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I.  INTRODUCTION 

This final report contains a summary of re-earch work undertaken 

over the last two years, including the work under the current Contract 

F 19628-74-C-0087, sponsored by the Defense Advanced Research Project 

Agency, ARPA Order No. 1795, Amendment #5. In order to present a more 

comprehensive discussion, some work carried out jointly under other 

contracts Is Incorporated. The other contract research suyport Is Listed 

in the Acknowledgments section of this report. 

The objectives of the current contract were: 

(1) To use present theoretical earthquake models (in particular 

relaxation models) as a framework for the interpretation of the seismic 

radiation from earthquakes, especially small earthquakes of magnitude 

»b <  5- 

(2) To utilize available world-wide m. - M  data to provide 

estimates of nonhydrostatic stress levels and the spatial variations of 

this field. 

(3) To Incorporate complex, non-homogeneous prestress and general 

fault geometries as relaxation theory models through the use of numerical 

modeling methods, with the numerical calculations designed to provide the 

definition of equlllibrium field changes to be used in the analytical 

relaxation theory. 

In section II of this report, the results of the research effort 

in these areas has been summarized. A major part of this work has involved 

theoretical work designed to extend and amplify the relaxation theory. 

A significant part of the work reported also involves comparisons of 

.. ...-, ■■ ,.,./.;,.J,.:...;.J.^^I^^^M.aiaaMaflaiLLtk^.aa-;.-...lJ.....-^ J.^. .. ■ ....>,.-.!■.;„.. ..^^,j.,..v,  . 
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theoretical predictions to observations of earthquake radiation in the near 

field distance range. Results relating to the Inference of the tectonic 

stress state associated with failure are summarized. 

Further, in part as a means of verifying some details of relaxation 

theory models, results relating to spectral magnitude discrimination are 

discussed in some detail in section III. These results show that the 

theory properly preclcts the character of the high frequency radiation 

from earthquakes and that discriminants based on the differences between 

earthquake and explosion compresslonal wave radiation are very effective. 

In particular, an observational study envolving roughly 200 Eurasian 

events showed that the theoretical predictions based on source theory 

mc ;els were quite accurately reproduced from the observations. 

Section IV deals directly with the measurement of nonhydrostatic 

stress using "V - ^-  data. Specifically the magnitude and spatial 

character of the tectonic stress field is Inferred from a large, world- 

wide set of earthquake magnitude data.  Consistent with Independent 

observations suiomarized in part II, very large nonhydrostatic stresses, 

of the order of 1 kbar and larger, seem to be required to explain n^ - Ms 

data for some events in certain seismic regions. These rather high stress 

levels appear to be very local, and to be concentrated within regions of 

spatial extent near 10 km in radius.  In general, stress levels near 

100 bars predominate, but the spatial character of the stress field, as 

inferred from spatial contours of the inferred stress levels for events 

within a seismic zone, can be complex. 

Section V provides a short summary of some of the important results 

that are regarded as especially pertinent to event 'liscj.lminatlon as well 

——--■- - - - ■ 
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as earthquake modeling. Some of the more obvious problems remaining 

and requiring further work are also mentioned. 
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II.  A SUMMARY OF RESULTS OF RESEARCH ON EARTHQUAKE SOURCES OF SEISMIC RADIATION 

AND EARTHQUAKE - EXPLOSION DISCRIMINATION. 

1.  Theoretical Investigations 

The major emphasis of the theoretical work was the; detailed development of 

the analytical representation of the radiated elastic wave field from earthquakes, 

with the field expressed In terms of the fundamental physical variables for such 

events.  The propagation of this field In the near to far field distance ranges, 

with the medium representative of the earth's actual structure, was also In- 

vestigated as a separate theoretical effort.  The results of these theoretical 

studies were then merged to provide predictions of the character of the radiation 

field to be observed In both the near and far field ranges.  The prlnclpa.1 

results of this work are as follows: 

(a) Formulation of Representation Theorems 

Formulation of the general representation theorem (Green's function solution) 

for a stress relaxation source In an arbitrarily prestressed medium, this result 

describing spontaneous failure In a prestressed medium.  The generality of the 

representation theorem obtained Is actually such that dislocation and stress 

pulse equivalent sources, as well as externally applied forces, are represented. 

This result serves as a basis for most of the source calculations carried out In 

this study.  (References: Minster, 1973; Archambeau and Minster, 1975a) 

(b) Energy Considerations 

Consideration of the conservation of energy as well as momentum, the latter 

resulting in the representation theorera mentioned above, for processes of failure 

in a prestressed medium has led to the description of the nonlinear processes in 

terms of a generalized phase change, wherin the boundary of the fall ire zone is 

described as a moving phase boundary in a prestressed medium. The concept and 

approach is natural to continuum theory descriptions of irreversible processes of 

failure wherin the medium suffers a permanent change in jihysical properties upon 

failure.  The application of the conservation of energy, momentum and mass at the 
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failure boundary leads to coupling between the relations for energy and momentum 

conservation as well as complex "jump conditions" at the failure boundary which 

prescribe the failure boundary growth with time (i.e., the rupture velocity). 

These theoretical results are complimentary to the representation theorem for the 

radiation field from the seismic source, described in (a).  In particular, exact 

solutions require solution of the "jump conditions" simultaneously with the evalu- 

ation of the representation theorem in order to determine the radiated stress wave 

field from an earthquake.  Subsequent work reported here aims at reasonable approx- 

imate solutions to the full coupled problem posed by these results.  (References: 

Archambeau and Minster, 1975a, b; Minster, 1973) 

(c) Equivalence Theory 

In the special case of an instantaneous failure it was shown that both 

dislocation and stress pulse equivalent sources can be constructed such that they 

produce elastic radiation fields that are identical to those from the relaxation 

source representation.  Thus it was shown explicitly that the conmonly used dislo- 

cation and stress pulse equivalents can be constructed to yield the same radiated 

field as a relaxation source in a prestressed medium, however it was also shown 

that equivalents are in general quite complicated with the dislocation displace- 

ment discontinuity or applied boundary stress pulse required to be a function of 

position along the equivalent failure surface.  Further, for realistic conditions, 

it is found that specification of the equivalent displacement or stress "dis- 

location" cannot be made without first solving an integral equation involving the 

initial stress field.  In effect, this requires a solution of the relaxation problem 

prior to construction of the exact dislocation equivalent (of displacement or 

stress pulse type). 

Along the same lines, it was pointed out in quantitative terms that the 

radiation field from any seismic source whatsoever can be represented by an 

equivalent point source composed of a superposition of point multipoles.  (This 

had earlier been demonstrated by Archambeau, 1964, 1968.) 
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Taken together the equivalence results proved tc be extremely useful 

as well as important in clarifying the relationships between the various 

source representations. In particular, the point source equivalence was used 

to express source fields in computer programs which then compute the effects .of 

propagation of the field in complex media, representative of the earth. 

Further, the results provide support to the modeling approach commonly used 

to fit observed radiation fields from earthquakes wherein a spatial array of 

dislocations, along a fault zone, are employed to achieve a fit to observations, 

by choosing different displacement offsets or stress pulses and time functions 

for each of the individual dislocations. In this case the equivalence theory 

explicitly shows the approach to be valid and provides a basis of interpretation 

for the inferred dislocation results in terms of the prestress field and the 

failure process.  (References; Minster and Archambeau, 1975a; Minster, 1973). 

(d) Radiation Field Solutions for Relaxation Models 

Solutions for the radiation fields from relaxation source models 

were obtained by evaluating the integral Green's function solution resulting 

from the representation theorem. A number of approximations are involved 

and a variety of source models were used in an effort to produce reasonably 

precise predictions for the elastic wave radiation from earthquakes while, still 

allowing the integral solution to be evaluated analytically. Specifically, the 

representation theory integral solution was simplified by: 

(1) Neglecting dynamic scattering of waves from the failure zone 

boundary during failure growth. This is termed the "transparent source" 

approximation. 

(2) Decoupling the momentum and energy equations, where the 

coupling is affected through boundary conditions and the growing failure 

boundary surface, by the expediency of independently specifying the rupture 

growth rate, that is the rupture velocity, and treating this quantity as an 
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adjustable parameter in the results. Thus the failure growth rate, while in 

reality being controlled by dynamical energy balaiice and nomentura transfer, 

is described parameterically apiori, so that the solution of the full complex 

(and nonlinear) coupled problem is avoided. In this case the radiation 

field is explicitly dependent on the assumed rupture growth parameters. 

The justification of theüe simplifying approximations is quite straight- 

forward; the first is the neglect of the second order scattering effects 

which are certainly small, while the second simplification^ in principle, 

only postpones the considerations of energy balance and readers the predictions 

of the radiated field less deterministic, inasmuch as they are expressed in 

terms of a basically unknown rupture velocity, which must later be interpreted 

in terms of energy balance. 

The earthquake failure zone and prestress field spatial characteristics 

were modelled or represented parameterically with the objective of permitting 

closed form analytic solutions for models with the essential spatial characteristics 

of an earthquake.  Specifically, the models used employ: 

(1) An expanding or moving spherical flilure zone constrained to 

translate in space and/or grow in such a manner as to sweep out an ellipsoidal 

failure zone. 

(2) Specification of the change in elastic properties of the material 

within the moving-growing failure zone volume, where the elastic properties 

change in some particular way due to the failure process which may be viewed 

as a generalized phase change. In all the models it was assumed that melting 

was a part of the failure process (e.g., as a seconaary effect of failure) 

and hence that the rigidity modulus vanished, at least in a transient sense, 

within the failure volume. 

(3) A variable spatial stress dependence such that the prestress field 
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is characterized by largest values in the failure zone with decreasing values 

away from this region. This condition is approximated for purposes of analytical 

tractibility by taking a uniform prestress level over an infinite region» 

evaluating the dynamical relaxation of this stress field over the failure 

zone growth interval and then explicitly deleting contributions to the 

radiated field from the region far from the failure zone. In particular, 

contributions from the region outside a sphere of radius R  are deleted. 

In effect, the prestress spatial variation is thereby parameterized oy R3 . 

While these largely geometrical approximations are not a part of the 

theory itself, they lead to a relatively simple analytical evaluation of the 

radiation field with modeling conditions and approximations that are reasonably 

representative of the physical situation.  (Most of the new and continuing work 

is, however, designed to obtain solutions under less restrictive approximations 

and for model geometries that are more sophisticated.) 

Some essential theoretical results obtained using the model approximations 

given can be summarized as follows: 

(1) The P and S wave spectrums for all earthquake models are strongly 

dependent on the following model parameters: VR (the assumed uniform rupture 

velocity), L (the maximum failure zone dimension), o^.'  (the initial prestress 

level), y', X', p' (the elastic moduli and density of the material after 

failure, taken in current models as y' = o, >.' = A p' = p with X and p 

the values before failure) and R (the spatial "stress concentration" distance 

factor). The far field displacement spectral shapes are characterized by a 

nearly flat spectral level to high and low cut-off or corner frequencies, 

fH and fL , given approximately by: 
c      c 

 —.—_- . ■ ■ - —•=—- ...-.- •  



->-H^] 
1/3 

c "      R8       11-3/5  (L/R )Z  J 

1/2 

where V    denotes either V  or V , which are the compressional and 
p, s P     s 

shear velocities in the medium surrounding the failure zone. For compressional 

wave spectra V  is used, with V   used for S waves. At frequencies above 
p s 

f  the displacement spectra decrease, becoming asymptotic to 1/f  for f»l 

L 2 
At freqeuncies below f  the spectra decrease as f , for f < 1 and 

f « f  . Hence the general spectral shape for P and S waves alike is a 
ti c 

nearly flat spectral region, with decreasing spectral amplitudes for f < f 

and f > f   on either side, of the fla': zone. Clearly then, the spectrum 
c 

L      H 
can be strongly peaked if f  and f  are close in value, and this amounts 

to R  being not much larger than L , with V  similar in magnitude to 
s ** 

V  or V . On the other hand for R  large,  f  will be small and the 
p     s s c . 

spectra will be flat for f < fH , and therefore quite possibly to very low 

frequencies. 

Note that P and S wave spectra will have different "cut-off" frequencies 

fL and fH . We can characterize the spectral dependence on the other 
c      c 

parameters in terms of the displacement spectral amplitudes A , for P 

waves and A  for S waves. We find that: 
s 

A /A s    p •ft) 
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so that the S wave radiation is commonly about five times as large as for 

P waves. 

Further both P and S wave spectral amplitudes, at all frequencies, scale 

as  the cube of the failure zone dimension, that is: 

3 3 
A a L   ;   A, a L 
P ' 

and directly with the prestress, so: 

V l-'ifl •• >. • Kr 
The scaling with the initial prestress is modified to a linear scaling of the 

spectra with stress drop, rather than prestress, in case y' r- o is not 

used.  In particular, if v' f o    but is approximately uniform within the 

failure zone, then it can be shown that the stress within the failure zone is 

also uniform and equal to T'  , say. In this case we have; 

.(0) vKj-^v-i'irv 

(2) The spectral shapes of the far field displacement spectra are 

dependent on the angular position of the observation point relative to the 

failure zone orientation. In particular, the high frequency corner frequencies 

H 
for P and S waves vary with angular position, with f  for P waves generally 

H 
higher than that for S waves, but in some directions  f  for S can be larger 

than f  for the P wave. The variation is relatively complex and is due, 
c 

mainly, to rupture propagation. 
u 

(3) The spectral slopes at high frequencies,  f > fc , are quite strongly 

dependent on V_ , the rupture velocity. For low rupture velocities, the 

MUWMMaMUiHiMM^^M ^ . ,—mr   i .i    -     -      ■   .. _ .__          ._*i 
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slope varies gradually approaches 1/fJ , attaining this slope a frequencies 

u 
much higner than f  ; so that the spectr,-».! slope can appear to be 1/f to 

2 H 
1/f for frequencies near to and considerably larger than f  . For rupture 

velocities that are quite high, yet less than the medium shear velocity V  ,- 
s 

H 
the spectral slope steepens rapidly for f > f , so that tha gradual change 

in slope noted for low rupture velocity eve nts is not apparent in the high 

rupture velocity spectra. However, as the rupture velocity approaches the 

intrinsic elastic velocity for the material (i.e., either V  or V ) 

the frequency at which the spectra attains the 1/f  slope moves to higher 

and higher values. For the cases in which the rupture velocities are equal 

to or larger than one of the elastic velocities, then the spectrum of the wave 

3 
type for which V_ is supersonic never reaches the 1/f  asymptotic slope, 

2 H 
and the spectral slope is 1/f  for f > f  . The P and S wave spectra 

behave in basically the same way with changes in VR , except that what is 

meant by large and small values of VD is basad on the magnitude of 

V- relative to V  or V . Hence, a particular V  value can be large lor 
R p      S K 

S waves and quite small for P waves - with the individual wave spectra therefore 

having high frequency slope characteristics which are quite different from one 

another. 

(A) The theoretical results yield predictions for both the "near" 

and "far field" radiation from the source.  The far field spectra have the 

character described above while the "near field" components have a spectral 

and spatial dependence that is quite different than that for the far field. 

In particular, if the P and S waves are considered separately, then the near 

field components of these waves have a spectral dependence with frequency 

3 
that is approximately 1/f  for both wave types. Thus if the wave types 

couxd be separated in the near field distance range(actually they cannot be 

mm—m ■MMHMIaMi ■J'^-'  ' ■ ^U.i.^.^.^.J^iM. Ill«1—lll—III! ■   I   1  
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separated since they overlap in time), they would give spectral estimates that 

3 
become infinite at zero frequency like 1/f  . since the two wave 

types are not separated in the near field, then if they are considered togather 

theoretically, the overall dependence of the spectrum is as 1/f with 

frequency. This is the expected result, in that it gives a net static offset 

in the zero frequency limit (i.e., the 1/f dependence of the P + S displacement 

spectra means that, as t -> » , the displacement will have a net offset from 

zero in the time domain). Since both the "near" and "far" field spectra 

are observed in superposed form at all distances, but with the near field 

component only very important in the near distance range from the source 

(since it decreases as a higher power of  (1/r) with distance compared to the 

"far field" component) it is appropriate to consider the total spectrum (both 

near and far field terms added) especially at distances close to the source. 

Thus in terms of observed spectra, the summation of the near and far field 

spectra results in a superposed  1/f (or 1/f , for P plus S waves) spectral 

shap?. on the previously described far field spectra. At large (teleseismic) 

distances the effect of the 1/f or 1/f near field spectral shapes is very 

small and can be seen only for f « 1 . Coupled with the filtering of most 

seismometers then, the near field component is not usually observed and hence 

can usually be neglected. For distances of observation closer to the source 

the near field becomes important and the spectra at low frequency is more and 

more dominated by the 1/f  or 1/f near field component. In particular, 

the low frequency spectral decrease for f *= f  can be strongly affected 

and at most near field distance ranges th* composite spectra will decrease 

for f < fL and then begin to incease is 1/f or 1/f  at some intermediate 
c 

frequency, o < f < fL . This yields spectra that have a low frequency dip or 

3 
minimum followed by an increase as 1/f  or 1/f to zero frequency; the latter 
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rate of Increase depending on whether the Individual P or S wave spectra are 

considered, or whether the total P plus S wave spectrum Is considered. At 

distances very near the source, the near field spectra will completely dominate 

3 
and a spectrum behaving as 1/f  or 1/f occurs. 

(5) The radiation patterns for the P and S waves are dominated by the 

u 
quadrupole tern at the low to intermediate frequencies (f < f ). Thus In 

c 

this frequency range the earthquake appears to be a simple quadrupole (or 

double couple) radiator. At higher frequencies, f > f , higher order 

multlpoles contribute significantly In such a way as to produce "distorted 

quadrupole-like pattern^'where the distortion Is such that amplitudes In the 

direction of rupture propagation (or opposite to it) are larger relative to 

the other lobes of the pattern. Thus at high frequencies the amplitude 

radiation patterns can be highly distorted from quadrupole patterns due to 

rupture propagation effects. The radiation patterns for the initial phase, 

viewed in terms of the phase at a given frequency for a range of frequencies, 

show a behavior similar to that of the spectral amplitude, lhat is the phase 

changes sign as a function of azimuth as a quadrupole for f < f  . At high 

frequency the phase pattern shows distortion from the simple quadrupole varlatio; 

but riot to the same degree as does the amplitude patterns. In particular, 

the nodal lines, bisecting regions of opposite phase (different by 180°) 

for the simple quadrupole radiation are not strongly distorted in the high 

frequency range by rupture propagation effects, so the quadrupole-like change 

in phase from quadrant to quadrant is maintained even though the phase value 

itself within the individual quadrants, is somewhat different from that for a 

pure quadrupole. Hence the initial motion in each quadrant sector will show 

a variation between quadrant sections similar to a quadrupole. Thus, fault 

plane solutions obtained at high frequency would not differ appreciably from 

mm^ ̂V .   -■■■■'  ■":,-'-"'-~^il1, „I;. ,1 .':-.--■•■-.- -i^^j-,- ■■     ,,_ u;__. jyj  ■ .  .. ..^^.^-^..i. ■.-.. 
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those at low frequencies. Further the phase distortion in the high frequency 

seismic band (below 3 cps) is not so large as to change the polarity of first 

motion.  (References: Minster and Archambeau, 1975 b; Minster, 1973; Archambeau, 

1974; Archambeau, Harkrider and Helmberger; 1974.) 

(e) Computer Based Earthquake Field Simulation 

The analytical representations of earthquakes in terms of relaxation 

source models have been incorporated in a series of linked comprter programs 

designed to predict the seismic radiation at any point in the earth. Specifically, 

a variety of relaxation models are used to predict the radiation from the 

earthquake itself. This direct field is expressed as a multipole field and 

used with surface wave (Rayleigh and Love) and body wave programs to determine 

the spectrum and time domain displacement, velocity and acceleration in 

realistic earth models. Complete synthetic seismograms at both teleseismic 

and near source distance ranges can be produced. The surface wave propagation 

programs employ a layered half space approximation, with both the near and far field 

terms retained in the calculation for all orders of tnultipoles. The body wave cal- 

culations employ the Haskell matrix method at the source and receiver sites in 

order to accurately account for complex crustal structure with this computational 

method then being coupled to higher order ray theory calculations for propagation 

in the earth's mantle. Lateral variations in earth structure are also in- 

corported in the wave propagation computations. In the near field region only 

the Haskell method or a Cagnaird method are used to predict the propagational 

effects. Both the elastic and anelastic properties of the earth are accounted 

for in all the calculations. In particular the attenuation and dispersion 

introduced by anelasticity are included. For teleseismic body waves, 

especially, it is found that anelastic dispersion has a strong effect on both 
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the travel time of the phases and on the wave form.  (References: Minster 

and Arch?i;beau, 1975b; Minster, 1973; Cherry, Bache, Archambeau and Harkrider, 

1973; Archambeau, I^rkrider and Helmbergar, 197A.) 

(f) Predictions of m. - M for Earthquakes and Explosions and Investigations 

of New Discrimination Methods. 

