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1. SUMMARY

In this annual report we summarize briefly the work
completed. under the contract duri.ag the year 1 April 1971
through 31 March 1972. This project, as the title indicates,
covers a wide range of topics. A number of specific investi-
gations were undertaken within the broad scope of the
problem of discriminating earthquakes from underground
nuclear explosions.

The topics studied can be grouped under three general
headings:

1. Wave propagation in laterally heterogeneous media,

2. Source mechanisms of earthquakes and explosions,

3. Earth structure.

In the following sections we present abstracts of the
published papers falling in each category. Unpublished
results are discussed in more detail. Also included are
lists of all publications and theses supported under this
project dvuring the contract year.

Much has been learned about the interior of the earth
by interpreting seismic data in terms of laterally homo-
geneous earth models. To unravel the fine structure of the
crust and upper mantle, and to understand the effects of
such fine structure on seismic waves, more realistic, laterally
heterogeneous earth models must be studied. Several such

investigations are summarized in this report.
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In his Ph.D. thesis work, R. Ward developed a theoretical
technique to compute the P waveforms from sources located
near inhomogeneities. Since many inhomogeneous zones in the
earth have characteristic widths similar to the wavelength
of long-period body waves, this treatment allows wave ampli-
tudes to be calculated with greater accuracy than does the
classical ray-theory approach. Specific problems to which
the technique has been applied include the synthesis of P
waves from sources near a phase-change boundary in the mantlc
and near a descending slab of lithosphere as at island arcs.

Also as a Ph.D. thesis, R. Madariaga treated for the
first time the theoretical effect of lateral heterogeneities
in the earth on free oscillations and long-period surface
waves. Using a perturbation theory method, he demonstrated
that for realistic earth models with structurally distinct
oceanic and continental regions there is significant
splitting of earth normal mode spectral peaks for angular
order numbers above a critical value, in agreement with 1
observations. Further, standard techniques for "regionalizing"
the earth from the dispersion of long-period surface waves
were brought into question.

Several approaches to the questions of the forces
triggering earthquakes and the physics of the earthquake source
are currently being followed. Recent data has required some

revision of Bki's scaling law of far-field seismic spectra.
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The law is still valid for large magnitudes (MS > 6) and
periods (T > 10), but one must conclude that large earth-
quakes and small ones are fundamentally dissimilar. At
least two simple modifications of the scaling law can
explain the data.

An alternative view of the earthquake source is that
of Ida, who models a fault as a rupturing crack. Crack
theory may be used to obtain improved relationships for
rupture velocity and the stress field near the crack for
later comparison of calculations with near-field seismic data.

The question of whether tides play an important role in
triggering earthquakes was reexamined by Shlien. An
extensive comparison of earthquake occurrences with tidal
stresses was conducted, but no significant correlation could
be established.

For many underground nuclear explosions, the surface
waves indicate a substantial double couple component at the
source, most likely due to reiease of tectonic strain in the
rock surrounding the explosion. Toks8z and Kehrer have
demonstrated that such strain release depends on the rock
type and pre-stress. Tectonic strain energy released as
surface waves can occasionally exceed the surface wave energy
from the explosion alone. For such explosions, however, the
Mg - my discriminant is still effective.

Many aspects of earth structure need better definition




if the effects of propagation path and source-region
peculiarities are to be successfully removed from seismic
signals. Two of these aspects have to date received
insufficient attention: seismic-wave attenuation and ambient
stress. The former quantity is important because of its
effect on the absolute amplitude and spectral shape of
seismic waves, the latter because of its relation to
natural seismicity and earthquake source parameters.

A detailed investigation by Solomon of seismic attenuation,
or Q, beneath North America has demonstrated that Q is
frequency dependent, in agreement with predictions of
attenuation in a partially melted upper mantle. Together with ]
the known dependence of Q on depth and its variation laterally,
this fact complicates the correction of seismic wave spectra
for attenuation and thus many discrimination criteria as.
well. In particular, the MS - my discriminant, the estimation
of source depth from surface wave spectra, and the deter-
mination of long-period surface wave magnitude and other
source parameters can be hampered by imprecise or incorrect
knowledge of Q.

As a step toward linking dynamical models of the i
earth's crust and mantle with global patterns of earthquake
occurrence and source mechanisms, Smith and Toksdz have calcu- !
lated the stress fields within geophysically reasonable

models of descending lithosphere slabs. It is within and
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adjacent to these slabsg that a majority of the world's
earthquake occur. The models of stress patterns, including
the effects of temperature and phase changes, are in good
agreement with the stress distributions inferred from the

focal mechanisms of deep earthquakes.
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2. WAVE PROPAGATION IN LATERALLY HETEROGENEOUS MEDIA

2.1 Synthesis of Teleseiswmic P-Waves from Sources Near

Transition Zones by Ronald W. Ward (Abstract)

We have developed a useful method to compute both short-
period and long-period theoretical seismograms from a P-wave
source in or near an inhomogeneous transition zone. The
method is applicable to the cases in which the characteristic
dimension of the transition zone is comparable to the wave-
length and the source is located near (within a few wave-
lengths) or in the transition zone. Recent evidence
indicates that such transition zones may exist in the upper
mantle. The transition zone distorts the wave form, gives
rise to focusing and complex interference with reflected
waves, and also forms frequency dependent shadow zcnes. The
method can take a fuller account of these effects than ray-
theoretical methods do, in order that the nature of these
transition zones may be determined more precisely.

In our method we avoid the complexity of scattering in
the nearfield of a point source by considering the reciprocal
problem, which is simply related to the forward problem. We
solve the reciprocal problem by using a plane wave approximation
in the far field. An exact wave-solution for plane waves
incident on a one-dimensional acoustic or elastic linear
transition layer is used. An algorithm is developed to

evaluate the wave-solutions for a general class of linear
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transition zones. The frequency domain far field response
to a source near a transition zone is synthesized to obtain
theoretical seismograms for comparison with observations.

We apply this method to the problem of the 20° dis-
continuity, by synthesizing short-period and long-period
seismograms for several models of the transition zone. We
find that the total velocity increase across the transition
zone may be accurately determined from several independent
observable features of the seismograms. Even if the focal
depth is not accurately known, one can determine the thickness
of the transition zone from the reflections, provided there
is a low noise (including corrupting arrivals) level (S/N
40 db). If the total velocity increase and the focal depth
are precisely known, one can infer the velocity gradient in
the transition zone from the observations of a source within
the transition zone.

