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SECURITY CLASSIFICATION OF THIS PAGE

Measurement of the spatial decay of spectral amplitudes of the higher-mode s.ismic surface wave train L,
indicates that in the Great Basin, the apparent seismic quality factor, Q, is a function of frequency. Analysis of
recordings from a NTS nuclear explosion made along a 3N) ki prt- cile through northwest Nevada yield the
function Q(f)=206f 0 .68 over the band 0.3<.f1.0 1tz. Similar analysis using numerous rccordings of earth-
quakc, along paths which provide a good average sampling of the Great Basin crust gives
Q (f)=214(±15)f 0 54

1
°

.
9, for 0.3<f<_5.0 Hz. If the crustal sampling by L, energy from nuclear explosions (sur-

face sources) is primarily in the shallow crust, as has been suggested, then these results indicate a greater fre-
quency dependence of apparent Q there than at depth. To better estimate the errors in Q at each frequency, wke
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 vcrtical component L
transverse component L., and vertical component P. are Q (f )=296f 0 1, Q(fP')-202f ° +17, and Q(f)=198f 0 1;
respectively, for the frequency band 0.3_f _<10.0 Htz.

During August and September, 1988, the United States and the Soviet Union conducted a Joint Verification
Experiment in which each country 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<750 km). The peak-to-peak particle motion in the P- wave varied from 7.54x1( - cm/sec at = 160 km
to 1.02x10 - 2 cm/sec at Az 740 km. The average rnb(Lg) was 5.97 corresponding to a yield of 120 KT, based on
the NTS mb(L.) - yield relation of Patton[1988]. The average P, corner frequency of the Soviet explosion was
4 Hz with evidence of a second corner at about 0.7 Hz. both of these corners could be the effect of spall.
Near-regional seismograms of the Soviet JVE explosion show a large arrival within e L. phase on the
transverse component at all four sites. This may correspond to tectonic release accompanying the explosion, or
to the effects of anisotropy on seismic wave propagation.

Observations of 10-, 20-, and 30-11z P-wave spectral amplitudes from earthquakes and explosions are compared
with the Archambeau [1968, 19721 earthquake model featuring a P-wave falloff of (o-3 beyond the comer fre-
quency, a modified Brune [1970, 19711 earthquake model with o-2 falloff, and the Sharpe 11942] explosion
model which has a o-2 falloff. The Archambeau and Sharpe models have been, in part, the basis of a proposal
by Evernden et al [1986] that high-frequency (= 30 1iz) seismic energy could provide an effective solution to the
problem of detection and identification of low-yield coupled and fully decoupled underground nuclear explo-
sions. The observations of earthquakes show an increase in spectral amplitude %ith moment approximately in
agreement with the o(- 2 falloff model, and for larger moments, in disagreement with the (1)-3 model. Comparison
of theoretical and actual seismograms narrow-band filtered at 30-11z 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 because of an
increase in an impulsive first arrival like that characteristic of an explosion. The 30-11z amplitudes for explo-
sions show much scatter, and many events have a spectral falloff greater than the predicted by the Shaple
model. Whether this is due entirely to attenuation or is Ihe actual source spectrum is not determined. Htigh
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 into account differences in
pulse shape and amplitude in the time domain.

Broadband receiver functions ('termincd from !clcscismic P waveforns at two seismic stations in eastern
Kazakh, U.S.S.R., were inverted for the vertical velocity structure beneath the stations. The detailed broadband
receiver functions are obtained by stacking source-equalized radial components of telescismic P-wavefomis. A
time-domain inversion of the radial receiver function is used to determine the structure assuming a crustal model
parameterized by flat-lying, homogeneous layers. The general features of the inversion results are: a ctomplCx
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 varies between 47 and 57 kn depth. These results compare favorably with a composite vclocity
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 receiver function structure for a site on the Canadian shield.
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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 spit i. L: ,:-,>ay of spectral amplitudes of the higher-mode

seismic surface wave t,,in ii, indicates that.in the Great Basin, the apparent
seismic quality fattor, Q, is a function of frequency. Analysis of recordings
from a NTS 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)f 54±0 09, for 0.3 < f K_ 5.0 Hz. If the crustal sampling by L9 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 Q there than at depth. To better estimate the errors in Q
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 L,, and vertical component P9 are Q(f) = 296f 0 5',
Q(f) = 202f 7, and Q(f) = 198f ° A' 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, Pg, and Si. 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 ii 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 L9 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 L9 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 Q as

Q(f) = Qof (1)
where Q,, is the Q at 1 Hz. They found Q(f) = 250(±50)f0 45(+o 05), and were
able to relate their coda Q values to the L 9 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 latter's value of 85 to be the L9 Q at 5 seconds period, the
predominate period in their data. Peseckis and Pomeroy (1984) examined the
L 9 coda of several nevada Test Site (NTS) explosions recorded at regional short
period stations and found an average relationship of Q(f) = 264f 0 3. However,
Nuttli (1986) examined a similar data set and obtained Q(f) = 139f 0 r

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 P9 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
earthquakes, 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

2



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
R., typically at around 2.7 km/sec. The R. 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 L9 phase from these data. They modeled the observed
log-log L9 spectra as

,~f -ft
A(f, R) = S(2)

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
log 1oA(f , R) + log1oR ° ' = logioS(f)- I 3f) I t (3)

which is the equation for a straight line, with the source term as the intercept
and the Q term controlfing the slope. Fixing f, we know A, R, and t for each
of the stations and we solve for S and Q 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

Q(f) = 206f ° '60. 3 < f K< 10.0Hz (4)

while a weighted fit of the earthquake data gives

Q(f) = 214(±15)fo 54(±0 09)0.3 < f <_ 5.0Hz (5)
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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 Q 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 Q from the earthquake data are consistently
lower than that from the explosion data for frequencies above I Hz.

One drawback in using the above method to measure Q is that it is difficult
to estimate the error in Q 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
is 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 P9 and L9 are clearly visible as
ridges in frequency-group speed space. The loss of high frequency energy in the
coda is also apparent.

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. L9 is com-
posed of higher mode surface waves which decay in the frequency domain as
R0 '. 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
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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 Lg. 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 L9 windows of 3.7 to 3.0 km/sec and P.
windows of 6.0 to 4.5 km/sec. The logQ versus logf 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 Lg vary little with assumed geometrical spreading, and the Qo
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 Pg behaves differently than Lg with respect to
assumed geometrical spreading. The frequency dependence term for this phase
consistently decreases with increasing spreading while the Q0 term increases.
However, if we assume that the actual Q of P9 behaves as QJf', then the linear
correlation coefficients shown in Figure 6c indicate that an apparent geometrical
spreading of less than 0.7 is required.

Assuming an apparent geometrical spreading term of 0.6, we obtained Q
along the profile. Figure 7 shows the results for each frequency and group speed
and averaged over windows corresponding to L9 and Pg. The fits to the data
over the frequency band 0.3 < f < 10.0 Hz are

Q(f) = 296f 0 5' (6)

Q(f) = 202f 0"° 7  (7)

and
Q(f) = 198f 0 4 5  (8)

for vertical component L., transverse component L.., and vertical component
P., respectively. Vertical L. has Q similar to both vertical P, and transverse
Lg for frequencies below about 1.5 lIz. Above that, vertical L, Q is consistently
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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 Q independent of frequency for the range 4 to 9 tiz.

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
results to reflect the Q at 5 seconds. Our Q, 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 Q0 is greater than ours, and
we find no evidence to suggest, a frequency dependence as low as f0 3. Nuttli's
result of f0.6 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 Q 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 L. energy
from surface sources (like explosions) propagates primarily in the shallow layers,
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 Q and log frequency values for group
speed windows appropriate for the phases L9 and P.; (c) is the linear correlation
coefficient obtained from the least-squares fits.

