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ABSTRACT

Two models of the seismic source are reviewed as a prelude to the
determination and interpretation of selsmic source parameters from
far=field shear displacement spectra, Within several limitatlons, the
far-field shear displacement specira of Brune {1970) and Haskell (1964)
are grossly similar although the resulis différ in detail, These
similarities imply that there is no gross discrepancy between Brune
(1970)- and Haskell (1964) with respect to the determination of seismic
moment and source dimension,

The source parameters seismic moment (Mo), source dimension (r),
shear stress drop (Ao‘), effective shear stress (geff)' radiated energy
(Es), and apparent stress (pg) can all be expressed in terms of three
spectral parameters which specify the far-field shear displacement of
the Brune (1970) seismic source model: R (the long-period spectral
level), fo (the spectral corner freguency) and £, which controls the
high frequency (f » fo) déce.y of spectral amplitudes, All of the above
source parameters can be easily extracted from a log-log plot of ’Qo
versus f_ ( ¢ when « 1 entering as a parameter), but only three of them
are independent., The apparent stress is proportional to the effective
gshear stress, not the average shear stress, The I)o-fo diagram is
especially convenient for comparisons within a chosen suite of seismic
and/or explosive sourcesr. The equation on which the Gutenberg=-Richter
energy (Byp)-magnitude (¥ ) relation was originally based is cast into

an approximate spectral form; Ehﬁ can then be easily compared with Es
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on the {)O-fo diagram for an earthguake of any ML' Within the
framework of the ( ﬁ%, fo' £) relations, it is a simple matter to
construct an earthquake magnitude scale directly related o the
radiated energy (E_).

The source parameters selsmic moment and source dimension are
estimated with teleseismic body-wave spectra for four intermediate
magnitude earthquakes for which these source parameters can be obtailned
from field observations, The spectral and field estimates for these
quantities agree within estimated uncertainties, when the spectral
observations are scaled with the Brune (1970) model, The seisnic
moment and source dimension may be obtained as reliably with F-wave
spectra as with S-wave spectra for these earthquakes, with the
assumption that the P-wave corner freguency should be shifted from the
S-wave corner frequency in proportion to the ratio of the compressional
to shear wave velocities,

Observational and theoretical uncertainties in the determination
and interpretation of high frequency (f » fo) spectral amplitudes
constitute a major barrier in the understanding of dynamical aspects of
earthquake occurrence, Two of several problems concerning the
generation of high frequency spectral amplitudes are discussed from a
conceptual point of view, The source finiteness or directivity
function is altered significantly from the result of Ben-Menahem (1961)
for easily imaginable variations of displacement on the fault surface,
The far-field shear displacement spectrum of Brune (1970) for the case

of small fractional stress drop is structurally similar to that of



Haskell (1964) when the rise time of displacement on the fault surface
is much smaller than the fault length divided by the shear-wave
velocity, The effective stress of Brune (1970) may be interpreted as
a stress difference associated with the emplacement of rupture,

The idea of a stress difference associated with the emplacement of
rupture is investigated observationally for the case of the San
Fernando, California, earthquake (February 9, 1971), Compressional and
shear radiation emanating from the emplacement of rupture at depth
beneath the San Gabriel Mountalns is identified on the Pacoima Dan
accelerograms, The 3-P time obtained from this identification suggests
a hypocentral depth of 12-15 km, somewhat greater than that of the
local hypocentiral iocation of the main shock, but consistent with that
indicated by teleseismic observations of the reflected vhases pP and
sP, With less certainty, the radiation emanating from the rupture of
the Earth's surface is identiflied on the Pacoima Dam accelerograms and
WWSSH stations at teleselsmic distances, Within several assumptions,
the initial rupture event is separated from the subsequent motion on
the Pacoima Dam accelerograms, and the source parameters are estimated
for it from the associated shear wave, The stress drop accompanying
the initial rupture is estimated to be 430 bars, approximately an order
of magnitude greater than the average stress drop obtained from

teleseismic spectral estimates and static dislocation models,
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INTRODUCTION

In this thesis, the term seismic source refers tc an earthquake
which results in a measurable displacement discontinuity on a
measurable planar surface as a result of shear fauliing, Such an event
occurs as a result of the rapid failure of a region caused by naturally
occurring tectonic forces distributed through a presumably much larger
volume, The appellation "source" denoies the customary identification
of this rapid tectonic fallure as a source of elastic radiation,

It seems reasonable that the elastic radiation arising as an
effect of the earthquake occurrence should carry with it some
information concerning the parameters of faulting, the seismic source
parameters, If the local tectonic fallure of a region does not proceed
sufficiently rapidly, however, the absence of elastic radiation in
standard selsmological bandwldths precludes 1ts identification as an
earthquake, Such an occurrence, commonly known as a creep event, need
be nonetheless effective as a mechanism for relieving tectonic stresses,
The occurrence of creep events points, in extreme form, to a difficulty
that remains unresolved throughout the course of this thesis: +to what
extent does the velocity of the propagating displacement discontinuity
affect the time/freguency behavior of the seismic source and therefore
the determination and interpretation of the other selsmic source
parameters,

An obvious example of the use of elastic radiation to infer

selsmic source parameters is the method of fault plane solutions to



define the orientation of two possible fault planes and the orientation
of the slip vectors lying in these planes, Either direct field
observations or geological inference normally suffice to remove the
ambiguity as to which of the two possible fault plenes is the actual
fault plane, The next problem in seismic source parameter
determination is indicated: to infer the amount of slip and the areal
extent of faulting, The determinatilon of these quantities from the
elastic radiation generated by the earthquake and their relatioanship to
other seismic source parameters 1s the basic concern of this thesis,

