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Source Characteristics of Two Underground Nuclear Explosions

Lane R. Johnson

Center for Computational Seismology, Lawrence Berkeley Laboratory,
and Department of Geology and Geophysics, University of California,
Berkeley, California 94720

ABSTRACT
PR

Broadband seismic waveform data recorded in the distance range
of 1 to 11 km from two underground explosions detonated at Pahute
Mesa of the Nevada Test Site have been used to estimate the source
time functions for the second-order moment tensors of these events.
Data were available from 8 three-component stations for the explosion
Harzer and from 11 stations for the explosion Chancellor. Stable
moment tensor estimates with a good signal-to-noise ratio were obtained
in the frequency range of 0.2 to 5.0 Hz. The moment tensors are dom-
inated by the diagonal elements, but a significant asymmetry is present,
with vertical force couples having a different time dependence than the
horizontal force couples. When the isotropic parts of the moment ten-
sors are interpreted as reduced displacement potentials the results are in
reasonable agreement with theoretical and empirical models, although
the parameters which are estimated with these models show systematic
differences from published scaling relationships. These differences may
be related to the fact that the explosions were detonated in unsaturated

materials or to the effects of spall in surficial layers above the source.
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R 1. INTRODUCTION

Although it would appear to be a relatively simple problem, there is still much
that is not understood about the generation of elastic waves by large underground

explosions. In general the seismograms produced by such explosions are considerably

more complicated than what one would expect for a simple model, such as a pressure
pulse applied to the interior of a spherical cavity in a homogeneous halfspace. Part of

the difficulty may be related to the fact that the explosions are detonated in media

which are heterogeneous in terms of both physical properties and preexisting stresses
and there is dynamic interaction between the explosion and these heterogeneities,
¥ including the free surface. Also contributing to the difficulty is the media which lies
between the source region and the receiver where the waves are recorded, for this
\ media is generally heterogeneous and the associated wave propagation effects can add
: considerable complexity to the seismograms. It would appear that the first step in
striving to obtain a better understanding of the explosions source process is to remove
as much as possible of the wave propagation effects due to the intervening media

between source and receiver.

An objective of the present study is to obtain unobstructed estimates of the source
processes of large underground explosions. Such estimates are obtained through the
method of moment tensor inversion in which calculated Green functions are used to
remove propagation effects and the source is characterized in terms of the second-order
moment tensor, a fairly general mathematical representation of spatially localized
seismic sources. Having obtained estimates of the second-order moment tensor, these
can be interpreted in terms of the physical processes in the source region, which is a

second objective of the study.

; The existence of numerous waveform data, previous studies in the same area, and
an accurate velocity model all combine to make Pahute Mesa a convenient site for the

present study. Pahute Mesa, a portion of the Nevada Test Site, has been the location
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of numerous underground nuclear explosions in the past and continues to be an active
location for the detonation of buried explosions. A large amount of ground motion
data have been collected from these explosions, with numerous recordings at local,
regional, and teleseismic distances. These data have been the subject of several
scientific investigations which provide useful background information and also provide
results which can be compared with those of the present study. Some of these previ-
ous studies of particular interest include Helmberger and Hadley (1981), Stump and
Johnson (1984), Barker et al. (1985a, 1985b), and Patton (1985). The results of the
moment tensor inversion method depend critically upon the availability of accurate
Green functions and this requires that an accurate velocity model be available. A
recent study by Leonard and Johnson (1987) has provided such a model for Pahute

Mesa.

The data used in the present study were all recorded within 11 km of the explo-
sion epicenters. There are certain advantages of using data from these close distances.
First, many propagation effects, both elastic and inelastic, can be minimized by
remaining as close as possible to the source. This can be important when trying to
recover source information at the high frequencies where attenuation and scattering can
have significant effects. Second, at these distances the seismograms contain P and S
phases which left the source travelling in both upward and downward directions as
well as both Rayleigh and Love surface waves. Thus the focal sphere is sampled
fairly well, with the major gap in coverage being the P waves that leave the source

region travelling downward at small angles of incidence and emerge at teleseismic dis-

tances.
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2. DATA "
v
The explosions Harzer and Chancellor were both detonated in Area 19 of Pahute ,
Mesa at the Nevada Test Site. The parameters of these events are listed in Table 1. : :
Note that the two events are only separated by 4.3 km and the shot environments are )
similar.
E Ground motion recordings at near distances to these events were obtained with .
: triggered digital event recorders. Each instrument package consisted of three force- g:
. balance accelerometers oriented to record radial, transverse, and vertical ground o
; motion. The data were recorded at 200 samples per second with a resolution of 12 :}
» 4
‘: bits per sample and the complete system was flat to acceleration between frequencies 't
;.' of 0.2 and 50 Hz. The signal-to-noise ratio generally attains a maximum of about 4
\ 1000 in the frequency band of 1 to 10 Hz, but decreases at both lower and higher fre- ,_ »
_ quencies. Because the recording instruments were accelerometers, this ratio falls to a E
value of 1 at a frequency of about 0.2 Hz, which means that periods longer than 5 sec ;
: are not well resolved in these data. : E
K The locations of the two events and recording sites are shown in Figure 1. Data |
were obtained at 8 different stations for Harzer and at 11 stations for Chancellor. The v
3 station distances, azimuths, and elevations are listed in Tables 2 and 3 along with the l
0 maximum accelerations. Both experiments were conducted within the confines of '
; Silent Canyon Caldera, a thick section of Cenozoic volcanic sediments. '
The process of estimating the moment tensor from far-field acceleration record- 'f
/ .
: ings requires that three numerical integrations be performed. To ease this process '::'
g scmewhat, the acceleration data were first converted to velocity data by applying one '
numerical integration before beginning the inversion procedure. The knowledge that :
the long-time velocity level must return to zero prevents base-line uncertainties from :
; causing any serious problems with this integration. '\_
‘ 3
'-
'
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; Previous studies employing similar ground motion data from Pahute Mesa

(McLaughlin et al., 1983) have shown that spatial coherence of the waveforms over
distances of a few hundred meters decreases significantly for frequencies above S5 Hz.
Because of this and the fact that it is difficult and expensive to calculate Green func-

b tions at high frequencies, the data were low-pass filtered with a two-pole corner at 10

KRS o™ oty

Hz and then decimated by a factor of 4 so as to reduce the Nyquist frequency from

[Tkt
oy’
4‘
100 Hz to 25 Hz. ,::
:.n
The first ten seconds of velocity data for the Harzer and Chancellor events are oo
’
shown in Figures 2 and 3, respectively, with the stations arranged in order of increas- N
V!
ing epicentral distance. The records are fairly simple and of short duration at short :§.
()
distances but both the complexity of the records and their duration increase with dis- ::
tance. Inspection of the records at the closest distances is sufficient to establish that
A
the duration of the source time function is less than 5 sec for the frequency band con- i
tained in these records. The first motion on the radial and vertical components are in Y
o . C . )
the same direction at all stations, away and up, which is expected for a simple explo- o
sive source. More surprising are the transverse components, which have maximum Y
I*
amplitudes comparable to those on the radial and vertical components and at some sta- i
»
)
tions have impulsive first arrivals at the time of the direct P wave, which is not N
-~
. . . N
expected for a simple explosive source. The first motions on the transverse com- Y
ponents have mixed polarities (Tables 2 and 3) but a systematic lobed radiation pattern ;:
) . . . ' g
is not apparent. Although the scatter is considerable, the amplitudes on all three com- oy
‘I
ponents decrease roughly as the inverse epicentral distance to the first power. -
. There is considerable evidence present in the seismograms of Figures 2 and 3 >
)
which indicates that either the source radiation pattern changes rapidly with azimuth or Y,
LY
o
that local effects near the recording sites can significantly influence the waveforms. \j
o
For instance, stations H1 and H3 are separated by only 0.1 km in range and 64 deg in e )
)
azimuth yet have markedly different waveforms on all three components. Stations H6 ‘o
&
5
'
S
\
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and H8 show the same type of disparity. A comparison of the records from H5 and

C4 tends to favor the hypothesis of a recording-site effect, because these stations,
which were about the same distances from the two explosions and located at sites

within 1 km of each other, show strong similarities in waveforms.

Station H3 had a partial malfunction in the field which caused the signal recorded
on magnetic tape to have a very small amplitude. Through special steps taken in the
laboratory it was possible to recover the records shown in Figure 2, which appear to
be acceptable in the time domain. However, when these records are inspected in the
frequency domain they show a signal-to-noise ratio at low frequencies which is an
order of magnitude worse than the records recorded at other stations. This could have
a strong effect upon a moment tensor inversion which is performed in the frequency

domain, so the records from station H3 were not included in any of the moment tensor

‘
N inversions.
N
N
’l
o 3. RESULTS
-
<
11
' 3.1. Moment Tensor Inversions
H.
N The procedure used to estimate the moment tensors of the two explosions follows
- that outlined by Stump and Johnson (1977, 1984). The basic assumption involved in
; this procedure is that the source can be represented by a second-order force moment
&
, . . . .
o tensor and that higher order terms can be ignored. This would appear to be a valid
W assumption for explosions, since at least the initial size of the source is small com-
‘ pared to the wavelengths of interest. The inversions are performed in the frequency
o
ey domain where the relation between the waveform data and the moment tensor elements
]
N is linear. No assumptions are invoked with regard to any relationships between the
amplitudes of the various moment tensor elements or their time functions. The inver-
. 1
o sions were achieved through a least-squares minimization of the difference between
w
!“
0 6
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observed and predicted seismograms. The equations of condition were solved by

.

singular value decomposition.

Critical to the moment tensor inversions are the Green functions which are used ,-E

to remove propagation effects from the seismograms. The accuracy of the final results ;
. is directly related to the accuracy of the Green functions which depends upon having ':
available a good model of the velocity and density structure. Leonard and Johnson
(1987) have recently produced estimates of the average P and S-wave velocity struc- Z
ture in the shallow crust of Silent Canyon Caldera. These results differ from previous <3
ones primarily in that velocities are modeled as continuous functions of depth rather :
than a series of constant velocity layers. The density measurements from borehole '::‘
sampling plus the results in Snyder and Carr (1984) were used to associate a density :ﬁ
model with the velocity models. The final results for the upper 4 km of the Silent gy
Canyon Caldera are shown in Figure 4. Also shown in Figure 4 are estimates of ane- v'%
lastic properties which were used in the calculations. No direct measurements of these ;.
properties were available, so the estimates were based primarily on previous experi- :‘.;'.:v
ence with shallow deposits (Johnson and Silva, 1981). The quality factor for S waves E
e
I

ranges from a value of 30 at the surface to a value of 75 at a depth of 4 km, while the

»
@

quality factor for P waves rangr » {rom 50 to 150 over the same range. Note that these

P

)
-3
quality factors should be interpreted to include both the effects of intrinsic attenuation -
¢
and scattering, as the latter effect appears to be significant at high frequencies in the et
[ 4
Silent Canyon Caldera (McLaughlin et al., 1983). ROA

It should be noted that the Green functions of this study were calculated using a N

single one-dimensional model of the shallow structure at Pahute Mesa. This does not .
4
imply that such a model is completely appropriate for this region. In fact, there exists :‘_:
considerable geological and seismological evidence to indicate that appreciable lateral }_"
S
heterogeneity may be present in the Silent Canyon Caldera (Leonard and Johnson, . .
1987). The variations in waveforms in Figures 2 and 3 which were discussed above :;’.'
b
N
~
Y
W
7 »
~
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support this inference. Thus an argument can be made for the use of a three-
dimensional model for the calculation of the Green functions or ai least for the use of
a different suitably averaged one-dimensional structure for each source-receiver combi-
nation. However, the information necessary to construct such detailed velocity and
density models of the three-dimensional structure are not available and not likely to
become available in the near future. In such a situation one must appeal to some type
of statistical averaging approach in order to mitigate the effects of the lateral hetero-
geneity. By including a sufficient number of seismograms recorded over a wide range
of distances and azimuths and assuming that waveform effects due to the lateral
heterogeneity will contribute to the moment tensor inversion in an incoherent manner
while waveform effects due to the average one-dimensional structure will contribute in
a coherent manner, one reasons that inaccuracies in the Green functions due to lateral
heterogeneity may not all be translated directly into inaccuracies in the estimated
moment tensors. While such an approach is definitely not as good as having more
accurate Green functions, it does appear to give reasonable results. In effect, one is
trading off inaccuracies in the Green functions against the number of seismograms
used in the inversion in the hope that effects due to the lateral heterogeneity (or any
other inaccuracies in the problem) will cancel themselves out in a random manner.
While in principle the inverse problem of estimating the 6 elements of the moment
tensor is completely determined given 6 seismograms (Stump and Johnson, 1977), in
applications with real data it has been found that about 15 seismograms are generally
required to insure stable results. Thus, in this study 21 seismograms are used to esti-

mate the moment tensor for Harzer and 33 are used for Chancellor.