Fig. 7. Apparent Q functions for vertical and transverse L9 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 LO and
6.0 to 4.5 ki/sec for P.. Least-squares fit to the data yield the relationships
indicated.
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Ri UU1hNAL. SEISMIC RECORDINGS OF THE SOVIET NUCLEAR 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 graphs were at the previously occupied NRD-C-SAS sites
States and the Soviet Union conducted a Joint Verification [Berger et al, 1987] surrounding the Soviet test site at near-
Experiment in which each country was permitted to observe regional distance range: Karasu (KSU, A = 160 km), Kaj-
a nuclear explosion at the other country's test site using karlinsk (KKL, A = 255 kin), and Bayanual (BAY, A = 2'5
hydrodynamic means. We have seismically recorded the kin). The fourth instrument was located at the SAS scis; ,
Soviet explosion at four stations at regional distances graph site at Talgar (TLG, A = 740 kin) to the south of thc
(A S 750km), and here report those observations. The nuclear weapons testing site. The locations of the recordirg
peak-to-peak particle motion in the P-wave varied from sites and of the explosion are shown in Figure 1.
7.54 x 10- 1 cm/sec at A = 160 km to 1.02 x 10-2 cmsec at The four seismograph sites lie within the Kazakh fold sys-
A z740 km. The average mb(Lg) was 5.97 corresponding tem, a belt of folded and faulted Paleozoic rocks [l,ith,
to a yield of 118 KT, based on the NTS mb(L ) - yield rela- 1987]. The region was marked by extensive igneoms
tion of Patton [1988]. The average Pn corner frequency of activity during the late Hercynian Orogeny in the Permo-
the Soviet explosion was 4 Hz with evidence of a second Triassic Period. KSU, KKL, and BAY are located on sirni-
corner at about 0.7 Hz. Both of these corners could be lar granitic intrusions of Paleozoic to early Mesozoic rocks.
affected by spall. Near-regional seismograms of the Soviet The granites were intruded into deformed Paleozoic sedi-
JVE explosion show a large arrival within the L, phase on mentary rocks. Subsequent tectonic activity has resulted in
the transverse component at all four sites. This may regional crustal uplift and thickening. The SAS seismo-
correspond to tectonic release accompanying the explosion, graph station at TIJL is situated on the northern flanks of
or to the effects of anisotropy on seismic wave propagation. the Zaili-Alatau mountains and is sited within Precamrbnan

and Lower Paleozoic crystalline rocks. The most prominent
Introduction structural feature in the area is the Chingiz fault which cuts

northwest to southeast across the Soviet test site. There are
During August and September, 1988, the United States indications of rejuvenated movement along the fault during

and the Soviet Union conducted a Joint Verification Expert- the Neogene and Quaternary [Zhuravlev and Uspensky,
ment (JVE) for the purpose of calibrating yield measure- 1971]. Geological exposures in the vicinity of the Soviet
ments at their nuclear weapons testing sites. Scientists from
each country were permitted to observe a nuclear explosion WE
at the other country's test site using hydrodynaic means.
In addition, as part of the official experiment each country SBAY
made teleseismic (A ) 2500 km) measurements at five .... .... ........
national seismograph stations in the U.S. and and five in the V du
Soviet Union. The Natural Resources Defense Council
< ,."RDC) reached an agreement %ith the Soviet Academy of
J -.: 1:etS,) to make additional seisnic recordings of the "1
. , iF hE explosion in the Soviet Union at regional

i'sance ranges (< 2500 kin). Here we present preliminary
aOaI,sis of the seismic data recorded at four sites in Eastern T

a, hstan at distances less than 750 km. 431141

Seismic Instrumentation % u.sS.tce,

Seismic data for the Soviet JVE nuclear explosion were
recorded at four sites in Eastern Kazakhstan. Three seismo- LIM "-- Kul

Copyright 1990 by the Arieric3 Geophysical Union. Fig. 1. Location of the four regional seismograph staions

Paper number 89GLO3095. KKL, BAY, KSU, and TLG, and the location of .',r
(K)94-8276/O0/891--03C9$03. 00 Soviet JVE explosion.

The U.S. Government Is authorized to reproduce and Sell this report.
Perrpisslon for further reproduction by others must be Obtained from
the copyright owner.
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test site suggest the area is fairly heterogeneous. Despite by a low amplitude, higher frequency arrival. KKL is past
the geological complexity, Ruzashin et al. [1977] find the P. - Pg cross-over distance predicted from the eastern
efficient L. propagation across the Kazakh fold system. Kazakhstan velocity structure [Antonova et al., 1978; and

The characteristics of the three near-regional sites KSU, Priestley et al., 1988], and we assume the low frequency
KKL, and BAY have been described by Berger et al. first arrival is P," The Pg-wave train is dominated by the
[19881. The permanent NRDC-SAS seismographs previously large amplitude dilatational arrival on the vertical and radial
operating at KKL, BAY, and KSU [Berger et al, 1987; components following the first Pn arrival by about 1.5 sec.
19881 had been removed in late 1987. We reinstalled short- The dilatational motion of this arrival suggest a supercritical
and long-period seismographs in each of the vaults to record reflection from the Moho. Synthetic reflectivity seismo-
the Soviet JVE nuclear explosion. The short-period seismo- grams computed for the Priestley et al. [1988] velocity
graphs consisted of three component Teledyne Geotech S-13 structure agree in both the Pn-PmP interval time and in the
I second free period seismometers and EDA PRS-4 digital relative amplitudes observed at KKL, as well as for obser-
data loggers. The long-period seismographs consisted of a vations of the same phase at BAY and KSU. There is a
three component Teledyne Geotech SL210/220 15 second well developed L, phase seen on the vertical component,
free period seismometers and a Kinemetrics PDR-2 digital but as discussed below, the L, amplitudes are largest on the
data logger. All these data were sampled at 200 Hz, with transverse component.
the exception of the short-period seismograph at BAY The BAY seismogram shows a more impulsive, larger
which was sampled at 100 Hz. At TLG the sensors are amplitude and higher frequency Pn arrival than that
SM-3, 1.6 sec free period seismometers. Data are recorded observed at KKL. However, like KKL, the BAY P-wave is
at 100 Hz on the PUSK-2, a 120 dB uynamic range digital dominated by a large amplitude dilitational arrival about 1.5
data logger developed jointly by the Soviet and Georgian seconds after the initial P-wave arrival (see Figure 4). The
Academy of Sciences. vertical component Ls at BAY is similar to that seen a:

KKL. The maximum amplitude in the Ls phase observed at
Data BAY is also on the transverse component. However, most

of the Lg energy in the transverse BAY record occurs in a
Examples of the short-period vertical component seismo- single pulse.

grams for the Soviet JVE explosion are shown in Figure 2. The closest recording of the Soviet JVE was made at
The KKL seismogram shows an emergent, low frequency KSU, within the Pn-Pg crossover distance. Both the short
first arrival, followed about three-quarters of a second later and long-period recordings from KSU show the characteris-

tic 3 Hz resonance associated with the site (upper KSU
s5x1o-' 2 13x10-, recording in Figure 2). Neither previous borehole

recordings [Berger et al., 1988], nor nearby recordings
KKL (z 200m) outside the vault [Myers, personal communication,

1988] show as strong a resonance indicating that it is not

A 5 2 x:o-l characteristic of the site in general, but of the pier in the
vault. We have also included a lowpass filtered time seriesto remove the effect of the site resonance. This filtered

BAY seismogram of KSU shows a large amplitude arrival follow-
S ,_,,,.ing the first arrival by about 2 seconds, corresponding to the

I 73X0-.. .7 54XI0-1 time for the PoP reflection at this distance.
The TLG recording was made at a much larger distance

than the other recordings. The largest phase on the vertical
KSU , seismogam has an amplitude of 4.27 x 10- 2 cm/sec, with aI, ...... group velocity of 7.18 k's. There is a well developed L,

r I phase at TLG with the maximum amplitude in the L, vave
I 59X0- • I 02XI0- train on the transverse component.

TGL _. Preliminary analysis

Fig. 2. Short-period vertical seismograms of the Soviet Figure 3 shows the instrument corrected (solid line),
IVE xplsio recrde atthe ourregonalseimogaph whole-path Q-corrected (dashed line), and noise (dottedJIVE explosion recorded at the four regional seismograph line) spectra for the Pn Ps and Ls phases from the long-

sites. The upper part of each section of the figure shows ln sc f
10 seconds of the P-wave, the lower portion shows 100 period vertical component seismogram recorded at BAY.
seconds of the whole wave train at KKL, BAY and KSU The KKL spectra are almost identical to those computed
and 150 seconds at TLG. Two expanded plots of the from the BAY recording. The dashed L, spectra is
KSU P-wave are shown, the upper is the original data, corrected for Q using our unpublished attenuation resultsand the lower is the same data section after low-pass (Q L, = 367 f0,4). We have made the often used assump-
filtering with a buterworth 4 pole filter with the comer at tion (e.g. Evemden ct al. [1986]) that Q p, / Q t., 2.25, so
1.5 Hz. The peak-to-peak particle motion for initial Q p. = 825 f 0

.48, in plotting the dashed Pg spectrum. The
arrival and for the largest amplitude in the first ten dashed P, spectrum is corrected for attenuation using the
seconds is noted and has units of crm/sec. value of Q = 9000 suggested by Evernden et al. [1986.
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4 HI Figure 4 shows the transverse component stimograu,
........ E after rotating the horizontal components to radial and

v - - -transverse. These seismograms show s;-nificant energy at

E - the SB / L1 arrival time. The BAY seismogram shows a
- "remarkably strong coherent SH arrival on the transverse

00 1.0 20 component. This is the largest amplitude arrival on the
Log Frequency (Hz) BAY seismogram. KKL and KSU also show significant SH

-26 Hz energy, however this is spread out over several seconds
- E duration. The filtered BAY seismograms show a distinct

Love wave arrival on the transverse component preceding

E the Rayleigh wave on the vertical and radial components.
-8_ P" Previous studies have noted anomalous surface wave radia-

don from Semipalitinsk nuclear explosions [Rygg, 1979].
00 1 0 2 0 These observations have been attributed to tectonic release

Log Frequency (Hz) equivalent to motion on thrust faults dipping 45" . Howeve,.

