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Mecasuremcent of the spatial decay of spectral amplitudes of the higher-mode scismic surface wave train L,
indicates that in the Great Basin, the apparent scismic quality factor, Q. is a function of frequency. Analysis of
recordings from a NTS nuclear explosion made along a 300 ki pronle through northwest Nevada yield the
function Q(f)=206f°%® over the band 0.3<f <10.0 Hz Similar analysis using numcrous recordings of carth-
Quake, along paths which provide a good average sampling of the Great Basin  crust  gives
Q(f )=214(15)f %3409 for 0.3<f <5.0 Hz. If the crustal sampling by L, encrgy from nuclear explosions (sur-
facc sources) is primarily in the shallow crust, as has been suggested, 1hcn these results indicate a greater fre-
quency dependence of apparent Q there than at depth. To belter estimale the errors in @ at cach frequency, we
have used a moving window spectral analysis technique described by Butler et al (1987) 10 analysis the nuclear
explosion profilc data. Using this method we found the apparent attenuation for vertical component LS
transverse component L,, and vertical component P, arc Q(f )=296f°%', Q(f)=202f%%7, and Q (f)=198f°
respectively, for the frequency band 0.3<f <10.0 Hz.

During August and September, 1988, the United States and the Soviet Union conducied a Joint Verfication
Experiment in which cach countrv was permitted to observe a nuclear explosion at the other country’s test site
using hydrodynamic means. We have seismically recorded the Soviet Explosion at four stations at regional dis-
tance (A<150 km). The peak-to-peak particle motion in the P- wave varied from 7.54x107" cm/sec at = 160 km
o 1.02x107% em/sce at A= 740 km. The average my,({., ) was 5.97 corresponding to a yicld of 120 KT, based on
the NTS my (L, ) - yicld relation of Paton[1988]. The average P, comer frequency of the Sovict explosion was
4 Hz with cvidencc of a second corner at about 0.7 Hz. both of these comers could be the cffect of spall.
Near-regional scismograms of the Soviet JVE explosion show a large arnival within the L, phasc on the
transverse component at all four sites. This may correspond 1o weclonic release accompanying the explosion, or
to the cffects of anisotropy on scismic wave propagation,

Obscrvations of 10-, 20-, and 30-Hz P-wave spectral amplitudes from earthquakes and explosions are compared
with the Archambcau [1968, 1972] carthquake model featuring a P-wave falloff of @™ beyond the comer fre-
quency, a modificd Brune {1970, 1971] carthquake model with @™ falloff, and the Shampe [1942) explosion
model which has a w2 falloff. The Archambeau and Sharpe models have been, in part, the basis of a proposal
by Evernden ct al [1986] that high-frequency (= 30 Hz) scismic energy could provide an effective solution 1o the
problem of detection and identification of low-yicld coupled and fully decoupled underground nuclear explo-
sions. The obscrvations of carthquakes show an increase in spectral amplitude with momcn( approximaicly in
agreement with the w2 falloff model, and for larger moments, in disagreement with the ™ model. Comparison
of theoretical and actual seismograms narrow-band filtered at 30-Hz shows that in part the increase in spectral
amplitude of carthquakes is due to the complex and long duration of the rupture process and not because of an
increase in an impulsive first arrival like that characteristic of an explosion. The 30-He amplitudes for explo-
sions show much scatter, and many cvents have a spectral falloff greater than the predicied by the Shampe
modcl. Whether this is due eatirely to aticnuation or is the actual source spectrum is not determined. High
stress drop earthquakes are predicted to have larger spectral amplitudes than the Sharpe model.  Thus any
discrimination technique using high-frequency P-wave spectra should probably take inte account differences in
pulsc shape and amplitude in the time domain.

Broadband recciver functions cetermined from telescismic P owaveforms at two scismic stations in castem
Kazakh, U.S.S.R., were inverted for the vertical velocity structure beneath the stations. The detiled broadband
recciver funclions arc obtained by stacking source-cqualized radial components of teleseismic P-waveforms. A
time-domain inversion of the radial receiver function is used to determine the structure assuming a crustal model
paramcicrized by flat-lying, homogencous layers. The gencral features of the inversion results are: a complex
shallow crust, velocities less than 6 km/s in the upper crust, a high velocity (6.9-7.5 kin/s) lower crust, and a
Moho that varics between 47 and 57 km depth. These results compare favorably with a composite velocity
modcl from Dcep Scismic Sounding data, but show lower velocitics in the upper crust, and higher velocitics in
the lowcer crust.  The results indicate that the crust in this region is relatively uniform, howcver the nature and
depth of the Moho changes significantly across the region. The receiver function inversion structure for the
Kazakh sites is similar to a published receiver function structure for a site on the Canadian shicld.
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Attenuation of Regional Seismic Phases in the Great Basin

David E. Chavez! and Keith F. Priestley
Seismological Laboratory, Mackay School of Mines
University of Nevada - Reno, Reno, Nevada 89557

ABSTRACT

Measurement of the spatii. | :cay of spectral amplitudes of the higher-mode
seismic surface wave tiuin i, indicates that.in the Great Basin, the apparent
seismic quality facior, @, 1s a function of frequency. Analysis of recordings
froin a N'TS nuclear explosion made along a 300 km profile through northwest
Nevada yield the function Q(f) = 206f° %% over the band 0.3 < f < 10.0
Hz. Similar analysis using numerous recordings of earthquakes along paths
which provide a good average sampling of the Great Basin crust gives Q(f) =
214(£15)f0 342008 for 0.3 < f < 5.0 Hz. If the crustal sampling by L, en-
ergy from nuclear explosions (surface sources) is primarily in the shallow crust,
as has been suggested, then these results indicate a greater frequency depen-
dence of apparent @ there than at depth. To better estimate the errors in @
at each frequency, we have used a moving window spectral analysis technique
described by Butler et al (1987) to analysis the nuclear explosion profile data.
Using this method we found the apparent attenuation for vertical component
L, transverse component Ly, and vertical component Py are Q(f) = 296f°5!,
Q(f) = 202f°57 and Q(f) = 1987°4° respectively, for the frequency band
0.3< f<10.0 Hz.

INTRODUCTION

In the past 15 years, considerable efforts have been devoted to the under-
standing of regional seismic phases. The majority of this work has concentrated
on understanding the propagation characteristics of the crustal phase L,. Much
less effort has been expended on the other prominent regional seismic phases P,,
Sn, Py, and S;. Knowledge of the att nuation charact -istics of regional seismic
phases is important for both earthquake source mechanism studies and for the
discrimination and yield estimation of small nuclear explosions. L, consists of a
superposition of higher mode surface waves and because of its averaging prop-
erties in excitation and transmission, Nuttli (1986) has suggested that it can be
used to accurately estimate the yield of nuclear explosions. However, as Nuttli

'Current address: Institute of Geophysics and Planetary Physics, Scripps Institution of
Oceanography, University of California. San Diego, La Jolla, California 92093




has demonstrated, it is necessary to know the L, attenuation to within 30%
along the propagation path in order to estimate the yield to within 10%. Most
L, attenuation studies to date have concentrated on the frequency band below 2
to 3 Hz. High frequency seismic waves have taken on added importance recently
because they may be more diagnostic as to different earthquake source models,
and because of suggestions that they may improve the capability to distinguish
earthquakes and small or decoupled nuclear explosions (Evernden et al, 1986).
Only recently has data become available for investigating the attenuation of
higher frequency regional seismic phases. In this study we examine the attenu-
ation of the L, propagating within the Great Basin of western North America.
We then make preliminary steps towards understanding the attenuation of the
P, phase propagating in the same region.

Cheng and Mitchell (1981) examined the spectra of long-period L, for three
paths in the Basin and Range province and estimated a constant shear wave Q
of 85. Singh =nd Herrmann (1983) measured the decay of coda waves in this
same region, and modeled frequency dependent @ as

Q) =Qof" (1

where @, is the Q at 1 Hz. They found Q(f) = 250(£50)f° 4%£00%) and were
able to relate their coda @ values to the L, spatial attenuation coefficients,
concluding that the same mechanism was responsible for both coda decay and
L, attenuation. Singh and Herrmann's result agrees with that of Cheng and
Mitchell if we take the Jatter’s value of §5 1o be the Ly @ at 5 seconds period, the
predominate period in their data. Peseckis and Pomeroy (1984) examined the
L, coda of several nevada Test Site (NTS) explosions recorded at regional short
period stations and found an average relationship of Q(f) = 264/° 3. However,
Nuttli (1986) examined a similar data set and obtained Q(f) = 139°°.

All of the above studies used band limited, analogue data recorded by only
a few stations and along a limited number of paths. Using broad band digital
recordings of earthquakes along a variety of paths, as well as data from a profile
recording of a nuclear explosion, we have attempted to refine the L, attenuation
model for the Great Basin, and measure P, attenuation.

Data

The data analyzed were acquire from two sources. The first data set consist
of digital seismograms of 11 regional earthquakes in and around the Great Basin
recorded at four broad-band seismograph stations operated by the Lawrence
Livermore National Laboratory (LLNL). Figure 1 shows the locations of the
carthquakes, seismic stations, and the travel paths between them. We selected
earthquakes which were recorded by at least three of the four stations and
which covered a large range in epicentral distance (i.e.. no two stations were at
a similar distance). As indicated by the figure, the travel paths used provide a
good sampling of the Great Basin crust. The second data set examined consist of




digital recordings of a nuclear explosion detonated at NTS on 12/5/85. Prior to

that event, fourteen temporary sites were instrumented along a profile covering

the distance range 200 to 500 km, extending northwest from NTS (Fig. 1). A

record section of the vertical component seismograms from the nuclear explosion

is shown in Figure 2. The L, windows analyzed are marked on each seismogram.

The beginning of each window corresponds to a group speed of 3.7 km/sec, while

the end corresponds to the arrival of the fundamental mode surface wave train

Rg, typically at around 2.7 km/sec. The Ry arrival times were determined by

examining a low-pass filtered version of the record section. The same criteria.
was used in determining the L, windows in the earthquake data.