The Green functions were calculated by fairly standard methods that follow the
general outline of Kind (1978). The stress-displacement boundary conditions were
solved in the frequency-wavenumber domain using the general method of Haskell

(1953) with suitable high frequency modifications as described by Harkrider (1964).
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The inverse frequency and wavenumber transforms were performed with the trapezoid
rule using a sampling rate in frequency govermed by the Nyquist frequency of 25 Hz
and a sampling in wavenumber governed by the maximum distance and fastest veloci-
ties (Alekseev and Mikhailenko, 1980). Attenuation was included according to the
method of Silva (1976). The continuous velocities and density of the model were
approximated by constant property layers of thickness 50 m in the upper 1.5 km and

100 m at greater depths.

The moment tensor inversions were obtained using standard singular value
decomposition techniques following the method described by Stump and Johnson
(1977). Estimates of the moment tensor are obtained in the frequency domain but are
also transformed back to the time domain for further analysis there. The inversions
were actually performed for the moment-rate tensors and these were then numerically
integrated to obtain the moment tensors. In order to provide sufficiently dense sam-
pling in frequency and also avoid possible truncation and windowing effects, 20 sec of
data were included in the inversion procedure. However, because the transient signals
on the moment tensors were confined to the first couple of sec and because, as men-
tioned above, the signal-to-noise ratio is suspect at long periods, only the first five sec

of the moment tensors have been analysed in the time domain part of this study.

The net result of the inversion procedure is a symmetric second-order tensor in
which the 6 elements all have independent time histories. The moment tensor M can
be treated as a 3 by 3 matrix with elements M ,;, M,,, --- M 33, where the coordinate
system is chosen so that 1 denotes North, 2 denotes East, and 3 denotes down. To aid
in the physical interpretation of this tensor it is helpful to decompose it into an isotro-

pic part M, and deviatoric part M, with the definitions
M=MI+M, (1)

where I is a diagonal unity matrix,
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traccM (M + M+ My,
M1-=-mc3e _ 3 ) )

and
MD EM"MII (3)

The isotropic part can be associated with the symmetrical parts of the source in which
there is only a change in volume, and this is the type of source expected for a simple
explosion. The deviatoric part can be associated with asymmetrical effects of the
source, such as are expected for dislocation models of faulting or asymmetrical parts
of an explosion. The interpretation is further aided by analyzing the deviatoric part in
terms of its eigenvalues and eigenvectors. These can be thought of as the net effective
magnitudes and associated directions, respectively, of the principal forces acting in the
source region. Note that this decomposition in terms of isotropic parts, deviatoric

parts, and principal forces is performed independently at each instant of time.

Before proceeding to a discussion of the estimates of the moment tensors which
emerged from the inversion process, it is worth considering a few details of the pro-
cess itself. With a total of 21 seismograms for the Harzer event and 33 for Chancel-
lor, the inversions were quite stable in a numerical sense. For instance, the ratio of
largest to smallest eigenvalue in the singular-value decomposition, which can be used
as an estimate of the condition number, ranged between 4 and 27 for Harzer and
between 4 and 16 for Chancellor. The reliability of the inversion results depends on
frequency and this is illustrated in Figure 5. Here we see typical results for the esti-
mates of the moduli of the moment tensor elements and estimates of their standard
errors, which were calculated by assuming that the noise in the input data was white.
Note that the ratio of the moment tensor estimates to their standard errors are a max-
imum in the range of 1 to 5 Hz and decreases at both lower and higher frequencies.
This is interpreted to mean that the reliability of the moment tensor elements in best in

the 1 to 5 Hz range but deteriorates at frequencies outside this range.
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As can be seen in Figure 5, the spectral patterns apparent in the moment tensors

are quite similar for the two explosions, with Harzer having in general slightly higher

spectral amplitudes. The M,; elements have reasonably well defined low frequency ]

levels, comer frequencies near 2 Hz, and high frequency slopes between -2 and -3.

The M,, elements, which are not shown, are similar to this. The M 33 elements differ X

somewhat in that they have an additional low frequency peak in the 0.3-0.4 Hz range.

The average deviatoric elements have spectral amplitudes that are about 5 times

smaller than the isotropic elements, have comer frequencies near 0.4 Hz, and have

high-frequency slopes of about -2. The significance of these spectral differences in the

elements of the moment tensors will be discussed more completely later in the paper.

Another way of evaiuating the moment tensor elements is to consider how well

they explain the data. Such results are shown in Figures 6 where the observed seismo-

grams are compared with predicted seismograms calculated by convolving the Green

The

functions with the estimated moment tensors for two of the Chancellor stations.

seismograms from C3 at an epicentral distance of 2.1 km are quite compact in time

with the direct P and S phases having the largest amplitudes, and the estimated

moment tensor for Chancellor does a good job of explaining all of the major features

on the seismogram. The correlation coefficients between the observed and calculated

seismograms for the radial, transverse, and vertical components are, respectively, 0.91,

0.86, and 0.81. The seismograms for station C7 at an epicentral distance of 9.8 km in

Figure 6 are typical of the results at larger distances where the seismograms are more

extended in time with both surface waves and scattered body waves undoubtedly

accounting for part of the energy. The estimated moment tensor does a reasonably

good job of explaining the first 4 sec of the radial and vertical components where the

direct body waves are expected to arrive, but does poorly for later times on these com-

ponents and does poorly for all times on the transverse components. The correlation

coefficients between the observed and calculated seismograms are 0.41, 0.26, and 0.24
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N for, respectively, the radial, transverse, and vertical components. Considering all of

the Harzer seismograms, the average correlation coefficient is 0.63 + 0.22 for the

ﬁ radial components, 0.40 + 0.30 for the transverse components, and 0.44 + 0.22 for the
;;': vertical components. Similar average correlation coefficients for the Chancellor
k seismograms are 048 * 0.30, 0.23 + 0.40, and 0.37 £ 0.32. While correlation
:::: coefficients are insensitive to absolute amplitudes, Figure 6 shows that the observed
E:: and calculated amplitudes are in reasonable agreement on the radial and vertical com-
v ponents, with a slight tendency for the calculations to underestimate at short distances
:g and overestimate at larger distances. The transverse component is consistently
underestimated at all distances. Thus, on the average, the radial components are fit
best, the transverse components are fit worst, and Harzer is fit better than Chancellor. ;
-u:' Based on these results showing the ability of the moment tensors to fit the |
»' : observed data, a plausible interpretation is that the inversion process is successful in
P fitting the early parts of the seismograms where the arrivals are direct body waves
§ which are likely to be consistent with the Green functions, and the process is also suc-
j' cessful in ignoring some of the large amplitudes during the later parts of the seismo-
e gram which are not consistent with the Green functions and are most likely due to
.
J} scattering and muti-pathing. Experience indicates that this type of success is depen-
:; dent on having a large number of seismograms so that the problem is highly over- ]
‘ determined. As the number of seismograms used in the inversion process decreases,
) .
S the likelihood increases that a random phase on a particular seismogram will be inter- )
’: preted as part of the source time function. It follows that the ability to fit the observed
"H seismograms may actually improve as the number of seismogams used in the inversion .
E process is decreased. An implication of this interpretation is that good agreement :
: ' between the observed and fitted seismograms is not necessarily an indication that the
. moment tensor estimates are accurate. ’
! \
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While the moment tensors are actually estimated in the frequency domain, both
amplitude and phase are available so that the results can be easily transformed to the
time domain, where the interpretation is often more straightforward. The first five
seconds of the moment tensors which were estimated for the explosions Harzer and
Chancellor are shown in Figures 7 and 8, respectively. Several general observations
apply to the results for both Harzer and Chancellor. The diagonal elements of the
moment tensors dominate and are qualitatively similar in both their magnitudes and
time histories. They are basically slightly acausal step functions with rise times of less
than 1 sec. There is discernable overshoot on all of the diagonal elements but this
effect is most developed on the M3 elements. On the other hand, the off-diagonal
elements are smaller in magnitude than the diagonal elements and more variable in
their time histories. In general, they are more emergent and appear to have less high-
frequency content than the diagonal elements. Their onset is generally delayed with

respect to the onset of the diagonal elements.

The differences between the isotropic and deviatoric parts of the moment tensors
displayed in Figures 7 and 8 are consistent with the spectral data of Figure 5. There is
a suggestion in these spectral data that two separate functions might be present in the
sources. The first is a low frequency function with a corner frequency near 0.4 Hz and
a spectral slope less steep than -2 which is present in both the isotropic and deviatoric
parts. The second is a higher frequency function with a corner frequency near 2.0 Hz
and a spectral slope more steep than -2 which is present only in the isotropic part of
the moment tensors. Further inspection of the spectra of the individual elements of the
moment tensor indicates that the relative amplitude of the low frequency function is
larger on the M5 elements than on the M; and M, elements. These results are
entirely consistent with the time-domain plots in Figures 7 and 8 where it is clear that
the M, and My, clements are more similar to each other than they are to the M1 ele-

ments and that the M 13 elements have additional low frequency energy.
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3.2. Isotropic Moment Tensor

The primary concern of this paper is the isotropic part of the moment tensor,

J‘-a' -

which is defined here in terms of the trace of the moment tensor (Equation 2). As

.

mentioned in the previous section, this is the part of the source which is related to a

- -

change of volume and it is the only part of the source which is nonzero for an ideal
explosion. The isotropic sources which were estimated for the two events Harzer and
Chancellor are shown in both the frequency and time domain in Figure 9. The results
are quite similar for the two events. In the time domain these isotropic parts are fairly
simple, showing slightly acausal one-sided pulses that rise to a peak within 1 sec and
then fall to a constant nonzero level. In the spectral domain they show high-frequency
slopes in the -2 to -3 range, spectral corners at about 2 Hz, and additional peaking in
the specta in the 0.3-0.4 Hz range. This peaking in the spectra below 1 Hz tends to
obscure the comner frequency at higher frequency, particularly in the case of Harzer.
The interpretation of these results is facilitated by comparing them with the predictions

of various theoretical and empirical models of explosive sources.