" -2 - 1 2 Hz there have been suggestions that apparent quadrupole

-- - "seismic radiation from explosions may arise from thr aniso-
I -6 tropic properties of the source or propagation medium (e.g.

-L Mandal and Toksoz, 1989).
=- Nuttli [1973] defined a magnitude mb(Lg) based on the

-- 0 0 0 1 0 2 0 amplitudes of 1 second L waves, and Nuttli 11986a] argued
Log Frequency (Hz) for the usefulness of mb(LB) in estimating yields of NTS

Fig. 3. Pn, PV and L3 spectra for the vertical component nuclear explosions. Nuttli [1986b,1987] used L, arrivals

seismogram recorded at BAY. The time windows used from Soviet nuclear explosions in eastern Kazakhstan which
are indicated above the time series. A 10 percent cosine were recorded in western Europe and southern Asia to esti-
taper was applied prior to transforming. The corner fre- mate yields of Soviet explosions. The greatest uncertainty
quency is noted on the spectra. The solid curve is the in the mb - yield relationship arises from uncertainties in the
spectrum of the indicated phase. The dashed curve is the attenuation function used for correcting the L. amplitudes
attenuation corrected spectrum using the values quoted in for the effects of anelasticity. Since we have made direct
the text. The dotted curve is the spectrum of the noise, measurements of the L. attenuation only in the region of the
For Pn and P. the noise spectra was computed by
transforming an equal length time series immediately
before the first P-wave arrival; for L, an equal length KSu-T _________

time series immediately before the L. arrival was used.

The Pn and P1 spectra shows a good signal to noise ratio to B,.,,

at least 50 Hz. If we parameterize the Pn and P, spectra
with a two line model between I and 30 Hz, the - ."
uncorrected spectra show similar behavior with comer fre-
quencies of about 4 Hz and falloff slopes above the comer BAY

approximately proportional to 0C3. There is a suggestion of it
a second corner in the spectra at about 0.7 Hz. The BAY-T (r

corrected spectra show about the same comer frequency and ------- )
a slightiy shilower high frequency falloff. If the actual BAY-R (filtered)

atienuatiot for P. is closer to Q L,, as some scattering stu- --

dies suggest, the falloff slope becomes closer to CC2. The BAY-2 (fitered)
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 Fig. 4. Transverse component recordings of the Soviet
nuclear explosions detonated at NTS recorded at comparable JVE at KSU, KJKL and BAY are shown at the top of the
distances. The lower comer frequencies of the U.S. figure. The KSU trace is the short-period record low pass
explosions may reflect the the higher crustal and upper man- filtered at 1.5 Hz. The remaining traces are long-period
tie attenuation in the Basin and Range, or possibly a lower broadband seismograms. Also shown for comparison are
coupling coefficient of the weaker rocks in the Nevada Test the radial and vertical components at BAY. At the hot-
Site. However, for NTS explosions of about the same size, tom of the figure low-pass filtered (comer of 0.2 Hz)
spall affects frequencies in the range 0.5 to 2.0 Hz [Taylor transverse, radial and vertical BAY seismograms ae
and Randall, 1988]. We have no knowledge of the spall shown. Each trace is self-scaled. The filtered BAY
characteristics of the Soviet test site and cannot eliminate seismograms show significant Love waves. The absolute
differences in spall between the two testing areas as the amplitude of the filtered BAY transverse component is
cause of the differences in the spectra. about four times smaller than the vertical component.
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Soviet test site, we have used only L, recordings from Evernden, J., C. Archambeau, and E. Cranswick, An evalua-
BAY, KKL and KSU in estimating mb(LS). The mb(L) for tion of seismic decoupling and underground nuclear test
the Soviet JVE is 5.689±0.002. Nutdi (1986a, 1986b, 1987) monitoring using high frequency seismic data, Rev. Geo-
argues for the portability of nib - yield relationships derived phys., 24, 143-215, 1986.
from NTS data; however, Patton [1988] cautions that cou- Leith, W., Geology of NRDC seismic stations in Eastern
pling differences may have a significant influence. An Kazakhstan' USSR, USGS Open-File Report 87-597,
m(L ) of 5.689 corresponds to a yield of 148 KT using the 1987.
Nuttli [19861 mb(L 1) - yield relation and 118 KT using the Mandal, B., and M. Toksoz, Radiation patterns from explo-

Patton 119881 mb(L s ) vs. yield relation, both of which are sions in anisotropic media, paper presented at DOEILLNL
based on NTS data. Sykes and Ekstrom [1989] using a com- symposium on explosion-source phenomenology, March

bined mb and M, magnitude - yield relation have estimated 14-16, 1989, Lake Tahoe California.
the yield of the Soviet E to be 113 KT. Nutdi, 0., Seismic wave attenuation and magnitude relations

for eastern North America, J. Geophys Res., 78, 876-888,

Summary 1973.
Nuttli, 0., Yield estimates of Nevada Test Site explosions

Broadband regional seismograms of the 1988 Soviet JVE at obtained from seismic L. waves, J. Geophys. Res., 91,

four sites in the U.S.S.R. have been shown. The P wave 2737-2151, 1986a.
spectra show good signal-above-noise up to at least 50 Hz. Nuttli, 0., L, magnitudes of selected East Kazakhstan

The transverse components show significant energy at the underground explosions, Bull. Seism. Soc. Am., 76, 1241-

S / L. arrival time, and Love waves at longer periods. This 1251, 1986b.

Soviet JVE data provides an opportunity to test methods of Nuttli, 0., L, magnitudes at Deglen, East Kazakhstan under-

analysis, developed in other areas, on data recorded wholly ground explosions, Bull. Seism. Soc. Am., 77, 679-681,
within the U.S.S.R. Using one such method, the mb(L.) - 1987.
yield relations developed for NTS, we have estimated the Patton, H. I., Application of Nuttli's method to estimate

yield of this event, yield of Nevada Test Site explosions recorded on
Lawrence Livermore National Laboratory's digital seismic
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Observations of High-Frequency P Wave Earthquake and Explosion Spectra
Compared With )-3, o2-2, and Sharpe Source Models

WILLIAM R. WALTER, JAMES N. BRUNE, AND KEITII F. PIIESTLEY

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

JON FLETCHER

U.S. Geological Survey, Menlo Park, California

Observations of 10-, 20-, and 30-Hz P wave spectral amplitudes from earthquakes and explosions are com-
pared with the Archambeau 11968. 1972] earthquake model featuring a P wave falloff of W-3 beyond the comer
frequency, a modified Brune [1970. 1971] earthquake model with to-2 falloff, and the Sharpe 119421 explosion
model which has a (u-2 falloff. The Archambeau and Sharpe models have been, in part, the basis cf a proposal
by Evernden t al. [1986] that high-frequency (= 30 117.) seismic energy could provide an effective solution to
the problem of detection and identification of low-yield coupled and fully decoupled underground nuclear ex-
plosions. The observations of earthquakes show an increase in spectral amplitude with moment approximately
in agreement with the o)-2 faloff model and, for larger moments, in disagreement with the o-3 model. Coin-
parison of theoretical and actual seismograms narrow-band filtered at 30 lIz 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-lIz amplitudes
for explosions show much scatter, and many events have a spectral falloff greater than the o)- 2 predicted by the
Sharpe model. Whether this is due entirely to attenuation or is the actual source spectrum is not determined.
ligh 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 into account differences in
pulse shape and amplitude in the time domain.

