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ABSTRACT 

Work performed on the combined studies contract (F44620- 

73-C-0055),  which included the evaluation of counterevasion techniques and 

the use of far-field seismic data to determine attenuation and source param- 

eters,   has oeen discussed in detail in six semiannual    technical reports, 

technical memoranda^   and a doctoral dissertation.     This final report sum- 

marises the material covered in those items and discusses the conclusions 

obtained from these studies.     The counterevasion studies were concerned 

with the evaluation and application of two techniques:   complex cepstrum 

analysis and eigenspectrum analysis.    These techniques were used to sep- 

arate interfering seismic signals in order to distinguish underground nuclear 

explosions hidden in larger earthquakes,  for the identification of sequential 

underground nuclear explosions,   and for the detection of the pP depth phase. 

In addition,   a new study on the effect of sampling rate on the detection of the 

pP depth phase is also presented. 

The main topic of the far-field research was directed toward 

the determination of seismic source parameters using teleseismic surface 

wave spectra.     Techniques were developed to fit theoretical spectra generated 

using a double couple source in a layered half-space to observed spectra cor- 

rected to a near source reference point.    Several procedures were used to 

correct the observed spectra for effective attenuation.     As a result,   effective 

attenuation values were obtained for many Eurasian and North American 

travel paths.    Finally,   the far-field studies also included a comparative 

analysis of upper mantle Q and other geophysical data on the Eurasian con- 

tinent. 
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SECTION I 

COUNTEREVASION STUDIES 

A INTRODUCTION 

For the past three years,  we have evaluated and applied two 

methods to separate interfering seismic signals:    cepstrum analysis and 

eigenspectrum analysis.     These techniques have potential value for counter- 

evasion studies in that they arc expected to achieve these three goals:    to dis- 

tinguish underground nuclear explosions hidden in larger earthquakes; to 

identify sequential underground nuclear explosions disguised as earthquakes; 

and to detect the pP depth phase for the estimation of the burial depth of the 

underground nuc1.ear explosion.    In this report,   we present a brief summary 

of work given in previous technical reports and a study on the effect of the 

sampling rate to the detection of the pP phase by the cepstrum analysis. 

Work on the counterevasion studies that has already been 

reported is summarized in Subsection B.     The mathematical description 

underlying these two methods is briefly reviewed,   and the experimental 

results obtained at various stages are discussed.    In Subsection C,   the re- 

sults from the study on the effect of the sampling rate are discussed.     This 

study concludes the continuing effort in searching for the favorable factors 

to help the cepstrum analysis to achieve better results in detecting the pP 

phase. 

B. SUMMARY OF PREVIOUS WORK 

The cepstrum analysis and the eigenspectrum analysis have 

been applied to markedly different combinations of interfering seismic signals 

for quite different purposes.    The cepstrum analysis separates signals from 
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the same azimuth,   the waveforms and thus spectra of which are similar. 

The eigenspectrum analysis,   by contrast,   is used to separate signals from 

different azimuths,   with greatly different spectra; it considers the data over 

a narrow frequency band.    Hence,   the work involved in the evaluation and 

application of these two methods has been handled and reported as two inde- 

pendent tasks for the whole contract period.    Consequently,   in the following 

sections,   the summary of previous work will be given separately for these 

two analyses. 

1. Eigenspectrum Analysis 

The theoretical basis for the eigenspectrum analysis was dis- 

cussed in Semiannual Technical Report No.   1,   as were some details of the 

method of calculation and errors which might be expected.     The ability of the 

eigenspectrum analysis to separate the off-azimuthal interfering signals lies 

in the identification of the eigenvalues of the data matrix with the signal 

powers and the eigenvectors with the signal vectors.     In the eigenspectrum 

analysis,   the data matrix is formed and its eigenvalues and eigenvectors are 

computed.     The data matrix   Q  is formed as follows: 

9. =    SSH, (1-1) 

where   H   viands for conjugate transpose,   and   S   is the total signal vector 

recorded at an array of sensors,   defined by: 

S   =    I...F.(f)...lT 

where T denotes transpose and F.(f) is the amplitude spectrum at frequency 

f for the ith site. There are N eigenvalues of the data matrix Ü, where M 

is the number of sites in the array, and they are S S, O, O. . . . The associ- 

ated eigenvector is    V   for the non-zero eigenvalue. 

m m 
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If only one signal,  of wavenumber vector   k,    is presented at 

the array,   we have tne following: 

H H S   S/N   =    V   V/N    =    signal power at a site, 

and the eigenvector   V   is in the direction of wavenumber vector   k.    However, 

when two signals.  Si   and S2,   are present,   the data matrix    i2   defined by 

equation (1-1) at a single frequency contains the cross-correlation terms, 
H H 

S.S and S S      '   as follows: 
X. CM Lt L 

ß -   s^" +   s2s2
H +   s^" +   s^. (I.2) 

The existence of these two cross-correlation terms makes the eigenspectrum 

analysis useless for its purpose.     To eliminate them,   the data matrix   Q. is 

averaged over a finite band of frequencies.    Under the assumption that signals 

are uncorrelated,   the average data matrix becomes: 

n =  s^" +  spr/1. (i-3) 

However,   in doing so,   the interpretation of the eigenvalues of the average data 

matrix    Q,   as the average signal power,   in general,   is lost.     Thus,   in practice, 

we average the data matrix ft   over a frequency band wide enough to eliminate 

most of the cross-correlation terms,   yet narrow enough not to change the 

eigenvalues too much from the average signal powers. 

In Semiannual Technical Report No.   1,   the eigenspectrum 

analysis was applied to the synthetic signals formed from the chirp sinusoidal 

waveforms,  which exhibited dispersion and simple amplitude     modulation.   The 

data matrix was constructed from these waveforms,   which were identical at 

each site except for time shifts appropriate to the sites of a hypothetical 

seven element hexagonal array of 50 km diameter,   similar to the inner ring 

of sensors at ALPA.     The major results can be summarized as follows: 

1-3 
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The eigenspectrum analysis has marked superiority o^er both * ■ 

the beamsteering and maximum likelihood methods in its ability 

to find small signals in the presence of large ones,  for signal 

models based on chirp waveforms. 

Over a wide azimuthal range,   the eigenspectrum analysis can 

resolve signals down to 27 dB below another interfering signal. 

• The presence of noise did not interfere with the extraction of 

one signil from the other,  unless the noise was as large as the 

smaller signal. 

With the success in applying the eigenspectrum analysis to the 

synthetic signals formed from the chirp sinusoidal waveforms,   the real seis- 

mic signals recorded at sites  1 through 16 of ALPA were employed next,   and 

the results were presented in Semiannual Technical Report No.   2.     To form 

the interfering events,   Fourier transforms of appropriate signals were added, 

site by site.     The data matrix was constructed from these summed transforms, 

so that all appropriate cross-correlation terms were present to simulate the 

real interfering events. 

The experimental work with these reil signals indicates the 

following conclusions: 

• The eigenspectrum analysis is capable of closely estimating the 

power and azimuth of a signal 20 dB below another interfering 

signal. 

• Care must be taken to choo. e the proper frequency band over 

which to observe them.    When this is done,   noise due to the 

seismic source and to the calculation   sets the low limit on the 

resolution power of the technique. 

• 

« ■ 

• » 
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These conclusions were drawn from the experimental results 

on a particular calculation involving the mixture of two specific real signals. 