In this thesls the term seismic source parameters means, in
general, the seismic moment (M o)' the characteristic source dimension
(r), the stress drop (Ag), the radiated emergy (E_), the effective shear
stress (0_,,) (Brune, 1970), and the apparent stress (n3) (Wyss, 1970).
From the outset, however, it is to be emphasized that these parameters
are not determined to the same degree of accuracy nor are they all
independent, For example, the quantity seismic moment, which contains
the product of the average displacement and the fault area, is the more
fundamental quantity in the analysis of far-field elastic radiation,
Likewise, the stress drop is defined in terms of the average
displacement divided by the characteristic source dimension, The
relationships of these selsmic source parameters to each other and to
the spectral parameters of the Brune (1970) seismic source model will
be discussed in Chapter II,

The observational results of this thesis are primarily obtained

from body-wave spectra as interpreted with the Brune (1970) seismic



source model, Two basic questions arise: (1) under whai circumstances
are body waves preferable for source parameter determination and (2)
under what circumstances is the Brune (1970) seismic source model a
desirable representation,

In the first place, the determination of displacement spectra in
the far-field is merely a means to the end of determining spectral
rarameters that are representative of source properties, Whether body
wavee or surface waves are used to determine these spectral parameters
depends on the freguency band of information necessary to define them,
This in turn depends on the strength and dimension of the source, the
hypocentral distance and the recording instrumentation, the accuracy
with which the transmission properties of the source-station path can
be estimated, and the relative strength of surface wave excitation
relative to body-wave excitation, In the second place, the Brume model
appears to be well=-calibrated with respect to the determination of
seismic moment (Mo) and characteristic source dimension (r) for four
moderate earthquakes for which the same quantities can be estimated
from field data (Hanks and Wyss, 1972; Wyss and Hanks, 1972), These
results are also presented as Chapter III of this thesls and are the
basic justification for the adoption of the Brume model in this thesis,

These results suggest that the "next problem,” the determination
of the average amount of slip and the areal extent of faulting, is a
tractable one, at least in an apmroximate sense, On the other hand,
these quantities, together with the geometry of faulting obtained from

fault plane solutions, represent only a first order description of the



seismic source, They are in principle and occasionally in fact
measurable in the absence of elastic radiation, At this stage, the
problem becomes that of understanding the details of the faulting
motion and thelr relationship to the mechanism of faulting and to
conditions on the fault surface,

This problem is also that of understanding the mechanism by which
the high frequency elastic radiation is generated, where "high" is
defined relative to a spectral "corner frequency" which is determined
by the characteristic source dimension, The resolution of this problem
is impeded by both theoretical and observational uncertainties, In the
first place, it is not clear how such factors as the propagating
displacement discontinuity (with, in general, variable amplitude and
velocity), incomplete stress drop, the fricticnal stress opposing
motion on the fault surface, the tectonic stress operative to cause the
event, and the initial failure mechanism affect the high frequency
radlation and with what order of importance they do so, In the second
place, reliable determinations of spectral amplitudes at increasingly
higher frequencies become an increasingly difficult task, Some
discussion of these problems 1s presented in the latter half of
Chapter IV, and details of the faulting mechanism for the San Fernmando,
California, earthquake are examined in Chapter V, Even so, present
understanding of the dynamical aspects of earthquake occurrence is
quite limited,

In summary form, this thesis develops along the following lines,

In the first chapter, aspects of the conventional dislocation



(Maruyama, 1963; Haskell, 1964), stress relaxation (Archambeau, 1964,
1968) and Brune (1970) models of the seismic source are briefly
susmarized, The Brune (1970) model may be viewed as an approximate
stress relaxation model developed within the mathematical framework of
the conventional dislocation models, We recapitulate the details of
Haskell (1964) for a longitudinal shear fault to compare the results to
Brune (1970), While both models have the same asymptotic spectral
behavior at the high and low frequency limit, there is some ambiguity
to the "corner frequency" determinations, The specific difficulty
concerns the predicted effect of the source finiteness or directivity
function on the far-field radiation, The comparison of the Brune
(1970) model and the Haskell (1964) model is, however, approximate, and
uithin several limitations there is no reason to suspect that these
models are grossly inconsistent with respect to the detarmination of
seismic moment and characteristic source dimension,

In the second chapter, we describe a representation of selsmic
source parameters in terms of the three spectral parameters that
specify the far-field shear displacement spectra given by Brune (1970) s
Qb' the long-period spectral level; fo' the spectral corner frequency;

1 epectral amplitude decay for

and €, which measures the extent of £~
£ fo' Here 1t 1s assumed that the Brune spectra are correct in
detail, This chapter serves to illustrate how uncertainties in source
parameter determinations are directly related to theoretical and
observational uncertainties in the specification and determination of

far-field displacement spectra, The seismic moment (Mo), the source



dimension (r), the stress drop (Ag), the effective stress (aeff)’ the
radiated energy (E a)' and the apparent stress (nG) can all be expressed
in terms of these three spectiral parameters, and all may be easlly
extracted from a log-log plot of .Qo ys, f, (¢, when less than 1,
entering as a parameter), Only three of these source parameters are
independent, The Qo-fo diagram is especilally convenient for
comparative purposes within a chosen suite of seismic and/or explosive
sources, Using the (GL. £ €) relations, it is a simple matter to
construct a magnitude scale directly related to the radiated energy
(Eg).

