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ABSTRACT 

A detailed analysis of the surface wave radiation from 

two underground explosions (BILBY and SMOAL) and an earthquake 

(near Fallon, Nevada) whose epicenter is only 60 km from SHOAL 

indicates that: (1J at long periods the surface wave radiation 

from the earthquake can be explained by a pure quadrupole 

(double-couple) source, but at higher frequencies the radiation 

pattern shows asymmetries which suggest effects due to rupture 

propagation which require higher-order multiple terms in the 

source equivalent representation; (2) the surface waves from 

the explosions can be explained by superposed monopole and 

quadrupole sources, with no indication of higher-order multi- 

pole terms, at least in the frequency range comparable to 

that in which the earthquake signal was recorded; (3) ■ 

principal conclusion of the study is that the anomalous radia- 

tion from explosions is probably due to stress relaxation 

around the shock-generated shatter zone and not due 

to earthquake triggering. 

A comparative analysis of SHOAL and FALLON shows that: (1) 

tiie ratio of the Love wave amplitude generated by the earthquake 

to the L.OVC  wave amplitude from the explosion is proportional 

to the period, which implies a larger source dimension for 

FALLUN; (2) the normalized spectral ratio of Love wave amplitude 



to Rayleigh wave amplitude, considered as a function of period, 

is near unity for the explosions but 'arger for the earth- 

quake by a factor of two or three, and increasing with period. 

These differences might be useful in distinguishing earth- 

quakes from explosions (at least in the magnitude range of 

the events used in this study, 4.4 and abovej , as well as 

for estimating source parameters (such as stress) which are 

of fundamental geophysical interest. 
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HfTROOUCTIOM 

The surface waves radiateJ by explosions and by earthquake 

are of special interest since they provide information ahuut 

the intrinsic character of the source and the propagation 

medium. In this study we attempt to answer the following 

questions: first, what are the spatial radiation patterns 

from earthquakes and explosions, and how do they diffi-r? 

Second, what are the differences between the IOAf*poriod soisi i 

radiation from these two types of sources, as determined 

from the surface wave spectra? 

These questions are related to the problem of discrimi- 

nation between the source types, and are comparative in 

nature. In addition to considering these questions, we also 

attempt to provide a theoretical explanation for the observed 

differences, and a quantitative description of the individual 

source properties. 

Since this is primarily a comparative study intendi-J to 

show differences between earthquakes and explosions, it is 

desirable to have at least one earthquake-explosion pair with 

a common origin point and common recording stations, so that 

the effects of propagation can be minimised. Ideally the soitrcas 

should also be matched in radiated energy, so that i sisnplf 

direct comparison can be made without the necessity for correc- 

tions which are complicated and pt-rhaps not completely umlers t o«-I. 

-1- 



ot   course, these conditiuns are impossible in practice; the 

closest v»c could come to meeting them was to use records from 

the I.onn Kant>c Seismic Measurement M.KSMj station network, 

which provides ^ood a^imuthal atul distance coverage from 

the Nevada lest Site, v»ith wel 1-calihrated sensitive instru- 

ments; we also chose an earthquake matching one of the 

eXplesiOM as closely as possible in location and magnitude. 

Ita found that an appropriate event pair for this purpose is 

the SIIOAI. explosion and the earthquake of 20 duly 19t)2 at 

fallon, Nevada, The parameters of all the events used in 

this study are given in Table I. It is seen that the 

desirable criteria described above are reasonably well 

fulfilled. 

Since we arc interested in the nature of the explosion 

source, we also consider the H1I.HV explosion, which was wcil- 

recorded and ol   reasonably large magnitude. Wc compare this 

e.xplosion with SHOAL in order to verify that the observed 

properties of the radiation from SIIOAI. arc typical of other 

explosion events, and also to judge the variation of these 

properties  with changing yielJ and source medium. 

figure 1 shows the location of the sources and the 

stations. It is evident that many of the receivers have a 

common propagation path for the SIIOAI. and IAL1.0N events. 

Figure 2 shows the response of the lonn-period instruments 



at the LRSM stations. The frequency range in which the signal- 

to-noise ratios required for this research were JeeneJ adequate 

is indicated by the horizontal bar; all spectral data were 

corrected for instrument response within this range, and 

data outside this range were rejected. 

Unfortunately, the azimuthal coverage of stations toward 

the west of the sources is rather sparse, and therefore some 

of our fits to the azimuth-dependent data must be regarded as 

tentative. Nevertheless, a large amount of data is available, 

and we can support our specific (albeit tentative) conclusions 

by a reasonably good general agreement with our theoretical 

predictions. 

Part of the theoretical framework of this study is based 

on the work of Archambeau (1968; l'J71). Briefly, this theory 

provides a description of tectonic effects in terms of an 

initial-value formulation, taking into account the initial 

stress field and its relaxation during the rupture process. 

Sources of this f.ype are therefore termed relaxation sources. 

A discussion of the theory in the context of the present 

study is given by Archambeau (1971) in greater detail 

than we need present here. The present application of the 

theory is two-fold: first, as a means of guiding the develop- 

ment of this study and in interpreting the observations from 

the earthquake source; second, as a framework for the 



interpretation of the anomalous radiation from explosive 

sources, which wc consider to be of tectonic origin. In a 

later section the relevance and application of this theory 

will he discussed in greater detail. 



SIC.VU ANALYSIS 

Mt have studied the surface wave radiation from the 

three seismic events, usinjj a digital computer program 

which measures hoth the amplitude spectrum and the dispersion 

of the surface waves. This program is hased on projjraiis origi- 

nally written hy Alexander (1MS)| and is described in Jet.nl l)\ 

Archamheau and llinn (196S)t The program automatically performs a 

sequence of operations, ultimately giving the ligM] group 

velocity and amplitude spectrum. Nie amplitude spectrum is 

compared to a sample of noise preceding or following t IK- 

signal, and the program flags and deletes from further 

analysis the period ranges in i.hich the s i gnnl-to-noi se 

ratio is too small to allow meaningful interpretation of 

the signal spectrum.  The group velocity is calculated using 

a comb of narrow-hand recursive digital filters fArchamheau 

and l-linn, IDüS), At each of many closely spaced frequencies 

the signal data window is passed through a narrow-hand phase- 

less digital filter ((j ■ 500 in this study; for background see 

also Rader and (!old, 1969)« I he envelope of the filter output 

at each frequency is calculated, and the time of occurrence 

of the largest maximum in the envelope is picked. Ibis 

maximum occurs at the group arrival time fi.e.,  tbe energy 

arrival time) of tbe dominant mode present at that frequency. 

The cpicentral distance divided by this time is thus tiie 



apparent inNip velocity of the dominant mode, at the center 

rrequency of the filter, ilroup velocities of secondary 

envelope maxima are also detected and displayed. 

Ihe variation with frequency of the amplitude at the 

time of occurrence of the dominant mode arrival gives an 

estimate of the amplitude spectrum of the dominant mode, 

and this therefore provides a method for determining 

surface wave mode spectra as a function of frequency. We 

call such spectra group spectra. These can be determined 

for each mode present at i given frequency. Figure 3 shows 

f.vamples of raw data and the group velocity curves determined 

by the program, Figure I shows a comparison between the 

ordinary Fourier amplitude spectra and the group spectra. 

Ma have found in general that the two estimates agree to 

Mithin I feu percent in the frequency range in which the 

s i gii.i 1 - to-noise ratio is greater than 1,5, even when more 

than one mode is present. We believe the group spectrum to 

he intrinsically more reliable than the Fourier spectrum, 

since we can associate a group arrival time with each 

spectral estimate, and thus eliminate those points in 

the spectrum which are badly contaminated by noise. We 

have therefore used the group spectral estimates consistently 

in the present study. 

-h- 



To calculate the theoretical Love and Rayleigh spectra, 

it is necessary to make some assumption about the velocity 

structure in the vicinity of the source. For the structure near 

BILBY we used model 35CM2 of Alexander (1963J. lor SHOAL and 

Fallon we used the structure previously used by Toksöz et al. 

(1965), which is a modification of Laton's (1963) structure 

between San Francisco and liureka, Nevada, 

-7- 



CONCEPTS AND THEORY 

An important concept underlying the theoretical frame- 

work of this research is that the radiated elastodynamic 

field, outside the region containing the source, can be 

rmresented in the frequency domain by a superposition of 

multipole contributions. This fact, familiar in the analogous 

cases of potential theory and electrodynamics, was  formulated 

by Archambeau (1968) for an elastic radiation field. The 

implication is that we can represent the source of the 

radiated field as an equivalent point source located anywhere 

inside the actual region of energy release, and we can 

adjust the multipole coefficients so that the observed field 

outside the source region is identical to that caused by 

the true source. Since the multipoles are individually equiva- 

lent to particular superpositions of point forces, we can (if 

we wish) speak of force couples, double couples, etc., instead 

of multipoles, quadrupoles, and so forth. In the present study 

we discuss the equivalent point source, for either the 

explosions or the earthquakes in terms both of the appropriate 

multipoles and their point force equivalents, depending on 

which designation is more familiar and useful in the particular 

context. 