Analysis

Chavez and Priestley(1986) determined frequency dependent attenuation for
the vertical component L, phase from these data. They modeled the observed
log-log Ly spectra as

AR = hesn 5 @)

where A(f, R) is the spectral amplitude observed at a distance R, f is frequency,
t is the travel time, S(f) is the source term, and Q is the quality factor. Since
this model does not consider scattering or radiation pattern effects it provides a
measure of the apparent rather than the intrinsic Q. Radiation pattern effects
should be minimal, however, since L, consists of a large number of rays sampling
a major fraction of the focal sphere. L, has been successfully modelled as surface
wave (Knopoff et al, 1973; Panza and Calcagnille, 1975), so we have assumed
that the frequency domain geometrical spreading scales with the square root of
distance. Taking the logarithm (base 10} of both sides of (2) yields

1.364f
Q)

which is the equation for a straight line, with the source term as the intercept
and the @ term controlling the slope. Fixing f, we know A, R, and t for each
of the stations and we solve for S and @ using least-squares. By looping over
all frequencies we obtain the source and @Q spectra.

Figure 3 is a plot of the Q(f) functions obtained. Light lines indicate results
from the earthquake data, the heavy line is for the explosion data. Only those
values whose associated linear correlation coefficient exceeds 0.5 are included.
A least-squares fit to the explosion data in Figure 3 is

logioA(f, R) + log1oR° ® = log10S(f)— |

|2 (3)

Q(f)=206/°%03< f <10.0H: (4)
while a weighted fit of the earthquake data gives

Q(f) = 214(£15) 05400903 < f < 50H: (5)




The latter function was obtained by fitting the average of the earthquake derived
Q functions, weighted by the standard deviation at each frequency. We might
expect the error bars for the explosion data to be no greater than those given
in (5) for the earthquake data. If we assume that our signal to noise criteria
was successful in removing random error from the spectral amplitudes, then the
error bars may be considered as a measure of the lateral heterogeneity of the
attenuation structure. The relatively small magnitude of these errors suggests
that the apparent Q function varies little within the Great Basin.

The @ function obtained using the explosion data is slightly different from .
that based on the earthquake dat~. While the values of Q, found for both data
sets are essentially identical, the explosion data indicate a greater frequency
dependence. As a consequence, the @ from the earthquake data are consistently
lower than that from the explosion data for frequencies above 1 Hz.

One drawback in using the above method to measure @ is that it is difficult
to estimate the error in @ at each frequency. In order to do so, we have repro-
cessed our data using a moving window spectral analysis technique described
by Butler et al (1987). The data are windowed for many different group speeds
using overlapping Gaussian functions whose widths are scaled by the epicentral
distance in such a manner that the windows are identical with respect to group
speed at each distance. The amplitude spectra for each window are then them-
selves Gaussian windowed at intervals of 0.25 Hz, and the windowed spectrum
1s integrated to yield amplitude as a function of group speed and frequency.
Figure 4 is an example of results of this procedure. Representing seismic data
in this manner provides a quantitative description of the frequency content of
the signal as a function of time. The phases Py, and L, are clearly visible as
ridges in frequency-group speed space. The loss of high frequency energy in the
coda is also appatrent.

Once these data are corrected for geometrical spreading we can solve for Q
as described above, only this time we obtain apparent attenuation as a function
of group speed as well as frequency. The attenuation for a particular phase is
determined by taking the average over the group speed window for that phase.
The standard deviations obtained at each frequency are then a measure of the
error in attenuation for that phase.

Before doing this type of analysis it is necessary to first address the question
of the nature of geometrical spreading when using this technique. Lg is com-
posed of higher mode surface waves which decay in the frequency domain as
RY®%. However, the moving window spectral analysis method employs narrow
time windows which individually do not contain the entire phase. If any energy
at a particular frequency remains outside a given window, then the amplitude
at that frequency and group speed will have an apparent geometrical spreading
term greater than 0.5.

We have investigated the effect of moving window spectral analysis on ge-
ometrical spreading with an experiment using synthetic seismograms. L, was
synthesized at distances and azimuths corresponding to the stations along the




profile by summing the fundamental and first 25 Rayleigh wave modes for an
attenuation-free Great Basin model (Priestley and Brune, 1978). The seismo-
grams were then processed in the manner described above, and the amplitude
versus distance data were used to determine apparent geometrical spreading
as function of frequency and group speed. The results are plotted in Figure 5
which shows that geometrical spreading is fairly constant for those frequencies
and group speeds for which there is signal. Figure 5 also shows the average
apparent geometrical spreading at each frequency in the group speed window
3.7 to 3.0 km/sec., corresponding to L,. It can be seen that the decay term is, .
for the most part, greater than 0.5, although there is some scatter.

The above experiment indicates that a geometrical spreading term of 0.6 is
more appropriate than 0.5 at most frequencies, although at other frequencies
terms in the range 0.4 to 0.6 are obtained. In order to determine how significant
the scatter is, we processed the data recorded along the profile assuming geo-
metrical spreading terms of 0.0 to 1.2 in steps of 0.1 and solved for Q. Average
Q at each frequency was obtained for L, windows of 3.7 to 3.0 km/sec and P,
windows of 6.0 to 4.5 km/sec. The logQ versus log f data were fit by least
squares to give, for each spreading term, the function Q(f) = Qf". Figure 6
summarizes the results. The frequency dependence terms obtained for vertical
and transverse L, vary little with assumed geometrical spreading, and the Q,
term becomes stable for spreading terms above 0.6. This suggests that (a) the
apparent @Q of both vertical and transverse L, is frequency dependent, and (b)
the scatter in spreading term about 0.6 evident in Figure 5 should not introduce
any serious error.

Figure 6 also shows that P, behaves differently than L, with respect to
assumed geometrical spreading. The frequency dependence term for this phase
consistently decreases with increasing spreading while the @, term increases.
However, if we assume that the actual Q of P; behiaves as Q. f7, then the linear
correlation coefficients shown in Figure 6¢c indicate that an apparent geometrical
spreading of less than 0.7 is required.

Assuming an apparent geometrical spreading term of 0.6, we obtained @
along the profile. Figure 7 shows the results for each frequency and group speed
and averaged over windows corresponding to L, and P,. The fits to the data
over the frequency band 0.3 < f < 10.0 Hz are

Q(f) = 296f°% (6)

QUf) = 202f°% (7
and

QUf) = 196f°% (8)

for vertical component L,, transverse component L,, and vertical component
Py, respectively. Vertical Ly has @ similar to both vertical Py and transverse
L, for frequencies below about 1.5 Hz. Above that, vertical L, @ is consistently




greater than the others, except above 10 Hz, where both vertical and transverse
L, again have similar Q. There is a pronounced bump in all the plots at 2 to 3
Hz. Since this feature appears for all the phases considered, we suspect that it
might be an artifact due to recording site conditions. Finally, vertical Ly and
vertical P, both have ) independent of frequency for the range 4 to 9 Hz.

Discussion

Our results are in reasonable agreement with those of Cheng and Mitchell
(1981) and Singh and Herrmann (1983). Both (4) and (5) yield values of Q-
which are within 25% of that found by Cheng and Mitchell, if we assume their
resuits to reflect the @ at 5 seconds. Qur @, values are within the range given by
Singh and Herrmann {1983). The frequency dependence obtained here using the
earthquake data is in very good agreement with theirs, if we take into account
the uncertainties in the two values. Again, the explosion data yield a Q function
with a greater frequency dependence.

Our findings do not support the conclusions of either Peseckis and Pomeroy
(1984) or Nuttli (1986). Peseckis and Pomeroy’s @, is greater than ours, and
we find no evidence to suggest a frequency dependence as low as f%3. Nuttli's
result of f%€ is closer to ours: however, his Q, is too low, according to our
data. Perhaps these discrepancies are indicative of the larger scatter inherent
in time domain measurements of frequency dependent quantities. Since all of
the previous studies considered only a few paths. it is likely that the results
presented here are more representative of the true apparent @ in the Great
Basin.

The discrepancy between the frequency dependence inferred from the explo-
sion versus the earthquake data, if significant, suggest that energy from the two
source types does not sample the crust in an identical manner. Campillo et al
(1985) present ray tracing diagrams which show that the crustal sampling by
L, waves is influenced by source depth. Their results suggest that Ly energy
from surface sources (like explosions) propagates primarily in the shallow lavers,
while an earthquake at 10 km depth generates energy which uniformly samples
the entire crust. If this is the case in the great Basin. then our data indicate
that there is greater frequency dependence of Q in the shallow crust than at

depth.
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Fig. 1. Map showing the region sampled by our data. The permanent Lawrence
Livermore stations are indicated by large squares, dots show the epicenters of
the earthquakes recorded at those stations and considered in this study. Small
squares are the temporary sites instrumented to record the December 5, 1985
NTS nuclear explosion.

Fig. 2. Reduced record section for the vertical component data recorded along
the profile in Figure 1. The windows used to compute the L, spectra are marked
on each record. The change in signal character at 490 km is due to the different
instrument response there.

Fig. 3. Great Basin Q(f) functions. The light lines are the results using
earthquake data, the heavy line is from the explosion profile.

Fig. 4. Examples of moving window spectra for the closest (top) and furthest
(bottom) stations along the nuclear explosion profile in Figure 1. Contours are
log ground amplitude in microns.

Fig. 5. Apparent geometrical spreading along the profile determined by invert-
ing synthetic data. Bottom figure is average apparent geometrical spreading for
the indicated group speed window. The dashed line is at 0.5, the solid line at
0.61 is the average.

Fig. 6. Effect of geometrical spreading on determination of Q( f) by applying the
moving window spectra technique to the data recorded along the profile. Closed
circles denote vertical component Lg, squares denote transverse component L,
and triangles denote vertical component P,. Arrows in (a) and (b) indicate
the term solved for by fitting average log @ and log frequency values for group
speed windows appropriate for the phases L, and P,; (c¢) is the linear correlation
coefficient obtained from the least-squares fits.

Fig. 7. Apparent @ functions for vertical and transverse L, and vertical P,
obtained by the moving window spectral analysis technique assuming a geo-
metrical spreading term of 0.6. Error bars represent the standard deviation in
apparent Q at each frequency for averages over 3.7 to 3.0 km/sec for L, and
6.0 to 4.5 km/sec for P,. Least-squares fit to the data yield the relationships
indicated.
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Ri CIUNAL SEISMIC RECORDINGS OF THE SOVIET NUCI EAR EXPLOSION
OF THE JOINT VERIFICATION EXPERIMENT

Keith F. Priestley, William R. Walter

Seismological Laboratory, University of Nevada, Reno

Valadic Martynov, Mikhail V. Rozhkov

Institute of the Physics of the Earth, Soviet Academy of Science, Moscow, U.S.S.R.

