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ABSTRACT

The source mechanism of underground nuclear explosions
is studled by considering a composite source. An orthogonal
double~-couple superimposed on an isotroplc exploslve source
adequately accountes for the observed Love waves. The rela-
tive strength of the double-couple component and the azimuth
of the fault plane at the source are determined for eleven
explosions by fitting the Love over Raylelgh wave amplitude
radiation pattern. The fault plane azimuths of exploslions
in the Pahute Mesa portion of the Nevada Test Slte are
similar to the orientations of the local faults. Explosions
in Yucca Flat show & possible dependence on the Yucca Fault
system and on joint trends in the surrounding bedrock. In
gereral, the agreement appears more than coincldental and
tends to support the hypothesis that reglonal straln 1s
released by nuclear explosions. The relatlive strength of
the double-couple depends upon rock type and shot depth.
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INTRODUCTION

During recent years, underground nuclear explosions
have provided seismologists with a powerful tool for the
study of erustal properties and seismic wave transmission.
Such explosions offer the advantages of accurate knowledge
of location and origin time. In addition theory predicts
that the source mechanlsm of explosions should be much
simpler than that of earthquakes, since at large dlstances
an explosion can be represented as a spherically symmetril-
cal point source. With this as a model one would expect to
find P, SV, and Raylelgh waves in the records of these
events, but no SH or Love waves. However, horizontally
polarized shear waves were generated by most of the larger
explosions. In the case of Hardhat (ToksBz, et al., 1965),
the Love waves were conslderably larger than the Raylelgh
waves. It i1s evident then that the simple exploslﬁe point
source model must be somehow modified to explain the gener-
ation of these horizontally polarized shear waves. Toksbz,
et al. (1965) have considered and rejected several possible
mechanisms. The possibllity of conversion from P, SV, and
Raylelgh waves can be eliminated due to the fact that Love
waves are not observed from the collapses followlng explo-
slons in which Love waves were observed. For the same
reason, near-source irregularities have been ruled out

since the propagation paths for explosion and collapse are
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identical. The mechanism which has been suggested (Brune
and Pomeroy, 1963; ToksBz, et al., 1965) for the generation
of SH and Love waves 1s the release of tectonic strain by
the explosions. Press and Archambeau (1962) have proposed
three ways in which thls strain release might occur:
1) The introduction of a sizeable cavity into a pre-
stressed mechanism will release the straln energy stored in
that volume.
2) Cracking of the surrounding rock should occur in
preferred directions in order to minimize stress conditlions.
3) Stress induced at the cavity wall could trigger a
small earthquake.

Press and Archambeau (1962) concluded that mechanism
(1) alone could not account for a significant amount of the
seismic energy. However, in combination with (2), a large
smount of elastic radiation could be produced. In the case
of the explosions Haymaker and Shoal, sufficlent energy
could have been provided by such a combination, (ToksBz,
et al., 1965). However, in the case of Hardhat, the
selsmic energy due to strain release was about 18 times
greater than that available in the cavity and surrounding
non-linear zone, (Torsdz, et al., 1965). It was concluded
in this case (Brune and Pomeroy, 1963; Toksbz, et al.,
1965) that the shock wave from the exploslion triggered an
earthquake.

The radiation patterns of seismic surface waves pro-
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vides a convenient method for studying source mechanisms.
This has been applied to nuclear explosions (Brune and
Pomeroy, 1963; Toksbz, et al., 1965; ToksbBz and Clermont,
1967) by consldering the radiation patterns to be the re-
sult of straln released waves superimposed on the explosion
generated waves. The simplest spatial confliguration for
such a composite source can be considered to be an orthog-
onal double-couple combined with an exploslive polnt source.
The orthogonal double-couple is probably the best represen-
tation for an earthquake source, and therefore such a model
should adequately account for the selsmic energy due to
movement along jJoints or a generated earthquake. Thls
procedure was successfully applied to the exploslons
Hardhat, Haymaker and Shoal by Toksbz, et al., (1965), and
to Bilby by ToksBz and Clermont (1967). 1In this paper the
method is continued to other explosions at the Nevada Test

Site.
THEORY

Using the notation of Toksbz, et al. (1965), the
expressions for the far-field ground displacements, due to
an explosive point source at the surface, are in cylindri-
cal coordinates:

