, "of the various

media, Yucca Flat and Pahute Mesa above the water table are the most variable. In these

areas, it is possible to find individual past sites with extreme values of reported parameters.

The other media are relatively uniform." This means that more weight or credibility should

be given to results from BWT or WBWT shots for which the correlation coefficient values are

nearly the same for regressions of Pn/Lg versus overburden velocity (Figure 12) and Pn/Lg

versus work point velocity (Figure 13) but are considerably smaller for Pn/Lg versus shot

depth (Figure 14). It appears therefore that medium velocity is the parameter that directly

influences Pn/Lg and the apparent dependence on shot depth is only due to the correlation that

generally exists between shot depth and medium velocity.

In order to study possible effect of gas porosity on the regional phases, average Pn/Lg

amplitude ratios (3-7 Hz) for the same 53 shots were plotted versus gas porosity (Figure 15a).

The regression results appear to suggest significant dependence which may, however, be due

to the gas porosity being directly related to overburden velocity. To check this possibility,

data from Yucca Flat shots which have large variations in both overburden velocity and gas

porosity were selected. A plot of Pn/Lg for 30 Yucca Flat shots versus overburden velocity

(Figure 15b) was used to obtain the corresponding Pn/Lg residuals which were then plotted

versus gas porosity (Figure 15c). The weak dependence, as indicated by the extremely low

correlation coefficient in Figure 15c, suggests that the difference between P and Lg amplitudes

is insensitive to gas porosity when the data are corrected for the effect of overburden velocitv.
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Figure 15. Similar to Figure 10 but for average ratio Pn/Lg (3-7 Htz) for 53 NTS shots.
Again, the dependence on gas porosity is not significant when the data are corrected for the
effect of overburden velocity.
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A plot of the average Pn/Lg amplitude ratios ftor the same 53 explosions on a map of

NTS (Figure 16a) shows that, for fixed Pn, the Yucca Flat explosions generally have consider-

ably larger Lg than the Pahute Mesa shots. Figure 16b shows the corresponding variations in

overburden velocity. Similarity between the two figures suggests good correlation between

Pn/Lg and shot medium velocity, as was also indicated earlier in Figure 12.

An attempt was made to study the variation of Pn and Lg with Mb for NTS shots and

compare the results with those for the USSR shots. From published Soviet yields, mb = 6.0

corresponds to a yield of about 110 kt (Vergino, 1989). For NTS shots, an explosion with

yield of 110 kt will have mb of about 5.5 (e.g. Bache, 1982). The 23 Pahute Mesa explosions

covered a rather small range of mb and were therefore not used for this purpose. The same

procedure as applied to the USSR shots was used to compute the RMS values for several fre-

quency ranges for both Pn and Lg phases for the 30 Yucca Flat shots. The latter included 7

overburied shots with scaled depth, defined as (shot depth, m)/(yield, kt) l" 3, greater than 200

whereas the usual scaled depth for most NTS shots is about 120 m/ktt /3 (Mueller and Murphy,

1971). Log RMS values were plotted versus mb, where the latter are maximum-likelihood

estimates of P. D. Marshall (written communication). Results for frequency bands of 0.5-1.0

Hz and 4.0-6.0 Hz are shown in Figure 17, in which the overbuied and the BWT' and AWT

shots are identified. Most overburied shots appear to be outliers, especially at the higher fre-

quency. Linear regressions were therefore performed on the 23 "normal" shots; the

corresponding results are indicated in Figure 17. The mean slope for Lg is somewhat smaller

than for Pn, especially for the higher frequency. Similar to Figure 5, for a fixed mb, the

reduction in RMS at the higher frequency is larger for Lg than for lPn. However, unlike the

results from the USSR explosions in Figure 5, the higher frequency slopes are not much
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good correlation with the Pn/Lg amplitude ratios.
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different from the lower frequency slopes. In order to make sure that the results in Figure 17

are not due to possible errors in mb, Pn and Lg RMS values were also plotted versus yield.

The results, shown in Figure 18, are not substantially different from those in Figure 17. The

Lg slopes are again smaller than those of Pn, more so for the higher frequency.

Plots of RMS versus mb for Yucca Flat shots (such as those in Figure 17) were used to

compute mean log RMS values of Pn and Lg for mb = 5.5 for several frequency bands, in the

same manner as for the USSR shots. Results for five center frequencies, shown in Figure 6,

indicate Pn(RMS) and Lg (RMS) to vary by about 1 and 2 m.u., respectively, over the range

of about 1-5 Hz. A comparison of Shagan and Yucca Flat data show vast differences in the

frequency dependence of both Pn and Lg. In comparison to Pn(Yucca-Flat), Pn(Shagan)

decreases very slowly with frequency, perhaps due to smaller attenuation of Pn in the shield

region of the USSR as compared to the western United States. For low frequencies, Lg

diminishes more rapidly with frequency for Shagan explosions than for Yucca Flat shots. In

other words, Lg from Shagan explosions is relatively richer in lower frequencies than that

from Yucca Flat shots.