Abstract. During August and September, 1988, the United
States and the Soviet Union conducted a Joint Verification
Expenment in which each country was perminted to observe
a nuclear explosion at the other country’s test site using
hydrodynamic means. We have seismically recorded the
Soviet explosion at four stations at regional distances
(4 $750km), and here report those observations. The
peak-to-peak particle motion in the P-wave varied from
7.54x 107" cm/sec at A = 160 km to 1.02x 1072 cysec at
A =740 km. The average my(L;) was 5.97 corresponding
10 a yield of 118 KT, based on the NTS my(L,) - yield rela-
tion of Pation [1988]. The average P, comer frequency of
the Soviet explosion was 4 Hz with evidence of a second
corner at about 0.7 Hz. Both of these comers could be
affected by spall. Near-regional seismograms of the Soviet
JVE explosion show a large arrival within the L, phase on
the wansverse component at all four sites. This may
correspond 10 tectonic release accompanying the explosion,
or to the effects of anisotropy on seismic wave propagation,

Inoduction

During August and September, 1988, the United States
and the Soviet Union conducted a Joint Verification Experi-
ment (JVE) for the purpose of calibrating yield measure-
ments at their nuclear weapons testing sites. Scientists from
cach country were permitted 1o observe a nuclear explosion
a1 the other country's test site using hydrodynamic means,
In addition, as part of the official experiment each country
made teleseismic (A > 2500 km) measurements at five
national seismograph stations in the U.S. and and five in the
Soviet. Union. The Natural Resources Defense Council
:~RDC) reached an agreement with the Soviet Academy of
Huazace (SAS) 10 make additional seismic recordings of the
buviet JVE explosion in the Soviet Union at regional
dstance ranges (< 2500 km). Here we present preliminary
analysis of the seismic data recorded at four sites in Eastern
Kazakhstan at distances less than 750 km.

Seismic Instrumentation

Seismic data for the Soviet JVE nuclear explosion were
recorded at four sites in Eastern Kazakhstan. Three seismo-
Copyright 1990 by the American Geophysical Union.

Faper number 89GLO3095.
0054-827€/90/89GL~-03C95$03.00

graphs were at the previously occupied NRDC-SAS sites
[Berger et al, 1987] surrounding the Soviet test site at near-
regional distance range: Karasu (KSU, A = 160 km), Kar-
karlinsk (KKL, A = 255 km), and Bayanual (BAY, A = 255
km). The fourth instrument was located at the SAS seisr«
graph site at Talgar (TLG, A = 740 km) to the south of the
nuclear weapons testing site. The locations of the recordirg
sites and of the explosion are shown in Figure 1.

The four seismograph sites lic within the Kazakh fold sys-
tem, a belt of folded and faulted Paleozoic rocks [Leith,
1987). The region was marked by extensive igneous
activity during the late Hercynian Orogeny in the Permio-
Triassic Period. KSU, KKL, and BAY are located on simu-
lar granitic intrusions of Paleozoic to early Mesozoic rocks.
The granites were intruded into deformed Paleozoic sedi-
mentary rocks. Subsequent tectonic activity has resulted in
regional crustal uplift and thickening. The SAS seismo-
graph station at TL/S is situated on the northern fianks of
the Zaili-Alatau mountains and is sited within Precambrian
and Lower Paleozoic crystalline rocks. The most prominent
structural feature in the area is the Chingiz fault which cuts
northwest to southeast across the Soviet test site. There are
indications of rejuvenated movement along the fault during
the Neogene and Quaternary [Zhuravlev and Uspensky,
1971). Geological exposures in the vicinity of the Soviet

v

Fig. 1. Location of the four regional scismograph staiions
KKL, BAY, KSU, and TLG, and the location of i
Soviet JVE explosion.
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test site suggest the area is fairly heterogencous. Despite
the geological complexity, Ruzashin et al. {1977) find
cfficient L, propagation across the Kazakh fold sysiem.

The characteristics of the three near-regional sites KSU,
KKL, and BAY have been described by Berger et al.
{1988]. The permanent NRDC-SAS seismographs previously
operating at KKL, BAY, and KSU [Berger et al, 1987;
1988) had been removed in late 1987. We reinstalled short-
and long-period seismographs in each of the vaults to record
the Soviet JVE nuclear explosion. The shont-period seismo-
graphs consisted of three component Teledyne Geotech S-13
1 second free period seismometers and EDA PRS-4 digital
data loggers. The long-period seismographs consisted of a
three component Teledyne Geotech S1210/220 15 second
free period seismometers and a Kinemetrics PDR-2 digital
data logger. All these data were sampled at 200 Hz, with
the exception of the short-period scismograph at BAY
which was sampled at 100 Hz. At TLG the sensors are
SM-3, 1.6 sec free period seismometers. Data are recorded
at 100 Hz on the PUSK-2, a 120 dB uynamic range digital
data logger developed jointly by the Soviet and Georgian
Academy of Sciences.

Data

Examples of the short-period vertical component seismo-
grams for the Soviet JVE explosion are shown in Figure 2.
The KKL seismogram shows an emergent, low frequency
first arrival, followed about three-quarnters of a second later
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Fig. 2. Shon-period vertical seismograms of the Soviet
JVE explosion recorded at the four regional seismograph
sites. The upper part of each section of the figure shows
10 seconds of the P-wave, the lower portion shows 100
seconds of the whole wave train at KKL, BAY and KSU
and 150 seconds at TLG. Two expanded plots of the
KSU P-wave are shown, the upper is the original data,
and the lower is the same data section after low-pass
filtering with a butterworth 4 pole filter with the comner at
1.5 Hz. The peak-to-peak particle motion for initial
arrival and for the largest amplitude in the first ten
seconds is noted and has units of cm/sec.
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by a low amplitude, higher frequency amival. KKL is past
the P, - P; cross-over distance predicted from the castern
Kazakhstan velocity structure [Antonova et al, 1978; and
Priestiey et al,, 1988), and we assume the low frequency
first arrival is P,. The P,-wave train is dominated by the
large amplitude dilatational arrival on the venical and radial
components following the first P, arrival by about 1.5 sec.
The dilatational motion of this arrival suggest a supercritical
reflection from the Moho. Synthetic reflectivity seismo-
grams computed for the Priestley et al. [1988] velocity
structure agree in both the P, —P_P interval time and in the
relative amplitudes observed at KKL, as well as for obser-
vations of the same phase at BAY and KSU. There is a
well developed L, phase seen on the vertical component,
but as discussed below, the L, amplitudes are largest on the
transverse component. .

The BAY scismogram shows a more impulsive, larger
amplitude and higher frequency P, arrival than that
observed at KKL. However, like KKL, the BAY P-wave is
dominated by a large amplitude dilitational arrival about 1.5
seconds after the initial P-wave arnval (see Figure 4). The
vertical component L, at BAY is similar to that seen a
KKL. The maximum amplitude in the L, phase observed at
BAY is also on the transverse component. However, most
of the L, energy in the ransverse BAY record occurs in a
single pulse.

The closest recording of the Soviet JVE was made at
KSU, within the P —P, crossover distance. Both the shont
and long-penod recordings from KSU show the characteris-
tic 3 Hz resonance associated with the site (upper KSU
recording in Figure 2). Neither previous borehole
recordings [Berger et al., 1988}, nor nearby recordings
(= 200m) outside the vault {Myers, personal communication,
1988] show as strong a resonance indicating that it is not
characteristic of the site in general, but of the pier in the
vault. We have also included a lowpass filiered time series
to remove the effect of the site resonance. This filtered
seismogram of KSU shows a large amplitude arrival follow-
ing the first arrival by about 2 seconds, corresponding to the
time for the P, P reflection at this distance.

The TLG recording was made at a much larger distance
than the other recordings. The largest phase on the vertical
seismogam has an amplitude of 4.27 x 1072 cmysec, with a
group velocity of 7.18 kmys. There is a well developed L,
phase at TLG with the maximum amplitude in the L, wave
train on the transverse component.

Preliminary analysis

Figure 3 shows the instrument corrected (solid line),
whole-path Q-corrected (dashed line), and noise (dotied
line) spectra for the Py, Py, and L, phases from the long-
period vertical component seismogram recorded at BAY.
The KKL spectra are almost identical to those computed
from the BAY recording. The dashed L, spectra is
corrected for Q using our unpublished attenuation results
Q=367 048) We have made the often used assump-
tion (e.g. Evernden et al. [1986]) that Q p,/ Q=225 50
Qyp, = 825 148, in plotting the dashed P, spectrum. The
dashed P, spectrum is corrected for attenuation using the
value of Q = 9000 suggested by Evernden et al. [1986).
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Fig. 3. P, P,, and L, spectra for the vertical component

seismogram recorded at BAY. The time windows used
are indicated above the time series. A 10 percent cosine
taper was applied prior 1o transforming. The comer fre-
quency is noted on the spectra. The solid curve is the
spectrum of the indicated phase. The dashed curve is the
arntenuation corrected spectrumn using the values quoted in
the text. The dotted curve is the spectrum of the noise.
For P, and P, the noise spectra was computed by
wansforming an equal length time series immediately
before the first P-wave armival; for L, an equal length
time series immediately before the L, arrival was used.

The P, and P, spectra shows a good signal to noise ratio to
at least 50 Hz. If we parameterize the P, and P, spectra
with a two line model between 1 and 30 Hz, the
uncorrected spectra show similar behavior with comer fre-
quencies of about 4 Hz and falloff slopes above the comer
approximately proportional to w™>. There is a suggestion of
a second comer in the spectra at about 0.7 Hz. The
corrected spectra show about the same comer frequency and
a slightiy shzilower high frequency falloff. If the actual
aticnuaaon for P. is closer to Q L, as some scattering stu-
dies sugg:st, the falloff slope becomes closer 1o w2, The
L, spectrum shows signal above the noise to about 3 Hz.