W) = = exp( i) ket (22) Anle) T(w) explitot -knr 4o+ )]
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(1) qel) =iy expCran ke () Ag@) TCw) - eaplitot-ker - 02 -3 )]

e(w) = 0

where we, 4., 2nd v are the vertical, radial, and tan-
gential components of displacement, ¢, 1s a constant, ¥,
1s the Rayleigh wave attenuation coefficient, r 1is the
radial distance from the epicenter, kg 18 the wave number,
do and o are components of partical velocity at the sur-
face, Ax. 18 the medium response for Rayleigh waves due to a
vertical force, and T®) and ¢.) are the amplitude and
phagse spectra of the source time function. The fact that
the tangential component, ve, 18 O indilcates that no Love
waves are to be expected from such & source.

The general form of the far-field Rayleigh and Love
wave displacements due to an orthogonal double-couple 1s

given by Ben-Menahem and Harkrider (1964) as:
I
(z) U= ‘BHL\’a‘ﬁ.';_‘,u"exp[;{uﬁ-kuf'%'r)]kn N(h)X(8)

where R 1s the displacement vector at the source, h is the
normel vector to the plane of motion, k. i1s either kg or
k., the Rayleligh and Love wave numbers, N(K) 18 elther
Ng(h) or N, (k), the Love wave singlet transfer function
and the Rayleigh Wave second singlet transfer function, h
is the source depth, and X(9) is the complex function:

X(8) = oo +i(olisin® « L, c0s8) + dysin28 + Ay cos 26
where 9 is the epicenter to station azimuth, measured

counter~-clockwise from the positive strike direction. For
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a surface source 4, and d, are O for both Love and Rayleigh
waves, and X() becomes:

X(68) = Y sinA sin28 sin20 + cosA Sia S cos 28
for the tangentlial component; and
X = sinksinage, (118 ), ¢ cosAsin b sin 20 - Y Gosin A sin2s cos 28
for the radlal component. § and A are the dip and slip
direction respectively, €. 1s elliplcity, and ¢ 1is
Poisson's ratio at the surface. Thus the far fileld dis-
placements will depend on the source parameters, § and 2a,

and the azimuth 8. These dlsplacements become:

[}
Vac (0) = [RInl ===y, - exp[ilot -k.r- 32 )] k Ny (0) -
L Y% SinA sin2&sini® +cosasind co:LQJ

(3) Q4 () = 1R8] grsn expli (o2 +hor - 37 )] ke Nre (0) €,

f’/‘;,'..,\ sin2$ ‘;—:L-". - 60310) + CDJA‘I’R‘J"qu]

Wi = @y () e, exp (i &)

1&Hnl =y - exp [iok-knr + 3] k Npe (0)
L Ksina sin2s (!,_:__‘::.— cos18) + c05A sink 51&2.‘]

The medium transfer functions can be expressed (Ben-Menahem

"

and Harkrider, 1964) in terms of particle velocitles as:

Np(h) = [l&(k)/d‘,]A;(aa)k:%'
New (K) = '[l;(:(‘\)/dfo}"“m)/“"‘

where w'Wz=-ius(h) ; @), vpn), @ are particle
velocities at the surface. Aan &nd A, are the Rayleigh and

Love amplitude factors, which are functions of the mediun.
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For a surface source, h=0 anda the transfer functions

become:
NO (o) = AL(“’) kl:'/"

Nielo) = Nre (0)

er(o) - [b(: /Ufo] Aa,('-’) k;'/‘

- [l /ére] Nrate)

111

ég N"l (0)

W

[af /5, ]* Antod kea™

After substituting these relations, the far-fleld dis-

placements due to the double-couple at the surface are:

Wyoto) = BLBS oy p[idok - kar -+ ) ke (55) A ato) T0)exp Car)-

['/ SinAsin2é ("" cos28) + cosAsiné sin 2.8]

(4) uWw) = -'-'-‘-'—';'-‘,,L exp [ilwt -kar - e - 35)] kot (gz"')",q,za)-f'(...) exp (-dor).