For the purpose of this report we will merely summarize 

the properties of the theory for the specific cases of interest, 

and then use these properties in the particular applications 

we wish to make. More detail on the theory is given in Appendix I, 

I. For the shock-induced spherical shatter zone, the tec- 

tonic field is a pure quadrupole (double couple) field, and the 

frequency dependence of this quadrupole field is similar to that 

of the monopole component caused by ;he explosion itself, since 

the source dimensions are similar. The spectra for both source 

components are both quite sharply peaked at nearly the same 

frequency, and the spectra fall off with similar shapes on both 

sides of the peak (see Archambeau, 1971, for further details). 

These general results hold both when the rupture velocity ir 

less than or equal to the shear velocity. 

II. For the propagating spherical rupture, which we adopt 

as our model of the earthquake source at frequencies sufficiently 

low that the wave length of the radiated wave field is consider- 

ably larger than the rupture dimensions, the quadrupole or double- 

couple terms heavily dominate the solution, and the field is 

essentially pure quadrupole. At higher frequencies the higher- 

order multipoles can become comparable in amplitude. This is a 

result of the rupture propagation effect, and these multipole 

contributions are such that the spectrum has a sequence of 

maxima and minima at high frequencies, and the spatial radiation 
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pattern is more complex than that for a pure quadrupole pattern. 

In particular, the pattern has the general form of a quadrupole 

pattern but with larger amplitudes either in the direction of 

rupture propagation or in the opposite direction (see Archambeau 

and Minster, 1971, for details)o The spectrum of surface waves 

from this type of source has an absolute maximum, the location 

and amplitude of which is controlled primarily by the length 

of the zone swept out by the propagating rupture. The average 

falloff of the spectrum on both sides of this peak is not as 

steep as for  either the individual monopole or quadrupole 

componets of the spectrum of surface waves from an explosion. 

In view of these results we will use the following approach 

in the interpretation of the explosion and earthquake radiation 

fields: 

(1) An explosion in a prestressed medium will be repre- 

sented by superposed monopole and quadrupole fields. Since the 

quadrupole field is equivalent to a double-couple point force 

system, we will adopt the force equivalent convention in 

discussing the tectonic component of this source. We see from 

our previous discussion that if the higher-order multipoles 

„re of tectonic origin, the quadrupole component will be 

essentially the only term worth considering for Love waves at 

long periods. Since we will analyze the surface wave radiation 

in the "long" period range, then whatever type of tectonic 
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effect is involved -- whether triggering of a linear rupture 

or simple relaxation around the shock-induced shatter zone -- the 

quadrupole field will still be dominant. 

If induced faulting on a large scale does occur, then we 

would expect to see rupture propagation effects at the short- 

period ond of our spectra» Further, if such triggering occurs, 

the pattern shape for Rayleigh waves at long periods should 

appear to be nearly an ideal quadrupole pattern rather than a 

superposed quadrupole-monopole pattern, since the quadrupole 

excitation for large-scale faulting will be considerably greater 

at very long periods than will the monopole excitation due to 

the explosion, simply because of the difference in source 

dimensions for the two source types. If the anomalous component 

of the field is associated only with relaxation around a roughly 

spherical shatter zone, the Rayleigh wave radiation pattern 

should have nearly the same shape over the entire frequency 

range of observation because of the similarity in multipole 

spectral excitation for the two source types; and the entirely 

anomalous Love wave pattern should not show rupture propagation 

effects: it should be pure quadrupole. We will examine the 

spectral observations from two explosions with a view to 

ascertaining which of these mechanisms is operative in a given 

case. Of course, we will also entertain the possiblity that the 

anomalous field is not tectonic at all, but is conversion 
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Juc to cracking or non-parallel layering. In this study our 

main argument for acceptance of tectonic release rather than 

conversion is the quality of the fit to the observations that 

this hypothesis furnishes. At the very least, the observational 

data can be taken at face value, and we can argue that we have 

quantitatively determined the first two multipole contributions, 

whatever their origin might be. 

(2) The quadrupole component of the surface wave radiation 

from the earthquake will be studied quantitatively. Hence we 

represent the earthquake by a double-couple point source, and 

as we have already seen, this will be the appropriate representa- 

tion at long periods. At the short-period end of the surface 

wave spectrum we may  anticipate seeing higher-order multipole 

effects due to rupture propagation. Since our range of observa- 

tions is at rather long periods, the double-couple source will 

turn out to provide an appropriate spatial radiation pattern 

which can be used to fit the observations. Depending on the 

rupture length, however, we might expect to see departures in 

the radiation pattern from the pure quadrupole type, as well 

as the series of maxima and minima toward the short-period end 

of the spectrum, due to rupture propagation. We shall there- 

fore check our observations with this in mind, although in the 

present study we make no attempt to fit the details of the 

source spectrum, nor try to study th^ effect of higher-order 
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multipolc terms in the radiation patterns, katlitr, wc sinply 

f't the spatial radiation pattern up to the ijuadrupoli' tern, 

and draw conclusions from the nature of the fit. Ke then 

qualitatively compare the details of the observed spectrun 

and the observed spatial radiation patterns to the thcoret i c;« I 

predictions. 

Since we will deal in detail with monopole and quadrupule 

fields in this study, it is convenient to introduce parjnett-rs 

related to their force equivalents, lor the double couple fthc- 

quadrupole equivalent) we define a plane along which one of 

the couples is oriented, the other couple being oriented in ■ 

direction perpendicular to it. figure 5 shows such I plme, with 

its orientation in space specified by the unit vectors shown. 

For an earthquake, this plane corresponds to the fault plan«.-, 

which is simp y a limiting form of the surface enclosing the 

region of failure. If this region has a small width relative 

to its other dimensions, there is little geometric.il distinc- 

tion to be made between the envelope surface and the fault 

plane shown in Figure 5. 

As is customary, the orientation of the fault plane is 

described by a strike angle, measured from north, and a  dip 

angle measuied from the normal to the strike direction, as 

shown. A point of observation (0) will he  specified by an 

azimuth angle 0, measured from the strike direction, ami an 
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cpicentral Jistarui', r, measured from the point of initiation of 

the rupture; this latter point is shown in Figure 5 as the 

origin of coordinates. 11 the fault plane or actual rupture 

surface may terminate at some depth h hclow the earth's surface, 

this distance is measured in the direction of axis x, in figure 5, 

normal to the surface of the earth, 

\\v  define t'   in 1 igure 5 as the traction vector at a 

distance -t/i  just hchind the fault plane, when the fault 

plane is viewed from the direction defined hy n. When tho fault 

plan..' is approached from the -n direction there is an equal 

and opposite traction »t* ^ at a point a distance ♦c/2 just in 

front of the plane. This configuration of tractions defines one 

of the force couples for the equivalent source; its orientation 

in the plane will he described by the so-called slip angle, 

which is simply the angle \  defined with reference to t/ ', as 

shown in figure 5. F:or the full quadrupole equivalent we require 

an t-qual and opposite couple whose orientation is perpendicular 

to the plane shown in figure 5, such that the net torque at the 

point P is zero. This particular configuration is required by 

the equilibrium equations, since for a relaxation process no 

Ml torques can be maintained. The origin of the second couple 

is the Poisson effect which occurs during relaxation. 

In the case of an earthquake the definition of the fault 

plane and the system of couples just described is intuitively 
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appealing and reasonably straightforward (although from a purely 

intuitive approach, only a single couple might appear to he 

required at first sight; this fact has contributed to the well- 

documented disagreement among seismologists as to whether a 

single or double couple source is required). For stress relaxa- 

tion associated with a "spherical" shatter zone, however, the 

same equivalent double-couple point source applies, hut of 

course the physical identification of a "fault plane" is no 

longer obvious. Even so, we will define a plane through the 

source and its associated orientation parameters for this 

problem as well. In this case, which may apply to explosion- 

generated earthquakes in the real world, the plane and the 

couple orientations are related to the orientation of the 

prcjtress field. 