Further research showed that such results were the exception rather than the 

rule.     The results obtained i erm the further study on the effects of averaging 

the data matrix over a frequency to the eigcnspectrum analysis were reported 

in Semiannual  Technical Report No.   3.     These results illustrated the difficul- 

ties encountered and suggested their origin.     These problems are inherent in 

the use of real data and appear to make eigenspectrum analysis inapplicable 

in the general case.    The conclusions readied by this study are as follows: 

• The averaging process does not result in completely uncorre- 

lated data matrices corresponding to the first and the second 

signals.    Some non-negligible cross-correlation terms between 

the signals are still presented after the averaging process. 

These terms reflect the fact that signals of finite length are in 

general correlated.     Their effect at small differences in power 

between 'he first and the second signals is to distort the second 

eigenvalue significantly from its correct value.    Nevertheless, 

the direction of the second eigenvector is not affected. 

• At larger po\\e r separations between the two signals,   another 

effect appears:    there is always a spurious component in the 

second eigenspectrum due to the effect of averaging ihe signal 

vector of the larger signal over frequency.     This component 

interferes with that due to the second signal when the second 

signal power   is at or below the power of the spurious component, 

resulting in the incorrect estimation of the azimuth as well as 

the power of the second signal in this case. 

• The effects of frequency averaging can be eliminated by con- 

structing the data matrix in appropriate,  yet unrealistic,  ways, 

which allow resolution of small signals at power separations 
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The complex cepstrum   s(n)   of the sampled time function    s(n) 

can be obtained from this general set of equations: 

S(z)    =    2-<  s(n)  z 
n 

o{z)    =     in   jS(z)| 

s{n)    =      27rj        pS{z)  z dz, (1-4) 

1-6 

down to 50 dB.    However,   it is not possible to find the data 

matrices in these ways for real interfering signals as recorded, 

so that the problems encountered here generally appear insur- 

mountable.     The eigenspectrum analysis,   then,   as presently 

implemented,   is unable to resolve interfering signals at any " • 

useful range of power separations 

In the hope of replacing eigenspectrum analysis -- which we 

showed to be inapplicable to real seismic signals  --   we have propc   ?d and 

examined a time-domain signal stripping technique.    Work performed was 

reported in   Technical Memorandum dated February 27,   19 76,  by David Sun. 

The proposed time-domain signal stripping was found to be a special case of 

the iterative beamforming technique,   which was developed,   evaluated,   and 

recently reported by Blandford et    al.   (1975).     To avoid repetition of this 

effort,   no further work was carried out on this technique. 
■ 

2. Cepstrum Analysis 

The conceptual formulation and general mathematical descrip- 

tion of the cepstrum analysis were discussed in great detail by Schäfer (1969). 

Several detailed mathematical expressions of the complex cepstrum for our 

specific applications of the cepstrum analysis were derived and discussed in 

various semiannual technical reports. 

• i 



where 

S(z)   =   the z-transform of   s(a) 9 

y        =   a contour integral about zero,   and 

j     . /TT. 

Let us consider a mixed signal consisting of two identical signals as follows; 

X(n)   =   s(n) +   as(n-n  )     , (1-5) 
o 

or equivalently in the convolution form as follows: 

x(n)   =   s(n) *  m(n)     , (1-6) 

where 

m(n)   =   Ö (n) + a<J(n-n  )   ((J(n) is the Dirac delta function) is the 

multipath operator which convolves with the signal, 

n0        =   the time delay,   and 

a =  a scale constant (for convenience,  yet without loss of gen- 

erality,  les us assume   (|a(<l) ), 

The complex cepstrum   x(n)   of   x(n)   will be as follows: 

x(n)   =   s(n) + m(n)     , (1-7) 

where    s(n)   and   m(n)   are complex cepstra of   s(n)   and   m(n)    respectively, 

and 

k 
m(n)   =     ^    (-l)k+1    -i-     (J(n-kno)   . (1-8) 

k = l 

In general,    s(n)   and   m(n)   are separable in the sense that 

large terms of   s(n)   occur at shorter time than do the large terms of   m(n). 

Hence,    ^(n)   can be recovered by shortpass filtering   x(n)   and by taking the 

inverse orocess of the transformation given by equation (1-4).   By recovering 
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£(n),  the delay time   n  ,  and the relative amplitude of the two arrivals -- i. e. , 

a -- can be easily estimated.    Estimation of the delay times and relative am- 

plitudes of the later arrivals in a given mixed signal has been the main pur- 

pose of using the cepstrum analysis is the counterevasion study. 

Now when there is additive noise  €{n) ,   i. e. , 

x(n)   =    s(n) + a s(n - n  ) +   £ (n)   , (1-9) 

the complex cepstrum   x(n)   will become: 

x(n)   =   s(n) + m{n) + z-tra ■»form-'L/lt E")/S(:j1 (1-10) 

where E(z) is the z-transform of €(n)s and z-transform [ J stands for 

inverse z-transform. The recovered signal _s(n) by the cepstrum analysis 

will be as follows: 

sjn)   =   s(n) +z-traasform 
E(z) 

1   + a: 
(I-Il) 

Equations (I-10) and (I-11) show how the noise will affect the cepstrum analy- 

sis on the detection of the cepstrai peaks due to the second arrival and on the 

estimation of the delay time   n      and the signal   s(n). 

The above derivations are based on the assumption that the 

later arrival is the exact replica of the first arrival,  which,  of course,  will 

not be observed in real seismic signals.     When two arrivals are non-identical, 

i« e. , 

x(n)   =    s^n) + s2(n- nj (1-12) 

the complex cepstrum can be represented as follows; 
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x(n) s   (n) + m(n) + z-transform 

-nr 

fn     1  + 
Ed(Z)z"llo/S1(Z) 

1  + az""0 
(1-13) 

The resolved signal   .s   (n)   by the cepstr^m analysis will be as follows: 

-1    f   Ed(z) z"nol ..  ... 
s.n)   =    s, (n) + z-transform —         . (i-i'*) 
~ 1 . -n„ \_   \  + az     0   J 

In equations (1-1) and (1-14),    Ed(z)   is the z-transform of  (d = s^n) - as^n). 

Equations (1-13) and (1-14) will be a good representation when   s   (n)   and 

s   (n)   are similar.    Good similarity between two arrivals can be expected in 

tne real seismic signals,   such as the P-phase and its pP-phase. 

The cepstrum analysis was first applied to synthetically- 

mixed signals conFisting of two identical arrivals,   which were the short per- 

iod P-waves of presumed underground explosions from the eastern Kazakh 

(EKZ) recorded at NORSAR.    Results were discussed in Semiannual Technical 

Report No«   1 „    Results were quite satisfactory and encouraging; they validated 

the basic software implementing the cepstrum analysis and numerically con- 

firmed the capability of the cepstrum analysis in decomposition of a mixed 

signal consisting of two identical signals. 

Nexts   the synthetically-mixed signals were formed from two 

or three non-identical arrivals.    Again,   the short period P-waves of pre- 

sumed underground nuclear explosions from EKZ as recorded at NORSAR 

were used.    The delay time and the relative amplitude of the second arrival 

with respect to the first arrival were varied within some realistic ranges. 