The coupled source representation and wave propagation programs were used 

to generate synthetic seisraograms for teleseismic distances from 

which theoretical m.  and M  values were computed. The procedure followed 

was exactly that used to obtain magnitude values from observed data. A set of 

earthquake models were used with a range of fault lengths from 1 km up to 20 

km in various prestress environments ranging from .01 kbar to 1 kbar in magnitude 

and with spatial "stress concentration factors", R, , ranging from 10 km 

(for the small events) up to 500 km. Rc; values used were always at least 5 

times the rupture length L . All earthquakes were dip slip events at 10 km 

depth with rupture velocities fixed at .9 Vs . Predicted n^ and Ms 

values were obtained as a function of fault length, prestress and Rs value 

and plotted in the m, - M  plane. The parameter variations for the earth- r D    S 

quakes generate a population of mb - Ms values occupying a band in this 

parameter space. It was found that for large events the n^ - Ms population 

trend is such that the mean and boundary lines for the population have slopes 

significantly greater than one, becoming steeper with increasing mb in a 

plot of M  as a function of m. .  At lower m,  values, (less than mb 

about 5) the boundary and mean lines for the population all have slopes of 

unity. However, it was found that the earthquake population could be very 

dispersed in this population space, partly due to the methods used for magnitude 

measurements, but fundamentally because of the expected variations in prestress 
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(or stress drop), rupture velocity and    R      value - that is variations in the 

spatial variability of  the prestress.    Most germain to  the discrimination prob- 

lem are the variations producing anomalous earthquakes  tliat appear explosion- 

like in this parameter space.    It is found that at large magnitudes  (mb > 5) 

the events having high rupture velocity and large prestress level  (or stress 

drop) are most explosion-like.    In order for such an event to be within the 

explosion popuxation,  the prestress and/or stress drop accompanying the event 

would have to be larger  than about 2 kbars with a rupture velocity very near 

the shear wave velocity or larger.    At low magnitudes  (n^ < 5.0), neither 

prestress nor rupture velocity have much affect on the event position in the 

m.   - M   plane,  since the    n^ " M
s population trend has unit slope in this range. 

However,  the spatial stress variation can have a profound effect on the disper- 

sion or spread of the population.    In particular,  events with    Rg    values such 

that    fL    is at significantly higher frequency than the   .05 cps.  frequency, 

near which surface wave magnitudes are measured, will have low   Ms    values 

relative    to their    m,     value.    Hence if some (or most)   small events are limited 

in size because the prestress field is only large near  the hypocenter and 

rapidly decreases away from this region,  thereby limiting the spatial extent 

of failure,  then rather low    Mg    values will occur with normal or even high 

m,    magnitudes.    With a range of    Rs   values for different events,  from large 

to rather small values,   a wide variation of    Mg    values would occur yielding 

a scatter of event points,  those of lowest    Ms    value being near or possibly 

within the explosion population.    Thus,  the anomalous events at low   n^ 

magnitudes are those occurring within strongly inhomogeneous stress zones 

with high stress levels locally concentrated at the point of initial rupture. 

The mean line for  the entire population of events has, as previously noted, 

a slope of unity at low magnitude which gradually increases with increasing 

m,   , becoming noticeably steeper at   i^ ^ 5, reaching a slope of 2 around 
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m. ^ 6.0. The slope of the mean curve continues to increase beyond 

in, ^ 6.0.  (To date the largest event studied had m^ 6.5.) The origin 

of this behavior can be understood from the spectral properties of earthquake 

radiation. That is, for all the low magnitude events, the high frequency 

cut-off. fH , is at a frequency larger than both .05 cps and 1 cps near where 
c 

the M and m. magnitudes are computed. Thus, in this range of event magnitude 

both m. and M are measured in the frequency range where the spectrum for 

both P and S waves is generally'flat. Hence, in this range, both mb and Mg 

will both scale in the same way with increasing rupture length or prestress 

and rupture velocity variations have no effect, so long as no extremely low vel- 

ocities occur.  However, if the low frequency cut-off f  for the event is 

such that it lies between .05 cps and 1 cps, then the Ms value will be 

depressed due to the spectral fall-off at f < fc . Then, as previously 

described, the M  value will be "anomalously small" relative to the mb - Mg 

values for events with larger R  values, such that f < .05 cps. s c 

At magnitudes between 4 and 5 the m,  measurement near 1 cps is near 

H H 
the high frequency cut-off f  . Thus, for events with f  lower than 

1 cps and larger than .05 cps, the m. value does not increase as fast as the 

u 
M value since the spectrum decreases above f  in the frequency range where 
s c 

the m,  is measured. This causes the whole population trend to bend upwards 
b 

in a plot of M vs m, . For sufficiently large earthquakes a measurement 

of m.  at 1 cps will be made in the spectral region where the slope of the 

P wave spectrum is l/t" . If the m.  measurement is made precisely at 1 cps 

(by a filtering method) then for larger events of greater fault dimension, 

no increase in m, would be observed. This is because the spectra scale up 
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H 
in magnitude as the cube of the fault length, while f  scales inversely 

with the fault length. In this case, the high frequency spectra with slope of 

1/f  remains the same for all these large earthquakes and amplitude measurements 

made in this spectral region do not change with increasing event dimension. The 

net result is then that the m,  magnitude will have a cut-off value and the 

mean M vs m,  curve will become vertical. The cut-off value is a function 

of the prestress and rupture velocity, the higher the prestress level the larger 

the m.  cut-off value and similarly for rupture velocities below the shear wave 

velocity. If the rupture velocity can be supersonic (actually equal to or 

greater than the P wave velocity) then no m,  cut-off occurs, since the 

3 2 
spectrum never assumes the 1/f  slope, but instead varies as 1/f  at high 

frequencies. 

In practice m,  is never measured precisely at 1 cps in the time 

domain and in fact it is common for the measurement to be made at lower and 

lower dominant frequencies for larger and larger events with the correction 

applied assuming a linear dependence rather than cubic. This has the effect 

of removing any cut-off in m,  for large: events, so that observed M8 vs mb 

populations for large events commonly show only a steepening of the distribu- 

tion, so that a mean curve for the large magnitude events usually has a slope 

of around two, or only somewhat higher. 

A similar study of the magnitudes of the theoretical underground explosions 

was made in order to compare these predictions to those for earthquakes, 

as well as to compare the results to observations. The theoretical explosions were 
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generated from a finite difference calculation which included vaporisation, 

plastic flow, cracking and pore collapse. The finite difference calculation 

was carried to a time for which the wave field had propagated to a distance 

such that the material behavior was linear. At this point the calculation 

was terminated and the wave field was sampled in space and time. Using this 

sampling, an equivalent multiple point source was generated with the property 

that the numerically calculated wave field in the elastic zone was reproduced. 

This equivalent multipole seismic source was then used in the elastic wave 

propagation computational programs to predict the near and far field spectra, 

for individual wave types, and near and far field synthetic seismograms. 

This latter procedure is precisely the same as that used for earthquakes 

but in this case, for explosions, the equivalent source representation is much 

simpler. 

For the simple explosion with no tectonic release or source geometry 

asymmetries, the equivalent source is a monopole. The far field displacement 

spectrum associated with this monopole is essentially flat from zero frequency to 

cut-off or corner frequency, f  . The spectrum can be slightly peaked, this 

being dependent on characteristics of the medium. The corner frequency 

fH is above 1 cps. for yields of 1 mt^aton and less, for ordinary rock materials. 

Its specific value is a function of material type, porosity etc. This char- 

acteristic frequency scales inversely vith the time of formation of the non- 

linear zone, that is: 

■ 

the 

fH « VRn c   R o 

with R  the radial dimension of the nonlinear zone and V  an effective 
o K 
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rupture velocity, which is near the compresslonal velocity of the medium. 

H —2       —3 
The spectral slope for f > f  is between f   and f  , generally close to 

-2 
f ' .  This slope value is also dependent on the material type, but Is 

-2 ' 
generally near to f  . 

Using the synthetic seismograms, m,  and M  values were computed using 

the standard formula. As with the earthquakes however, the standard formulas 

for event magnitude admit of a range of possible measured periods and/or 

pulse cycles. This range of possible measurements was used in order to establish 

a range of magnitudes that could be, in practice, assigned to the theoretical 

events (for both the theoretical earthquakes and explosions). For all theoretical 

events however, M  measured at 20 sec. period and m.  measured from the 

first cycle of motion were used as reference measurements with all other possibilities 

of measurement (e.g., M  measured at 17 sec.) used to establish variance 
s 

bounds on the m, - M  measurements. The m. - M  values for a range of 

explosions of different yields and at different depths of burial (depths 

sufficient to provide containment) were plotted and compared to observations 

from NTS. A material "typical" of NTS shot media (i.e., similar to granite or 

welded tuff) was assumed for the explosion medium environment in all cases. 

The theoretical m. - M  curve fell within .1 to .2 magnitude units from the 

observed mean m, - M  line for NTS events, over the entire m.  range from 

3.5 to 6.5. The theoretical curve was slightly higher ( M  values somewhat 

higher and  m^     values somewhat lower) than the observed mean curve , 

but this was expected in view of the somewhat higher rigidity of the material 

assumed for the medium surrounding the explosions in the theoretical calculations 

compared to the average material at NTS. 

The effects of tectonic stress on the "k. ~ ^ results were also 

investigated by addition of a uniform non-hydrostatic prestress of 165 bars 
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to the medium. The radiation effects were calculated from the relaxation of 

prestress around the shatter zone created by the explosive shock wave, with 

the shatter zone radius estimated from the size of the nonlinear zone determined 

by the shock wave calculations. The effects of tectonic release were primarily 

to increase the M  value measured. For the largest event (100 kt), the M 
- s 

value increased by approximately .6 units, this being due to the large shatter 

zone created by the explosion. For the smallest explosion studied (1 kt), 

the increase in M  was less than .1 magnitude unit. 

The perturbation*- of the theoretical m, - M  values due to tectonic release 

were sufficient to explain the relatively few explosions observed with anomalously 

high M  values relative to the average m, - M  curve for NTS explosions. 

Thus, while tectonic release due to shatter zone creation is not the only 

mechanism available to explain anomalous explosions with "high" M  values 
s 

and hence most earthquake-like, it is an explanation consistent with all the 

observations, including: the lack of observations of seismically significant 

faulting at the explosion site; the observations of large Love waves from 

explosions; and perturbations in the P wave train which would correspond 

to the addition of sP from the tectonic release. 

The theoretical EL - M  results for explosions without tectonic release 

and in tlie same medium but with different yields and depths of burial could 

be fit with a line of unit slope in the mb - K's plane. With the addition of 

tectonic release the curve through the »% - Ms points tends to steepen some- 

what for large yield event» such that the slope becomes greater than unity (Ms 

plotted on the vertical axis). The separation of the theoretical explosion, n^ - 

M   from the theoretical results for earthquakes is such that the extreme bound 
s * 

of the earthquake population is from .7 to 1.5 magnitude units from the explosions 

in the m. - M  plane. The separation is largest at the high magnitudes and 
D    8 

converges to near .7 at low magnitudes, near n^ = 4.0 .  However, these 

results apply to explosions without tectonic release and for earthquakes 

with stress drops below 1 kb, with rather large Rs factors. 
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If explosions with appreciable tectonic release effects (prestress 

near 165 bars) are included as well as earthquakes with stress drops of the 

order of 2 kb, then the explosion-earthquake populations can overlap slightly 

at large magnitudes (m, ^ 6.0 and greater). If small Rg factors are possible, 

which could be the case for small magnitude earthquakes, then such earthquakes 

will have anomalously low M  values. In this case, the part of the earthquake 

population consisting of low R  events can overlap the explosion population. 

As suggested earlier, it would be expected that this would most likely occur 

at low magnitudes (m, £ 5.0). Specifically, an earthquake with a 1 km fault 

length and   R = 30 km will yield m,  and Mg values (m, = 3.2 and 

M =1.2) well within the explosion population. Larger events will give 
s 

m. - M values within or near the explosion population if the spatial stress 

concentration factor, R , associated with the event is less than the wave 

length of Rayleigh waves in the period range from 17-22 sec (about 60 km). Rs 

values less than 60 km could be expected to occur, at least occasionally, 

for earthquakes with m, j^ 5 . 

The results of the joint theoretical investigation of the seismic 

radiation from explosions and earthquakes, expressed in terms of m^ - Mg 

values and event P and S wave spectra, shows that the separation of earthquake 

and explosion event populations in the mb - Ms plane is due to a combination 

of factors, namely: 

(a) Explosions are richer in high frequency P wave radiation than 

earthquakes with the same low frequency P wave amplitude level as the 

explosions. This is due to the fact that fc , the high frequency 

corner or cut-off frequency, is larger for the explosion than for an 
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earthquake with a comparable low frequency spectral level. This, in turn, 

Is due to a higher effective rupture velocity and a smaller source 

dimension for explosions compared to earthquakes with the same low frequency 

levels. In addition the high frequency (f > f ) slope for the explosions 

-2 -3 
is close to f  , while it is, generally, close to f   for earthquakes, 

so that this also contributes to the enrichment of the high frequency 

radiation of explosions relative to the comparable earthquakes. This 

slope difference is due to the high effective rupture velocities (characterizing 

the time of formation of the entire nonlinear zone) for explosions, as 

compared to the much lower rupture velocities characteristic of earthquake 

failure zone formation. 

(b) An earthquake with the same low frequency P wave spectral level 

as a selected (comparable) explosion will have a S wave spectrum with a 

maximum of from three to five times the maximum of its P wave spectrum, 

while the S wave spectrum from the explosion is entirely absent, or even 

with tectonic release or source asymmetry effects, is at most of the same 

order as the explosive generated P wave maximum. This is due to the 

fact that earthquakes can be thought of as being due to failure under 

shear and consequently most of the energy release is in the form of shear 

waves. On the other hand an explosion is intrinsically compressional, where 

the seismic wave is the result of conversion of a compressional shock 

to a compressional elastic wave. 

To understand the separation tf these two kinds of events in the m. - M 

plane then, it only is necessary to observe that since the m, value is 

obtained from a P wave amplitude measurement at high frequency, near 1 cps., 

then an explosion will have a higher m.  value than will a comparable earthquake 
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(having the same low frequency P wave spectral level) due to the high frequency 

enrichment noted in (a). In addition however, the Ms value is measured from 

the Rayleigh wave amplitude near .05 cps. and since this amplitude is a function 

of both the P and S wave excitation from'the source, then the earthquake will 

have a higher M  value than the comparable explosion due to the enhanced 
s 

S wave production of the earthquake as described in (b). The n^ - Ms 

separation of the two event populations is therefore due to the combined 

effects, tendir- to make the earthquakes have larger M8 values and the 

explosions larger n^ values for comparable events with the same low frequency 

P wave radiation. 

In order to define a discriminate with greater intrinsic detection cap- 

ability and equal or greater separation of event population between both single 

and multiple explosions and earthquakes, the spectral differences described in (a) 

were utilized. Specifically a P wave spectral discrimination method was devised that« 

simple, so that it could be easily implemented, and yet took advantage of the 

earthquake explosion spectral differences. The approach taken was to use 

"spectral magnitudes", that is n^ values, computed from ultra-narrow band 

filtering of the P wave train at center frequencies over the range from about 

.2 cps. to 6 cps. These magnitudes are denoted m^f) and are computed from 

the maximum in the envelope of the narrow band filtered P wave train. For 

optimal discrimination of events^noise reduced envelope amplitrdes are used. 

Such magnitudes were computed for the synthetic earthquakes and explosions 

previously described along with a variety of multiple explosions made up of 

combinations of the single theoretical explosions. In general 10 frequencies 

were used in the frequency range .2 < f < 6 cps . The events were then 

viewed, as single points, in the l^(f) parameter space.  It was found that 
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theoretical explosions of both single and multiple type define a population 

In this space that Is well separated from the earthquake population.  The 

principal basis of this separation is the high frequency enrichment of the 

explosion signals relative to comparable earthquakes, but in addition, the 

effects of interference between the phases P and pP for the very shallow 

explosions results in a peaked spectrum for the composite P + pP phases, with 

depressed low frequency spectral level and this further enhances the separation 

of the event classes. 

In practice the event populations are projected on planes through the 

N-dimensional nLff) space and viewed in the planes m^f^vs ^(f^ 

with f- < f, . The event populations in these planes are similar to the 

populations viewed in the "V - M  plane, but in general with wider separation 

between populations. In particular, for planes with f. << f^     (e.g., 

f1 = .3 cps , fo = 3 cps^ ttie seParation of muUip]-6 and Finale explosions 

from earthquakes is from near 1.0 to above 1.5 magnitude units over the entire 

range studied, from m, -  3.0 to m. = 6.5 , the separation being largest 

at the large magnitudes. In general, with ^ fixed at some "low" frequency 

(e.g., .5 cps) and f2 allowed to vary, the population separation increases 

with Increasing f« . This is due to the high frequency enrichment for explosions. 

For f« fixed at some "high" frequency (e.g., 3 cps) and ^ allowed to vary, 

the population separation increases with decreaslug f, . This is due to the 

P - pP interference for explosions. Here ^(fi) for explosions decreases 

as f, decreases while it remains nearly constant for earthquakes as f^ 

decreases, so long as f, does not decrease to values below f  (the R8 

Induced low frequency cut-off). 

These theoretical predictions were tested against a large 

group of Eurasian earthquakes and explosions as recorded 
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at LASA and NORSAR. More than 200 events were processed and the resulting 

m. (f) data yielded results in close agreement with the theoretical predictions. 

Noise however limited the hand width that could he used and the separation 

of event populations was somewhat less than 1 nagnitude unit for the frequencies 

used.  In any case, this discriminant has been reasonably well verified using 

a large group of events. In particular, all explosions (about 60) were 

identified as explosions by this discriminant, including the smallest explosion 

of m. < 4.0 . Only earthquakes deeper than 70 km sometimes fell into the 

explosion population, with most of the explosion-like earthquakes being at 

depths of around 300 km. All the explosion-like earthquakes can therefore 

be easily identified as earthquakes by standard location methods. 

The value of the fre uency dependent body wave magnitude discriminant 

lies in its simplicity and, of course, in the fact that all shallow earthquakes 

are well separated from both multiple and single explosions. Ir. addition 

however signal detection and implementation of this technique can be made at 

very low magnitudes, near ra. = 4.0 , using teleseismic receivers. Further 

only vertical component short period detectors are required and these can be 

operated at high gain levels with minimum maintanence and cost. Finally 

the possible convergence of the m. - M  populations due to low R  values, 

for relatively small earthquakes, need not occur when the event populations 

are viewed in the m, (f) space. That is, the effect can easily be avoided for 

the m. (f) discriminant by using a proper frequency band in which all events 

of interest (e.g., m. > 3.5) are to be viewed. 

Finally an interesting and useful result occurs when "^(f) discrimination 

is applied tc pure seismic noise.  In this case the spectral magnitudes for 

the noise fall within the shallow earthquake population. Hence if explosion 

signals are to be detected and identified by an on-line processor, we can 

■ - 
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continuously monitor time segments of incoming receiver output (e.g., 50 sec sections 

and only when an explosion, multiple explosion or very deep earthquake signal 

is encountered will the "event" location in the m. (f) space move into the 

explosion-like region. This therefore implies that this method can be used 

to continuously monitor Incoming data to detect and Identify explosion-like 

signals. Since the processing involved can be accomplished at about 1/10 

real time, this is a very attractive possibility. 

In addition to th»2 body wave spectral magnitudes» similarly defined spectral 

surface wave magnitudes M^f) , for Rayleigh waves, and M (f) , for Love 
8 8 

waves, were computed from the synthetic surface waves from the theoretical 

explosions and earthquakes. A variety of discriminates were applied using 

        — R 
the multi-dimensioned parameter space defined by the sets m. (f) , M (f) 

and M (f) . In particular the events were viewed in M (f) vs m, (f) 

planes which is similar to the ordinary m. - M  plane, and M (f) vs 

m. (f) planes. In general the population consisting of single and multiple 

explosions were well separated from the shallow earthquake population.  It 

was found, at least theoretically, that considerable improvement in the event 

population separation could be achieved using these spectral magnitudes 

rather than the standard m. - M . No complete verification of these predictions 

have been made using recorded events, but such verification is being pursued. 

Use of the spectrally defined magnitudes is clearly a powerful approach 

to discrimination and the results so far are extremely encouraging. With 

additional exploration of the spectral magnitude pataraeter space, a multi- 

discriminate method will evolve which should give an optimal event identification 

procedure. (References; Archambeau et al., 1974; Cherry et al., 1974; Savino 

and Archambeau, 1975) 

■ 
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(g) Comparisons with Numerical Models of Earthquakes 

The theoretical predictions of the radiation from the transient m ting 

model used in the relaxation source theory was compared to results from a 

two-dimensional numerical model of an earthquake computed by Cherry.  Cherry's 

model involved slip on a plane, which occurred when a failure condition was 

met and continued until the stress on the fault plane was balanced by frictlonal 

forces, at which time the fault was locked. The coefficients of friction 

(dynamic and static) used by Cherry were of the order of those observed in 

rock mechanics experiments. Preceeding failure Cherry assumed an epoch of 

plaatic deformation, initiated at a stress level equal to the failure stress 

level with failure (or slip on the failure plane) occurring only after a 

finite amount of plastic work had taken place. 