This approach allows us to use Ben-Menahem and llarkrider's 

(1964) point source results directly, to describe the quadru- 

pole field from an earthquake and from an explosion in a 

stressed medium. Since we are primarily interested in theo- 

retical fits to the azimuthal dependence of the radiation fields, 

we need only calculate the variation of a single function, x(0) 

which gives the radiation patterns for either Love or Raylcigh 

waves from a double-couple point source at a depth h in a 

plane-layered earth model. In particular, Ben-Menahem and 
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Hark rider (1,.>«»4; equation JS) jfive: 

x(0) » d0 ♦ iidjSin 0 • d2cos t)) ♦ dj sin 21 • d4 cos 26 

where for Rayleigh waves the coefficients are: 

d^^ - 1/2 B(hj sinX sin 26 

dj = - C(h) sin\ cos 26 

d, » - C(h) cos\ cos 6 

d, ■ A(h) cosX sin 5 

d4 = -1/2 ACh) sinA sin 26 

and for Love waves the coefficients are: 

d  = 0 
o 

d. = (Hh) cos \ cos 6 

d, = -c^h) sin \  cos 26 

d, * i/2 sin A sin 26 

d, ■ cos A sin 6 

The functions A(h), B(h), C(h), and G(h) depend on the 

equivalent point source depth and on the details of the 

earth model chosen. They are given explicitly by Ben-Menahem 

and tiarkrider (1964; equations 26-36), but since they are quite 
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lengtkyt thoy will nol  l><.- reproducvd here« We 1.11 i    ar)     , 

,   ; ,  anJ h to  fit  our ohsci vat iuii->, uhilf uintaininfi a fi 

■verago crust-upper ma/itlc Bode] appropriate  to the w- icrti 

United States  in tJie reaainder "i  thii work,  kfithoul detail« i 

path   corrections   (or  ctintiulj,   tlu'retore,   we   txptt t    t      -i i 

scatter in the ofeaervationfl afeoul  any  (it ire aighl achieve,  and 

ihis  will   to  some  extent   lii.iit   our ability  to draw  hard condu- 

sions.     However,   with  a   j^ooJ  average   structural   model   Hi   L.m 

expect   to   resolve  and   Identify  all   hut   the  raore   suhtlr   radi I- 

tion  pattern  variations. 

lor  the monopole   field   from  the  explosion  we  aerely riot« 

that   it  has  the  lorm   (in  our present  notation): 

(2) (2J 
C)lL' "> - Ko<'"> K W 

with 

C'' 
(I 

0 
(» 

The   function   (i( . )    will   depend  on   tin.-   radius   ol   the  elastic1 

plastic houndary and the effective pressure at this radius. 

Archamheai! i 11)71) deacribes such (unctions and the various 

ways of determining lluin. It is clear, however, thai M can 
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again use I point source model and employ Ben-Menahem ami 

llarknder's it-suits for a point pressure source without 

iuu:^ directly conceriK-d with all the details of the function 

• i( ). 

In | articular, our procedure in dealing with the explosion 

is to suporpose a point pressure and point douhle-couple sources 

and to scale the douhle-couple component hy a factor I (sec 

rokaoz et al«| 1965)« POf observationa of the radiation pattern 

at .. given frequency, then, we can adjust this factor I , ilong 

with the otlier parameters of the douhlc couple, in order to 

obtain a theoretical lit to the ohserved radiation pattern. If 

ill.) is such that the actual source Monopole spectru.n is 

similar to the quadrupole spectrum over the range of observa- 

tion, then the fit achieved at one frequency should hold over 

the entire frequency range. If the monopole excitation is quite 

different from that associated with the quadrupole term, then 

the I factor will change with frequency. From our earlier 

discussion of the effects of shock-induced relaxation we note 

that if relaxation around the shatter zone is all that is 

involved tectonically, then the F factor, once determined, 

should be found to remain fairly constant with frequency. 

11 triggering of large-scale asymmetric faulting is involved, 

the F factor should increase .strongly with increasing period, 
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reflecting greater quadrupole excitation at long periods. 

Thus we will attempt to fit radiation patterns over a range 

of frequency in order to determine whether such variations 

in F exist? 

To conclude this part of our discussion, it is worth- 

while to note some of the less obvious difficulties inherent 

in fitting theoretical predictions to the observations. 

These difficulties arise primarily from a lack of uniqueness 

in fitting the observations, and are best illustrated by a 

few examples. 

In particular, since the azimutha.l variation of the 

ratio of Love to Rayleigh wave amplitudes (L/R' ^t a given 

frequency is an important variable, it is appropriate at 

this point to discuss the effect on the L/R radiation pattern 

of variations in the free parameters describing the source. 

For an explosion with an anomalous quadrupole or double- 

couple component, we have as variables the depth of the 

double couple; the strike, dip, and slip angles describing 

the orientation of the double couple; and the F factor 

relating the monopole excitation to the quadrupole excitation. 

We note parenthetically that the depth of the equivalent 

double couple required to explain the observations could, 

*We note also that intuition suggests a roughly constant F value 

if conversion by cracking causes the Love waves. 
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if it is significantly different from the known depth of the 

explosions, be diagnostic of the mechanism of the quadrupole 

field:  a much greater depth, for example, would suggest 

triggering of an earthquake, while a depth near that of the 

monopole equivalent might be caused either by tiiggeriug or 

by relaxation due to the shatter zone itself or by conversions, 

For an earthquake we have the same parameters available 

except for the F factor, since for earthquakes we assume 

that there is no monopole contribution. 

Many variations of combinations of these parameters can 

give rise to closely similar L/R patterns.  Figure 6 shows, 

for example, the variation in L/R pattern for an explosion 

in a stressed medium for different double-couple slip ingles. 

A similar variation in the pattern, involving slight 

azimuthal rotations and changes of magnitude, can be caused 

by changes in the depth of the double-couple component. 

Similarly, radically different values of slip angle and 

double-couple depth equivalent can result in the same 

observed radiation pattern.  A similar ambiguity exists in 

the combination of dip angle and the F factor for an explosion, 

Figure 7 shows the variation in the L/R pattern for varying 

dip angle, holding the other parameters fixed.  Here the 

pattern lobes increase in magnitude with increasing dip, and 

essentially the same kind of variation occurs as F increases. 
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Furthermore, various combinations of strike, slip, and dip 

angles, and the F factor can be found that give  very similar 

radiation patterns, so that we are confronted with the 

fundamental lack of uniqueness which is characteristic of most 

jicophysical problems.  In our treatment of the actual 

observations and the theoretical fit to our data, we there- 

fore work in a period range in which the scatter of data is 

small, so that we can with reasonable justification make 

relatively fine distinctions in the fitted models.  IVe also 

constrain our solutions to be in at least  rou^h agreement 

with the known tectonic setting of the source area:  thus 

we make use of the fact that something is known of the 

strikes and dips of the faults in the source region, and we 

impose a set of constraints on our allowable source models. 

Further, the ambiguities for the earthquake are not as serious 

as for the explosions, since we deal with only one type of 

equivalent source, and we use the fit for the double couple 

of the earthquake as a guide for possible solutions for the 

SHOAL explosion.  This presupposes tectonic release as the 

origin of the double-couple component, of course, and hence 

only serves to constrain permissible solutions of this type, 
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SURFACE WAVE RADIATION PATTERNS AND DEDUCTION OF THE 
EQUIVALENT MULTIPOLE SOURCE 

In this section we consider the surface wave radiation 

patterns associated with the two explosions and the single 

earthquake studied, and discuss the point-source models 

implied by the data. 

Figure 8 shows Love and Rayleigh wave patterns for two 

BILBY explosion frequencies spanning the bandwidth in which 

the signal power was greatest. We note that the stations closest 

to the sources give an adequate azimuthal coverage for our 

purposes, although more stations to the west would have been 

desirable.  It is reasonably clear that variations in crust 

and upper mantle structure strongly perturb the radiation 

patterns; in particular, the stations in the eastern United 

States show quite large amplitudes which consequently cause- 

distortions in the contours of the pattern.  It appears that 

eastward-propagating surface wave energy, once across the 

Rocky Mountains, propagates from there on with little 

attenuation, and that the observed surface wave amplitudes 

can actually be greater in the East than at stations in the 

western tectonic provinces which are much closer to the source. 

This can be explained in part by the fact that the crust in 

tlic eastern United States has intrinsically higher wave 
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velocities in the intermediate and deep layers than does the 

crust in the Basin and Range Province (see, for example, 

Archambeau et al0, 1969). The top of the upper mantle also 

has higher velocity in the East than in the West,, This results 

in a distribution of the surface wave energy nearer the surface 

for surface waves in the period range observed (5 to 40 seconds), 

and hence hi ier amplitudes at the surface, even though the 

total wave energy is less. Further, the lateral variations within 

the eastern provinces appear to be milder than those in the 

tectonic provinces in th West (Archambeau et alo, 1968, 1969) 

and hence there is less scattering and more uniform propagation 

of the waves generally» 

The patterns in Figure 8 for both Love and Rayleigh waves 

can be approximated by superposed quadrupole-monopole sources 

with both equivalent point sources at the depth of the detona- 

tion point for the explosion,, These theoretical patterns, 

approximately the same for T = 15 or 20, are shown in the insets 

in Figure 8. The source parameters are as given in the figure 

and listed in Table II; the ellipticity parameter c is deter- 

mined by the structure used to predict the radiation patterns. 

We were particularly interested in the effect of varying the 

depth of the double couple equivalent, but found that the best 

fit to the observations is given by a double couple at the 

depth of the explosion. This supports a local effect such as 
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tectonic release or conversion in th2 very near vicinity of 

the explosion, but does not clearly distinguish between induced 

faulting as opposed to relaxation due only to the shock-generated 

"spherical" fracture zone. 

It is also significant that the same combination of mono- 

pole and quadrupole sources fits both the Love and Rayleigh waves. 