In the third chapter, we will use spectra obtained from
teleseismic recordings of body phases to estimate the selsmic moment
(Mo) and characteristic source dimension (r) for four mcderate
earthquakes for which these quantities can be estimated from field
evidence, The observations suggest that the Brune (1970) spectra are
well-calibrated with respect to the determination of Mo and r, At the
same time, we will show that the same parameters can be obtained
equally rellably from P-wave spectra, A large part of this chapter
will be devoted to uncertainties in the observational analysis, the
significance of the agreement between the several estimates for MO and
r, and the suitabllity of WWSSN data for future analyses,

In the fourth chapter, stress drop (Ag) and radiated energy (&)
estimates are glven for the four earthquakes considered in the third
chapter, The difficulties in determining reliable high frequency

spectral amplitudes at teleselsmic distances are discussed and



summarized, Two problems concerning the generation of high frequency
radiation are then discussed from a conceptual point of view., The
first of these involves a numerical evaluation of the source finiteness
function for the case of a variable amplitude displacement
discontinuity traveling at a constant velocity., The second of these
involves an alternate view of Brune's (1970) concept of the effective
shear stress; the effective shear siress is identified here as the
stress difference assoclated with the emplacement of rupture,

In the fifth chapter, the idea of a stress drop assoclated with
the emplacement of rupture 1s investigated observationally for the
case of the San Fernando, California, earthquake (February 9, 1971),
The radiation emanating from the initial rupture at depth beneath the
San Gabriel Mountalns is tentatively identified aﬁ the Pacoima Dam
accelerograms, With the use of several approximations, the initial
rupture event is separated from the subsequent radiation, and the
source parameters for it are inferred from the associated shear wave,
The stress drop accompanying the emplacement of the initial rupture is
estimated to be several hundred bars or greater, a factor of 10 or
greater than the average stress drop obtained from teleselsmic data

and static dislocation models,



Chapter I

A REVIEW OF SEISMIC SOURCE MODELS

INTRODUCTION

Efforts to describe the selsmic source theoretically have resulted
in two basic models. The first of these is generally referred to as
the dislocation model, These models, in their dynamic form (Maruyama,
1963; Haskell, 1964), draw from previous solutions to static
dislocations, The essence of these models is that the space~time
behavior of the displacement on the fault surface is to be specified,
The displacement history of any point away from the fault surface 1s
then determined, An alternative formulation is the stress relaxation
model of Archambeau (1964,1968), Under the influence of a pra-stfoss
system, fallure proceeds within a prescribed region, according to how
the material properties of this reglon have beer modeled, As a result
of the change of material properties within this failure zone, stress
relaxation occurs throughout the entire volume, although the major
changes in elastic stirain energy density are confined to a regiom
having a dimension of the order of the characteristic dimension of the
fallure zone, It is this release of elastic strain energy which drives
displacement on the fault surface and which is the source of the
radiated field, The difficulty in either formulation is the
specification of the relevant conditions on the fault surface or in

the fallure zone,



Brune (1970) models the seismic source in terms of an
1nstanta§eous application of a shear stress step on a circular fault
surface, A particle on the fault surface is accelerated by the
difference of a pre-stress gy and a “frictional” stress Op which
always acts to impede motion on the fault surface., Thus particles om
the fault surface and in the near-field experience delta-function
accelerations, but particle velocities and the radiated energy are
always finite, Brune (1970) took advantage of the zero frequency limit
of the dislocation model to scale the resulting far-field shear
displacement spectrum. On the other hand, this model 1s a first order
approximation to a stress relaxation model since a stress difference is
the mechanlism to drive displacement on the fault surface, An important
assumption in this formulation is that the dymamic and static results
of stressing an unstressed medium are the equivalent (except for the
sign) to the results of "unstressing” a stressed medium, if the latter
situation is taken to be the physical interpretation of earthquake
occurrence,

If the final shear stress 9, following the earthquake occurrence
is equal to Gps We say that the stress drop is complete, The quantity

9,9, is defined as the stress droplg

(1)

<|s!

6,-G, = A6 «

Equatiomn (1) includes the well-known proportionality between Ag and the

quotient of am average displacement U on the fault surface divided by
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a characteristic dimension (r) of the fault surface (for example,
Brune and Allen, 1967),

I1f, for some reason, displacement 1s arrested "prematurely"” on the
fault surface, one will find that g, - 0, < 0; = Jp. Brune (1970)
modeled such a situation by supposing the existence of a reverse shear
stress of g, = cf which, when added to Tps provided a larger stress

opposing motion on the fault surface, The parameter € is defined as

a

- % . Abc (2)

Gy - G} Cett

£ =

where the effective shear stress g off is defined as al - af. The
parameter £ is thus a measure of the fractional stress drop, again

enphasizing that camplete stress drop is g; - g;. The Brune (1970)

oo
model, then, explicitly allows for nonzero final stress levels and in
particular allows for final stress levels gresater than the frictional
stress level,

This thesis i1s mainly concerned with the spectral properties of
the far-field shear displacement generated by selsmic sources, The
observational results of Chapter III suggest that Brune's (1970) model
is adequate to describe the gross spectral properties of the far-field
shear displacement, There is nevertheless some justification in
attempting to understand theoretically the ways in which Brume's (1970)
model agrees and disagrees with other fault models, Below, we will

follow Haskell's (1964) development of the far-field shear displacement



generated by a propagating, longitudinal shear fault with the idea of

comparing the results (and approximations) to those of Brune (1970).

THE HASKELL (1964) FORMULATION

For a rectangular {length L, width W) longitudinal shear fault
(displacement in the fault plane and parallel to L) embedded in an
infinite homogeneous, isotropic, elastic medium, the far-field

displacement field W;(x,t) is (Haskell, 1964)

3
drpRus (x.1) = 2 (&) R BW I, +
(3)
(- 2.& x1r'3 + ya 8;.1. t xﬁ. sla)w I@ .