The detailed discussion of the results was presented in Semiannual Technical 

Report  Mo.   2.    The major results of this study are as follows: 

Using cepstrum analysis,   the short period seismic P-waves, 

composed of at least three separate events,   are separable into 

1-9 



their component events,   when these events were separated by 

arrival time by times not less than n        .     This n varies 
min min 

between 0. 5 and 0. 7 seconds and varies for different events. 

• This minimum delay time,  nmin,   appears to be predetermined 

by the P-pP delay time of the first event used in forming the 

mixed signal. 

• The relative amplitude of the second arrival with respect to 

the first arrival is not too critical to the successful cepstrum 

analysis.     The maximum relative amplitude is determined by 

the machine accuracy in the unweighting process of the cep- 

strum analysis. 

Using the synthetically-mixed signals,   the cepstrum analysis 

was proved to be able to decompose a mixed signal into its constituent arri- 

vals.    Also,   it was realized that the short period P-waves of presumed under- 

ground nuclear explosions,   which were used to form the synthetically-mixed 

signals,   usually contained more than a single phase.    In most cases,   they 

were composed of a direct P-phase and a surface reflected pP-phase.    Hence, 

in Semiannual Technical Report No.   3,   the cepstrum analysis was applied to 

several short period P-waves of presumed underground nuclear explosions 

from the EKZ as recorded at NORSAR.     This application serves to purposes: 

First,   to determine whether the cepstrum analysis can be applied to the real 

seismic signals and whether the P-pP delay time estimated by the cepstrum 

analysis agrees with those calculated by some other means; and,   second, 

using the cepstrum resolved P-phase and pP-phase to find the minimum P-pP 

delay time that the cepstrum analysis can still work successfully.    The major 

results are as follows: 

• The cepstrum analysis can successfully resolve the depth 

phases (pP) from the P-waves of presumed underground 

nuclear explosions.     The P-pP delay times estimated by the 
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cepstrum analysis agree very well with those calculated by 

the cube-root scaling law which estimates the burial depth of 

a contained explosion from the bodywave magnitude (m^) and 

the yield. 

• The estimated P-pP delay times range, from 0. 4 to 0. 9 second 

for the presumed EKZ explosions with an   mb   ranging from 

4. 9 to 6.0. 

• The complex cepstra of the resolved P-phases of the presumed 

EKZ explosions are concentrated within 0.4 to 0.6 second 

around the zero cepstrum time.   This makes the shortpass fil- 

ter work satisfactorily only for the P-pP delay time greater 

than 0. 4 second.    For shorter delay times,   the combination of 

the comb and the shortpass filter can be used.    However,   in 

order to use the comb filter,   the P-pP delay time and L
1
   -. am- 

plitude ratio of the pP-phase to the P-phase have to be esti- 

mated before filtering. 

Further application of the cepstrum analysis to the real seismic 

signals led to the analysis of a number of presumed underground nuclear explo- 

sions in Eurasia assumed to be for   some peaceful use.    All such events occur- 

ring through 197 3 for which good array data were available were examined. 

Fifteen events were recorded with good signal-to-noise ratio at LASA.    Three 

of these events were far enough from NORSAR to provide usable teleseismic 

records there.    Results were discussed in Semiannual Technical Report No. 4 

and are reiterated below: 

• Cepstrum analysis can recover depth phases from real under- 

ground nuclear explosions in regions of complicated geology. 

The estimates of the P-pP delay times of these events are con- 

sistent with all the events being contained. 
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Cepstrum analysis is believed to be able to resolve possible 

multiple arrivals in the real teleseismic short period P-waves 

of presumed explosions.    However,   the resolved multiple arri- 

vals may come from a real multiple explosion or may be attrib- 

uted to the non-source oriented effects,   such as surface rever- 

berations. 

Where the depth phase can be identified,   its delay time can be 

determined well within the accuracy required for discrimina- 

tion. 

• The cepstrum-resolved depth phase amplitude may be larger 

than the theoretically-expected value by a factor of two. This 

may be caused by the surface focusing or directional propaga- 

tion. 

After successful application of the cepstrum analysis to both 

synthetically-mixed and real seismic signals,   we looked into those factors 

which might be unfavorable or favorable to the cepstrum analysis in its per- 

formance,   especially in the detection of the P-pP delay tin d in the suc- 

cessful decomposition of the P-wave into the P-phase and the pP-phase.     The 

effects of the unfavorable factors -- specifically,   the noise,   the dissimilarity 

between the P-phase and the pP-phase,   and the prefiltcring -- were studied 

and discussed in Semiannual  Technical Report No.   5 and are presented below: 

• The dissimilarity will affect the detection more seriously than 

the noise.     The increase of the noise level will only gradually 

obscure the cepstral peaks due to the P-pP delay time,   while 

the dissimilarity completely destroys the periodic occurrences 

of these cepstral peaks.    For the identical P-phase and the pP- 

phase,   the cepstrum analysis can detect the P-pP delay lime 

as short as 0. 4 second and can successfully recover them for 

the signal-to-noise ratio as low as  12 dB.    For the 
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non-identical P-phase and pP-phase,   the cepstrum analysis 

can still achieve the successful decomposition for the similar- 

ity coefficient about 0.55,    This,   in turn,  can be used to esti- 

mate the P-pP delay time. 

• In reality,   the pP-phase and the P-phase are not identical, 

although they can be expected to be quite similar.     Therefore, 

for the real seismic P-waves,   we should not expect to find the 

periodicity of the cepstral peaks due to the P-pP delay time. 

Rather,   we should look for the suspicious cepstral peaks and 

filter the cepstrum accordingly for the possible decomposition. 

The correct estimate of the P-pP delay time can be obtained 

only through the successful cepstrum decomposition of the 

mixed signal. 

• Prefiltering,  in general,   does not affect the cepstrum-analyzed 

results as long as the passband of the filter covers the entire 

signal spectrum.    The reduction of the noise by prefiltering 

does not compensate for the effect of minor distortion of the 

amplitude spectrum (associated with the prefiltering on the 

detection of the P-pP delay time).    Consequently,  it is   sug- 

gested that the prefiltering should be avoided if the signal-to- 

noise ratio is not unreasonably low. 

Knowing the effects of those unfavorable factors to the cep- 

strum analysis,  we studied several possible means to combat them,   specif- 

ically beamforming and sampling.    Beamforming in the cepstrum time domain 

(BFCEP) was discussed in Semiannual Technical Report No.   6,   and the 

effect of the sampling rate will be discussed in the next subsection.    More- 

over,  the capability of the cepstrum analysis was further evaluated and vali- 

dated by undertaking the following two tasks: 
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• Analysis of fifteen earthquakes with known PDE depths. 

• Analysis of two presumed underground nuclear explosions 

from the EKZ using P-waves recorded at several different 

NORSAR subarrays. 

Results from these two analyses were also discussed in Semiannual Technical 

Report No.   6 and are summarized as follows: 

• Among the fifteen earthquakes being analyzed,   the percentage 

of possible misdecompositions by cepstrum analysis is low, 

about 10% at the worst.    While the misdecomposition may be 

caused by the inherent defect of the complex cepstrvm tech- 

nique,   it is more likely that misdecomposition is caused by 

lack of more restricted criteria for analyzing earthquake 

signals. 