Further, we found very large changes in observed amplitudes of 

the radiation patterns between two frequencies where the shape 

of the pattern remains essentially invariants In addition, the 

pattern did not vary significantly from that shown over the 

entire range from approximately 10 seconds to 35 seconds, although 

at the extremes of this range the observed power was low and the 

pattorn resolution became poor. Nevertheless, we conclude that 

there is no evidence of pattern shape change over this range« 

This supports the idea that the mechanism associated with the 

double couple source is not only located in the near vicinity of 

the explosion, but that the spectrum produced by this mechanism 

is similar in shape (as a function of frequency over the range 

observed) to the explosion spectrum. Indeed, the scaling factor 

F = CLS for the double couple is independent of frequency over 

the observed range, as is predicted for the radiation due to 

relaxation around the shock-created shatter zone. The magnitude 

of this excitation factor is also of the order expected for 

relaxation. 
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The amplitude and energy spectrum produced by this douhIt- 

couple source component from Bilby has been studied by Archambeau 

and Sanunis (1970)  under the hypothesis that this contribution 

to the field is actually due to tectonic prestress relaxation 

around the shock-induced shatter zone, It was found that a 

fit could be achieve 1 for a homogeneous shear prestress of 

70 bars and a shatter zone  of roughly 400 meters in radius, 

which are reasonable values. Thus we tentatively conclude that 

the observations from B1LBY support the hypothesis for this 

particular form of tectonic release We do not sec a change in 

i attern shape as predicted for large-scale faulting, and while 

we cannot definitely rule out a triggering effect, there is 

little evidence to support it. Aki et al. (1969) have, however, 

drawn the opposite conclusion based on a different set of 

observations. 

As to the fundamental question of whether tectonic effects 

are responsible for the double couple component, we note at this 

point that the strike and dip of the "couple plane" (| = 342°, 

6 ■ 90°) are consistent with the orientation of tectonic features 

in the vicinity of the explosion site„ This simply indicates 

that the average stress field in the region is oriented so as to 

produce a double couple field in agreement with the observations 

for either fault triggering or shatter-zone relaxation effects -- 

therefore, the tectonic hypothesis is at the very least consistent 
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with our observations. Furthermore, while our amplitude 

pattern fit indicates a double couple source in the near 

vicinity of the explosion (within a few kilometers), observa- 

tions of the l.ove wave group velocity requires that the double 

couple be very close to the explosion site, in order that the 

observed group velocities be compatible with our rough knowledge 

of the crustal structure along the propagation paths,. Hence, 

while one might argue from the observations of the Rayleigh 

waves alone that the patterns might be accounted for by ampli- 

tude fluctuations caused by local structural variations at the 

individual stations, it is impossible under such a hypothesis 

to explain the Love and Rayleigh wave group velocity observa- 

tions, which are consistent with our prior knowledge of source- 

to-station velocity structure within the Basin and Range 

Province. In particular, only a double couple source at the 

explosion location can explain all our observations. 

The theoretical patterns shown in Figure 8 provide a rather 

qualitative way of fitting the observations; that is, we have 

tried to fit by comparing the general shapes with the contours 

obtained from the observations. A more quantitative approach 

is achieved by the method illustrated in Figure 9. In this case 

we can simultaneously consider Love and Rayleigh wave amplitude 

patterns (the vertical component amplitude in the case of 

Rayleigh waves)  by fitting their ratio, which we will designate 
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as I./R. This can be done as a function of frequency, so that we 

consider a reasonable frequency sampling of such L/R  patterns 

and fit them with a fixed combination of monopole and quadru- 

pole parameters. The paiu.meters arc the same as for the patterns 

shown in Figure 8 and listed in Table II, of course, .-nd we 

only note that the L/K fit can be seen to be quite good,. All 

the source parameters listed remained nearly constant over the 

range 10 to 35 seconds. We will return to the spectral character 

of the L/R ratio in the next section, but at this point it is 

reasonable to strongly suspect that the mechanism producing 

the double couple component for BILBY is tectonic stress relaxa- 

tion near the roughly spherical shatter zone, because of this 

constancy of source parameters versus frequency,, 

The SHOAL explosion was considerably smaller than the BILBY 

event (Table I), but a double-couple component similar to that 

obtained for BILBY was observed. In particular. Figure 10 shows 

radiation patterns similar in shape to those observed for BILBY 

and the theoretical fit achieved gave an F factor and double 

couple source depth which are like those for BILBY* The same 

inteipretation follows; that is, the stability, or shape 

invariance, of the patterns with frequency (over the range 10 to 

30 seconds in this case) , the coincidence of the quadrupole and 

monopole source depths, the strike and dip of the equivalent 

"fault" plane coinciding with tectonic features of the area and 
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the moderate constant value for F, all imply tectonic relase due 

to stress relaxation near the explosive shatter zone. Further, 

the source parameters defining the douhle couple component are 

nearly identical with those obtained for Bilby, which implies 

a similar tectonic stress field in the two areas? 

I igure 11 shows the L/R pattern at a period of 15 seconds. 

The tit to the data is quite good considering the large 

variance to be expected in the ratio of two spectra, due, for 

example, to structural effects and noise. The scatter from the 

theoretical fit would also manifest itself in the form of dis- 

placements of the observed points on this plot in azimuth, due 

to refraction of the surface waves as a consequence of lateral 

variations. Lateral variations in structure have not, of course, 

been tak« n into account in the theoretical calculations. These 

effects arc quite apparent in Figure 10, however, and it is easy 

to sec that in the vicinity of the epicenter the pattern most 

closely approaches the theoretical pattern, while at greater 

distances the energy has been refracted and scattered by 

velocity gradients along the path so as to distort the basic 

symmetry observed near the source. We note that the effects 

of lateral variations in structure on the pattern shapes will 

be frequency-dependent, and Figure 10 illustrates this fact. 

*Of course the possibility of conversion due to cracks controlled 

by the local stress field cannot be ruled out. 
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One of the major considerations of this study is the com- 

parison of an earthquake field with those from the explosions. 

The Fallen earthquake was located very near to the SIIOAL epi- 

center and so a comparison with SIIOAL is most straightforward. 

Figure 12 shows the Love wave radiation patterns from the 

Fallen earthquake; the inset shows the double couple equivalent 

which gives a best fir to these observations. The same equiva- 

lent was used to fit the Rayleigh wave patterns and the L/R 

data as well, of course. The parameters for this equivalent 

are to be compared to the double couple parameters obtain^ 

from the SHOAL explosion. The most significant difference 

between the double couple equivalents for the two sources is 

the difference in depth of the earthquake double couple. In 

view of the reasonably strong constraints placed on depth by 

the radiation patterns, we are confident that an appreciable 

differ-^" ,t in depth exists. We therefore have an exanple of 

what a triggered event at depth would contribute to the surface 

wave radiation from an explosion. Here we note that the earth- 

quake has a significantly lower body wave magnitude than the 

explosion (Table 1) and hence is energetically of the size 

and at a depth that has been hypothesized for triggered events 

associated with explosions in the range of SHOAL and BILBY,, 

We immediately note, however, that beside the fact that an 
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equivalent double couple at the surface fits best to the explo- 

si'Mi data rather than one at significant depth, it is also 

evident that the double couple for the earthquake has a much 

higher excitation in  the lit) to 30 second period range than 

does that for the explosion. This is evident by comparion 

ut the Love wave amplitudes for Fallon with those for SHOAL 

and is even clearly true for BILBY which is more than an order 

of magnitude larger energetically than Fallon» Thusj we would 

expect that if a triggered earthquake occurred with the explo- 

sions that it would have chracteristics very similar to the 

lallon earthquake, especially, of course, for the SHOAL explo- 

siono However, we see that the observed characteristics of the 

anomalous double couple components associated with the explo- 

sions are very different from those of the earthquake, and 

conclude in accordance with Archambeau's theory that the most 

probable mechanism is tectonic release associated with the 

highly symmetric fracture zone created by the explosive shock 

wave. 

One other important conclusion to be drawn from the 

difference in the long-period double couple excitation of 

the earthquake relative to the explosions is the fact that 

we can quite easily distinguish between earthquakes and explo- 

sions just on the basis of the Love wave excitation relative 

to m. , down to m. - 4.4. This, of course, has been observed 
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before (livernden, 1971), at least indirectly, in terms of 

m. vs. M differences. IVhile it is clear that caution is 
b     s 

necessary, since we are considering only one earthquake which 

may have somewhat special characteristics, it seems quite 

unlikely that these differences would change very radically 

with decreasing magnitude» Thus we expect to see differences 

ii the quadrupole components of earthquakes and explosions, 

especially in the Love wave excitation, down to n, magnitudes 

below four for most if not all earthquake-explosion pairs, IVe 

shall discuss this point again in the next section, where we 

will consider these inherent source differences in terms of 

Love to Rayleigh wave spectral ratios„ 

Another aspect of the comparison between the quadrupole 

components of SHOAL and Fallen is the similarity in the 

orientation of the equivalent double couples. We expect that 

if the origin of the Love waves for the explosion is tectonic 

stress relaxation, then the orientation of the double couple 

equivalent for the explosion should be similar to that for 

the earthquake, provided of course that the prestress field 

is reasonably well-behaved and such that averages taken over 

volumes of the order of kilometers in diameter do not vary 

much in this region» We observe from comparison of tnc para- 

meters describing the double couple equivalents for the 
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explosion-earthquake pair, as illustrated by the insets in 

