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I. INTRODUCTION

This report presents the results of a theoretical
prediction of the teleseismic body and surface wave signa-
tures of the recent underground explosion, MAST , and a de-
tailed comparison of the predicted waveforms with seismo-
grams recorded at stations of the Special Data Collection
System (SDCS). This study represents a comprehensive analy-
sis of the MAST event involving computer modeling of the
close—in nonlinear ground motion produced by the explosion,
propagation of the resultant stress waves through the appro-
priate earth structures and computation of seismograms re-
corded at designated teleseismic stations.

One of the many important questions that this experi-
ment addresses is, “What pre-shot measurements of the near
source medium are required in order to be able to predict
the seismically determined yield of a nuclear device to with—
in some specified range?”

Fundamental to the prediction is the calculation of
the explosion reduced displacement potential (RDP) which re-
presents the source coupling into elastic waves. A brief
description of the constitutive model, material properties
and the RDP is given in Section II.

The teleseismic ground motion predictions and compari-
son to observations are discussed in Section III. For all
predictions the source calculation was held fixed and atten-
tion was directed to selecting earth models appropriate to
the source-receiver travel paths. The predictions were
done in two stages; an initial prediction in which standard
earth models were used and a revised prediction for which
the data were carefully examined and refined earth models
were constructed. These refined models should allow quite
accurate preshot predictions of future NTS events. In fact,

1.
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the procedures followed are applicable to any source—receiver
pair.

Comparison of theoretical and observed short and long
period seismograms were made with respect to amplitude, wave-
form and travel time. Travel times were closely matched as
were the waveforms for surface waves. For body waves a nunt—
ber of the SDCS stations are within the triplication range
and the waveform match is far from ideal. Still, amplitudes
for both body and surface waves were matched to within 50
percent and were much closer in most cases. A brief suimnary
of the results and the major lessons learned from this exer-
cise is given in Section IV.
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II. CALCULATION OF THE EQUIVALENT ELASTIC SOURCE

Coupling of the nuclear explosion , MAST, into elastic
waves was computed using the one-dimensional finite difference
code, SKIPPER. MAST was detonated in rhyolite at Pahute Mesa.
The reduced displacement potential (RDP) or equivalent elas-
tic source representation of the explosion is dependent on the
material properties and constitutive behavior used in the cal-
culation. These, together with the RDP, are described in this
section.

Many material properties were able to be taken from
the MAST Containment Evaluation Panel (CEP) data synopsis of
June 18, 1975. These include bulk density, grain density,
water content, degree of saturation, P wave velocity, depth
of burial and effective overburden density. Additional
material properties data are required , however, in order to
obtain the RDP. In particular , no information was available
from the CEP document on shear modulus, bulk modulus, or
material strength.

The P wave velocity given by the CEP document for the
near source rock environment was 4.2 km/sec. Data was also
available for HALFBEAK , a shot detonated previously in a simi-
lar rhyolite medium, which showed a Poisson’s ratio of approxi-
mately 0.18. The density of the MAST rhyolite at shot point,
from the CEP document, was 2.45 gm/cc. This information is
sufficient to derive the bulk and shear moduli, k and u, of
the material:

= 207 kbar ,

~~2 l— ’c~
1I = l69 kbar .2 —ci j

The choice of material strength was the last and most
serious issue to be resolved. The material strength, Y, wa

s3
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assumed to be related to the stress state P according to

y = + Y p— (2 - ~.- \1 (i - ~
_ ._ \ ,  p < ~ , e < e

~~Jj \  e
m ! 

m

~= ( ~ +Y) (1
_
~~
_ \,

m em / m m

Y = 0 , e > e m

where Y , Y , ~ and e are material parameters.
0 m m m

Since rhyolite is a relatively strong, competent rock
we decided , in the absence of any rhyolite strength measure-
ments, to use the strength data obtained from tests on Hard-
hat granite (Heard, 1970). A reasonable fit to Heard ’s
granite data is obtained by

= 0.3 kbar,
0

= 9 .0  kbar,

= 7.7 kbar.

The value for the melt energy was chosen to be 2 x 10 10

ergs/gxn.

The calculation of the RDP was then performed using
the technique presented by Cherry , et al. (1975a). Figure
2.1 shows the amplitude spectrum of the reduced velocity
potential I~ (w)I. This equivalent elastic source, scaled

S to the yield appropriate for MAST, will be used for all the
synthetic seismogram calculations which are presented in the
following sections.

We should emphasize that two fundamental material pro-
perties representative of the MAST near source rock environ-
ment were not available from the CEP document. These were

- - - -
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Poisson ’s ratio and material strength. Poisson ’s ratio was
estimated from measurements on the rhyolite from HALFBEAK .
Material strength was obtained from strength measurements
on Hardhat granite. We did not arbitrarily guess at the
material properties which were not available from the CEP
document. We chose those properties from what we felt were
measurements on representative rock types.