We use our method to treat a simplified model of the
sinking lithospheric slab with a 10% maximum velocity contrast.
For this model, we find that the ray-theoretical solution
predicts the amplitude of the short-period seismogram quite
well. The amplitude of the long-period seismogram, however,
does not follow the ray-theoretical prediction well. For
example, the amplitude in the ray-theoretical shadow zone
may be typically 50% of the direct P-wave amplitude. The

lithospheric slab broadens the waveform of the long-period



P-wave in certain radiation azimuths. Source mechanism
investigators working in the time domain attribute the cause
of similar broadening of the waveform to the finiteness

of the earthquake source. We show that for sources occurring
in and near the lithospheric slab the broadening of the
waveform by the slab must be taken into account in source
dynamic studies.

We find that the major cause of the difference in the
observed radiation pattern between Longshot and Milrow is
more likely due to source effects than due to the effect of
a nearby lithospheric slab on the different dominant fre-
quencies. For example, the cause of this amplitude difference
may be due to greater strain energy release for Milrow than
Longshot, introducing a double couple component into the

radiation pattern.

2.2 Free Oscillations of the Laterally Heterogeneous
Earth by Raul I. Madariaga (Abstract)

The splitting of the eigenfrequencies of the earth due
to lateral heterogeneities was studied by the use of classical
theory of perturbations of the degenerate eigenfrequencies
of the spherically symmetric average earth. The eigen-
functions nﬁzm(;) associated with a degenerate frequency
lead assymptotically (for large &) to surface waves propa-
gating along great circle paths determined by % and m. The

lateral heterogeneities couple these eigenfunctions and



produce a cocaplicated interference pattern on the surface of
the earth. The perturbation expansion leads, to first order,
to a matrix eigenvalue problem for a Hermitian matrix which
selects the constructive interfererce patterns. The elements
of the matrix express the coupling between different eigen-
vectors of the degenerate problem.

We expand the lateral heterogeneities in a series of
spherical harmonics (Gpst(r)yst(e,w), Gust(r)yst(epw),
6Ast(r)yst(e,w)). Every term in this expansion couples the
eigenfunctions selectively. These selection rales can all
be deduced from a simple vector diagram. If there is no
strong coupling with overtones or spheroidal - toroidal
coupling, the odd terms ir. the spherical harmonics expansion
of the heterogeneities do not affect the eigenfrequencies.

For instance, there would be no splitting if the earth had

a continental hemisphere and an oceanic hemisphere. Also,
terms such that s > 2% do not affect the eigenfreguencies of
modes of order &.

Observations indicate that splitting due to lateral hetero-
geneity is significant for angular orders & > 20 or T < 350
sec and is of the order of 1.% - 1.5% for toroidal oscillations
at £ = 40 and about 1% for sphernidals. Numerical computations
for proposed models of continental and oceanic structures
show that tﬁe splitting predicted theoretically is of the

order of the observed. A model in which lateral heterogeneity

T



[

-10-

is caused solely by anomalous structure of the tectonically
active regions was also studied. Computations based on
realistic structures beneath these regions show that the
effect is too small to account for the observed amount of
splitting.

The great circle ray theory commonly used to study the
dispersion of long period surface waves is shown to be valid
only if the heterogeneities can be expanded with spherical
harmonics of very low s(s << %). This puts a severe con-
straint on the applicability of this theory, in particular
it cannot be applied on tectonic regions. Scattering and
interference of surface waves in the laterally heterogeneous
earth produce time varying amplitude and phase, which cannot
be interpreted as due to the effect of local structure along

the wave path.

2.3 Spectral Splitting of Toroidal-Free Oscillations Due to

Lateral Heterogeneity of the Earth's Ztructure by
Raul Madariaga and Keiiti Aki (Abstract)

Contradicting results have been obtained by H. Kanamori
(1970) and A.M. Dziewonski (1970) on the 'pure-path' dis-
persions of mantle Rayle.:- waves. This discrerancy may be
due to the inadequacy of their methods of ray-theory inter-
pretation, in that the total phase delay is assumed to be

the algebraic sum of delays over the lengths of pure paths

measured along the great-circle path. 1In order to take into

igrany
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account the effect of interference by the waves propagating
in other directions, we apply a perturbation method to
several laterally heterogeneous earth models and calculate
the splitting of eigenfrequency of toroidal oscillations.

For the order number % = 40, observation shows the variation
of the spectral peak to be as much as 1.7% of the degenerate
frequency. The continent-ocean heterogeneity with 8099 or
5.08M as the oceanic model and CANSD as the continent model
produces the multiplet width of about 1%. The continent-
ocean heterogeneity with 0l and S1 as the constituent models
gives less than 0.4% multiplet width. The tectonic hetero-
geneity, in which the tectonically active region is assumed
to be different from the rest of the world, also produced

too small a multiplet width for any choice of models of these
regions. The ray-theory method of interpreting the great-
circle phase velocities has been examined by the criterion
obtained by R. Madariaga (1972). With the modes having order
numbers % < 40, the ray theory is not applicable to any of

the laterally heterogeneous earth models discussed here.
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3. SOURCE MECHANISMS OF EARTHQUAKES AND EXPLOSIONS

3.1 Earthquake Mechanism by Keiiti Aki (Abstract)

Important progress has been made in the study of the
earthquake mechanism during the Upper Mantle Project, through
the establishment of an appropriate mathematical framework
which relates the observed seismogram with the slip motion
across a faul* plane. Since an arbitrary fault slip is
described by a function of time and two space coordinates,

a complete inversion of the observed seismogram is practically
impossible. The only practical inversion method is to
describe the kinmatics of rupture growth along a fault

pPlane using a small number of source parameters, and then to
determine those parameters from the seismograms. A number

of kinematic models have been proposed te cover a class of
earthquakes. Preliminary attempts have also been made to

find dynamic models by solving the problem of spontaneous
rupture propagation for given initial conditions.

There are a few source parameters, which represent some
averaged quantities over the source time and source space
and are therefore independent of the details of rupture
kinematics. They are: (1) the seismic moment, which is
proportional to the total displacement averaged over the fault
surface; and (2) the apparent stress, which is proportional
to the ratio of total seismic energy to seismic moment. In

addition to these, the average stress drop can be approximately

st -
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calculated from the seismic moment and the fault area, without
detailed knowledge of the kinematics. The accuracies of
determining these average quantities are discussed for the
Parkfield, California earthquake of 1966, one of the best
studied earthquakes during the U.M.P. period. Recent results
from several well-studied earthquakes are then summarized as:
(1) the relation between magnitude and seismic moment; and
(2) the relation between stress-drop and magnitude. It was
found that the stress drop in shallow earthquakes is 10-100
bar, apparently independent of magnitude for M > 6. Finally,
recent evidences for the fault origin of deep-focus earth-

quakes are presented.