Figures 10 and 12, respectively, that there is a strong 

correlation of the double couples in terms of their orientations, 

although there is a large difference in their relative magni- 

tudeSo This is consistent with the idea that tectonic relaxa- 

tion of a regional stress field was involved in both cases, 

and that the earthquake was much more efficient at low 

frequencies, 

If we examine the radiation patterns shown in Figure 12 

in more detail, we see that the theoretical quadrupole pattern 

shown is a rather rough approximation to the observations, 

although a good first-order fit. There are at least two 

possible reasons for this: first, we expect rupture 

propagation effects to distort the patterns at wavelengths 

comparable to the rupture length in the manner described 

earlier; second, we expect structural variations to cause 

perturbations in the patterns. Both effects appear to us 

to be present here. Note in particular the distortion of 

the pattern at T = 9 seconds; the amplitudes on the NE lobe 

of the pattern appear to be 3 to 4 times as large as those 

within any of the other lobes» This effect is seen to diminish 

rapidly with increasing period. We consider this deviation 

from a pure quadrupole pattern to be predominantly due to 

rupture propagation, although we cannot definitely rule out 
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structural focusing effectso Although the amplitudes were low 

at short periods for the SHOAL event, we did not see similar 

effects; and if either structure or fault triggering were 

involved in large measure, such a distortion should have 

been evident„ 

Structural effects are obviously strong, however, and we 

note that, as with the observations of SHOAL and BILBY, surface 

waves propagate efficiently east of the Rocky Mountains» It 

is worth noting that the contour pattern swings away from 

north toward south with increasing period in the eastern part 

of the continent as well. This implies that in the north there 

is a higher velocity in the lower crust and upper mantle compared 

to the south; or at least, such a variation is consistent with 

this sort of refraction effect; this agrees with our knowledge 

of the structural variation in this part of the continent» 

Figure 13 shows the Rayleigh wave patterns from Fallon 

along with the theoretical pattern produced by the same quadru- 

pole used to fit the Love waves. In this case, because of the 

orientation of the equivalent double couple, the pattern 

shape changes with frequency. We observe a rather remarkable 

first-order agreement between the theoretical and observed 

patterns, particularly when we consider the combined Love and 

Rayleigh wave data. Again we observe strong perturbations in 
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the patterns due to structure, especially in the east. However, 

close to the source we again observe what appears to be 

evidence for rupture propagation in the distortion of the 

pattern, resulting in larger amplitudes to the north at short 

periods» Again a strong conclusion to this effect is not 

possible, but at least the Love and Rayleigh waves both show 

the effect, as would be expected if it were due to rupture 

propagation» 

In the east the effects of lateral structural variations 

are different for the Rayleigh waves than for Love waves in 

that we observe no similar rotation of the pattern from north 

to south for Rayleigh waves» However, the Rayleigh wave 

excitation is smaller, and noise may obscure the true behavior 

of the pattern as a function of period» 

A composite picture of the fit to both the Love and 

Rayleigh wave radiation is provided by the fit to the Love to 

Rayleigh spectral ratio» Figure 14 shows the L/R radiation 

pattern at T = 16 seconds, a period of high amplitude for 

both types of surface waves. Considering the combined effects 

of laLeral structural variations and rupture propagation as 

perturbing influences, the simple quadrupole pattern shown 

gives a remarkably good fit to the data. The important point 

here is that the L/R ratio for Fallen is much larger than 
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the L/R ratio for SHOAL, and this is true at every azimuth 

with the exception of only those (singular) points along 

the node lineso This may thus potentially be a useful dis- 

criminant between explosions and earthquakes, especially if 

it holds over a wide period range. In the next section we 

will investigate the period range over which this difference 

applies; we will see that for observations at larger distances, 

it is necessary to consider the L/R ratio at progressively 

lower frequencies in order clearly to distinguish between the 

two source types on the basis of larger L/R for earthquakes» 

Nevertheless the difference holds. 

Spectral comparisons 

In the previous section we focused most of our attention 

on the azimuthal variation of the fields from these sources, 

and to some extent on their distance dependence,, In this 

section we look more closely at the spectral properties of 

the files» It is, of course, important to keep in mind that 

the spectral characteristics vary with azimuth and distance, 

and we will therefore attempt to integrate the results of 

the previous section with the present discussion. 

Figure 15 shows observed surface wave spectra from BILBY 

at progressively larger distances along a line of stations at 

roughly the same azimuth. The radiation patterns for BILBY show 
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that stations along this azimuthal sector lie near the maximums 

of the quadrupole lobes for both Love and Rayleigh waves,, These 

spectra show that the Rayleigh wave excitation is generally 

greater than the Love wave excitation over the range of obser- 

vations from 5 to 40 seconds, and that the observed spectra 

peak in a range near 10 seconds period0 The exception to these 

generalizations is the Love wave spectrum at BX-UT, which 

shows an increase in amplitude in the 30 to 40 second period 

range. Since the time sample used to obtain the spectral 

estimate at this near distance range was short (the signal 

being quite pulse-like) , so that corrections for sample trend 

and the like are therefore more uncertain, we feel that 

this feature in the spectrum may be an artefact of our procedurec 

The BILBY spectra can be usefully compared with the Fallon 

earthquake spectra shown in Figure 16, We see that for Fallon 

the Love wave spectra are generally greater than the Rayleigh 

wave spectra at all distances, which is opposite to the 

relation for the explosion, and that the spectral peak is in 

a range near 20 seconds, although the Rayleigh wave spectrum 

does not have a very clearly defined absolute maximum. In any 

case, even a casual comparison of the spectral characteristics 

of the surface wave spectra from the two source types shows 

that the Love wave excitation from the earthquake is relatively 

much greater than from the explosion and that the spectral 
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excitation is shifted toward longer periods. Much of the 

detailed character of the spectra shown is of course controlled 

by the structure; however, source spectral characteristics 

appear to result in changes in the gross properties just 

mentioned» 

Figure 17 shows the comparable spectra for the SHOAL 

event. In general, the spectral amplitudes are rather low and 

therefore noise is a significant background effect. In particu- 

lar, we regard the rise in the spectra beginning around 30 

seconds and extending to the 40 second limit to be spurious 

and to be due either to imperfect knowledge of the instrument 

response at long periods, or ambient background seismic noise, 

or both. Ignoring this suspect part of the spectrum, we note 

that the spectra of both types of surface waves peak near 10 

seconds (actually at periods somewhat less than 10 seconds as 

compared to BILBY, where the spectral maxima occur, on the 

average, at periods somewhat greater than 10 seconds). The 

Rayleigh wave amplitudes in this restricted period range are 

of the order of or greater than the Love wave amplitudes. Again 

we observe that the explosion produces surface waves with 

relatively greater excitation at short periods than does the 

comparable earthquake, but does not produce Love waves with 

anything approaching the same efficiency as a comparable 

earthquake, 
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A more quantitative means of comparing the frequency 

dependence of the Love wave excitation between an earthquake 

and an explosion is to calculate the ratio of the normalized 

Love wave spectrum for the explosion by that of the earthquake, 

figure 18 shows the Love wave spectra for S1IÜAL and Palion 

recorded over nearly identical paths. The spectral ratio for 

the Love waves should therefore be essentially independent 

of path and should reflect source differences directly, 

furthermore, the Love wave excitation is a very slowly 

varying function of depth and, for a source depth difference 

of around 20 km for these two sources, will have a small 

effect (Harkrider, 1964); hence we see principally the spec- 

tral differences in the source equivalents themselves. The 

ratio shown in Figure 18 indicates the relatively greater 

short-period excitation of Love waves for an explosion 

relative to an earthquake of comparable magnitude. 

In terms of a relaxational source, this would be explained 

in terms of a much larger source dimension for the earthquake 

than for the tectonic source associated with the explosion. 

This is consistent with the hypothesis of stress relaxation 

from the region around the shock-induced shatter zone. We 

might emphasize that even though the P wave magnitude of 

the earthquake was significantly smaller than the explosion, 

the source dimension appears to be substantially larger. We 
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have shown a 1/T curve only for comparison with the data; 

however, we observe that where the power is high for both 

terms of the ratio, the data appear to fit such a dependence 

quite well. We will consider theoretical predictions of the 

relative Love wave excitation for explosion and earthquake 

models in a later study, with the objective of comparing 

these predictions, for various model types, to data such 

as these. 

Since the power at the long-period end of the Love wave 

spectrum for the SHOAL explosion was low and probably contami- 

nated by noise to a significant degree, we have plotted the 

sample spectral ratio for the BILBY-Fallon pair, since BILBY 

has reasonably high power in the 20 to 40 second period range. 

Figure 19 shows the results, with a reasonably close fit to a 

1/T dependence at the Üong-period end of the spectrum. Taken 

together, then, the spectral ratios for Love waves from these 

expl. sions relative to the Fallen earthquake appear to 

follow a dependence which is roughly 1/T in the range which 

the observations are reliable. This merely quantifies, somewhat, 

our earlier statment that explosion-generated Love waves are 

predominantly of shorter period than Love waves from an earth- 

quake of comparable magnitude (or energy). An explanation is 

of course that the source dimensions are quite different, the 

earthquake being the larger. 
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Perhaps the most interesting result of this study is 

that the Love wave excitation from the explosions is sig- 

nificantly different than that from the earthquake. This 

difference of course is expected for an idealized explosive 

source; the only question is how strong the anomalous effects 

might be in actual cases. We have seen that while the anomalous 

field appears to be tectonic in origin, it is not so over- 

whelming as to mask distinguishing properties of the purely 

explosion-generated field. 