In dealing with explosive sources it is convenient to consider a scalar potential
¥(t) which is called the reduced displacement potential. In a homogeneous elastic

medium the vector displacement u at any time t and position x is simply

uzx)=-V

Y(t—x/a)
X

4)

where a is the velocity of P waves. Because of this simplicity, much of the previous
work on explosive sources has been expressed in terms of the reduced displacement
potential. There also exists the following simple relationship between the reduced dis-

placement potential and the isotropic part of the moment tensor
M, (t) = drpa®P(r) (5)

where p is density. Thus the estimates of the isotropic parts of the moment tensor
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which have been obtained in this study can also be interpreted as estimates of the E;‘
reduced displacement potential. -. '
The reduced displacement potential is often described by parameterized models o
and several different parameterizations have been suggested. Mueller and Murphy .:‘:':
(1971) considered the analytical solution for a pressure pulse acting on the interior of a E:.S
spherical cavity and introduced the elastic radius of the source and the pressure acting 3
at that radius as parameters. The characteristic time for this source is the elastic radius : :
divided by the velocity of compressional waves. Haskell (1967) introduced an empiri- :
cal relationship of the form -.=
L
() = ‘I’_,[l -f (t/t)][-l () (6) .:;
with :‘
v
f)y=e* [1 +t +c2t2+c3t3+c4t“] ) EE&
and where 7 is a characteristic time of the source, ¥_ is the long-time response, and H §
is a unit step function. Haskell proposed that c,=1/2, c4=1/6, and c, be an adjustable :.'»
parameter. von Seggern and Blandford (1972) suggested an expression of the same &E
form but with c3=c,=0 and c, an adjustable parameter. Helmberger and Hadley .
(1981) also adopted the same form and proposed that ¢,=1/2, ¢4=0, and ¢, be an adju- '.;:"_
stable parameter. Thus we have four different functions available for describing the :-:
reduced displacement potential and each functional has 3 adjustable parameters. In all !:.:"-
cases two of these parameters are the characteristic time T and the long-time level \¥_.. *
For the Mueller-Murphy model the third parameter is the ratio of peak pressure to con- ;E
. stant pressure at the elastic radius, while for the other three models is is one of the ‘::
constants in equation 7. ';
The isotropic parts of the estimated moment tensors shown in Figure 9 were each ’:
interpreted in terms of the four different models of the reduced displacement potential .‘
that are described in the previous paragraph. The various models were fit to the E}"
15 h
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observational data by adjusting the parameters of the model until what appeared to the
eye as a reasonable fit was achieved in the time domain. In essence, the characteristic
time T was determined by fitting the rise time of the first pulse, ¥, was determined by
fitting the amplitude of the first pulse, and the third parameter was determined by
fitting the ratio of the peak amplitude to the amplitude in the interval of 4-5 sec. The
results of this fitting process are shown in both the time and frequency domain in Fig-

ures 10-13 and the parameters used to obtain these fits are given in Table 4.

For frequencies less that 1 Hz, all four models for the reduced displacement
potential can be nt to the isotropic part of the moment tensor so as to satisfactorily
explain the major features of the isotropic moment tensors of Harzer and Chancellor
(Figures 10-13). For frequencies above 1 Hz, there are distinct differences between
the abilities of the models to fit the data. The Harzer data can be fit better than the
Chancellor data in both the time and frequency domains. The Mueller-Murphy model
does slightly better than the other models in fitting the Harzer time function (Figure
10), particularly for the back side of the first pulse between 1 and 2 sec. In the fre-
quency domain both the Mueller-Murphy and von Seggern-Blandford models, which
have high-frequency slopes of -2, fit the Harzer data quite well, while the Haskell
model with a -4 slope and the Helmberger-Hadley model with a -3 slope underestimate
the high frequency energy in the observational data. For Chancellor there are short-
period fluctuations in the estimated time function between 1 and 4 sec which vaguely
suggest the possibility of a multiple event. None of the models can fit these fluctua-
tions and all of the models underestimate the high-frequency energy in the Chancellor
observed spectrum, particularly in the 1 to 5§ Hz range. The high-frequency slope of
the Chancellor spectrum is between -2 and -3, which can be explained by the
Mueller-Murphy, von Seggern-Blandford, and Helmberger-Hadley models but not by
the Haskell model. Kecalling the earlier suggestion that both a low-frequency function

and a high-frequency function may be present in the isotropic part of the moment
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tensors, it is apparent in Figures 10-13 that the process of fitting the models to obser-
vational data in the time domain has given preference to the low-frequency function.
This is particularly evident in the Chancellor spectral plots, where the high-frequency
function with a corner frequency near 2 Hz is poorly fit by the models.

Turning now to the model parameters which were estimated during the fitting
process (Table 4), we see that the values of these parameters can depend upon the
model. The estimates for ¥, and t show variations of about 10% and 30%, respec-
tively, between the four models. The pattern is consistent for T, with models having
steeper high-frequency slopes requiring shorter characteristic times. This model depen-
dent variation of 30% in t could lead to significant differences if T were used to infer
an elastic radius. In a relative sense all four models show a similar pattern in that
Harzer has a W_ which is about 25% greater than for Chancellor and a t which is

about 50% greater.

3.3. Deviatoric Moment Tensor

The moment tensor of an ideal explosion would have only an isotropic part with
all deviatoric parts equal to zero. This is not the case for either of the events Harzer
or Chancellor, as can be readily observed in Figures 5, 7, and 8 where diagonal ele-
ments are not all identical and off-diagonal elements are not all zero. Even more basic
evidence concerning the existence of the deviatoric elements can be inferred from the
strong early-arriving energy which is present on the transverse components in Figures
2 and 3, because an ideal explosive source in a plane-layered isotropic medium should
generate no transverse components. In fact, noting that the transverse components of
ground motion are comparable in amplitude to the radial and vertical, it is surprising
that the off-diagonal elements of the estimated moment tensors (Figures 7 and 8) are

so much smaller than the diagonal components. What appears to be happening is that,

either because they are incompatible with the radial and vertical components or
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because they are generated by a mechanism which is not incorporated in the calcula-
tion of the Green functions, the transverse components of ground motion have a
disproportionately small effect upon the estimated moment tensors. In support of this
interpretation, note that in Figure 6 the observed transverse seismograms are con-
sistently underestimated by the seismograms calculated with the estimated moment ten-

SOrs.

The deviatoric moment tensor (Equation 3) is a symmetric second-rank tensor and
is conveniently interpreted in terms of its 3 eigenvalues and the directions of the
corresponding eigenvectors. Corresponding to the usual interpretation of principal axes
of fault-plane solutions, these eigenvalues and eigenvectors have been identified with
the tensional principal axis T, intermediate principal axis I, and pressure principal axis
P. This eigenvalue decomposition of the deviatoric moment tensor as a function of

time is shown in Figure 14 for both Harzer and Chancellor.

The tensional and pressure deviatoric eigenvalues in Figure 14 are only slightly
smaller in amplitude than the isotropic elements in Figure 9. In the case of Harzer the
intermediate eigenvalue is close to zero throughout the first 5 sec so the mechanism for
this part of the source is consistent with a simple shear dislocation. This also means
that the tensional and pressure eigenvalues are mirror images of each other with
respect to their time histories. This time dependence of the tensional and pressure
eigenvalues shows a general similarity to the isotropic element in Figure 9. Closer
inspection reveals that the deviatoric eigenvalues are delayed in time by about 0.5 sec
with respect to the isotropic element and have longer rise times of about 1.5 sec for
the first pulse as compared to about 1.0 sec on the isotropic element. In the case of
Chancellor the intermediate eigenvalue departs from zero after about 1 sec, which may
indicate a source mechanism more complicated that a simple shear dislocation, and this
causes the tensional and pressure eigenvalues to differ somewhat in their time his-

tories. However, there is still a general similarity between the tensional and pressure
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eigenvalues and the isotropic element in Figure 9. As in the case of Harzer, the devia-

toric eigenvalues are delayed by about 0.5 sec with respect to the isotropic element

and have slightly longer rise times for the first pulse.

Referring to Figures 7 and 8, one can see that the size and time histories of the
deviatoric eigenvalues arises primarily from the differences between the diagonal ele-
ments of the moment tensor rather than the amplitudes of the off-diagonal elements.
Further inspection reveals that for both Harzer and Chancellor the major cause of the
deviatoric parts of the moment tensors is the fact that starting about 0.5 sec after the
origin time the M3 elements begin to differ significantly from the M; and M,, ele-
ments. This explains why the the first large pulse on the deviatoric eigenvalues is

delayed with respect to the first large pulse on the isotropic elements.

While Figure 14 describes the eigenvalues of the deviatoric parts of the moment
tensors, Figure 15 describes the eigenvectors. These are displayed by plotting on a
stereographic net the directions of the eigenvectors as a function of time. As these
directions can be quite unstable when the eigenvalues are small, the eigenvectors are
plotted only for the time interval 0.5-3.0 sec when the eigenvalues have large values
and should be least affected by noise. A simple physical interpretation of the eigen-
vector directions in Figure 15 is not obvious. Initially the P axis is near the horizontal
which could be interpreted as strike-slip motion on a fault plane striking northwest,
and this roughly corresponds to the types of tectonic stress release that others have
found for Pahute Mesa explosions (Wallace, et al. 1983, 1985; Lay et at., 1984). As
time progresses however, the P axis rotates toward the vertical, which could indicate a
transition from predominantly strike-slip to predominantly dip-slip motion. Given the
lack of an obvious simple pattern in the direction of the eigenvectors, the fact that the
deviatoric elements result primarily from differences between the larger diagonal ele-
ments of the moment tensors, and the fact that these elements have a spectral content

which is shifted toward the low frequencies where the signal-to-noise ratio is worse,
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considerable uncertainty must be attached to the interpretation of the deviatoric parts of

these moment tensors.

4. INTERPRETATION

The moment tensor of an ideal explosion has only diagonal elements and these
three elements all have the same time function. The moment tensors which have been
estimated for Harzer and Chancellor are dominated by the diagonal elements, but they
do not all have identical time functions. In particular, the M,; elements are
significantly different from the M, and M,, elements. Assuming that the explosion
began as an isotropic source of a pressure pulse in an approximately spherical cavity,
the conclusion follows that the medium has responded to this pressure pulse in an
asymmetric manner, with the response in the vertical direction being different from
that in the horizontal directions. There are a number of reasons why such an asym-
metric effect might be expected for events such as Harzer and Chancellor, such as the
vertical effects of gravity, the strong vertical gradient in material properties, and the
fact that discontinuities in material properties are predominantly horizontal, which
includes the free surface. A basic question is whether these asymmetric properties of
the medium are sufficient to explain the asymmetric effects which are observed in the

moment tensor.

An effect which could possibly explain the asymmetry of the Harzer and Chan-
cellor moment tensors is the phenomenon known as spall. For buried explosions this
effect is caused primarily by the direct compressional wave being reflected from the
free surface with a change in sign, which can result in tensional stresses at particular
depths, nonlinear failure, part of the material separating in ballistic flight, and a
delayed impact when this material rejoins the rest of the earth. Day et al. (1983) have
modeled spall by a system of vertical forces in which momentum is conserved. Stump

(1985) has elaborated upon this model and has shown that for high-frequency
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waveforms observed near the source the contribution from the spali can be comparable
in amplitude to that from the explosion. The spall model of Day et al. (1983) consists
entirely of vertical forces which require different Green functions from the ones used
for the force couples of the second-order moment tensor elements. However, Stump
(1988) has shown by forward modeling that the Green functions for the vertical force
are practically indistinguishable from a combination of the Green functions of the diag-
onal elements of the moment tensor. If e(¢) is the time function of the explosion and
s (r) is the integrated time function of the forces associated with the spall, then Stump

(1987) suggests that
My=e@)+s@)
My, =e(t) +5(t) ®)
My =e(t)+2s(1)

$

If spall is modelled as a horizontal tension crack, then expressions similar to equation

8 are obtained except that the factor 2 in the M;; term becomes ;“;2 S

value of 2.9 at the depth of the explosions and slightly higher values at shallower

, which has a

depths. Both of these results suggest that the presence of spall is consistent with the
observation that the M ;3 elements of the moment tensors are different from the M,

and M ,, elements.