Here Ky X2, %, Cartesian coordinates at which point u; is to be

calculated,

$..%.% = Cartesian coordinates of the point of integration
over the fault plane surface S (reducing, for the
case described below, to € =%, =% )

= compressional wave velocity

shear wave velocity

@
B
R = distance from % to %
3

L pd
h

{x; - 3;\/ R , direction cosines

and



D 1is the displacement discontinuity averaged over the fault width, A
superscript dot indicates differentiation with respect to time, The
notation (a,8) implies that the appropriate quantity will be evaluated
for compressional radiation (P waves) with aq and for shear radiation
(S waves) with B, The first term of the right hand side (RHS) of (3)
is the P wave and the second term of the RHS of (3) is the S wave. The
far-field approximation has allowed the neglect of the terms of oxrder

r‘“ and r~?

and the direction cosines to be constant over the surface
of integration,

It is assumed that the displacement discontinuity propagates along
the fault (in the direction of L) with uniform veloclty v, (the rupture
velocity), and that displacement occurs instantaneously over the fault

width W, Then

D(s.t) = D, 4§(9) G (t- 3A) (&)

-

Here D_ is the displacement D averaged over L, f(%) represents its

normalized variation over L such that £($) = 1 and

G(t)= 0, t < O
(5)
Glt)= 1, t —»>oe

Then, following Haskell (1964), the Ia integrals become

B
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T..= D 36E)6(t- 28xe)ds = D, g ()
where 8-*,,6 = u_q}ﬁ - Cos &,

8, = source-station azimuth -
B
= retarded (arrival) time = t - *p -

and 1

The quantities 2% ¥y ¥a amd (2% AV +%8:, +¥%8is) 1 (3)
are the radiation patterns of the P and S waves, denoted henceforth as
ﬁetp(P) and fzw(s) respectively, Substituting these quantities into
(3), rearranging its algebraic constants, and multiplying the RHS by

L/L, one obtains

_ é*____Dw Roo(P) I . D WL S
wlet) = FoRee erlPlge 4 R e ‘Req()zﬁ (7)

Here M is the shear modulus,
The numerator of the leading constants on the RHS of (7) 1= the

seismic moment M (Aki, 1966)

Mo= uDWL . (8)

We denote these leading constants as
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ﬂD,,WL

Q. (P) = ma Re? (P) (9a)

and

= 4DWL o (g
Q,(8) = ZE}ﬁiEF oq (9) (9b)

Using Qo(P) and .QO(S) in (7) and taking the Fourier transform of it

with respect to time, we obtain

A _twR/=
u:lx,w) = Q. (P) Glw)e t g {(S)e ="

(10)
it R/F

+ Q.56 W)e 4
C)

A 4
Here G(w) is the Fourier tramsform of the function G(t): the Fourier

transform operation is

L

A -(at
tlw) = S flle dt (11)

-od

where W is circular frequency,

Here we take f(%) = 1; that is, constant displacement on the fault
surface, In Chapter IV, the effect of variable f($) (variable
amplitude displacement discontinuity propagating with uniform velocity)

is investigated, For f(%) = 1, the integrals in (10) become
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—1_ Le_ f_"_’%%‘_@. d.s - SiT\‘Kc..
el (12)
L . 7(4,@
where
L o, 8

?(d.,@ = 2'.0(“'(3)[ 'TE r 5 se"] (13)
and (10) becomes,

e, 0): Q5 ke n,ts)atw)i%ﬁ (1)

neglecting the phase factors,
The quantity E%iji is commonly known as the finiteness function

or directivity function; its effect on the predicted raciation
generated by earthquakes was first noted by Ben-Menahem (1961), 1In

fact, it is a speclal case of the general effect of source finiteness,

The E&Eli result is only obtained when a constant amplitude

X

displacement discontinuity travels at uniform velocity in one
direction, This embodies am important restriction on the motion of the
fault surfaces the displacement discontinuity propagates completely
"coherently," a restriction that is unlikely to be fulfilled under
natural conditions, Brilefly, complete cohereace minimizes the amount

of energy radiated to the far-field since it allows for the maximum
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amount of destructive interference at frequencies in the vicinity of

the peak of the energy spectral density,

COMPARISON OF THE BRUNE (1970) AND HASKELL (1964) MODELS

For the case of complete stress drop (¢ = 1), Brime (1970) gives

the far-field shear displacement as

’

U (R, t) = Q,(9) azt'e'“t , (15)

The resulting spectrum is

4 (R, w) = Q. (8) " L - (16)

w0 s Q&

Here

Quis) - MRS g
411(>R@3

- (S)%'@.’(s

X &

R o

the RHS of this relation being the scaling that Brune (1970) applied to
his model, Here a = 3%@ , where r is the radius of a circular fault
area, 1’ 1s the retarded time t -~ , andAg is the stress drop,

B
The analogous result for the far-field shear displacement
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generated by the longitudinal shear fault for which a constant
amplitude displacement discontinulty propagates at a coastant velocity

on a rectangular fault surface is

L

[ 165) c‘a(f-?e&.)ai_ (17)

=]

(o

.(8)
L

uilx,t) =

This result is obtained with (6), (7), and (9b), The resulting

spectrum is

Gilxow) = Qo(8) G l(w) S"%X (18)
6

which is obtained from (14), _

To compare these results further, it is necessary %o define E(w)
for the Brune (1970) model, There is no precise way to do this,
First, Brune (1970) never determined the source displacement iime
function (G(t)) for his fault model, The small time behavior of fault
motion wae specified, as well as the very long time behavior, For

intermediate times, Brune (1970) suggested that the source displacement
=iy
should be of the form %Ep't (L-2 "7) , but the quantity * was not

specified, other than its being of the order of r/B,

Secondly, Brune (1970) never accounted explicitly for source
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finiteness, He assumed that the far-field shear displacement was given
by (15) and in doing so, approximated the convolution integral in (17)
that arises in the dislocation model, It is, of course, true that
1limiting approximations of the faulting mechanism are implied in (17),
with (15), there is no unigue way to separate the source displacement
time function from the effects of source finiteness,