• Cepstrum-resolved delay times,   especially the P-pP delay 

times,   can be expected to be quite reliable,   even when only 

one recorded signal is used.    However,   the amplitude ratios 

among the resolved signals vary quite noticeably among sev- 

eral signals recorded at different stations.     The idea of cep- 

strum analysis of an event with signals recorded at several 

different stations is good in the sense that several independent 

estimates for the same event can be obtained,   and results 

common to these estimates can then be taken to be the source 

effect with more confidence. 

• Beamforming in the cepstrum time domain is proved to be 

effective in improving the detection of the cepstral peaks due 

to the P-pP delay time.    In general,   the BFCEP achieves its 

goal through the reduction of the cepstral level of the surround- 

ing cepstra. 
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For the high signal-to-noise ratio (SNR) -- above 18 dB -- the 

BFCEP is not necessary,   because the beamed cepstrum and 

the cepstrum of the individual channel are practically the same. 

However,  for the low SNR -- below 12 dB -- the BFCEP can 

give significant improvement in the detection.     The beamed 

cepstra for the SNR of 12 dB and 6  dB are almost identical to 

that for the SNR of 18 dB,  and all give equally fair detection. 

For the multiple arrivals which are not the source effect,   the 

BFCEP does improve the detection noticeably.    The maximum 

reduction in the cepstral level of the surrounding cepstra is 

— ,  where N is the number of channels used in the BFCEP. 

For the dissimilarity of the P-phase and the pP-phase,  the 

BFCEP can improve the detection by sharpening the first sus- 

picious cepstral peak and by reducing significantly the cepstral 

level of the surrounding cepstra.  However,   the BFCEP has not 

brought back the periodicity of the cepstral peaks,  as indicated 

by equation (1-13).     This equation will give an even easier and 

firmer detection. 
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C. EFFECT OF SAMPLING RATE ON THE DETECTION OF THE 
P-pP DELAY TIME 

1. Introduction 

In our previous work,   ccpstrum analysis was applied to the 

short period P-waves which were sampled at the rate of 10 samples per second 

(samples/sec).     There arc several obvious reasons  'or using a sampling rate 

of 10 samples/sec.    First,   10 samples/sec is the sampling rate of the re- 

corded short period signals which are available to us.    Second,   this sampling 

rate is already above the Nyquist rate for most of the short period P-waves of 

presumed underground nuclear explosions.     Third,   to avoid introducing the 

high frequency noise into the complex cepstrum,   sampling at a rate equal to 

or just a little bit greater than the Nyquist rate has been suggested for numeri- 

cal computation (Schäfer,   1969; Lane and Sun,   1974a), 

To illustrate the last point above,   Figure 1-1  shows the ampli- 

tude spectra of three sampled short period signals which are obtained from the 

same short period P-wave by sampling at three different rates:    10 samples/ 

sec,   20 samples/sec,   and 40 samples/sec.    It is noticed that the energy of 

this signal is well confined below 5 Hz.    Hence,   the sampling rate of 10 

samples/sec is very close to the Nyquist rate for this signal.     Therefore, 

oversampling at 20 and 40 samples/sec gains no extra information about the 

signal spectrum,   except that it introduces some high frequency noise beyond 

the Nyquist frequency due to the inaccuracy of numerical computation.     This 

high frequency noise present there is transformed into the cepstrum time do- 

main as noise.     This seems to imply that oversampling a signal will only 

make its complex cepstrum noisier.    However,   giving it some more thought, 

it appears that oversampling might help the ccpstrum analysis on the detection 

and estimation of the P-pP delay time with the noisier complex cepstrum as 

the tradeoff.    In the following  paragraphs,   we will first discuss how and why 
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the sampling rate can affect the detection of the P-pP delay time.     Then,   the 

results from applying cepstrum analysis to mixed 3ic.;nals of various sampling 

rates will be presented. 

2. Qualitative Discussion 

Let us consider a mixed signal consisting of two   identical sig- 

nals,   which may simulate the P-phase and the pP-phase,   as follows: 

x(t)    =    s(t)  - as(t - t ), (1-15) 
o 

where   a   is a scale constant and   t      is the delay time in seconds.     The signal 

x(t)    sampled at the ratv> of   —   will be as follows: 

x(n)    =     s(n)   - as(n  - n   ). (1-16) 

It is clear that   n    At   will be exactly equal to   t      second if and only if   x(t) 

is sampled at a rate such that   t  /At   is an integer.     Thus,  higher sampling 

rate,   i. e. ,   smaller    At,   will make   n    A t a better approximation of   t   . 
o o 

Therefore,  intuitively,  we will  expect that cepstrum analysis should yield  a 

better estimation of   I      from   n      by using signal.' 
o o 

The complex cepstrum of   x(n)    will be as follows: 

better estimation of   I      from   n      by using signals sampled at a higher rate. 

with 

=    s(n)    -   m(n) (1-17) 

m(n)   =    2^      -T    S(n - kn ), 
K—  1 K O 

The capability of the cepstrum analysis in estimating   t      relies heavily on the 

visual identification of the first few cepstral peaks of   m(n).    How well these 

cepstral peaks can be identified depends on how clear they can be distinguished 

from the surrounding ccpstra,   i.e.,     s(n).    From equation (1-17),   it is clear 
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that within the same duration of cepstrum time,   say,  0 < t < T,   the number of 

the cepstral peaks of   ru(n)    is a constant which depends on   t      and is inde- 
o 

pendent of the sampling rate.    However,   the number of samples of   s(n) within 

that same cepstrum time will be proportional to the sampling rate.     Therefore, 

it is conjectured that the first few cepstral peaks of   m(n)    might stand out 

better from the surrounding cepstra    s(n)   for higher sampling rate if the cep- 

strum noise introduced by oversampling remains well below the cepstral level 

of   ra(n).     This can be better explained by considering a very short delay time, 

say,    t    =   0. 1  second.    For a sampling rate of 10 samples/sec,   n      is equal to 

one sampling unit and   ri(n)    will have its cepstral peaks at every sample of 

s(n);    hence even for the first few larger  cepstral peaks of   m(n),    they cannot 

be distinguished from   .s(n).    For a sampling rate of 40 samples/sec,    n      is 

equal to four sampling units,   and   m(n)    will have its cepstral peaks only at 

every four samples of   s(n); hence there might be better chance to differentiate 

among them. 

3. Experimental Results 

The cepstrum analysis was applied to two groups of synthetically- 

mixed signals with three different sampling rates:    10,   20,   and 40 samples/sec. 

Since the NORSAR-recorded short period P-waves ol presumed underground 

nuclear explosions from EKZ  were available to us only at the sampling rate of 

10 samples/sec,   signals of 20 and 40 samples/sec must be obtained by some 

interpolation process.    We implemented the interpolation process as a linear 

filtering process (Schäfer and Rebiner,   1972) and applied it to the cepstrum- 

resolvcd P-phases which were obtained from a previous cepstrum analysis with 

a sampling rate of 10 samples/sec.     Then,   two groups of synthetically-mixed 

signals were constructed from these interpolated P-phases according to equa- 

tion (I-lb).    In the first group,   we made   t     =  n  At.    Results of cepstrum 

analysis from this group will show the effect of different sampling rates on 

the detection of the P-pP delay time.    In the second group,   we made 
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o 

the second and the third cepstral peaks at   n =   2n    and 3n    stand out quite well 
o o 

from the surrounding ccpstra for    t   > 0, 3 second.    For   t    =  0. 5 and 0.6 
o o 

second,   there is no question of identifying the first three cepstral peaks.     For 

a sampling rate of 20 samples/sec,       the first cepstral peak starts to appear 

at   t    =0.2 second and becomes clearer for larger t   's.    However,   the later 
o o 

cepstral peaks,   i. e. ,   the second and the third,   start to disappear at   t    =0.5 
o 

second and are completely buried in the surrounding cepstra at   t    =0.6 second. 
o 

For a sampling rate oi 40 samples/sec, the first cepstral peak is thought iden- 

tifiable for t = 0. 1 seconds, and it becomes better identified for larger t 's. 