IN-rRODUCTION these volume stress-relaxation models could be modified to give
Thi paper compares observations of P wave spectralt ampli- the same results as the more physically reasonable models involv-
ts ape c0,20,and3Hzfrompare obsv os rtPqwavesea an plo- ing stress relaxation on a plane, e.g., as in finite element modeling

tudes at 10, 20, and 30 Hz from numerous earthquakes and explo- of Archuleta and Frazier [1978]. or idealized approximate stress

sions, covering a range of magnitudes, with several theoretical p ule nd Fazierat of781unor[19e0liz971appHo w eer e n

predictions. In particular the spectral amplitudes are compared pulse models such as that of Brune [1970, 1971]. However, whm

with the Sharpe [1942] explosion model and with the Archtam- one takes into account the inhercnt complexities in the actual rap
beau [1968, 1972] earthquake stress relaxation model. The differ- ture process, it is unlikely that any of these idealized models ade-

quately represents the spectra of most earthquakes. Much evi-
ence in spectral amplitudes between these two models is the bais dence indicates that earthquake ruptures are complex multiple
of a mcthod for discriminating between earthquakes and unde - events [Wyss and Brune, 1967; Trifunac and Brune, 1970:
ground nuclear explosions suggested by Evernden et v. 119861. A Kanamori and Stewart, 1978]. Recognition of this fact has stimu-
preliminary report on the results of these studies was given by lated numerous theoretical and numerical models involving com-

rne et al8. pooethtaplexity [Haskell, 1964; Aki, 1972; Brune, 1970; Blandford. 1975;
Esernden etia. [1986] proposed that an effective solution to the Papageorgiou and Aki, 1983a. b; Kanamori 1979; Munguia and

problem of detection and identification of low-yield coupled and Brune, 1984]. Recent-high quality data from the Anza seismic ar-
fully decoupled underground explosions was available using ray [Berger et al., 1984; Fletcher et al., 1987] have indicart-)
b:gh frequency seismic data ranging up to 30 or 40 Hz. The pro- this complexity extends down to small events [Brune et al. 10,1 '-
posal is bKted on the theoretical predictions of radiated P wave se- a

ismi spctracorespodin tothe rchmbea [168, 972 1,rankel et al., 198 61.
ismic spectra corresponding tn the Archambeau [1968, 19721 The theoretical P wave explosion spectra used by Everndcn et
model for earthquake sources and the Sharpe [1942] model for ex- al. [1986] is that proposed by Sharpe [1942] and independently
plosion sources. The Archambeau [1968, 1972] theoretical model developed by Latter [1961]. In the Sharpe theory the explosion is
for an expanding stress-relaxation (failure) zone has been refined modeled as an arbitrary pressure function applied to the interior of
and developed by Minster [19731, Stevens [1980], and Archam- a spherical surface at an "elastic radius" from the source. The
beau and Minster [1978] among others. Various models used elastic radius is defined as the distance from the detonation point
nonspherically expanding or translating spherical failure zones to to the surface beyond which the medium responds lincarly (olasti
simulate time-dependent ellipsoidal failure zones. Stevens [1980] cally) and thus is a purely medium-dependent property for a giver
showed that the volume relaxation source formulation used in car- maximum pressure amplitude. For a perfectly decoupled or o,-
lier work could be expressed in terms of failure boundary surface decoupled explosion in a cavity, the elastic radius is Lhe cavity . I
irtegrals (stress pulse equivalents). Thus in the limit it seems that dius. For a tamped or underdecoupled explosion, the elastic ra,i'

is larger than the perfectly decoupled cavity radius for the sar,,.
1988 by the American Geophysical Union. yield explosion, since the coupling factor in a solid tndiun is

Copyright larger than the coupling factor in air. The Sharpe model as t 1

Paper number 7B5069. by Evernden et al. [1986] (and as developed by Latter 1196)1) ,n.
0148-0227/88/0073 -5069$05.00 a step or Heaviside function in pressure acting at the elastic ra-
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dius. Other elastic radius models such as that of Mueller and Mur. and then falls off as co- 3. Here L is the maximum rupture dimen-
phy [19711 use a pressure function with an initial spike which de- sion, v, is the rupture velocity, and (5 is the P wave velocity. The
cays exponentially to a constant value. This model has more relation between the moment and the low-frequency asymptote for
high-frecqucncy energy at and above the comer frequency than the the W3P model was derived from the low-frequency (point
pressure step function Sharpe model. Evernden et al. [1986] argue source) approxiotation for a double couple dislocation [Keilis-

based on the Mueller-Murphy model and finite difference calcula- Borok, 19591
tions by Patterson [1966] that the pressure step function Sharpe
mtodel is a conservative estimate of the high-frequency P wave en- 4 n p 1__ R _2 4 n p ( -R (2)
ergy radiated by both tamped and decoupled explosions. We vill-R
confine our analysis in this paper to tamped explosions.

One of tite factors of crucial importance in the Evemden ct al. and the moment expression for the W3P model (assumning a Pois-
propoxisal is the shape of the P wave spectrtm beyond the corner son solid) given by IMinster, 1973; Alinster and Suteau, 1977]
frequency. The Archambeau [1968, 19721 model for earthquakes
(with the rupture velocity approximately equal to the shear wave 60 t
velocity) predicts a Itigh-frequency falloff, beyond the corner fre- 23 (3)
quency proportional to W-3.For simplicity in this paper we will
refer to the mUodel as thle W3P ntodel (w- 3 falloff for P waves). In (2) p is the medium density, R is tle hypocentral distance, R t,
This kind of falloff has the paradoxic.1 result that for a given is the radiation pattern. Al0 is the seismic mroment. ji is the S wave
stress drop, very large earthquakes do not radiate any more high velocity, and .)g and 92" are the S and P wave zero frequency
frequency energy than small earthquakes (Mb= 1.8). This is a spectral amplitudes. In (3) o is the stress drop (or die prestress
consequence of the fact that the low frequency spectral level is level). Equating (2) and (3) and solving for 2" gives
proportional to the cube of the source dimension, which is exactly
catcelled out by the 0 3 falloff from tle comer frequcncy (which p  _5 oL

3 
R, (4)

scales inversely with the source dimension). Evernden et at. 23p.iaR
119861 propose that the (-3 falloff of the P wave spectrum for the
Archu-nbeau [1968, 19721 model for earthqtakes, being different where lt is the rigidity. This result was checked wih Figure 22
from the (0-' falloffif the Sharpe model, enhances the discrimina- from Evernden et al. 11986], which shows earthquake spectra
lion achievable from the differences in P wave comer frequencies predicted by the W3P model and explosion spectra predicted by
between compatible earthquakes and explosions (compatible in the Sharpe model. The vertical axis in their Figure 22 gives rel
that they have the same low-frequency P wave amplitudes). tive amplitude on the left-hand scale and m, on the right-hand

It should be noted that the W3P model as used by Evemden et scale. To relate mb with moment and low-frequency spectral
al. does not take into account phase complexity of earthquakes anplitude we have used the mb versus the Q spectral level rcla-
per se, since only the spectrum is used and not the actual time tionship of K. F. Priestley and J. N. Brune (Spectral scaling for the
domain signal (or phase). Thus a conclusion regarding the ampli- Mammoth Lakes, California, earthquakes, submitted to die Geo-
tude spectra of the W3P model for earthquakes does not necessari- physical Journal of the Royal Astronomical Societi; hereafter
ly argue one way or the other as to whether time domain measure- refered to as PB88). The values obtained agreed with those
ments might be used to distinguish between earthquakes and ex- predicted by (4) within the uncertainty of determining mj,. This
plosions, since earthquakes are complex long-duration ruptures, was further checked with the graph of mb versus M 0 given by
whereas explosions are impulsive stress pulses on tile inside of Tucker and Brune [1977] for San Fernando aftershocks, with
some actual or equivalent cavity. (The interrelations between almost identical results.
spectra, peak amplitude, complexity, and duration of the signal, The values used for the W31) model are o: = 6.0 ki/s, p = 2.8
anti the high frequency falloff have been discussed by Ilanks g/cm3. p. = 3.36 x 10" dyn/cm. , and a Poisson medium is
[19791.) assumed. We have further assumed that die rupture velocity is

The l.robletn of determining the slope of the spectral falloff at equal to the shear wave velocity. As (I) indicates, decreasing the
high frequencies is greatly complicated by attenuation, scattering, rpture velocity causes the corncr frequency to decrease.
and site effects. The determination of seismic moment, being Everniden et al. 119861 show in their Figure 16 diat as the rupture
based oin much lower frequencies, is relatively insensitive to these velocity decreases below the shc:ir wave velocity, the spectrum
effects. Thus if data from one source region with a constant set of develops an intermediate falloff between the constant low-
stations and ray paths are compared, any increase in high- frequency value and the to 3 falloff at frequencies much higher
frequency spectral amplitude with moment can be attributed to the than the comer frequency. Thus the case of die rupture velocity
sioutrce. Therefore this paper will address the variation of 10-, 20., clual to dte shear wave velocity gives die maxiium slctra
and 30 II. earthquake and explosion P wave spectral atmllitudes antplitudes for I waves at all treLqiinc ics prcditted by tile W3P
with seismic moment at 10-ki hypocentral distances without model for a given stress drop and moment. (For rupture rates
making any correction for Q. greater than the shear wave velocity, the Archamb-,u [1968,

1972] model predicts a falloff proportional to a)-2 beyond the
Tt IEORtI-IA CtRRVtS corner frequency.)