Spall is commonly observed to occur with shallow events such as Harzer and
Chancellor, and for the case of Harzer there is considerable quantitative information
available concemning the details of the process. Patton (1985) has studied the Harzer
spall process using data from in situ measurements, pictures of the ground surface, and
computer simulations. He finds that spall for this event was a fairly symmetrical pro-
cess, beginning at a depth of 290 m about (1.3 sec after the origin time of the explosion
and extending out to a radial distance of about 1.3 km. The ballistic period at ground

zero was between 0.9 and 1.7 sec, with this range in interval most likely due to
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multiple spall in the surficial layers. Patton calculates the momentum of the spall mass
as 1.5-10'7 dyne-sec and finds that this accounts for between 25% and 60% of the total
isotropic moment of the Harzer event, where the range depends upon the ballistic
period assumed for the spall and the calculations were performed for the excitation of

Lg waves in the frequency range of 0.2 to 0.5 Hz.

Referring to the moment tensor which was estimated for Harzer (Figure 7), the
difference between the M3 element and the other diagonal elements is generally con-
sistent with the spall process which has been outlined by Patton (1985). The anomaly
on the M43 element is clearly present by 0.5 sec and lasts until about 2.5 sec, which
corresponds roughly to the time period in which the spall process operated, particularly
if one allows for the fact that the spall source may have had dimensions of 2-3 km.
The sign of the anomaly changes from positive to negative slightly after 1 sec, which
may correspond to the beginning of spall closure. The size of the anomaly is roughly
50% of the isotropic part of the total source, which is also consistent with Patton’s
estimate of the spall contribution. The same generai interpretation can also be given
for the estimated moment tensor for Chancellor, although in this case the effects of
spall appear to be somewhat smaller than for Harzer and the corroborating information
concemning the spall process is not available. Thus, on the basis of the data which are
available, spall must receive serious consideration as a possible explanation of the

asymmetry in the diagonal elements of the moment tensors.

One result of this study has been an estimate of reduced displacement potentials
from the analysis or near-source waveforms (Figure 9). It is of interest to compare
these results with other estimates of reduced displacement potentials, most of which
have been based on free-field measurements at buried sites within a few hundred
meters of the sources (Rodean, 1971, 1981; Mueller and Murphy, 1971). A method of
making such comparisons is to use the parameters of Table 4 which have been

obtained by fitting various models to the reduced displacement potentials. This is
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particularly convenient for the Mueller-Murphy model because a fairly complete set of

scaling relationships are available for this model (Mueller and Murphy, 1971; Murphy,
1977). Using the scaling relationship of Murphy (1977, Figure 15) the ¥ estimated
for Harzer and Chancellor are appropriate for m;, values of 5.25 and 5.15, respectively,
which are about 0.25 less than the published values (Table 1). Stated in another way,
the scaling relationship and the published m, values predict ¥_, values of 4-8-1010 cm?3
for Harzer and 3-6:10'° ¢cm? for Chancellor, which are about 2 to 3 times larger than
the estimated values (Table 4). Thus, relative to scaling relationships based on the
published m, values, the reduced displacement potentials estimated for Harzer and
Chancellor seem to be too small by a factor of at least 2. There are a couple of possi-

ble explanations for this discrepancy.

First note that the scaling relationships of Murphy (1977) are based primarnly
upon explosions in saturated tuff-rhyolite materials and the explosions Harzer and
Chancellor, while they were in the same type of material, were located above the water
table (Table 1). Murphy (1981) and Wallace and Barker (1987) have both found that
explosions detonated in dry tuff and alluvium have coupling efficiencies that are two to
three times less than explosions detonated in saturated tuff. In the case of Murphy
(1981) this difference manifests itself in m, values which are smaller than the
saturated tuff predictions for a given yield and in the case of Wallace and Barker
(1987) it manifests itself in estimated W, values which are smaller than the saturated
tuff predictions for a given yield. The yields of Harzer and Chancellor have not been
announced so a direct comparison with these published results is not possible, but
there is a general agreement if one assumes that the effect of dry material at the shot

depth is to decrease ¥, even more than my,.

Secondly, it is important to recall that the parameters of Table 4 were determined
by fitting the isotropic part of the moment tensor, which is only part of the complete

momen* tensor which was estimated. The m, values represent the effect of the
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complete moment tensor which is considerably more than just the isotropic part which
is represented in the reduced displacement potential. Additional information is pro-
vided by Patton (1985) who used Rayleigh and Lg waves recorded at regional dis-
tances to estimate an isotropic moment M; of 17-10% dyne-cm for the Harzer event,
and went on to conclude that 7-13-10%2 dyne-cm of this was due to the explosion and
the rest was contributed by spall. These results can be compared to an average value
of 7.4-10% dyne-cm from Table 4 for M; of Harzer, which is about a factor two less
than what Patton (1985) obtained. Note that the peak value of the spectrum for the
Harzer isotropic moment has a value of about 20-102 dyne-cm at (0.3 Hz (Figure 9)

but the models all have a peaked spectrum with a lower value of ¥, (Figures 10-13).

Another parameter of Table 4 which can be compared with scaling relationships
available in the literature is the characteristic time t. Using the scaling relationships of
Murphy (1977, 1981) the m, values of Harzer and Chancellor can be converted to
predicted values of 0.14 sec and 0.12 sec, respectively, for the characteristic time T. In
Table 4 we find estimated values based on the Mueller-Murphy model of 0.55 sec and
0.35 sec, respectively, which are about three times larger than the predicted values.
Once again it should be noted that the scaling relationships being used here were
developed for explosions detonated in saturated tuff-rhyolite, so these differences may

indicate that different scaling relationships are required for detonations in dry materi-

als. Alternatively, it may mean that the depth dependence of the Mueller-Murphy scal-

ing relationships is not appropriate for explosions above the water table. In a carefully

controlled study of small chemical explosions Flynn and Stump (1988) found that as

the depth of the explosion decreased the amount of high-frequency energy decreased

more than predicted by the Mueller-Murphy scaling relationships, and they attribute

this effect to the change from full to partial containment. The large characteristic
times observed in this study are qualitatively consistent with the results of Flynn and

Stump.
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On the basis of the comparisons with published scaling relationships it appears
that the reduced displacement potentials estimated in the present study have ¥, values
that are a factor of about 2 too small and T values which are about a factor 3 too large.

This may mean that the method of moment tensor inversion used in this study has sys-

tematically underestimated both the low-frequency amplitude and the high-frequency
contributions to the explosive part of the source, or it may mean that the published
scaling relationships can not be applied to explosions above the water table without

modifications. A partial answer to this question is supplied by the results in Figure 16.

Figure 16 shows the observed seismograms and several different versions of
predicted seismograms at the closest available site, station C10 at a distance of 1.8 km
from Chancelior. The closest station was selected with the idea that it should have the
minimum propagation effects and thus provide the most direct estimate of the source
time function. The seismograms predicted by the complete moment tensor are shown
in Figure 16 and the agreement is quite good, although the predicted amplitudes are
slightly less than observed for the first amrival. Also shown in Figure 16 are the
predicted seismograms which are obtained when only the diagonal elements of the
moment tensor are included and when only the isotropic part of the moment tensor is
included. By comparing these results with those for the complete moment tensor, one
can see the progressive effects of removing the off-diagonal elements of the moment
tensor and then removing the asymmetrical part of the diagonal elements. It is clear
from this comparison that both of these nonisotropic effects in the moment tensor
make significant contributions to the predicted seismograms, including the first arrival.
Also shown in Figure 16 are the seismograms predicted by the Mueller-Murphy model

of an explosion using the parameters of Table 4. For this model, which has a charac-

teristic time of 0.35 sec, the predicted amplitudes are smaller than the observed ampli-

tudes by a factor of 2-3 for the first arrival and the first downswing is not well

modeled. Also shown are the predicted seismograms for a Mueller-Murphy model
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with a characteristic time of 0.18 sec, which improves the agreement for both the
amplitude and shape of the first arrival. Consideration of observed and predicted
seismograms at greater distances leads to the same general result, that a characteristic
time of 0.18 sec predicts the first arrival on the observed seismograms better than the
value of 0.35 which was obtained by fitting the reduced displacement potential. Simi-
lar results were obtained for the other models of the reduced displacement potential
which are listed in Table 4. This leads to the conclusion that, if a simple explosion
were assumed for the source and only the first cycle on the radial and vertical com-
ponents of ground motion were fit, then characteristic times would be obtained which
would be only about half those listed in Table 4, which bring them into closer agree-
ment with the published scaling relationships. On the other hand, if a complete
moment tensor is used as the source model, one can obtain even better fits of the first
arrival, do a much better job of fitting the later arrivals on the seismogram, and also fit

the transverse components.

This discrepancy in characteristic times is related to the discussion of section 3.2
concerning the possibility that the moment tensors contain two distinct time functions,
a low-frequency function which is strongest on the M35 element and which controls
the modeling of the reduced displacement potentials, and a high-frequency function
with a corner frequency near 2 Hz which was largely ignored in the fitting process. It
now appears that the first arrivals on the seismograms are more closely related to the
high-frequency function than to the low-frequency function. This could be interpreted
to mean that the high-frequency function is associated with the explosion while the

low-frequency function is associated with the spall process.

Puting all of the these results together, it is possible to describe a series of physi-
cal processes which, while certainly not unique, at least provide one plausible interpre-
tation of the moment tensors which were estimated for Harzer and Chancellor. The

events were detonated above the water table in unsaturated materials and spall was an
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important part of the process, so that in effect these were only partially contained
explosions. The spall effect contributed an asymmetry to the source, beginning at the
latest a few tenths of a second after detonation, so that the effective forces in the verti-
cal direction had different amplitudes and different time functions than those in the
horizontal directions. The moment tensor estimates were constructed on the basis of
the radiated seismic waveforms, and because none of the stations were at distances less
than three source depths, all the processes in the immediate source area, including both
the explosion and spall, were interpreted as being caused by a single effective source
process. Thus the moment tensors contained the combined effects of these various
processes, including the explosion which may have had characteristic times of as small
as 0.1 sec and the spall which may have had characteristic times of as long as 1 sec or
more. Extracting the isotropic part of the moment tensor helps isolate the explosive
part of the source, but it is not completely successful because the spall process
involves a change in volume and thus also appears in the isotropic part. It appears
that the reduced displacement potentials which have been estimated in this study con-
tain contributions from spall in addition to the explosive source, which results in a
possible overestimation of the characteristic time of the explosion. The inelastic spall
process absorbs energy which might have otherwise gone into seismic waves, resulting
in a decreased seismic coupling coefficient and a reduced displacement potential which
is smaller than what is usually obtained for fully contained explosions in saturated

materials.
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5. DISCUSSION

The problem of deciphering the physics of explosive sources from the study of
radiated elastic waves has been separated into two different inverse problems in this
study. The first inverse problem is to remove the propagation effects and obtain an
estimate of the effective force system operating in the immediate vicinity of the
source, which has been characterized by the second-order moment tensor. Unique
solutions are possible for this inverse problem, and in the case of the explosions
Harzer and Chancellor stable results were obtained in the frequency range of 0.2 to 5.0
Hz. This was possible because of the large number of well-distributed recording sites
and the availability of a good estimate for the average velocity structure in the region
of study. The second inverse problem consists of interpreting the moment tensor in
terms of the physical processes acting in the source region. Solutions to this problem
are inherently nonunique, so additional information and assumptions must generally be

included in the interpretation process.