I
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III. TELESEISMIC GROUND MOTION PREDICTIONS FOR THE
MAST EVENT

It was requested that S3 predict the short and long
period seismograms recorded for the MAST event at five speci-
fied SDCS stations. An initial prediction was made using
the best available information for the rock properties at
the working point and the near source geology. Standard
earth models were used for the propagation path. Upon com-
paring our predictions to the actual data, we concluded that
much, if not most, of the observed discrepancy was due to
propagation path effects. Improved modeling of the propaga-
tion path is also expected to lead to improved predictions of
future events.

In this section we summarize our initial predictions
• of MAST and the comparison with data. After studying the

comparison we made adjustments to our models of the propaga-
tion path and the improved results are also summarized.

3.1 COMPUTATIONAL METHODS

The computational method for the prediction of body
waves employs the following :

1. The reduced displacement potential (RDP) is
computed by our spherically symmetric , one-
dimensional finite difference code (SKIPPER).

2. The EDP is input to a code which computes the
detailed crustal reverberations for an equiva-
lent elastic source buried in a stack of plane
elastic layers (see Appendix B, Bache, et al.,
1975b for the theory).

3. Detailed crustal reverberations at the receiver
are computed using the method of Haskell (1962).

4. Travel through the upper mantle is computed by
generalized ray theory as implemented by
Helmberger and described in Wiggins and Helm-
berger (1974).

p 7

- -_— - - —_ —- — —-
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5. The desired sensing instrument transfer function
is applied to the ground motion .

For surface waves, steps 2-4 are replaced by:

2. The Rayleigh wave dispersion data and amplitude
excitation for a plane layered earth model is
computed using the method of Harkrider (1964 ,
1970).

3. The source time history is convolved with the
earth response function.

3.2 DATA AND MODELS

The pertinent data were obtained from the following
sources :

1. The material properties of the source region
were primarily from the MAST CEP data synopsis
as described in Section II.

2. The velocity-depth profile for the region above
the working point was mainly deduced from the
MAST CEP report. In addition , we obtained a
log to a depth of 2.3 kin of the nearby hole
UE19d from Dick Ramspot of LLL. This was used
to construct a profile to that depth. The re-
mainder of the crustal model for the body wave
calculations is based on an average basin and
range crust of Hill and Pakiser (1967). Table
3.1 tabulates the source crustal structure.

3. Since we had little or no information about
crustal structure at each of the receiver loca-

• tions specified by the Project Officer , the same
average crustal model was used at all stations
for the body wave calculations (see Table 3.2).

4. For the initial prediction of body waves, two
upper mantle models were used. These are HWNE
from Helmberger and Wiggins (1971) and an un-
published model by Anderson , Har t and Jordan
called C2AJ . Detailed studies of data recorded
at stations on a northerly azimuth and in the
distance range 30-36° from NTS found C2AJ ,
slightly modified , to be the preferred model.
At the time of the first prediction we had not
accumulated enough experience at other azimuths
and distances to make a reliable selection of an
appropriate model.

8
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TABLE 3.1
SOURCE REGION CRUSTAL STRUCTURE

V VDepth Thickness p s p
(hm ) (krn) (krn/sec ) (km/sec ) (gm/cm 3 )

0.076 0 .076 2 .96  1.7 2 .0
0.128 0.052 1.84 1.0 1.5

0.173 0 .045  2.03 1.1 1.6
0 .555 0 . 3 0 2  4 .57  2.6  2 .5
0.649 0 .094 2.75 1.5 1.9
0.703 0.134 3.75 2.1 2.3
1.133 0.350 4 . 2 6  2 .4  2.38
1.584 0.45 1 4 . 8 0  2 .7  2 .65
1.728 0. 144 4 .30 2 .4  2.55
1.778 0.050 3.85 2 .1 2.50
2.100 0 . 3 2 2  4 . 4 0  2 .4  2.58
6.000 3.9 4 .7  2.7 2 .60

12.000 6 .0  5 .4  2.8 2 .70
20.000 8.0 6.0 3.5 2.8

TABLE 3.2
RECEIVE R REGION CRUSTAL STRUCTURE

V VDepth Thickness p s p
(kin) (kin) (kni/sec) (km/sec ) (cnn/cm3)

2.58 2.58 3.67 2.31 2.40

4.84 2.26 5.42 3.27 2.60

11.61 6.77 5.80 3.45 2.60

20.00 8.39 6.00 3.50 2.80

S

9

1~ , -



R— 2727

5. For the revised predictions of body waves, all
fea tures of the calculation were held the same
except different earth upper mantle models were
used. The new models were a modified version
of HWNE and a modified version of HWA (Wiggins
and Helmberger (1973)). The modifications were
primarily motivated by a study of the MAST wave-
forms recorded at the SDCS sites.

6. For the initial predictions of surface waves
the earth model CIT1O9 (Archambeau , Flinn and
Lainbert (1969)) was used , mainly because it
was computationally convenient. However, this
model was primarily based on inversion of body
wave da ta and the crustal layers were meant to
be generally applicable to shield areas.