For the o-2 model of earthquake spectra. wc used the Brane
In the Evcrnden ct al. [19861 paper, Figure 14 shows de F9 . 1971] model of s tur ke spectra e aded ass u n

theoretical P wave spectra of the W31) model. The theoretical 11970, 19711 model of source spectra with the added assumption
that the P wave to S wave aniplitude ratio at low frequencies is

spectra have a constant amplitude tip to the corner frequency (a/ p1)3. The ratio is appropriate for the low-frequency (xint
given by [Min.ster, 1973 source) approximation for a double couple dislocation given in

f P (3 x. v,)"'  (2). We have also assumed a corner frequency shift for P waves
( 7t L relative to S waves of i, as indicated in several studies [e.g..
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.. '~~ s :...o1 i tile ruediuns are thre sanme as thc fornia: Impillications for Q sti ictrire, suhniatcdi Pr'
W "P IrodrM. lileuler for Simrplicity tis model will be referred Seismological Society ofAtnerica) have found high Q vauc !r

toAN0 U' WV21 111:del ((0 2 falirrif for P waves). Anza sites. Recent comparison of spectra rccordiel ;n a i,
J 1h- 5'- i, p i,) ci curves represent iboth lamnpcd and decouplcd deep borchole and at tire surface by Haoar ,! J.. I 1)71

ci . 1i Le mwinint used foir tire Sharpe curves was dcrived amrplifications up to a factor of 5 in tite 10- to 30-111 -

front rthe IoA -frcqutcnic -nmonie ft relation of (2), as if the sourcc (beyond thle expected factor of 2 at a free surface) and sigiiirt
were an, c artli, in ke. using thle saie parametiers for thle recording attenuation of frequentes above 40 H/. Howeve,(r. this is
roeditnir as thle WV3) mnodel. TIn this paper we have used a tnlax- expected to affect all events in a similar manner and Shotld not
imomni pressurre of' elastic responrse of 130 bars as assumed by change comparisons of events recorded at tife sanme staitions. W':

P.- (Ih- 'r ! 110801 in i-.t triatinrg tire spectral amiplittude front also have Strong motion data for two cat~tiea NI !
axrI .,i st tire Nevard a test ste. Wc h ave also ass uimed shot an NI =4.7, tirat icc urred prior to thle i nstalla ton oif die A,;/,

ineJiu orr para ticre rs of ct = 3.5 kinl/s and p =2.0 g/cmn 3. All the array.
:rcrrcrrc.K irv prescrtted in iris paier have been normalized to Thte Oaxarca aftershock dlata were recorded ott an eight-si
I rbkrrIs ' eiri distance ind timltiplied by a factor of 2 to digital array set sip after the miain shock of Noveiher 29.

apisix0W!j~ dr.ic ir Ifcsurface eft cct. [lReyes et al., 1978]. Tirese sites were also located on rs:'1 n

mintmize attentuation and site effects. These events aire
DA.s- I Aeepier than events at Anza since thtey are associated wALih r r s rtI-

duesion zone. Thley, range itt Iypocentral (distainces fron I' - -

l i:rre niireroUS sources of good high-frequency data now kin.
available as a result of tire advent of high dynamic range digital Thle Mammoth events were recorded on digital seisrogrrrphs
ce ct rc,rorders [e.g., Brune ef at., 1980)1 and telemetered arrays deployed during the Miammothi Lakes earthrquake seclretc mo

alc ,rt al., 1984; Fletcher et al., 19871. The earthquake data 1980 [Archuleta et at., 19821. To minimtize attenuationt is e
rinseJ il itt is stUd) are recordings from the permanent Anza arraly events recorded at the tlree stations CON. FIS, aind i-! r.
in soternrt Califrmia [Berger el al., 1914: Fletcher et al., 1987]. on rock. Thle hypocentral distances of these events roige foci
rrcd reaop irarv 0U ruitrrl instruments deployed to record aftershocks 20 ktn.
orf dire i978 (taxaca, Melxico. earthqurake [A-frnguia el al., 1978) We hrave used one very large event, thie Michoacar, NMcv-,
anod ifrcrsliocks of tire 1980 Manmnoth Lakes earthquakes earthquake of September 19, 1985. A network of Strong niriiirn
[Arcitoleza et at., 1982; Priestley el al., 1985; P1881]. In order to accelcrographS loncated on hard rock sites, was irist7! -,! in tire
compire tire data with the soutrce mordels with as little distortion region prior to thre event [Anderson ef al., 1986]. Ti::.2 .rfi thle
ritc to :rtietition and site effects as possible we hrave used data accelerographis were directly over the aftershock zone and infrlicnt,
recorded on solid rock with hypocentril distaances as Shorrt as pos- rupture. We have used the spectra of the entire Vertical Conrljioncrrr
sih]. All thle d~rtar have been normralized to a l0-kin itypocentral of these stations. As a first-order approximation to normralize to
distance anl have not been corrected for Q.

Tire data presented ihere are all far-field data in the frequency
dornain, except for the 1985 Michoacan mrain shock. The instru- TABLE 1. Parameters for Pahutc Mesa. Nevada, Test Sitc Explosions utei
inrits usedl in tis sturdy have a flat response in velocity or in This Study

acceleration between 5 aird 35 Hz. The spectra were determined Event Name Dth Yield* Fb I lypocentral Sii~
from vertical component recording,.; The darta time series range Amndo m kt mb distance km Stto
frmt 3/4 s to several secronds after tire initial P arrival aurd ending Ae ndo 16 56 613.2 L 14

r [fi te S wAave (except for thle NIichoiacan event). Tire time 3.4 Echo Pea.
series Aistc tilered Awi',i a 10'{ corsine taper at each end. A fast 5.1 L-05
Fzour ier trars forin was apphlied to the tapered t irie series; tlire miag- 61L0
nirside (if tilc reSirit was their ruoiated (dividing by wo for velocity 12.6 L-06,
,!;". (0 r-Ir i ccclIcratiott) to d i~; ii einteirt. Tire Anz.t sptectrat were I lalfbeak 819 300 6.1 2.1 S-5

dcirr'-h.-iand tire S~I)CCUA.1 irrplirride deteriniuned directly. 2.1 -
r if tire dit1a, tf_ irerrrgrlidurr of tile specctrail an,plitrrdc at Ilet. 819 290 6.5. 1.6

oq.Iwtcoc was detetini tird b~y averrsgiiig aixtrit a 6-Hz 3
al (i [i feuey finees ;.. 2-3 l fr Scotch 977 150 5.7 6.1
ii . -crrrriot tr fertittv ifiners (~e, 7.3 -I fr Boxcar 1166 1200 6.3 10.4 S-0:4

If,, It ;sinte tinsrmnrotied sprectra. Whrere morre than one staition 22.5 S-0ha4
(-ruin g As i,; availabhle for eaich event, we fotllowed Archuleta et Farmi 689 75 5.5 4.2 4

on I 'iS 2
1 hys tiking the average ofi tire rig (irf tire spectrail rotipli- 4.7 6

ri- , r.111.t~in a i niric ririthinr aseritge. 6.4 1
'i lire A,.1 r arra is. ti 10- slili, I,. tirce-cononiprtei, 16-hit digi- 9.7

21. W \'irAil' teeiciered array. de ph _cd alittig tire Sart Jatcintio fauilt zotte 21.2W1o
in soutihern ('iiforimia. WVe rave anrilyzed events with seismic Cirlwick 633 75 5.5 18.3 W-i

irnrents ranging from 10" tot ihostt 1021~ dyn cm and with itypo. 23.4 Wnnti
centrA iiistamnces friom 5 to 20) kill. Tire Anza array sites tire on Pao 6875 .5 22.5
'nld rite . and we exprct little di stoir ion due to atttenutiosn at 2-54
these ii: tairccs. Hoh tigt alr. iS. E. Irrit.J. G1. Anderson, J. Shccpshead 640 100 5.6 15 1 V"
Brurne, F. Vcmirn, J. Blerger, J. leteitr, L. IHarr, 1T. flanks aitd L. 17.7 \Vii
Ik~ler. Aint. iitirir r',ir Atitri. (Uitrini~i. strirnitil tio Bulletinr of 22.8__________ V --.-

1;,S, -. i:', S,,, a il .- y r f,tlmi ri, ,) wdi S. E. Hhiir and .1. G,. Yields from Springer and Kinnmpran 119711. Parker et al. (tIN", -
AAit -r of)rcr i.,rs high troqurIlins .pCret.1 iM A,\r Caili- cstimnatcd from flbh
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10-ki hypocentral distance, we have assumed the energy radiated ted versus seismic moment. The Sharlc 119421 model is
per unit area is constant at the fault surface, and that energy is represented by the dashed curve and was calculated using a max-
conserved. Thcrefore we multiply the spectral amplitude by the itnum pressure of elastic resnfse of 130 bars. The W211 and W3P
square root of the ratio: twice the fault surface area divided by the models are represented by solid lines. The stress drop in bars asso-
area of a sphere at 10 km. This correction increases the spectral ciated with each curve is indicated by cy. The W3P curve was
amplitude by about a factor of 3.7. derived from (1) and (4) assuming the rupture velocity is equal to