[&::’na sin 2§ (:—E—:;‘. ~c0s28) +cosA sind s5/n 20]

- , . ] - » -
Cato) = LBUBL Lok k-9 - R AL ) T0D exp (HL)

[ %sina sin2§sin28 ¢ cosa siné cos 28]

Considering the observed displacements to be due to
the comblnation of isotropic and double-couple sources, the
Rayleigh and Love wave displacements can be written in the

notation of Toksoz, et al. (1965) as:
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U.u(w) = Welw) + Fhe (W)

(5)

€
[ VLJ;A/\ Sin 2d (';":": 'C”u) + COJA:I'AA'SIAZOJ}

Uo (0) = vy (w)

where §¢ is the phase difference between the two time
functions, and the constant F is the strength of the
double-couple source, relative to that of the explosion.

If the difference between time functions T&) and 7'w) is
considered negligible (ToksBz, et al., 1965), the displace-
ments become:

u&z : we {lf F['L.Sl'nll-‘"“ 25 ("—*:-‘;'—.- -“,20)4-‘053 ink sin 26]}

(6)
U = $ye

Theoretically, if the propertles of the medium of
propagation are known, the source function can be deter-
mined from selsmic records. However, these properties are
rarely, if ever known. Thus any computed source function
must be an approximation only. In addlition surface waves
radiaiing from a source are modified by attenuation, dis-
persion, geometrical spreading, and instrument response.
These effects can be removed by phase or amplitude equal-
1zation. It ie possible to remove these effects and those
of the propagation path by some sort of normellzation. If
attenuation of Raylelgh and Love waves 1s aésumed to be

about the same, the ratio of the observed Love wave ampli-



tude to that of the vertical component of the Raylelgh wave

can be determined:

7) | u‘ol F k:.‘/" AL [V;sina 3(n285ia 20 +¢osA sind cos 2.0

| Uezl {1 + F[Y4sinxsinzd (% -cos2n)+ cwa:i»x:chzo]}kg'/t,q‘ (%o;)
For a horizontal double-couple A=0° and §= 9’ and equa-
tion (7) simplifies to:

U ol i F k,.%-Ag.C“ 20
TP | él + F sin Za} kk'/‘AR ('ErL,:)

(8)

DATA

In thls paper Love over Raylelgh wave amplitude ratios
are computed at statlons recording surface waves from
several Nevada Test Slte explosions. The best fit of this
data to the above equation (8) is then determined and the
source parameters are obtalned.

Eleven recent nuclear explosions were analysed. In-
formation regarding these 1s given in Table 1. Love and
Rayleigh wave amplitudes were obtained from the long period
records of Long Range Selsmic Measurements (LRSM) stations,
World Wide Standard Systems (WWSS) statlons. and some
stations of the Canadlan network. The stations were
located in North and Central America, particularly in the
United States. The response of nearly all the instruments
peaked at about 25 seconds period. Sample selsmograms of
the explosion Greeley are reproduced in Figures 1-3. The

recording station 1s Resolute Bay 1n northwestern Canada,
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about 4,300 km from the Nevada Test Site. Raylelgh waves
are recorded on the vertical component and Love waves on
the east-west component. Both appear clearly separated on
the north-south component.

At the LRSM stations, amplitudes of Love and vertlcal
component Raylelgh waves were taken from the reports
prepared for AFTAC by Teledyne Industrles, Inc. At the
WWSS and Canadian stations, amplitudes were measured di-
rectly from the film records. In all cases peak amplitudes
were taken and used in computing the amplitude ratios.
This was shown by Toksbz and Clermont (1967) to be Justi-
flable, since the ratio 1s nearly constant in the perlod
range of 10 to 30 seconds. At each station, the peak
amplitudes of Love and Rayleigh waves were divided by the
period and instrument response. The Love over Raylelgh
wave ratio of these measurements was then computed.
Unfortunately the azimuthal distribution of recording
gtations with respect to the Nevada Test Site 1s not
uniform. Between 160 and 330 degrees, there 1s 1little or
no coverage depending upon the explosion. In addition,
inconsistencies due to measurement errors occur along a
single azimuth. It is obvious, however, that the ratio is
not cohstant.