It is nevertheless of interest to estimate what the source
displacement time function might be for Brune's (1970) model, This may
be used, together with other appropriate assumptions, in (18) to
provide a first order assessment of the similarities between the
Brune (1970) and the Haskell (1964) models,

In Brune's (1970) model, source displacement incresses linearly
with time for small times and assumes a constant value for long times,
This asymptotic behavior is approxipatad with a ramp displacement
function with rise time T, This source displacement time function
(6(t)) and its time derivative are sketched in Figure 1, T is
estimated to be the time to attain the maximum in (15), Then

N
G(w) = %‘1‘:—- Y= %“T;NT = % - '271.@. Then (18) becomes

wlx,w) = QL) sinKp sin¥ | (19)
X W

With this approximation for G(t), it only remains to supply the
directivity function with the parameters appropriate to Brume's (1970)

model, Since all particles on the fault surface are affected at the
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O

¥ f

Figure 1, Source displacement time function estimated for the Brune
(1970) model and used in the evaluation of (18),



same time in this model, the rupture velocity is taken to be infinite,
The length L of the circular fault surface used by Brune (1970) is
assuned to be 2r, An average azimuth, g, = 45°, is used to evaluate
Kas but it should be remembered that for any vV, >@ , ?(@ equals zero at

two azimuths, Using these parameters, equaticn (13) and the value of

T given above
X [ ..“..)_].'— 'Ll) = .9.1'— (20)
8 azZe 34¢

The asymptotic features of (19), using (20), are plotted in Figure 2a,
and the axynptotic features of (16) are plotted in Figure 2b,

In gross form, both far-field shear displacememt specira behave
similarly, Both exhibit a long=period spectral level .Qo(s) that is
related in the same way to the seismic momeni ¥, 3Both have 2 high
frequency asymptote mroportional to @ 2, This high frequency behaviar
is a function of the discontinuous velocity at 1 = 0 and would have
arisen if the source displacement time fm;tion had been chosen, for
- 't).

In detail, however, the displacement spectra are not the same,

exanple, to be of the fom 5% (L-e

In the dislocatlion formulation, the displacement spectrum has two
spectral corner frequencies that are in general not the same, the
"finiteness" cormer freguency determined by ?(9 and the "rise time"
corner frequency determined by ¥, At intermediate frequencies,
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Filgure 2, Asymptotic sketches of far-field shear displacement specira,
(a) The Haskell (1964) formulation with the approximations
presumed appropriate for the Brune {1970} model as described in
the text, (b} The Brune {1970) model for € = 1,



, spectral amplitudes decay as WL, The effect

&if:_ﬁsws_

L
of finiteness, even with infinite rupture veloeity, is such to
introduce a second corner frequency that is in genexral not the same as
the corner frequency determined by the source displacement time
history, For the aprroximations described above, ?(Ea is a factor of
3.4 greater thany, the difference increasing with decreasing rupture
velocity, Furthermore, the single corner frequency of Figure 2b,
determined by a, is equal to neither of the iwo cormer frequencies of
Figure 2a,

On the other hand, this comparison is only apmroximate. The
corner frequencies detexrmined by (20) are reasonably close together,
and the single corner frequency of Figure 2b is intermediate with
respect to these two, Given the uncertainties in specifying 1-:_he source
displacement time function for the Brune (1970) model, there need not
be a material difference in the corner frequencies in the two models,
rrovided that v » B and that an BMS value of 7(9 nay be used to
estimate the finiteness corner frequency, In addition, the difference
between two corner frequencles separated by oaly a narrow frequency
range could be blurred in observationally determined spectra, resulting
in a single corner frequency intermediate between those determined by
Ka and Y,

The point of this discussion is that, with resmect to the
determinzstion of seismic moment and source dimension, there 1s no gross

inconsistency between the Haskell (1964) model and the Brune (1970)
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model for complete stress drop, provided that the fault surface is
aprroximately equi-dimensional, that the fault develops sufficieantly
rapidly, 1,e., V2 B, and that an RMS value of 7(63 is representative
of source finiteness, The agreement between the predicted far-field
shear displacement spectra could be better or worse, depending on how
well the source displacement time history has been estimated for the
Brune (1970) model, An observational investigation of the scaling of
the corner frequency to source dimension for Brune's (1970) model is
the subject of Chapter III, It is these observational results that
are the basic justification for the adoption of the Brume (1970) model
in this thesis,
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Chapter II

A GRAPHICAL REPRESENTATION OF SEISMIC SOURCE PARAMETERS

REPRESENTATION OF SEISMIC SOURCE PARAMETERS

The far-field shear displacement spectra of the Brune (1970) model
of the seimmic source are specified by three independent parameters: a
long-period spectral level (QB) proportional to the seismic moment, a
spectral cormer frequeacy (fo) proportional to the reciprocal of the
source dimension, and a parameter £ that specifies F-l decay of
spectral amplitudes im the frequemcy range Fo <f ¢ f/k. Here f = w/om,
where @ = circular frequency and fis frequency in Hz, For frequencies
higher than f_/¢ , spectral amplitudes decay as $£72, pPhysically the

parameter £ measures the fractional stress drop:

£ = O‘—L:—E}: : (2)
dL*G'{

Here g, is the average shear stress in the plane of the fault surface
prior to the occurrence of the earthquake, d, is the average shear

stress in the plane of the fault surface after the earthquake, and gp
is the average frictional (shear) stress opposimg motion on the fault

surface, The shear stress drop is

A5=G'1‘U'1 (l)
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and the effective shear stress (Brume, 1970) is

Gess = Gy - G (21)

In subsequent discussion, reference to Ag as the "stress drop" and to
Tgep 88 the "effective stress" shall imply their shear behavior, The
stress drop is sald to be complete when Oy ™ O i,e., £ = 1, Although

61 and d, are both in general independent, only the difference crl - of

enters Brune's (1970) model, and it is only this difference which can
be determined seisnic;a.lly.