However,   the later cepstral peaks are mixed with the surrounding cepstra and 

cannot be identified for   1    > 0. 4 second. 
o 

The above observations indicate the following conclusions: 
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At 
t
0 ~  n0     t 1    "jT '    Wlth M "   2 and 4.     This equation makes the delay time 

built into the sampled mixed signals to be a half or quarter sampling interval 

off the real delay time.    Results of cepstrum analysis from this group will 

show the effect of missing the real delay time due to sampling on the detection 

of the P-pP delay time. 

Figures 1-2 through 1-4 show the cepstra of the synthetically- 

mixed signals in the first group for sampling rates of 10,   20,   and 40 samples/ 

sec,   respectively.     The P-pP delay times built in these signals are    i    =   0. 1, 
o • • 

0,2,   0.3,  0.4,   0.5,   and 0.6 second,   which co rrespond to n    =   1,   2,   3,   4,   5, 

and 6 sampling units for a sampling rate of 10 samples/sec; which correspond 

t0   "o =   2'   ^'   k'   8'   ^0'  and ^ sampling units for a sampling rate of 20 samples/ 

s   c; and which correspond to   n    =4,   8,   12,   16,   20,   and 24 sampling units for O r n .    , 

a sampling rate of 40 samples/sec.    According to equation (1-17),   the cepstral 

peaks due to the P-pP delay time -- i.e. ,    m(n)  -- should occur at   n =  kn 
o '  * 

sampling units,   k =  1,   2,   3,...   .    For a sampling rate of 10 samples/sec,   it 

is noticed that the first cepstral peak at   n =  n      is mixed with the cepstra of 
o 

the signal  -- i.e. ,   s(n)  -- and cannot be identified for   t   < 0. 4 second,   althouch 
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• For short P-pP delay time,    to< 0.4 second,   the identification 

of the first cepstral peak due to the P-pP delay time is better 

with a higher sampling rate, 

• The shortest P-pP delay time which can be detected by identify- 

ing the first cepstral peak varies among different sampling 

rates.    For the sampling rate of 10 samples/sec,   it is 0.4 sec- 

ond ( 4 sampling units).     While for the sampling rates of 20 

and 40 samples/sec,   they are 0. 2 second (4 sampling units) and 

0.1  second (4 sampling units),   respectively.     This suggests 

that the shortest P-pP delay time detectable by the cepstrum 

analysis does not depend on the P-pP delay time in the unit of 

real time,   L e. ,    t    seconds ;  rather,   it depends on the P-pP 

delay time in the unit of sampling units,   i. e. ,  n    sampling units. 
O r o 

This shortest P-pP delay time for the class of signals that we 

analyzed here ij 4 sampling units. 

• For a longer P-pP delay time,    t   > 0.4 second,  the identifica- 

tion of the cepstral peaks due to the P-pP delay time is better 

for lower sampling rate.    It is believed that this is due to the 

extra high frequency noise introduced by oversampling. 

The identification of the cepstral peaks due to the P-pP delay 

time constitutes just one part of the cepstrum analysis on a given short period 

P-wave.     The other  part is the decomposition of that signal into    its P-phase 

and pP-phase by filtering in the cepstrum time domain.     Thus,  we applied a 

shortpasd filter at   n =  n      to the cepstra shown in Figures 1-2 and 1-4.    Re- 

sults are presented in Figures 1-5 through 1-7.    In each figure,   the original 

mixed signal is given first and is followed by the cepstrum-resolved signals  -- 

the first arrival (P-phase) in solid lines and the second arrival (pP-phase) in 

dashed lines.      It is found that the shortest P-pP delay time in which the cep- 

strum analysis can successfully decompose the mixed signal into its P-phase 
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and pP-phase is independent of the sampling rate.    This minimum P-pP delay 

time for the class of signals we analyzed here is 0.4 second.    However,   the 

quality of the resolved P-phase and pP-phase depends on the sampling rate. 

From examining Figures 1-5 through 1-7,  it is fair to say that a sampling 

rate of 10 samples/stc yields the best quality.    Again,   it is believed that 

this is caused by the extra high frequency noise introduced by oversampling. 

Figures 1-8 through 1-10 present the results of cepstrum anal- 

ysis on the second group of synthetically-mixed signals for two cases of the 

P-pP delay time.    In the first case,    t    =0.45 and 0. 55 second,   and a sam- 
o 

pling rate in 10 samples/sec.    Thus,  for this case,   the exact delay time   t 
o 

is missed between two samples by a half sampling interval; i. e. ,    t    = n ^t 
o o 

+ 0.05 second with   n    =   5 sampling units and   ^t =  0. 1  second (or, 

t    =n   At+0.05 second with   n    =   4 sampling units,   .\nd   t    =nAt-0.05 
o o o o o 

second with   n    =   6    sampling units).     The cepstra of tue mixed signals are 

shown in Figure 1-8.    For comparison purposes,  Figure 1-10 shows the cep- 

strum of the mixed signal with a P-pP delay time   t     of 0. 5 second and a 

sampling rate of 10 samples/sec.    For   t    =0.5 second,   the cepstral peaks 

due to the P-pP delay time,   i.e.,    m(n),  occur exactly at   n =   5k   sampling 

units,  k =   1,   2,   3, . . . ,   as expected.    For   t    =  0. 45 second,   the first cep- 
o 

stral peak appears at   n =   5    sampling units,  while the second cepstral peak 

occurs at   n =   9    sampling units^    For   t    =  0. 55   second,   we notice only a 

broadened cepstral peak at   n =   5 and 6   sampling units.     Thus,  it is clear 

that the missing of the exact P-pP delay time by a half sampling interval 

caused by sampling destroys the periodicity of the cepstral peaks due to the 

P-pP delay time,  as indicated by   ni(n)    in equation (1-17).    Nevertheless,   the 

first cepstral peak does occur at   n =  n    sampling units or   n   A t seconds, o o 
which is the best estimate of the exact P-pP delay time   t   . 

o 

In the second case,   t    =  0.475 and 0. 5Z5 second,   and the 
o 

sampling rate again is  10 samples/sec.     Thus,   the exact delay time   t     is 

missed between two samples by a quarter sampling interval,   i. e. , 
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to=  no At   - 0-025 second with ^ =   5 sampling units and M =  0.1 second. 