7. For the revised Rayleigh wave predictions the
procedure was quite direct. Theoretical models
generally appropriate to the SDCS sites of

• 
- interest were selected (CIT1O9 from Archaxnbeau,

et al., 1969 for the shield station WH2YK ; a
mod~IThy McEvilly , 1964, for the others). These
models were then perturbed to make the theoretical
dispersion closely match the observed dispersion
at each station. This station specific theoreti-
cal model was then used for the predictions to-
gether with an anelastic attenuation model pro-
posed by Tryggvason (1965).

8. The instrument transfer functions were those
provided by the Project Officer .

3.3 SITE CORRECTIONS FOR BODY WAVES

Inc idental to the predictions, we have been evaluating
the quality (for short period observations) of the SDCS sta-

tions at which the predictions are being made. The station

quality is quantized in terms of (1) the amount of energy

converted to tangential ground motion; (2) the coda length

which is representative of internal reflection and scattering

at the receiver , and (3) the amplitude coupling of the sta-
tion. The latter is a quantization of that portion of the

• amplitude response of a station which is independent of azi-

muth and distance. See Appendix A for details.
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The first conclusion from our station quality estimate

is that the FN~V site is of low quality and its usefulness
(for short period observations) to the SDCS network should

be reevaluated . We need to obtain more data to firmly evaluate

the other stations but are in the process of doing so.
I

3 .4  COMPARISON BETWEEN THEORETICAL AND OBSERVED P WAVES

The comparison between our theoretical and the observed

• seismograms will now be presented . In Figs. 3.1 and 3.2 the 
-

initial short period predictions are shown together with the
observations. Computed seismograms for the two upper mantle

models C2AJ and HWNE are shown. From both the theoretical

and observed records two amplitudes were measured . The

first is the “b” amplitude which is the peak-to-peak ampli-

tude of the first cycle on the record , corrected for the

instrument response at the apparent period (i.e., twice
• the time separation between the measured peaks). The second

is denoted the “d” phase. The nomenclature arises from the

convention for measuring mb followed for the LRSM network
wherein the maximum cycle in the first few cycles on the

wave train is measured . The cycle used for this amplitude

is indicated on each seismogram.

The comparison between theoretical and observed “b”

and “d” phases from Figs. 3.1 and 3.2 are shown in Figs.

3.3 and 3.4. Examining the wave form comparison in Figs.

3.1 and 3.2 we conclude that many of the important features

of the seismograms are predicted by the model but that the

comparison is far from ideal. The theoretical b amplitudes

are substantially smaller than the observed . Our models

should be most accurate in predicting this portion of the

wave train. The agreement between d amplitudes , the phase
from which conventional 1% is determined , is somewhat
better. However, this is to some extent fortuitous since

all the interfering phases which contribute to the d amplitude

do not appear to be properly included in our calculations.

11
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Figure 3.3. Initial comparison of observed and theoretical
b amplitudes from seismograms in Figures 3.1 and
3.2. The amplitude in these and subsequent

• plots have been divided by the instrument magni-
fication at the appropriate periods.
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An ef for t was made to select an improved upper mantle
model to give closer agreement between theory and observa-
tions. Implicit in this exercise is the assumption that the

source and its vicinity is correctly modeled. A separate

study (Bache , et al., 1975b) shows that such confidence is
warranted.

The results of the more recent theoretical seismogram
calculations are shown in Figs. 3.5 and 3.6 for two earth

models: HWA-2 and HWNE-3 (shown in Figs. 3.9a and b). The

amplitude comparisons for the b and d amplitudes are shown
in Figs. 3.7 and 3.8. In our study of station characteris-

tics (see Appendix A), the FNWV station was found to give
• amplitudes that are three times smaller than expected , ir-

respective of epicentral distance. Therefore, the observed
amplitudes for FNWV plotted in Figs. 3.7 and 3.8 have been

multiplied by the station correction factor of three.
$ The waveform comparisons for the new predictions ,

Figs. 3.5 and 3.6 , are perhaps a bit better than for the

initial predictions, Figs. 3.1 and 3.2. The shape of the

seismograms and the maximum amplitude are not in good agree-

ment at RKON and CPSO, however. The shape in the first few

seconds at RKON and CPSO seems to be due to an interference
between the initial arrival and a second arrival delayed by

about one second. It appears that the second arrival is due

to the upper mantle since the seismograms for LONG SHOT show
no such complication. Attempts were made to simulate the

aXON signal by perturbing published upper mantle models ( HWA ,
HWB, HWNE , and C2AJ), but none were suc..essful in fitting

S
both travel time and amplitude data . A difficulty encountered

in constructing new models was that the range sampling was

too sparse. Such a sampling does not allow profiles to be

constructed so that the amplitude and travel time behavior

(the most useful diagnostics in inferring deep structure)
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Figure 3.7. Revised comparison of observed and theoretical
b amplitudes from the records of Figures 3.5
and 3.6.
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are apparent. We are now trying to construct a data set con-

sisting of several explosions and recordings at both LRSM and
WWSS sites to rectify the difficulty . This should allow much

better resolution of upper mantle models and make separation
of mantle and crustaJ. effects more clear.