Similar to the method used for the USSR shots, log RMS amplitude ratios Pn/Lg, com-

puted separately for 23 Pahute Mesa and 30 Yucca Flat shots, were plotted versus mb, and

then linear regression was used to obtain the mean values for mb = 5.5. Results for Pahute

Mesa and Yucca Flat explosions, also included in Figure 7, indicate significant differences in

the dependence of their Pn/Lg on frequency. A comparison of the four plots in Figure 7

shows that Pn/Lg for NTS shots increases with frequency at a rate that is significantly smaller

than for the USSR shots. The P-wave velocities for Shagan and Degelen test sites, estimated

as 5.5-6.0 km/sec and 3.5-4.5 kin/sec, respectively (Bonham et al., 1980), are considerably
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higher than those for NTS. Rock velocities for Pahute Mesa shots are generally higher than

those for Yucca Flat explosions. For example, the average overburden velocities for BWT

shots at Pahute Mesa and Yucca Flat test sites are 2.9 and 1.7 km/sec, respectively (Ramspott

and Howard, 1975). Therefore, the four plots in Figure 7 indicate that, considering explosions

of similar yield, the amplitude ratio Pn/Lg systematically increases with the source medium

velocity and this dependence is stronger at higher frequencies.
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DISCUSSION

Frankel (1989) investigated the effects of source depth and crustal structure on the spec-

tra of regional Lg by analyzing synthetic seismograms. His results show that the low fre-

quency (less than about 0.5 Hz) Lg is mainly due to S*. As long as the shot point P wave

velocity is smaller than the S wave velocity below the Moho, most of the higher frequency Lg

originates from the pS phase from the explosion. However, when the source region P wave

velocity is greater than the S wave velocity below the Moho, the pS phase would not be

trapped into the Lg phase, and Lg will be dominated by the lower frequency S*. His results

for two different shot-point velocity values (4.5 and 5.0 km/sec) for a crustal model in which

the S-wave velocity below the Moho is 4.5 km/sec are shown in Figure 19. The source-

receiver distance is 300 km. The effect of variations in shot depth (500 m and 1500 m) is

minimal whereas, at the higher frequencies, the lower velocity medium has considerably larger

Lg than the higher velocity medium. The shot point velocity influences the degree to which

pS is trapped, whereas the overburden velocity controls the generation of S*. The seismic

velocity structure in the Eastern Kazakh region indicates a velocity of about 5.4 km/sec in the

uppermost 5 km of the crust, and the S-wave velocity below the Moho is about 4.7 ki/sec

(William Leith, written communication, 1989). One may therefore expect the Lg spectra of

explosions at NTS and East Kazakh to be somewhat similar to those in Figures 19a and 19b,

respectively.

Since larger Mb implies greater shot depth, our results (Figures 3, 9, and 14) indicate l-o

to be nearly independent of shot depth, in agreement with the theoretical results in Fig2cre 19.

The observed reduction in amplitudes with frequency is considerably larger for l~g than for Pn
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for East Kazakh as well as for NTS shots (Figure 6). For frequencics less than ahout 2 lHz,

Lg diminishes more rapidly with frequency for the USSR shots than for the NT'S shots and,

for the higher frequencies, at about the same rate, again in agreernent with Figure 19. The

observed rapid increase of Pn/Lg with frequency for the USSR shots (Figure 7) is therefore

likely to be due to the local crustal s, ,cture which makes Lg dominated by S*. For the NTS

shots, the smaller rates of increase of Pn/Lg with frequency are probably due to P-wave velo-

cities in the uppermost layers that are considerably smaller than the S-wave velocity below the

Moho so that Lg originates mainly from the explosion pS.

Analysis of both East Kazakh and NTS explosion data has indicated the difference

between Pn and Lg amplitudes to be insensitive to shot depth, except through its relationship

with medium velocity. Based on the analysis of NTS data, the same is true of gas porosity.

Note that Patton (1988) observed the same dependence of gas porosity on both mb(P) and

mb(Lg), and so mb(P) - mb(Lg) or the amplitude ratio Pn/Lg does not depend on gas porosity.

The Pn(RMS) versus mb plots in Figure 17 do not indicate any reduction in the mean

slope at the higher frequency, observed for the Shagan explosions (Figure 5) and expected on

the basis of source scaling. A possible reason is that whereas all Shagan explosions are

detonated below the water table, tile Yucca Flat shots include both BWT and AWT shots, and

the former are of larger mi, than the latter. In comparing the spectral characteristics of FWT

and AWT shots, Gupta et al. (1989b) observed that for the same low-frequency spectral level,

13WT shots had somewhat higher corner frequencies than AWT shots. This means thit for

the same mb , BWT shots may be relatively richer in the higher frequnencies so that. for the

::a in Figure 1 7h, th -Lnhanced amplitudes of BWT shots will tend to i crc;,,c tile mean

slope, as observed. At the higher frequency, the mean slope for Lg (t-igure 17d) is
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considerably smaller than for Pn (Figure 17c), probably because of the greater excitation (I

Lg for the smaller mb, lower velocity shots (see Figures 12 and 13).