The average corner frequency for the Soviet explosion is
somewhat higher than comer frequencies of similar size
nuclear explosions detonated at NTS recorded at comparable
distances. The lower comer frequencies of the U.S.
explosions may reflect the the higher crustal and upper man-
tle artenuation in the Basin and Range, or possibly a lower
coupling coefficient of the weaker rocks in the Nevada Test
Site. However, for NTS expiosions of about the same size,
spall affects frequencies in the range 0.5 10 2.0 Hz [Taylor
and Randall, 1988]. We have no knowledge of the spall
characteristics of the Soviet test site and cannot eliminate
differences in spall between the two testing areas as the
cause of the differences in the spectra.

Figure 4 shows the transverse component seismograns
after rotating the horizontal components to radial and
transverse. These seismograms show significant energy at
the S; / L, arrival time. The BAY secismogram shows a
remarkably strong coherent SH arrival on the wansverse
component. This is the largest amplitude arrival on the
BAY seismogram. KKL and KSU also show significant SH
energy, however this is spread out over several seconds
duration. The filtered BAY seismograms show a distinct
Love wave arrival on the transverse component preceding
the Rayleigh wave on the vertical and radial components.
Previous studies have noted anomalous surface wave radia-
tion from Semipalitinsk nuclear explosions [Rygg, 1979).
These observations have been attributed to tectonic release
equivalent to motion on thrust faults dipping 45°. Howeves,
there have been suggestons that apparent quadrupole
seismic radiation from explosions may arise from the aniso-
tropic properties of the source or propagation medium (¢.g.
Mandal and Toksoz, 1989).

Nuttli [1973] defined a magnitude mb(Lz) based on the
amplitudes of 1 second L, waves, and Nuttli [1986a) argued
for the usefulness of my(L;) in estimating yields of NTS
nuclear explosions. Nunli [1986b,1987] used L, amivals
from Soviet nuclear explosions in eastern Kazakhstan which
were recorded in western Europe and southern Asia to esti-
mate yields of Soviet explosions. The greatest uncenainty
in the m,, - yield relationship arises from uncertaintes in the
attenuation function used for correcting the L, amplitudes
for the effects of anelasticity. Since we have made direct
measurements of the L, atienuation only in the region of the
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Fig. 4. Transverse component recordiags of the Soviet
JVE at KSU, KKL and BAY are shown at the top of the
figure. The KSU trace is the shor-period record low pass
filiered at 1.5 Hz. The remaining traces are long-penod
broadband seismograms. Also shown for comparison are
the radial and vertical components at BAY. At the bot-
tom of the figure low-pass filtered (comer of 0.2 Hz)
transverse, radial and vertical BAY seismograms ae
shown. Each trace is self-scaled. The filiered BAY
seismograms show significant Love waves. The absoluie
amplitude of the filtered BAY transverse component is
about four times smaller than the vertical component.
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Soviet test site, we have used only L, recordings from
BAY, KKL and KSU in estimating my(Ly). The my(L,) for
the Soviet JVE is 5.689+0.002. Nuuli (19862, 1986b, 1987)
argues for the portability of my, - yield relationships derived
from NTS data; however, Patton [1988] cautions that cou-
pling differences may have a significant influence. An
my(L,) of 5.689 corresponds to a yield of 148 KT using the
Nunli [1986] my(L,) - yicld relation and 118 KT using the
Patton [1988] my(L,) vs. yield relation, both of which are
based on NTS data. Sykes and Ekstrom [1989] using a com-
bined m,, and M, magnitude - yicld relation have estimated
the yield of the Soviet JVE to be 113 KT.

Summary

Broadband regional seismograms of the 1988 Soviet JVE at
four sites in the U.S.S.R. have been shown. The P wave
spectra show good signal-above-noise up to at least S0 Hz.
The transverse components show sigmificant energy at the
S‘ /L, arrival time, and Love waves at longer periods. This
Soviet JVE data provides an opportunity to test methods of
analysis, developed in other areas, on data recorded wholly
within the U.S.S.R. Using one such method, the my(L;) -
yield relations developed for NTS, we have estimated the
yield of this event.
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Observations of High-Frequency P Wave Earthquake and Explosion Spectra
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Compared With 0)‘3, (0'2, and Sharpe Source Models

WILLIAM R. WALTER, JAMES N. BRUNE, AND KEITH F. PRIESTLEY

Seismological Laboratory, Mackay School of Mines, University of Nevada at Reno

JON FLETCIIER

U.S. Geological Survey, Menlo Park, California

Observations of 10-, 20-, and 30-Hz P wave spectral amplitudes from carthquakes and explosions are com-
pared with the Archambeau [1968, 1972] earthquake model featuring a P wave falloff of o~ beyond the comer
frequency, a modified Brune [1970, 1971) earthquake model with w2 falloff, and the Sharpe {1942] explosion
model which has a w2 falloff. The Archambeau and Shampe models have been, in part, the basis of a proposal
by Evernden et al. [1986] that high-frequency (= 30 Hz) scismic cnergy could provide an effective solution 1o
the problem of detection and identification of low-yicld coupled and fully decoupled underground nuclear ex-
plosions. The obscrvations of earthquakes show an increasc in spectral amplitude with moment approximately
in agrcement with the @2 falloff model and, for larger moments, in disagrecment with the w™ model. Com-
parison of theorctical and actual scismograms narrow-band filtcred at 30 Hz shows that in part the increase in
spectral amplitude of earthquakes is due to the complex and long duration of the rupture process and not be-
cause of an increase in an impulsive first arrival like that characteristic of an explosion. The 30-1z amplitudes
for explosions show much scatter, and many events have a spectral falloff greater than the w2 predicted by the
Sharpe model. Whether this is due entircly to attenuation or is the actual source spectrum is not detcrmined.
High stress drop carthquakes are predicted to have larger spectral amplitudes than the Sharpe model. Thus any
discrimination technique using high-frequency P wave spectra should probably take into account differences in

pulse shape and amplitude in the time domain.

INTRODUCTION

Thir paper compares observations of P wave spectral ampli-
tudes at 10, 20, and 30 Hz from numerous earthquakes and explo-
sions, covering a range of magnitudes, with several theoretical
predictions. In particular the spectral amplitudes are compared
with the Sharpe [1942] explosion modcl and with the Archam-
beau (1968, 1972] carthquake stress relaxation model. The differ-
ence in spectral amplitudes between these two models is the bacis
of a mcthod for discriminating between earthquakes and undei-
ground nuclear cxplosions suggested by Evernden et al. [1986]. A
preliminary report on the results of these studies was -given by

Brune et al. [1986a].

Evernden et al. [1986] proposed that an effective solution to the
problem of detection and identification of low-yield coupled and
fully decoupled underground cxplosions was available using
high-frequercy seismic data ranging up to 30 or 40 Hz. The pro-
posal is based on the theoretical predictions of radiated P wave se-
ismic spectra corresponding to the Archambeau [1968, 1972}
model for carthquake sources and the Sharpe [1942] model for ex-
plosion sources. The Archambeau [1968, 1972] theoretical model
for an expanding stress-relaxation (failure) zone has been refined
and developed by Minster [1973], Stevens (1980), and Archam-
beau and Minster [1978] among others. Various models used
nonspherically expanding or translating spherical failure zones to
simulate time-dependent ellipsoidal failure zoncs. Stevens [1980]
showed that the volume relaxation source formulation uscd in car-
licr work could be expressed in terms of failure boundary surface
integrals (stress pulse cquivalents). Thus in the limit it seems that
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these volume stress-relaxation models could be modified 1o give
the same results as the more physically reasonable models involv-
ing stress relaxation on a plane, e.g., as in finite element modeling
of Archuleta and Frazier [1978), or idealized approximate stress
pulse models such as that of Brune {1970, 1971]. However, when
one takes into account the inhegent complexities in the actual rup-
ture process, it is unlikely that any of these idealized models ade-
quately represents the spectra of most earthquakes. Much evi-
dence indicates that earthquake ruptures are complex multiple
events [Wyss and Brune, 1967; Trifunac and Brune, 1970:
Kanamori and Stewart, 1978). Recognition of this fact has stimu-
lated numerous theoretical and numerical models involving com-
plexity (Haskell, 1964; Aki, 1972; Brune, 1970; Blandford, 1975;
Papageorgiou and Aki, 1983a, b; Kanamori 1979; Munguia and
Brune, 1984]. Recent-high quality data from the Anza scismic ar-
ray [Berger et al., 1984; Fletcher et al., 1987] have indicatod 1=n¢
this complexity extends down to small events [Brune et al. 19855
Frankel et al., 1986).

The theoretical P wave explosion spectra used by Evernden et
al. [1986] is that proposed by Sharpe [1942] and independently
devcloped by Latter [1961]. In the Sharpe theory the explosion is
modcled as an arbitrary pressure function applicd to the interior of
a spherical surface at an "clastic radius” from the source. The
elastic radius is defined as the distance from the detonation point
to the surface beyond which the medium responds linearly (clasti
cally) and thus is a purcly medium-dependent property for a given
maximum pressure amplitude. For a perfectly decoupled or over
decoupled explosion in a cavity, the clastic radius is the cavity 1
dius. For a tamped or underdecoupled explosion, the elastic rai™ic
is larger than the perfectly decoupled cavity radius for the san.e
yicld explosion, since the coupling factor in a solid mediun. is
larger than the coupling factor in air. The Sharpe model as v
by Evernden et al. [1986) (and as developed by Latter {1961}) bine
a step or Heaviside function in pressure acting at the elastic ra-
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dins. Other clastic radius models such as that of Mueller and Mur-
phy [1971] use a pressure function with an initial spike which de-
cays exponentially 1o a constant value. This model has more
high-frequency energy at and above the comer frequency than the
pressure step function Sharpe model. Evernden et al. [1986] argue
based on the Mueiler-Murphy model and finite difference calcula-
tions by Patterson [1966] that the pressure step function Sharpe
model is a conservative estimate of the high-frequency P wave en-
crpy radiated by both tamped and decoupled explosions. We will
confine our analysis in this paper to tamped explosions.