Taking a stress level sufficient to cause failure, the fault was allowed 

to grow at its own rate, as determined by the failure condition and the dynamic 

transfer of momentum and energy. The resulting radiation was monitored at 

a number of points close to the fault.  The spectrum of the complete displacement 

history at various points in the grid was then computed. 

Using the rapture rate obtained by Cherry, as well as the rupture length 

and prestress levels used in the model, the radiation field was computed 

using the relaxation theory model. A comparison of the displacement 

spectra with those from the numerical model showed that the spectra were 

very similar, with "corner frequencies", fH , and amplitude levels at this 

frequency essentially the sanw. The high frequency,  f > fH , slopes of the 

spectra from the two models were both 1/f  on the average. Maxima and ralnima 

in the high frequency spectra were present in the results from both models 

but were only roughly similar as to position and amplitude. The spectra 

u 
at. frequencies below f  were both essentially flat for a short range of 
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frequency and then began to increase as 1/f , with f < 1 . The numerical 

model spectrum was somewhat different than the relaxation theory spectrum in 

this low frequency range howevey, in that the near field, 1/f , behavior at 

low frequency began at a frequency closer to f  for the numerical model. 
c 

Hence while the general shapes of the two spectra are nearly identical in this 

range, the numerical results are offset upward in the range where the spectra 

increases as 1/f . There are at least two possible reasons for this difference, 

the most fundamental reason being that the relaxation model is a three dimensional 

model while the numerical model is two dimensional. Since the static field in 

a two dimensional space falls off more slowly with distance than that in 

three dimensional space, one would expect just this kind of difference in the 

static near field spectrum, since it reflects a larger static offset for the 

two dimensional case at a particular distance.  In addition, both theoretical 

models have difficulties with precision at very low frequencies, where the 

power is extremely low, and so both of the calculations are, to some degree, 

uncertain in this frequency range. 

The differences between the two results however are not great and what 

differences do exist appear to be understandable in view of basic differences in 

the  dimensionality of the models themselves.  Since the differences are minor, 

one can conclude, at least tentat-ively, that details of the models such as 

fault or failure zone width and plastic work are not critical in the prediction 

of the general characteristics of the radxation.  Thus, while the relaxacion 

model geometry that was used involved a translating spherical zone of vanishing 

rigidity and hence transient melting in a thick zone, this geometric aspect 

did not result in a strong perturbation in the radiation when compared to 

a thin fault model. What does seem to be most important is the set of basic 

failure parameters, namely the rupture velocity prestress level and overall 

failure zone length. 
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Additional comparisons of relaxation theory models to numerical models 

are underway.  In particular, a three dimensional numerical earthquake model 

of the same type as the two dimensional model has been run by Cherry and 

a comparison with relaxation theory model'results will be completed soon. 

Up to now the numerical models have assumed a uniform prestress. In effect a 

constant nonhydrostatlc prestress In an Infinite medium. A second three 

dimensional numerical modeling In a strongly nonhomogeneous prestress field Is 

planned and this will be compared to the predictions of the relaxation theory 

model with finite R  in oidev to ascertain the accuracy of the R 
s s 

approximation. Further, more sophisticated relaxation theory models are 

being developed and will be tested against the numerical models. 

The objectives of this comparative study is to determine, in a 

quantitative way, the importance of various effects and parameters, such as 

plasticity, that may be associated with earthquakes. Further this study is 

designed to verify the general applicability of relaxation source models 

and to determine the accuracy of the approximations introduced in the course 

of obtaining analytical solutions.  Should the analytical theory prove 

accurate in the representation of the elastic radiation from very complex 

nonlinear failure models that can be simulated numerically, then we feel that 

it would probably be accurate for the representation of radiation from actual 

earthquakes. In view of the relative simplicity, flexibility and insight to 

be acquired from the use of an analytical solution, such a vertiflcation 

therefore receives high priority.  (References; Cherry, 1973; Minster, 1973; 

Minster and Archambeau, 1975b; Archambeau et al., 1974) 

2. Interpretive Studies; Comparisons of Predictions with Observational Data 

a. General Comparisons with spectra observed in the Near Field Study 

This work is largely still in progress, but some results and tentative 
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conclusions can be stated now. First, the spectra of entire seismograms 

generated by ömalJ earthquakes and recorded in the near field distance range 

show: 

H 3 
(i) The high frequency slope for frequencies f » f  is "near" 1/f 

in rough agreement with relaxation source predictions. The uncertainties 

due to the required correction for attenuation and the contamination from 

noise make a strong conclusion as to the exact asymptotic slope value 

impossible. However, it is highly unlikely that the asymptotic slope 

is less than 3. 

(ii) Most spectra from the observed earthquakes showed a strong minimum 

in the low frequency displacement spectrum followed by a rapid increase 

in spectral amplitude toward zero frequency.  In total, the part of such 

spectra that are largely uncontaminated by noise show a strong peak 

2 
followed by the rapid increase in amplitude, as 1/f or 1/f  , to zero 

frequency. This type of spectra are essentially as predicted by relaxation 

theory models with a low value of R ; that is for an earthquake occurring 

in a high stress concentration zone. The spectral increase as 1/f 

to zero frequency is as predicted by the relaxation theory model, while 

2 
the observations of 1/f  (or steeper) slopes is judged to be due to 

various sources of noise contami .ation at low frequency. Because of the 

differing distance dependence of the near and far field components of 

the displacement field, the frequency at which the spectrum begins to 

increase as 1/f , for f < 1 , is dependent on the distance of the receiver 

from the source. Therefore spectra obtained from data recorded quite 

near the source can be monotonically increasing from high to low frequency 

with the near field spectrum completely dominating the spectral shape. 
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I 

At increasing distance the far field component emerges more prominently. 

In general then, spectral shapes varying from monotonic increasing to 

strongly peaked or with a broad flat section can be expected to be observed 

with varying distance from the sourte. However, if the far field spectrum 

from earthquakes is always flat from zero frequency to the corner frequency 

u 
f , then no peak in the spectra should ever be observed at any distance. 

The data however show that most of the events have a strong peak at 

intermediate frequencies. This behavior is characteristic of earthquake 

spectra with a strong peak in the far field spectrum. This is not the 

only explanation for such observations however, since interference between 

signals (e.g., P and pP, or in this case simply any strongly reflected 

P phase) can give a minimum in the spectrum at low frequency, which will 

result in a peaked spectrum. But since near field spectra from several 

earthquakes at various azimuths, locations and depths have been obtained, 

it does not appear likely that so many of the observations could be so 

similarly affected by such interference. Nevertheless, the possibility 

still exists. 

On the other hand it would be expected that at least some earthquakes 

in the low magnitude range, m. < 5 , would have essentially flat far 

field spectra over the frequency range of observation, with a superimposed 

near field component varying as 1/f at low frequency.  Such events 

would correspond to earthquakes in rather uniformly stressed regions, with 

an effective R  factor that was larger than the wavelength of the lowest 
s 

frequency radiation reliably recorded. The observations of the near field 

spectral do in fact show some spectra with no peaking at intermediate 

frequencies, but no earthquake shows such spectra at all azimuths and 
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distances. Because of noise levels at low frequencies possibly obscuring 

fie spectral minimum, as well as near field contributions dominating 

the far field component. It Is uncertain as to whether such flat looking 

spectra reflect the true source spectrum In any simple way. 

In order to fully evaluate the near field spectral (and time domain) 

observations, a systematic quantitative comparison with relaxation source 

predictions Is underway. This process Is difficult and tedious since It 

Is still Important to accurately account for structure effects In fitting 

the data and It has been difficult to obtain reliable structure deter- 

minations. Nevertheless this approach should eventually provide quite firm 

results. 

(Ill) Observations of the seismic moment for a given earthquake In both 

the near and far field distance ranges, with measurements made In two 

widely different frequency ranges, have given moments that differ by 

about an order of magnitude. Specifically, the low frequency moment 

Is about an order of magnitude less than the high frequency moment. 

[McEvllly and Johnson, 1974 and Turnbull, 1974; reported at the Near 

Field Meeting, California Institute of Technology, November 1974 and at 

Orcas Island, Washington meeting, June 1975.] This would Indicate a strongly 

peaked far field spectrum, as predicted by a relaxation model with a 

relatively low value for R . This result is in agreement with obser- 

vations of the entire near field spectrum where peaked spectra were 

observed, but where the interpretation was somewhat uncertain. 

(Iv) A number of events ranging in magnitude from near m. ■» 3.0 to 

m. = 5.0 showed spectra with no discernible shift in corner frequency. If 

the events corresponded to failure zones of Increasing length with Increasing 

magnitude. It would be expected that the corner frequency would shift 

■ 
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noticably to lower frequencies with increasing event magnitude and fault 

length. Alternatively, however, the increase in magnitude can be due to 

increased stress drop (or an increased ambient stress level) for failure 

zones of about the same dimension. As was previously described, the 

relaxation source models show that for fixed fault length and rupture 

velocity, the spectra would scale upward with no shift in corner frequency 

or significant change in spectral shape. This appears to be the most 

likely explanation of these observations, although it is possible that the 

rupture velocity increased with increasing fault length for larger 

events such that the ratio L/vR remained nearly constant, so that the 

high frequency cut-off i*   was nearly the same for all the events. While 

the latter situation is certainly possible, it does not seem as probable 

as the former. If the rupture velocity did in fact change as described, 

the high frequency slope for f > f^ should show a slope like f   to 

f'2 over an appreciable frequency range for the low rupture velocity 

events, and this does not appear to be the case. Thus it would appear 

that many of the events observed at the Near Field experiment site at 

Bear Valley, California correspond to earthquakes with quite variable 

stress drops (or events occurring in zones of highly variable stress 

concentration levels). 

(v) While most of the spectral computations were made using the entire 

seismic record, so that both P and S wave spectra were included, a few 

were made from windowed time series, such that an attempt was made to 

isolate the P and S waves and compute their spectra individually. While 

this can be done with reasonable success in the far field at teleseismic 

distances, it can be shown theoretically that the P and S waves overlap 
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In time In the near field and because of the near field component of the 

radiation field, that no separation of compressional and shear type notion 

Is really possible. Thus spectra obtained by "windowing" the time 

series In the near field are contaminated, especially at the low frequencies, 

due to truncation. However, at high frequencies It is reasonable to 

expect that the Individual P and S wave spectra will be less contaminated 

by truncation and that reasonable estimates of P and S high frequency 

cut-off frequencies would be possible. The spectral data must be corrected 

for attenuation, and while the S wave corner frequencies are systematically 

lower than the corner frequencies for P waves, after correction for P 

and S wave attenuation there seems to be very little difference in the 

corner frequencies, although the P wave frequencies tend to be slightly 

higher. In terms of a relaxation source Interpretation, the S wave corner 

frequency should, on the average (averaged over distance and azimuth), be 

somewhat less than the P wave corner frequency, although the theory 

predicts that at some Individual points of observation the S corner 

frequency can be higher than the P comer frequency. Thus both theoretically 

and observatlonally, no very distinctive differences between P and S wave 

corner frequencies occur and Indeed there is wide variation for individual 

point observations. 

The near field results, as analyzed so far, suggest that at least some 

small earthquakes show spectral peaks In the far field spectrum. In terms of 

the relaxation source theory, this implies that these events occur in zones of 

high stress concentration of fairly small dimensions. The position of the 

apparent low frequency cut-off, f  , is such that the inferred stress zone 

concentration would be of the order of 10-15 km. As a consequence, it would 
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also follow that the M value for such events would be anomalously low, due to 
8 

the reduced low frequency amplitude at f < fc , and that such events could 

appear more explosion-like in the n^-M parameter space. 

H 
The high frequency, f > f , behavior of the spectrum for observed events 

implies a spectral slope of 1/f  on the average, and hence a n^ cut-off in 

the m.-M parameter space. Finally it appears that stress drops for events in 

the same region can be highly variable and that P and S comer frequencies 

are not much different on the average, with P wave corner frequencies being 

only slightly higher.  (References; Current work in progress) 

(b) Comparisons with Data from Other Earthquakes 

Three separate studies have provided results bearing directly on the 

mechanics of earthquakes and the nature of the associated seismic radiation. 

These investigations involved the detailed study of the static near field of 

the San Fernando, Hedman Lake and Alaskan earthquakes; a study of the radiation 

fields from the Wilmington oil field earthquakes in terms of source properties; 

and finally a study of world-wide BL-M data and the inference of properties 

of the tectonic stress field magnitude and spatial variations from this data. 

The latter study is still in progress. 

The essential results of these studies are as follows: 

(1) Application of    tectonic modeling capability was made in the study 

of the San Fernando, Hedman Lake and Alaskan earthquakes, using two dimen- 

sional finite element modeling with the objective of delineating some of 

the conditions associated with and required for failure, as well as the 

effects of these tectonic processes. 

The observations of static changes associated with the events, such as 

surface displacements, were used, along with knowledge of tha i&edium 

properties, fault plane orientation and similar data, to determine conditions 
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and consequences of the earthquakes. In general good fits, to the obser- 

vations were obtained only when quite complex prestress, faulting and medium 

properties were used. Both dislocation and relaxation type modeling were 

used in the event studies. In particular, it was concluded that the initial 

stress field prior to the earthquakes was highly nonuniform, with very 

high stress concentrations over regions of characteristic dimension small , 

compared with the final fault volume, being typical of the events studied. 

The results for the San Fernando earthquake in particular indicated that 

a prestress of the order of 1 kbar was present in the focal region prior 

to the event. The characteristic dimension for this stress concentration 

was of the order of 2 to 3 kilometers, with the initial nonhydrostatic 

stress falling to considerably lower values (300-400 bars) outside this 

region. The initiation of failure occurred within this stress concen- 

tration sone, and the failure zone propagated to the surface, with 

curvature in the fault "plane" and secondary near surface faulting 

occurring. The latter effects appear to be controlled by a combination 

of the prestress spatial variability and changing material properties 

with depth.  Both the displacement changes and stress changes on the 

failure surface were also found to be highly variable spatially. Similar 

results were obtained for the Alaskan and Hedman Lake earthquakes. It 

was found that the effects of gravity were particularly important for 

earthquakes involving considerable vertical motion and that estimates, by 

seismic methods, of energy and stress changes for such events would be 

considerably influenced by gravity coupling effects. As a general 

conclusion we find that the results of studies of these representative 

events show that shallow earthquakes are quite complex and commonly 

involve multiple fractures and highly spatially variable prestress.  In 
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addition, changes in the failure conditions and mode of failure appear to 

occur along the failure zone, with strong depth dependence a dominant 

feature for earthquakes. Further, these variations from uniformity 

manifest themselves as first order effects, so that ohservations of, for 

example, static surface displacement and strain changes can only be 

explained by taking account of such variability. Interpretations of 

observations based on uniform or "average" changes in stress and displace- 

ment along the failure plane, for example, are likely to be grossly in 

error. This applies to both the static and dynamic characteristics of 

earthquakes. Relative to the stress levels required to initiate failure, 

wt conclude that a higher stress than was previously supposed is required 

for failure at depths greater than 10 km and by implication also at 

shallower depths. In particular, in some cases at least, shear stresses 

of the orJ«?f of 1 kbar appear to be required for failure Initiation at 

depths near 10 km, and shear stresses of the order of at least several 

hundred bars at shallower depths. 

(2) A comprehensive modeling study of the Wilmington oil field pumping 

operations, which resulted in subsidence and a number of small earthquakes, 

was carried out using relaxation source theory in modeling the earthquakes 

and the linear theory of fluid-solid composites to model the fluid 

extraction and subsidence. 

Use of the observed seismic radiation from the earthquake in the 

source theory led to estimates of the nonhydrostatic (shear) strain 

field prior to failure, of 1,25 x 10"3 , and rupture velocities of 

0.15 km/sec for two of the best recorded earthquakes. These events were 

representative of the group of earthquakes that occurred during the 

pumping operations. These events are particularly important since the 
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extent and sense of failure was known and measured from the offsets In 

well casings. In wells that entirely covered the region of failure, so 

that the number of unknown event variables was minimal. It was concluded 

that these events could he most appropriately termed subsidence earthquakes. 

In that they corresponded to localized nonlinear readjustment of the solid 

medium to the extraction of fluid and associated down-warp. In general, 

throughout the time history of the pumping, the overall response to the 

extraction of fluid from the field appeared to be linear, or nearly so, 

and the Incidence of nonlinear phenomena, that is earthquakes, was 

isolated in both time and space and could properly be considered as second 

order perturbations to the overall response of the medium. This conclusion 

is enforced, and in part a consequence of the close fit achieved between 

the observed subsidence and that calculated from the (linear) modeling of 

the oil field for 32 years of fluid extraction. Further, the shear stress 

levels at the depths of the earthquakes predicted by the linear modeling 

of the fluid-solid composite are of the same order as those determined 

from the source theory interpretations of the seismic radiation from the 

earthquakes; namely between 100 and 125 bars at 0.5 km depth. Thus 

these independent theoretical predictions yield consistent results for 

the shear stress (or strain) levels within the medium, at these depths 

at least. 

(3) The predicted m.-M values for theoretical earthquakes can be.used 

to provide an interpretive basis for the estimation of stress drop ( or 

ambient stress under certain assumptions) for observed earthquakes. 

Specifically, the locus of theoretical m.-M values for earthquakes of 

Increasing rupture dimension and constant stress, rupture velocity and 
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stress concentration factor defines a single curve In the n^-M plane. 

The same set of theoretical events with a different prestress level (and 

stress drop) defines a second parallel curve In this magnitude plane. 
i 

For a range of prestress values, then, a network or grid of ""v-M curves 

Is generated. 

This system of theoretical event loci can be used to determine the 

prestress (or "stress drop") for the observed m.-M data from earthquakes 

by simply plotting the data on the theoretical grid In the nv-M plane 

and reading off the stress. This, of course, assumes that all the events 

compared to the theoretical event loci are of the same type and essentially 

are characterized by the same set of failure parameters (eg. rupture 

velocity). For this reason the observed world-wide set of ^"M data 

are divided Into the 50 seismic regions and then further subdivided into 

events occurring within particular depth regions. These subsets are then 

compared to the theoretical results for events of the proper type (thrust 

events) for the seismic region and for events occurring at the proper 

depth. 

For the events so far considered in this framework, the rupture 

velocity has been taken to be near the shear velocity (V =0.9 V ) and 

the stress concentration factor large enough not to affect the M 
s 

measurement.  (Future work will Involve other values for these parameters 

to assess the frequency of occurrence of earthquakes with low values of 

both VR and R«. However, even though high values of Rg and VR have been 

employed up to now, it is still possible to infer the presence of low R. 

events, for example, from the nature of the fit, or lack of a fit, of the 

theoretical curves to the data.) 

Magnitude data for shallow earthquakes with depths less than 50 km 

for the period 1968-1974, subdivided by seismic region, were used to 
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estimate llthosplierlc stress levels in the manner described. Of the 

order of 2000 shallow events were used. On a world-side basis, over 90Z 

of all the events observed were within the 0.01 kb (10 bar) to 1 kb • 

prestress range, with the average being about 0.1 kb (100 bars). A tew 

events, from only a few seismic regions such as the Aleutian arc anrf Japan 

regions, appeared to involve failure at very high stress levels, of the 

order of 1.5 kb. Finally, a few events, again from only a few seismic 
t . 

regions, had apparent prestress levels, or perhaps more properly, in this 

instance at least, stress drops, that were less than 10 bars. These 

latter events could be earthquakes with very low rupture velocities, or 

the M values could be inflated due to a measurement of an airy phase 
s 

at a period shorter than 20 seconds. 

For some seismic regions m.-M values were available down to n^ 

magnitudes near 4.0. In the range from n^ = 5.0 to n^ = 4.0, a few 

reported m.-M values were such that they implied small stress concen- 

tration factors, Re. It would be expected that only a few such events 

would be reported even if many occurred, since only events with reasonably 

large, measurable, M values are included, those with small surface wave 

excitation near 20 seconds period having M values too small to be 

measured reliably in the noise background. 

The next step in this analysis is to plot the stress values obtained 

for the events at the event hypocenters. Spatial contours of stress 

levels for events within particular depth ranges should show a systematic 

variation of stress that is correlated with the lithospheric plate 

structure. In this manner the inhowogeniety of the nonhydrostatic shear 

stress field can be determined as well as its amplitude level and orien- 

tation, the latter from standard "fault plane solutions". This spatial 
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analysis of the stress field is currently being investigated. 

Thf'se results, taken together, show that the source theory employed, 

namely a relaxation source theory, is compatible with all the observations. 