A basic result for the explosions Harzer and Chancellor is that the moment tensor
is dominated by its diagonal elements but that these elements contain an important
asymmetry, namely that the M3, element differs significantly from the M, and M,,
elements. Considerable evidence points to the possibility that this asymmetry is
related to spall processes taking place in the depth interval between the explosion and
the free surface. An interpretation in terms of a source which contains the effects of
both a symmetric explosion and an asymmetrical spall is capable of quantitatively
explaining many of the features of the moment tensor. For distances in the range of 1
to 11 km and frequencies in the range of 0.2 to 5.0 Hz, these two different source
effects have comparable amplitudes and it is not easy to separate their relative contri-
butions to the moment tensor. Thus, if the isotropic part of the moment tensor is inter-

preted as being due solely to a simple explosion, the results could be misleading.
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The tentative conclusion that both the explosion and spall have made significant
contributions to the radiated elastic waves which were analyzed in this study calls into
question one of the basic assumptions of the method which was used, namely that the
source is sufficiently localized in space so that it can be represented by a second-order
moment tensor. It would appear that an inversion should be performed which takes
into account the fact that two sources may be acting to two different locations, one at
the detonation point of the explosion and the other at a shallower depth where spall is
suspected. While this is possible, Stump (1988) has already performed numerical
experiments for this type of inverse problem and the results are not promising. He
finds that when the closest stations are several times the separation of the two sources,
there is a strong trade-off between the two sources and the inversion in highly
nonunique. Having observations from points closer to the sources might improve the
situation but one then encounters another problem, that of interpreting ground motions
in the nonlinear zone of the source where the basic wave equations which have been

assumed throughout this study are no longer valid.

This paper has concentrated on the interpretation of the most prominent parts of
the moment tensor, the diagonal elements The deviatoric elements were also analyzed
but a definitive interpretation could not be given. The events Harzer and Chancellor
were both detonated in parts of Pahute Mesa where there have been numerous previous
explosions and neither seemed to show evidence of strong tectonic release. It would
be helpful if the same type of analysis used in this study could be applied to an explo-
sion known to have significant tectonic release. It could be that, given the experience
gained in studying the moment tensor from such an event, one could then return and
give a more meaningful interpretation of the deviatoric elements of the Harzer and

Chancellor explosions.

Finally, it should be pointed out that, while the transverse components of ground

motion were included in the inversion, helped constrain the estimates of the moment
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tensors, and were partially modeled by the predicted seismograms, they have not been

satisfactorily explained. In fact, the interpretation in terms of a symmetric explosion
and a vertical spall process predicts no transverse motion, a result obviously at vari-
ance with the observations of transverse motions comparable in amplitude to the radial
and vertical motions at all distance ranges. Apparently, our understanding of the gen-

eration of elastic waves by explosions is still incomplete.
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Table 1. Shot Parameters
Harzer Chancellor
Date 6 June 1981 1 Sept 1983
Origin Time 18h 00m 00.1s  14h 00m 00.1s
Latitude 37.303N 37.273N
Longitude 116.326W 116.355W
Surface elevation 2097m 2040m
Depth to shot 637m 625m
Shot Medium tuff tuff
Depth to standing water 668m 647m
Magnitude M; (BRK) 54 53
Magnitude m; (USGS) 5.5 5.4
34

LI S

nld

DLl DT A

&£

2y

-

“,"-'{.,-'{.'f;," L IR A
. 2 'a

-"-'-'

T 0,2

felelets

ES

LS

AL TR RN
i /

%

G A A

4
h S

.: < ‘-".‘-/' ‘J‘.‘-' 'J';-‘,:.' Ny .'.\"\'. (‘;-' A "_' A AC A ALY '-’ RO SN ‘ g, T A S St W NN '-'\:'
>l Uy 3 al X La X aXaX . 3 . . v W



§ NV OV IR IV VTN N O IR IR VIRV T Y S ‘e 8% 4", 024", T TN -2 Py " ot et G R Bt B e 5
- I b . N - N o ¢

T (
Q'
o

’

':I

Table 2. Network Data for Harzer { :'.?

j ]

Station Distance Azimuth Elevation  First Peak Acceleration Maximum Acccleration | : o
| .l\.

(km) (deg E of N) (m) (cm/sec ) (cm/sec ) ; .
R T \Y R T Vo Ay
! 1 ] !

)

H9 237 345 062 113 56 166 282 282 198 11 W
H4 347 137 2134 17 6 140 139 140 318 f‘
H2 3.52 28 2060 109 -1l 115 364 298 410 | 0
H1 465 5 2112 46  -10 141 137 135 176 | &
! ]

H3 4.74 69 2057 8 2 71 257 144 163 ! \
. \1

H6 5.61 206 2006 6 6 70 300 34 292 | =
H8 5.78 310 2060 16 S 37 134 58 75 y
HS 6.62 167 2112 18 22 46 103 93 105 | ®
! e

|('.‘
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Table 3. Network Data for Chancellor ‘._;"

Station Distance Azimuth Elevation First Peak Acceleration Maximum Acceleration :'_*:c
«

(km) (deg E of N} (m) {cm/sec ) {cm/scc ) ?,

R T v R T \Y ]

s

C10 1.84 102 2065 445 34 363 794 852 1009 o
C3 2.11 241 1981 189 -126 377 788 788 856 o
C2 2,65 322 1981 48 83 210 598 417 524 | .
Cco 3.08 19 2071 130 9 160 341 463 200 L2
Cs 4.48 186 2048 70 12 82 270 298 824 0L
o} 5.52 133 2135 49 13 63 118 133 127 !
C9 5.60 286 1998 45 20 62 140 199 142 ]
Ce 6.02 19 2062 28 2 26 70 84 o4 ®
Cl 9.34 350 2038 13 5 27 63 121 90 ;}_'
C7 9.81 23 2128 6 2 6 81 119 56 2
c8 1082 260 1885 8 4 4 a4 4 60 o2
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Table 4. Parameters for Fitting Reduced Displacement Potentials K
Harzer  Chancellor )
Mueller-Murphy : Y
M. (10° dynecm) 820 600 3
¥, (10'%m3) 3.0 22 E
T (sec) 0.55 0.35
PP, 3.0 1.5 =
L et
von Seggern-Blandford .\
M. (10%° dynecm) 740 570 A
¥_ (101%m?) 2.7 2.1 o
T (sec) 0.50 0.35 -
cy 2.5 -15 R
Helmberger-Hadley i !
M, (10% gynecm) 680 570 >)
¥_ (101%m?3) 2.5 2.1 -
T (sec) 0.35 0.25 ;
Cy 1.0 06 e
R
Haskell }- ,
M. 10% dyne<m) 730 620 L
W_ (10'%m?3) 2.7 23 =
T (se<) 0.30 0.20 3
C4 0.3 0.15
)
A
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FIGURE CAPTIONS

Figure 1. Map showing the locations of the explosions and recording sites
in the Pahute Mesa region of the Nevada Test Site. The two
explosions Harzer and Chancellor are denoted by open circles

‘ and the sites of temporary recording stations are denoted by

¢ closed circles.

Figure 2. Velocities of ground motion for the event Harzer which were
obtained by integrating the observed accelerations. The plots
have been scaled by multiplying by the epicentral distance
(Table 2). The radial direction R is positive away from the

; source, the transverse directon T is clockwise about the source
as viewed from above, and the vertical direction V is positive
upward. The seismograms have been shifted to align the first
arrivals which corresponds to a reducing velocity of about 4

km/sec.
Figure 3. Similar to Figure 2 for the event Chancellor.
Figure 4, Estimates of average material properties for the upper 4 km of

s the Silent Canyon Caldera.

Figure S. Amplitude density spectra of the moment rate tensors estimated

for the events Harzer and Chancellor. The solid lines are for the

M, elements of the moment tensors, the dashed lines for the

M 35 elements, and the dotted lines for the average deviatoric ele-

ments. In the lower parts of the plots are shown the estimated

' standard errors which were obtained by assuming random white
noise in the input data.

Figure 6. Comparison between the observed and predicted ground veloci-
! ties for two stations of the event Chancellor. For each com-
ponent the predicted result is shown directly below the observed
data. The amplitude scales are different for each component but
are the same for observed and predicted traces. The panel on the
left is for station C3 at an epicentral distance of 2.1 km and that
on the right is for station C7 at a distance of 9.8 km.

| Figure 7. Time domain estimates of the 6 elements of the second-order
moment tensor for the event Harzer.

Figure §. Time domain estimates of the 6 elements of the second-order
’ moment tensor for the event Chancellor.

- Figure 9. The spectral amplitude density of the isotropic parts of the
moment-rate tensor and the time domain plots of the isotropic
parts of the moment tensor for the explosions Harzer and
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Chancellor.

Figure 10. Amplitude and spectral amplitude density (solid lines) of the iso-

tropic part of the estimated moment tensors and the Mueller-

] Murphy model of the reduced displacement potential (dashed

lines)which were fit to the moment tensor results for the events

Harzer and Chancellor. The parameters used to achieve these
fits are listed in Table 4.

Figure 11. Amplitude and spectral amplitude density (solid lines) of the iso-
tropic part of the estimated moment tensors and the von
Seggern-Blandford model of the reduced displacement potential
: (dashed lines)which were fit to the moment tensor results for the
events Harzer and Chancellor. The parameters used to achieve

these fits are listed in Table 4.

Figure 12. Amplitude and spectral amplitude density (solid lines) of the iso-
tropic part of the estimated moment tensors and the Helmberger-
Hadley model of the reduced displacement potential (dashed
lines)which were fit to the moment tensor results for the events
Harzer and Chancellor. The parameters used to achieve these
fits are listed in Table 4.

Figure 13. Amplitude and spectral amplitude density (solid lines) of the iso-
tropic part of the estimated moment tensors and the Haskell
model of the reduced displacement potential (dashed lines)which
were fit to the moment tensor results for the events Harzer and
Chancellor. The parameters used to achieve these fits are listed
in Table 4.

Figure 14. Eigenvalues of the deviatoric elements of the estimated moment
tensors for the events Harzer and Chancellor.

Figure 15. Lower-hemisphere equal-area stereographic plot of the directions
of the eigenvectors of the estimated deviatoric moment tensor for
the events Harzer and Chancellor. The directions are shown for
the time interval 0.5-3 sec. Also plotted as triangles are the
positions of the recording sites as they are projected onto the
focal sphere along the path of the direct P wave.

Figure 16. Observed and predicted seismograms at station C10 at a distance
of 1.8 km from the explosion Chancellor.

38

e AN RN T Gegie B S L A N e O AN RSPt SR AR AT SRt ""\'\ EASAR KL ’\’s"\ -u'x
"l. _ A. av & ) & o =



Ky X G K]

r “s'.