One of the factors of crucial importance in the Evernden et al.
proposal is the shape of the P wave spectrum beyond the corner
frequency. The Archambeau [1968, 1972] model for carthquakes
(with the rupture velocity approximately equal to the shear wave
velocity) predicts a high-frequency fallolf, beyond the corner fre-
quencey proportional o @™, For simplicity in this paper we will
refer to the model as the W3P model (w™ falloff for P waves).
This kind of fallo(f has the paradoxical result that for a given
stress drop, very large carthquakes do not radiate any more high
frequency energy than small carthquakes (m, = 1.8). This is a
consequence of the fact that the low frequency spectral level is
proportional to the cube of the source dimension, which is exactly
cancelled out by the @™ falloff from the comer frequency (which
scales inversely with the source dimension). Evernden et al.
11986] propose that the @™ falloff of the P wave spectrum for the
Archambeau {1968, 1972] model for carthquakes, being different
from the @ 2 falloff »f the Sharpe model, enhances the discrimina-
tion achicvable from the differences in P wave comer frequencies
between compatible carthquakes and explosions (compatible in
that they have the same low-frequency P wave amplitudes).

It should be noted that the W3P model as used by Evernden et
al. does not take into account phase complexity of carthquakes
per se, since only the spectrum is used and not the actual time
domain signal (or phasc). Thus a conclusion regarding the ampli-
tude spectra of the W3 model for carthquakes does not necessari-
ly arguc one way or the other as to whether time domain measure-
ments might be used to distinguish between carthquakes and ex-
plosions, since carthquakes are complex long-duration ruptures,
whereas explosions are impulsive stress pulses on the inside of
some actual or equivalent cavity. (The interrelations between
speetra, peak amplitude, complexity, and duration of the signal,
and the high frequency falloff have been discussed by Hanks
[1979].)

The problem of determining the slope of the spectral falloff at
high frequencies is greatly complicated by attenuation, scattering,
and sile cffects. The determination of scismic moment, being
based on much lower frequencies, is relatively insensitive to these
cffects. Thus if data from one source region with a constant set of
stations and ray paths are compared, any increase in high-
frequency spectral amplitude with moment can be auributed to the
source. Therelore this paper will address the variation of 10-, 20-,
and 30-Hz carthquake and explosion PP wave spectral amplitudes
with scismic moment at 10-km hypocentral distances without
muking any correction for Q.

THEORETICAL CURVIES

In the Fvernden et al. [1986]) paper, Figure 14 shows the
theoretical P wave spectra of the W3P model. The theoretical
spectra have a constant amphitude up o the corner frequency Sr
given hy [Minster, 1973)

Buatvy”? M

1
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f‘”ZnL

631y

and then falls off as »*. Here L is the maximum ruplure dimen-
sion, v, is the rupture velocity, and o is the P wave velocity. The
relation between the moment and the low-frequency asymptote for
the W3P model was derived {rom the Jow-frequency (point
source) approximation for a double couple dislocation [Keilis-
Borok, 1959]

AnpPRQ) AnpudRQ)

R g

(2)

Ty=
R
023

and the moment cxpression for the W3P model (assuming a Pois-
son solid) given by {Minster, 1973, Minster and Suteau, 1977)

60 R

3
23Lc

Mo=

(3)

In (2) p is the medium density, R is the hypocentral distance, R g
is the radiation pattern, M g is the seismic moment, 3 is the § wave
velocity, and $25 and Q) are the S and P wave zero frequency
speetral amplitudes. In (3) o is the stress drop (or the prestress
level). Equating (2) and (3) and solving for Qf gives

P_ So L? Res 4
°7 23paR “)
where p is the rigidity. This result was checked with Figure 22
from FEvernden et al. {1986], which shows carthquake spectra
predicted by the W3P model and explosion spectra predicted by
the Sharpe model. The vertical axis in their Figure 22 gives rela-
tive amplitude on the lefi-hand scale and my on the night-hand
scale. To relate my, with moment and low-frequency spectral
amplitude we have used the m, versus the € spectral level rela-
tionship of K. F. Priestley and J. N. Brune (Spectral scaling for the
Mammoth Lakes, California, earthquakes, submitted to the Geo-
physical Journal of the Royal Astronomical Society; hereafier
refered to as PB88). The values obrained agreed with those
predicied by (4) within the uncertainty of determining my,. This
was further checked with the graph of m, versus My given by
Tucker and Brune [1977) for San Fernando aftershocks, with
almost identical results.

The values used for the W3 model arec & = 6.0 kim/s, p = 2.8
glem?, p = 336 x 10" dynicm?, and a Poisson medium is
assumed. We have further assumed that the rupture velocity is
cqual to the shear wave velocity. As (1) indicates, decrecasing the
rupture  velocily causes the comer frequency to decrease.
Evernden et al. [1986] show in their Figure 16 that as the rupture
velocity decreascs below the shear wave velocity, the spectrum
develops an intermediate falloff between the constant low-
frequency value and the @ * falloff at frequencies much higher
than the comer frequency. Thus the case of the rupture velocity
cqual to the shear wave velocity gives the maximum spectral
amplitudes for 2 waves at all frequencies predicted by the W3P
model for a given stress drop and moment. (For rupture rates
greater than the shear wave velocity, the Archambeau [1968,
1972) model predicts a falloff proportional to o2 bevond the
corner frequency.)

For the 02 model of carthquake spectra, we used the Brune
{1970, 1971] model of source spectra with the added assumption
that the P wave to § wave amplitude rato at low frequencies is
(a/P)3. The ratio is spproprigte for the Jow-frequency (point
source) approximation for a double couple dislocation given 1n
(2). We have also assumed a corner frequency shift for P waves
refative to § waves of ), as indicated in several studies [e.g..
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E 25 wod o the medium are the same as the
WP model Herealter for simpucity this model will be referred
W as e W2P anoadel (o 2 fallotf for P waves).
The Stirpe model curves represent both tamped and decoupled
loston: The moment used for the Sharpe curves was derived
from the low-frequency-moment relation of (2), as if the source
were an carthauake, using the sume parameters for the recording
medium as the W3P modcl. In this paper we have used a max-

S .
Pl

imum pressure of clastic response of 130 bars as assumed by
Foeraden et al [1986] in estimating the spectral amplitude from
cvplosions at the Nevada test sitee We have also assumed shot
medium parameters of « = 3.5 km/s and p = 2.0 ghem?. All the
theerctica] cuives presented in this paper ave been normalized 1o
1U-km Lypocential distance and muliplied by a factor of 2
approxiziate the free surface cflect.

[DEVEN

There are numerous sources of good high-frequency data now
availuble as a result of the advent of high dynamic range digital
event recorders [e.g., Brune et al., 1980] and telemetered arrays
[Berger er al., 1984; Fletcher et al., 1987]. The earthquake data
ased in this study are recordings from the permanent Anza array
in southern Califomia [Berger et al., 1984; Fletcher et al., 1987],
and temporary digital instruments deployed 1o record aftershocks
of the 197X Ouxaca, Mexico, carthquake [Munguia et al., 1978}
and aftershocks of the 1980 Mammoth Lakes earthquakes
[Archuleta et al., 1982; Priestley et al., 1985; PB88). In order to
compuare the data with the source models with as litde distortion
duc 10 attenuation and site effects as possible we have used data
recorded on solid rock with hypocentral distances as short as pos-
sibles All the data have been normalized o a 10-km hypocentral
distance and have not been corrected for Q.

The data presented here are all far-field data in the frequency
domain, cxcept for the 1985 Michoacan main shock. The instru-
ments used in this study have a flat response in velocity or
acceleration between 5 and 35 Hz. The spectra were determined
from vertical component recordings. The data time series range
from 3/4 s 10 several seconds afler the initial 2 arrival and ending
before the § wave (except for the Michoacan event). The time
seres were tapered with a 10 cosine taper at each end. A fast
Fourier ransform was applicd to the tapered time serics; the mag-
nitude of the result was then rotated (dividing hy o for velocity
and ©F Tor aceeleration) o displacement. The Anza spectra were
ien smecthed, and the spectral wnplitude determined directly.
Torh sof the data, the wagnitude of the spectral anplitude at
Aot gl Teguaency was deteimimed by averaging about a 6-Hz
27-33 Hz for
S0FL ) wsine unsmwothed spectra. Where more lhm one slation
recording was availuble for each event, we followed Archuleta et
al [1982] by taking the average of the log of the spectral ampli-

N )
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wanddow centered on the frequency of interest (i.e.,

rather than a simple arithimetic average,

The Anzaarray s a 100 statica, three-component, 16-bit digi-
tally telemetered array, deployed along the San Jacinto fault zone
in southern California. We have analyzed events with seismic
moments ranging (rom 107 10 about 102 dyn em and with hypo-
central distances from 5 to 20 km. The Anza array sites are on
colid rock, and we expect hitle distortion due to attenuation at
these distanees. Hough et al. (5. E. Hough, J. G. Anderson, J.
Brune, I. Vernon, 1. Berger, I Fletcher, L. Harr, T. Hanks and L.
Baker, At nuahion near Anza, Calitornia, submitied o Bulletin of
cgicd! Sociely of America) and S E. Hough and 1. G,
Anderon dObservations of hugh frequency spectra at Anza,

e Seinrnsl

Cali-

fornia: Implications for Q suucture, submutted o Pl o a
Seismological Society of America) have found high @ value:
Anza sites. Recent comparison of spectra recorded inoa e
deep borchole and at the surfuce by Haar er il [19¥7] -
amplifications up 1o a factor of § in the 10- 0 30-H,
(beyond the expected factor of 2 at a free surface) and significant
altenuation of frequencies above 40 Hs. However,
expected 1o affect all events in a similar manner and shoulkd not
change comparisons of events recorded at the same stations. We
also have strong motion data for two carthguiakes, an M = 5.0 4,
an M = 4.7, that occurred prior 1o the installation of the Avuza
array.

The Oaxaca altershock data were recorded on an eipht-staion
digital array sct up aflter the main shock of November 29, 10y
[Reyes et al., 1978]. These sites were also located on solid rouh o
minimize attenuation and site effects. These events are g
deeper than events at Anza since they are associated with e sub
duction zone. They range in hypocentral distances from it i
km.

The Mammoth events were recorded on digital seismographs
deployed during the Mammoth Lakes carthquake sequence
1980 [Archuleta et al., 1982]. To minimize altenuation we esod
cvents recorded at the three stations CON, FIS, and MG T aid
on rock. The hypocentral distances of these events range from 3
20 km.