It does appear that the factors controlling the ampli-

tude of the b phase are properly included in the model.

Evaluation of the predictions should rely most heavily on

the b phase comparison since this phase is least affec ted by
phenomena not related to the explosion coupling into elastic

waves.

For the b amplitude the comparison (Fig. 3.6) between
predicted and observed data is quite favorable , particularly
for the HWN E—3 model. At several stations the two models

span the observations . Taking Ifl~NE-3 alone , the amplitudes
are consistenly within 30—50 percent of the observations .

For the d amplitude, the measurements are much more scattered ,
as might be expected.

3.5 COMPARISON BETWEEN THEORETICAL AND OBSERVED RAYLEIGH
WAVES

As for body waves , comparison between observed and
synthetic Rayleigh waves was made in two stages. The initial

$ prediction was quite crude in that no serious attempt was
made to select a propagation path model appropriate to each
station. The earth model CIT1O9 (Archambeau , et al., 1969)
was used for all stations. However, this model was deduced
almost entirely from body wave observations and the surface
layers are for an average shield path. In fact , this model
was used mainly because it was computationally convenient at
the time. The comparison between observed and synthetic
waveforms and Airy phase amplitudes is shown in Figs. 3.10

and 3.11. This prediction was not particularly successful.
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For the revised theoretical seismograms a straight-
forward , but remarkably effective procedure was used. First,

the S3 data analysis program MARS (Bache, et al., 1975a;
Savino, et al., 1975) was applied to the recorded MAST seismo-
grams to determine the observed group velocity dispersion.
The MARS program uses narrow band filter techniques to com-

pute the dispersion curves. The results are shown in Fig.

3.12. While the MAST data was used at this stage , it is im-
portant to note that any earlier NTS event could have been
used with no effect on the result. We have verified the

fact that the group velocity dispersion curve at a given
station is essentially independent of event.

Using the observed dispersion as a discriminator, a
number of proposed earth models were examined to find those
that seemed appropriate to each station. For WHY2K the
model CIT1O9 was selected . For the other three stations a

model deduced by McEvilly (1964) from central U.S. propaga-
tion paths was selected.

The earth models were then perturbed to cause the ob-
served and theoretical group velocity curves and travel
times to coincide. The new models, CIT1O9-A for WBY2K, MCEV-J
for R1(ON and MCEV-B for CPSO and FNWV , are shown in Fig. 3.13
compared to the starting models. The dispersion curves for
these models fit the observations to within 0.04 km/sec for
periods between 10 and 30 seconds. The travel time fit is
easily obtained by simply scaling all velocities by a constant,
the changes amounting to a few percent at most. In fact, the
model CIT1O9—A is the same as CIT1O9 except all velocities are
multiplied by 1.06. The model MCEV—B resembles McEvilly’s
model in character, but MCEV-J is fairly different (the
crusta]. low velocity zone has been removed). These models
are not unique to the dispersion curves in Fig . 3.12 , but
do allow prediction of the observed time series.

• 28
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To complete the earth model , values for the coeff i—
d e n ts characterizing the observed anelastic attenuation are

needed. The model proposed by Tryggvason (1965) was used.

The comparison between our final synthetic seismograms
and the observed wave shapes and Airy phase amplitudes is
shown in Figs. 3.14 and 3.15. The station HNME was not oper-
ating for MAST so it was not considered. The agreement be-
tween travel times and wave shapes is quite good, as expected.

• The excellent agreement between observed and theoreti-
cal Airy phac~ amplitudes at three of the stations (Fig. 3.15)
is quite gratifying. The other station, CPSO, will be dis-
cussed in some detail below. The important point is that we
used published earth models deduced from a large body of
data. We then modified the models slightly to include the
peculiar dispersion and travel time characteristics of the
particular source—receiver path. This can nearly always be
done for a path of interest. The results give a great deal

• of confidence in our calculation of the long period level of
the source.

• Another interesting point concerns the errors intro-
duced by different observers making amplitude—period measure-
ments for the same seismic signals. This is indicated in
Fig. 3.15. Two sets of amplitude measurements were made at
S3 and are plotted on this figure. For the first (open
circles) the period of the measured phase was determined
from seismograms which were included in the MAST shot report.
These amplitudes correspond to those plotted in Fig. 3.11.

• The other set of observed amplitudes (solid line) was cor-
rected for instrument response using the apparent periods
given in the MAST shot report. The point is that the instru-
ment correction varies rapidly in this period range and small
differences have considerable effect on the amplitude (e.g.,
WH2YK).
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There seems to be no simple explanation for the large

amplitude at CPSO relative to R1(ON and FNWV . There are a
number of possible causes that were not included in our

modeling and we can speculate about the extent to which
these may be responsible. Among these possible causes arc’
radiation pattern effects associated with the source and

lateral variations in the elastic and anelastic properties

of the travel path.