The cepstra of the mixed signals are given in Figure 1-10.    It is noticed that 

the first two cepstral peaks occur at   n =   5   and 10 sampling units.    Compar- 

ing Figure 1-10 with Figure 1-9 where the exact P-pP delay time is retained 

in the sampling process,  i. e. ,    ^ =  nc A t,    it appears that the missing of 

the exact P-pP delay time by a quarter sampling interval due to sampling 

does not destroy the periodicity of the cepbtral peaks due to the P-pP delay 

time.    However,   the period is not equal to the exact P-pp delay time   t  ; 
o 

rather it is equal to   ^ A t.    Therefore,   in both cases,  especially in the first 

case,  the detection of the P-pP delay time by identifying the corresponding 

cepstral peaks is not as clear as that for the case shown in Figure 1-9.    To 

confirm these detections,   the shortpass filters are applied to these cepstra 

to obtain the possible decompositions of the mixed signals.    The resulting 

cepstrum decompositions are shown in Figures 1-8 through I-10.    For the 

first case where the exact P-pP delay time is missed by a half sampling 

interval due to sampling,   it is found that the successful cepstrum decomposi- 

tion can be obtained only if the shortpass filter is applied at the cepstrum 

time,  which is a half sampling interval earlier than the exact P-pP delay 

time; that is,   the shortpass filter must be applied at   n =  t  /At - -   .    How- 
o 2 

ever, for the second case where the exact P-pP delay time is missed by only 

a quarter sampling interval due to sampling,   the successful cepstrum decom- 

position can be obtained by shortpass filtering at the cepstrum time when the 

first cepstral peak occurs. 

Conclusions 

The higher sampling rate is found to be helpful to detect the 

P-pP delay time by making the identification of the first cepstral peak due to 

the P-pP delay time more distinguishable from the surrounding cepstra,   es- 

pecially for the short P-pP delay time,    t   < 0. 4 second.    However,  for the 
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longer P-pP delay time,    t   > 0. 4 second,  due to the high frequency noise 

introduced by oversampling,   the higher sampling rate does not offer as clear 

an identification of the later cepstral peaks as the lower sampling rate. 

Also,  it is found that the shortest P-pP delay time detectable 

by the cepstrum analysis does not depend on the P-pP delay time in the unit 

of real time,  i. e. ,  t    second; rather,  it depends on the P-pP delay time in 

the unit of sampling units,  i. e, ,  n    sampling units.    This shortest P-pP delay 

time for the class of signals that we analyzed here is 4 sampling units.    How- 

ever,   the shortest P-pP delay time that cepstral analysis can successfully 

decompose a mixed signal into its P-phase and pP-phase is independent of the 

sampling latr.    This minimum P-pP delay time for the class of signals that 

we analyzed here is 0.4 second.    Moreover,  it is found that the missing of 

the exact P-pP delay time by a functional sampling interval due to the sampl- 

ing process does not affect the detection of the P-pP delay time,  as long as 

the detection is established both by identifying the cepstral peaks due to the 

P-pP delay lime in the cepstrum time domain and by successfully decompos- 

ing the mixed signals into their P-phase and pP-phase in the time domain. 

Finally,  based on the study here,  it is advised that the higher 

sampling rate be used,  if it is available, for the identification of the cepstral 

peaks due to the P-pP delay time.    For the cepstrum decomposition of the 

mixed signal,  however,  the lower sampling rate is more appropriate. 
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. . 

SECTION II 

FAR-FIELD STUDIES 

A. INTRODUCTION 

In these studies,   an effective methodology for determining 

seismic source parameters from leleseismic surface wave amplitude spectra 

was developed.    Using a double-couple source buried in a plane layered half- 

space,    exhaustive,   iterative regression,  and amplitude ratio spectral fitting 

procedures were applied to many earthquakes with varying degrees of success. 

For earthquakes originating in continental structures with shallow focal 

depths (<10 km),   adequately recorded and corrected for path effects,   it is 

felt that the source depth can be determined to within a few kilometers. 

In Subsection B,   the main conclusions of the source parameter 

study are presented.     The conclusions from the attenuation studies using tele- 

seismic surface wave and body wave data are given in Subsection C. 

B. SEISMIC SOURCE PARAMETERS FROM TELESEISMIC SURFACE 
WAVE AMPLITUDE SPECTRA 

The conclusions from this study can essentially be divided into 

three categories.     The first is concerned with the examination of theoretical 

sources in a layered half space,   and the examination of spectra from these 

sources for characteristics indicative of source depth and orientation.     The 

second category describes the techniques used to obtain source parameter 

estimates by obtaining a least-squares fit of a double couple source in a 

plane-layered half space to observed surface wave spectra.    The final 
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category reviews the application of these fitting techniques to events which 

have varying degrees of corroborative evidence to substantiate their source 

parameter estimates. 

1. Examination of Theoretical Source Characterise cs 

Using the formalism of Ben-Menahem and Harkrider (1964), 

the general form for far-field Rayleigh and Love waves from a multipolar 

source in a layered half space may be written as follows: 

FT       loll    ,1    rn    "1(1  +   2m) 7774 ikr U=   |R||n|k        e    v '    '     N(h) X (Ö,h)e Kr (H-l) n 

where: 
m 

k^ is either   kR   or   kL (m is the source order number), 

N(h) is either    N^fh)   or    NRZ(h)   (layer transfer function), 

X(^, h) is the complex valued function of the radiation pattern, 

|R| is the displacement in the plane of motion,  and 

|n| is the unit displacement normal to plane of motion. 

From the examination of fundamental and first higher mode 

Rayleigh and Love wave double-couple and quadrapole spectral plots gener- 

ated using equation (II-l) (Turnbull et    ah,   1974b,   1975a.   1975b;  Turnbull, 

1976),   the following conclusions were reached: 

• The general form of the higher order source term remains 

essentially the same as that of the double couple.     The major 

differences occur with the wavenumber k^   term,   whose 

power increases as the order of the term,   and the radiation 

pattern   X(0) term which becomes a more complicated func- 

tion.    A preliminary estimate of the relative importance of 

the higher order terms can be found in examining (1) the 

values of the wavenumber   k^ for fundamental and higher 

mode surface waves,   and (2) the geometry of the source.    The 

» 

« ii 

■ » 
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1 , rn 

wavenumber term   k^    in the quadrapole and higher order 

terms does not make a significant contribution until short 

periods (< 5 sec) for first higher mode waves.    Also,   the im- 

portance of these higher order multipoles,   when considered as 

part of a volume source representation,   will have coefficients 

which are possibly frequency dependent (for a non-separable 

source function) and representative of the source geometry. 

These higher ord^    effects will probably manifest themselves 

in radiation pattern asymmetry. 

An alternative representation of a fault of significant extent 

with a finite rupture velocity can be obtained using multiple 

double couples with different origin times.    Using a solution to 

the San Fernando earthquake of 1971,   four double couples 

placed in a representative source structure produced highly 

asymmetric fundamental mode radiation patterns.    An example 

of this asymmetry is shown in Figure II-l. 

Considering the spectral variation of both the double couple 

and quadrapole with respect to the source parameters,   source 

depth variations produced the largest changes in spectral 

shapes and spectral levels.     This was found to be true for the 

fundamental and first higher modes.     The next largest vari- 

ation is found with strike changes,   with changes of dip and slip 

giving the smallest change of spectral level.    For both source 

types,   the spectral level of the fundamental mode over its 

period range of maximum excitation (10 to 50 seconds) is gen- 

erally an order of magnitude greater than the first higher mode 

over its period range of maximum excitation (3 to 15 seconds). 