Figure 3 approximates the far-fleld shear displacement spectra
glven by Brune (1970), Here ((f) is the modulus of the Fourier
transform of the far-field shear displacement pulse constructed by
Brune (1970), corrected to a reference hypocentral distence R and
plotted as a function of frequency im Hz(f), The terms “spectral
amplitude” or simply "spectrum"” are used in this sense, Figure 3a is
for the special but important case when the stress drop i1s complete,
i,e., £ = 13 Figure 3b is for any value of € less than 1, While it is
only necessary to derive the relationships between source and spectral
parameters for the general case (setting € = 1 to obtain them for the
particular ca.se)r. a simultaneous comparison of the ¢ = 1 and £¢ < 1
cases 1s instructive, Moreover, the observational determination of €
is presently a difficult task, and many of the observational data are

conveniently considered in the case of € = 1, for lack of knowledge to

the contrary.



26

R km

at

Log §(f) (cm-sec)

Log frequency, Hz

Flgure 3, The far-field shear displacement spectra of Brune (19?0) for
two seismic sources having the same effective stress and source
dimension, Vertical and horizontal scales are arbitrary
logarithmic units, (a) € =1, (b)E< 1,
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For comparative purposes, Figure 3a and Figure 3b have been
arranged so that the two hypothetical earthquakes which they represent
have the same effective stress and source dimension, It will be showm
below that they also have very nearly the same apparent stress, as
defined by Wyss (1970).

The seismic moment MO is related to the long-period shear

displacement spectral level through the result of Keilis-Borok (1960)

M. = 4mp {33 R Q, (22)

where Ho is the moment of one couple of the equivalent double couple
source, Here = density, B = shear-wave velocity and R is the
reference hypocentral distance, The use of R in (22) implies that the
far-field displacement spectra have beemn corrected to a reference
hypocentral distance at which the effects of geometrical spreading are
that for an infinite, elastic, homogeneous space, A similar result
relates Ho* to ﬂo*, where starred notation refers to the source and
spectral parameters obtained from Figure 3b, With respect to Figure 3,
M =N, |

The source dimension r (the radius of a circular fault area) is

related to the shear displacement spectral cormer frequency fo by

(corrected from Brume
r= 2346 (23)

2% 4, (1970) by Brune (1971))
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+* *
and fo is imn Hz, f0= fo sincer =r,

The stress dropAg is given by

(corrected from Brune

Ao = TMg

lor® (1970) by Brune (1971))

Using (22) and (23), the stress drop is
3
AG‘ = 106PRQO'FO

»* *
and similarly for Ag and 'Qo §

Using (25) in (2), the effective stress Ours 18
3
Ceft = 1069RQ°'F° , €= 1
and for Figure 3b

4 3
Cogs = 1060 RQ, ) e<l
A

(k)

(25)

(26a)

(26Db)

Since Qo* = £Q_ by virtue of the situation described in Figure 3, the

two hypothetical earthquakes whose spectra are given by Figure 3 have

the same effective stress, Note that when £ = 1, ¢

expressed in terms of its spectral amplitudes Q(f)

off
The energy radiated, Es’ in the form of the S wave can be
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Ey: TopeRTA § | Q(w)- w| do

where & is circular frequency and IS is a term resulting from the

integration of the S-wave radiation pattern about the source,

follows from an application of Parseval's theorem t0 a volume

(27)

(27)

integration of the kinetic energy density (Wu, 1966)., Normally, the

integral in (27) is evaluated numerically, but a convenient analytic

expression for E g can be obtained by approximating the Erune spectra by

the intersecting asymptotes indicated in Figure 3, In the case of

Figure 3a, taking I_ = 21—“31 (Wu, 1966),
) £. % .3
Esg i—gﬂe@Rno{o €=k ;

*
For Figure 3b, Es is

¥ o A6T towint o
E, = %l eeRAE (£-3) ) ecr.

Only a small error is made in neglecting the second term in the

parentheses, Then

2 3
i~ 191“3 Rzﬂl *
E, = T ee __tEL.'Eo . B4k,

(28a)

(28b)

(28¢)
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The integral in (27) may be performed analytically with the use of
the functional form of the Brume (1970) spectrum for the case £ = 1,
The result is approximately a factor of 2 less than the result obtained
with the asymptotic approximations to the spectra (Peter Molmar and
M, D, Trifunac, personal communication), To compensate for this, (28)
has been obtained by using the asymptotic approximations in (27) and
dividing the result by a factor of 2, This approach 1s sufficieat
becauss observationally determined spectra are as easily fitted with
asymptotes, and the error associated with this approximation is small
compared to errors introduced by uncertainties in determining QO, fo'
and particularly €,

The apparent stressvg has been defined by Wyss (1970) as

775-=/‘E/\5 : (29)

Here A is the shear modulus, ] is the selismic efficiency factor and

+
g= 61—203 s the average stress operative during the occurrence of the
earthquake, In the case of ¢ = 1 (Figure 3a), the use of (22) and

(28a) in (29) gives
n&= 2L1pRQHE | ext (30a)

For € arbitrary (Figure 3b), the use of (22) and (28¢c) in (29) gives
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“ 3
m&'s .6 RQ S . ER2L (30m)
€