3.2 Recent Results on the Mechanism of Earthquakes with

Implications on the Prediction and Control Program
by Keiiti Aki (Abstract)

The current earthquake prediction and control research
programs are based on the working hypothesis that an earth-
quake is a release of tectonic strain energy stored up in a
volume of the earth's crust. Accumulating seismological
evidence indicates that this energy release is done by a
propagating rupture which creates a shear dislocation over
a finite fault plane.

The velocity of the rupture propagation is the single,
most important factor in the dynamics of energy release in
this process. If the velocity is very slow and the dislocation

takes place quasi-statically, all the strain energy will be
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spent against friction on the fault and there will be no
seismic energy radiation and no earthquake hazard.

If the velocity of rupture propagation is infinite and
the stress release takes place instantaneously over the
entire fault plane, then the particle velocity on the fault
is simply the stress divided by the impedance, that is, the
product of density and shear velocity. As discussed by
Brune, the particle velocity of about 1 meter/sec is pre-
dicted for the stress release of about 100 bars.

For a finite rupture velocity, however, the impedance
depends on rupture velocity. For example, for longitudinal-
shear cracks, the impedance becomes zero when the rupture
propagates with the shear velocity. In this case, the
particle motion becomes infinite when there is a finite
stress release along the fault. For a given tectonic stress,
therefore, one should expect seismic motion with an amplitude
from zero to infinity critically dependent on the rupture
velocity. If we find the way to control the rupture velocity,
we can control an earthquake.

Early seismological determination of rupture velocities
indicated the velocity at 3 to 4 km/sec, a little below the
medium shear velocity. Later studies extended the range from
about 1.5 to about 4.5 km/sec.

We have not yet established any systematic dependence

of rupture velocity on the earthquake parameters such as
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focal depth, fault-plane geometry, and other tectonic
features of an epicenter. For example, a typical strike-slip
earthquake on the San Andreas fault and a deep South American
earthquake share the same rupture velocity of 2.2 km/sec.
There are some indications that the rupture propagation is
faster for large earthquakes than for small ones, but we

do not have enough data to draw definite conclusions.

3.3 Cohesive Force across the Tip of a Longitudinal-Shear

Crack and Griffith's Specific Surface Energy by
Yoshiaki Ida (Abstract)

The cohesive force across the fault plane is considered
in order to understand the physical mechanism of rupture at
the tip of a longitudinal-shear crack. The elastic field
around the tip of a crack and the condition of rupture growth
are systematically derived from the assumption that the
cohesive force is given as a function of the displacement
discontinuity. This assumption is more physically meaningful
than those originally used by G.I. Barenblatt in 1959 and 1962.
The stress field around the tip is calculated for several
models of cohesive force, and is shown to be nonsingular even
at the tip. The condition of rupture growth that is used
to determine the rupture velocity turns out to be equivalent
to the Griffith criterion and the relation employed by B.V.
Kostrov in 1966, but the specific surface energy is defined

more clearly in this paper.



3.4 Earthquake-Tide Correlation by Seymour Shlien (Abstract)

The detection of moonquakes that occur when the moon
is at perigee has prompted a search for tidal effects on
earthquake occurrences. An attempt was made to correlate
earthquakes listed in the CGS-NOAA epicenter determinations
with the tidal phase of semidiurnal tides. This study was
confined to several seismic regions representative of
tectonic and non-tectonic regions. An extended form of
Schuster's test was used to decide whether significant
correlations existed. Though some tidal influences could
be accepted at a 5% significance level, the effect was not
consistent or stable with time. Earthquakes, if they are
affected by tides, show a slight tendency to occur at times
when the tidal stress is changing most rapidly. Insufficient
data was available to compare tectonic to non-tectonic areas.

An analysis of the Japanese aftershock sequence which
began 11 August 1969 was found to have no significant tidal

correlation.
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3.5 Scaling Law of Earthquake Source Time-Function by
Keiiti Aki

Summary

Further evidences support the scaling law of far-field
seismic spectrum based upon the w-square model (Aki, 1967)
for earthquakes with Mg > 6 and for periods T > 10 seconds.
Recent observations, however, unequivocally require the
modification of the above law for periods T < 10 seconds.
Unfortunately, the presently available data are not sufficient
for a unique revision of the scaling law. We propose two
alternatives and discuss their implications and consequences.
In either case, we have to conclude that a large:earthquake
and a small one are substantially different. One interesting
feature of the w-square model appears to be unaffected by
the required revision; that is, the spectral density of the
dislocation time-function for periods T < 5 seconds takes the
same absolute value, independent of magnitude, for earthquakes
greater than Ms = 6.5. This result has important consequences
in earthquake engineering because the seismic motion in the
vicinity of an earthquake fault will scale as the dislocation

function.



1. INTRODUCTION

As a first step to relate the seismic spectrum with
earthquake magnitude, a modei of earthquake ensemble was
proposed by Aki (1967) on the basis of a dislocation theory
of eartﬁquake faulting. In this model, the source factor of
far-field spectrum diminishes inversely proportional to the
square of frequency w beyond a corner frequency. For this
frequency dependence, it was called the "w-square model." Be-
low the corner frequency, the spectrum is flat with the height i
proportional to the seismic moment (Aki 1966). A family of
such spectral curves was constructed on the assumption that
large and small earthquakes are similar phenomena in & medium |
with given elastic constants and density. The assumpticn implies
the same geometry, a constant stress-drop, constant rupture
velocity and slip velocity, independent of magnitude, and it
follows that the corner frequency is inversely proportional
to the fault length, and the seismic moment to the cube of
fault length. Thus, the corner frequency lies on a straight
line with slope 3 in Fig. 1 which shows the logarithm of
spectrum against the logarithm of period. The spacings
between the curves are made equal at the period of 20 seconds

to be compatible with the definition of MS by Gutenberg ané



Richter. The scaling law shown in Fig. 1 explained very
well Berckhemer's {(1962) observations on spectral ratios,
Gutenberg-Richter's (1956) Mg-Mp relation for Mg)» 6,
and Tocher's (1960) data on the earthquake fault length and
magnitude.