We have used one very large event, the Michoacar, Mevicn
carthquake of September 19, 1985. A network of strong motien
accelerographs located on hard rock sites, was instal’ ! in the
region prior to the event [Anderson et al., 1986). Thice of the
accelerographs were directly over the aftershock zone and inferred
rupture. We have used the spectra of the entire vertical companent
of these stations. As a first-order approximation to normalize o

for

this s

TABLE 1. Parameters for Pahutc Mesa, Nevada, Test Site Explosions uscd
in This Study
De Yicld» H entral .
Event Name ";:lh ki my di{t‘:)ccc km Statioa
Alemendro 1064 566 6.1 32 L4
3.2 L4
34 Echo Pea'.
5.1 L-05
6.1 L-02
10.0 L-06
12.6 Lo
Ilalfbcak 819 300 6.1 21 S-5
21 S3
Inlet 819 290 6.U 1.6 3
313 S
Scotch 977 150 5.7 6.1 NEVE)
Boxcar 1166 1200 63 10.4 S-034
225 5-0.4
Famn 689 75 55 42 4
47 6
6.4 5
9.7 2
21.1 W
212 Wy
Colwick 633 75 55 183 W.j
234 Wi
207 woo
Pcpato 680 75 5.5 225 W
254 LA
Sheepshead 640 100 5.6 151 W
177 Wl
22.8 Wi

* Yiclds from Springer and Kinnman [1971]|, Barker et ol. (108" -
cstimated from my,.
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10-km hypocentral distance, we have assumed the energy radiated
per unit arca is constant at the fault surface, and that energy is
conserved. Therefore we multiply the spectral amplitude by the
square root of the ratio: twice the fault surface area divided by the
arca of a sphere at 10 km. This corrcction increases the spectral
amplitude by about a factor of 3.7.

The explosion data used here are underground nuclear explo-
sions {from Pahute Mesa on the Nevada test site (NTS). We have
scveral explosions ranging in size from approximately 100 to
1200 kilotons (kt), recorded on velocity and acccleration sensors.
The cvent names, approximate yiclds, and hypocentral distances
arc given in Table 1. The hypocentral distances range from 3 to 25
km. The moment for each explosion was determined using the
formula

My=18.135+m, (5

taken from Priestley and Brune (PB88) (assuming the Qp - M,
relation of (2) and the parameters of the W3P model). The velo-
city recordings at Pahute Mesa are surface recordings on sedi-
ments. Using the velocity model of Leonard and Johnson [1987)
and data from the shot medium (D. L. Springer, personal com-
munication 1987), we expect an impedance amplification of about
1.4-1.6 for events at 650-m depth and about 1.8 for 1100-m depth
(based on the difference between (p ) at the surface and at
depth). In addition the attenuation is expected to be greater for
these events than for the carthquake data. To oblain an cstimate
for the attenuation of the P wave explosion dala we assume a (fre-
quency independent) value of Q = 50 above 600-m depth and Q =
100 for depths greater than 600 m (L. Johnson, personal commun-
ication, 1987). Events recorded at 5.0-km epicentral distances
have travel times of about 1.6 s. Assuming a travel time of about
1.2 s in the @ = 100 material and 0.4 s in the = 50 material
gives a total amplitude decrease of about 6.6 at 30 Hz and 1.9 at
10 Hz. There is evidence that at high frequencies, attenuation is
frequency dependent; this could be expected to decrease the
attenuation at 30 Hz relative o that at 10 Hz. However, the
attenuation in this region is not yet well determined, so we have
not attempted to correct for cither attenuation or sediment
amplification. Based on the assumption Tor Q cited above, we
eapect the uncorrected spectral amplitudes to approximate the
source spectra at 10 Hz and underestimate it at 30 Hz.

For events Colwick, Pepato, Sheepshead, and Farm we have
accelerograph recordings. These aceeleration recordings are cither
on hard rock surface sites (stations W-37 and W-18) or from 500-
m-deep boreholes (station W-9). The spectral amplitude from the
borchole station was multiplied by a factor of 2 to approximate a
surface recording. It is interesting to note that at the more distant
(hypocentral distances from 25 to 33 km) crystalline rock surface
and borchole stations the 30 Hz P wave cnergy was lost in the
noise. For the event Farm, we have both hard rock accelerograph
recordings (hypocentral distances approximately 21 km) and four
accelerograph recordings on sediments (hypocentral distunces 4-9
km). The spectral amplitudes of the recordings on sediments are
approximately a factor of 2 larger at 10, 20, and 30 He than the
more distant recordings on rock. These recordings on rock may
underestimate the source amplitude due to impedance. All of the
explosion data have been normalized to 10-km hypocentral dis-
tance.

ANALYSIS
The difference in high-frequency behavior of the W2P, W3P,

and Sharpe source models as the event size increases, is ilustrated
in Figure 1, where spectral amplitude at 10, 20, and 30 Hy is plot-
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ted versus seismic moment. The Sharpe [1942] model s
represented by the dashed curve and was caleulated using a max-
imum pressurc of clastic response of 130 bars. The W2P and W3P
models are represented by solid lines. The stress drop in bars asso-
cialed with each curve is indicated by o. The W3P curve was
derived from (1) and (4) assuminy the rupture velocity is equal to
the shear wave velocity. The data have all been normatized o 10-
km hypocentral distance and, as discussed in the introduction, not
corrected for Q.

The theoretical curves all show spectral amplitude increasing
lincarly with moment up to about 10°-10% dyn cm. This is
expected for any source model, since for these small-moment
events the wavelength at the frequency of interest (10, 20, or 30
Hz) is large compared with the source dimension. In other words,
these small events have comer frequencies higher than the fre-
quency being plotied, so the spectral amplitude scales directly
with moment. For the larger-moment (above about 102° dyn cm)
cvents the W3P model predicts the spectral amplitudes will
remain constant for a constant stress drop. The W2P model in
conltrast predicts for these large-moment events that the spectral
amplitudes will increase with moment approximately as 4757 for
constant stress drop. The Sharpe curve has similar scaling 1o the
W2P model.

Figure 1a shows 10-Hz spectral amplitude versus moment. The
Oaxaca cvents show more 10-Hz energy than Anza events of
comparable moment and thus could be interpreted as having
higher stress drops than the Anza events in either the W2P or
W3P models. However, the two models give different absolute
values for stiess drops. For exumple, the lurgest moment Anza
events would be interpreted as having a stress drop of about 10
bars in the W2P model, while the W3P model would give stress
drops of about 400 bars. Many of the Qaxaca events have as much
or more 10-Hz energy than the Sharpe curve. The explosion
points scatter about the Sharpe curve with the recordings on rock
having less 10-Hz energy than predicted by the model. The six
points representing the five small, 75-150 ki, events (Farm was
recorded both on rock and scdiments) have about an order of
magnitude range in 10-Hz amplitude.

As we look at higher frequencies (20 Hz in Figure 15 and 30
Hz in Figure 1¢) the difference in the predicted spectral amplitude
of the W2P and W3P models for large-moment events becomes
more pronounced. The carthquake data (Anza, Quaxaca, Mam-
moth, and Michoacan) show a clear increase in spectral amplitude
with moment, approxiumately m agreement with the W2P model,
and in disagreement with a constant stress drop WP modet for
the larger events. If we were to interpret the data with the W3P
model, stress drop would have 1o increase significantly with
moment. For the largest moment events such as the Michoacan
main shock (Figure 1¢) the W3P modecl implies a stress drop of
the order of a kilobar. This is in distinct disagreement with static
,stress, apparent stress, and dynamic stress as calculated by Ander-

" son et al. [1986} and Pricstley and Masters [1986] of about 5-20
bars.

The NTS explosions show increasing scauter as we look at the
higher frequencies (Figures 15 and 1¢). The hard rock recordings
and the Farm accelerograph recording on sediments have lower
spectral amplitudes at 30 Hz (Figure 1¢) by 1-2 orders of magni-
tude. One possible expluanation for this is source depth. The higher
speetral amplitude events are deeper (800-1100 m) than the lower
spectral amplitude events (630-690 m). The average depth to the
waler table in Pahute Mesa is about 650 m [Leonard and Johnson,
1987]. Events below the water table might be expected to couple
more high-frequency enerey into scismic waves. The majonity of
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Tig. 1. P wave displacement spectral observations of earthquakes (solid
symbols) and NTS explosions ploticd as a function of moment, and com-
parcd with theoretical curves. All symbols and curves normalized to a hy-
pocentral distance of 10 km. No attenuation correction was applicd to the
data. Events where more than one station recording was used have rela-
tively larger symbol size. Theoretical curves given for constant stress drop
denoted by ¢ in bars. W3P model given for constant rupture velocity equal
to the shear wave velocity. The Sharpe curve was calculated assuming a
maximum pressure of 130 bars and is indicated by the dashed curve. (a)
The 10-11z P wave displacement versus moment, (b) 20-Hz P wave dis-
placement spectral amplitude versus moment, and (c) 30-Hz P wave dis-
placement spectral amplitude versus moment. Note the increase in spec-
tral amplitude with moment approximately in agreement with a constant
stress drop W21 ( @2 falloff beyond the comer frequency) model and for
larger moments in disagreement with the W3P ( «? falloff beyond the
corner frequency) model. Also note the explosion spectral amplitudes gen-
crally fall below the Sharpe curve.

the explosion data points have less 30-Hz cnergy than the Sharpe
model predicts and fall in the region of the earthquake population,

Discussion

Evernden et al., [1986] arguc that the Sharpe model is a conser-
vative or minimum estimate for the high-frequency energy radi-
ated by explosions. They expect all explosion data to plot on or
above this curve. The reason for the failure of all the explosion
data to plot on or above the Sharpe curve may be due to loss of
high trequency energy in the tansimission from source to receiver,
in the source spectrum itself, or some combination of both. The
wansmission characteristics of the medium at these high frequen-
cies are not known well enough to determine the magnitude of
this cffect. Ideally a series of small nuclear explosions in hard
rock recorded in hard rock would be the best comparison with the
carthquake data presented here. Since these data are not available,
we will be confined 10 making some general remarks abort explo-
sion models.