Spatial attenuation of Pn and Lg will no doubt affect the observed spectra and the spec-

tral ratios Pn/Lg derived in this study. Unfortunately, Q values for correcting the observed

spectra, especially at the higher frequencies, are not available and the appropriate corrections

cannot be made. For the western U.S., Bakun and Johnson (1970) estimated Q(Pn) to be

about 400, whereas for Lg Chavez and Priestley (1986) gave the relationship Q(f) = 206 f 0(8.

For the East Kazakh region, Sereno (1990) estimated Q(Pn) and Q(Lg) for irequency ranges

of I to 10 Hz and 0.5 to 2.5 Hz, respectively. His results for Lg indicate Q(f) between

500 f 0.19 and a constant value of 650; Q(f) for Pn is not as well-constrained but may lie

between 300 f 0.5 and a constant value of 1175. For Lg in the Eastern Kazakh region, Priest-

ley ez al. (1990) obtained Q(f)= 367 f 0.48, whereas Given et al. (1990) derived a

frequency-dependent value of 500 f 0.5. It follows that although there is considerable uncer-

tainty in the attenuation parameters, Q(Pn) as well as Q(Lg) for East Kazakh are about 2 to 3

times those for WUS, at least for frequency of about 1 Hz. Since the source-receiver distance

for East Kazakh shots is about 2.4 times that for the NTS shots, the effects of attenuation on

Pn and Lg phases will be nearly the same for East Kazakh and NTS shots. However, this may

not be true at the higher frequencies for which precise Q values are not available. Therefore,

it seems that our conclusions regarding the differences in the excitation of Pn and Lg from

USSR and NTS shots are not significantly influenced by attenuation.

(upta ard Blandford's (1987) analysis of teleseisrnic P arrivals from NTS shots showed

the P/P-coda spectral slope (0.5-3.0 Hz) to increase with shot medium velocity. Their results

also implied that, at higher I'equencies, the amplitude ratio P/P-coda is larger for shot media
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with higher velocity. Thus the amplitude ratios Pn/1.g derived from regional data and P/P-

coda obtained from teleseismic data show similar dependence on shot medium velocity.

Teleseismic P coda is generally believed to be due to both near-source and near-receiver

scattering involving S to teleseismic P and teleseismic P to S conversions, respectively

(Dainty, 1990). Therefore, a possible explanation for our observations is that shots in lower

velocity media somehow generate larger amounts of high frequency S waves (than those in

higher velocity media) wl.ich contribute directly to Lg and, by near-source scattering, to P

coda. Alternatively, there could be larger near-source scattering of S into teleseismic P for

lower velocity media, for which greater high frequency Lg is also expected from theory (see

Figure 19). However, it is not clear how the generation and/or scattering of high frequency S

would depend on the shot medium velocity.

Our results demonstrating the observed Lg spectra to vary systematically with medium

velocity appear to suggest that S* is mainly responsible for the low-frequency Lg from

nuclear explosions at both East Kazakh and Nevada test sites. Perhaps the scattering of

explosion-generated Rg into P and S waves also contributes to the low-frequency Lg. espe-

cially for the NTS explosions (Stead and Heimberger, 1989; Gupta et at., 1990). Taylor and

Randall (1989) suggested that spall has a significant effect on the regional phases Pn and 11,.

McLaughlin (1990) also proposed that spall, defined as nonlinear free-surface interaction, is

responsible for the generation of low-frequency S waves (including Lg) and low-frequency P

phases (Pn and Pg). More detailed studies of regional phases are needed to resolve thc.

differences and understand the individual roles of S*, spall, and any other sources of shear

wave energy from nuclear explosions.
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CONCLUSIONS

An understanding of the generation and propagation of regional phases within the USSR

is essential for the detection,- source discrimination, and yield determination of Soviet under-

ground nuclear explosions. Our comparison of the spectral characteristics of regional phases

Pn and Lg from East Kazakh and NTS, with vastly different near-surface crustal structures,

has provided useful information regarding the role of near-source environment, especially for

the shot medium velocity. Analysis of Pn and Lg phases from the CDSN station WMQ sug-

gests significant differences in the relative excitation of Pn and Lg between Shagan and

Degelen test sites. For both East Kazakh and NTS shots, the reduction of amplitude with fre-

quency is considerably larger for Lg than for Pn. For explosions of similar yield, the ampli-

tude ratio Pn/Lg increases with frequency at a rate that appears to vary directly with the

source medium velocity. At higher frequencies, the amplitude ratio Pn/Lg shows significant

differences between USSR and NTS explosions, and these differences seem to be due to the

large difference in the shot media velocities. The observed strong dependence of Lg spectra

on medium velocity can be explained on the basis of contributions of pS and S* expected

from theory. Lg from East Kazakh explosions appears to be dominated by S*, whereas that

from NTS shots includes contributions from both pS and S*.
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