For both mode types,   the spectral levels between the double 

couple and the quadrapole are usually an order of magnitude, 
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the double couple being the larger.    Since special features of 

the spectral shape are important in the fitting of the observed 

spectra,  a methodical investigation was carried out for their 

identification,.    An example of the three-dimensional spectral 

plots used for this investigation is shown in Figure II-2.    For 

both source types,   the largest changes in spectral level occur 

in the 10 to 20 seconds period range for the fundamental mode 

and 9 to 12 seconds for the first higher mode.    Spectral holes 

occur for several particular fault parameter combinations,   the 

most prominent for both source types and Rayleigh modes only 

when the fault is vertical strike-slip.     These holes also occur, 

but are smaller in magnitude,  when the slip angle is 90    or the 

negative of the dip angle.    For the most part,   the holes occur 

when the source parameters produce a cancelling of some of 

the terms in the expression for the double-couple Rayleigh 

wave radiation. 

Various combinations of double-couple surface wave spectra 

for the fundamental and first higher modes were examined for 

characteristics of invariance with respect to source parameter 

variations in order to develop procedures for obtaining im- 

proved surface wave magnitudes.    It was found that for all ex- 

cept very shallow sources (~-5 km),   the most reliable estimates 

of surface wave magnitude can be obtained from azimuthal 
2 2 

averages of total surface wave energy,    R    +   L   ,   of the funda- 

mental mode.    An example of this invariance is shown in Fig- 

ure II-3,   where the total fundamental mode surface wave energy 

is plotted as a function of source depth,   dip angle,   and slip 

angle.     The invariance is obvious from the large spectral 

overlap.     The first higher mode offers very little opportunity 

for an improved surface wave magnitude estimate.    For shallow 
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sources it is best to use an azimuthal average of fundamental 

mode Rayleigh waves alone.    R2,    preferably in the period 

range 20 - 30 seconds.    Finally,   the effects of radiation pat- 

terns on magnitude can be satisfactorily minimized by averag. 

ing about 8 stations distributed over any  180° sector of azi- 
muth, 

2. Development of Techniques to Fit Far-Field Surface Wave 
Amplitude Spectra for Determination of Source Parameters 

Three methods for fitting far-field surface wave amplitude 

spectra were developed in these studies.     The first was a refined version of 

Tsai and Aki's (1970) exhaustive comparison technique between the observed 

and theoretical speccra.    Modifications to this technique included a rearrange- 

ment of the order in which the parameters are varied,   and the generation of 

a detailed knowledge of the minimum residual distribution.     This latter mod- 

ification is helpful in determining the distribution of solutions about the abso- 

lute minimum and guards against a possible spurious minimum generated by 

poor quality data. 

The second method developed was an iterative regression pro- 

cedure (Turnbull et    al..   1973;  Turnbull,   1976).     The source parameters 

which easily lend themselves to this type of regression analysis are the dip 

angle («J),   slip angle (X).   strike angle (0),   and seismic moment (M).    Includ- 

ing source depth (h) in this procedure was found to be impractical,   because 

of the complicated variation of the layer response functions (N..).     The depth 

was usually approximated using independent information such al pP.    Using 

initial choices of the source parameters guided by independent source infor- 

mation (such as bodywave fault plane solutions),   regression proceeds as to 

precise a solution as is desired  at several depths close to the approximate 

value.     The parameters which produce the absolute minimum residual become 

the source solution. 

.   . 
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The third method involves integrating either of the two previ- 

ously described procedures into the 'master' event concept.     The master 

event can be thought of as any event which has well recorded data and a docu- 

mented source mechanism solution.     Then if another event occurs in the same 

region,   possibly of lower magnitude,   and is recorded on the same tet of sta- 

tions,  amplitude spectral ratios can be used in the fitting procedures.     The 

dividend obtained from this approach is the virtual elimination of source- 

station travel path effects and instrument response effects. 

Applying the first two spectral fitting procedures to test cases, 

the following conclusions were reached: 

• The improved exhaustive fitting procedure was tested by 

attempting to fit a theoretical explosive source using Rayleigh 

waves only.    Implementing several azimuthal combinations, 

one particular double-couple source configuration was obtained 

in every case.    Comparing this spectra to that of the explosive 

source,   a very close match was obtained in both spectral level 

and shape,   even though the double-couple source was  15 kin 

deep      J.f course,   the associated Love wave radiation pattern 

for the double couple was highly non-circular and thus indi- 

cated the source was an earthquake.    A factor which detracts 

from imp1«^       ating this procedure was manifestec5 in this test 

- r,se,   tha a rather lengthy computer run time (45 minutes 

an IBM 360/44). 

• From testing the iterative regression scheme on theoretical 

double-couple spectra using a restricted source depth,   the 
o 

initial values of the source parameters can be as much as  30 

off the actual values (and a factor of 3 to 5 off for the seismic 

moment).     Typical computer run time is under 6 minutes.   The 

minimum azimuthal spread needed for convergence was found 

II-9 



o 
to be 90   .    Perturbing the theoretical spectra using a random 

number generator to simulate incorrect path and instrument 

corrections did not appreciably affect the final result, " • 

3. Application of the Spectral Fitting Techniques 
« • 

Both the iterative regression and exhaustive spectral fitting 

schemes were applied to well recorded and documented events after the data 

had been corrected for instrument and path effects.     Then the exhaustive 

scheme was applied to events with fewer recordings and less documentation. 

Finally,   the 'master' event concept,  using amplitude spectral ratios,   was 

applied to pairs of events with common source-station paths.    From this 

analysis the following major conclusions were reached: 

• Anal>dis of the Southeastern Missouri Earthquake of 21 October 

19fc>5 using both methods yielded solutions very close to the 

existing surface wave and bodywave solutions (Turnbull et al. , 

1973).    Several representative earth models with highly differ- 

ent crustal structures were used,  with   . resultant variation of 

only 2 km in the focal depth estimate. 

• The minor variation of focal depth with crustal structure was 

quite puzzling until theoretical spectra were generated using 
«  * 

several different crustal models (Turnbull,   1976).    It was 

found that fundamental mode shape and spectral level for very 

shallow sources varies little with crustal structure.    For 

depths greater than 10 km,   the structural responses are quite 

different in terms of spectral level.     The existence of spectral 

holes and other special characteristics do not vary significantly 

in the fundamental mode spectra for different continental earth 

models.    For the higher mode spectra,   though,   both the level 

and ishape varied significantly with the earth model. 
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Analysis of well recorded events having independent source 

information was quite successful,   with parameter estimates 

reasonably close to the independent values.    For an Eurasian 

event,  the analysis of a travel path along the Alpine-Himalayan 

fold system yielded large group velocity delays (~0. 5 km/sec 

less) and almost twice the normal energy attenuation coeffic- 

ient.    Analysis of the Bear Valley event of 22 June 1973 using 

only 3 stations resulted in a source mechanism surprisingly 

close to the very near-field source solution (Turnbull et    al. , 

1975a).     The one significant difference is in the moment esti- 

mate,  which is an order of magnitude smaller than the near- 

field estimate.    Both the near- and far-field solutions agree 

with the respective solutions of other investigators for this 

event. 

Pairs of events were analyzed using both spectral fitting of the 

individual event spectra and fitting using spectral ratios. 