Further, there appears to be considerable evidence that earthquakes commonly 

occur in strongly inhomogeneous stress zones wittx stresses of the order of 

1 kbnot uncommon, but constrained to rather small spatial.zones of the order 

of 10 kilometers or less. Most events, however, appear to be the consequence 

of failure at stresses of the order of 100 bars, with the stress being quite 

uniform over a region of many tens of kilometers. The strong inhomogenieties 

in the inferred stress fields for several well-studies earthquakes imply low 

M values for some earthquakes, and this is further supported by some of the 
8 

HL-M   observations.     (References;    Archambeau,  1975a; Archambeau, 1975b; 
D      8 

Archambeau,  1974) 

i *m 
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III.  MULTIPLE AND SINGLE EXPLOSION DISCRIMINATION USING FREQUENCY 

DEPENDENT MAGNITUDES 

1.  DISCRIMINATION METHODS BASED ON n^ - M^ . 

In this part we show that normal n^ " M8 discrimination of single 

explosions and earthquakes is predicted by the theory and results 

described in the AFCRL Semi-Annual Report (Archambeau, 1974). Reference 

to Parts I - III in this report refer to this earlier semi-annual report. 

Simultaneously we show that multiple explosions can be designed to evade 

this criteria of discrimination and also to complicate any simple 

radiation pattern discrimination approach to the extent that it becomes 

a "costly" approach to discrimination. 

Next we consider some basic spectral characteristics of explosions 

and earthquakes and redesign the n^ and Ms measurements, using a 

narrow band filtering method, so that multiple explosions appear as 

explosions in terms of this new »% - Ms discrimination procedure. In 

addition to M  measured from Rayleigh waves, we also consider M 
s 

measured from Love waves  ( M^ ) and show that "»b " ^ criteria are 

considerably more discriminatory than the usual n^ - M^ criteria. 

(a) Multiple Explosions;  Signal Properties. Radiation Patterns. 

m. - M  Characteristics. 

Multiple explosions can be used to simulate earthquakes, at 

least in the crude sense that ^ " M8 measurements will be such as 

to yield a resulting point in the earthquake population defined in the 
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"h, 
-M     plane.    In addition,  while this might be granted almost 

apriori, it is important to note that surface wave radiation patterns 

and spectra for such events are quite complicated and reasonably 

earthquake-like as well. 

As an example. Figure ( 1) illustrates the Rayleigh wave 

radiation pattern for three 100 kt. explosions.    These patterns, 

particularly at high frequency are quite similar to surface wave 

patterns generated by earthquakes (quadrupole).    The change in shape 

of the patterns at long periods is not typical of an earthquake, but it is 

only at very long periods that a distinction is possible.    Indeed at long 

enough periods (near 60 sec) the pattern becomes circular and 

distinctive of an explosion.    However, such long period waves are not 

easily measured at teleseismic distances from low energy sources and 

an elaborate 360° array is required.    Furthermore,  as shown in 

Figure (2 ),  the spectral shapes are such as to suggest a source at 

considerable depth, by virtue of the spectral "holes" which are 

indicators of source depth.    Again, therefore,  the surface wave 

spectral forms are more earthquake-like than not.    This,  of course, 

is also reflected in the time domain signals shown at various azimuths 

from the source. 

Figures ( 3 ) and ( 4) show the Rayleigh and Love wave patterns 

at 14 and 20 seconds for a dip slip earthquake ,  and these can be 

compared to the patterns in Figure 1   for the multiple explosion.    It 
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Figure   2.     Theoretical Rayleigh wave spectra and time series at three 
azimuths for the multiple event of Figure 1. 
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is clear that the 20 sec pattern for the mul'-iple explosion is very 

similar to a "dip slip" earthquake radiation pattern, but that the 14 sec 

explosion pattern is not.    Further the earthquake pattern retains the 

two lobed shape to longer periods while the multiple explosion does 

not.  'However implementation of a viable network to detect such 

differences as well as a routine analysis procedure capable of 

generating jpectral radiation patterns for a wide period range is not a 

particularly simple matter.    Thus we conclude that while surface wave 

radiation patterns could be used,  a simpler procedure is called for. 

"We therefore consider the   m, —M     criteria,  in view of its 

empirical success for single explosion discrimination,  and attempt to 

modify the   m, —M     measurement in order to cope with the multiple 

event.    To do so we construct synthetic multiple explosions from the 

set of explosions previously considered in Part III. 

Table 1 lists 4 multiple events that we will consider as typical. 

The table also indicated how these events are summed to yield the 

multiple events in each case.    These multiple events are constructed 

in order to yield   m, —M     results that place them within the 

earthquake population and also such that the body and surface wave 

synthetic seismograms look like earthquake seismograms. 

In particular Figure ( 5 ) shows the theoretical earthquake with 

L = 2. 4 km, from Part I,  along with multiple explosions designed to 

look similar to this event in terms of wave form as well as in terms 
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of  m     and  M.,   values.   In Figure ( 5 ) only the P wave train is 
b S 

shown, but the Rayleigh wave train has a very similar form for the 

earthquake and multiple events as well. 

Figure [ 6 ) shows all the P wave trains for the multiple events 

considered.   They clearly have the complexity of typical earthquakes. 

Figures ( 7) and ( 8 ) show the Love and Rayleigh waves generated by 

the multiple explosions assuming the medium to be granite (modelG-2) 

and the prestress to be 500 bars.   As noted,  a lower prestress level 

of 165 bars and the granite model G-l can be obtained by simple 

scaling.   In the following parts of the analysis,  the granite model G-l 

is used with a prestress of 165 bars,  55 bars,  or no prestress, 

depending on the conditions we regard as being appropriate to the 

discussion. 

Using the previous results from Parts I and II along with 

standard   m.    and   Me    measurements of magnitudes from the 
b b 

synthetic multiple explosion signals shown in the preceding figures, 

we obtain  mL—M?-   results shown in Figure 9.      Clearly the multiple 
b       S 

explosions are within the earthqi^ke population and would not be 

identified as explosions.    It is quite clear that this occurs because the 

m     value is measured from the signal of the smallest explosion 
b 

while the   MR   is measured from the sum of all the explosions.    Thus 
9 

the   M^-   is large for the   m     value computed. 

I 
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Table  1 - Multiple Event Parameters 

Event* 
 —  

Yield D ^ (km.) 
s 6t   (sec.) k 

1-5-20 kt 
multiple event 

1 kt 0.0 0.0 1 

5 kt 2.0 2.0 2 

20 kt 8.0 8.0 3 

5-20-100 kt 
multiple event 

S kt 0.0 0.0 1 

20 kt 5.0 4.0 2 

100 kt 10.0 8.0 3 

20-100-1000 kt 
multiple event 

20 kt 0.0 0.0 1 

100 kt 10.0 8.0 2 

1000 kt 20.0 16.0 3 

5-20-100-100-100 kt 
multiple event 

5kt 0.0 0.0 1 

20 kt 5.0 4.0 2 

100 kt 10.0 8.0 3 

100 kt 15.0 12.0 4 

100 kt 20.0 16.0 5 

*A11 multiple event summations were performed using the "local velocity" 
v = 2.0 km/sec. in the relation for the appropriate delay time Atfc for the 
k th event of a multiple set, where: 

Lt
k ' 

6tu - 

. (k) D       cos cp 
8 

See Table 2 for depths and other parameters appropriate to the individual 
explosions making up the multiple event sets. 

^fclMM, 
■-    "  ■ ^ u.,«.■(,>. ii"iifcM'^iiiiJMiiiilMllitlilrtlrirri»*r;tTflflirtiii-'--"---J ■■ ^" - —i — . ■■■ » . ..■~'-.J-w... .      



»IP»!»»"!'^.!■■.■■ ,   "    i^H  .   i III,,.H^II ■ 11   '(', ifuiilLWIignp^.im^lj.jJipy.NI    ^ ~'i^- •^i-i!^>-ii..- —"T^T"«".'"'- n<5.'»> •«■i'i.v iin»;iy(gBon|i^^p(u«i, w.^ju "'"iraiff •u.iu.imin.iiM»."! i-n.ff 

■am 

?;' 

55 

MULTIPLE EXPUUKM (WIMKmm 
P-WAVEl 

tn •—* 
O (U u ? 
X rn a rt 
o d o 

a O 

■!-> 3 ^ 
Pt U' 4-> 

ß X. 3 
ß 

o (rt •r4 

> 01 N 
•W 

ß 
rt 

T3 nt ■* 

s 
O 

• 

1 
o 

a-» o o 

-u (1) 
>4 o u rt -w fi <u u (rt 
C   (rt 

ß   I 
o 

in S -" 
(rt  2 

00  oi 
in 

> 
(rt 

tu 

01 
O 

O T3 
"O 'S   O 

ß ^  IU 

•" •" .2 
o «, a 
ß o 
01 

(Q 
(rt 
o 

o 
u 
a 
a 

^ 4) (rt 
(rt M m 

E 
() C) 

ß 3 
o o (rt U 4-> > o 

4) 

«■> 

?.-« bo J-> 
•H     O     "1 

ß 

MHMtt «MusMi^riMHMH ■IIMMBIII ,......,■„.j..i. -.■^—-/-■..■■,.^-aa.^..Mmi,»»^.. 



^wrP*v?^rmK'!^y-,^^^i''.vr^^ywimm'*'vi^i'wiwvrBiii.,i»..III-I^KHJ.»?™^-!-'  - ■ ^•?»Mm»^>;^J^';K^!B^ratl,^.»^»,M.^'^^ww.t>i■^(l5l(Jlp^.'ll 

a 
o XI 

f\J 

2e 

o 
U   01 

3   C 
o  n 

Q 

01 
O 

t—< 

a 
x 
a 

u 

CO 

U 

a M -ti nJ 
HI 

I—I 

<u a 
in 

u 'S 
G a 
2cu 

o y ON 
vi _S o 
•r-4 ■" .—I 

^ ^ H 

"^ to jc 
*■' Ö .ti £ 0 S 

Ul 

c 0 
M r—( 1 

•H Q, 

o • o 
> 5 'S rt 2 ^ 0 S "^ o w 

rl 
C 
O 

(0 
in 

SI 
a 
o Cl  N 

O. in -^ 
E «« -^ 
O   o ? 
U 

v£> 

01 
C 
o 

•f-t 
■J-J 

rH   0 

56 

ON   O 
o o 

«I "I 
Ö    N 

■ 

., _... ■■.J»M„. — - 
-^ ■ ■ - -         



1P?^^m^^y|t^~r^^r^^^•^^^!^"^^*^,:■ ','.^TTi^-*■ ü*v^.:^7?^T&W*&y'W->W ffy&w •**^rw^^'P   ^    ^ "^ ' ■ • -TIWW^^WWKT ^^^f^^^^^PWMH1»*;»?«?1 .•»A1 .  v- ■-■•■ ■■- s. ■.".■■■' 

\       . 

«•■••IM »IMKT 

^wy 
ii' 
il 

'Ü'V"»S«*. 

.r4 V 

««t5 

> tx 

^ s 
o 

57 

p   0 

bo o 
<u   t 

vO 

0 o 
Ü ß 
^ .2 
o o 

en T;, 
v< O 
O .H 

^1 1) 
o a 

a M 
ii 0 
s o tax 
V oi 
^ ß 
VH O 

m o 

I s- 
10 4) 

5 a> 
X ** 
« >. 
u -a 

.ir v 

ö in 
o a 
* ß <u o 

•T) M 

0) 

60 
I? 
O 

o 2 
<M ii 

m ^ 

> v 
(4 <o 
% Rt 

V 
fll »-H 

o ^ 

o 
V 

jz to 

4) 1-1 
." 4) 
> X 

•r-t -J-k 

^ >. 
4) ^3 

^-O 
O 4> 
*• U 
M « 

t—i 
rt o 
o * 
V' tt 

(Li »J 

TJ -a 
? o 

rt ^ 

ja *»  o 
Ü O •;< 

H 

Ü < 

ß a 

to   u 
O     O 
r-j     Ul a. x o 

rt 

•a 
ß rt 

rt .IS   2 
in   d   i* 
-i   rt   C 

V 
HMiMMMMlHmiHi i —rtnajiaaagMjii. 



p IM mim.ii UWWII wmmmmmmmimm&mp** m-'vtm ■^»wn^^w^^wwww^wwswpnwpwippwwiip*^ 

■-mi 
dii 

A^WVi^v- 

> 
o 

^^ 
nt   >-. 

o 
so ^ 

(0 

01 

^ S 
u, " 
o 5 
2 <n 

.2 <n 
to u> 

(U 

a. ^-. 
(U (U 

t-H ^^ 
a m 

'Ii v. 
3 -Q 

0) 

o 

w> 
CJ 
(Li 

a 
«) 

(a 
^3 

o 
o 
in 

-O 
c 

no 

o  a) n 

o 

s 
Ü 

So in 

C - 

P) • -H u 
tf a 

•»H o 
"O ^ 
o Ü 

c. 
0. > r—* rt 

v^ ri 
Tl o 

CJ o u 
A; £ -a 

o 
3 

CJ 

ti 
u 

o 
O 

0) 

O rn ^C 
B) 3 1 

t> o r-t s rt Ä >H 

^ J-> «1 N 

X 
u 
n 

14 R) 

M ^ U) fc 
•rH PI 

f—1 
ÖJJ 

Pi E 
Bj O 

o 
n 

Ui h o 
o «^ -.H 

00 0 

S    Q. 

E <; 

58 

■HHM '■-' - -  I III .-jn,-**---***********^******..*,:--... ^..^„.j ......... ^ ........... ..^.. , ..^ ^...,.,1 ,-v,.w>l...>^i.„1,.. 



i'    imiWMWtllWiLimillMMMllMWr  i      ,       ,   

\ 

59 

In this figure we also see,  quite directly,  that the theoretical 

predictions of Parts I and II yield results showing that single explosions 

and earthquakes will discriminate on the basis of separation of the 

populations in the   m —M_   plane down at least to magnitudes near 

m    =3.5.    Dif.crimination based on population separation of about 
b 

ID 

.7 magnitude units in   M      will continue to lower magnitudes provided 

the earthquakes lo not naturally occur in concentrated pre stress zones 

of quite small characteristic dimension   (R  ) .   Even with quite high 

prestress (165 bars) the single explosions lie outside the earthquake 

population boundary line--in the region of lower   M      values for a 

given  m     . 
b 

L 
We also see from Figure (10) that   M      ,  the surface wave 

magnitude measured from Love waves in exactly the same manner as 

is   Mc     ,  can be used along with the   m     measurement to define event 

populations wherein earthquakes are well separated from single 

explosions.    Indeed the separation is considerably greater than it is 

p 
for the   m. —M_    criteria.    However,  again we see that for prestress 

b       S 

values from 55 to 165 bars,  that the multiple explosions are within the 

earthquake population and cannot be identified using this criteria. 

In the next section we will examine the spectral basis for 

single explosion-earthquake discrimination using   m  —M_    ,  and then 

apply a spectral measure of   m     and   M^   , which we will denote as 

\ 
Mm\ - i^—a^iai—» -•-t-*-^-  -L . :     ■■■■   ■     •■■' :■-..,        ■ .J* 
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slope 
2:1 

m, 

Figure 9.        Rayleigh surface wave magnitude; as a function of body 
w-ivc magnitude for single and multiple explosions.    The most 
extreme bound of the earthquake population,  modeled by dip slip, 
500 bar stress drop,   high rupture velocity earthquakes,   is also shown 
for comparison.    All other earthquakes lie to the left of this locus of  ' 

(Continuted on fjllowing page) 
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Figure   9   (Continued). 
"explosion-like" earthquakes.   All the multiple explosions lie within 
the earthquake population and htnce would not be identified as explosions 
using the standard mb-Ms criteria.    The vertical lines on all the 
theoretical explosions show the range of increase in MS

R for pre stress 
increasing from zero (circles) to 165 bars (squares or horizontal bars). 
The horizontal bars on the single explosions denote the range of m^ 
that is possible, ordinarily the largest mb indicated is used.    All 
explosions are for the model G-l; and all events are calculated using 
the CIT 109P - .5Q earth model.    All calculations for a distance of 
4000 km.  and an azimuth of 30°. 
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Vp = 5.6 km/sec 

Vs = 3.16 km/sec 

•   Earthquakes (500 bars) 

Multiple Explosions ® 

I.  1-5-20 kt 
2. 5-20-100 kt 

3. 20-100-1000 kt 

4. 5 - 20-100-100-100 kt 

55 bars and 165 bars 
Prestress 

Single Explosions 

© 55 bars 

El 165 bars 2 

mbvs M^ 

Theoretical Earthquakes 
and Explosions 

i    r'ii 

Figure   10.    Love surface wave rnagrütude as a functlor of body wave 
magnitude for single and multiple explosions.    The range of surface 
v.ave magnitude of the explosions for prestress ranging from 55 lo 165 bars 
is indicated by the vertical bars on the points.    High stress drop,   high stress 
concentration,  high rupture velocity,  dip slip earthquakes are shown to 
indicate» the limits of the earthquake population,  with all other earthquakes 
being to the left and above the earthquake locus shown.    All the multiple 
explosions considered there/ore lie within the earthquake population. 
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m     and   M      spectral magnitudes, which will allow us to identify 

multiple explosions in most cases. 

(b. )     Spectral Basis for   m, —M^.   Discrimination 
b S  

The spectral basis for single event   m. —M_    discrimination is 
b       S 

summarized in Figures (n) und (12).    From the deacriptioK afforded 

in these schematic representations we see that there are two main 

reasons why the   m  —M     values for explosions are different than 

those for earthquakes.   They are: 

(1.)   The spectra defining the magnitude measurements 

for explosions in the yield range of interest are such 

that both magnitude measurements are made in the low 

frequency range,while for earthquakes the   m, 
b 

measurement is almost always (except for small 

events) made in the high frequency range of the 

event spectrum (i. e.  at a frequency larger than the 

H 
peak or corner frequency,    f        ,  for the event) 

c 

while the   M_   measurement is usually made in the 

low frequency range of the event spectrum (except 

for extremely large events).    Because the earthquake 

-3 
spectra fall off as   f       for   f > f     , they are poor in 

high frequency content relative to an explosion of the 

same low frequency level.    That is,  for an explosion 

m/tttmmm . ^—^>.^ _ .. ... ^^t^^maiämv^n—m**^^. •   - ■-   • ■     ..■:.^A*i.,.J;.w.,-..jAJ.| ,.;,   JJ* 
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Figure   11.   Spectral characteristics of explosions for yields in the range 
10-1000 kt.    The source P wave spectrum is nearly flat at long period. 
The interference of P and pP gives the observed body wave spectrum a 
strongly peaked character with strong cancelation of long period energy. 
The body wave magnitude is modified by the P-pP interference while 
the surface wave magnitude is determined by the true ,   flat,   P   wave 
spectrum of the explosion.    For all explosions with yields less than 
approxim?tely 1000 kt, the peak or corner frequency is at a frequency 
greater than 1 Hz,  hence all mb (and Ms) values are determined by 
source spectral characteristics in the "low frequency range" as indicated. 
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Figure    12.   Spectral characteristics of an earthquake with fault dimension 
of the order of 2.5 km.   (mfa "' 4.5,   if stress drop is about 50Ü bars).    For 
larger L events,   the frequency scale  should be shifted to the right 
(spectra peaks at lower frequency),   for events of smaller dimensions ::he 
scale must be shifted to the left.    Various  spectral shapes are indicated, 
involving more or   less long period excitation,  depending on the characteristic 
dimension of the prcstresa zone.    Rs values of  10L,   20L and infinity 
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;/ 

Figure 12   (Continued). 
are indicated, with L the fault length.    The surface wave magnitude 
at .05 Hz is essentially determined by the large S wave field from the 
source, while the body wave magnitude is determined by the 1 Hz 
level from the P wave field as indicated.    Only for high stress, high 
ruptuie velocity earthquakes with fault lengths of less than 2.5 km 
(mi, < 4. 5) is the "low frequency range" of the earthquake spectrum 
used for both mb and Ms determinations. 
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and an earthquake with the same low frequency level, 

from which   M     is detr^mined,  the explosion will 
o 

have a significantly higher   m,, since this magnitude 

is also determined by the low or intermediate frequency 

spectral level, while the earthquake   m     : ■> determined 

from the high frequency range of the P wave spectrum 

of the event, which will be considerably lower than 

the low frequency level used for the   M     determination 
5 

due to the high frequency role-off. 

(2.) The fact that P waves from explosions are rich in high 

frequency relative to earthquakes with the same low 

frequency spectral level provides only one aspect.or part, 

of the   m, —M0   based discrimination.    The other spectral 
bo 

difference which accounts for the   m,—M„   difference 
D b 

between explosions and earthquakes is the very large 

generation of S waves by earthquakes compared to the 

P  <,ave generation.    In general,  as indicated in Figure 

(12),  the S wave amplitude is of the order of 5 times 

greater than the P wave amplitude,  and it is the quadrupole 

S wave that essentially determines the Rayleigh (and Love) 

surface wave amplitude excitation.    Since it is the low 

frequency level of the large S wave that determines the 

i 
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M    ,    then for an explosion to have a comparable   M    ,its 
S 'S 

P wave low frequency spectral level must be about the same 

as the S wave low frequency level of the earthquake.    Now 

the   m     for the explosion will be measured from a P 
b 

wave spectrum with a low frequency spectral level 

comparable to the S wave spectral level for the earthquake,  or 

at a level 3 to 5 times higher than the P wave spectral 

level of the earthquake.    Hence the   m     for the explosion 
b 

will be higher than that for the earthquake for this reason, 

in addition to the fact, noted in (1. ) above,  that it will 

also be higher because the   m,    for the earthquake will 

be reduced by the high frequency spectral roll-off. 