- JOUCARRS « atta

Test Site Boundary ,~~

=

.
.
.




e N aa- . as B b bat 4% At et het Tt Ba? Ba? &t S
Pt Uat fat Uat tat 0at fat fy" et et Bed y® S0, 00" 0a%, b ‘.rnnnnui-(--

L]
LRI SR VR NeX

ol

R T \"%
HY s S

Ha AN \rr
H2 ‘W\MW J\W\ W A e "
H1 VV\/\‘WNW“* Al e VVV\/V\./\«/VW
H“’WWW\ AP s
H A AN A e NIIVIVS
HS Mf\/\fwv\ﬂf A - T%ﬁﬁﬁiﬁ

H5 2 W _f/\\/\/’\‘v\j\/'\v AN A\ L’fu’\w\r’V\J\J»\
0 10 O 10 O 10 sec

| S S SN NN N N (NN N T B | | IR Y W U N S N A I | [

.\

TN
1

LA RSN AG ASL
P IO RN

s

,’,l’ . .‘, .":[‘{'1’ -{-'.-{

P

Figure 2




’ .
A ol Pl gl pRl S S 0L S N gV gRO AR B R PR 2N oS L AR SRR 8

CO M A —ww{th APMA N A
C5 J}W Arranns A A
CA AN A i AN AN s
CO et MM A MM~ -
6 Aptminr ol foweoers. A
Cl unpiA A W vy,

C7 ‘ﬂf\h\ﬁfw“wfkw/\Af *GPV*J\PWWV“ﬁf\JV VAL NN

[1 00 cm/sec km

C8 At AN M-~ AR AA NS L i\

[ S N S N SN U G N [V T D WY W U I I S | WS VO SO D N T W | L
Ficuve o
.................. R I R N T e TN PR TS LIPS T P R R T TR S G S “~ Wiyt N N Y N
.)-_' W, .r,&(\.'_‘.-\ "-\.’"-.'- LA "o \.\-,‘ s I\.\_ \\('\ .n\\.- % o LT RN Y NN A S

T LA

-

O ot v ad

I T

NS

e Al £ ,.'Q’-. -

nd{‘ff{-fxl.;'.:‘ ;';\ ~‘S‘.,\\FT‘

LA

VAR N N

AR IRARY R

105000 il



Sy 3

L

-
-

PR CE I P

RO RO €

(wy) ydaqg

-

¢ a e
s v

'. - - -~ - ‘-.
AN PN .wlauhﬁu.)w.. LN R IR SIS P S ST T

Al

PP

x.m S

A S I G W .




" e ay g <

CLURY Rt b Gy A he s

CHANCELLOR

Ava Ve w Ve, Yan,

o Q\
(@] Q| Q]

(@ o

1
g —
e’

1

19

(W 2UAp) (218 1UdWON )SO]

I[TARZER

-)
Q il

19

(wd dUAp) (218 Yy 1USWON )30]

R e S

. i,“',v".(',’*(, e 'f..' *y

Yy

&

J'_'I ‘;-’ \1’.'

1

0
log(Frequency) (Hz)

-1

-2

AR i AR

;' .l'i’- "‘..'\". L e e S Y

2
4 ¥

AR S AT

T RN

l. “.

LR o B N S i

-

1T,

YR AN

-

Ficure 5

v.. -.\l.\.l.|' v.:'

Ry .r%fqr,&.- R J'{ ;



R 158 cm/ sec

ANA A

T 159 cm/sec

AN

\Y 130 cm/ sec

-
3

Time (sec)

.................

R IS.3 cm/sec

I

T 7.0 cm/sec

s

\Y I3.4C / sec

L t ]

0 5 10
Time (sec)

Figure 6

R N T Y N R I L I I I T S T I S e T v
- ) f\’ n “J. J-.-{ .-\,-_".‘J. ’- f\f\(*\‘..\'. - '\_.~ .r“. T R L U N A ‘ '. S v e

d
et ad A I A

Y

0

Ao R I e Y e

" o
b TR

1P N A

b
.,

T8

23 g XA

Lo W N gl Ty

Vs 4 Ny

LT Rl
’

LS



b
9,7 p8, " gl Nag ¢

L\

»
L ¥
.
L]
L3
>,
>
5
L]
[ &
L
[
K
K
<
1]
:
b
]
]
12
-t
[ Lt

T

* a

Y

HARZER '
M . ,‘/—\_\ R

110%* dyne cm
M == —

O

[ 122

. /. ‘.ﬁf

t
rl':;?_ :,{ -,'.' A "'.;".f rd

r

(VS
—
o »
ol

T

=
\

o 1 v
D

—
i S %

BN
N

-1 0 ] 2 3
Time (sec)

o5

'

o™

'.'_'-"'r "I .'l .

o

w

Fipure 7

NV P X



- P o
LN SA LD P v e r el

R e

e A -\( Uy LD g-\fl»p -..v..&-. (}..

|

I 102° dyne cm

CHANCELLOR

FOr S N . B BB PEOw PR e LW

CPELIOLE, iU RS RS Qi

Al 32

M 35

[Vl

2
Time (sec)

1

Figure 8

L6

et "(-rr'o' PGP .’_\"-‘.a "I\-’“..-'.\'..f\' .\‘,\(,\‘ A "

NS

’ V}-".-' "w " WY - »

LAY

O]
RS

i c'\.l N



2 p s 5 KOs,
. - g 3 4 ‘ e e S - . P < ’ . h} nn)t'fi o, AR M) -utau ARy
PN PN i PP A AL NAENIN, @ O, @ira s e S SIS sl v NSNS et N, AP ICA A AP RS

) Lar e g “-n- LSERENEN
]

2

. m (-“l
Nu r..\..
” asy dun = - Oas) g -z - o
3 < r 3 < | (0 [- 3 S 14 4 < l 0 | 0 M ..“.
v ¥ ¥ L T T Av m M‘.«.m ”\”.
] < = -.--
- ~ [ S
. o - — e -
Dl p ...
s s Y
: & 4 = %
b’ N (@) I -~ .
.ﬂ ' § 1z 2
P, y
_v.v.
(/1) (Aduonbou)3ol (zH) (Aouanbaig)io “
¢ c ] 0 {- ¢ — < \ 0 I- [ N I KA
u Lo T L T 0¢ mm, ™ T T T 02 :m r””
<L - ‘.\.
] o M .,.-.n
1A= q1¢ 3
) = R~
= v v
3 ~ 3 %
€ N o] . v,
S {ez & o ® 5
NS & ok
h g — .
. . o, - &
: €2 2 {sr & 3
n. ) 2 S
3 m o '
s AOTTAINVHD Jvz 2 AAZAVH Joz 3 2
1 S '\“
- /)
B %
: >
3 o

o 0,




c"'

s
» 3% 0%

P P

il

AR " 0h A B A% A% aNe 1Y P4 "2t e AR Ak A b il da it AN Sod Sl Sl el sl Sl e .‘7‘.‘_"""7_;‘.‘. Yo "')‘- DAl f® A T, T.V'(_r..
/
e
K
!
.
»
w
A
h)
v :
.‘
)
]
- ) ’
0
Y
ﬁ
o - 1 o "}
-
A
- —_ B ‘.
~ ~N 2 )
(£ —= ol :,'.
:) g © »
Z. = = v
= 2 = J
= S - )
- =
=
3 N
—-u- - ‘ X
= = 2
= .
(- 1 1 i (@} \ | —_ [:
-+ e cl - =2 - c -
(ol ol ol [oF] o -
- ~ -
(WD JUAP) (21BY TUdWON)Z0] (WD QUAP .-()] ) TUIWON A
Vel ;_:
)
;..,
>
-t \"
4
“~
\l
n
(o] [ ¢
7 ] - L
= - -
N - v )
& = b4
« T — [t o
s . ) :'.
> =
%) = .y
= - )
=2 ~
: 3
[ :\
—T \::—l/) — .:
z "
]
o
1 1 L d ) [ . 1 — N
-t ~, ~ — =5 el — = ~
(o] (o] (gf] ol ci -
Id . _\
(WD QUAD ) (J1eY TUDWON )3 O] (W Aukp (1) TUAWOJY S
Te e
’
D
N
.i
+ "
gy
\‘ *
F' Y >
L4 igure 10 ) :
~’-
S
A

\."u ’v"\*’v “~ ‘\"n"' 1"‘ ;I*'\*‘I)"ﬁ*"l VAT MR AN 0P AT S C A A '
» » Wy WY, o Wie, W8y . Ve 0%V, O O 0 %y Ty,

e )

L 4 ST LT o P L



1
g

P T
p— . . - 2
- o P L M B s ’I-‘*’-bth- . > \\ \--va-<\-- "
.ﬁ» :I.Nx..\.:.x WA CTRN ....(r:.:..;..bmuqumnn ] .\..\.x..r..rn.h...!. ORI l\.....n.... ar ..\A\.o.?...n LS 0T alr ..\uu:..\ aw
\ 1
S
F --v.
, "2
f\..
4 i
v
.,MJ.
,«,_
A
J-
>3
: 3
_ - b
Y
. . " = I
P (00%) aunt j, hat {3as) dwt = = ...x.n
) —n m < — m ‘Ha -.(\
3 .
_ 0 = v & -I-
= = Y
) - — B
L — i - lln
; _ - -
~— - -
1 7 g5 B .
1 ~ .
- ’“l H
3 a 1 Z
b — - =
- - I
1 N
y g . Y s N - v
; (zyy) (Lauanbas, )Tl (z11) (Ad>uonbdi,] m..: | _
K C 1 0 1- " < 1 0 o _
X ! T T T Oc¢ = = T T 1 ()¢ = .
' ) QO —
: = :
x \ .\Ib
. dic < o L
1 u =
i =
" =
, 1-- =
b B NN = CC &
p Z 2
3 —
3 c iH
h . B B C —
- -~ [N e N
te 2 =
= -
© .
~ rygr - m
dOTTADINVHI dpz 2 UAZIAVH dio 2
1
..‘
.R
#




0

- e

DAL At

"

. - - P " o - w 3 e 4 .....-.- .-

3 .q-...n, . N 1) . > ,\...- h)
PN el LS, ,.l............u..ﬂ RO = S e NP R R iy ;.r....,.f.‘...v....r UANEAN gt el .r...- ..~.s..k.... al - \.\J\.\J\ a!

(228) dw | (238) o

Figure 12

SO TUWOLN

c e

(WD UAD ..0] ) WUdWON

41 2
Jq M
J; m
(7H) (Aouanbaig)so (711) (Xouanboali.p)do
< ] 0 |- C e ! 0 |- -
' ¢ o f LAY T _ ih
7 . )
< e
R dic
~

1
¥ U

1LY TUIUIO N\ IBO]

1M 4 lmﬂ
o
S S, S
AOTTAINVHD t* - W NAZUVH 4. =
¢ = te zZ




S TR PO P I VOO O T R TR O GG Y TRy v W L ™ AGANE ) A A Ak vl 30a ah) #4800 et p 6 bt agh AP AL R Pt Tt B0 58 V) 21

1

0
log(Frequency) (Hz)

ASASES
CHANCELLOR

G
-1

L § I 1 (@] i 1 p—
'
o ol j— o ! —_ =

i - N - A { ) U WO
- > ukp .- IDWON
(wd 2ukp) (ey 1UsWoly )30 (u P .-01)1u N

v A 2
A
PAPAS

Y

e

v,

e
e s
. Al'.