*
Again recalling that QO = er. (30a) and (30b) demonstrate thatwmg is
nearly the same, within the approximation leading to (28c), for the two

events having the specira of Figure 3a and Figure 3b,

RELATIONSHIPS BETWEEN SEISMIC SOURCE PARAMETERS

In terms of Brune's (1970) model, the seismic momeant, source
dimension, stress drop, effective stress, radiated energy and apparent
stress can all be represented in terms of.Qo, f,and €, A plot of
Ro—fo values (with €, when less than 1, entering as a parameter) for a
suite of earthquakes then provides a convenlient summary of the above
source parameters, which is particulaerly useful for comparative
purposes, The utility of auchﬂo-fo diagrams shall be illustrated in
the next section, but several points implicit in the relations (22)-
(30) are first worth commenting on,

It is important to emphasize that although relations for six
"source parameters” have been derived, only three of them are
independent, For example, having specified .QO. f,» and € (or having
determined them from observed body-wave spectra), the radiated energy
1s not an independent quantity, Using (23) and (25) in (28a), E_ can

be expressed in terms of the stiress drop and source dimension



E,- 9'7';—51' (Ae)r? (31a)

that is, li:S is proportional to the stress drop squared times a source
volume of radius ~r within which the greatest strain changes occur,

The case ¢ = 1 occurs when q2 = g For this case the radiated

po
energy is proportional to the square of the stress drop multiplied by
the source volume while the strain energy released, E, is proportional
to the average stress times the stress drop multiplied by the source
volume, This observation was first made by Orowan (1960) and most
recently by Randall (1972). The result presented here is obtained from
a direct evalustion of the energy radiated from the Brune (1970) source
model, rather than from the difference between E and the frictional
work done on the fault surface, When ¢ is arbitrary, the use of (23),

(25) and (26b) in (28c) reveals that
£, = S88[ae . ka™)r® . (31b)

The seisnic efficlency Y| is defined as

m= EE‘ ; (32)

As an estimate for the strain energy released by the Brune (1970) model

of the seismic source, we adapt Frank's (1967) result for the strain
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energy released by a shear stress change g~

9% occurring on a plane

elliptlical fault:

£+ 5% (el o] >

where the semi-major and semi-minor axes have been set equal to r,

K is a constant factor approximately equal to 2, Using (3la) for B

and (33) for E glves

me BE L G gy (34a)
61*61 6,+G;

since g, = g when € = 1, When £ is less than 1, the use of (31b) for

ES glves

o Sty (340)
G;*‘Gz

Thus, with respect to the Brume (1970) model, the apparent stress

gy + 0
78 =9(25—2) 1s proportional to the effective stress (within the

approximations contained in (28¢) and (31b)), not the average stress,
as might be suspected from a casual consideration of (29), The

difficulty is that 7) itself is a function of the elastic and frictional
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stresses, That g and J,ps aTe the same within a constant can also be
seen by comparing equations (26) to equations (30), The mismatch of
constants between (26) and (30) involves the choice of geometrical
factors and the approximate evaluation of the energy integrals,

For convenience, we may consider the seismic moment (MO), the
source dimension (r) and the effective stress (ceff) as the three
independent source parameters of the Brune (1970) model, The
parameters stress drop (Ag), radiated energy (ES), and apparent stress
(na) are then determined, In addition, the average slip on the fault
surface is also defined, being proportional to the seismic moment
divided by the fault area, The seismic efficiency 7 cannot be
determined unless one of the stresses dy» 62, or g, can be specified

on the basis of other information,

S%-fo DIAGRAMS

For the case ¢ = 1, the following seismic source parameters can
all be expressed in terms ofizo and f s+ seismic moment (Mo), source
dimension (r), stress drop (Ag), effective stress (qeff) and radiated
energy (ES). For the case £< 1, a:ff and E: are obtained from (26b)
and (28c) respectively; the other source parameters are unaffected by
€, Further discussion of the apparent stress (»G) is omitted since it
is proportiocnal to the effective stress, For convenience in displaying
these results graphically, we also omlt discussion of the average slip

u,
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The following scheme is used to represent these source parameters
graphically. Log,, ‘Q'o' corrected to a reference hypocentral distance,
is plotted on the ordinate, Log:LO fo is plotted on the abscissa, A
plot of Q -f_ points (rather than B points) has the advantage (from
the observational point of view) that any data comparison is
independent of the scaling assoclated with a particular source model,
For example, the observational determination of fo is independent of
the (different) relations that Kasahara (1957), Archambeau (1964),
Berckhemer and Jacob (1968), and Brune (1970) give between fo and r,

Figure 4 illustrates how the spectral parameters obtained from
Figure 3 can be graphically related to the appropriate source
parameters, Figure 4a presents the source parameters obtained from the
spectral pa.raineters (.Qo.fo) of Figure 3a; the _Qo*-fo* point is also
indicated here for reference, Similarly Figure 4b presents the source
parameters obtained from the spectral parameters (_QO*, fo*, £) of
Figure 3b; the .Qo-fo point is indicated here for reference, In either
case, horizontal lines are lines of constgnt 'Qo and MO; vertical lines
are lines of constant fo and r, The quantity ﬂ.o f°3 is constant along
lines of slope =3; such lines are lines of comstant Ag and Ooppe
Similarly Es is constant along lines of slope -3/2.