First, we should relate these observations to previous
experience with CPSO. Von Seggern (1973) analyzed some 686
Rayleigh wave amplitudes from North American LRSM recordincis

of 43 NTS explosions. Using a procedure he calls .Joint
Magnitude Determination , he fit these data to the unified

distance relation *

• log ~~~ = 4 .25  — 0.90 log ~~~ + +

where A is amplitude, r is epicentral distance , is
an event correction and C~ is a station correction. Using

Von Seggern ’s 
~~

, we can determine how stations at the SbCS
sites have coupled on the average over the years. These data,
normalized to the RKON amplitudes, are summarized in Table 3.3.
From the table it is clear that relatively large amplitudes
are commonly observed at CPSO. In passing , we also note that
the MAST observation at WH2YK seems to be different from that
expected from past experience.

To further delineate the past behavior of CPSO compared
• to RKON, we tabulate the relative amplitudes for a number of

— IThe distance decay as r • is almost precisely that predicted
by our theoretical model when all factors but distance are
held constant. This is indicated in Figure 3.11 and is due
to the interaction between the elastic (r- 5) and anelastic
(e Yr) attenuation with distance.

p - 
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TABLE 3 .3
RELATIVE RAYLEIGH WAVE AMPLITUDES FOR MAST COMPARED

TO AVERAGE VALUES FROM VON SEGGERN ( 1973)

Epicentral Average MAST
Distance Relative Relative

Station (degrees) i Amplitude Amplitude

RKON 21.02 —0.20 1.0 1.0

CPSO 2 4 . 7 4  0.17 2 .0  2 .7

WHY2K 26.18 0.12 1.7 0.7

FNWV 28 .93  —— —— 1.2

1

I
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past events in Table 3.4. These values are taken from SDAC

shot reports. Also given is the area in which the shot was

detonated, the source material type and the yield from

Springer and Kinriaman (1971). For these representative

events the relative CPSO/R1(ON amplitude varies over a factor

of t~-o or ~orc’ frot~ the average value of 2.0 found by Vona
Seggern.

One possible explanation of the amplitude variation

is that the scurce is not a symmetric radiator of Rayleigh
a waves but has a radiation pattern. In fact, a number of

studied have concluded that the Rayleigh wave source does

include a double-couple component (Lambert , et al., 1972 ;
Toks6z and Kehrer, 1972; Aid. and Tsai, 1972). This is
usually attributed (:o the release of tectonic strain by the
explosion.

Toksöz and Kehrer (1972) assumed that a double—couple
of strike—slip orientation was imposed on the spherically
symmetric source. Using Rayleigh and Love wave data, they
then obtained best fit values for the strength, F, and
orientation, 8D.C.’ of the double couple. These values
are tabulated in Table 3.5 for each explosion for which they
are available. Now, if the double-couple orientation were
more or less the same from event to event, station amplitudes

would vary from radiation pattern effects alone and Von
Seggern ’s C~ could be merely a radiation pattern correction.
In fact, the orientation obtained by Toks6z and Kehrer is in
the 330°-355° range for 15 of the 18 NTS events studied.

The Rayleigh wave enhancement (1 + F sin 2(8 e
~
). 8

being the azimuth of the station from the source and 8

the orientation of the double couple) due to the best fit
double-couple source found by Toksöz and Kehrer is indicated

in Table 3.5. It is clear that the superposition of this
S 

double-couple generally acts to suppress the amplitude at

RXON and to enhance that at CPSO. This is not surprising
since the CPSO/R1(ON ratios previously indicated in Table 3.4
were among the data used to fit the double-couple source.

- 37
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TABLE 3 .4
I

RELATIVE RAYLEIGH WAVE AMPLITUDE S (CPSO/RXON)
FOR A NUMBER OF NTS EXPLOSIONS

Relative
a Event Type Yield Amplitude

PILEDRIVER Granite :56 1.8

CHARTREUSE Pahute Mesa Rhyolite 70 2 . 2

HALFBEAX Pahute Mesa Rhyolite 300 3.5

GREELEY Pahute Mesa Tuff 825 2.7

CUP Yucca Flat Tuff L-I 1.2

I BILBY Yucca Flat Tuff 235 3.7

BRONZE Yucca Flat Tuff L-I 1.4

COMMODORE Yucca Flat Tuff 250 2.1

I DUMONT Yucca Flat Tuff L-I 4.4

I

I

S

S

1 :  
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The double—couple source causes the amplitudes of the other

stations (WHY2K and FNWV) to change by varying amounts. Cer-
tainly if this effect occurs, failure to account for it can
cause amplitude errors of a factor of two or even more at
individual stations.