L L A

ol

ixs <R

" xg
'I

<

HARZER

l\s
Time (sc¢)

- |
h L.LLJA-JM

1
-1

log{Frequency) (Hz)

2%

[ 1 1 | (9] [ i | A
T er, (] — ! o1 — —
(R] (o [@f (@]

S
(WD 2UAP) (210 Y TUWON )F0] (WD QUAP O] TUAWON

-

< "- J: ,A (L’l. L]

.c‘t’q ;

Y&

Figure 13

LA AL IV I S S U S Y TR T DU B R AR
- -' “ .q"'-'{\'-' -)-’ aF el s

Wt




o y,' .-fn-.ul e 2 \!. - o ﬂv. oL -n.- Oy ——
Pkl g v D g, a sa"aTa g \-\\. Ay 3 b kY hh }\ E e 4 \n\u\%&lff.f.-.\l\-. - f\\-\-l\\-!s\- .-.\-.-..-.\ et &Avv g ]

L NS AR AR ARG NNy "

Figure 14

A

-
dadadada tola

'

(D38) 2w ], (238) ouwn |
S t t < [ 0 [ S 1% 3 C | 0 I-
Li

T L L 1 V 1 1 -

ST
W, VR WISV,

0

(wd 2ukp Q1) TUIWOIN

dJZAVH

(wd ukp ¢-01) JU WO

dOTTAINVHI

ve. 2"




A ey v - : AR IA L e
P 227 Aa®s .”F.‘JF‘J...}P.{I-.A- " SR W e N b SIS A [L\?\.\.\. par P AL N S Be PN SR LR SEAL XA P \‘.-\\\V\L.\\% \*\

) JW

Figure 15

AOTTAINVHD d4ZdVH X

.\J‘

>,

-

-

hf&’\fn

e = p




ol x..\\.

At .J-'.. G

Figure 16

(09%) WE; (29s) awt |, (09s) dwir .
1% 13 c | 0 14 1 [4 l 0 ¢ 14 3 < I c
| g T T o L B | N— T 1 1 ] B 1 T T T

M = 1 [9pOA
5:2 I3[[an\

:E:;z SRITRIE AN

\rull)\(/\./\/)\.\/\/ 10SUD L JUSWON
odonjosy

\I\l/i\./\/\//\/\e/\,\\/\/ —— NN J0SUD L TUD WO

jo jeuogerg

\l\/u\.\l\/\.\/\fi/\/\/\ 10SUD] TUDUIO[Y

. apdwo)

295 /WD g¢ 23S /W _NH AREWAIIRINYY

— SRINRIGEYN
PaA13sqQQ

A L A

el
P

AT

t!’-\“




"I ‘ . ‘\
hrdn
H

..". - .' 7
e Ay

3

AT

5
[

L ot

:F.‘v‘-’-'

.
%

R RN R OR -. R S B PR . “4 PRy

w wVWu €, €,

(ONTRACTORS (United States)

" 08" R AR
o mr e Wy ¥y o

Professor Keiiti Aki

Genter for Earth Sciences
University of Southern (Galifornia
University Park

Los Angeles, CA 90089-0741

(woperative Institute for Resch
in Environmental Sciences

University of (lorado

Boulder, @M 80309

Dr . Thomas C. Bache Jr.

Science Applications Int'l Corp.
10210 CGampus Point Drive

San Diego, CA 92121 (2 copies)

Dr . Douglas R. Baumgardt
Signal Analysis & Systems Div.
ENS @, Inc.

5400 Port Royal Road
Springfield, VA 22151-2388

Dr. S. Bratt
Science Applications Int'l Gorp.

10210 CGampus Point Drive
San Diego, CA 92121

Dr . Lawrence J. Burdick
Woodward—-Clyde (nsultants

P.0. Box 93245

Pasadena, CA 91109-3245 (2 copies)

Professor Robert W. Clayton

Seismological Laboratory/Div. of
Geological & Planetary Sciences
California Institute of Technology

Pasadena, CA 91125

Dr. Vernon F. (brmier

Department of Geology & Geophysics
U~45, Roon 207

The University of Conneticut
Storrs, (onnecticut 06268

Dr. Zoltan A. Der

ENS@, Inc.
5400 Port Royal Road
Springfield, VA 22151-2388

Professor John Ferguson

(enter for Lithospheric Studies
The University of Texas at Dallas
P.0. Box 830688

Richardson, TX 75083~0688

0(CT87

RSN




i

.
Y00,

™ W Y
l‘.t‘.,a. )

\
VoW a N WY W

Professor Stanley Flatte!
Applied Sciences Building

Uniysrd sy . ofa &63585"13 , Santa Cruz

Professor Steven Grand
Department of Geology

245 Natural History Building

i (PR

Lon ety

Professor Roy Greenfield

Geosclences Department

403 Deike Building

The Pennsylvania State University
University Park, PA 16802

Professor David G. Harkrider

Seismological Laboratory

Div of Geological & Planetary Sciences
California Institute of Technology
Pasadena, CA 91125

Professor Donald V. Helmberger

Seismological Laboratory

Div of Geological & Planetary Scilences
Galifornia Institute of Technology
Pasadena, CA 91125

Professor Eugene Herrin

Institute for the Study of Earth
& Man/Geophysical Laboratory
Southern Methodist University
Dallas, TX 75275

Professor Robert B. Herrmann

Department of Earth & Atmospheric
Sciences

Saint Louis University

Saint Louis, MO 63156

Professor Lane R. Johnson
Seismographic Station
University of (alifornia
Berkeley, CA 94720

Professor Thomas H. Jordan

Department of Earth, Atmospheric
and Planetary Sciences

Mass Institute of Technology
Cambridge, MA 02139

Dr . Alan Kafka

Department of Geology &
Geophysics

Boston (bllege

thestnut Hill, MA 02167

-2

25 W L P N I T TG T T TR TS ™ W Y T T T " T M [
RN O, P TN o P R L S

AN

a AR UL AAA AR Nt A RACA

o

Gt

“ vy

Eo ot LTI AL S o A Yo Yo Yo

XA

b5 T S A



L 2P

S e o o e

L

-

I

Professor Leon Knopoff
University of (alifornia
Institute of Geophysics
& Planetary Physics
Los Angeles, CA 90024

Professor (harles A. Langston
AT IR SRSy =

‘The Pennsylvania étate University
University Park, PA 16802

Professor Thorne Lay

Department of Geological Sciences
1006 C.C. Little Building
University of Michigan

Ann Rarbor, MI 48109-1063

Dr . Randolph Martin III
New England Research, Inc.
P.0O. Box 857

Norwich, VT 05055

Dr. Gary Mc(@artor

Mission Research rp.

735 State Street

P.0. Drawer 719

Santa Barbara, CA 93102 (2 coples)

Professor Thomas V. McEvilly

Seismographic Station
University of Galifornia
Berkeley, CA 94720

Dr. Keith L. McLaughlin
Teledyne Geotech

314 Montgomery Street
Alexandria, VA 22314

Professor William Menke

Lamont-Doherty Geological Observatory
of lumbia University

Palisades, NY 10964

Professor Brian J. Mitchell

Departument of Earth & Atmospheric
Sciences

Saint Louis University

Saint Louis, MO 63156

Mr . Jack Murphy

S- (UBED

A Division of Maxwell Laboratory
11800 Sunrise Valley Drive

Suite 1212

Keston, VA 22091 (2 coples)

Oy

'
-
-
w
'
~
Y
hY

)

O
)




Professor Otto W. Nuttli
Department of Earth &
Atmospheric Sciences
Saint Louils University
Saint Louis, MO 63156

Professor J. A. Orcutt
Taovditn Af O brcderg mnd P")v‘pf.”]"\/

Scribps Institute of Oceanography
Univ. of CGalifornia, San Diego
La Jolla, CA 92093

Professor Keith Priestley
University of Nevada

Mackay School of Mines
Reno, Nevada 89557

Professor Charles G. Sammis

Center for Earth Sciences
University of Southern (Galifornia
University Park

Los Angeles, CA 90089-0741

Dr. Jeffrey L. Stevens

S- ABED,

A Division of Maxwell Laboratory
P.0. Box 1620

La Jolla, CA 92038-1620

Professor Brian Stump

Institute for the Study of Earth & Man
Geophysical Laboratory

Southern Methodist University

bPallas, TX 75275

Professor Ta-liang Teng

(enter for Earth Sciences
University of Southern California
University Park

Los Angeles, CA 90089-0741

Professor M. Nafi Toksoz

Earth Resources Lab

Dept of Earth, Atmospheric and
Planetary Sclences

Massachusetts Institute of Technology

42 (arleton Street

Cimbridge, MA 02142

Professor Terry C. Wallace

Department of Geosciences
Building #11

University of Arizona
Tucson, AZ 85721

o o n e o p®

R

LS

oz

R Y

v !
[

Ay Y
td

YN

*,

5%

-
»

AR
'1'.1 I‘t’

4,

T

.
RPS1 I

> »
P K AI
- - s

Pk




Professor Francis T. Wu
Department of Geological Sciences
State University of new York

At Binghamton
Vestal, NY 13901

L WU

TY"K_
<=

-

‘\ )ﬂ‘ ﬁl" :)')‘. l2 t‘.
- t’__“ 8538 9

=

s

b

v

YRS

o

©yErEs S b

<yt

PO MO oL
» N 1}

>

“‘-'l."‘.#llfl

Py
o4

Y

PR
*y '1,

".(A'/‘.f':'

A

#/7Jf

AT e T A At A A A"
T AN AT AT T



OTHERS (United States)

Dr . Monem Abdel-Gawad

Rockwell Internat'l Science Center
1049 Camino Dos Rios
; Thousand Oaks, CA 91360

-

Professor Shelton S. Alexander

wJ3 Lelre Luallasing
The Pennsylvania State University
University Park, PA 16802

Dr . Muawia Barazangi

Geological Sciences
‘ Cornell University
‘ Ithaca, NY 14853

Mr. William J. Best

| 907 Westwood Drive
{ Vienna, VA 22180

Dr. N. Biswas

Geophysical Institute
University of Alaska
Fairbanks, AK 99701

Dr. G. A. Bollinger

Department of Geological Sciences
Virginia Polytechnical Institute
21044 Derring Hall

Blacksburg, VA 24061

~

Dr . Janes Bulau

Rockwell Int'l Science Center
1049 (amino Dos Rios

P.0. Box 1085

Thousand Oaks, CA 91360

U rELAL

AL A S e

Mr . Roy Burger

1221 Serry Rd.
Schenectady, NY 12309

Dr . Robert Burridge

Schlumberger-Doll Resch Qr.
01l¢ Quarry Road
Riagefield, CT 06877

Professor Jon F. (Claerbout
Professor Amos Nur

Dept . of Geophysics

Stanford University

Stanford, CA 94305 (2 copies)

oSNNS T

Y

- 4 4§ ¢
LAY

Dr. Anton W. Dainty
AFGL/LWH
Hanscom AFB, MA 01731

-6-

R A AL L R A PN L O



e N N N N W Y O Dy N Y T W T T ™ ¥ T = ™ = e = w.

Professor Adam Dziewonski ocCrs7 2:

Hoffman Laboratory

Harvard University )

20 Oxford St. 7
%
.

Cambridge, MA 02138

»

Professor John Ebel -
P-nt of Neolopy & Geophysics

B
Gwestuut Hill, A v2le/ o,

Dr . Alexander Florence

SRI International
333 Ravenwood Avenue
Menlo Park, CA 94025-3493

Dr . Donald Forsyth

Dept . of Geological Sciences
Brown University
Providence, RI 02912

Dr . Anthony Gangi

Texas A&M University
Department of Geophysics
(bllege Station, TX 77843

Dr . Freeman Gilbert

Institute of Geophysics &
Planetary Physies

Univ. of California, San Diego

P.0. Box 109

La Jolla, CA 92037

Mr . Edward Giller
Pacific Seirra Research Oorp.