The explosion data used here are underground nuclear explo- the shear wave velocity. The data have all been nornt~iied to 10-
sions from Pahute Mesa on the Nevada test site (NTS). We have km hypocentral distance and, as discussed in tile introduction, not
several explosions ranging in size from approximately 100 to corrected for Q.
1200 kilotons (kt), recorded on velocity and acceleration sensors. The theoretical curves all show spectral amplitude increasing
The event names, approximate yields, and hypocentral distances linearly with moment up to about 10 19- 1020 dyn cm. This is
are given in Table 1. The hypocentral distances range from 3 to 25 expected for any source model, since for these small-ncnt
knt. The moment for each explosion was determined using the events the wavelength at the frequency of interest (10, 20, or 3if
formula Hz) is large compared with the source dimension. In other words,

these small events have corner frequencies higher than the fre-
quency being plotted, so the spectral amplitude scales directly

taken from Priestley and Brune (PB8) (assuming the 0 - M0  with moment. For the larger-moment (above about 1020 dyn cm)

relation of (2) and the parameters of th W3P model). The velo- events the W3P model predicts the spectral amplitudes will

city recordings at Pahute Mesa are surface recordings on sedi- remain constant for a constant stress drop. The W2P niodel in

ments. Using the velocity model of Leonard and Johnson [1987J contrast predicts for these large-moment events that the spectral

and data from the shot medium (D. L. Springer, personal coin- amplitudes will increase with nimoent approximately as 11d'" for

mutication 1987), we expect an impedance amplification of about constant stress drop. The Sh:irpe curve has similar scaling to the

1.4-1.6 for events at 650-nt depth and about 1.8 for I 100-m depth W2P model.

(based on the difference between (po t) "2 at the surface and at Figure la shows 10-Hz spectral amplitude versus tuontent. The
depth). In addition the attenuation is expected to be greater for Oaxaca events show more 10-I1z energy than Anza events of
these events than for the earthquake data. To obtain an estimate coiitperAble moment and thus could be interpreted as having
for the attenuation of the P wave explosion data we assume a (fre- higher stress drops than the Anta events in either the W21 or

quency independent) value of Q = 50 above 600-in depth and Q - W3P models. However, te two niodels give different absolute
100 for depths greater than 600 in (L. Johnson, personal commiin- values for stiess drops. For example, the largest moment Anva
ication, 1987). Events recorded at 5.0-ki epicentral distances events would be interpreted as having a stress drop of about 10

have travel times of about 1.6 s. Assuming a travel time of about bars in the W2P atodel, while the W3P model would give stress

1.2 s in the Q = 100 material and 0.4 s in the Q = 50 material drops of about 400 bars. Many of the Oaxaca events have as much

gives a total amplitude decrease of about 6.6 at 30 Hz and 1.9 at or more 10-Hz energy than the Sharpe curve. The explosion
10 lIz. There is evidence that at high frequencies, attenuation is points scatter about the Sharpe curve with the recordings on rock
frequency dependent; this could be expected to decrease the having less 10-Hz energy than predicted by the model. The six
attitnuation at 30 Hz relative to that at 10 Hz. However, the points representing the five siall. 75-150 kt, events kFarm was
attenuation in this region is not yet well determined, so we have recorded both on rock and sediments) have about an order of
not attempted to correct for either attenuation or scdiitent magnilude range in 10-Hz amplitude.

amplilicatiot. Based on the assumption for Q cited above, c As we look at higher frequencies (20 Hz in Figure lb and 30

expect the uncorrected spectral amplitudes to approximt te Hz in Figure c) the difference in the predicted spectral amplitude

source spectr .at 110 lIz and unde rest inate it at 30 Hiz. of the W21P and W3 models for large-moment events becomes

For events Colwick, pepa o., Shcepshead, and Farm we have more pronounced. The earthquake data (Anza, Oaxaca, Man-

accelcrograph recordings. These acceleration recordings are either moth, and Michoacan) show a clear increase in spectral amiplitude

oii h d rock surface sites (stations W-,7 and W-18) or from 500- wilt moinelt, approxiiiatcly in agreement with the W12P model,

it-deep boreholes (station W-9). The spectral anplitude from the and in disagreement with a constant stress drop W31P model for

borehole station was multiplied by a factor of 2 to approximate a the larger events. If we were to interpret the data with the W3P

surface recording. It is interesting to note that at the more distant model, stress drop would have to increase significantly with

(hypocentral distances from 25 to 33 kin) crystalline rock surface moment. For the largest moment events such as the Michoacan

mnd borehole stations the 30 Hz P wave energy was lost in the main shock (Figure Ic) the W3P model implies a stress drop of

noise. For the event Farm, we have both hard rock accelerograph the order of a kilobar. This is in distinct disagreemcn with static

recordings (hypocentral distances approxinmately 21 kin) and four ,stress, apparent stress, and dynamic stress as calculated by Ander.

accelcrograph recordings on sediments (hypcentral distances 4-9 son et al. [19861 and Pricstley anul Masters 11986] of about 5-20

kill). The spectral amplitudes of the recordings on sediments are bars.

approximately a factor of 2 larger at 10, 20, and 30 Hz than the The NTS explosions show increasing scatter as we look at the

mitre distant recordings on rock. These recordings on rock may higher frequencies (Figures lb and Ic). The hard rock recordings

underestimate the source amplitude due to impedance. All of the and the Farm accelcrograph recording on sediments have lower

explosion data have been normalizcd to 10-kin hypoceniral dis- spectral amplitudes at 30 lz (Figure Ic) by 1-2 orders of niagni-

tance. tude. One possible explanation for this is source depth. The higher

ANAtYSIS spectral amplitude eveits are deeper (800- I100 n) thian the lower
spectral amplitude events (63G-690 )l). The average depth to the

The difference in high-frcquency behavior of die W2P, W3P, water table in Pahute Mesa is about 650 m Lconard an Johhm son,
and Shiarpe source models as the event si/e increases, is illustrated 19871. Events bolo- the water table imight be expected to couple
in Figure 1, where spectral amplitude at I0, 20, and 30 Hz is plot- more high-frequenCY energy into seismic waves. The niajorit' of
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Sr-zo. 0Jo-,,e nod NTS Events surc at thc elastic radius is a step function. Thc fltnit'iar
S processes such as crushing and plastic deformation might bc

-2 rTS t(cea .nt0cxpected to preferentially attenuate thc high-frcqticncy corn-
c S ~ . - ~ poncnts of thc pressure function. Thus it sccems possible thiat a

.3 Sarpa- -~ tamped explosion could have a spectral falloff steeper Utm !)-
2

., .. -- o- o. and havc less energy at high frequencies than thc Sharpe model
WU V=0 predicts. Much more work needs to be done in determining Uhe

-~ '...~.- -25 exact high-frequency behavior of both tamped and decoupled
-~ explosions.

Figure 1 implies two important problems for high-freqrrenc)
discrimination regardless of the actual attenuation. First, the high

-6na stress drop earthquakes such as some of the Oaxaca aftersli,,eks

-I -~ fall close to or above the Sharpe curve. In fact both the W211 andj
* oac --Ata W311 models predict that high stress drop earthquakes can radiate

more high-frequency energy than the Sharpe model. Thus hei
-8 *question for discrimination is not only whether the W211 or

18 20 12 24 26 better describe the data but also whether high stress drop earhl
Log Mor-f, (dy',e-cr-) quakes are expected in the regions of interest and whether they

Fig. la can be discriminated by methods other than high-frequency spec-

Fig. 1. P wave displacement spectral observations of earthquakes (solid tral amplitude.
g)ymbols) and NTs explosions plotted as a function of moment, and corn- Second, it may be possible to defeat any high-freqoency
parcid with theoretical curves. All symbols and curves normalized to a hy-
pocotral distance of 10 kim. No attensuahion correction was applied 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 noOacandNSEet
denoted by (' is bars. W3P model given for constant rupture velocity equal -2
to the shear wave velocity. The Sharpe curve was calculated assuming a
maxitmbm pressure of 130 bars and is indicated by the dashed curve. (a) . NSs (sedimnts()

The 10-l1 z P wave displacement versus momett (b) 20-1Hz P wave dis- 3. - x 15 (rock)o
placement spectral amplitude versus moment, and (c) 30-11z P wave dis- .. +

placement ;pccsral amplitude versus moment. Note the increase in spec-
tral amplitude with moment approximately in agreement with a constant -4
stress drop W21' (elW2 falloff beyond the comer frequency) model and for S+re-..

larger moments in disagreement with the W3P W3of falloff beyond the A- -'o-,_ .w7

conr frequency) model. Also note the explosion spectral amplitudes gen- ~- * ~ --

erally fall below the Sharpe curve. .