What is the meaning of this discussion of tectonic

release for the MAST predictions of this report? We haven’t

enough data to estimate the F, for this event. How-
ever, MAST is quite similar to HALFBEAX . If the HALFBEAK double—
couple from Table 3.5 were added to the explosion source used
here , the predicted amplitudes would be altered by approxi-
mately the factors given in the table . These altered ampli-
tudes are indicated by the open triangles on Figure 3.15.
The fit would be a great deal worse for RKON, slightly better
for CPSO and unchanged for WHY2K and FNWV. For the 0D C
selected , RKON occurs near a node and so is quite sensitive
to this value. With this in mind , it seems fair to say that
the validity of our predictions is not compromised by failure
to include tectonic release. Before leaving the subject, it
should also be noted that the effect of tectonic release on

• the body waves is almost certainly negligible (see Bache,
1976).

There are other effects not included in our models
which can also cause amplitude variations. First, the same
dissipation model has been used for all paths. However,
this is a weak effect that seems unlikely to account for
even a factor of two for this set of stations (for a recent
summary of the data see Herrmann and Mitchell, 1975). Cer-
tainly stations like FNWV and CPSO must have nearly the
same path attenuation since their azimuths vary by only 8°.

Another possibility is lateral refractors. McGarr
(1969) demonstrates that large amplitude variations between
stations at very nearly the same azimuth are possible due to

- 
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focusing and defocusing of surface waves by lateral hetero-
geneities. In addition, near receiver structures can cause
amplitude variation if their size is on the order of the
surface wave wavelengths (~1~ 50 km). These two mechanisms
can leave dispersion curves nearly unchanged since the group
delays caused by the localized structures are small compared
to those of the major part of the path. Shown in Figure 3.16

are the amplitude data for a line of stations on the same
azimuth for the LONG SHOT and RULISON events (data from shot
reports). The scatter around a simple R - 5 or R - ’ de-
pendence is indicative of the variations possible even when

the azimuth is held fixed.

14
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Figure 3.16. Observed surface wave amplitudes for stations
along a fixed azimuth. Solid and dashed line
indicate R .5 and ~~~~~~~~~ decay, respectively.
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IV. SUMMARY AND CONCLUSIONS

For making seismogram predictions there are three
elements that must be dealt with : (1) the wave produced by
the source; (2) the average travel path; (3) the properties
peculiar to the receiver region. Important features of each
of these elements as handled here are summarized below.

The Source

• Material properties and constitutive models
that were determined from preshot data were
used in the RDP calculation .

• For the predictions the source was considered
to be a spherically symmetric radiator of
elastic waves.

The Travel Path

• For both body and surface waves, average earth
models taken from the literature give reasonably
good predictions of teleseismic amplitude, at
least averaged over a number of stations.

• The single station waveform and amplitude match
can be considerably improved by constructing
average models that are specific to the source—
receiver pair.

• Only those effects that can be represented by
laterally homogeneous horizontally layered
models were included in the calculations.

• For surface waves the earth models can easily
be adjusted to match the actual dispersion
characteristics of the travel path. The pre-
dicted wave shapes then match the observed
quite closely.

• For stations within the triplication range, it
is very difficult to construct earth models
that accurately reproduce the complicated phase
interference observed on the short period re-
cords.
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• Amplitude predictions of body waves are best
judged by the b phase prediction. This is
especially true within the triplication range.

The Receiver Region

• Site corrections can and should be determined
to represent local effects quite difficult to
include in the models.

• Horizontal layered models of the receiver region
are of little use for explaining the local ef-
fects observable on the short period records.

The theoretical amplitudes match the observed to
much closer than a factor of two for nearly every short and

long period (vertical) observation. The final comparisons
are shown in Figures 3.7 and 3.15. Tables 4.1 and 4.2 sum-
marize body and surface wave magnitude* data using the ampli-
tudes in Figures 3.7, 3.8 and 3.15. With the experience
gained in this exercise, preshot predictions of future
events recorded at these stations may be done with nearly
this accuracy.

Surface wave magnitudes were computed using the tables in
Marshall and Basham (1972), using the path correction P(T)

• for continental North America.. Body wave magnitudes used
distance corrections from SDAC shot reports.
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APPENDIX A

SITE EVALUAT ION AND CORRECTION

The ideal station from our point of view would be

situated such that teleseismic wave fronts are not distorted
by the crust beneath the station or by the coupling of the
seismometer to the crust. Before good comparisons between

synthetic seismograms and data recorded at a certain site
can be made, it is important to estimate that site ’s depar-
ture from ideal, and to correct the synthetic seismograms
accordingly. We have used three criteria in determining

whether a station is a “good” (close to ideal) station :

1. The ratio, P~~~, of the maximum amplitude in the
first  few cycles of tangential motion to the
same measure of vertical motion. The ratio

should be small (< 0.2, say), indicating that
a small amount of P energy was converted to SH.