The asSumption of similarity comes from the idea advo-
cated by Tsuboi (1940, 1956, 1958, 1965) who held the view
that the strain energy density prior to the earthquake occur-
rence is the property of rock material independent of earth-
quake magnitude, and that the energy of an earthquake is de-
termined by the volume within which it has been stored. This
idea radically contradicts the assumption underlying Benioff's
(1951) strain release curve, which was calculated as the square
root of energy release implying a constant earthquake volume
independent of magnitude. The latter view may be natural
to the California seismologists, becuase the majority of Cali-
fornia earthquakes, large or small, appear to be associated
with the same fault plane; the San Andreas. It was, however,
unacceptable to the Japanese seismologists who were familiar
with the distinct difference in spectral structure between
large and small, especially microearthquakes (Asada 1957).

The controversy appeared to have been settled when BAath and
Duda (1964) summarized observational data in favor of Tsuboi's

idea and proposed an improvement of Benioff's method for
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calculating the strain release curve. "hus, the assumption
of similarity was the most reasonable one at the time when
the w-square model was proposed.

Since then, a large amount of observational data have
become available for more critical testing of the proposed
model. In general, the new evidences support the w-square
model for earthquakes larger than Mg = 6, and for periods
longer than 10 seconds. For smaller earthquakes or for
shorter neriods, new evidences require revision of the w-square
model. The purpose of the present paper is to propose such a
revision, and to discuss its implications and consequences.
Since, unfortunately, the presently available data are not
)sufficient for a unique revision, discussion will be made for
two alternative revision.

An interesting feature of the w-square modellis that the
spectral density of dislocation time-function for periods
shorter than 5 seconds is identical, in the absolﬁte scale,
for all the earthquakes greater than MS = 6.5. This feature
of the w—squafe model, which is particularly important for
earthquake engineering, is unaffected by the revision required

in the present paper.
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2, COMPARISON WITH OBSERVATIONS

The validity of the scaling law shown in Fig. 1 can be
tested against various kinds of observations. In general,
the right-half (T > 10 sec) of Fig. 1 shows excellent agree-
ments with the observed data, but the left-half (T < 10 sec)
does not. Let us start with observations at the infinite

period, that is, static fault parameters.

(1) Fault length. Fig. 2 shows the data on magnitude

and fault length reproduced from Chinnery (1969). 1In view

of the difficulties in extracting reliable observations of
fault parameters frcm field data the observed points in Fig.
2 were thoughtfully limited to those of near-vertical faults
on which the movement was predominantly strike-slip. The
surface wave magnitude Mg is used for events with magnitude
over 6, and local Richter magnitude M for events less than
6. The empirical formulas by Iida (1959, 1965) and Tocher
(1958) show a good fit to the data for large earthquakes.
Otsuka's (1965) formula is proposed to take into account the
hidden part of a fault unnoticed by field observation. Both
Otsuka's and Press' (1967) formula predicts much steeper slope
than observed for ¥ > 7. This discrepancy was attributed to

the non-similar fault shape between large and small earthquakes
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due to the effect of crustal structure.

The w-square model, on the other hand, gives exactly
the same slopes as those of the Iida and Tocher formules, and
explains the observed slope for larje events excellently with- -
out invoking the non-similarity. The bending of the curve
at about M = 7 is due to the inefficiency of Mg as a
measure of the size of large earthquakes.

The curve for the w-square model in Fig. 2 was drawn,
first, by finding the relation between Mg and the corner
period from Fig. 1, and then multiplying the corner period
by a constant to obtain the fault length. Under the assump-
tion of similarity, the corner period and fault length should
be proportional to each other. The proportionality constant
giving the best fit to observation is 0.65 km/sec (see Fig.
11 of Aki 1967). It is interesting to compare this value with
the theoretical coefficient used by Brune (1970, 1971), in

which the radius r of earthquake source is related to the
2.348
Tio
where B is the shear velocity. If we take 2r as the fault

corner frequency £fo of shear wave spectra by r = P

length, the coefficient is 2.6 km/sec for B = 3.5 km/sec.
This is about 4 times larger than the value obtained from the
observational data for large earthquakes. It appears that
Brune's theory does not apply to large earthquakes. The dis-

crepancy may be attributed to his assumption of infinite
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rupture velocity, which is not realistic for a spontaneous
rupture (Ida & Aki 1972).

Within the scheme of Aki's (1967) statistical fault
model, the corner period T is related to the mean free path

kL”l of fault propagation by the relation

kL = &=— T

where v 1is the velocity of rupture propagation. For v = 3 km,
we find that the inean free path is proportional tc the corner
period with coefficient about 0.5, which is close to the observed
coefficient 0.65 for the fault length. For large earthquakes

and for long periods, therefore, the rupture propagation appears
to be smooth and encounters no obstacle during the growth to

its final length.

The curve based on the w-square model does not explain the
data for small earthquakes shown in Fig. 2; which includes the
Imperial earthquake of March 4, 1966 described by Brune and
Allen (1967) who demonstrated beyond doubt that an earthquake
with magnitude 3.6 could have a 10 km fault length. However,
some of the data are questionable. For example, one after-
shock (M = 4.9) of the Parkfield earthquake of 1966 was given
a fault length of 33 km from creep observations (Wyss & Brune

1968). The wide-band spectra of Love waves (Filson & McEvilly
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1967) from this earthquake, however, did not show the evi-

dence for such a long fault. Since the field measvrement of
fault length becomes increasingly difficult with decreasing
magnitude, we must resort to indirect methods. For example,
Lieberman and Pomeroy(1970) used the data on an aftershock

area in a general support of the Wyss-Brune curve of Fig. 2.
However, an accurate determination of aftershock area for a
small mair.~-shock is a difficult problem and also the after-
shock area may give an overestimate of the main-shock fault

area (Aki 1968).

(2) Stress drop. Further evidences from field data support

the validity of the w-sqrare model for large earthquakes.

Fig. 3 shows the relation between Mg and log LD? reproduced
from King and Knopoff (1968), where L is the fault length

and D is the fault offset. King and Knopo“f found that

the slope of best-fitting lineé is significantly different
from the slope of any published magnitude-seismic energy re-
lations. From this result, assuming a dislocation model with

a constant efficiency independent of magnitude, they concluded
low fractional stress-drop for small earthquakes. Their con-
clusion has been extended to small earthquakes by Wyss (1970),
and was considered as an evidence against the similarity assump-

tion (constant stress-drop) underlying the w-square model.