To summarize these differences, we again consider the 

Love to Rayleigh wave ratio (L/R) for these events. Figures 9 

and 11 show the spatial character of this ratio for the two 

explosions and comparison with the ratio for Fallen in Figure 14 

indicates the differences in these characteristics at a fixed 

frequency. We see that at nearly every azimuth the L/R ratio 

for the earthquake is large compared to that for the explo- 

sions and especially so along the strike of the "fault plane". 

This suggests that by checking the L/R spectral ratio at only 

a few stations we might be able to distinguish between earth- 

quakes and explosion sources, It is important, however, to 

investigate the detailed behavior of this ratio as a function 

of frequency in order to see whether the difference holds over 

a wide range of frequency and whether there is some frequency 

where the difference is maximized. In particular, does L/R 
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for earthquakes remain large compared to that for explosions 

as the period increases? Also, can the difference in the 

L/R excitation for different small sources be distinguished 

at large distances? 

In order to answer these questions we consider the L/R 

spectra at stations along a nearly constant azimuth to the 

east of the studied» This selection of azimuth does not 

maximize the difference between L/R for the earthquake compared 

to the explosions, as can be seen from again comparing Figures 

9, 11 and 14; and is representative of the average difference 

likely to be seen over a distribution of stations rather than 

the extreme difference. 

Figure 20 shows the L/R spectra at a relatively close 

range for the three events studied« It is clear that the 

closely related SHOAL-Fallon pair are very different, since 

the L/R spectra for SHOAL remains rather flat and near unity 

(actually less than unity), while that for Fallon is nearxy 

three at the 10-second limit, increasing with increasing period 

and aoproximately an order of magnitude larger at 30 seconds 

period. Generally speaking, L/R for BILBY is similar to that 

for SHOAL, although on the average it is somewhat larger 

over this period range« Thus over the frequency range where 

the observations are reliable, L/R for the earthquake is much 

larger than for the explosions and increases with increasing 

period. 
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Figure 21 shows the l/R  spectra for the events at an inter- 

mediate teleseismic range, at approximately the same azimuths 

as those in Figure 20. We note that roughly the same relation- 

ship between the events again holds. In this case, however, 

the spectral amplitudes for BILBY appear to be lower, on the 

average, than SHOAL. However, note that the distinction between 

the earthquake and the explosions in terms of L/R at the 

short-period end of the spectral range has been lost. This is 

probably due to the effects of structure, e.g., scattering from 

lateral variations. We also note that several maxima and minima 

occur in the spectra, whereas the spectra at the closer 

distance were more regular,, Again we condsider this to be 

associated with structural irregularities. This emphasizes the 

difficulties involved in isolating a spectral peak (or a 

minimum in the spectrum of the vertical component of the 

Rayleigh wave) which can be associated with a source depth 

effect. Harkridcr (1970) considers in detail the 

question of the effect of source depth on the L/R spectral 

ratio, using the Fallen earthquake as an example. 

Finally, Figure 22 shows the spectra at a distance of 

nearly 3000 km from the sources» We note that the spectrum 

from Fallon has an L/P ratio which increases dramatically 

with period and actually extends to a value considerably larger 

than 20 at the longest period of the range. However, since the 
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observed power at the extreme end of the range was low for 

fallon, we do not consider the data beyond 20 to 25 seconds 

to be very reliable» Nevertheless the spectrum maintains a 

much higher value than the explosions over a considerable 

period range. IVe also note that the SHOAL spectrum exhibits 

a large peak near 30 seconds period; however, the power was 

extremely low at this distance and at this period, and 

considering the noise levels and the effects of structure on 

such a spectral ratio, we conclude that this peak may very 

well be spuriouso 

Taken together, the last three figures, alon^ with the 

radiation patterns shown for L/R earlier, show that the l./R 

ratio is larger for this earthquake than for the explosions 

over a period range from around 10 to 35 seconds, ft is sig- 

nificant that this holds at all azimuths (the few exceptions 

being explained by nodes in the radiation patterns) and over 

the distance range from about 500 to 3000 km» The difference 

in the L/R ratio between this earthquake and the comparable 

explosion appears to increase with increasing period quite 

strongly, ranging from a factor of 2 or 3 difference near 

15 seconds to a factor of around 10 near 30 seconds. Various 

maxima and minima appear in the spectra, depending on the 

distance of observation; these are most likely associated 

with scattering due to structural irregularities, the Love 
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waves being affected differently than the Rayleigh waves. 

This strongly suggests that determination of depth from 

spectral minima (or maxima) is probably decidedly difficult 

and perhaps not useful in a practical sense. This conclu- 

sion is consistent with that obtained by Harkrider (1970) in 

his detailed study of the surface wave spectra and L/R 

ratios from Fallon,, 

We conclude that the L/R spectral ratio may be a reliable 

discriminant for magnitudes near 4,5, and possibly to 

lower magnitudes. We have not, of course, demonstrated 

that this difference is appropriate for all earthquakes, and 

it is entirely possible that some earthquakes may have 

properties quite different from the one studied, and thus 

produce L/R spectra similar to that from explosions. In this 

regard, deep earthquakes, earthquakes of volcanic origin, and 

dip-slip faulting will probably not show such a strong L/R 

difference from explosions selected from arbitrary tectonic 

regions. However, it seems clear that for an explosion in a 

tectonic environment which produces dip-slip faulting, we 

would expect a corresponding and proportionate decrease in Love 

wave excitation (since such excitation is also due to a 

tectonic origin) as the earthquake, and hence for other events, 

within the same tectonic region an L/R difference between 
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explosions and earthquakes similar to that observed here for a 

region typified by strike-slip faulting., In any case, the use 

of the L/R  spectral ratio as a discriminant appears potentially 

useful, but the possibility of practical application needs 

additional study, using a wider selection of earthquakes and 

explosions from different tectonic environments than that used 

here. 

A second conclusion which can be drawn from the nature of 

the L/R spectra verifies that inferred from the comparison of 

only the Love wave spectra for the events  as given in 

Figures 18 and 19„ In particular, the in ease of L/R with 

respect to period for the earthquake, and the generally higher 

value of this ratio over the entire period range compared to 

the explosions, indicates that the anomalous shear wave radia- 

tion from the explosion is consistent with a source mechanism 

which is of much smaller dimension than that of the earthquake. 

It is important to note here that the effect of the difference 

in source depth between the earthquake and the explosion (20 km) 

is such as to predict that the L/R ratio will have its largest 

difference at short periods, with the shallow source excita- 

tion being the greater, and that the L/R ratios become nearly 
it 

the same at longer periods (30 seconds). (See Toksoz et al,, 

1965, Figure 6 and 13),  This is just the opposite of what is 

observed, and hence the observation is probably due to an 
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intrinsic source property rather than a ntnliun responto effect 

due to depth o£ source. If we assume tl\at the origin of the 

anomalous field, which manifests itself principally as i.ove 

wave radiation, is of tectonic origin, then we arc led to 

conclude that the effect is due to stress relaxation around 

the shock created shatter zone, in view of the implied small 

dimensions of this source. 
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CONCLUSIONS 

We draw the following conclusions 1rom this study: 

(lj The eartluiuake radlttion field is to first order a 

quadrupüle field in the spectral rtngfl where typical wavo- 

lengths of the radiated field are larger than the rupture 

dimensions. At shorter periods there are indicacions, m both 

the radiation patterns and spectra, of higher ordei aultipole 

contributions produced by rupture propagation  Ihese reeultl 

arc in quantitative agreement with the theoretical predictions 

(2) Tectonic stress relaxation is by far the most likely 

origin of the anomalous contribution to the radiation field 

from the explosions. I'rom our analysis of the spectral and 

radiation pattern observations, we conclude that the effect 

is most likely due to stress relaxation aroung the ^liock- 

generated shatter zone for the events studied. 

(3J The anomaloi's field from the explosion is purely quadru« 

pole over a wide spectral range. Since the Uaylcigh wave radia- 

tion pattern-- do not change toward being a qudrupolc type at 

longer periods, and since the Love to Raylcigh excitation ratio 

is near unity, we conclude that the source spectrum for the 

anomalous field is similar in shape to that for the explosive 

monopolc component of the total field. This is in agreement 

wit' theoretical predictions for stress relaxation around the 

shock-generated failure zone. 
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(4) The spectral ratios of Love waves from the explosions, 

relative to the earthquake, show a long-period excitation Cor 

the anumalous explosion field which has a fundamentally different 

Frequency dependence within the range of ohservation (lo to 40 

seconds period): the anomalous explosion field has a frequency 

dependence rosemhling uim      (where m is some positive integer), 

while the eartlu|uake spectrum has a dependence like J . Thus 

the ratio decreases us w with increasing period in this range. 

This implies that the source of the anomalous explosion field 

is quite different from the comparable earthquake, and we 

conclude that if the origin is tectonic, it is associated with 

I region of relatively small dimension. This suggests that 

thesi effects are due to stress relaxation around the shatter 

zone. 