-6

(N cra~oo 1 sto

a Oa.oco 2-4 
1

the explosion data points have less 30-Hz energy than the Sharpe
model predicts and fall in the region of the earthquake population. -8

DiscussioN 18 20 22 24 26
Log Momnent (dyne-crn)

Everndcen el al., [ 1986] argue that the Sharpe model is a conser- Fig. lbI
vative or rirtinsumn estimate for tse high-frequency energy radi-
ated by explosions. They expect all explosion data to plot on or Anzo, Oaxaa, Mammoth, M choocan and NTS L,"4'

abuve ti curve. The reason for the failure of all the explosion -2
data to plot on or above the Shtarpe curve may be due to loss of -

1
t NT (sdmns

high frequency energy in the transtmission from source to receiver, 7- 3 * NTS (rack)

in tlte source spectrum itself, or sornic combination of both. The - -

transnmissiotn characteristics of the medium at these high frequen- E -'

ctes are not known well enough to determine the magnitude of wareP... '-- * - -

this effect. Ideally a series of sniall nuclear explosions in hard E ...-. ~W3rP-0
rock recorded in hard rock Would be the best comparison with the ~ ~ * 7  74~

eartltqoakc data presented here. Since these data are not available, 6** -

we will be confined so mtaking some general remarks abot't explo- P 9** An'.

sion models. -0 Oa,aco I -4

Thte comer freqttency and falloff at hsigh frequencies of explo- n .. 2-

siosn spc.tra are critical to the Evcrdcn Ct al. discrimination pro- :

posal. The quoestiosn of whsether tise step function in pressure ICacoa

S harrj: riwdel rk po: scn ts it minim iu estimate of the high- ____________ ________-__________ -

frckqucnk icr-rv rosliated Irs eXploS10iS mittst he exantined in a8 20 22 2'4 2 6 2

light olt~r d1 ita presersted. It 1.s nit4 clear, Particularly for tamped [09 Mo-1n (dvnn-m)

cx phi sri, at %h allow depthis and high frequeinc ies. that tile pres- Fig. 1 c
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MAMMOTH (M. 4 9, A 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 "earthquakelike"

signals with large S waves (Figure 2). There may be a problem,

AN A - PFO (Ml .3 0. A 19 5 kin however, in applying such time domain or phase characteristic
- approach to high stress drop earthquakes. High stress drop earth-

p -wave i.
-
Wave quakes have high comer frequencies and smaller source dimen-

sions and thus shorter rupture times. A magnitude 3 or 4 earth-
^jANZA -t.'l (ML 30. 6 = 153 k) quake with a stress drop of 100 bars or morc 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
SIIARPE ( explosion ) amplitude difficult.

1 CONCLUSIONS

ARCAM tBlEAU (RO = 10 kin) - I second

Observations of high-frequency P wave spectra from earth-
quakes, normalized to a distance of 10 km, show an increase in

S topping phase spectral amplitude with moment approximately in agreement with

Fig. 2. Observed and theoretical velocity seismograms passed through a an co2 falloff model, and for large moments in disagreement with
narrow-hand filter centered at 30 Hz (20-40 Hz). The Mammoth trace an o-3 falloff model. The explosion data at a frequency of 30 Hz
represents a complex earthquake. The two Anza traces represent a single generally fall below the Sharpe curve, show much scatter, and do
earthquake, showing simple explosionlike earthquake signal at one station not all discriminate from the earthquake data on the basis of spec-
(FRD) and a more typical simple seismogram with a large S wave pulse at
another station (PFO). The trace for the Sharpe explosion model has all tral amplitude. How much of this effect is due to atenuation
the higher- frequency energy arriving in the impulsive beginning, whereas requires further investigation. This suggests that any discrimina-
for the W3P model the amplitude of the stopping phase is about 3 times tion technique using high-frequency P waves should also take into
larger than the starting phase. For the constant rupture velocity and stress account phase information (e.g., time domain character), not just
drop W3P model, the 30-Hz spectrum does not increase with moment
beyond 1020 dyn cm because the pulses seen through a narrow-band filter spectral level. High stress drop earthquakes can radiate more
only spread out in time, but do not change amplitude, high-frequency energy 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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Abstract. Broadband receiver functions determined from teleseismic Introduction
P-waveforms recorded at two seismic stations in eastern Kazakh.
U.S.S.R., are inverted for the vertical velocity structure beneath the sta- Since July, 1986 three seismic stations have been operating in the vicin-
ions. The detailed broadband receiver functions are obtained by stacking ity of the Soviet nuclear test site in eastern Kazakh, U.S.S.R., under a joint

source-equalized radial components of teleseismic P-waveforms. A time- agreement between the Natural Resources Defense Council (NRtX:) and
domain inversion of the radial receiver function is used to determine the the Soviet Academy of Science [Berger et al, 1987]. Data from July. 1986.
structure assuming a crustal model parameterized by flat-lying, homo- through February. 1987 were from seismometers placed in surface vaults;
geneous layers. The general features of the inversion results are: a corn- since March, 1987. data also have been recorded from seismomcters
plex shallow crust, velocities 1- dtan 6 km/s in the upper crust, a high located in 100 meter deep boreholcs beneath the surface vaults. All dat3
velocity (6.9-7.5 km/s) lower crust, and a Moho that varies between 47 are digitally recorded. Figure 1 shows the location of the three stations
and 57 km depth. These results compare favorably with a composite velo- (KKL, BAY, KSU), the locations of teleseismic earthquakes used in this
city model from Deep Seismic Sounding data, but show lower velocities study, and the Deep Seismic Sounding (DSS) line discussed by Antoncnko
in the upper crust, and higher velocities in the lower crust. The results [19841.
indicate that the crust in this region is relatively uniform, however the Leith [written communications. 1987] has compiled geophysikad and
nature and depth of the Moho changes significantly across the region. The geological data for the NRDC sites, from the Soviet literature. The
receiver function inversion structure for the Kazakh sites is similar to a seismograph sites lie within the Kazakh fold system, a belt of folded ai
published receiver function structure for a site on the Canadian Shield. faulted Paleozoic rocks. The region was marked by extensive igneou,

Fig. I. 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 thc location of
the study area in central Asia. and the location of the icleseismic events studied: (Ul) denote evcnts recorded at
KKL, (S) denote events recorded at BAY.

Copyright 1988 by the American Geophysical Union. activity during the late stages Ml the H~ercynian Orot~ny urrc .'

Permo-Triassic Period. The three seismograph sites are Ioxa~cd ci s ..
granitic intrusions of Paleozoi to early Mesozoic age Thc gr sr ,,,'

Paper numbera 8L73 19. intruded into deformed Paleoroic sedimentary rocks. Subvcqticnl t-ci,s.,
409.827678/1308t-7319S5)3.00 activity has resulted in regional crusta) uplift and thickennmg. lit ,i
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gests that the geological and geophysical characteristics of Degelen differences in complexity typically seen between deep and shallow focus
Mountain on the Soviet Test Site are similar to those of the Karkaralinsk evenLs. The bottom two traces are the deconvolved radial and transverse
and Bayanaul inmrusions. The pluuons and Degelen Mountain are com- components. The deconvolved radial components for both events show
posed of alaskite, an alkali feldspar granite of slightly lower density and very similar features, although these two traces exhibit the largest differ-
seismic velocity than typical granite. Based on Soviet deep seismic ences among individual seismograms used in any of the three stacks
sounding lines in the area, the Pn-velocity appears to vary from 8.0 to 8.3 reported in this paper. The seismograms available were sufficient to pro-
km/s and the crustal thickness varies from 50 km in the vicinity of Kar- duce tree stacked receiver functions: Two for separate arimuths for KKL
karalinsk and Bayanaul to possibly as little as 40 km at Karasu. Soviet and one for BAY. The stack for KKL-Japan includes three events: the
geophysical results indicate that at least the Karkaralinsk intrusion is a lac- stack for KKL-Sumatra has 4 events; and the BAY-Japan stack has 6
colith narrowing from an area of about 450 km2 at the surface to about events. The stacked radial receiver functions tend to decay rapidly in
100 km

2 at a depth of 10 kin. amplitude, indicating a relatively homogeneous crust- 'e transverse
In this report, we model receiver functions obtained from teleseismic components are generally small and have nearly constant phtude, ind-

P-wavefonns necorded at two sites, Karkarlinsk and Bayanaul, to deter- cating that lateral varations in the structure are small.
mine the detailed structure of the crust and upper mantle directly beneath The stacked receiver functions were inverted using a standard, lnear.
the recording site. Insufficient data has been recorded from the Karasu ized inversion procedure [Owens et al. 1984] with the modified fast pantal
site for this type of analysis. The broadband receiver function method is derivatives method of Randall [1988]. The earth structure is parameter-
most sensitive to the detIs of the vertical shear velocity distribution in ized by a series of plane horizontal layers, and an iterative procedure is
the crust, a difficult parameter to constrain using other methods. We esti- used to minimize the residual difference between the radial receiver func-
mate gross lateral variations in structure by examining the variation in tion and the synthetic predicted by the stictite. Our starting model for
vertical velocity distribution azimuthally around the station, and by exa- the KKL and BAY inversions is from the structure compiled by Leith
mining the relative magnitude of the transverse and radial anivals. [written communications, 1987] from the Soviet DSS literature. The
Finally, assuming a constant Poisson's ratio we compare our results with inversion model is parameterized with 1.0 km thick layers in the shallow
P-velocity profiles from a nearby DSS line. crust (upper 5 km), and 2.5 km thick layers to a depth of 57.5 kn. We

invert for the vertical shear wave velocity structure for each back azimuth

Data and Analysis for which we had sufficient data; the compressional velocities are obtained
by assuming a Poisson's ratio of 0.25, and the densities are obtained using