SH energy propagated from the source should ar-
rive much later. SH motion near the onset of the

seismogram indicates P to SH conversion by non-
parallel interfaces or scattering.

2. The duration, Tc~ 
of the coda. Although it is

generally not necessary to quantify the esti-
mate of T

~ 
since a visual inspection will suf-

fice, one might define T
~ 
as the time required

for running mean (of duration “-‘ 5 sec) to decay
to a certain level. Large values of T

~ 
indicate

internal reflections and scattering.

3. The ratio, RA I of amplitudes recorded at stations
beyond upper mantle triplications. At ranges
beyond 400 (and less than 100° where the core
introduces complications) the amplitude should
be nearly proportional to R ’. Variations from

- 
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R ’ spreading can be taken to be due to differences
a in the station coupling. Therefore, a station cor-

rection , C , can be deduced from the ratios, RA I
corrected for R ’ spreading.

The most satisfying means for dealing with stations
which are poor in the above sense is to infer the physical

process which is responsible and include that process in our
analysis. To this end we have attempted to determine
whether plane layering in the receiver crust can produce
appreciable distortion of the pulse (see Appendix B). We
find that plane layered models are unlikely to account for
the observed distortion. Also, plane layering cannot be
responsible for P or SV to SH conversion. We have not yet
investigated other possibilities.

For the seismogram stations of interest in this report,
the 

~~~~~~~ 
T~ and C for the criteria 1-3 discussed above have

been computed and are tabulated in Tables A.1-A.3. For
and T

~ 
observations of the MAST event were used. We are pre-

sently looking at observations of other events to verify the
fact that these are not significantly influenced by peculari-
ties of the event. For the station correction, C5, the fol-
lowing procedure was used .. Measurements of the b phase (de-
fined in Figure 3.1) were made for the LONGSHOT event as re-
corded at the stations. The C5 was then computed according
to