This spectral explanation is a first order analysis of the 

reasons for the explosion-earthquake   m   -   Mc   differences.    Spectral 

peaking,  if present,  and due to extreme prestress concentration, will 

modify the earthquake population distribution and the separation of 

populations may not,   necessarily, be maintained at low magnitudes. 

This has of course been seer, i . the   m    -  M     predictions previously shown, 
b S 

and has been discussed. 

However, we see that time domain   m    - M    measurement 
b o 

differences for explosions and earthquakes have a rational explanation 

in terms of spectral differences between the two kinds of sources. 
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The spectral differences can of course be traced back to basic physical 

causes, via the discussions of parts I and II. 

In view of this understanding of   m    - M     data in spectral terms, 

it is useful to consider a spectral definition of   m     and   M    .    In 

particular,we can precisely define a spectral body wave magnitude 

m     as the log of the amplitude of the output of a very narrow band 
b 

filter (high Q filter), centered at 1 Hz, plus a distance correction factor 

b.   In correspondence with the usual   m     definition, we in fact define 

mb   by 

mb = logio(Ag/Tg)+b 

where   T    = 1    sec here, and   A     denotes the amplitude of a narrow band> 
g g 

phase less, filter output with center period at   T    = 1 sec,  and   b   is the 

distance correction factor.    Th'   input to the filter iß the entire P wave 

train for the event.    A description of the type cf filter to be used is 

given by Arcbambeau and Flinn (1965). 

Similarly, we can very precisely define spectral surface wave 

magnitudes M       and   M       by 

M^ = log (Ag/Tg) + BR 

M^ = log (A   /T   ) + BT S B      g     g L 

where   A     is the output of the narrow band filter at   T    = 20 sec with 
g e 

either the Rayleigh wave (vertical or horizontal component) as input 

■ ■     - ■ -  '■'—■- <■    ■ '^-".«^-itvtamBletuttfjg^i   .       
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or the Love wave as input, while    B      and   B      are the appropriate 

surface wave distance correction factors. 

The advantages of defining spectral magnitudes,  rather than time 

domain measured magnitudes,  are that the definitions are not vague and so 

leaye no room for measurement variations among different events    and 

among different observers at different points of observation.    This 

should reduce the scatter in magnitude data;to scatter that can be 

traced to physical causes.    In addition, based on 

        —R        —L 
our previous discussion in this section,  the   m     - M        and   m    - M 

data should provide nearly the same kind of event discrimination for 

single explosions and earthquakes as did the "old"   m    - M 

criteria,  obtained in the time domain. 

However, most important of all,  the spectral magnitude definition, 

when applied to multiple explosions,   should give   m    - M       and   m    - M 
b 

results diagnostic of an explosion.    The reason that this should be 

the case is not hard to see.    In particular we saw that the reason the 

regular   m    - M     criteria failed was because   he   m     was obtained 6 b S D 

in the time domain from the earliest (and smallest) explosion while the 

M     was measured from the superposed Rayleigh (or Love) surface 
o 

waves from all the events.    We saw that it was,  in fact,  not difficult to 

arrange the explosion event origin times and spatial separations so 

that the individual P wave signals would be well separated in time,  yet 

delayed so as to look like a  complex earthquake signal while the 

^ammimmm ...      .-  ..     _     :   . 
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surface waves from each explosion being of long period,   completely 

overlapped in time and summed.    Now if we would similarly sum the 

body wave amplitudes from the individual explosions we would increase 

the body wave magnitude in a manner comparable to the summation of 

surface wave amplitudes and the relation of the   mb   to the   Mg   would be 

appropriate to an explosion and equal to the sum of the individual explosion 

yields.    The process of narrow band filtering of the P wave train will 

do very nearly that,   so that   A     appearing in the definition for   mb 

will be close to the sum of the amplitudes of all the individual event 

amplitudes at 1 Hz. 

In more detail,  the filter us^d is phaseless.   so that with a finite 

Q    (that is a finite band width)    the filter output will peak at a time 

when the  1Hz energy arrives. This is jus t the group time,    tg ,  for the 

1Hz energy (hence the use of the subscript   g   on   A     and   Tg   in 

the previous definitions).    For a series of signals, all containing 

1 Hz energy,  the filter output will oscillate at essentially 1 Hz.but with 

an envelope* corresponding to the smooth curve through the peaks of 

the oscillations,  that peaks at times of 1 Hz energy arrival from each 

of the individual signals.    However,   since the filter has a high Q,  the 

output will continue to "ring" after each signal pulse and so an earlier 

signal pulse will contribute a 1 Hz amplitude ,,ring" to later pulses and 

there results an addition of 1 Hz amplitudes.   Since the filter is made to 

be phaseless by filtering the signal series in both the forward and 

- - - mirlMIMf -^_.. ^m 
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backward time sense, then      every signal rings into,  and adds to, 

every other si gnal(wherever they may be located in time.    Now if one 

of the signals contains more  1 Hz energy than the others,  then the 

filter output envelop will have the largest peak value at the time of this 

large signal arrival.    The actual filter output amplitude at this 'dme 

will be proportional to the 1 Hz amplitude of the large signal, plus 

varying contributions from other signals arriving before and after 

this particular signal (for details - that is the exact amplitude 

relations      see Archambeau and Flinn,   1965).    Therefore,we see 

that for a complex series of signals, in particular for a multiple 

explosion, we wish to pick from amoung all the filter output envelope 

maxima,  that one that is the largest,   since it most accurately measures 

the  1 Hz amplitude in the wave train.    At worst it gives the amplitude 

of the largest 1 Hz signal of the series and,  as well,  the time of its 

arrival,  the group time. 

Hence   A     is defined,  in the case of many signal wave trains, as the 
g 

largest envelope maxima of the filter output. 

In the following section we shall complete the   m      and   Kl 

definitions by defining the distance correction factors.    When these 

definitions have been given we can apply the procedure to the theoretical 

events of the previous sections to test the validity ot fhe method as a 

discrimination method. 

      in  ■ i niTiir- mamuiuäbt*!** 
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(c)   Definitionofm    and M^   and application to e> plosion - earthquake 

di scrimination. 

—       r:R TTL 
The definitions given for   m    ,    M_     and   M       are inccrr^lete 

until the distance factors b ,    B      and   BL   are defined.    It is appropriate, 

however,  to define these distance correction factors so as to give 

spectral magnitudes that are nearly distance indiepenc1ent - that is 

these factors   should be essentially the same,  outside of a constant perhaps, 

as are the distance correction factors for the regular time domain 

magnitudes,    m     and   M- .    Hence we will require that 

b(A) =b(A) i c 1 

BR(M = BR(M + c2 

\ (A) = BL(A)=c3 

where the   c    ,    k = 1 , 2,  3   are required to be constants.    To determine 

these constants we will require that the spectral magnitudes closely 

match (in a least squares sense) the time domain magnitudes for a wide 

range of event sizes.    With this requirement,  we can select any particular 

distance   A   to evaluate the constants   ck   through use of relations above. 

Thus,  if we compute the factors   log A  /T      and   log   A^Tj , 

where   A     and   T      refer to the  time domain amplitude and effective 

period for the first cycle   of motion recorded for a  number of synthetic 

earthquake and explosion P wave signals and   A"     is the maximum of 

the filter output at  1 Hz, and further     require that the    b   be such that 

\ 

MMB - -•—      
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7 b Determination (4000 km) 
(rnb =log(Ag/Tg)+b) 
b   = b +.05 

Tg = I sec 
A-, corrected for instrument'to 1 sec 
Tj effectively 1 sec 

■ 

IkT    5KT 20kT IQOkT    lOOQkT 

mb-mb 

line 
(slope 1) 

0 

© Explosions (notecO 
+ Earthquakas 

(dip-slip,500bars) 

i/Tkm    i   2.5kmi5km    ||20kmi 

-2 -1 0 12 3 

logCA-./T:) 

Figure    13.   Plot of log of the narrow band filter amplitude maximum 
Ag,  normalized by the center period of the filter,   TE>   versus the leg of 
the time domain seismogram P wave amplitude,  A[,   normalised by the 
effective period Tj.    Here the A^/Ti rd'-io is used in the normal mu 
calculation,   while A   /Tg is used for tire  "spectral body wave magnitude", 
mb,   in which T,, =   I  sec.    The plot determines the constant fac:tor of 
proportionality between m^* ' and rn*.    They are essentially identical 
over most of the range of events,   but for .small cventt; mu will be  slightly 
higher for carthqitakes than for explosions. 
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(1) m,    be essentially the same as   m        for the events at some distance, 

say 4000 km,  then we get the results shown in Figure 13 .    Since   b 

is tied to   b, via the previous relations , we are assured that this 

correspondence between   m,    and   m,       will hold at all distances, 
b b 

We find that 

b = b + .05 

where the fit over the range of magnitudes and events of Figure 

67 is in a least squares sense.    However we note that there is a slight 

systematic difference between the fit to eari:hquakes as compared to 

the fit to explosions. 

Figure   14 and 15 show the results of applying the same procedure 

to the 20 second surface wave magnitudes.    We find 

BR = BR - 1.43 

BT   = BT   -  1.43 

These results now completely define the spectral magnitudes. 

It is worth pointing out again that the   rn    is very close to the time 

domain magnitude   m        .  by construction.    Thus since   m        is almost 

(2) (3) always somewhat lower than   m        and/or   m    ,   and since the usual   m 

value given for an observed event is the largest of the   m       ,  then it 

follows that the   m     defined will usually be smaller than the observed 
b 

m     by around .3 magnitude units.    The reason   m,        was used to 
b b 

fix our   m,     value is because it is the least contaminated by   pP ,   sP 

m^^ ^MA  .^^aUatmtttitmiBmi-MiM ■llllrtlilili'iiih.i<i(i>lriMii-"■■ ' "'-:   'niniiMr ,i 
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BR Determination (4000 km) 
(_M^ = loQ(A./Tg)+BR) 

BRsBR-1.43=4.237 
Tj = Tg = 20 sec 

Ms -^s 
line 
(slops I) 

© Expl.-no teat. 

X Expl.-with tsct. 
(500 bars) 

+ Earthquakes 
(SOObars, dip-slip) 

lOOkT  1000 XT 
■    i       .1 

log (Aj/Tj) 

Figure   14.    Plot of the log of the narrow band filter amplitude maximum. 
Ap,  normalised by the filter center period Tp,   versus A^ and Tj measured 
from the time domain seismograms; both for Rayleigh type surface 
waves with Tg = 20 sec.   and Tj approximately 20 sec.    The   ratio Aj/Tj 
is used in the normal surface wave calculation fcr magnitude while 
Ag/Tg is used to calculate the  "spectral surface wave  magnitude".    The 
constant factor of proportionality between the two magnitudes is 1.43 
and the  relationship is essentially linear over the whole  i-inge of events. 
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Determination of B!   'at4000km) 
Mg = log(Ag/Tg) + BL 

BL   = BL -1.43=4.267 
Tj = Tg = 20 Siic 

i 

Figure 15 .    Log of the narrow band filter amplitude maximum, A      divided 
by the filter center period Tg versus Aj/T^ for Love waves at To = Ti = 20 sec. 
Surface wave magnitudes computed using the two different amplitude and 
period definitions are linearly related over the entire  range of events, 
with the constant of proportionality the  same as for Rayleigh waves (1.43). 
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(1) reflections occurring for shallow sources.    The   n/       value is,  therefore, 

always the best estimator of the direct P wave energy from the source. 

Application of the filter technique to a theoretical seismic event 

is illustrated in Figure 16 .        The event is a multiple explosion 

and we see that the desired "summation" of amplitudes of the individual 

events is achieved.    Further we see,  for the high frequency filtering 

(1 Hz and above),  that the maximum of all the envelope maxima occurs 

at a time corresponditig to the signal from the largest event (100 kt) of 

the series.    Note that the I-irgest pulse occurring in the P wave signal 

train is due to the superposition of later arrival mantle phases and the 

direct arriving P wave signal (firstmantle arrival) from the rest of the 

100 kt events of the series.    The large pulse is therefore a complicated 

superposition of several phases,  including   sP   from one or more of 

the explosions of the series, since we have included tectonic release 

effects.    Even though this composite pulse is large,however,  the narrow 

band filter output,for high center frequencies,peaks at the appropriate 

first P wave phase from the first of the 100 kt events,  as is desired. 

Figures 17,  18,   19    and 20 show similar examples for a single- 

explosion and three different sized earthquakes.    Note that in all cases 

the high frequency narrow band filter output peaks at the time of the 

first P phase arrival.    However it is clear, in all the cases shown,  that 

later   arriving P phases,   corresponding to second and third mantle arrivals, 

and pP and sP phat-es in the case of the shallow events,  contain more 

-   ■■   .^ ^». c—  iM^m^m mmmn ■ m i   ■         ■■-'-     •       ■    1---       ■       .   ■ -        
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low frequency energy and invariably the low frequency filter output 

peaks at later timet? corresponding to the arrival of these phases.    It 

is essential that the 1 Hz filter does peak atthe first arrival for earthquakes, 

for the successful application of this narrow band filtering method as 

a means of discrimination between multiple and single explosions and 

earthquakes.    If this were not the case,  the filter amplitude used for 

earthquakes would very strongly reflect the large, later arriving,   sP and 

mantle phases and give considerably higher   m     magnitude values than 

would be obtained from the usual   m     measurements in the time domain. 
b 

Then,  even though the   m     value for a multiple event is raised to a 

magnitude reflecting the largest event of the multiple event series, 

the   m     value for the earthquakes would also increase and discrimination of 
b 

the two kinds of events by   m    - M      would probably not be possible. 

However,  as Figures 18  through  20 show,  this is not the case^and   m 

(measured at 1 Hz) reflects the first arrival P phase amplitude, so 

that   m      should not increase significantly over   m        measured in the 
b b 

conventional way.    Figure   21 shows the results of the filtering operations 

on a surface wave from a moderately large earthquake.    We see that the low 

frequency energy arrives first and the high frequency energy later - as 

we know must be the case since the Love wave of the example is known 

to be inversely dispersed.        All explosions and earthquakes show similar 

result» for both Love and Rayleigh type surface waves. 

Applying the filtering systematically to all the theoretical 

earthquakes and explosions generated in this study yields the   in,    - M 

t^mmmmmm teMM^XMM« ■■HHHHMM '-'■:- J -■ 
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—L and   m    - Ml"    data shown in Figures   22 -25  .    In Figure  22 the   m     - 
b S 

MR    values for the multiple explosions of Table  1 are shown along 
D 

   tj 

with the   m    - M       values for the 500 bars and 100 bar pre stress 
b S 

"dip slip" earthquakes discussed earlier.    We see that all the multiple 

explosions lie outside of.or just,on the earthquake population boundary 

line - defined by the 500 bar prestxess earthquakes.    We note however 

that if the multiple event number 4 has high prestress associated 

with it (i.e. ,  around 165 bars),  then it will fall within the earthquake pop- 

ulation.    In general,  however, it would be expected that the multiple 

explosions would be considered as possible explosions,in view of their 

proximity to the earthquake population boundary.    Since only a few 

earthquakes occur,   in a given region,   that have   mb - M^    values 

placing them at the population boundary,   it would not be a highly 

difficult and time consuming task to check all events in this region 

— —R of the m    - M       plane against radiation pattern criteria,  or other fairly 
b S 

elaborate discrimination tests. 

Figure 23   shows that the   m    - M       criteria would be more 

effective in separating multiple explosions and earthquake populations, 

and hence constitutes a more positive event i dentification method. 

All '.he multiple e>:plos' ms are well outside the earthquake population 

for moderate  shear prestress conditions (55 - 75 bars),  while only the 

event number 4 is at the earthquake population boundary line for the high 

prestress case  (165 bars). 

tamte ■ .  .. 
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mb 

Figure  22,    Rayleigh type spectral surface wave magnitude as a function of 
spectral body wave magnitude for earthquakes amd multiple explosions. 
All events and medium parameters are the  same as those used to produce 
the m\y - Ms^  results of Figure  9», 
(Continued on the following page) 
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Figure 22   (Continued). 
velocity,  high and medium stress drop,  dip slip earthquakes define the 
earthquake population in the nih - MS

R plane    with all earthquakes 
expected to be between these loci or to the left and above them.    The 
multiple explosion m^ is larger than the mb determined in the conventional 
manner because t\e m^ is most closely related to the magnitude of the 
largest of the events of the multiple series rather than to the magnitude 
of the first single event of the series.    The range of Mg     f^r the multiple 
events is indicated by the vertical bar and corresponds to the range of 
tectonic contribution due to prestress,  from 0 to 165 bars.    Some of the 
multiple events are slightly inside the earthquake population and coulJ not 
be positively identified as explosions using this m^ - Ms     criteria,  but would 
appear as "unusual events". 
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^"■,"" 

l" »■ mm.m*Tm*mm^mgrami^^ - •■^i^^^^^^p-" 

89 

o 

II.Op 

10.0 

9 

8.0 

7.0 

6.0 

M^     5.0 

4.0- 

3.0 

2.0 

I.Oh 

0.0 

Vp = 5.6 km/sec 

Vs =3.16 km/sec 

mbvs M| 

Theoretical Earthquakes 

and Multiple Explcsions 
-© © c->- 

Earthquakes(500 bns) 

Multiple Explosi 
1.1-5-20 kt 

2.5-20-l00kt 
3.20-l00-1000kt 
4.5-20-100-100-100kt 

55 bars and 165 bars 

Prestress 

-1.0 -1.0     0.0       1.0     2.0      3.0     4.0     5.0      6.0     7.0      8.0 

mb 

Figure 23.    Love type spectral  surface wave magnitude as a function o! 
spectral body wave magnitude fur eartliquakes and multiple explosions.    All 
events and medium parameter» are the same as those used to produce 
previous mb -  M    results.    All multiple explosions lie outside the earthquake 
population in the mb - Ms

L plane.    The loci of earthquake mb - M,, 
values shown is the expected extreme limit for earthquake»,   all other 
earthquake mb - uj' values would lie tQ the left and above this curve. 
(ConMnuted on the following page. ) 
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Figure  23 (Continued). 
The multiple explosions would be identified as probable explosions,  and 
only for high tectonic release would there be any serious uncertainty, 
in which case events 2 and 4 would probably be considered "unusual events". 
For nonhydrostatic prestress levels lower than 55 bars,   the explosion 
Ms^1 values would be lower than shown and identification of these events 
as explosions more certain. 
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It is important to also investigate the    mb - Mg    results for 

single explosions as well as for multiple explosions,   s.nce discrimination 

must obviously be maintained for these events as well.if the method 

is to be applicable.    Figure  24 shews the   mb - M^   results for 

single explosions, with and without tectonic release,  along with 

earthquakes with prestress of 500 and 100 bars.    We observe that the 

populations intersect at around   mb - 4.5.    The same intersection or 

"cross-over- effect was indicated by the results for the multiple 

explosions: so that single and multiple explosions are distributed in 

more or less the same region in the   mb - Mg     plane.    The reason 

for this convergence of populations at low magnitudes is primarily 

due to a decrease in the   mb   value for small explosions relative to 

the   m(n   value that would be measured;while the   mb value for earth- 
b (1)        , 

quakes in this magnitude range is somewhat higher than the   mb      value. 

This can be seen in Figure 13, where the small explosions fall systematically 

below   the   m^1 ) - mb   line while the earthquakes are systematically 

above the line,  for small event..    The divergence is nearly . 5 magnitude 

units for the smallest events. 