(5) The ratio of Love to Rayleigh wave spectral amplitudes 

generated by the sources studied here show that the earthquake 

(m, = 4.4) excited Love waves much more efficiently than did 

the explosions, with the difference in excitation increasing 

with increasing period. We conclude that this difference could 

be useful in discrimination of the two source types, even for 

relatively low magnitudes, e.g», near m. = 4.4. We also con- 

clude that the process of tectonic release was different for 

the explosions than for the earthquake, which was of comparable 

body wave magnitude. This strengthens our prior conclusion 
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that any tectonic effects are due to stress relaxation 

around the explosion-generated failure zone. 
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signals using narrow band filtering methods. 
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5 * Dip angle 

♦ i Strike angle 

x * Shp angle 

0   ■ Azimuth   angle 

n   « Surface   normal 

m./> Orthogonal vector» 
m plane of surface 

.<oi r"' ■ Traction vector m 
plane of surface 

»nur* S, Fault (or traction) plan« gooaotry. Tht polat (0) 
la an arbitrary point of o&aorvatlon, «hilt tho 
voctor N ia in tnt direction of gootraphlc North. 



THEORETICAL   LOVE    TO   BAYLEIGH 
WAVE   AMPLITUDE    RATIOS   FOR   AN 
EXPLOSION   AND   DOUBLE    COUPLE 
AT    0 km   DEPTH. 

Figure b.  Variation of the Love to Rayleigh (L/R) wave ratio 
as a function of &, the (double couple) "slip 
angle", for »uperposed Monopole »nd  quaJrupole 
(double couple) coaponent». The relative excitation 
of the quadrupole to aonopole coaponent i* fixed 
•t F • O.SI for all frequencie». 
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THEORETICAL   LOVE   TO   RAYLEIGH 
WAVE   AMPLITUDE   RATIOS   FOR   AN 
EXPLOSION   AND   DOUBLE   COUPLE 
AT 0 km   DEPTH. 
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figure ?. Variation of the Love to Rayleifh (L/R) wave ratio 
at a function of '.,  the (double couple) "dip angle", 
for superposed Monopole and (double couple) quadrupole 
coaponcnta. All other source paraneters are fixed( as 
indicated. 
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Figure 9. Th« theoretical Love to Rayleigh (L/R) wave 
ratio for BILBY, at T ■ IS seconds, aa a 
fucntion of asiautti using the source paraaeters 
of Figure S. The observed ratios at a number of 
stations with good signal to noise ratios for 
both Love and Rayleigh waves are shown at their 
appropriate axiwiths. This tlso shows the nature 
of the L/R aziauth variation and that a single 
equivalent source fits both Love and Rayleigh 
wave radiation for this event. 
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Figure .1. The theoretical Love to Rayleigh (L/R) wave 
ratio for SHOAL, at T ■ IS seconds, as a 
function of azimuth using the source parameters 
of Figure 10. Observations at various azimuths 
where signal to noise ratios were high are 
indicated and identified by abbreviated station 
symbols. This also shows the nature of the L/R 
azimuth variation (which is nearly identical to 
that for BILBY) and that asingle equivalent 
source fits both Love and Rayleigh wave radiation 
for this event. 
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Figure 14. The theoretical Love to Ra/leigh (L/R) wave 
ratio for Fallon, at T a 16 seconds, as a 
function of azimuth using the source parameters 
obtained for the results shown in Figures IZ 
and 13. Observations at various azimuths where 
the signal to noise ratios were high arc indi- 
cated and identified by abbreviated station 
symbols. This shows the nature of the l./R 
azimuth variation for an earthquake in the sane 
environment ar. the comparable explohion: SHOAI. 
(see Figure 1,.), Thf l./R  ratio for Khia ^veiil i- 
larger than that for the explosion at all com- 
parable azimuths, cxci-pt ■long nodal tinoa« 

nuch 
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Ftgurt 22. The variation of L/R versus period for the BILBY 
end SHOAL explosions and the Fallon earthquake. 
in the distance range near 2800 km. At large 
distances the L/R separation between the earth- 
quake and the explosions is maintained at long 
Seriods. The peak in the spectral ratio for 
hoal at 30 seconds is probably due to a path 

effect. 
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THEORETICAL BACKGROUND 

We begin with the stress relaxation source described by 

Archambeau (1968) and Archambeau and Minster (1971)„ First 

we present briefly the analytical nature of this field repre- 

sentation, and show that for the purposes of the present study 

it is sufficient to replace the actual source by an equivalent 

point source whose primary contribution to the far-field radia- 

tion is a quadrupole term at the long-wavelength end of the 

spectrum. We are thus able in this approximation to make use of 

the point-source models described by Ben-Menahem and Harkrider 

(1964), and in particular to use Harkrider's computer program 

to calculate a theoretical fit to our observations of radia- 

tion patterns. 

For the explosion sources studied here, we adopt the 

hypothesis that the observed anomalous shear wave energy is 

due to tectonic effects. This idea has been considered in some 

detail by Press and Archambeau (1962), Toksoz et al„ (1965), 

Archambeau and Sammis (1970), and Tsai and Aki (1971), among 

others. At the present stage we do not assume any specific 

model for the process of tectonic release, ioe0, we do not 

choose beforehand among the following possibilities: (1) all 

the tectonic release is due to the creation of a simple, 

nearly spherical, shatter or failure zone caused by the shock 

wave from the explosion; (2) all or most of the tectonic energy 
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release is due to the triggering ut ru[turing which results in 

the creation o!" lineal failure zones larger than the shatter 

Cone« Instead of adopting either of these hypotheses, ue 

present here a theory which covers both cases, and study the 

ohserved spectral data from the explosions in order to 

attempt to determine whether or not tectonic release actually 

contributes to the radiation field, and if so, which of these 

"geonietrical" mechanises _s responsibie« 

As far as the direct contnhution to the radiation 

field fi'om cxplosion-penerated shock waves is concerned, it 

Kill be assumed as a working hypothesis that the field is 

adequately represented hy a monopole contribution. Because 

of inhomogeneities anJ anisotropy in the source region, 

which will affect the conversion of the shock waves to elastic 

waves, there will unloubtedly be higher-order multipolc contri- 

butions, but it is reasonable to consider these as second order 

compared to the monopole term (Tokso: et al,, I'.KKS), and also 

of second order compared to the hypothesised tectonic effects, 

llovkcver, one of the purposes of this study is to assess the 

relative importance of any tectonic effects compared to th( 

non-monopole contributions to the far-field radiation from 

the explosive sources ("onscquent ly, although we adopt a 

reasonable working hypothesis in order to have a basis for 

the development of a theoretical framework, we do not exclude 
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other possibilities fro« our interpretive consideration». 

Stress relaxation effects for both explosions and e^r'.h» 

quakes have been considered in some detail by Archaabvau 

(1968, 1971J and here we need merely suuarise these briefly. 

The treatment is based on an initial-value formulation, t» th 

the medium assumed to be in a prestressed equilibiiun NIJIC, 

so that upon creation of a failure zone the solid medium 

relaxes to a new equilibrium state and a new state of stress. 

This is accomplished by radiation of energy away from the 

volume surrounding the failure zone, with a net reduction of 

potential (or strain) energy ».iihin this region; this process 

is naturally described as an initial-value problem. The energy 

release is, of course, due to the change in effective material 

properties in the failure zone, since afterward the medium 

will not he able to sustain the same stress, i.e., it cannot 

maintain the initial equilibrium 

He can treat such a problem quite simpiy iu  an unbounded 

medium, and then add to the result the solution to the homo- 

geneous problem (no source terms or initial values! in ordei 

to satisfy specified conditions on boundaries within or 

surrounding the actual volume of interest. 

The equations of motion for the infinite homogeneous, 

Isotropie, perfectly elastic, prestressed solid medium, 

neglecting hi?her-order interactions with the prestres? field, 
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Mi he tvduc^d to tk» tvt of wive ««luattont  |Arclisabv«u(  I97|): 

ifhvre the Cour potent t«l» i repfr»oat log the ttiro« coaponont» 

of rotation «n«l the tcalar 4tUt«tlon Ukt tcalor liavint in«Ic« 

a •  I)  pro%t<J«   the «IttpUc'vftrnt   field via the  relation«: 

ÜT -! • n1 ^ - K 4iJk ^j s (2) 

where the lailttl *, J. k run over the range 1, .', S and 

'ilk ** **" alternatini tenaor. Mere we eaploy the uaual «uaaui* 

tion convention; v^ la the »hear velocity for each I • I, Z,  S, 

while v| Is the co«preaslon«l veKoclty. q In equation (1) 

represent» any explicit body force (e.t* gravity or Internally 

applied force loads). In the pre»ent prohloa we can repre»ent 

the eaploalon Itself by a dlstnhutlon of forces over a surface 

within the aedlua, and we could use a delta function fom for 

q to accoapllsh thl» repre»entatIon. 