These pairs have minimal independent source parameter esti- 

mates,   but do have very close epicenters and common stations 

within each pair.     The agreement between the individual  and 

spectral ratio solutions was quite close,   especially in terms 

of source depth.    One of the pairs,  located in Eurasia,   had the 

identical Alpine-Himalayan path mentioned above (Turnbull, 

1976).    Because the individual and spectral ratio solutions 

agreed,   the effective attenuation estimate for this path was 

confirmed. 
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C. ATTENUATION STUDIES 

The results of two somewhat different investigations are pre- 

sented here under the broad title of "Attenuation Studies, "   The first topic is 

concerned with the determination of effective attenuation for selected travel 

paths using surface wave data.    The second topic is a comparative analysis 

of upper mantle Q and other geophysical data on the Eurasian continent.     The 

common thrust of both studies is the understanding of the effects of travel 

paths and of earth structures on seismic measurements used for discrimina- 

tion purposes, 

1. Determination of Effective Attenuation Using Far-Field 
Surface Wave Data 

Rayleigh wave energy attenuation coefficients in the period 

range of 10 to 50 seconds were estimated for many travel paths by applying the 

two-station method and Tryggvason type methods to earthquake and explosion 

data.    In general,   the results are thought to be realistic.   However,   no attempt 

was made to interpret the obtained attenuation curves in terms of earth struc- 

ture Q values.   The computed attenuation coefficients were used for traval path 

attenuation corrections in the estimation of far-field source parameters and 

possibly in the calculation of surface wave magnitude.   Based on the knowledge 

gained from this attenuation study,   the following conclusions may be stated: 

• Although the two-station method is mathematically simple,   its 

practical application is limited because it is hard to find two 

stations which lie exactly on the same event-station great circle 

path.    Serious error in the computed energy attenuation coef- 

ficient can be made when the source azimuths of two stations 

are not exactly the same or are close to the nodal direction of 

the surface wave radiation pattern, 

• Noticeable differences in the frequency variation of the com- 

puted attenuation curve can be expected between different 
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travel paths.    Hence,  it seems that the attenuation coefficients 

obtained for a specific travel path by the two-station method 

can,   at best,   be used only along that path. 

Because of the scarcity of reliable data which could be used by 

the two-station method,   the Tryggvason (1965) approach was 

used to obtain average effective attenuation values for travel 

paths of interest.     The basic assumptions used by this approach 

are that the radiation pattern from the source is approximately 

circular and that the event is recorded by many stations.    Us- 

ing the observed spectra at these stations,   both a least-squares 

fit for each frequency of interest and effective energy attenu- 

ation coefficients were obtained.    Of course,   this approach 

works best for explosions,   but can be applied to earthquake 

data with reasonable success.    An interesting example of the 

application of this method is shown in Figure II-4,  where the 

effective attenuation for a travel path from Eastern Kazakh to 

Chiang Mai,   Thailand,   has been estimated (Turnbull et    al. , 

1973,   1974a).     Because of either scattering or absorption 

effects when the surface waves pass through the Himalayan 

Fold System,   the effective attenuation was found to be at least 

twice as large as that normally observed for continental travel 

paths. 

A modified Tryggvason approach was developed by Sun (1976) 

using a small number of stations with many events from the 

same source region.    This approach yielded results compara- 

ble to those obtained by using a large number of observation 

stations with a single event.    However,  when using this modi- 

fied approach,   the data quality should be good and consistent 

amona the events; otherwise,   the computed   k      values can be o e 
physically unrealistic. 
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• The average Rayleigh wave attenuation coefficients estimated 

from the NTS events for travel paths from NTS to the array 

stations (ALPA,   NORSAR,   LASA) agree quite well with 

Tryggvason's attenuation curve,   although the former has a 

slightly higher value for short periods. 

• Based on observed Rayleigh wave data used in these studies, 

large energy attenuation coefficients were obtained for travel 

paths from the   eastern Kazakh to the three array stations. 

Although this approach seemed unusual,   the data was reliable 

enough to make this conclusion. 

2. Comparative Analysis of Upper Mantle Q and Other 
Geophysical Data on the Eurasian Continent 

Characteristics of seismic bodywave propagation within Eurasia 

are influenced by geophysical parameters along the propagation path which are 

not directly observable by stations collecting recordings outside or around the 

borders of the Eurasian land mass.    There are,  however,   translations of 

scientific reports or reports prepared in English which concern measurements 

and interpretations of geophysical data collected in Eurasia which may offer 

some insight into factors which are known to represent or to have influence on 

seismic bodywave propagation concätions.     This study (Alsup,   1973) included 

the results of a literature survey for collecting pertinent Eurasian geophysical 

data into a brief reference document which can serve as one guideline for in- 

terpretation of anomalous signal features or identify regions or paths which 

may cause anomalous signal features or identify regions or paths which may 

cause anomalous signal behavior,, 

Data from Eurasian sources appear to coincide with observa- 

tions in the U.S.   and other regions in terms of the qualitative corroborations 

found among geotectonics,  P-wave velocities in the upper mantle,   heat flow 

from within the earth,   telluric current influences,  and P-wave absorption. 

11-15 



The broad continental structural platform comprising most of the USSR is 

apparently supported by a relatively stable and rigid upper mantle where high 

P-wave velocities and low absorption for P-wave energy is representative. 

Around the peripheries of this broad region are localized zones of slow veloc- 

ities and strongly absorptive characteristics.    No bmad region of high atten- 

uation similar tj the Basin and Range Province of the U.S.  is evident,  unlesr, 

the Sea of Ok'iOlsk - Sea of Japan-Kurile-Kamchatka region is a representa- 

tion of that province for Eurasia. 

With the exception of areas around Lake Baykal and some of 

the small platform basins of south central USSR,    the high P-velocity-low- 

absorption regions extend from the northern limits of the land mass to the 

front of the mountain ranges in southern Russia,   and to the southern parts of 

the Caspian and Black Seas.    Based upon the patterns of P-delays,  northeast- 

ern China is similar in character,   but P-wave absorption and heat flow prob- 

ably increase toward western and southern China while upper mantle P- 

velocity should decrease.     The complexities of the Himalayan regions were 

not resolved by the data on hand to any great extent.    Heat flow in India is 

enigmatic,   since the shield area should be considerably cooler and show less 

positive P-delays on the basis of observations on all other shield areas.   The 

unique interpretation of the role of India in global tectonics as a battering 

ram on southern Eurasia may be related to this situation. 

Details of heat flow and P-wave absorption in the eastern or 

border regions of Eurasia generally conform to observations of similar 

tectonic regions along the Pacific borders,  with high heat flow and strong 

energy absorption beneath the Penninsula and island chain.     The overall tec- 

tonic activity of the region would imply that local variations should exist,   and 

variability in both factors within the regions seems to agree with such an 

implication.    Relatively few teleseismic P-delays ;ire available for interpre- 

tation here,   but these are also somewhat variable.    Numerical values of 
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absorption calculated here agree with those published by the Russian research 

groups, and there seems to be no reason to suspect that the tectonic effects of 

the island arc are different here than for similar regions elsewhere. 

A regional map of estimated upper mantle Q for P-waves be- 

neath Eurasia is given in Figure II-5 based upon the available data.     The map 

cannot be considered a definitive display of values of Q,  but should be used  as 

a regional estimate which represents the best estimate derived from rather 

scanty data and subjective extrapolation over a very large geographic area. 

General characteristics of the relative upper mantle Q distribution beneath 

Eurasia are represented,  however,  and the map can serve as a guideline for 

further detailed analysis and corroboration for surface wave Q studies. 
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