From equation (7), it can be seen that the amplitude
ratio 1s a function of four source parameters: F, the part

double-couple, 8, the azimuth from the fault plane, §, the
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dip of the fault plane, and A, the directlon of slip. 1If a
vertical strike-slip fault is assumed (§= 90 and A = 0),
then equation (7) reduces to equation (8). This is a
reasonable assumption for such a near-surface source. The
quantity kAL AZ‘A‘ 1s approximately equal to 1 in the
frequency range of interest (Toksbz and Clermont, 1967).
The ellipticity term a:/ﬁn is strongly influenced by
near-surface sedimentary layers (Boore and ToksBz, 1969)
and therefore varies with station location. However, to
simplify calculations, an average value of .8 was taken for
the ellipticity at each station. The effect of varying
this term will be investigated later. The angle 8 can be
expressed as the difference between the fault plane azlimuth
Y and the station azimuth ¢, both measured clockwlse from
the north:

9= ¥-¢

Thus equation (8) becomes:

(9) | Ul - 5{ Fecos 2(¥-9)

| Unel [+ Fsin 2(¥-9)
where S is a constant.

To determine F and ¥, a "standard deviation" was
formed between the data and all combinations of F from Q to

2.0 and of ¥ from O to 180 degrees:
N
- Liy _ | S:Ficos2(¥i-Q.) 2
(Io) £; = z‘/( /R““ 'I*F.; sin2(¥;-¥;) I) /N
az)

The combination of F and Y which fits the data best, will
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be that which minimizes E. Here L/R is the experimentally
measured Love over Rayleigh wave amplitude ratio, and N 1s
the number of statlons. The values of E were then con-
toured on a Stromberg Carlson-4020 grid to determine which
comblnation of F and ¥ gave the best fit to the data. The
result for the explosion Corduroy is presented in Figure 4.
S was taken to be 1.25 (ellipticity of .8). The absolute
minimum deviation was found to be .59, and i1t occured for a
F=.6 double-couple source, with a right-lateral fault plane
striking about 165 degrees from the north. The minimum is
fairly well defined, but the deviation is high. This is
probably due to the inconsistencies and bad points in the
data.

To eliminate such inconsistencies, the data was first
smoothed before attempting to fit the theoretical radlation
pattern. The effect of a single data polnt was considered
to be distributed over a "smoothing interval" of several
degrees. New data was then generated at equal increments
of azimuth. Where isolated points occur, the value 1s
spread over the whole "smoothing interval." Where more
points occur within the "smoothing interval," the influence
of a single data point varies inversely as the distance
from it, with the point at the center heavily weighted
(should an actual datae point fall on a generated azimuth
value). The effect of a single data point was taken to

extend 5 degrees in elther direction, so that the "smooth=-
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ing interval" was 10 degrees.

The deviations of the smoothed data from theoretlcal
source configurations were then contoured on a SC=-4020
grid, as was done with the unsmoothed data. The results
are shown in Figures 5-15 for the eleven explosions. The
minima indicate the best combination of part double-couple
and azimuth of a right lateral fault plane. A comparison
of the contour plot for Corduroy, Figure 7, with that of
the unsmoothed case, Flgure 4, shows that the minimum devi-
ation has been significantly reduced by the smoothlng,
although it 1s still rather high. Clear minlima are ob-
served in the plots for each explosion. However, secondary
minima are also observed for most cases. Thls 1s most
likely due to the fact that the theoretical curve is nearly
periodic in 90 degrees. If 1t were truly perlodic every 90
degrees, as are the individual radiation patterns of Love
and Rayleigh waves, two minima would be observed 1in the 180
degree range, separated by 90 degrees. If the source model
is accurate, then the data should exhibit thls near perlod-
icity in 90 degrees. Therefore double-minima are likely to
occur. If the difference between the absolute and secondary
minizum is not significant, then 1t is impossible to make a
confident cholce between the two configurations by this
analysis. This 1s in addition to the basic theoretical
ambiguity that the L/R radiation pattern for a right-lat-
eral fault is the same as that for a left-lateral fault
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with a difference in strike of 90 éegrees, as is 1llus-
trated in Filgure 16. This latter amblgulty can be resolved
by other methods, such as utilizing phase information. A
summary of Figures 5-15 1s given in Table 2. The greater
the difference between minima, the greater wlll be the
certainty that the absolute minimum corresponds to the true
gsolution for a particular explosion. Values for the minima
are higher for explosions with a larger part double-couple.
This is to be expected and does not imply that the results
are less significant, since the term in absolute value 1n
equation (10) becomes small for these explosions.