1401 Wilson Boulevard
Arlington, VA 22209

Dr. Jeffrey W. Given

Sierra Geophysics
11255 Kirkland Way
Kirkland, WA 98033

>y w

Pl

r :

”
Dr . Arthur Lerner-Lam ”
Lamont-Doherty Geological Observatory !}
of lumbia University ?_:;
Palisades, NY 10964 e
Dr. L. Timothy Long Sﬁ

“A

School of Geophysical Sclences
Ceorgia Institute of Technology
Arlanta, GA 30332

Dr . George R. Mellman
Sierra Geophysics
11255 Kirkland Way
Kirkland, WA 98033

Cs - . .
NS AN SEARAACR U ST O P OB A Py LT

- w", S

L RPN P A T T 4 " . LN
e N L A N AN L AT A N T A T




W R

oA i g P - 4

L BEE A N

Sclence Horlizons, Inc.
ATTN: Dr. Bernard Minster
Dr . Theodore Cherry
710 Encinitas Blvd., Suite 101
Encinitas, CA 92024 (2 copies)

Dr . Geza Nag

AR S ST . B

Menlo Park, CA 94025-3493

Dr . Jack Oliver

Department of Geology
Cornell University
Ithaca, NY 14850

Dr . Robert Phinney/Dr. F.A. Dahlen

Dept of Geological

Geophysical Sci. University
Princeton University
Princeton, NJ 08540 (2 copies)

Professor Paul G. Richards

Lamont~Doherty Geological
Observatory of (lumbia Univ.
Palisades, NY 10964

Dr. Norton Rimer

S- QJBED

A Division of Maxwell Laboratory
P.O. 1620

La Jolla, CA 92038-1620

Professor Larry J. Ruff
Department of Ceological Sciences
1006 C.C. Little Building
University of Michigan

Ann Arbor, MI 48109-1063

Dr. Alan S. Ryall, Jr.

Genter of Seismic Studies
1300 North 17th Street
Suite 1450

Arlington, VA 22209-2308 (4 copiles)

Dr. David G. Simpson
Lamont-Doherty Geological Observ.

of Wlumbia University
Palisudes, NY 10964

Dr. Bob Samith

Departzent of Geophysics
University of Utah

1400 East 2nd South

Salt Lake Gy, UT 84112

WMo W W, W Fy €y T W &y ¢ . [ S \‘.\' O ..'.- R -"_-_‘_." -"‘ o
R R A A VN VAT T NI N DN N NI W N PN NN

e
2N W

(LW YO T 4

ocrs?

S S

> {.u.'.' L3 S o Rl S o o2 &

g P g
'q'.{‘-‘.‘v'

Py
S

PEAA hdld

7

B It Ty

A g

SANNY

v '-"‘: ‘.I'; )

PP
N -'-';'v'v‘-

Y

F I

NN S .,’."."-/

R L RIS

.
.
P

Y 4

NN



Dr. S. W. Smith
Geophysics Program
University of Washington
Seattle, WA 98195

Rondout Associates

ATTN: Dr. George Sutton,
NDr. Jerry Charter, Dr. Paul Pomeroy

ruat alipl, oL 1eb4 (F Cupies)

Dr. L. Sykes

Lamont Doherty Geological Observ.
Columbia University

Palisades, NY 10964

Dr . Pradeep Talwani

Department of Geological Sciences
University of South Qarolina
lumbia, SC 29208

Dr. R. B. Tittmann

Rockwell International Science Center
1049 CGamino Dos Rios

P.0. Box 1085

Thousand Oaks, CA 91360

Weidlinger Associates

ATTN: Dr. Gregory Wojcik
620 Hansen Way, Suite 100
Palo Alto, CA 94304

Professor John H. Woodhouse

Hoffman Laboratory
Harvard University
20 Oxford St.
Cambridge, MA 02138

Dr . Gregory B. Young

ENS @, Inc.

5400 Port Royal Road
Springfield, VA 22151-2388

v T R AT AR AREISE AR RNSA YIRS X,

2 W Y W A . L
S e {\tiﬁﬁb;i:ﬁf:fifnf:¢:¢



&

VW W T 3mSR W W e e A m—r

e v W W

v v

M g B e

A

, . reter Basham

Earth Physics Branch
Geological Survey of Canada
1 Observatory (rescent

Ot tawa, Ontario

CANADA KI1A 0Y3

Dr . Eduard Berg

Institute of Geophysics
University of Hawali
lionolulu, HIL 906822

Dr . Michel Bouchon - Universite

kJ
- Phal Ha ¥ g

Scientifique et Medicale de Grench

Lab de Geophysique - Interne et

Tectonophysique - I1.R.1.G.M-B.P.

38402 St . Martin D'Heres
Cedex FRAN

Dr . lilmar Bungum/NTNF/NORSAR

P.0. Box 51

Norweplan huncll of Science,
Industry and Research, NORSAR
N-2007 Kjeller, NORWAY

Dr. Michel Camplllo
I.R.1I.G.M.-B.P. 68

38402 St. Martin D'Heres
Gedex, FRANG

Or . Kin=Yip Chun
Geophysics Division
Physics Department
University of Toronto
Ontario, CANADA M5S ia’

Dr. Alan Douglas
Ministry of Defense
Blacknest, Brimpton,
Reading RG7-4RS
UNITED KINGDOM

Dr. Manfred llenger

teedd e st o I Geoncloncea & HNat f

Postfach 510153
D-3000 Hannover 51
FEDERAL REPUBLIC OF GERMANY

Dr. E. Husebye

NTNF/NORSAR
P.0. Box 51
N-2007 Kjeller, NORWAY

T A A A A

AT

L tarbAeate Biapte i th

-10-

\:\._a -

..4.

e T

LRI

~ s \ \ 8

. R
A NN
. .- ‘- ‘.

’\’\'u

\\\‘

.. J_‘J‘_..’ .

o

"

it LA R gt R

v, _'"‘f‘i

L
N

»
..l ’
PO

,ﬁl':':;' '.I'I T b AR ]

YUY T

LI R

»
¢ 4 e T

% N
»

.
.

i T

¢
NN
0

oY
5 e

P
LN

el ,:;J.J

ol Sk ek Ik S
AAaISisgar

R R
.‘."‘-7 ". 5

AL

[

4 NG
s‘:‘,('.,.‘

'l
v e



y 3
S AR YMS

- v i’ At A AR e v . .
LS MY e N T T T MMM s (LY e W e

Mr . Peter Marshall, Procurement
Executive, Ministry of Defense
Blacknest, Brimpton,

Reading FG7-4RS

UNITED KINGDOM (3 copies)

Dr . Ben Menaheim
Unizman Tratitute of Science

Dr. Svein Mykkeltveit

NTNF/NORSAR

P.0. Box 51

N-2007 Kjeller, NORWAY (3 copies)

Dr . Robert North
Geophysics Division
Geological Survey of Canada
1 Observatory crescent
Ottawa, Ontario

CANADA, K1A 0Y3

Dr . Frode Ringdal
NTNF/NORSAR

P.0. Box 51
N-2007 Kjeller, NORWAY

Dr. Jorg Schlittenhardt

Federal Inst. for Geosciences & Nat'l Res.
Postfach 510153

D-3000 Hannover 51

FEDERAL REPUBLIC OF GERMANY

University of Hawaii

Institute of Geophysics
ATIN: Dr. Daniel Walker
Honolulu, HI 96822

Ty

£ e
. n

o
3
~

VI e B A LS e fr

o

P

T %N Y
VR A

Iss X%
o

-y ‘( ';{‘f

»
.

(AP .\ x,

e
Lo 4

N

R I
LA S I
.

v
=,

i

)11???2;,

S R
PR R AL

[
LN I

PR

'

-~

N wr FJW
Ay

-11-

-

-
A

oxA

2
]



My J'..‘?'.“'WN.'J\.‘J':V.V:J'.'I.?{

i
0
| FOREIGN CDNTRACTORS 0CT87
3
; Dr . Ramon Cabre, S.J.
c/o Mr. Ralph Buck
Economic bnsular
American Embassy
AP0 Miami, Florida 34032
b
; iastitute tor Geuphysik
\ Rhur University/Bochum
} P.0. Box 102148, 4630 Bochum 1
| FEDERAL REPUBLIC OF GERMANY
b
; Professor Brian L.N. Kennett
, Research School of Earth Sciences
¥ Institute of Advanced Studies
b G.P.0O. Box 4
CGanberra 2601
i AUSTRALIA
y
1 Dr. B. Massinon
y
b Soclete Radiomana
{ 27, Rue (laude Bernard
) 7,005, Paris, FRANGE (2 copies)
>
) Dr. Plerre Mechler
! Societe Radiomana
: 27, Rue Claude Bernard
75005, Paris, FRANGE
<
R ~~
129
t N
p LS
4 -~
p ks
IJ-
'
"~
’ ‘_-
) )
| .
5
v
*
-
."_:.
h
o
N
“
o
]
~
-~
LN
N
P\'
«>
-12- ’
Py
&

(‘f La"R o 1_'(.1"- g % LA LS WY LN -N-—‘.VN.‘,\... . LN L Y e .\-....\\
N..‘\?.‘t._._..,. s-.\-.’-.,\\\ '\-\\-\\ \\ '.'- \'-r'\.r«' o -"-"-(‘ oy ) ) }\ 2t



VWL 2 E.a"0 2'0.0%0 0° V.00 2 0 00 4 0 g 8 4ad v, ool ta TRt 8o Ae- Al Al A i At Ak . " .
f Pk A AT e A »” o AT o N 4 v Calt " otn’

0 GOVERNMENT 0CT87 !

Dr . Ralph Alewine III

DARPA/NMRO \

1400 Wilson Boulevard .

Arlington, VA 22209-2308 ¢
{
t

Dr . Robert Blandford , .

A oeY mllLUii cvdat v d

Arlington, VA 22209-2308

Sandia National Laboratory ,

ATTN: Dr. H. B. Durham
Albuquerque, NM 87185

Dr . Jack Evernden

USGS-Earthquake Studies
345 Middlefield Road
Menlo Park, CA 94025

U.S. Geological Survey

ATIN: Dr. T. Hanks

Nat'l Earthquake Resch Center
345 Middlefield Road

Menlo Park, CA 94025

T

Dr . James Hannon

Lawrence lLivermore Nat'l Lab.
P.0. Box 808 A
Livermore, CA 94550

U.S. Arms Control & Disarm. Agency
ATTN: Mrs. M. Hoinkes

Div. of Multilateral Affairs

Room 5499

Washington, D.C. 20451

Paul Johnson

ESS~4, Mail Stop J979
Los Alawmos National Laboratory
Los Alamos, NM 87545

Ms . Ann Kerr

DARPA/NMRO
1400 Wilson Boulevard N,
Arlington, VA 22209-2308

N Dr. Max Koontz

US Dept of Energy/DP 331
Forrestal Building

1000 Independence Ave.
Washington, D.C. 20585

-13.

5 ARV 6 SO SNGHG ¥, YRV A SR

AL AT ,"-/":-f.\‘f"




LSt A0t 245 A0 AV A SR g
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