The comer frequency and fallofl at high frequencics of explo-
sion spectra are eritical to the Evernden et al. discrimination pro-
posal. The guestion of whether the step function in pressure
Sharpe model represents o minimum  estimate of the high-
frequency energy radiated by cxplosions must be examined in
hight of the data presented. Tt s not clear, particularly for tamped
cxplosions at shallow depths and high frequencies, that the pres-

WALTER ET AL.: OBSERVATIONS OF HiGH-FRBQUENCY ¥ WAVES

surc at the eclastic radius is a step function. The nonlricar
processes such as crushing and plastic deformation might be
cxpected to preferentially attenuate the high-frequency com-
ponents of the pressure function. Thus it scems possible thar o
tamped explosion could have a spectral falloff steeper than e
and havc less energy at high frequencies than the Sharpe model
predicts. Much more work needs to be done in determining the
exact high-frequency behavior of both tamped and decoupled
explosions.

Figure 1 implies two important problems for high-frequency
discrimination regardless of the actual attenuation. First, the high
stress drop carthquakes such as some of the Oaxaca aftershocks
fall close to or above the Sharpe curve. In fact both the W2P and
W3P models predict that high stress drop carthquakes can radiate
more high-frequency encrgy than the Sharpe model. Thus 1he
question for discrimination is not only whether the W2§? or W3J
better describe the data but also whether high stress drop carth
quakes are expected in the regions of interest and whether they
can be discriminated by methods other than high-frequency spec-
tral amplitude.

Second, it may be possible to defeat any high-frequency
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MAMMOTN

(ML 49, A =

96 kin)

ANZA - PFO (ML 3.0, 4 = 195 kin
pb-wave s -wave
ANZA - FRD (ML 30, &4 = 153 k)
W o de y
SHARPE ( explosion )
1 second

ARCHAMBEAU (RO = 10 km)

N |

" Stopping phase

Fig. 2. Observed and theoretical velocity seismograms passed through a
narrow-band filter centered at 30 Hz (2040 Hz). The Mammoth trace
represents a complex earthquake. The two Anza traces represent a single
earthquake, showing simple explosionlike earthquake signal at onc station
(FRD) and a more typical simple seismogram with a large S wave pulsc at
another station (PFO). The trace for the Sharpe explosion model has ali
the higher- frequency encrgy arriving in the impulsive beginning, whercas
for the W3P model the amplitude of the stopping phase is about 3 times
larger than the starting phase. For the constant rupture velocity and stress
drop W3P model, the 30-Hz spectrum does not increase with moment
beyond 10% dyn cm because the pulses seen through a narrow-band filter
only sprcad out in time, but do not change amplitude.

discrimination technique by detonating the shot in a medium with
high attenuation such as is expected at Pahute Mesa. Certainly any
technique based on simple spectral amplitude at 30 Hz would fail
for some of the recordings of the explosion data presented here,
even for events recorded as close as 5 km. Scattering and attenua-
tion can be expected to have a larger effect on the source spectrum
at these high frequencies.

The data in Figure 1c show that large carthquakes radiate more
30-Hz cnergy than small ones, in contrast with a constant stress
drop W3P model. This is obvious from a cursory observation of
the long-duration, higher-amplitude P waves from larger events,
As a simple illustration of this point, we present in Figure 2,
narrow-band filtered velocity scismograms (bandwidth 20-40 Hy)
from three carthquake recordings along with filtered seismograms
of the Sharpe cxplosion model and the W3P (Archambeau, 1968,
1972] carthquake model. These records clearly indicate the
greater amount of 30-Hz energy radiated from larger events duc to
both larger peak amplitudes and longer, more complex time func-
tions. In contrast the W3P model in Figure 2 does not radiate any
more cnergy at 30 Hz as the moment increases, since increasing
the source size only causes the starting and stopping phases of the
W3P model to scparate further in lime, but does not change their
amplitude.

The difference in the time domain of the theoretical models
suggests that the waveforms themselves be considered in any
high-frequency discrimination technique. The high-frequency
energy radiated by earthquakes is gencrated by rupture complexity
which can be modecled by accelerations and decelerations of the
rupture front [e.g., Bernard and Madariaga, 1984). The W3P
model, as indicated in Figure 2, radiates high-frequency cnergy in
a siarting and stopping phase with the latter having about 3 times
higher amplitude than the former. Explosions, in contrast, arc
expected to radiate high-frequency cnergy in an initial impulse, as
indicated by the Sharpe model in Figure 2. In some cases, earth-
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quake records show an impulsive "explosionlike” record at one or
two stations of an array, but in these cases, the other stations of
the array usually show a less impulsive, more “carthquakelike”
signals with large § waves (Figure 2). There may be a problem,
however, in applying such time domain or phase characteristic
approach to high stress drop carthquakes. High stress drop carth-
quakes have high comer frequencies and smaller source dimen-
sions and thus shorter rupture times. A magnitude 3 or 4 earth-
quake with a stress drop of 100 bars or more might have a rupture
duration of less than a tenth of a second, and might make discrim-
ination based on either waveform in the time domain or spectral
amplitude difficult.

CONCLUSIONS

Observations of high-frequency P wave spectra from earth-
quakes, normalized to a distance of 10 km, show an increase in
spectral amplitude with moment approximately in agreement with
an w2 falloff model, and for large moments in disagreement with
an o falloff model. The explosion data at a frequency of 30 Hz
generally fall below the Sharpe curve, show much scatter, and do
not all discriminate from the carthquake data on the basis of spec-
tral amplitude. How much of this effect is due to aitenuation
requires further investigation. This suggests that any discrimina-
tion technique using high-frequency P waves should also take into
account phase information {e.g., time domain character), not just
spectral level. High stress drop earthquakes can radiate more
high-frequency encrgy than the Sharpe model and might be
expected to make any technique based on time domain character
of P waves difficult as well.
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CRUSTAL STRUCTURE IN EASTERN KAZAKH, U.S.S.R. FROM TELESEISMIC RECEIVER FUNCTIONS
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Abstract. Broadband receiver functions determined from teleseismic
P-waveforms recorded at two seismic stations in eastern Kazakh,
U.S.S.R., are inverted for the vertical velocity structure beneath the sta-
tions. The detailed broadband receiver functions are obtained by stacking
source-cqualized radial components of teleseismic P-waveforms. A time-
domain inversion of the radial receiver function is used to determine the
structure assuming a crustal model parameterized by flat-lying, homo-
geneous layers. The general features of the inversion results are: a com-
plex shallow crust, velocities =< dian 6 km/s in the upper crust, a high
velocity (6.9-7.5 kmys) lower crust, and a Moho that varies between 47
and 57 km depth. These results compare favorably with a composite velo-
city model from Deep Seismic Sounding data, but show lower velocities
in the upper crust, and higher velocities in the lower crust. The results
indicate that the crust in this region is relatively uniform, however the
nature and depth of the Moho changes significantly across the region. The
receiver function inversion structure for the Kazakh sites is similar to a
published recciver function structure for a site on the Canadian Shield.

Introduction

Since July, 1986 three seismic stations have been operating in the vicin-
ity of the Soviet nuclear test site in eastern Kazakh, U.S.S.R., under a joini
agrcement between the Natral Resources Defense Council (NRDC) und
the Sovict Academy of Science {Berger et al, 1987]. Data from July, 198¢
through February, 1987 were from seismometers placed in surface vaults;
since March, 1987, data also have been recorded from seismometers
located in 100 meter deep boreholes beneath the surface vaults. All data
are digitally recorded. Figure 1 shows the location of the three stations
(KKL, BAY, KSU), the locations of telescismic earthquakes uscd in this
study, and the Deep Seismic Sounding (DSS) line discussed by Antoncenko
[1984].

Leith [writicn communications, 1987] has compiicd geophysical and
geological data for the NRDC sites, from the Soviet literature. The
scismograph sites lic within the Kazakh fold system, a belt of folded arit
faulted Paleozoic rocks. The region was marked by extensive igncou:
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Fig. 1. The lower part of the figure shows the location of the NRDC seismic stations, Degelen Mountain on the
Soviet test site, and the DSS line discussed by Antonenko (1984). The upper part of the figure shows the location of

the study area in central Asia, and the location of the tcleseismic cvents studicd:

KKL, (@) denote events recorded at BAY.
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gests that the geological and goophysical characteristics of Degelen
Mountain on the Sovict Test Site are similar to those of the Karkaralinsk
and Bayanaul wntusions. The plutons and Degelen Mountain are com.-
posed of alaskite, an alkali feldspar granite of slightly lower density and
seismic velocity than typical granite. Based on Soviet decp seismic
sounding lincs in the area, the Pn-velocity appears to vary from 8.0 10 8.3
km/s and the crustal thickness varies from 50 km in the vicinity of Kar-
karalinsk and Bayanaul to possibly as little as 40 km at Karasu. Soviet
geophysical results indicate that at least the Karkaralinsk intrusion is a lac-
colith narrowing from an area of about 450 km? at the surface to about
100 km? at a depth of 10 km.

In this report, we model receiver functions obtained from teleseismic
P-waveforms recorded at two sites, Karkaralinsk and Bayanaul, to deter-
mine the detailed structure of the crust and upper mantle directly beneath
the recording site. Insufficient data has been recorded from the Karasu
site for this type of analysis. The broadband receiver function method is
most sensitive to the details of the vertical shear velocity distribution in
the crust, a difficult parameter to constrain using other methods. We esti-
mate gross lateral variations in structure by examining the variation in
vertical velocity distribution azimuthally around the station, and by exa-
mining the relative magnitude of the transverse and radial armrivals.
Finally, assuming a constant Poisson’s ratio we compare our rcsults with
P-velocity profilcs from a nearby DSS line.

Data and Analysis

We have used the deconvolution procedure proposed by Langston
[1979] 10 isolate the response of the structure beneath the seismograph
(the receiver function) from the source and path effects, all of which
interact to form the observed seismograms recorded at teleseismic dis-
tances. For weleseisms recorded at 30° to 90° epicentral distance, the initial
encrgy amiving from the source region consists of plane P-wave arrivals.
Since the earth structure beneath the station will produce P to § conver-
sions the horizontal component of ground motion will in general be quite
differcnt from the vertical component. Langston [1979] has shown that
the recciver function can be obtained by deconvolving the vertical com-
ponent from the radial. The resulting receiver functions from events
clustered both in distance and back azimuth are then stacked in the time
domain to obtain a single estimate of the horizontal receiver function.
Stacking the deconvolved traces from individual events averages small
diffcrences in the estimated mean receiver functions and improves the
signal-10-noise ratios.