If the absolute minimum is assumed to correspond to
the correct combination of source parameters, with the
reservation that there may be other solutions, the theo-
retical radiation patterns can be compared to the experl-
mental (unsmoothed) data. This is shown in polar coordl-
nates in Figures 17-27 for the eleven explosions studled.
Here the scatter in the data 1s very much apparent. A
large part of this is probably due to errors in measurement,
particularly of period. In any case, the convergence to
minima in the contour plots indicates that the solutlons
are significant.

In fitting the theoretical curves, a vertical strike-
slip fault at the source was assumed. To test this initlal
assumption, the best fitting values of F and © for each

explosion were substituted into equation (7). ¢ was taken
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to be .25. The parameters 8 and 2 were then allowed to
vary, and the deviations of the smoothed data were con-
toured for the various combinations. For all the explosions
the minimum was found to be broad, but centered on § = 90
and A = O degrees. Thus the initlal assumption 1is reason-
able. The fact that the contours are broad indicates that
the radiation pattern is not as sensitive to varlations in
dip and slip than to varlatlons in part double~couple and
fault plane azimuth.

The effect of varying the scale factor S, which depends
upon the medium of propagation, was next investigated.
Values for 8 of .5, 1.0, 1.5, and 2.0 were substituted into
equation (9). If the term kg‘A./k.'.f‘A. remains equal to 1,
these numbers correspond to ellipticities (Us/ir,) of 2.0,
1.0, .67, and .5 respectively. Contour plots of F versus
Y, the fault plane azimuth measured from the north, for
each S were then obtained by the methods previously des-
ecribed. The results for the explosion Corduroy are shown
in Flgures 28-31. A comparison of these and Figure 7,
where S8=1.25, reveals that an increase in 8 causes a
decrease in F, the part double-couple. The azimuth of the
fault plane, however, remains invariant. Only for the
extreme case wﬁere S=.5 is the absolute minimum shifted

from the 166 degree position.



INTERPRETATION

If the hypotheslis 1s correct that a part of the ob-
served selsmic radlation from a nuclear explosion is due to
a double-couple source, then the orientation of the fault
at the focus should be intimately related to the structure
of the area. If stress is released, faulting should occur

in preferred directions.

Structure of the Nevada Test Slte Area

The Nevada Test Site covers an area of about 700
square miles in southern Nevada. About & third of the out-
crops consists of Paleozolc and Precambrian sedimentary
rocks, and another third consists primarily of volcanics
and related intrusives of Tertiary age. The remainder of
the area is covered by alluvium (Ekren, 1968). The south-
ern part may posaibly overlap the Walker Lane-Las Vegas
Valley strike-slip shear zone., Two major thrust fault
systems of Mesozolc age are found in the area. Faults in
the northern part strike northward and appear to be prima-
rily normal faults. Normal faulting began in the early
Tertiary Age and has continued to recent time (Johnson and
Hibbard, 1957). As the Las Vegas Valley shear zone is
approached, the strike changes to northeast. Left-lateral
movement 1s observed on several of these faults and may be
the result of right-lateral slippage along the Las Vegas

Valley shear zone. This zone was actlive at the time of the
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main orogeny in Mesozolcec time. However, 1t appears prob-
able that activity continued through much of Tertliary time
(Longwell, 1960). Thus the NTS area 1s a tectonlically
active region, and there 1s good reason to believe a slze-
able amount of strain energy 1is stored in the ground.

Several of the explosions studied occurred in the
Yucca Flat portion of the test site. This alluvium fllled
valley overlies and is surrounded by Tertlary volcanlc
rock. It is bordered by a series of normal faults and 1s
nearly blsected lengthwise by the Yuceca Fault of recent
age. Explosions in Yucca Flat, particularly those in the
tuff beneath the alluvium, produced fractures in the allu-
vium around the explosion site. These fractures occur not
only in radial and concentric patterns, but are commonly
alligned in certain preferential directlons, which can be
divided into two groups. The first group are those cracks
that occur along and parallel to the Yucca Fault, and the
second, those whose direction 1s controlled by joints in
the underlying bedrock (Barosh, 1968; Dickey, 1968).