~~~~ ~
— _ _ _ _ _ _ _ _ _ _ _

S — 

~~~~~~~~ ,~

The station HNME was chosen for the normalization because it
is beyond the triplications for NTS events. We were unable
to compute CS for WHY2K since it is within the triplication
range for LONGSHOT . We are attempting to collect more data

51.
a



P.— 2727

TABLE A .l
THE RATIO RTZ (STATION CRITERION #1) OF MAXIMUM

VERT ICAL AND TANGENTIAL AMPLITUDES

Vertical Tangential Ratio
Stat ion Z (~~rj )  T (mu) 

~TZ

RXON 4617 642 0.14

CPSO 68]. 75 0.11

WH2YK 224 29 0.13

FNWV 79 36 0.46

HN~-iE 782

TABLE A . 2
VISUAL ESTIMATES OF CODA DURATION , Tc

(STATION CRITERION 1~2)

T (sec )
Station C

RKON 5

* CPSO > 3 0

WH2YK > 30

FNWV > 30

HNME 5

a
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a

TABLE A.3
THE STATION CORRECTION C5 AS DETERMINED FROM

OBSERVATIONS OF LONGSHOT
p

b
Station Range (kin) microns C~
RXON 5724 0.22 1.00

I

HNME 7442 0.17 1.00

FNWV 7470 0.055 0.32

WH2YX 2958 0.04a
cpso (Clipped) ----

I

I
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4

(perhaps explosions in the USSR) to better define C for
I - 

S
these stations.

On the basis of the tabulated values, it appears that
FNWV should be classified as a poor station. More data

should be examined in the manner suggested here to clearly
evaluate the quality of these Sites.

I
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APPENDIX B

MODIFICAT ION OF SHORT PERIOD BODY WAVES BY CRUSTAL
REVERBERATIONS AT THE RECEIVER

It is clear that the amplitude and frequency content

of teleseismic body waves are affected to some degree by
crustal reverberations in the receiver vicinity. Less

clear is the form that this modification can take under
circumstances likely to be encountered.

Crustal reverberations can be due to both two—

dimensional layering which can be accounted for by plane
horizontal layered earth models and. three-dimensional struc-
ture which cannot. In the following pages are given some
examples of the effect of certain variations of a plane
layered crustal model. Some insight is then provided into
the kinds of effects to be expected from two-dimensional
layering at the receiver.

The initial model of the crust at the receiver is
given in Table B.l. New models will be formed by modifying
this profile.

TABLE B.].

RECEIVER REGION CRUSTAL MODEL A

Depth (‘ian) Thickness CJ)~~ 
VP 

(JatVsec) V5 (]cnVsec) ~ (~n/&)

2.58 2.58 5.0 3.0 2.55

• 4.84 2.26 5.42 3.27 2.60
11.61 6.77 5.80 3.45 2.60
20 .0 8.39 6.0 3.50 2.80

I
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Effects of Sediments at the Surface
I

For the initial example, consider a PILEDRIVER—like

source. That is, the source is characterized by a small
P-pP lag. Let the upper mantle effect be included by a
constant factor which accounts for geometric spreading and
take T/Q = 0.9. The result is a very simple teleseismic
short period seismogram. For the calculations the ray
parameter p = 0 .079 sec/kin.

To study the effect of the receiver crust , the crustal
model of TableB.l is modified by replacing the first layer by
a sedimentary layer of varying thickness. The thickness
of the second layer (V = 5.42 km/sec) is adjusted to coin-p
pensate and the total structure continues to be made up of
four layers. For example, when the first layer is 1.29 km
thick, the second layer is increased to a thickness of
3.55 km. The sediments have the following properties:

= 3.67, Vs = 2.31, p = 2.4.

The resulting seismograms are shown in Fig. B.l and
the amplitude data are summarized in TableB.2.

TABLE B.2

THE EFFECT OF A SURFICIAL SEDIMENTARY LAYER ON A

SEISMOGRAM TYPICAL OF THE PILEDRIVER EVENT

t

Thickness T0 T1(kin) b (sec ) c (sec ) b/c

0.0 1.00 0.72 1.32 0.81 1.32
0.2 1.21 0.75 1.36 0.78 1.12
0.4 1.23 0.75 1.36 0.78 1.11
0.65 1.18 0.70 1.88 0.81 1.59
1.29 1.44 0.78 1.88 0.92 1.31

$ 2.58 1.34 0.76 1.67 0.82 1.25

•1 
~ •~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~* - - 
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The amplitudes of the b (first cycle) and c (second cycle)

phases were measured from the seismograms and corrected
for instrument response. The latter correction is made by
dividing the amplitude by the instrument response at the
appa.ent period , T for b and T for c, measured from the
seismograms. Since the absolute amplitudes have little
meaning , all values were normalized to the b amplitude of
the first case.

In analyzing this example, it is of interest to note
that the reflection coefficient for converting the emerging
wave into vertical ground motion is nearly the same for the
two cases. For the granite cap it is 1.80 and increases
only to 1.88 for the sedimentary cap. If the top layer were
many wavelengths thick, one expec.ts the displacement change
to be proportional to the ~ ratio (r~ V~

2 - p2)l/~2

which, in this case, is 1.42. For all the cases considered,
interference phenomena play an important part.

Effect of a Low Velocity Zone in the Crust

For the second example , we shall take a DIAMOND
SCULLS-like source. In this case the P - pP lag is 0.4
sec, about twice that for PILEDRIVER. A constant geometric
spreading factor is again used to account for the upper
mantle and , again, T/Q = 0.9. The ray parameter p = 0.079
sec/kin, the same as for the previous example.

The basic crustal model to be used is tabulated in
Table B.3. It is nearly the same as Model A of Table B.l which

• was used for the first example.

TABLE B.3

RECEIVE R REGION CRUSTAL MODEL B

Depth OQn) ~~~~~~~ (1,g)~ ~~ 0~iVsec) V5 OutVsec) ~ (~iV&)

2.5 2.5 5.0 2.8 2.5
10.0 7.5 5.4 3.3 2.6
12.0 2.0 5.8 3.45 2.6
20.0 8.0 6.0 3.5 2.8

57
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Model B is then modified by inserting a low velocity
* layer (V~ = 3~3~ Vs = 1.8, p = 2.3) of varying thickness at

a depth of 2.5 km. The thickness of the next layer (V~ 5.4)
is then varied to keep the interface between V~, = 5.4 and
V~ = 5.8 layers at a 10 km depth. This is a rather extreme
example, but is useful in delineating the kinds of effects
to be expected from low velocity zones in the crust.

The seismograms are shown in Fig.B.2 and the amplitude
data are summarized in Table B.4.

TABLE B.4
EFFECT OF A LOW VELOCITY ZONE ON A SEISMOGRAM

TYP ICAL OF THE DIAMOND SCULLS EVENT

Thickness T T(km) b c b/c

0 . 0  1.0 0 .84  1.98 0.88 1.98

1.0 0.83 0 .80  1.75 0 .9 0 2.11

2.5  0 .87  0 .82  1.80 0 .90  2 . 0 7

5.0 0.87 0 .82  1.78 0 .9 0 2 .05

7.5 0.85 0.82 1.77 0.90 2.08

8.5* 0. 82 0 .82  1.71 0.88 2 .09

The low velocity zone has almost no effect on the frequency
t content of the record . However , the amplitude is reduced

by 10-20 percent, seexnin~~y independent of the thickness of
the low velocity layer. The travel time is also affected
as is apparent from the seismograms, Fig. 8.2.

I

The low velocity layer extends 1 km into the thick (V
5.8) layer of the crustal model of Table 3. p
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Figure B.l. Synthetic seismograms illustrating the effect of
a surficial sedimentary layer at the receiver.
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Figure B.2.  Synthetic seismograms illustrating the effect
of the presence of a ‘ow velocity zone in the
crust below the receiver. The low velocity
zone is of the indicated thickness and begins
2.5 km below the surface.