-
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The parameter LD2 is proportional to L3, and there-

fore to the seismic moment in the w~square model. One can
draw a theoretical relation between MS and LD2 by finding
the seismic moment for a given Ms in Fig. 1 and multiplying
a constant. For a rectangular fault with width W, this

constant is equal to =D, which is a measure of straia-

uw’
release or stress drop. The constant was chosen as 3 X 10-17
dyne-l cm?® in Fig. 3. Assuming that yu = 3 x lolldyne cm™2
-5

in the earth's crust, we find that % = 10

This value is a reasonable rough estimate of stress‘dfop in

and u% = 30 bars.

large shallow earthquakes (Chinnery 1964; Brune & Allen 1967) .
A recent summary of earthquake mechanism studies by Aki (1972)
demonstrates that the stress drop in shallow earthquakes with
M >6 is 10 to 100 bars independent of magnitude. Here, again,
we see that the w-square model can explain observed field data

without invoking non-similarity.

(3) Seismic moment. Fig. 4 is reproduced from Aki (1972),

who summarized the data on Ms and seismic moment obtained
from long-period surface waves and free oscillations. Body
wave results were not included because of the controversial
window effect discussed by Linde & Sacks (1971), who con-
~luded that theories which predict constant displacement

spectrum for body waves at long periods (the w-square model
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is one of them) must be in error. Their results are in favor
of the Archambeau (1968) theory which predicts a sharp drop of
spectrum toward zero frequency. We disagree with their con-
clusion because the surface wave and free oscillation spectra
which do not suffer from the window effect invariably show
consistency with the assumption of step function dislocation
at the low-frequency end of observable spectrum. The best
example is the free oscillation amplitude excited by the Kurile
earthquake of October 13, 1963 (M =81/4). Abe (1970) demon-
strated that the assumption of step function was valid for the
order numbers 10 to 30 for both spheroidal and torsional oscil-
lations. Other convincing cases may be found in Ben-Menahem
and Toks8z (1963), Aki (1966), Kanamori (1970a,b), Tsai and Aki
(1969, 1970a,b, 1971).

The smooth curve designated as "wz-model" in Fig. 4 was drawn by
plotting the height of the flat portion of spectrum for a
given Mg shown in Fig. 1. The absolute value was fixed in
such a way that the curve passes through the observed point for
the Niigata earthquake, for which the first accurate determin-
ation of seismic moment was made by Aki (1967).

The dashed lines in Fig. 4 represent the calibration curve
1sed by Brune (1968) and Davies and Brune (1971) to find the
rate of slip along major fault zones of the earth from the

earthquake magnitude data. The curve was developed through a
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series of papers by Brune and his colleagues (Brune & King
1967; Brune & Engen 1969; Wyss & Brune 1968), and consisting

of the following line segments:

() log My, = Mg + 19.9 for Mg > 7.5 and strike slip.

(0.3 is added for dip slip)

(B) log Mg = Mg + 19.2 for 7 > Mg > 6

1.4M

(C) log Mg + 17.0 for 6 > M, > 3

L
The segments(A)and (B)were originally proposed by Brune ard
King as a relation between Mg and the Rayleigh wave amplitude
at about 100 second periods. They assumed w_l dependence
instead of w_z, and using Tocher and Iida's data on fault

length, assumed that the corner period is longer than 100

seconds for Mg > 7.5, and is shorter than 20 seconds for

Mg < 7. Thus, the constants in (A) and (B) differ by the
logarithm of the ratio of two periods, as can b2 figured out
from a schematic illustration of scaling law for the "w-model"

shown in Fig. 5. It is obvious from Fig. 5 that the coefficient

in the moment-magnitude relation for M > 7 should be 1.5
and cannot be unity as given in (A). 1In order to be consistent
with the model described by Brune and King (1967), we must

replace the formula (A) by the following:
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(A') log M_ = 1.5 Mg + 16.0, for M > 7

This will connect to the line (B) properly as expected for
the w-model sketched in Fig. 5.

Since the formula (C) was obtained empirically as the
relation for local magnitude Mj, it is not applicable to the
data shown in Fig. 4. The formula (B) should apply to all
Mg less than 6 as can be seen from Fig. 5. If we compare
the data in Fig. 4 with the formulas (A') and (B) shown by
chained lines, we find a systematic discrepancy; all the data
for MS < 6.5 fall below the line (B), and all the data for

Mg > 7.5 lie above the line (A'), except for the Sanriku

'earthquake, which is an unusual "lithospheric normal faulting”

2-model

according to Kanamori (1971). On the other hznd, the w
explains the observation except for the Sanriku earthquake
withoué significant systematic error.

It is true, however, that Brune-King's w-model explains
the mantle wave data of Brune and King (1967) and Brune and
Engen (1969) somewhat better than the w-square model. Most
of their data on large earthquakes are, however, from old
instruments, and Brune and Engen express some concern about
uncertain instrument calibration. Furthermore, the correction

for attenuation and geometrical spreading may be biased because

most of the data for small earthquakes are from the Pasadena

NG T LA I A
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station and larger ones are from other stations. Such
problems may be avoided by the use of spectral ratio between
earthquakes with different size but with common path and

recording station.

(4) Spectral ratio. The observed seismic spectrum is a

function of source, path and receiver. The simplest way of
isolating the source spectrum is to compare seismograms obtained
by the same seismograph at the same station from two earthquakes
of the same epicenter but of different size. Berckhemer (1962)
was able to collect 6 such earthquake pairs from the Stuttgart
records for the period 1931 to 1951. Their magnitudes range
from 4.5 to 8.0, and the epicentral distances 400 to 9000 km.
The separation between epicenters of each pair was less than
1°. Their locations are shown in a world map in Fig. 6. The
w-square model explains very well the observed spectral ratio
for all the pairs, except the one in the Alps for which the
comparison was fair (Aki 1967). A good agreement was obtained
also for two aftershocks of the Kern County, California earth-
quake of 1952,

A similar collection of spectra for earthquake pairs has
been made recently by Tsujiura (1972), using his multi-
channel band-pass seismographs (Tsujiura 1966, 1967, 1969).

The location of earthquake pairs is shown in Fig. 6. The
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w-square model explained the spectral ratio for the pairs in
China (M7.5/M6.1) and Halmahera (M7.2/M6.3) excellently.
However, a striking discrepancy was found for two pairs of
earthquakes in the Aleutians (M7.1/M6.3, M7.0/M5.7). Judging
from their epicanters, they all belong to the underthrusting
rather than the extensional group (Stauder 1968). Tsujiura's
observation indisputably shows that the M7 and M6 Aleutian
earthquake share nearly identical spectral shape in the
period range 10 to 100 seconds. This result definitely con-
tradicts the prediction of the w-square model, because, as
shown in Fig. 1, the corner period is about 10 seconds for
M=6, and about 40 seconds for M=7.