Observed displacements are usually normal.

Fault Plane Solutions in Relation to Structure

Figure 32 is a generalized geologlc map of the NTS
and shows the exploslons studled (numbers refer to Table 2)
in relation to the major faults in the area. The explosion

Faultless did not occur at the NTS and therefore does not
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appear on the map. The fault plane solutlons for each
explosion of Table 2 can now be compared to the natural
fracture patterns. The explosions which follow occurred in
Yucca Flat.

1. Cup: For Cup, a right-lateral fault plane with an
azimuth of about 112 degrees (or a left-lateral fault at 22
degrees), glves the best fit to the data. The other pos-
aible orientation, azimuth 2 of Teble 2, 1s the same except
that the sense of the couple 1s reversed. Figure 33 shows
the best orientation of the double-couple in relation to
both the natural fracture trends and those produced ln the
alluvium by explosions. The agreement is not very good,
although there i1s a weak north-northeast trend present in
the alluvium and in certain places in the bedrbck of Banded
Mountain.

2. Bronze: Two fgult plane solutions are equally likely
for Bronze, Table 2. They are close, however, except that
the sense of the couple 1s reversed. The solution with the
right-lateral fault at an azimuth of 94 degrees 1s shown 1n
Flgure 33. Again the agreement with exploslon produced
fractures in the elluvium ia not good. However, the doml-
nant trend in the bedrock on the east side of Slanted
Buttes (not shown in Figure 33) nearby 1s north-northeast,
as 1s the fault plane.

3, Corduroy: The azimuth of the best fitting right-lat-

eral fault plane for Corduroy is 166 degrees. The second



21~

solution 1s again close to this except that the sense of
the faults 1s reversed. Numerous en echelon fractures
along the Yucca Fault were produced in the alluvium by
Corduroy (Barosh, 1968). Such an en echelon pattern is
generally related to major strike-slip movement in the
underlying basement (Badgley, 1965). The trend of the
pattern in this case suggests right-lateral slippage. Thus
the solution of a right-lateral fault with strike of 166
degrees, which is similar to that of the Yucca Fault, 1s in
good agreement with the local trends.

4. Buff: The best solution for Buff is that of a right-
lateral fault at 28 degrees (left-lateral fault at 118
degrees). The second solution is close to this but reversed
in sense.

5. Tan: The two solutions for Tan are essentially equally
probable. The solution of a right-lateral fault at 26
degrees 1s similar to that obtained for Buff, only .75 km
away. However, the azimuth of 154 degrees is close to that
obtained for Bilby (160 degrees, ToksbBz and Clermont, 1967)
about 1.45 km away.

The other explosions studied (excluding Faultless)
occurred in the Pahute Mesa portion of the NTS. The main
structural feature of Pahute Mesa 1s the Silent Canyon
Caldera, which encloses the five explosions studied. Many
normal faults, striking north-northeast, cut the thick

sequence of volcanle rock. Recent movement along some of
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these faults has been inferred (McKeown, et al., 1966).
Reference to Table 2 reveals that the best fitting
fault plane azimuth for the five explosions, numbered 5, 6,
8, 9, and 11, range from 160 to 180 degrees. These orienta-
tions are in close agreement with the regional fault trends.
The relative strength F of the double-couple ranged
from .36 to .9 for the explosions studied. The dependence

of this parameter on lithology has been noted (Toksbz,
1967). Explosions in granite have a larger double-couple
component than those in tuff, which in turn have a larger
component than those in alluvium. This supports the
hypotheslis of strain release since granlte can sustain
greater stralin energy than tuff, and tuff greater than al-
luvium. From this study 1t 1s concluded that F also
depends upon the shot depth. Deeper shots have a larger
double-couple component than shallow shots. The principal
deviations from this F - depth relation are due to 1lith-
ology. The deep explosion Faultless had a smaller double-
couple component than expected due to the water-saturated
medium. The low double-couple part of .45 for Boxcar, how-

ever, can not be explalned.
CONCLUSIONS

Love waves produced by all the explosions studled, can
be accounted for by considering the source to be a super-

position of symmetrical explosion and tectonic double-
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couple components. The fault plane solutions appear to be
consistent with the hypothesis that regional strain is
released. Inferred orientations for the explosions in
Pahute Mesa show good agreement with the local fault
trends. Some of the explosions on Yucca Flat appear
related to the Yucca Fault system, while others may be
controlled by joint trends in the underlying bedrock. The
strength of the double-couple component, for a particular
explosion, depends upon the shot depth as well as the rock
type. Aki, et al. (1969) have shown that the probable
strain relecse from a nuclear explosion is characteristic
of a low efficiency, less dangerous earthquake. Thus the
definite possibility exlsts of safely releasing strain in

tectonically active areas.
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Table 1. EXPLOSION IiFORMATION