The potentials xa «re dynaaic field potentials defined 

(or aeasured) relative to the final equlllhrlua state of the 

•ediun. Th« prestress does not appear explicitly In these 

equations, hut It will appear a» a generalised initial value 

for these potential» »tnce they have non-xero values appropriate 
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lo th« Initial •t*it of  •tr«»« «t ihr ontrt of the lailuf. 

proc«»» «ad »ill evvntatllr •••«•» filial (sarol valua» appro* 

prlata to « «täte of »traf» In aquillbrlini with the complrtad 

failure MM« lha ch^nga In Ilia pofenli«!« at a glrrn «t«gr 

of Ilia ruptyra son« ionligurai ton it gtran by  Arckanbaau (19*1 

Ml 

and ihu» the «.hange In the «  for a «.hange in nalarlal proper- 

lie» «lue to failure It alwapt a hantonic function. 

A Crean*» fun«.iion tolutlon for »quatlon (I) provldat a 

convaniani neiho«! of iniro«lu«.iAg the Initial valuat ol • (( 

and «ho«t tha offactt of other «ource tarnt, at nail at inter* 

acllon« heiaeen the field and houndarlat within the nedlun 

He htva (e.g.t Ar«.hanheaut 19711: 

j 4,a j C.(^ ,$ Xo- V S %» ^  % 
a    a 



»tier«, «• f»r«%iou*ly iiotrJ. nr will us« th« Crten*« fttncilon 

for «A  tnftnitv  *p»<9,  given by: 

•i C. * H   UT   «. * 4' «<«.> *<«"«.> 

Ihr firtt Ivr» tn (i> £orr«»|»oii4« to the particular 

offoct« of ko^r fort.« trnu or tlnr-vari-lRf «pplied force*« 

and in von»!Jcrationa of tactonlc äfftet» par *» thata will 

ba oaltta«! I row furthar «ttantlon. Tha aacoiul tar« «ill alto 

ha IfAorad for tha pratant, »inwa It rapraarat* lha Intar- 

actlon of tha fiald with houadarlaa. Including tha boundary 

anclo«lng tha growing (allure sona. Slnca tha Individual parts 

of tha flald« both due to tha tourca and to boundary N«cattarint* 

affacta, ara additive, we can «uperpote tha affect« of tha 

houndarie» later, utlng a solution Involving an alganfunction 

•apanalon which I« äquivalent to the surface Integral ten. 

fcc are left only with the latt tern in the solution (41 which 

It thut taan to take into account tha initial-value affactt. 

Kow «a contidar the effect of Introducing a »hock' 

generated failure sone due to an eiplotlon (for detail» of tha 

developarnt, tea Archaühcau, 19?1). Me a»*tMe that the creation 

of thlt zone proceed» at a rate (««ter that any of tha Intrlnttc 

wave valocltlat within tha aadlua, and If we take tha thapa of 

the :one of failure to be «pharlca! at a flrtt appro«inatitn. 
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then he have in cHrvi, *n instjnruu» crvatloa MI 4 itettM 

soic. In Ihli c«»ev drnoting thr I4-.C tern in (I) I   '' r. t|c 

Mt h*vc: 

*    - TV»7 io ,lrj * o    Ai ^ 

kith an  initial  «t4tr giicn l>. : 

hJvR/%ii ' «SV 

^ t0.i»/VR 

where R It Ihr nJtu. uf  the «hatter rone and vR la tht 

rupture velocity, which we here take to he equal to the 

shock velocity for the nedlun. Ihu« the Initial value« if 

defined at the tine of conpletion of the rupture, ««id r« i •• ■* 

proceed» fron that tine onward at a rate governed hv the 

lntrin«ii velocttie« within the ncdiun. Ke note that tht 

initial value t*  It given hy the tolution of (S) along «ith 

continuity condition« on the rupture «urface and a condition 

requiring «• to approach the unperturbed initial value il 

large distance« fron the rupture zone That l%( we requir« 

a tolution to the standard prohlen for a spherUdl in« IMIM 

in a stressed nediun. Integrating over the source tlM %ariahlc 
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t^ anJ  taking jwvtHMt of  the «lUvontinuou» nature or   the  intrgrjn«!, 

flail 

Hen- .* t« 4 knonn harnonlc (unction *n4  C It til« Creon*« 

function for the in(in)tr-«p4ce ffoblen Ihu« «e havr «n 

MpllCll voluac intcgr«! to evaluate, whuh It a quite 

*tralghtforu^rd prohle« 

hhen the rupture leloclty It lett than the latffiMll 

velocity v , relaxation of tire»» occur« a» the rupture 

xoluae increatot or changet thape. Thlt It the cat« for 

«pontaneout (allure and thus I« appropriate for the earth- 

«luake »ource »ndel 

If «e vie« thlt proceit at a «equence of Inttananeou» 

«uh-procettet, each separated by an incresental ti«e *t , 

Me can add together »olutlont of the for« (Si to get the 

effect of finite rupture velocity In the ttretted nediu». 

In the Unit at 't approaches :ero, thlt «111 violJ the 

rei|uircd »olution («ee \r«.ha«heaut 1961 and Wft§   for an 

cipandrd di«vu»«lon) Thus, taking the rupture growth In 

(V) 
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*t   1^  time* i  •   l#   J,     .   #  tMft giufclh   lactMMIt  •«»   . 

»rpa'itc«!  in HMr I»*     I (t M   «>h|«t|i by *upctpo*tng »ufiit i  «• 

Here ke have in»erteU    lo   esplf. it ly   by nult i|>l. mg a»! 

tlivitling (S| by the tiMn   iitvrettent     Ihv  MHHltl       *   i> 

to be 

jnd thl» correspond» to the change  In the r«|uilibriim ii«l«i 

due to the Increnrnt  of  rupture gronlh khich o«.«.ut«  il  tin« 

Horn If we allntr *t0 to approach £ero nhilr ilasltMMMll 

alloulng thi nunber of growth  IWNMMt to appro^wh indnitv, 

the «umution becowe« »n integral and the diiferem«   niti 

4l!/St0 bveoaef a partial  derivative,  and  M M  h-tt« : 

ti'Nl.t)  -        tl(Vl0ldt0 riHTpl  dr^ 
v 

Here HCt  -t   I  1» a unit  *trp function and |_  I» the tine o   o o 
during which rupturing occur«    nhen t     •  !_ IMl   Itap  functi n 

/'^ 
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%jni*hc»; it I« uaity for t_ <   |Äi and thu» it «crelr »crvc» 
o   o 

to «Iclinr the f,lac tatorvat of the rupture procec» anil heiui 

the mtrrr«! of lategratlon over the »our^c ti«e t . 

In hoth the lorn» (S| and urn, the »olution for the field 

cauao/ h> the relaaatloa, *•, »•*• the »aae neaalag. In partuuUr, 

it |i the equtlihriua fiel«! for the prettretted •edtiMi mth an 

ISCUMIü (the rupture tone). Ihe nature of the invlution, i.e., 

Iff »hape, »ise, and »o forth, la aepenJent on the "tourcp" 

tine t0, »ince ue allou the inclusion to change »h«pe at  a 

function of tine t . Thu» «* I» the eoulllhriun fiel«! the o      «       ^ 

nediun trould tolas toward if the rupture nalntsined the 

»poclflc for« It hsd st the tine t . 
o 

The haalc Integral representstlon* In (S) and (6) can he 

evsluated la a relatively straight forward fashion for the case 

in aKich the nate/lal is unlfortaly preitretsed In shear and 

when the haslc failure has a spherical shape. Thus, for either 

in«tjntsneous «iiherusl «hstter :one growth or for rupture 

growth at a rate less thsn the shear velocity, we can obtain 

closed*fora solutions (see Archa*heau, 1961 snd 19?1). Further, 

we can allow the «p^erlcal sono to grow and to translate In 

tine mthm the »tressed ncJlun, thereby slnulsting a propagating 

i nlure :one which heal« Itself, I i., lock» up a «hort tine 

after the initiation of the failure. Thus we can calculate the 

field fron a transient tvpe of failure which sweeps through a 
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lartf region (sec? lor UctaiU Archanbcau and Minstti, r.»71j  All 

these solution» have the same analytic lorm; regarded is nulti- 

pole fields in the Irequenc)' domain the/ are given by: 

(13 (2) '«(I. ^   •  I  hjfc,{k n  I IA»(.Kosm; 
a £=2  *   u  m-0  '• 

B'^C-Jsin w^l'JCcos  ] 

with 

laiV •i323 

V (0) IS 

(J) 
12 

.a^J 

(0) 
13 

-(0) 
23 

0ir 

/2 

.(0) 
12 

Bj.C) w* uillflUji <to 
JO) 
J12 

'13 

,f0) 
23 

c 1 3 ' 

.AV/2 

°\Vn 

A" > ^ 



(see Archambcau, 1968 and 1971). The quantities a.,     are the 

constant components of the pure shear prestress field we 

assume, and the matrices are indexed on a = 1, 2, 3, 4, and 

m = 0, 1, 2. The prestress matrices anJ the functions G. 

and IL determine the nature of the multipole coefficients 

A,  and B, . These functions are dependent on the type of 

rupture involved, and in general are rather complicated 

series of hypergeometric functions (derived in detail by 

Archambeau, 1968 and 1971, and Archambeau and Minster, 1971). 