So far, the failure of the w-square model in explaining
the scale effect on seismic spectrum may be considered as an
exception. Such exceptional cases are the seismic moment of
the Sanriku earthquake and the spectral ratios of the two
earthquake pairs in the Aleutians. So far, we have considered
the period range longer than 10 seconds. Once we enter the
period range shorter than 10 seconds, however, the failure

of the w-square model becomes a rule rather than an exception.

(5) Mg - Mp relation. Gutenberg and Richter (1956) discovered

a discrepancy between the magnitude scale based upon short-period

body waves (Mb) and that based upon long-period surface waves (MS).
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This discrepancy was attributed to the scale effect by Aki
(1967), and it was shown that the w-square model explains
the Mg - M, relation observed by them.

Recently, the Mg - M, relation attracted the attention
of several seismologists because of its power as a discrimi-
nant between earthquakes and underground explosions (Lieberman..
et al. 1966; Lieberman & Pomeroy 1967, 1969; Capon et al. 1967;
Basham 1969; Molnar et al. 1969; Evernden et al. 1971; Lieberman
& Basham 1971).

Fig. 7 summarizes the range of observed data on Ms versus
Mb for various regions. The curve designated as "w-square
model"” is drawn assuming that Mg is proportional to the spectral
density at the period 20 seconds, and My is proportional to
that at 1 second. The former assumption is valid because of
the definition of Mg, and the latter is valid because the
repsonse of seismographs used for teleseismic P waves from
small events are usually sharply peaked at about 1 second. This
assumption was used by Lieberman & Pomeroy (1969) in their
discussion of the Mg-M, relation. Aki (1967) took into account
the small effect of signal duration as shown in Fig. 8 for
larger events, but such correction may be unnecessary for
smaller events, for which the duration is probably determined
by the instrument response and path effect. The curve for the

w-square model is further restricted to pass through the point

19y



!r

-32-

(Mg = M = 6 3/4) according to the original definition by
Gutenberg & Richter (1956).

Fig. 7 clearly demonstrates that the observed MS-Mb
relation deviates systematically from the predicted for the
w-square model. The data follows the straight linear extra-
polation of the Gutenberg-Richter formula (Mg = 1.59 M, - 3.97)
rather than following the bended curve of the wz—model as
shown in Fig. 8. It is extremely interesting to note that
this departure from the w-square model makes the discrimination
between explosion and earthquake possible for small events.

The data for explosions are represented by a line Ms = Mb - 1.8,
which was eétablished by Thirlaway & Carpenter (1966).

The fact that the Ms—Mb relation for earthquakes does not
bend according to the w-square model but follows the straight
line along the extrapolated Gutenberg-Richter formula has an
additional support from a work on spectral densities done in
the U.S.S.R. Chalturin (1970) made observations at Garm,
using a multi-channel band-pass seismograph similar to
Tsujiura's (1966, 1967, 1969), and found that the observed re-
lation between the amplitudes at 1 second and 20 seconds follows
a straight line with the coeeficient the same as in the Gutenberg-
Richter formula, and does not agree with the prediction of the
w-square model. This evidence is particularly strong because
no assumptions are made on the relation between magnitudes and
spectral densities.

Everrden et al. (1971) emphasize the parallelism of the
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Ms versus Mb curves for explosions and earthquakes, and
suggest that the Ms - Mb relation for earthquakes with

Mb < 5 1/4 has a slope of approximately 1. Such a suggestion
is not inconsistent with the observation, but the data show too

much scatter to allow a firm conclusion (see Figs. 7 and 8).

3. REVISED MODELS

Since the w-square model explains, in general, the observa-
tions for the period range longer than 10 seconds, the right
half of Fig. 1 should be left unchanged. In order to revise
the left half, we shall consider the following two extreme
cases. In one revision, we shall keep the m-z-dependence, but
discard the similarity assumption and change the relation between
Ms and the corner frequency. This shall be called the revised
model A. In the other, we shall give up the'm-z-dependence and
adopt the w l-dependence in the period range between 10 to .01
seconds. In this case, the relation between Ms and the corner
pericd is unchanged from the w-square model. We shall refer to
this as the revised model B.

(1) Model A

Fig. 9 shows the family of spectral curves for the revised
model A, in which the spacing between the curves of Fig. 1
at 1 second was widened to satisfy observed M, - M relation

without changing the m-z-dependence. This resulted in
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a shift of corner period to the right for M_ < 6.

For MS < 4 1/2, the corner period stays constant, because
we follow the suggestion of Evernden et al. (1971) that the
slope of the M_ - M relation is unity for Mg < 5 1/4.

The relation between Ms and the corner frequency is
shown in Fig. 10 for various cases. The one corrgsponding
to the suggestion of Evernden et al. indicates the corner
period of about 6 seconds for M, < 4 1/2. The physical
picture behind this is very simple. The fault length,
rupture propagation time, and rise time are common t§ all
the earthquakes smaller than Ms < 4 1/2. The only diffefence
between them is the offset, or strain release or stress drop.
This is a revival of Benioff's (1951) idea mentioned in the
introduction, and was suggested by Brune & Wyss at the Woods
Hole Conference on Seisﬁic Discrimiﬁation, July, 1970,
sponsored by the Advanced Research Projects Agency. This
idea is quite compatible with the concept of "pre-existing
fault" which naturally violates the assumption of similarity.

One cannot, however, extend the 6 second corner period
to microearthquakes (M = 0). The frequency ranges of usual
microearthquakes are between 10 to 100 cps [Nevada may be an
exceptional area according to Douglas & Ryall ( 1972), and
Takano (personal communication)]. For example, typical
records of micrearthquakes may be found in Furuya (1969),

and an extensive collection of data in Terashima (1968).
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Although Ms cannot be used for microearthquakes, the
seismic moment has been estimated for the magnitude zero
earthquake by Wyss & Brune (1968), Aki (1969), Takano (1971)
and Douglas & Ryall (1972) as 1016 - 10%7 dyne cm. Therefore,
the actual corner period should reach the lower-left corner
in Fig. 10. The curve for the w-square model does, but others
have to be sharply bent to reach that corner. Such a sharp
bend in the corner period curve produces a strange scaling law
of spectrum for MS < 3 as shown in Fig. 9. All the earthquakes
with -1 < Ms < 3 share the same spectral density for frequencies
higher than 20 cps.

Both the bend in the magnitude-corner period relation and
the above mentioned peculiar scaling law of microearthquake
spectrum are demonstrated in the data reported by Terashima
(1968) (see his Figs. 5.5 and 6.5). Unfortunately, the defi-
nitions of magnitude and corner period are different between
large and small earthquakes, and it is impossible to decide
whether the apparent bend in the Ms-corner period curve reported
by Terashima is due to the scale effect or some other effects
such as a gap in recording instrument response for large and
small earthquakes, or different attenuation and wave scattering
effects between short and long periods.