!

ORIGIN TIME LOCATION .

EVENT DATE GMT N. LAT. W|_ LONG.
1. Cup 3=-26-65 15:34:08.2 37°08'51" 11%’02'34"
2. Bronze 7-23-65 17:00:00.0 37°05'52" | 11%’01'59"
3. Corduroy 12-03-65 15:13:02.1 37°09'53" 116°03'08"
4. Buff 12-16-65 19:15:00.0  37°04'21" 11%’01'45"
5. Duryea 4-14-66 14:13:43,1 37°14"' 34" 11%'25'51"
6. Chartreuse 5-06~66  15:00:00.1 37°20'53" 116°14"19"
7. Tan 6-03-66 14:00:00.0 37°04'06" 116°02'07"
8. Half Beak 6-30-66  22:15:00.1  37°18'S7T"  116°17'56"
9. Greeley 12-20-66 15:30:00.1 37°18'07" 116°24' 30"
10. Faultless 1-19-68 18:15:00.1 38°38'03" 116°12'55"
11. Boxecar 4-26-68 15:00:00.0 3717 44" 116°27'21"



1.
2.
3.
4,
5.
6.
7.
8.
9.
10.

Table 2. FAULT PLANE SOLUTIONS
’ PART
EQUIV. DEFTH MIN. DEV.
EVENT MAG. ft MEDIUM
Cup 5.25 2470 Tuff 50 .60
Bronze 5.22 1750 Tuff .20 .36
Corduroy 5.62 2248 Tuff JAd4 .60
Buff 5.14 1650 Tuff .20 .38
Duryea 5.17 1795 Rhyolite .33 56
Chartreuse 5.2 - Rhyolite 33 .63
Tan 5.56 1840 . Tuff 23 .36
Half Beak 6.02 2884 Rhyolite .56 5T
Greeley €.29 4040 Zeolitized 1.31 .90
Tuff
Faultless 6.25 3200 Water Satura- 1€ .36
ted Tuff
Boxcar 3800 Rhyolite .28 45

11.
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Fig. 1.

Flg. 2.

Flg. 3.

Fig. 4.
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FIGURE CAPTIONS

Rayleigh waves from the Greeley explosion on long-
period vertical component at Resolute Bay, Canada.

Love and Rayleigh waves from the Greeley explosion
on long-period north-south component at Resolute
Bay, Canada.

Love waves from the Greeley explosion on long-
period east-west component at Resolute Bay, Canada.

Contour plot of deviations of combinations of part
double-couple and fault plane azimuth from exper-
imental data for the exploslon Corduroy. Experi-
mental data not smoothed. Scale factor, S=1.25.

Figs. 5 - 15. Contour plots of deviatlions of combinatlons

of part double-couple and fault plane azimuth from
experimental data for eleven explosions. Experi-
mental data smoothed. 8S=1.25.

Fig. 5. Cup.

Fig. 6. Bronze.

Fig. 6a. Bronze, finer contour.

Fig. 7. Corduroy.

Fig. 8. Buff.

Fig. 9. Duryea.

Fig. 10. Chartreuse.

Fig. 11. Tan.

Fig. 11a. Tan, finer contour.

Flg. 12. Half Beak.

Fig. 12a. Half Beak, finer contour.

Fig. 13. Greeley.

Fig. 14. Faultless.

Fig. 15. Boxcar.
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Fig. 16. L/R radiation pattern produced by elther a right-

Figs.

Figs.

lateral strike-slip fault at 166 degrees or a
left-lateral strike-slip fault at 76 degrees.