The physical reasons for this "crosfi-ovei " effect will be 

discussed in part V, where it will be shown that the convergence of 

the populations can be "postponed" to arbitrarily small magnitudes, 

through the use of high frequency (greater than 1 Hz)   mb   measurements. 
         j^ 

It suffices for the present to note that the   mb - Mg    method,  as it 

ii mil      - "*——^ ^^^^^^^HHtatfuAd. 
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Figure   24.    Rayleigh type;  s^RCLial surface wavo magnitude as a function of 
spsctral body   vavc magnitude [or single explosions and earthquakes.    All 
event and and medium parameters arc the  same as were ue^d to produce 
previous mb - My results.    The earthquake loci are for hign rupture velocity, 
high and medium level  stress drop,   flip slip earthquakes and define the limits 
(Continued on the following paj;«) 
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Figure 24  (Continued).   
of the earthquake population.    The single explosion MS

R range is indicated 
by the vertical bar,  coi responding to the range from 0 to 165 bars prestress 
The explosion and earthquake populations are well separated at large 
magnitudes but intersect at mb values near 4.5.    If the Rs value for the 
r.malle:>t earthquake was taken to be larger,  the earthquake loci would 
become tangent to the line of unit slope at low magnitudes, whereas 
here the mb " ^s^ val"« drops below this line due to the choice of a 
small Rs value.    In any case the explosion line would intersect or 
become tangent to the boundary loci of the earthquake population near 
mb = 4.5 and explosions of lower magnitude could not be positively 
identified using a 'rib " Ms     criteria. 

mm ■MBH —a—mm  '—~*** 
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stands,  will pnvide the  required discrin^ination between earthquake 

and explosion events (single and multiple) down to   m    = 4.5.    (At 

m.   = 4. 5 ,    rn,      ^4.5 also,  while   m     measured by the usual 
b b b 

procedures would be about 4.7 for explosions and slightly higher than 

this for earthquake sj 

—L 
Figure 25  shows the Love wave spectral magnitude   M 

Q 

as a function of   m,    for the single explosions and high «-tress earthquake: 
b 

The explosion   Mc   ,  of course,  is due to tectonic release entirely and 

the level of 55 bars is a nominal level to be expected in most cases, 

while  165 bars is probably the maximum that would be anticipated.    It is 

clear that the earthquake and explosion populations are well separated 

and that   m    - M_    data serves as a very effective discriminate for 
b        S 

both single and multiple explosions,  in vie .v of these results and the 

results shown in Figure 23. 
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Figure   25.    1-ove typt; «pectral  surface MTAVC magnitude as a function of 
spectral  body wave magnitude for single explosion« and earthquakes.    All 
event and medium parameters th •  same <u; for previous m;, -   Ms prediction;;. 
Earthquake fault lengths and explosion ^ickh: .ire indicated along the magnitude 
axes.   Only the limiting earthquake loci for the high strosi drop events i- 
shown to define the limit of the earthquake population.   The explonion M- 
(Continued on tlu1 follawing ^age). 
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Figure 25   (Continued). 
value is totally due to tectonic release,  the range from 55 bars (cxrcles) 
to 165 bars (squares) being the expected^xtreme range for the effect. 
Lower prestress values will reduce the M^ values for explosions 
drastically.    The explosion and earthquake populations are separated 
by approximately an order of magnitude over the entire range considered, 
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2.  DISCRIMINATION METHODS BASED ON THE z.      (f) PARAMETER. 
■ 

In this part we consider the origins of the convergence of 

         j^ 
the earthquake and explosion populations in the   m    - M      plane 

in detail.    This consideration leads to a slight revision of the magnitude 

based discrimination approach used; to a more general approach where- 

in we make use of spectral body wave magnitudes computed from narrow 

band filter output at frequencies other than 1 Hz.    The spectral 

magnitudes so obtained will be denoted   as   m.U) •    !■ particular, 

we will generate results for frequencies,    f ,  higher than I Hz, 

   j^ 
and consider then,    m. (f) vs. M      data as a discriminatory data set. 

b      —      o 

Finally,  again on the basis of the spectral differences between earthquakes 

and explosions of all types,  we will consider the use of body wave 

spectral magnitudes at different frequencies as a basis for discrimination. 

In this part of the investigation we will use   "VU.) vs.  m   (f   ) , 

with   f   < f    ,  as the discriminatory data set.    This final investigation 

leads to event identification procedures that are particularly discriminating 

and extremely easy to implement,   since all ».hat is required are a 

few arrays of short period seismometers at low noise  sites. 

(a)   Basis for Discrimination. 

In considering the spectral basis for discrimination in 

section (I),   it was mentioned that the explosion   pP   phase could 

interact with the direct P phas.»   in  such a way as Lo modify the basis 

MMM -  -      ■■■      - -   - 
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for magnitude discrimination of events.    We  saw in fact that the 

earthquake and explosion populations in the    m    - M       plane do in 

fact converge at low magnitude.    The origin of this convergence is,   in 

fact,   primarily due to t>^ pP spectral cancellation that occurs for 

explosions when a spectral magnitude,    m      is used.    This effect 

does not occur for earthquakes because they arc invariably deeper, 

than 5 km at the hypocenter. 

Figure   26 illustrates the spectral relationships between small 

earthquakes and explosions having nearly the same    M     ,  with 

the explosion being shallow (less than 1 km) and the earthquake 

near the 5 km "cutoff" depth for earthquake hypocenters.    The 

explosion is assumed to have a moderate tectonic quadrupole component, 

so thit S waves are produced. 

For the superposed spectra shown,  it is quite clear that the 

spectrai level of the combined    P - pP wave 

for the explosion,  which appears as essentially a single pulse form 

when the event is so shallow,   is depressed from the direct P wave 

spectral level, so that not only will the   M       values for the explosion 

and earthquake be nearly the same; but the   m       value measured from 

the  I Hz level of the P - pP spectrum of the explosion will also be 

nearly the same as the   m,     value for the earthquake.    On the other 
b 

—L 
hand while the   m.     values for the two events arc the  same,   the   M 

' b ö 

values will be about  I magnitude unit different,   since thr Love wave 

MM m^mmamm^mmim   
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R -, -       r-,  L Figure 26.    Spectral explanation of the predicted m[3 - M       and rn^ - IvI 
relations for earthquakes and single and multiple explosions.    The figure 
illustrates the relation of earthquake and explo.sion source spectra (before 
propagation through the earth but including the effect of the free  surface)v/hen 
the Tn^ — M8     loci of the explosions intersects the earthquake population 
(Continued on the following page) 
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Figure 26  (Continued). 
boundary (mj, - MS

R "cross-over" effect).    The explosion represented is 
very shallow (depths 200 m.),  the earthquake at several kilometers 
depth.    The surface wave magnitude MS

R for the earthquake is determined 
by the S wave spectral level at . 05 cps. and and the MS

K for the 
explosion by the pure P wave spectral levels.    In the figure these two 
levels are essencially equal,  as indicated,  and the MS

R values will be 
approximately equal.    The mb value is determined by the P plus pP 
spectral level for the explosion, while the mv, value for the earthquake 
is determined by the pure P wave spectral level.      For the event spectra 
shown,  these levels are the same at 1 Hz so that the mb values for the 
earthquake an 1 explosion will also be the same and the events therefore 
indistirguishable on the basis of mb vs. MS

R values.    However the 
MS

L value for the explosion is based on the spectral level of the S wave 
excitation from the tectonic component of the radiation field at .05 Hz 
which is low relative to the S wave level for the earthquake.    Therefore 
while the fllk i s the same for the two events,  the Ms     values will differ 
by nearly an order of magnitude and_hence the events will be distinguishable 
on the basis of m^ vs. Ms      (mb - MS

L "divergence effect").    For smaller 
events the normalized amplitude spectra shift to the right_relative_to the 
frequency scale shown and Lhe situation illustrated here {mb and MS

R 

the same for both kinds of events) will remain essentially static,  that is 
the two kinds of events will have nearly the same rnb - Ms     values. 
For larger events,  assuming the explosions are at greater depth for 
larger yields,  the spectra shift to the left and while the Ms     values 
remain roughly the same in this normalized representation, but the mb 

values for the earthquakes will become much smaller relative to the 
explosion mb  values due to the 1/tO3 fall-off of the earthquake spectra 
and the increase of the P - pP spectra as the spectraljseak approaches 
the 1 Hz point.    Due to the spectral shapes,  the mb -JM   K 

effect can be shifted to very low magnitudes and the mb - Ms 

Mo^ cross-over 
— L divergence 

effect enhanced by measuring the mb at a frequency higher than 1 Hz. 
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amplitude is proportional to the tectonic S wave component from the 

explosion and,   as shown,   the explosion S wave is much lower than 

— -L 
the earthquake S wave.    Consequently we see that the    mb - Mg 

data for the two kh.ds of events will not converge,   but 

will maintain a large separation. 

If    however, we were to isolate the P and pP phases in the time 

domain    as is, in effect, done if   m^      is   nneasured,  then the measurement 
' b 

of   m^   is proportional to the direct P wave spectral level instead of 
b 

the P - pP level.    In this case we see that   m      would be larger than 

m      for the explosion and the convergence of the populations would 
b 

not occur.    Hence ordinary   m    - M      criteria would not suffer from 

this convergence phenomenon,   so long as   m is measured.    It 

is not clear,  theoretically at least,  whether convergence would occur 

if   m^   or   m were measured and used for the time domain   m 
b b 

measurement,   since «-hese magnitudes would be pai aally contaminated 

by the pP arrival and could very well have values,   at  1 Hz,  near   mb . 

Inparctice,  even when   m^   or   m^ )   are used for   mb .  this effect 

is avoided because tha measurement is in actuality made at a higher 

frequency than  1 Hz and the cancellation effect is avoided,  in terms 

of the explanation given here,  by moving the measurement of   mb 

to a higher frequency.    That is,   from Figure   26 we see that if the 

body wave magnitude measurement were made at a higher frequency 

for the explosion,   the pP cancellation would nof  reduce the P wave 

I—M^IMIM III 
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spectral level as much,  and the body wave magnitude obtained for the 

explosion would be higher than that for the earthquake.    If we also nreasured 

the body wave magnitude of the earthquake at this higher frequency,  then 

it would be lower than the value at 1 Hz,  due to the high frequency spectral 

roll-off above the corner frequency,  as shown in the figure. 

In view of these relationships,  it is clear that if the body wavs 

spectral magnitude is always measured at a frequency higher than 1 Hz, 

then the convergence of the populations will occur at a lower magnitude 

and for all practical purposes can be effectively "postponed" to magnitudes 
         j^ 

so low as to be of no interest.    Therefore the   m    - Mg    criteria   can be 

made to function as a discriminate in almost precisely the same way as 

the ordinary m    - M    criteria,  but with the added feature  jf providing 
b D 

multiple explosion identification.    Naturally the explosion and earthquake 

populations will be even further separated in the   mb - Mg    nlane if   mb 

is measured at a higher frequency. 

Another aspect of the spectral differences between explosions 

and earthquakes,  illustrated in Figure 26 and indirectly by the previous 

discussion,  is the basic differences in the P - pP explosion spectra and 

tie P wave earthquake spectra.    In Figure 26 we note that any 

measurement of   mL   at "low"  frequency,  that is below 1 Hz, will give 
b 

an   m     vor the earthquake and the explosion of nearly the same 
b 

value,  while any measurement of   m      at high frequency above  1 Hz 

will give an   m      for the earthquake that is significantly smaller 

MMHM mm»   ■ n■ i 
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than that for the explosion.    This will hv the case for the even's shown 

in Figure   26 ancl certainly for all larger events.    It will also be the 

case for smaller events down to some magnitude level where the higl 

frequency   m      measurement occupies the same position .relative to 

the spectra shown,        as does the  1 Hz measurement indicated in 

Figure 26.    If the high frequency   m    measurement is at high enough 

frequency, then the difference will exist over the entire range of events 

of interest and significance.    This difference can obviously be uted 

for event identification and function as a discrimination method based 

solely on the compressional waves from earthquakes and explosions. 

Since P waves are most easily detected, with the simplest instrumentation, 

this approach is highly desirable. 

The entire basis of this P wave m.xgnitud*» discriminaLion method 

is illustrated by the theoretical event spectra in Figure 27.    In the 

figure the entire range of explosion events of interest is shown,  along 

with earthquake  spectra corresponding to the most explosion - like 

earthquakes.    The variation of the spectra with event parameter 

variations is also shewn and discussed in the figure caption,   so that 

changes in the spectral relationships can be anticipated.    The earth- 

quakes are chosen such that the couipressional wave spectral amplitude 

is about the same as the explosion P + pP  spectra at   f = . 3 Hz.    Thus, 

an   m   computed at f =   . 3 Hz will be the same   for particular earthquake- 
b 

explosion pairs.    However,    m      values computed at any frequency 

MM—MIMIIIM—l««a^*llh«ii ■—.—■^.^—  *III   urnt,     II  I   i fäiTim'v   '         I^-M>.. 
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Figure   27 (Coatlnuod). 
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spectra arc normalised to the L - ?..5 km.  earthquake amplitude spectral 
density and represent the spectral amplitudes before propagation 
through the bulk of the earth.    The approximate magnitude  acale shown 
and the relative spectral levels between the earthquakes and explosions 
are for high stress drop,   high rupture velocity earthquakes and 
explosions with no tectonic  release; with depth and medium parameters 
fixed as indicated in the Figure.    Different values for these event 
parameters will change the spectral levels (and spectral shapes to a lesser 
extent) as indicated in the Figure.    For example,  increasing the prestress 
level for the explosion results in a contribution to the direct compression 
wave train from the directly radiated P wave and from the free surface 
converted sP phase,  both of which will generally be inseparable from 
the explosion P plus pP waves for shallow explosions  (depths less than 
5 km.) and result,  generally,   in an overall increase in the  spectral level 
of the observed compressional wave from the explosion.    This is 
indicated on the curve for the 10,000 kt explosion and applies to all 
the explosion spectra as well.    As with the prestress,   increasing (or 
decreasing) porosity and medium strength for explosions shifts the 
entire  spectrum in the direclions indicated ( or in the opposite  senoe 
for decreases), with relativ« ly small change in the spectral shape. 
This is also the case for prestress level changes for earthquakes  as 
indicated.    For changes in explosion depths,  the P-pP spectrum changes 
shape in the manner indicated for the 1 kt ivent, where the low- 
frequencies are affected such that cancellation between the low frequency 
P and pP begins at a higher frequency for smaller depths.    Thus only 
the frequency point where cancellation begins will change with depth,   the 
remainder of the f pectrum being invariant.    (Of course the mediurr 
strength,   porosity and the prestretis level may change with depth and so 
depth changes may result in other changes in the spe*ctrum implicitly, 
through the other spectral parameters.)   Similarly,   for changes in R^ 
the  "low frequency" part of the  spectrum for an earthquake changes 
shape such that the characteristic frequency at which the  spectrum 
begins to decrease shifts to higher frequency {or lower R     values. 
The affect on the earthquake spectrum is very similar to the affect of 
depth on the explosion P-pP spectrum.    Change« in the earthquake rupture 
velocity on the other hand produce,   primarily,   changes in the high frequency 
part of the  spectrum and to firat order »-he frequency beyond which 
the  spectrum begins to rapidly decrease    shifts to higher frequencies 
with increasing  rupture velocity and oppositely for decreasing rupture 
velocity.    For these changes,   however,   the spectrum also changes shape 
somewhat,   in particular as the rupture velocity decreases and the  "corner 
frequency" shifts to lower frequencies,  the amplitude spectrum decreases 
less  rapidly at frequencies above the corner frequency than is the case 
for higher rupture velocities.    The  Bpectrurn for low  rupture velocity- 
earthquakes will have a slope of I Ac and l/u   over an approciablc frequency 
band b-.-foro assuming the 1/ar slope, which is charactorititle of high 
rupture velocity earthquakes.    Further the low frequency spectral level 
is somewhat higher for the lower  rupture velocity events. 

For the event  spectra shown,   the earthquakes are as near to 
bein;', explosion-like as is 1 IKU i in terms of the pHramctar rang 
appropriate for t:'c: earth,    For these extreme »•vents,   comparison 

warn t«_M 
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Figure 27   (Continued). 
shows that the explosion and earthquake pair having the same  spectral 

amplitude at f« . 3 H/. (e.g. , the L = 2.5 km.  earthquake and the 100 kt. 
explosion) will have very different spectral amplitude at higher 
frequencies,  with the earthquake being much lower in amplitude at high 
frequency.    Thus,   if the  spectral amplitudes at 3 Hz are compared for 
the pairs having the same level at .3 Hz,   the earthquake level is seen 
to be more than an order of magnitude less than the explosion amplkade 
level for all events sho\'n.    Thua if amplitude spectral values for earthquakes 
and explosions are plotted,   for example,   in the parameter space Ap(3) - 
A    (.3) (P wave amplitude at 3 Hz versus that at .3 Hz),   the earthquake 
and explosion populations should separate by more than an order of 
magnitude.    Further,  due to the nature of the spectral changes with 
event variable changes (prestress,   strength,  porosity,  etc.) this 
difference in the populations ühould always exist to about the same degree 
in this particular parameter space,  except perhaps for deep explosion 
events with magnitudes less than about mb = 3'0-    However,  for such 
explosions in low magnitude ranges, a large separation from earthquakes 
will still exist if a higher frequency amplitude parameter space is 
used,  for example Ap (5) - A    (.3). 

m^tmmt I  1l II     lUT'lli I.    'li 
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higher than . 3 Hz for the  same pair will yield higher values for the 

explosion than for the earthquake,  for all events over the entire range 

shown.    Thus the spectral differences,  namely the greater high frequency 

content of explosions relative to earthquakes with comparable low fre- 

quency spectral levels,  can be used to establish a body wave magnitude 

discrimination procedure involving comparisons of   m^'f^ vs. m^) . 

where   i   < 1    .    The larger the difference between the frequencies   fj 

and   t     the greater will be the separation between the explosion and 

earthquake populations.    Further as we have seen thil me';hoc' will 

also yield multiple explosion identification. 

From the preceding discussion it is evident that variable frequency 

spectral magnitudes are required for implementation of what appears to 

be a powerful discrimination procedure.    Computatioi. of the required 

m   (f)   "^lues is straightforward and in Figure 28 we show the relationship 
b 

of various computed   m^f)   values to the   m^   value for theoretical 

earthquakes.    The   mJl.O)   values for a range of earthquakes is close to 

m(1)   for the same event,   as should be the case since   5^(1.0) was con- 
b 

structed so as to be close to   mj^ .    However, only at   mb     =5.0 are 

they actually equal.    The most significant aspect of this figure is the 

manner in which the   mb   values are systematically reduced as   f 

increases.    On the other hand,   for   f = . 3 Hz the   mb   curve lies above 

the unit slope line in the    m^f) - m^1   plane,   showing that   m^f)   value, 

for   f <   1 Hz.are systcm-Uically larger than   mb      (and    m^l.O) ) values. 

i m         —-            —~  — 
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Figure 28.'' Frequency dependent spectral ma""nitudes mb (f) as functions 
of the conventional body wave magnitude rn^   ' for earthquakes. 
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Figure 29 .    Frequency depenuent spectral mnanitudes mb (f) as functions 
of the conventional body wave magnitude mb^   ' for explosions. 
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In Figure 29   we see that the  situation is quite different for 

explosions.    In particular,  while the    rn   (f)  values drop below the   m 1) 

values for   f >  1 Hz,   as is the case for earthquakes,   the decrease is not 

nearly so large.    vurther,    and most importantly,  the   rn   (f)   values 

for   f <  1 Hz ^«.Iso are less than the   m values,  whereas they were 

significantly larger for earthquakes.    Indeed,  comparing the   m   (.3) 

line for earthquakes with the same line for explosions shows that they 

are similar in slope,  but offset,  uniformly,   by about one magnitude 

unit.    Clearly the ratio of low frequency bodywave magnitude to ehe high 

frequency body wave magnitude    at any of the frequencies above    f =   1 Hz, 

will be much larger for earthquakes than for explosions. 

A. compilation of all the magnitude calculations for all the 

theoretical events used in this study is given in Table ?.,  along with 

details concerning the event parameters.    This data is used in the 

next two sections to generate the event discrimination criv.eiia 

discussed in this section. 

- - -- — 
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(b. )    Event Discrimination lJ»ing High Fr jqucMicy Bod^ Wave 
Magnitudes and Surface Wave Magnitudes    (   'r7. (0 v^ IvT    ) 

Figure (20)  shows the distribution of multiple and single 

— R 
explosions in the   m. (I. 5) —M      plane,   relative to the earthquake 

population.    Comparis )n with the results using   rfi  (1. 0)   instead o< 

m, (1. 5)    (shown in Figures (22) and (26)   ) clearly indicates that the 

population separation is now grea'ar.    The intersection of the two 

populations occurs near   m  (1. 5) - 4, 0    ,   and all explosions above 

5 kT appear to be identifiable as explosions or as possible explosions. 

Pursuing the idea that use of even higher frequency body wave 

magnitudes will give greater event population separation,  we show the 

populations for earthquakes and explosions in the   m  (2.5) —M      plane 

in Figure (31).    We see,   as expected,   that the separation of populations 

has expanded and that positive identification of events can clearly be 

made down to explosion yields of around 1 kT,   using this criteria. 

_ —L 
Figure (32) shows the populations in the   n\ (1. 5) —M      plane. 

As was the case before (i. e.  when   nl  (1. 0)   was used) the populations 

are well separated,  but now th.2 separation is somewhat greater. 

Obviously multiple explosions look almost exactly like single explosions 

for all the   m,(f) —M„    and   TiT (f)—"KT       plots.     Even wider separation 
b S bo 

T 

is achieved in the   m   (2.5) —M      plane as shown in Figure (33).    As 

has been noted in the figure captions,   only the size of   R      ,   the 

prcstress zone characteristic dimension,   alters this picture to any 

■ -  ■•"—— 
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-X (500 BARS) 
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 Q © O O (100 BARS) 
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(2.)5-20-I00KT 
(3.)20-I00-1000KT 
(4.) 5-20-100-I00-I00XT 

3.0      40 
Mbtl.5) 

AX     R Figure   ''0     Ps^leigh type spectral surface wave magnitude Ms     as a 
function Of Äb (1.5).  the frequency dependent spectral body wave magnitude 
at 1   5 Hz; for earthquakes,  multiple explosions and single explosions.    The 
effect of using mb (1. 5) rather than the spectral body wave magnitude ac 
1 Hz    Which is simply denotad rnb,   is to shift the earthquake loci to lower 
body wave magnitude levels for the larger earthquakes and to increase the 
body wave magnitude for the explosion, slightly.    The effect is to separate 

(Continued on the following page) 
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Figure   30 (Continued). 
the earthquake and explosion populations in the rnb (1.5) - M^     plane to a 
lower magnitude level than was the case for the m^ - MS

R plot.    However 
the explosions are still close to the boundary of the earthquake population 
and positive identification on the sole basis of an mb (1.5) - M,     value 
could not be made at low magnitudes.    Again the earthquake loci would be 
parallel to the unit slope line at low magnitude if Rs were large (dotted 
line on the plot) but drops below this line for the smallest earthquake 
because of the (worst case) choice of small R    for the  small event 
(dashed line on the plot). 