It is, nevertheless, intriguing to consider the earthquake

of revised model A as consisting of three distinct groups:

TR e
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one with Ms > 6, one with 6 > Ms > 3, and the other with
MS < 3. The largest earthquake group has roughly constant
stress drop (10 to 100 bars) independent of earthquake magni-
tude. The medium-sized group shares pre-existing faults (a

few kilometers long), and the smaller shock of this group shows
less stress drop. In the smallest group, on the other hand,
the stress drop increases with the decreasing magnitude, in
agreement with Mogi's (1962) observation on the size effect

on fracture strength and with the high stress drop observed

in laboratories for small rock samples (the fracture strength

-0.1 where L is the linear dimension

is proportional to L
of the sample, according to Mogi). If the earth's crust con-
tains weak zones, faults or cracks of a size predominantly a

few kilometers, it is conceivable to have such distinct groups

of earthquakes.

(2) Model B

Let us consider the other extreme way of modifying the
w-square model. Keeping the Ms versus corner-frequency
curve unchanged, and simply changing the frequency dependence
from w-z to w-l for periods less than about 5 seconds, we
can approximately satisfy the observed Ms - Mb relation.

Since the w-l dependence up to the infinite frequency results

in an infinite seismic energy, we assume that the spectral
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density drops sharply at about 100 cps. The resultant
f~mily of spectral curves is shown in Fig. 1ll.

This set of curves can explain all the main observations
discussed earlier: (1) fault length, (2) stress drop, (3)
seismic moment, (4) spectral ratio for T >10 seconds, and

(5) Ms - M relation. In this modification, we assumed that

b
the suggested bend of Ms versus corner frequency may not be
due to the source effect but due to instrumental or propaga-
tional path effects. Thus, the MS - corner frequency relation
is the same straight line as in the w-square model.

One additional support of this model comes from the work
of Bsada & Takano (1963) and Takano (1970, 1971) on the
attenuation measurement using the spectral shape in the period
range 0.1 to 1 seconds. They assumed the w—l dependence at
the source and obtained reasonable Q values. They used this
shape of source spectrum following Kanai & Yoshizawa's (1958)
classic work on the seismic spectrum of nearby earthquakes
measured in a deep mine in Japan.

Instead of three groups of earthquakes for revised model
A, we 7find two distinct groups for model B. Earthquakes with
Ms < 6 are all the same kind; ‘he w-model of Brune & King (1967)
discussed earlier. On the other hand, earthquakes with Ms > 6
have peculiar spectral shapes. For example, the spectrum for

M8 first decreases as w-z beyond the corner frequency (about
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0.003 cps) but then the decrease slows down to w-l beyond
0.1 cps.

Within the scheme of a simple dislocation model of an
earthquake described by a unidirectional rupture propagation
and a step-like offset with a finite rise time .(Haskell 19454),
the above w-model implies a very short rise time, outside the
range of seismological observation. In view of an incoherent
rupture propagation such as described by Haskell (1966) and
Aki (1967), the w-model may correspond to a process in which
the fault offset takes place as a succession of irregular
rapid motion with a very short time constant. In other words,
the fault moves like a car running at a full speed on a very
bumpy road. Finally, in the framework of Brune's (1970) model,
the w-model implies very small fractional stress drop, or very
large difference between dynamic and static friction. These
three interpretations appear to describe the same phenomena:
rapid slips and sudden stops.

The peculiar spectral shape for large earthquakes may be
explained, if the larée one behaves as an w-model up to a
certain size, then transforms into an w-square model. It seems
reasonable to consider that rough and bumpy fault planes of the
w-model become smooth for larger displacements and produce
faulting in accordance with the w-square model which explains

the geologic observations on earthquake faults.
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As mentioned before, the y-square model failed to explain
Tsujiura's observation on two Aleutian earthquake pairs with
magnitudes MS 5.7 to 7.0. The model predicted a spectral
ratio change of almost 10 times from 10 seconds to 100 seconds,
while the observed showed a very small change, with z nearly
constant value over the seme period range. 1In terms of the
revised model A, this result means that all these earthquakes
probably had fault planes of the same size. This observation
may be approximately explained by the revised model B, if the
transition from a rough faulting to a smooth one takes place at
larger displacements or for a larger fault size in the Aleutians
than in other parts of the world.

Working models such as A and B, which predict the scaling
effect on seismic spectrum over the complete frequency range
and dynamic range of earthquake seismology, will relate obser-
vations on large earthquakes with those on small ones, and the

observations at low frequencies with those at high frequencies.

4. SCALING LAW OF DISLOCATION TIME-FUNCTION

The source factor A(w) of the far-field seismic spectrum
can be written in terms of the dislocation D(E,t), or the
displacement discontinuity, specified as a function of time t

and the point ¢ on the fault plane ) as follows (Haskell 1964):



. -3 a
D(g, d 1
}f (Z,0) e e (1)

where 6(g,w) is the Fourier transform of the dislocation
velocity 6(E,t), r is the distance to the observer from the
surface element dzg, and o is the velocity of waves.

At low frequencies, where the change of %; within Z
is negligible, the far-field spectrum is simply proportional
to the spectrum of dislocation velocity integrated over the
fault plane. Therefore, the average value of dislocation
velocity spectrum may be obtained by dividing A(w) by the
fault area.

For the inversion at higher frequencies, we shall assume
a simple model of one-dimensional rupture propagation, such as
considered by Ben-Menahem (1961) , Haskell (1964) and Aki (1967) .
In that case, equation (1) is replaced by

wr

L
Alw) = W I D(E,w) e1 © 12 (2)
0

where £ is the coordinate along the path of rupture propa-
gation, L ie the final fault length, W is the width,
and dislocation D(&,w) is considered as the average value
over the width.

For a uniform dislocation with constant propagation
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velocity used by Ben-Menahem (1961),
D(E,t) = D(t - &)

and therefore,

L
L l_
A(w) W I D(w) e ¥ = dag (3)
o

A |5 |Blw) |-wLe SIDX

where x = L% [l 595—9]

2 (v~

the £-axis and the direction to the observer. For high

» and 6 is the angle between

frequencies, therefore, the far-field spectrum is propor-
tional to the fault area, the dislocation velocity spectrum
and w !, The same result is obtained for the incoherent
propagation models used by Haskell and Aki, for frequencies
beyond the corner frequency. Thus, on the assumption of
one-dimensional rupture propagation, one can obtain the
spectrum of dislocation velocity at frequencies higiier than
the corner frequency by dividing the far-field spectrum by
the fault area and multiplying it by frequency w.