Figure 2 shows seismograms recorded at KKL from shallow and decp
focus events in Japan. The upper three traccs arc the vertical, radial and
transverse components, respectively. The recorded seismograms show the
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Fig. 2. Deep and shallow focus events recorded at KKL. The upper three
traces are the vertical, radial, and transverse components, respecuvely.
The fower two traces are the deconvolved radial and transverse receiver
functions. The honizontal components are plotted at the same scale.
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differences in complexity typically seen between deep and shallow focus
events. The bottom two traces are the deconvolved radial and transverse
components. The deconvolved radial components for both events show
very similar features, although these two traces exhibit the largest differ-
ences among individual seismograms used in any of the three stacks
reporied in this paper. The seismograms available werc sufficient to pro-
duce three stacked receiver functions: Two for separate azimuths for KKL
and one for BAY. The stack for KK1 -Japan includes three events; the
stack for KKL-Sumatra has 4 cvents; and the BAY-Japan stack has 6
events. The stacked radial receiver functions tend 10 decay rapidly in
amplitude, indicating a relatively homogeneous crust. he transverse
components are generally small and have nearly constant  pliwde, inds-
cating that lateral variations in the structure are small.

The stacked receiver functions were inverted using a standard, linear-
ized inversion procedure [(Owens et al, 1984] with the modified fast partial
derivatives method of Randall (1988]. The carth structure is parameter-
ized by a series of plane horizontal layers, and an icrative procedure is
used to minimize the residual difference between the radial receiver func-
tion and the synthetic predicted by the structure. Our starting model for
the KKL and BAY inversions is from the structure compiled by Leith
[written communications, 1987] from the Soviet DSS literature. The
inversion model is parameterized with 1.0 km thick layers in the shallow
crust (upper § km), and 2.5 km thick layers to a depth of 57.5 km. We
invert for the vertical shear wave velocity structure for each back azimuth
for which we had sufficient data; the compressional velocites are obtained
by assuming a Poisson's ratio of 0.25, and the densities are obtained using
the relationship r = 0.32 Vp + 0.77 {Owens et al., 1984}. The vanaton in
structure with azimuth allows a qualitative estimate of the latera) variation
in structure about the station. The results from the thin-layer inversions
were examined to identify the depths of the significant seismic impedance
contrasts, then the models were reparameterized with thicker layers and
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Fig. 3. Comparison of the starung mode!l and final inversion results. The
inversion results are in terms of the shear wave structure, however for
comparison with the DSS results, the models are presented as compres-
sional wave velocity assuming a Poisson's rauo of 0.25.

30




Pries:ley et al: Crustal Structure in Eagtern Kazakh, U S S R.

Tabie i. Fnal Velocity Models

Leith BAY-Japan KKL-Japan KKL-Sumatra

h a h a h a h a
1.0 5.10 1.0 5.32 1.0 5.19 1.0 5.14
40 5.60 3.0 596 40 585 40 591
7.0 6.05 6.0 5.66 2.5 5.77 7.5 5.51
12.0 6.35 5.0 6.01 25 557 2.5 6.03
12.0 6.60 10.0 6.29 25 59 12.5 6.51
7.0 6.90 5.0 6.65 5.0 6.19 12.5 7.08
7.0 7.00 15.0 6.89 100 6.52 2.5 729
o 8.35 25 1.59 150 7.04 15.0 7.49

o 833 10.0 7.47 o 8,10
5.0 7.80
0 8.10

h = layer thickness in km, a = P-velocity in km/s

inverted again. All the inversions used in this study converged and final
results included all singular values; hence the model resolution is theoreti-
cally perfect. We attempted to determine final models with the minimum
number of parameters to obtain a satisfactory fit to the data.

Results

The final inversion velocity models are shown in Figure 3 and tabulated
in Table 1. The models are shown in terms of the P-wave velocity struc-
ture, assuming a Poisson’s ratio of 0.25. Leith's summary of the DSS
results, which was used as a starting model for the inversions, is shown as
the solid line. Two models are shown for KKL, one for data from Japan
carthquakes and one from Sumatra earthquakes. The 20 error bounds
varied with depth but averaged about 0.1 kmy/s, however the differences
between the two KKL models may be more representative of the model
variance. A single BAY structure is shown for data from Japan earth-
quakes.

The data from the three stacks were inverted separately with a model
parameterized by thin layers and using the Leith starting model. The
resulting inversion models have a complex shallow crust with thin high-
velocity layers. The upper few kilometers of the structures are compli-
cated by the laccolith intrusions and thus may be expected to deviate from
the plane layered structure assumed. Also, pronounced side lobes about
the main arrival (sec Figure 2) result from deconvolution of the band-
limited data (the synthetic seismograms were treated in the same manner),
and some of the complexity in the shallow crust results from the inversion
trying to fit this artifact. To assess the effect of this in the deeper structure
we have recomputed the synthetics with a smoother shallow crust and
thicker layer parameters, as we described earlicr. The subsequent synthet-
ics still fit the lower frequency component of the data, indicating that the
overall featvres of the structure are not biased by the complexities in the
shallow crust.

The overall features of the two KKI. models for data from two azimuths
about 75° apart arc the same, implying no pronounced systematic
nonplanar structure. This is supported by the small signals in the decon-
volved tangential components (Fig. 2). Compared with the summary of
the DSS data from Leith, velocities in the upper crust (5-15 km depth) are
slower, less than 6 km/s. The velocity model from inversion of the KKL
receiver funcuon is faster in the lower crust compared to the DSS model,
with velocitics rcaching 7 km/s at depths as shallow as 275 km as
opposcd W 36 km depth in the DSS model. The most significant differ-
ence is in the nature of the Moho. The DDSS model has a very pronounced
Moho at 50 km depth, whereas the receiver function modet; have a much
less distinct Moho at 52-57 km. The upper two traces of Figurc 4 show
the fits of the synthetic radial recciver functions calculated for the twn
KKI. models of Figure 3, overplotied on the radial recciver function
stacks. The fits for the thin layer inversions were much better; however
we did not feel justified in fiting the data to that extent, and feel the
coarser mewdels shown in Figure 3 are more realistc.
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Fig. 4. Fit of synthetic receiver functions (dotted lines) and the obscrved
(solid lines) stacked radial receiver functions. Top traces for KKI
Sumatra, middic for KKL-Japan, and bottom for BAY -Japan.

The result for the BAY-Japan inversion is also shown in Figure 3 and
tabulated in Table 1, and the fit of the synthetic to the stack is shown mn
Figure 4. In general the features of the BAY model are similar to thosc
for KKL: a complex shallow crust, an upper crustal low velocity zone and
a mid-crustal interface near 15 km; however the lower crustal velocine:
arc generally slower and the Moho is both shallower and more distinct
than observed at KKL. In fact, below 10 km the BAY velocity structure is
quite close to the DSS velocity structure except the Moho is shallower (45
- 47.5 km depth) than in the DSS model (50 km). Although we have only
inverted BAY data from one azimuth, the small signal observed on the
deconvolved tangential component relative to the radial implies that the
structure does not depart systematically from the assumed horzontal
layers.

The largest differences among all three inversion models are in the
depth and nature of the Moho. The Moho from the KKL-Japan inversici:
is less pronounced than that from the KKIL.-Sumatra inversion. The rela-
tively strong arrival in the KKL-Sumatra stack at 7 sec is predominanty
the Moho P-to-S conversion and is the controlling factor for the depthi are
impcdance contrast of that interface. The arrival is weak or missing n the
KKL -Japan stack. This azimuthal variation may reflect variations in the
amplitude of a converted phase from a dipping layer or the interference
between multiple arrivals which can be easily destroyed by lateral varia-
tions in velocity or layer thickness. The lack of corresponding systematic
arrivals on the transverse component favors the interference explanation;
also the Sovict DSS studics in the region indicate significant latcral varia-
tions in the Moho. The prominent Ps phase in the BAY -Japan stack at 5.5
seconds controls the shallower depth and larger contrast of the Moho on
the BAY model. Zandt and Owens [1986] discussed a similar compasison
between refraction and receiver function derived velocity stuctures &t
Cumberland Plateau, eastern Tennessce. The more distinct nature ~f '
refraction Moho compared with the recciver function Moho obsciviad 1
both studies most likely results from differences in the frequency il
phase velocities of the ammivals utilized by the two techniques

Summary and Conclusions

Telescismic receiver functions from broadband waveforms recorded in
eastern Kazakh have been inverted for the crustal velociy structure a0
compared with a summary of DSS data compiled by Leith. The resuits arc
summarized in terms of P-wave velocity models in Table 1 and plotted 1
Figure 3. Our results are in gencral agreement with the DSS '
although our models indicate the presence of a high velocety (> ¢ Sy Y
layer below 30 km which is not scen in the DSS results. This repre 1
cither real differences in velocity or variations in Poisson’s rahc
inversion structurcs from data recorded at the two sites, which are any .
imately 150 km apart, are similar indicating that the crust in they -
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Fig. 5. Comparison of the Kazakh receiver function inversion models
with the recciver function inversion model of Owens et al (1987) for the
RSON sitc on the Canadian Shield.

may be rclatively uniform. However, the nature of the Moho is different
between the two sites; at Bayanaul it is shallower (47 km depth) and much
morc distinct than at Karkaralingk (52-57 km depth). The shallow crust is
compiex, showing thin high velocity layers above an upper crustal fow
velocity zonc. These shallow features may not be regional, but may be
largely confined to the laccoliths in which the seismic stations are sited.

In Figurc 5 thc Bayanaul and Karkaralinsk recciver function models arc
comparcd with a smoothed receiver function model for Red Lake, Ontario
(RSON) on the Canadian Shicld [Owens ct al, 1987]. Studics of data from
RSON have oftcn been uscd as analogs for the Kazakh region of the
Sovict Union. The shallow crust at RSON has higher velocitics than our
Kazakh modcls, however this may be from complexities introduced from
the Kazakh stations being sited in the laccolith intrusions, whereas RSON

Priestley et al: Crustal Soructure in Eastern Kazakh, U.S.S R,

is Jocated on a more uniform upper crust Also, the Kazakh sites are
located in alaskite granitic intrusions which have lower velocity than the
metasedimentary- gneiss lerrain where RSON is gited. Between 10 and 40
km depth the Kazakh and RSON models are nearly identical. The RSON
model has a somewhat lower velocity in the lower crust (26 to 36 km
depth), but has a shallower Moho (40 to 45 km depth) than observed for
Kazakh.
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