■ i -'   -■•-- ■— '■■-■- 
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Figure 31.    iiayleigh type  spectral surface wave magnitude Ms      as a 
function of TTTb (2.5),   the frequency  dependent spectral body wave magnitude 
at 2.b Hz; for earthquakes,  multiple explosions and single explosions.    The 
possible convergence of the populations at mb (?-.3) magnitudes near 3.0 is 
due to the  small R    value usc-d for the  smillest earthquake considered^ 
(1 km fault).    For a Rs value larger than 60 - 70 km.  the m^ (2.5) - Ms 

(Continued on the following page) 
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Figure 3L  (Continued). 
loci for the earthquakes would follow the dotted line shown on the plot 
and the earthquake and explosion populations would be widely separated 
at all magniLudes. 

i^^^M ----- m_^m^m^a*^^m ■ •■-■- •■ ■■'■'• ■-■■■- 
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Figure  32.    Love typ^  spectral surface wave magnitude Ms     as a function 
of m-b (1.5),   the frequency dependent spectral body wave magnitude at 
1   5 He; for earthqual »•,  multiple explosions and single explosions.    The 
body wave magnitude at 1.5 Hz for earthquakes is generally less than 
or about equal to that at  I  Hz,  while the nVb (1.5) for explosions is 
greater than the magnitude at  1 Has giving a wider separation oi the 
(Continued on the following page) 
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Figure   32 (Continued). 
earthquake and explosion populations.    Both loci have a slope close to 
two for all low magnitudes since the Love surface wave magnitude 
is controlled by tectonic stress relaxation in both cases and in both cases 
the characteristic dimension of the high stress zone,  Rs,  is finite.    For 
sufficiently large Rs,  for small earthquakes,  the earthquake population 
boundary line would follow the dotted line indicated, which has a slope 
of unity.    In any case the earthquake and explosion populations are well 
separated and identification of the event types can be accomplished using 
mfc   (1.5) - Mg1,  criteric.. 
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Figure   33.    Love type spectral surface wave magnitud-j Ms     at. a function 
of mt, (2.5),   the frequency dependent soectral body wave magnitude at 
2.5 Hz; for earthquakes,  multiple explosions and single explosions.    The 
mu (2   5) magnitude is lower tl   .n the m^ values at  1. 0 and  1. 5Hz for 
earthquakes and for most explosions,   but has decreased much more for 
earthquakes than for any of the explosions giving a very wide  separation 
(Continued on the following page) 
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Figure   33 (Continued). 
in the populations.    The dotted line for the earthquakes indicates the 
effect of larce Rs for smaL events.    The nTb (2.5) - M_     crite-ia 
would give positive event identification. 
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extent.    For the   m. (f)-Mc.    discriminate the effect of small   R     is 
DO 0 

not particularly critical,  but it is somewhat more important for the 

m,{f) —M      data.    However,   reasonable values of   Rg   set an upper 

limit to the reduction of   M?"   (and   Mg  ) for earthquakes,   and it would 

appear that even the smallest   Rs   values will not cause the populations 

to overlap at all in the   mjf)-TZg   plane and only cause overlap for 

—R 
explosions at the smallest yields in the   m^^-Mg    plane. 

We conclude from these results that strong positive identification 

of events can be achieved using either or both of the high frequency 

body wave magnitude versus surface wave magnitude criteria. 

(c. )   Short Period Body Wave Discrimination Using   m^f). 

For purposes of comparing the event populations in the 

m (D-mff  )   plane,  we take   ^ = . 3 hz.    This is an arbitrary 

choice, but it appears to be realistic in that it is the lowest frequency 

in the "short period body wave range" that is likely to be usable, since 

lower frequencies would be highly contaminated by the microseism 

noise peak at 6 sec period.    However,  depending on detector site 

characteristics,   this choice can be modified, and so long as   ^   is 

fairly near . 3 hz,  the results of this section should be applicable 

more or less ^s they stand.    We will.however, consider various values 

for   f     in the high frequency range above 1 hz. 

Figure ( 34) shows the event populations in the   r", (• 3)—71^(1. 5) 

plane.    Separation of the event classes is by around one magnitude unit 

■ ■■■   - - ■ -■ —■■--  - 
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Figure   34.    Low frequency spectral body wave magnitude,  rnjj (.3),  as 
a function of the high frequency body wave magnitude,  mfc (1.5)-, for 
earthquakes,  multiple explosions and single explosions.    This magnitude 
plot yields a short period event discrimination criteria using compressional 
body waves alone and hence is' ah easily applied and very powerful 
discrimination method.    The  separation of the populations is greater than 
(Continued on the following page) 
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Fißure  34 (Continued). 
a half a magnitude unit except possibly for the smallest events where the 
effect of a small Rs for small earthquakes can result in convergence of 
the populations for mb (1.5) values near 3.5.    For sufficiently large RSl 

the earthquake population boundary line would lie along the   dotted Ime 
indicated and no convergence of the populations would occur. 
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for most of the range of event magnitudes,   except for the smallest 

(~1 km) ear^xiquakes.    Here we see that a snif 11   R      value will bring 

the populations closer together,  but still with some reasonable 

separation.    Of course if   R     is always large,  then the populations 
Si 

are always well separated. 

Figure (34) presents an interesting and practically important 

aspect of the   rfl (f ) —m  (f  )   discrimination criteria.    That is,  for 

some choices of the frequency   f   > 1 hz   ,  interference of   P   and   pP 

for the explosion events in particular,   can cause quite a large 

fluctuatior in the position of the event population in the magnitude 

plane.    Thus,   since the   P-pP   interference introduces spectral 

minima and maxima at high frequencies,   it can happen that the 

So.mpling of the spectrum,  which is quite narrow in bandwidth,   can 

occur at one of the spectra minima in the P-pP   spectrum.    Whe 1 this 

occurs the   m, (f )   will of course be depressed,   and it is to be 

expected that this would occur more frequently for explosions than 

for earthquakes since they are always shallower than earthquakes and 

so,more subject to strong interference effects in the band 

1. 0 s f s 3. 0 hz.    However,   it is worth pointing out that spectral 

maxima can occur as well,   for both earthquak'-s and explosions,  and 

hen'.e an "anomalous" increase in   m  (f )   can occur for earthquakes 

at some particular   f      ,   resulting in a shift of the earthquake 

population (or just one particular earthquake) toward or into the 

. _*_Ma*Mi ■ ■ 
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'Mb(2) VS Mb(.3) THEORETICAL 

EARTHQUAKE A.^D EXPLOSIONS 

(SHORT PERIOD DISCRIMINANT) 

-X x (500 BARS) 
MULTIPLE  EXPLOSIONS (I553ARS)     © 
(l.)l-5-20KT 
(2.)5-20-IOOKT 
(3.)20-!00-IOOOKT 
(4.) 5-20-100-lCO-IOOKT 

SINGLE EXPLOSIONS (155 BARS)       i 

Mb(2) 

Figure   35.    Low frequency spectral body wave magnitude,  rri"b (.3),  as a 
function of the high frequency body wave- magnitude. mb (2.0); for earthquake«, 
multiple explosions and Blngle explosions.    In this case the populations arc- 
not as widely separated as those in Figure 33  because,  while the mb(2.n) 
values decreased for both the earthquake! and the explosions,   the explosion 
values decreased more thin did those for tl-.e earthquakes and so brought the 
two populations somcwlvit closer together.    Th- origin of the anomalous 
large decrease  in mh(?..0) for the explosion., is the  interference of the 
direct P wave and the pi' reflected phase which,  ir this eise, give« rise to 

(Continued on the  following  pay«) 
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Figure 35   (Continued). 
a hole or minimum in the P - pP spectrum near 2.0 Has,   so that the 
spectral body wave magnitude at this frequency is correspondingly 
depressed.    Even so the populations are  separated down to a IrTjj (2. ) 
value of 3.5.    The convergence at low magnitude is again due to the use 
of a small R    value for small earthquakes,  the dotted curve  shows 
tho limit of the earthquake population for Rs large for these earthquakes, 
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explosion population.    However while these effects  (sampling of 

minima for explosions or maxima for earthquakes) can occur at some 

particular frequency   f2    ,  they cannot occur for a range of   fj 

frequencies.    Thus while the populations might converge somewhat 

for one choice of   £      ,   they will diverge for other choices.    Hence it 

is important to use several   f,,   values and to identify events on the 

basis of their positions in all the   nyf^-nyL,)    plots.    If an event is 

in the earthquake population in most cases,   then it is almost certainly 

an earthquake,  and conversely. 

Even while the populations are close together in Figure (35), 

they ar^ still reasonably well separated down to explosion yields of 

around b kT.    The convergence there is due to the small   Rg   value 

taken for the   L - 1 km earthquake,   and of course this convergence is 

problematical--we have yet to verify that small    Rg   values apply for 

small earthquakes: if not,   then the separation of populations is 

reasonably great at all levels. 

Figures (36) and (37) show a very large separation in the 

earthquake and explosion populations for all events.    Thus if signal 

frequencies as high as 2. 5 and 3. 0 hz can be reliably measured, 

without undue noise contamination,   then very positive event 

identification can be achieved by this method.     This implies that 

BOOd event identification can be achieved by proper network design 

(i.e. sites where the high, frequency noise is low and with detection 

«■MMBHi llll« 
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Mb(2.5) VS  Mb(.3rHE0RETICAL 

EARTHQUAKE AMD EXPLOSIONS 

(SHORT PERIOD DISCRIMINANT) 

-X (500 BARS) 

MULTIPLE EXPLOSIONS (155 BARS)    C 
(l.)l-5-20KT 
(2.)5-20-l00!<T 
(3.)20-l00-l000KT 
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Fig ;re   36.    Low frequency spectral body wave magnitude,  mk (.3),   as 
a function of the hljjh frequency body wave .magnitude,   mb (2.5); 
for earthquakes,  multiple,explosions and single explosions.    The very 
large separation in populations is due to the difference in peak frequencies 
for earthquakes and explosions .with the same mb (.3) values.    In general 
(Continued on the following page) 
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Figure   36 (Continued). 
the earthquake spectral peak occurs at a frequency considerably lower than 
1.0 Hz while the explosion        peak near 1.0 Hz or at higher frequencies. 
Consequently the mb (2.5) is mea-ured from the high frequency part of the 
earthquake spectrum where the spectral amplitude has decreased with 
a slope of 3 from the peak frequency and hence the amplitudes are low 
while the rnb (2.5) for the explosions are measured near the peak in 
the  spectrum.    Therefore the earthquake mb (2. 5) values are very lo ,/ 
while the explosion values are relatively very high.    The separation 
of populations is everywhere larger than one magnitude unit.    Further 
if the R    value is large for small earthquakes than the earthquake population 
boundary is along the dotted line indicated,   and an even larger separation 
of populations would prevail. 

\ 
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11.0 
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_Vp = 5.6 KM/SEC. 

VS=3.16KM/SEC. 

EARTHQUAKES 
 X X X- 

Mb{5) VS Mb(.o) THEORETICAL 

EARTHQUAKE Af'.D EXPLOSIONS 

(SHO.HT PERIOD DISCRIMINANT) 
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Figure 37.    Low frequency spectral body wave m&gnitude,   m^ (.3), 
as a function of the high "frequency body wave rnagnitucc,   nvu (3), 
for earthquakes,  multiple explosion-s and single explosions.    The 
earthquake and explosion populations separate by approximately one and 
a half magnitude units.    The dotted line indicatcfl the earthquake 
population boundary if Rs is large for small events.    The large 
separation at all magniU-dcs is due to the  spectral differences described 
in Figure 35 . 
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locations at sites and distances where high frequency signal levels are 

reasonably high; such as in the interior of continental shield areas). 
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3.  OBSERVATIONAL TESTING AND RESULTS FOR m^f)  SPACE DISCRIMINATION. 

The variable frequency magnitude discriminant,  original 

ly proposed by Archambeau,  et al^ (1974),   is designed  to 
exploit  spectral differences between earthquakes and under- 

ground explosions.     Essentially,  the VFM technique consists 

of a  ccmr-ison of n  mnj'.nitiulc mcii-nrcnuMit   »'i,!'    )   •»<   •'• 

relatively  low  rrcqucncy   (c.f..,   f    ■  n.4S II.)   to .i Mttp.ni 

tude measurement  mbCr  )  at  a  higher  frcqucr.y   fo.}'.-.   r2   ' 
2.25 Hz).    The body wave magnitude iii^  is de   ined  as  the   log 

of the amplitude of the output  from a narrow-band   (high Q) 
phaseless filter,  centered at  frequency fc,  plus a distance 

correction factor F.     That  is 

m. log 
i o 

\i * F 

where the center period T ■ l/fc and Aj^ is the maximum 

amplitude of the envelope of the filter output.  The filters 

employed are digitally constructed in either the time do- 

main (recursive) and/or frequency domain.  The recursive 

filter is made phaseless by filtering an original time 

series in both the forward and backward time sense and sum- 

ming the two results. 

Examples of narrow-band recursive filter outputs for 

a presumed Eurasian explosion and a shallow earthquake re- 

corded by the Oyer subarray in Norway are shown in Fig. 38. 

The top traces on the right- and left-hand sides of this 

figure correspond to the unfiltered best beam recordings of 

the P-wave trains, preceded by about 30 seconds of background 

noise, from the earthquake and presumed explosion, respec- 

tively.  Note the enhancement of the high frequency (fc =6.0 

Hz) filter ovtout versus the low frequency (fc ■ 0.3 Hz) fil- 

ter oi'tput for the presumed explosion signal as compared to 

the filter outputs for the earthquake signal.  The mh(fc) 

estimates for these events would be based on the maximum 

amplitudes of the envelopes of the filter outputs at the 

__^«aMMM^ 
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Figure 38.   Examples of narrow band filter outputs at three 
center frequencies (0.3 Hz, 1.0 Hz and 6.0 Hz) for an explo- 
sion (left-hand side) and a shallow earthquake (rieht-hand 
side). 
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corredponding ^'s.  As an example, the in. (6.0 Hz) estimate 

for the presumed explosion would be based on the amplitude 

of the cvolopc of the f  - (>. 0 11/ filler mii|ml nl HIMMII 

^0 seconds. 

(a) SHALLOW EVENTS RECORDED AT LASA 

The data base employed in the first test of the VFM 

discriminant consists of LASA short-period recordings of 

P-wave trains from 34 presumed explosions and 156 earthquakes 

(Lacoss, 1969). Thirty of the presumed explosions originated 

within the mainland USSR, two in Novaya Zemlya, one (Long- 

shot) in the Aleutians and one in the Sahara Desert.  The 

earthquakes are distributed along the Alpide seismic belt, 

the Kuril-Kamchatka arc and the Arctic Ocean.  The epicentral 

distances of these events range from 45° to about 100° with 

more than half of the events between 65° and 85° from LASA. 

Figure 39 is a plot of spectral magnitude estimates, 

m, (f ), at a low frequency (f = 0.45 Hz) versus a high 

frequency (f ■ ?.2S Hz) for all 34 presumed explosions and 
those earthquake;; in the data base that were reported in the 

Monthly Listings of Events, published by the USr.S (formerly 

NOAA), as having shallow focal depths, h < 70 km.  This figure 

clearly demonstrates the enriched high frequency content of 

the explosion body wave spectra as compared to the earthquake 

spectra.  For instance, for a given /alue of m, (0.45 Hz) 

the explosions exhibit m. (2.25 Hz) values that are typically 

0.6 to 1.0 unit larger than the m, (2.25 Hz) values for 

earthquakes. 

The high degree of discrimiantion of earthquakes from 

explosions evident in Fig. 39 is especially significant in 

view of the non-regionalization of the event population. 

The variety of tectonic settings of this event population 

ranges from relatively stable shield regions to seismically 

active oceanic arc systems.  An indication that discrimination 

could be further enhanced by regionalizing the event popula- 

tion comes from the fact that for m, (2.25 Hz) > 4.0 the two 

Mr MaMMMMMM, 
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Figure 39 . Spectral magnitudes, mt, computed at 0.4 5 Hz 
and 2.25 Hz. The presumed explosions numbered 35 and 138 
occurred at Novaya  Zemlya. 
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presumei' explosions (IfSS  mul i1X>l plottinj», closest to 1 h<% 

earthquake population occurrcil at Novay.i Zcmlya.  Several of 

the earthquakes that plot closest to the explosion population 

o.ccurred along the Kurile-Kamchatka arc or at locations far 

removed from the explosion epicenters. 

.The apparent bending of the explosion population into 

the earthquake population at m, (2.25 Hz) < 3.5 in Fig. 39 

is mainly a result of microseismic noise inflating the low 

frequency (f ■ 0.45 Hz) magnitude estimates for the rela- 
tively small (signal-to-noise wise) explosions  In order to 

see the effects of noise contamination more clearly, magni- 

tude estimates based on a series of low-frequency (0.3 to 

0.6 Hz) narrow band filters versus the f ■ 2.25 Hz high fre- 
quency filter for a subset of the event population in Fig. 

39  are shown in Fig. 40a-d.   Note how the trends of the 

explosion population (x's) in the case of the low frequency 

(f ■ 0.3 and 0.4 Hz) filters, which are closest to the main 
concentration of noise power at LASA between about 0.1 to 

0.3 Hz (Lacoss and Toksöz, 1967), exhibit rather abrupt bends 

near m. (2.25 Hz) = 5.0 and flatten out at m^ (2.25 Hz) < 5.0. 

Examination of Fig. 4.3a-d indicates that the prevailing level 

and spectral distribution of microseismic noise at LASA sets 

gradually decreasing lower limits on the low-frequency magni- 

tude estimates as the narrow band filter frequency increases 

from 0.3 Hz to 0.6 Hz, thereby moving away from the main 

noise band.  In the case of Fig. 40d,  for m, (0.6 Hz) versus 

m, (2.25 Hz), the trend of the explosion population is more 

nearly linear and parallüi to the earthquake population over 

the entire magnitude range of the data. Noise contamination 

of the earthquake magnitude estimates in Fig. ^0 a-d  is 

obviously not as seriors a problem since the earthquake sig- 

nals for a given value of in, (2.25 Hz) are richer in low 

frequencies and show only a slight tendency to decrease in. 

value as the filter frequency increases from 0.3 Vt  to 0.6 Hz. 
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Fig.    40a 

Ml   I   2.25  HI) 

Fig.   40b 
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Fig.   40c Fig.   40d 

Figure '»C.  Spectral magnitude estimates for a subset of 
the LASA event population showing the effect of varying 
the f of the low frequency magr.itude estimates. 
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On the high frequency end of the seismic hnmliKiss it 

is the interplay of mainly three factors that limit the ap- 

plicability of the VFM discriminant, as well as other short- 

period discriminants, to small magnitude teleseismic events 

recorded at LASA. These three factors are scurce spectrum, 

anelastic attenuation and high-frequency background noise 

at LASA.  Definitive information on the source parameters of 

the earthquakes included in this data base are not available. 

However, the NOAA magnitudes of all the reported events are 

greater than m, ■ 4.7.  Thus, we will assume that the source 
spectra corner frequencies are less than 2.0 Hz and further 

that the source spectra are into the high frequency roll-off 

(w'2 to w"') for the high frequency range of interest here 

As is well known, for a fixed source-receiver distance, 

anelastic attenuation gives rise to an exponential decay with 

increasing frequency of the amplitudes of seismic waves. 

Thus the amplitudes of P-waves of frequency higher than 2.5 

to 3 Hz from many of the events in the particular magnitude 

and distance range of interest here will be suppressed below 

the high frequency noise level at LASA. 

The combined effect of these different factors on the 

magnitude estimates, in. , can be seen in Fip. 41 a-f .  In each 

of these figures the low frequency magnitude estimates are 

computed at the same frequency, f  = 1.75 Hz to 3.25 Hz. 

Starting with the f = 1.75 Hz estimates in Fig. 41a   we 

see that the explosion and earthquake populations are not 

separated as much as in Fig. 39 .  This is undoubtedly due to 

the relatively close spacing of the high and low center fre- 

quencies, 0.5 Hz and 1.75 Hz.  As the center frequency of the 

high frequency magnitude estimates increases (Fig. 41 b-d ) , 

the separation of the event population increases.  Finally,. 

as the center frequency is furthev increased (Figs. 41 c and 

f) the event populations begin to merge.  The majority of 

mmmm •• • -•— ■ ' ■ 
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Figure    41.      Spectral magnitude  estimates  foj   a  suhf.et   of 
the  LASA event population  showing  the effect  of varying 
the   fc's  of  the  high frequency magnitude  estimates. 
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ili. ff ) - 4.0 .it f ■ 2.S Hz while a comparablo noise limit lor 
i)  c c 

the explosions is not reached until f = 3.n Hz.  Thus, while 

optimum discrimination would result for spectral magnitudes 

computed at frequencies (f ) separated by a decade or more, 

noise and anelastic attenuation of the earth combine to con- 

strain the useable bandwidth of frequencies in the case of 

the LASA data set to approximately one-half a decade. 