The validity of the above procedure should be subject

to future critical investigations. If the rupture propagation

is two-dimensional as considered by Berckhemer (1962),



Hirasawa & Stauder (1965) and Savage (1965), one should

expect w-Z effect beyond the corner frequencies. 1In that

case, the correction should be multiplying wz, instead of

w. Of course, the two-dimensional propagation is more

realistic because a fault is not a line but a plane. I feel

strongly, however, that one of the corner frequencies must

be much higher than the frequencies associated with the

total time of rupture propagation and the rise time of fault

slip, because otherwise, we expect that the -cube model explains

the cbservation on the Ms - Mb relation, but it doesn't (Aki 1967).

The second corner frequency of rupture propagation may be

associated with a very short transient time of starting

and stopping a primarily one-dimensional rupture propagation.
Now let us apply our tentative procedure of inversion

to the far-field spectrum and find the scaling law of dislo-

cation time-function. The spectral densities at low fre-

quencies shown in Figs. 1, 9 and 11 are divided by the fault

area (the square of the corner period). For frequencies

higher than the corner frequency, an additional multiplication

by a factor proportional to w is applied. The resultant

family of spectral curves for the dislocation velocity spectrum

are shown in Figs. 12, 13 and 14, respectively for the w-square

model, revised model A and B.

It is remarkable that the absolute value of spectral

_ -
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density of dislocation velocity at periods shorter than 5
seconds is independent of magnitude for earthquakes with
M, > 6.5 for all three models.

According to Haskell's (1969) calculation on the elastic
near-field of fault motion, not only the maximum displacements
but also the maximum velocity and acceleration takes place in
the immediate vicinity of the fault plane. According to Aki's
(1968) similar calculation, the seismic motion near a fault
depends neither on fault length nor on fault width once they
exceed certain limits, but is determined mostly by the dis-
location time-function and velocity of rupture propagation.
Since the rupture velocity is apparently independent of
earthquake magnitude, we must conclude fhat the maximum seismic
motion associated with an earthquake scales as the dislocation
time~function.

Then, our results on the scaling law of dislocation time-
function will have an important effect on earthquake engineering,
because they imply that the maximum seismic motion of an earth-
quake in the period range less than 5 seconds is a constant
independent of magnitude for Ms > 6.5.

“It must be emphasized hare that the above conclusion is
supported only indirectly by observations. No mention has
been made of any group of observations applying to the upper-

left quarter of Figs. 1, 9 and 1ll. The waves in this quarter
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are short waves coming from large earthquakes. They suffer
not only from the complexity of a large source, but also

from the complex path effect on short waves, and this makes

the interpretation of the seismogram extremely difficult.
Because of this difficulty, they have not attracted due
attention. Housner (1955) considered a swarm of pulses

random in time resulting from release of shear dislocations
distributed randomly over a fault plane. Haskell (1964) intro-
duced incoherent rupture propagation in order to account for
observations on short waves from a large earthquake. The con-
cept of a "multiple shock" is an old idea introduced to explain
this most complex portion of a seismogram (Stoneley (1937),
Usami (1956), Wyss & Brune (1967), Trifunac & Brune (1970),
among others). Miyamura et al. (1965) summarize observations
and discuss physical mechanisms.

The idea of a "multiple shock" implies that a large earth-
quake consists of a sequence of several small earthquakes occur-
ring within the epicentral region. One must realize, however,
the extremely large value of seismic moment for the largest
earthquakes. For example, the Alaska earthquake of 1964
29

(M = 8.5, M, = 7.5 x 10

Rat Island earthquakes of 1965 (M = 7.9, M, = 1.2 x 10

dyne cm) can be a multiple of several
29
),

requires about 10,000 San Fernando earthquakes of 1971 (M = 6.6,

M_=7.5x 10%°

5 ). The "multiple shock" model cf a large

earthquake will also have a scale effect on the spectrum; the

spectrum at periods longer than the total duration of faulting
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will increase proportionally with the number N of component

events, but the high frequency spectrum will be proportional
to YN because of random interference. Thus, the spectral
ratio between large and small earthquakes at low frequency
will be the square of the ratio at high frequencies. This
scale effect is the same as that of the w-model of Brune &
King (see Fig. 5). As discussed earlier, observations for
large earthquakes are in favor of the w-square model, which
predicts that the spectral ratio at low frequency is the
cube of the ratio at high frequency. The idea of "multiple
shock" for large earthquakes is not compatible with our
revised model B, in which small earthquakes are described by
the w-model, but large ones by a composite model of w and

w-square.
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FIGURE CAPTIONS

FIGURE 1 Source factor of far-field seismic spectral density
from earthquakes with various MS for the w-sqguare
model reproduced from Aki (1967).

FIGURE 2 Fault length L as a function of magnitude repro-
duced from Chinnery (1969) with the additional
curve for the w-square model. See text for the

curves designated by the names of investigators.

(%)

FIGURE The product of fault length L and the square of
offset D as a function of magnitude reproduced
from King & Knopoff (1968) , with the additional
curve for the w-square model.

FIGURE 4 Seismic moment as a function of magnitude reproduced
from Aki (1972) with additional lines (A') and (B)
for the w-model of Brune & King (1967) as described
in teﬁt.

FIGURE 5 Schematic representation of the scaling law of seismic
spectrum based on the w-model of Brune & King (1967).

FIGURE 6 Locations of earthquake pairs with spectral ratios
consistent with the w-square model (designa;ed by

solid circles) and those inconsistent (designated by

crosses) .

R R T s



FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

10

11

12

13

14

P - oo b

-48-

Comparison of.observed Ms S Mb relation with

the one predicted for the w-square model.
Theoretical M8 - M.b relation for the w-square
model as compared with empirical formulas of
Gutenberg-Richter (1956) and Evernden et al. (1971)
for earthquakes and that of Thirlaway-Carpenter
(1966) for explosions.

Source factor of far-field seismic spectral density
from earthquakes with various Mg for the revised
model A.

Theoretical Ms versus corner-frequenéy relation
for the w-square model as compared with those
implied by the Ms = Mb relations of Gutenberg-
Richter (1956) and Evernden et al. (1971).

Source factor of far-field seismic spectral density
from earthquakes with various Mg for the revised
model B.

Spectral densities of dislocation velocity for
different MS based on the w-square model.
Spectral densities of dislocation velocity for
different Ms based on the revised model A.
Spectral densities\of dislocation velocity for

different Ms based on the revised model B.
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