We have used the deconvolution procedure proposed by Langston the relationship r = 0.32 Vp + 0.77 (Owens et al.. 1984). The variation in

[19791 to isolate the response of the structure beneath the seismograph structure with azimuth allows a qualitative estimate of the lateral variation

(the receiver function) from the source and path effects, all of which in structure about the station. The results from the thin-layer inversions

interact to form the observed seismograms recorded at teleseismic dis- were examined to identify the depths of the significant seismic impedance
tances. For teleseisms recorded at 300 to 90" epicentral distance, the initial contrasts, then the models were reparameterized with thicker layers and

energy arriving from the source region consists of plane P-wave arrivals.
Since the earth structure beneath the station will produce P to S conver-
sions the horizontal component of ground motion will in general be quite V p (km/see)
different from the vertical component. Langston [1979] has shown that 6 a
the receiver function can be obtained by deconvolving the vertical com- 0
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. . S S mood!t
Stacking the deconvolved owaes from individual events averages small DS oa

differences in the estimated mean receiver functions and improves the
signal-to-noise ratios.

Fature 2 shows seismograms recorded at KKL from shallow and deep .....
focus events in Japan. The upper three traces are the vertical, radial and
transverse components, respectively. The recorded seismograms show the

420

Deep E,.nt Recorded St XKL S%.lI*w E-1A R*.1d~d .1 XVL
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Fig. 2. Deep and shallow focus events recorded at KKL. The upper three Fig. 3. Comparison of the starting model and final inversion results The
traces are the vertcal, radial, and transverse componenL, respectively, inversion results are in terms of the shear wave structure, however for
The lower two traces are the doconvolved radial and transverse receiver comparison with the DSS results, the models are presented as compres.-
functions. The horizontal components are plotted at the same scale. sional wave velocity assuming a Poisson's rato of 025.
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abiI I nmal Vcl:xity Models 
r

Leith BAY-Japan KKL-Japan KKL-Sumatra
h a h a h a h a

0oho P K

1.0 5.10 1.0 5.32 1.0 5.19 1.0 5.14
4.0 5.60 3.0 5.96 4.0 5.85 4.0 5.91
7.0 6-05 6.0 5.66 2.5 5.77 7.5 5.51

12.0 6.35 5.0 6.01 2.5 5.57 2.5 6.03 Kt Jps.
12.0 6.60 10.0 6.29 2.5 5.90 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 10.0 6.52 2.5 7.29
-8.35 2.5 7.59 15.0 7.04 15.0 7.49 "aAo . ,SA

-8.33 10.0 7.47 -v8.10

5.0 7.80
8.10

SECONDS

h = layer thickness in ki, a = P-velocity in kmIs
Fig. 4. Fit of synthetic receiver functions (dotted lines) and the ohservcd
(solid lines) stacked radial receiver functions. Top traces for KKI

inverted again. All the inversions used in this study converged and final Sumatra. middle for KKL-Japan, and bottom for BAY-Japan.
results included all singular values; hence the model resolution is theoreti-
cally perfect. We attempted to determine final models with the minimum The result for the BAY-Japan inversion is also shown in Figure I and
number of parameters to obtain a satisfactory fit to the data. tabulated in Table 1, and the fit of the synthetic to the stack is shown in

Figure 4. In general the features of the BAY model are similar to these
Results for KKL: a complex shallow crust, an upper crustal low velocity zone and

a mid-crustal interface near 15 kin; however the lower crustal vulocitic
'he final inversion velocity models are shown in Figure 3 and tabulated are generally slower and the Moho is both shallower and more distinct

in Table 1. The models are shown in terms of the P-wave velocity struc- than observed at KKL. In fact, below 10 km the BAY velocity structure is
ture, assuming a Poisson's ratio of 0.25. Leith's summary of the DSS quite close to the DSS velocity structure except the Moho is shallower (45
results, which was used as a starting model for the inversions, is shown as - 47.5 km depth) than in the DSS model (50 km). Although we have only
the solid line. Two models are shown for KKL, one for data from Japan inverted BAY data from one azimuth, the small signal observed on the
earthquakes and one from Sumatra earthquakes. The 2c error bounds deconvolved tangential component relative to the radial implies that the
varied with depth but averaged about 0.1 kn/s, however the differences structure does not depart systematically from the assumed hoizontal
between the two KKL models may be more representative of the model layers.
variance. A single BAY struture is shown for data from Japan earth- The largest differences among all three inversion models are in the
quakes. depth and nature of the Moho. The Moho from the KKL-Japan inversici

The data from the three stacks were inverted separately with a model is less pronounced than that from the KKL-Sumatra inversion. The rela-
parameterized by thin layers and using the Leith starting model. The tively strong arrival in the KKL-Sumatm stack at 7 sec is predominantly
resulting inversion models have a complex shallow crust with thin high- the Moho P-to-S conversion and is the controlling factor for the depth :q,
velocity layers. The upper few kilometers of the structures are compli- impedance contrast of that interface. The arrival is weak or missing in N
cated by the laccolith intrusions and thus may be expected to deviate from KKL-Japan stack. This azimuthal variation may reflect variations in tlic
the plane layered structure assumed. Also, pronounced side lobes about amplitude of a converted phase from a dipping layer or the interfercnce
the main arrival (see Figure 2) result from deconvolution of the band- between irultiple arrivals which can be easily destroyed by lateral varla-
limited data (the synthetic seismograms were treated in the same manner). tions in velocity or layer thickness. The lack of corresponding systematic
and some of the complexity in the shallow crust results from the inversion arrivals on the transverse component favors the interference explanation:
trying to fit this artifact. To assess the effect of this in the deeper structure also the Soviet DSS studies in the region indicate significant lateral varia-
we have recomputed the synthetics with a smoother shallow crust and tions in the Moho. The prominent Ps phase in the BAY-Japan stack at 5.5
thicker layer parameters, as we described earlier. The subsequent synthet- seconds controls the shallower depth and larger contrast of the Moho on
ics still fit the lower frequency component of the data, indicating that the the BAY model. Zandt and Owens [19861 discussed a similar companson
overall feat,,res of the structure are not biased by the complexities in the between refraction and receiver function derived velocity st.lctur', .: '_
shallow crust. Cumberland Plateau, eastern Tennessee. The more distinct naturt" t 0,

The overall features of the two KKI. models for data from two azimuths refraction Moho compared with the receiver function Moho &sci,(,' r.
about 750 apart are the same, implying no pronounced systematic both studies most likely results from differences in the frequincy,
nonplanar structure. This is supported by the small signals in the decon- phase velocities of the arrivals utilized by the two techniques
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 Summary and Conclusions

receiver function is faster in the lower crust compared to the DSS model,
with velocities reaching 7 km/s at depths as shallow as 27 5 km as Telescismic receiver functions from broadband waveforms reco-dc, .
opposed to 36 km depth in the DSS model. The most significant differ- eastern Kazikh have been inverted for the crustal velocitv structure tno
ence is in the nature of the Moho. The DSS model has a very pronounced compared with a summary of DSS data compiled by Leith The rcsuil i;c
Moho at 50 km depth, whereas the receiver function model:; have a much summarized in terms of P-wave velocity models in Table 1 and plotte,1tr,
less distinct Moho at 52-57 kin. The upper two traces of Figure 4 show Figure 3. Our results are in general agreement with the T)SS i t.
the fits of the synthetic radial receiv,r functions calculated for the two although our models indicate the presence of a high velhx,,iy (> I ' , I
KKL models of Figure 3, overploted on the radial receiver function layer below 30 km which is not seen in the DSS results This r-pr,
stacks. The fits for the thin layer inversions were much better; however either real differences in velocity or variatiorts in Poisson's ,a ir '
we did not feel justified in fiting the data to that extent, and feel the inversion structures from data recorded at the two sites, h.i, i ic 1i.
coarser models shown in Figure I are more realistic. imately 150 km apart, are similar indicating that the crust in h,,

31



616 Priestley et a]: Crusud Structure in Eastern Kazakh. U.S.SR.

Vp (kM/see) is located on a more uniform upper crust. Also, the Kazakh sites are
4 6 6 located Li alaskite granitic intrusions which have lower velocity than the

o0' :---- 1 metasedimentary- gneiss terrain where RSON is rited. Between 10 and 40

km depth the Kazakh and RSON models am nearly identical. The RSON

RSON model has a somewhat lower velocity in the lower crust (26 to 36 km
I £ idepth), but has a shallower Moho (40 to 45 km depth) than observed for

Kazakh.
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