17 - 27. L/R radiation patterns for vertical strike-
slip faults for eleven explosions. Scale factor,
S=1.25. Fault orientation Y is that of the best
fitting right-lateral fault for each explosion.

F is the part double-couple. Crosses are experi-
mental (unsmoothed) points. Numbers at edge are
data points which fall outside the plots. Note:
The radial scales on the polar plots are not all

the same.

Event F b 4
Fig. 17. Cup .6 112
Fig. 18. Bronze 36 13
Fig. 19. Corduroy .6 166
Fig. 20. Buff | .38 28
Fig. 21. Duryea .56 168
Fig. 22. Chartreuse .63 179
Fig. 23. Tan .36 154
Fig. 24. Half Beak 57 160
Fig. 25. Greeley .9 180
Fig. 26. Faultless .36 102
Fig. 27. Boxcar 45 160

28 - 31, Contour plots of part double-couple versus
fault azimuth for the explosion Corduroy for
various values of the scale factor S.

Fig. 28. S = .5

Fig. 29. 8 = 1.0
Fig. 30. 8 = 1.5
Fig. 31. S = 2.0



Fig. 32.

Filg. 33.

-32-

Generalized geologlc map of the Nevada Test Site
with the location of explosions in relation to
ma jor faults.

Yucca Flat with the fault plane solutions of
three explosions 1n relation to the natural and
explosion produced fracture trends.
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Fig. 1. Rayleigh waves from the Greeley explosion on long-
period vertical component at Resolute Bay, Canada.
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Fig. 2. Love and Rayleigh waves from the Greeley explosion
on long-period north-south component at Resolute
Bay, Canada.






Fig. 3. Love waves from the Greeley explosion on long-
period east-west component at Resolute Bay,
Canada.
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Contour plot of deviations of combinations of part
double-couple and fault plane azimuth from exper-
imental date for the explosion Corduroy. Experi-
mental data not smoothed. Scale factor, S5=1.25.

Fig. 4.
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Figs. 5 - 15. Contour plots of deviations of combinations
of part double-couple and fault plane azimuth from
experimental data for eleven explosions. Experi-
mental data smoothed. Scale factor, S5=1.25.

Fig. 5. Cup.
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Fig. 6.

Bronze.
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Fig. 6a. Bronze, finer contour.
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Fig. 7.

Corduroy.
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Fig. 8.

Buff.
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Filg. 9.

Duryea.
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Fig 10.

Chartreuse.
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Fig. 11.

Tan.
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Fig. 11a. Tan, finer contour.
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Fig. 120

Half Beak.
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Fig. 12a. Half Beak, finer contour.
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Fig. 13.

Greeley.
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Fig. 14,

Faultless.
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Fig. 15.

Boxcar,
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Fig. 16. L/R radiation pattern produced by elther a right-
lateral strike-slip fault at 166 degrees or a
left-lateral strike-slip fault at 76 degrees.
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Figs. 17 - 27. L/R radiation patterns for vertical strike-
slip faults for eleven explosions. Scale factor,
S=1.25. Fault orientation ¥ ig that of the best
fitting right-lateral fault for each exploslon.
F is the part double-couple. Crosses are experl-
mental (unsmoothed) points. Numbers at edge are
data points which fall outslde the plote. Note:
The radial scales on the polar plots are not all

the same.
Event F Y
Fig. 17. Cup .6 112
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Fig. 19. Corduroy .6 166
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Fig. 20.

Buff
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Fig. 21. Duryea .56 168
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Fig. 22. Chartreuse .63 179
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Fig. 24, Half Beak 57 160
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Fig. 25. Greeley <9 180
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Fig. 26. Faultless .36 102
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Fig. 27. Boxcar 45 160



_92-




-93..

Figs. 28 - 31, Contour plots of part double~-couple versus
fault azimuth for the explosion Corduroy for
various values of the scale factor S.

Fig. 28. 8 = .5
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Fig. 29.
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Fig. 30.
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Fig. 31.
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Fig. 32. Generalized geologic map of the Nevada Test Site
with the locatlion of explosions in relation to
major faults. (Healey, 1968; Hoover, 1968)
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Fig. 33. Yucca Flat with the fault plane solutions of three
explosions in relation to the natural and explo-
sion produced fracture trends. (Barosh, 1968)
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