(b)    DEEP EVENTS RECORDED AT LASA 

Twenty events in the depth range 80 km to 580 km are 

included in the LASA data base.  Magnitude estimates for 

these events based on narrow band filter outputs at the same 

center frequencies as in Fig. 39  are plotted in Fig. 42 

and compared with the shallow earthquake and explosion popula- 

tions which are contoured by the dashed and solid lines, 

respectively.  All of the events with focal depths h > 300 

km occurred beneath the Japan and/or the Kurile-Kamchatka 

arcs.  The epicentral locations of the intermediate depth 

events range from the Aegean Sea, Rumania, Hindu Kush regions 

to the Japan and Kurile-Kamchatka arcs. 

Deep earthquakes often fail to separate from explosion 

populations when examined with any of the discriminants, 

short-and/or long-period, proposed to date.  As can be seen 

in Fig. 42 , such is the case for several of the deep events 

examined with the VFM technique.  Suggestions as to the rea- 

son for the lack of discrimination of many deep events range 

from impulsive source-time functions, small source-dimensions, 

and high-Q propagation path to the receiver.  While the be- 

havior of the deep events in Fig. 42  cannot be explained at 

this time, it should be noted that the majority of intermediate 

depth events lie within the bounds of the shallow earthquake 

population. 
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Figure 42. Spectral magnitude estimates of deep earthquakes 
recorded at LASA. The shallow earthquake and explosion popu- 
lations plotted in Fig. 39  are contoured in this figure. 
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(c) SHALLOW EVF.NTS Rr.CORDI:.D AT NORWAY 

A subset of the event population recorded at LASA 

was also recorded by the limited Oyer array in Norway.  The 

spectral magnitude discriminant was applied to this smaller 

population of events and the results are presented in Figs. 

43  and 44   In Fig. 43  spectral magnitudes, mb, at 0.6 

Hr and 5.0 Hz are given for shallow earthquakes (open circles) 

and presumed explosions (closed circles). Analogous to the 

results at LASA in Fig. 44, there is discrimination of 

events over most of the magnitude range of the events except 

for the smallest magnitude explosion. 

The arrows attached to the explosion points indicate 

that the low frequency magnitude, Eb (0.6 Hz), is contaminated 

by noise.  In Fig. 44 the output amplitudes from the narrow- 

band filters are corrected for noise and replotted. Comparing 

Figs. 43 and 44 it becomes clear that the cause of the bend 

in the explosion population toward the earthquake population 

at small magnitudes is the inflation of the low frequency 

explosion magnitudes by noise. Correction for this noise re- 

sults in complete separation of the earthquake and explosion 

populations. 

The effects of noise in different frequency bands can 

be seen in Fig. 45.  In this figure the unfiltered time 

series corresponding to the smallest explosion recorded at 

Norway is plotted in the top left frame. The remaining 

frames show the effect on the time series of the application 

of five narrow band filters of increasing center frequency 

(0.3 Hz to 6.0 Hz). The gradual emergence of the signal at 

f > 1.0 Hz is quite striking. The persistance of a high 

signal-to-noise ratio for this very small event probably re- 

sults from the high-Q nature of the propagation path. 

\ 
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Figure. 43.  Spectral magnitude estimates at fc ■ 0.6 Hz 
and £c - 5.0 Hz for an event population recorded at the 
Dyer array in Norway. 
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Figure   44   .    Filter amplitudes   (maximum) with noise correc- 
tions for the same event population plotted in Fig. 43. 
Note the enhanced separation of the earthquake and explosion 
populations. 
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Figure 45 .  Examples of increasing signal-to-noise ratio 
for a presumed explosion (top-left frame) recorded at Norway 
with successive application of high frequency narrow band 
filters.  Arrow at top denotes approximate arrival of the 
explosion P-wave on the unfiltered trace. 
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(d)       nF.r.p nvr.NTs RRWiwnnn AT NORWAY 

Eleven events in the Norway data base were assigned 

focal depths > 70 km. Amplitudes 0^ narrow-band filter out- 

puts with the same f 's used in Figs. 44  and 45 were com- 

puted for these eleven events and are plotted in Fig. 46. 

The frequency dependent amplitudes were corrected for noise 

based on measurements taken before the onset of each event 

P-wave signal. The bounds of the shallow earthquake and ex- 

plosion populations plotted in Figs. 44  and 45 are in- 

dicated in Fig. 46 by the broken and dashed curves, respec- 

tively. 

As was the case with the deep events in the LASA data 

sot shown previously in Fig. 42 , the deep events recorded 

at Norway (Fig. 46 ) exhibit considerable scatter without 

any obvious pattern of behavior.  While several of these 

deep earthquakes fail to discriminate in this figure they are 

really not as troublesome as they might seem since these 

events can often be identified as naturally occurring earth- 

quakes on the basis of other information (e.g., hypocentral 

location using P, pP and/or sP travel times). 

A rather dramatic example of the short-period spectral 

similarities between an explosion and a deep earthquake 

is shown in Fig. 47.   Approximately 80 seconds of an un- 

filtered explosion time series and the output amplitudes of 

three narrow band filters (f - 0.3 Hz, 1.0 Hz and 6.0 Hz) 

applied to the time series are shown on the left-hand side of 

this figure,  A similar sequence of pictures is shown on the 

right-hand side for a deep (h ■ 115 km) earthquake.  Note 
how the signal-to-noise ratio of the narrow band filter out- 

puts for both events increases as the center frequencies of 

the filters increase from 03. Hz to 6 Hz.  Comparison of the 

spectral behavior of the deep earthquake in this figure with 

the shallow earthquake (h «= 35 km) shown in Fig. 38 clearly 

■■ -■ • ■ ■— -* - • 
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Figure 46.  Amplitudes of narrow band filter outputs at two 
different frequencies for deep earthquakes recorded at Norway. 
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Fieure 47   Narrow band filter outputs at throo iHffcnüit 
center frequencies (fc ■ 0.3 Ht. 1.0 111 and 6.0 Hz) for an 
explosion (left-han^l side) and a deep earthquake (right-hand 

side). 
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points c-.t  the far field spectral tliffcrcnccs betwoon those; 

two types of events. 

(e) MULTIPLE EXPLOSION SCENARIO 

The spectral magnitude technique is especially suited 

for identification and discrimination of multiple explosion 

sequences that are designed to appear earthquake-like in 

terms of conventional (Ms-m. f deptli of focus, complexity, 

first motion) discriminants. A multiple event scenario, some- 

what similar to one proposed by Kolar and Pruvost (1975), was 

devised by superposing eight scaled seismograms of a presumed 

Kazakh explosion recorded at LASA. This explosion signature is 

shown on the bottom-center in Fig. 48. 

The array of explosions and their relative yields 

were designed to produce earthquake-like seismograms over 

a wide range o:: azimuths.  The particular array configuration 

(spacing and firing order) is indicated in the center of 

Fig. 48.   Each seismogram comprising the multiple event 

was delayed in time relative to the first, and scaled in 

amplitude. The largest explosion in the scenario is the sixth 

event and is scaled to give the same teleseismic ground motion 

as the primary signal. The amplitude scaling for all eight 

explosions in the scenario was 1, 3.1, 5, 10, 10, 20, 15 and 

12.5. 

The composite seismograms resulting from the scenario 

are shown in Fig. 48  at five different azimuths (1-5) with 

respect to the shot array. The first point to be noted about 

these composite seismograms is that with the addition of 

noise to the beginning of each seismogram the first motions 

at azimuths 1, 3 and 5 would most probably be picked as rare- 

factions.  Secondly, the complexity of each composite signal 

has been greatly increased over that of the primary signal. 
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Figure 48.   Primary explosion signature (bottom-center) 
used to make composite seismograms at five different azi- 
muths from the array of eight explosions.  The firing order 
and spacing of the explosions are indicated in the center. 
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Two Tactors work tof.ctlior to make  tin- imilliplr fvoiil 

scenario appear carthqu.ikc-l ike on .in M^. •. h.isis.  First .in 

analyst making amplitude measurements(to be used for m^ de- 

terminations in the conventional manner (maximum amplitude 

within the first 3 or 4 cycles) would undoubtedly pick ampli- 

tudes corresponding to the earlier smaller explosions in the 

sequence. On the other hand the Ms measurements would be 

mainly based on the superposed surface waves from the three 

large yield explosions occurring late in the sequence. The 

net result would be a reduced m, and an enhanced Ms result- 

ing in the scenario moving into the earthquake population 

on an M -m. plot, 
s  D 

Application of the spectral magnitude technique, how- 

ever, results in complete discrimination of the multiple 

explosion scenario.  In Fig. 49   the spectral magnitude es- 

timates, computed for the five azimuths indicated in Fig. 

48  are indicated by the x's. A most significant result in 

Fig. 49  is that the spectral magnitude estimates of the 

multiple explosion sequence cluster around the estimates of 

the primary signal used in the construction of the scenario 

(the closed circle immediately to the right of x-1). 

This means that the VFM technique has based the magnitude 

estimates on the largest amplitude arrival in the wavetrain, 

corresponding to the largest yield explosion in the sequence 

This is a very important result for yield determination of 

both single and multiple explosions. 

(f) SUMMARY 

A variable frequency magnitude technique designed to 

exploit spectral differences between earthquakes and explo- 

sions was developed and applied to a large population of 

Eurasian events recorded at LASA and a limited array (Oyer) 

in Norway. The magnitude estimates are based on the output 

amplitudes of variable frequency narrow band phaseless filters 

■MA.« _— ■ -  - ■     
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Figure '*9.   Spectral magnitudes for same event population 
and filter parameters as in Fig. 39 with estimates for 
multiple explosions (x's) showing complete discrimination. 
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applied ^o short period recordings of body w.ivcs. Tl»c most 

significant results pertaining to event identification, dis 

crimination and yield determination obtained with this dis- 

criminant are the following: 

1. Complete and positive discrimination of earth- 

quakes and explosions down to explosion magni- 

tudes of LASA m, = 4.2. 

2. Multi-azimuth discrimination of a multiple 

explosion scenario with the correct identifi- 

cation of the largest yield explosion in the 

scenario. 

3. Simultaneous discrimination at a single record- 

ing site of events, both earthquakes and explo- 

sions, distributed over a wide geographical re- 

gion. 
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IV.  Earthquake Source Properties: Tectonic Stress Estimates 

A principal objective of the research effort has been to determine non- 

hydrostatic stress levels at depths in the earth.  As has been previously 

explained, the approach is to use the large m^  data base along with 

theoretical predictions of n^ and Ms for earthquakes, in order to determine 

the nonhydrostatic stress.  Some examples of the results of this study are shown 

in this part of the report and the discussion will be largely preliminary, 

since considerable work is still in progress. 

Figure 50 showp the m^ observations for Seismic Region 1. the Aleutian 

region, along with the theoretical curves obtained for earthquake source models 

with variable prestress levels. It should be mentioned again that the stress 

values shown are prestress levels if transient melting is Involved for the 

observed earthquakes, since that condition was assumed in the models, while 

the stress values correspond to stress drops if this condition is not met. 

Further the theoretical events used we all dip slip(or thrust) events at 10 

km depth. The earth structure model used is appropriate to tectonic regions. 

The theoretical «^ curves were then obtained from synthetically produced 

seismograms. 

From the distribution of the m^ data shown in this figure, it is clear 

that the average earthquake in this region has a prestress (or stress drop) 

of about 100 to 150 bars. However, numerous events show prestress (and/or 

stress drop) levels of about 1.0 kbar. with some events having apparent 

prestress levels near 1.5 kbar. However of this latter group, it is possible 

that the observed Ms values are somewhat low because the events were rather 

deep.  In any case however it is clear that earthquakes with associated prestress 

levels around 1 kbar are not uncommon in this region.  Further it is clear that 

a very wide range of stress drop or prestreas level is characteristic.  Indeed 

the stress levels range from below 10 bars to about 1000 bars. 

The earthquakes with apparent very low prestress levels are probably strike 

slip events with artlfically low mb values due to the event radiation pattern 

with respect to the receiver distribution. The two events near the "NTS 

Explosion" line with high n^ values relative to their M, values are actually 

explosions. 

The distribution of ^-M, points shown in Figure 50 are rather typical of 

distributions for seme of the other seismic regions.  These regions appear to be 

KMMMftlMII MUM *******"—■—   -   ■     - 
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Figure 50.  \-M    e/ent data for Seismic Region I, Alaska-Aleutian Arc. 
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zones cf high tectonic stress as evidenced by the occurrence of numerous high 

stress drop events. 

Figure 51 shows a region with most events having prestress values near 100 

bars. Hovever there are still a few events wi h very high and very low stress 

values. This seems to be typical of most seismic regions, but in some regions 

there appear to be more of such "anomalous" events than in others and further 

the mean value of the event streäses for these regions is also somewhat 

variable in a compatible sense. That is. regions with very few very high stress 

events also have a population distribution peaked at a lower stress than does the 

population with numerous high strers events. Hence there appears to be a 

clustering effect, with events tending to cluster on one side or the other of 

the 100 bar stress line for different seismic regions. 

Figure 52 illustrates Seismic Region 3, the California-Nevada region. 

The event points near the "NTS" line are explosions. This figure shows more 

«mil  events than did the previous figures (due to the receiver distriWion) . 

It is important to observe that the line of unit slope along which the "stress 

drop lines" terminate is determined by the Rg factor used. For the theoretical 

curves shown in these figures a large Rs factor were used, such that the M8 

value was not affected. 

If the stress concentration for at least some small earthquakes is small 

(less than about 60 km). then we should expect to see event points falling below 

this line in the m^ plane.  From the data shown in Figure 52 it is not clear 

whether there is any significant drop in event data below this line. However, if 

an event did drop appreciably below this line, for whatever reason, it would most 

likely not be included in this data set. since the events represented are only 

those for which reasonably good measurements of both n^ and Ms could be made. 

If the long period surface waves were of low amplitude it is likely that the 

Ms value would be highly uncertain if not unmeasureable. Thus such an event 

would not normally be included in the data set. 

Figures 53 through 57 illustrate the ^-M, populations for a number of 

other seismic regions.  It is quite evident that the normal spread in the event 

stress values is from approximately 10 bars to 1000 bars. Further it appears 

that there are events with ^-M, values below the "Rx line". However, it is 

quite likely that these «vents could have been quite deep, since the reported 

■i MM ■•—"- — -■■-- 
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Figure 52.  nu-M event data for Seismic Region 3, California-Nevada region. 
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Figure 54.  m^ event data for Seismic Region 5, Mexico-Guatemala area. 

-       



"'" I^W" P1« i^BWwrrn iiiiiiii I.^^';JIM"M ■ Hujinpi|^Fwn*^m«i«^na iiin  n MiinmiBjji^wiiw»^——»-• ■ ■"   ■ - ■ ■-" ^ 

I 

UJ o 
3 

CD 
< 

UJ 
> 
< 

UJ 

GC 
Z) 
CO 

162 

4 00 6 50 700 7 50 

BODY   WAVE   MAGNITUDE - mb 

800 

Figure 55.    "V'M    event data  for Seismic  Region 6,  Central America. 

mam 



■ nj«i....iiwn^«HR«^ •  trntwiiwHimmimmm^* tmmmmmtß  " ■ 

163 

4 

I 
UJ 
Q 
3 

CD 
< 

> 
< 

UJ o 

Z) 

300 3 50 A CO 7 00 4 50 5 00 550 6 00 6 50 

BODY   WAVE   MAGNITUDE - mb 

Figure 56.    m.-M    event  data  for Seismic Region 7,   Caribbean loop. 
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depths are ^ui*« uncertain, so that their M values could be depressed due to their 

being deer • One compensating factor which actually further confuses the 

interpre'ation is the fact that for small events, or for any event with small 

surface wave, it is commonly the airy phase, .itar ib to 17 second period, that 

is measured rather than the 20 second R.iyleJ.gh wave amplicude. This can yield 

a M value of more than .5 greater than the M measured at 20 seconds.  Since the 
■ s 

theoretical curves are based on Mg at T = 20 sec, then the comparison to these 

theoretical curves is not appropriate for such events.  Indeed such events would 

appear well above the "R line" when in actuality they could have mb-Mg values 

well below this line for the appropriately measured Ms. 

The events shown here are being taoulated along with the apparent prestress/ 

stress-drop values for each seismic reg.on. The events, in restricted depth 

ranges such P*    0-20 km, are then plotted at their proper locations within the 

seismic region and contours of the stress levels defined by the events are 

constructed.  From such a spatial projection of the apparent prest.-ess/stress 

drop it is expected that a systematic pattern should emerge which 1;? related 

to tue structure of the region.  In this manner we expect to be able to determine 

whether the stress levels correspond to the actual prestress or are stress drops, 

(e.g.. If several events at essentially the same position show very different 

stress levels then the largest of them is probably the prestress level with the 

other event stress levels defining the stress drop.) 

This part of the research program is obviously still in progress, but it 

is being developed with some considerable vigor since the interest in the 

results is certainly high. 

m*. .  
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V.  GENERAL CONCLUSIONS AND COMMENTS ON REMAINING PROBLEMS. 

Some conclusions that have been drawn that are of importance for the 

earthquake-explosion discrimination problem and for a general understanding 

of earthquake elastic wave radiation fields are: 

(i) A relaxation source theory appears to provide predictions of the 

radiation field from earthquakes that are in good agreement with obser- 

vations, specifically m^ and other magnitude data and spectra from 

near field observations of earthquake radiation. 

(ii)  The earthquake theory, combined vith explosion source model theory, 

provides a coherent explanation of the m^ discriminent.  It also 

provides a predictive basis for ascertaining when and under what cir- 

cumstances this discriminent can fail.  That is, it provides a basis of 

understanding of anomalous events. 

(ill) Theoretical predictions of spectral magnitude discriminants 

indicate that a short period body wave magnitude discrimination can be 

at least a effective as m^ discrimination and in general provides a 

wider separation of explosion-earthquake population, to lower magnitudes 

(DL ^ A.O) with few If any anomalous shallow earthquakes appearing in 

the explosion population. Observational tests of the theoretical pre- 

dictions using roughly 200 Eurasian events have confirmed these predictions 

The only earthquakes within the explosion population were some very deep 

earthquakes.  In addition, both single and multiple explosions (the latter 

designed to appear as earthquakes to all other discriminents. including 

„. -M8) were identified by this diacriminent as explosions.  This dis- 

crimlna.-.e is easily implemented in the field and as an on-line processor 

to detfet and identify event signals. 
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Other spectral magnitude measurements employing surface waves were 

also shown to be discriminatory, but the theoretical predictions have not 

been observacionally verified in detail. 

(iv) The stress environment surrounding a failure zone and leafiing to 

failure can in many cases be highly inhomogeneous with local nonhydro- 

static stress concentrations, of relatively small spatial extent^jjf^ the 

order of 1.0 kb. Most moderate sized earthquakes, however, appear to 

occur in zones with prestress at the 100 bar level, with the stress quite 

uniform o^er regions of the order of 100 km in radius. 

(v) Near field spectra observations, moment measurements at widely 

separated frequencies and m.-M data for small earthquakes (m, .1 5) , 

suggest strongly peaked far field spectra for at least some earthquakes. 

A conclusion to this effect is compatible with the deduced strong spatial 

variations in stress (indeed it would logically follow) provided that the 

K factor approximation used in the relaxation source theory is a reason- 

ably accurate means of representing the radiation from relaxation of 

spatially variable prestress. A consequence of strongly peaked far field 

radiation is a reduc'.;.jn in the observed M value, with the event appear- 

ing explosion-like in the nu-M plane. 

Some remaining problems are concerned with the determinatior, of the 

effects of Jnhomogeneous prestress.  In particular: 

(i)  By far the moot important point that remains to be more fully 

explored and verified is the shape of the low frequency part of the far 

field spectrum from earthquakes. The data obtained so far suggests thac 

many of the events had quite strongly peaked spectra.  If so, this has 

important implications for m. - M  discrimination, since it Implies 

■ ■ -  
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anomalously low M  values for these (small) events and henc^ possible 
5 

overlap of the earthquake and explosion populations.  Verification can 

be achieved by detailed fitting of the event seismo^-ams, taking into 

full account both the source and the medium structure in a systematic 

way.  This should be done for numerous events and in both the near and 

far field distance ranges, if possible. 

(ii)  An extension of the present relaxation source theory models to 

account more accurately and properly for inhomogeneous prestress will 

remove the uncertainty in the Rs approximation;  indeed it should 

remove the approximation altogether.  Furtner, a more "realistic" 

geometry for th. failure zone would be desirable.  Coupled with compar- 

isons with complex numerical modeling of failure in a prestressed 

medium and current near field observations, this will provide a well 

verified theoretical frccework for understanding failure processes and 

for the prediction of the radiated stress wave field from earthquakes. 

\ 
 —    - _   
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