»* *
When € < 1 (Figure 4b) E, and g, are obtained from the point

ff

, %
(%/S/E , Q. ) since both E: and o * contatin the product

ff

%3 3
(fo /?/? ) . In Figure 4b, the tip of the horizontal arrow lies on the

3
L " "
point ('Fa /\3/ €, . ) } the length of this arrow is thus equal to
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4, The Qu-f, diagrams for the spectral parameters obtained
from Figure 3 (starred notation refers to the spectral
parameters of Figure 3b), The source and spectral parameters
are constant along the indicated straight lines, following the
discussion in the text, (a) Source and spectral parameters
from Figure 3a, (b) source and spectral parameters from
Figure 3b, In (b) the horizontal arrow indicates the
distance between f¥ and fg/ﬁif .
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*
log i%f . Note that the line of comstant Oy Dasses through the

.Qo-fo point; thusAg = geff* = ¢ in agreement with equations (26)
whea Q = £Q_ (Figure 3),

Figures 5 and 6 illustrate the utility of!?o-fo diagrams for two
sets of observed spectral parameters for both seismic and explosive
sources, Figure 5 compares spectral parameters of Kuril and Aleutian
earthquakes with those obtained from three large nuclear explosions,
Two gereralizations of the ideas presented earlier are incorporated in
this figure, First, Figure 5 compares P=-wave spectral data, obtained
from Pasadena recordings of the P waves of the several sets of sources,
the S waves being poorly developed for the explosive sources, While
the Brune spectra and the resulting relations described in the previous
section were developed only for S=-wave radiation, it shall be seen in
the next chapter that Ho and r can be recovered equally reliably from
P-wave spectra using (22) and (23), respectively, with the substitution
of a(P-wave velocity) for B for four intermediate magnitude, shallow
earthquakes for which the same parameters could be obtained from field
data,

Secondly, both theoretical (Sharpe, 1942) and observational (Wyss
et al,, 1971; Molnar, 1971) results imdicate that the P-wave spectra
from explosive sources are more or less sharply peaked at a frequency
which can be related to the reciprocal of the radius of a spherical
source, For these sourceé, the peak freguency is the obvious analog to

fo and is taken as such, Since most of the energy radlated is at
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Figure 5, Qqo=f, (P wave) representation of four shallow Aleutian
Treach earthquakes Eu (Wyss et al., 1971), four shallow Kuril
Trench earthquakes (@ ), and three nuclear explosions ( x )
(Wyss et al., 1971). The dashed lines are lines of constant
stress drop, the lower one corresponding to about 15 bars, the
upper one to about 90 bars, In order of decreasing (,, the
nuclear explosions are: Novaya Zemlya, Oct, 27, 1966,
mp = 6,6; MILROW, mp = 6,5; and LONGSHOT, my = 5.9.
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frequencies near fo (see equations 28 and mote that this 1a.even more
so in the case of peaked source spectra), we take the spectral maximum
at fo to beﬂo.

The dashed lines in Figure 5 are lines of constant stress drop,
the lower line corresponding to a stress drop of approximately 15 bars,
All of the selsmic sources are contained within the two dashed lines,
which are separated by a factor of 6 in the quantity stress drop, The
explosive sources are readily distinguished from the seismic sources in
Figure 5, being separated from the nearest selsmic source by almost as
much as the total scatter of the eight seismic sources comsidered,

In terms of the!}o-fo representation, definitiorn of nuclear
explosions relies solely on an adequate determination of fo' Since the
trend of the spectral data is such that fo increases with decreasing
Mo f%-fo definition of exploslions with magnitude less than that for
LONGSHOT (mb = 5,9) depends more crucially on obtaining reliable
spectral information in the frequency band f > 0.3 Hz than, say,
reliable determinations of 20 sec Rayleigh waves, For small
explosions, however, the determination of fo will be hindered by the
severe problems of anelastic attenuation that effect the teleseisnmic
transmission of frequencies » 2 Hz, In addition, it must be
renambered that the set of seismic sources considered in Figure 5 does
rnot preclude the existence of earthquakes with spectral parameters more
nearly explosion-like, Discrimination of at least the larger explosive
and seismic sources in terms of spectral parameters does, however,

appear promising (Wyss et al,, 1971; Molnar, 1971), and Figure 5 is a



convenient representation of the method's promise for some available
data (Wyss et al., 1971).

.ﬂo-fo diagrams also provide a convenient summary of regional
differences in seismic source parameters, Figure 6 compares.ﬂg-fo data
for earthquakes of the northern Baja California region with those for
earthquakes occurring in the Gulf of California (Thﬁtcher. 1972),

These earthquakes have local magnitudes (ML) in the range 3.7 ¢ M ¢
6.3; local magnitudes for each earthquake are indicated beside the
f%—fo point, The dashed lines are lines of constant stress drop having
the value as indicated, Generally, northern Baja sources have larger
stress drops than the Gulf sources, particularly at larger magnitudes,
Even more striking is the group of Baja sources which have seismic
moments varying over two orders of magnitude for which fo (and r) vary
only by a factor of 2,

Of passing interest 1s the structural similarity ofilo-fo diagranms
and Hertzsprung-Russell dlagrams used to itrace stellar evolutionary
sequences, In its most elementary form, the Hertzsprung-Russell
diagram is a plot of the star's visual absolute magnitude against its
color index ( Schwarzschild, 1958), Since the stellar magnitude scales
are structurally analogous with the earthquake magnitude scales, it is
not difficult to associate Qo with the visual absolute magnitude, The
color index can be related to a predominant wavelength of stellar
radiation; in this sense we recognize fo 23 the "coloxr" of the
earthquake, In the case of either diagram, the maximum radiated

amplitudes are of limited utility unless the frequency band of maximum
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Figure 6, Qq-f, representation of seismic sources in the northem
Gulf of Califormia-Baja Califormia reglon: northem Guif
sources (A g, northern Baja sources (® ), and 1954 Baja sequence
sources (0 ), The number represents the local magnitude of the
earthquake represented by the (Qq-f, point, Dashed lines are
lines of constant stress drop, with the indicated value, After
Thatcher (1972),
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radlated energy density is also indicated,

ESTIMATES OF RADIATED ENERGY

A basic difficulty in estimating radlated energy stems from
uncertainties assoclated with the generation and propagation of high
frequency seismic waves, The observational uncertainty will never be
entirely eliminated, but the assumption of a source model does provide
important constraints and some useful insights in estimating radiated
energies, and we develop here a brief discussion in terms of Brune's
(1970) source model,

The relative simplicity of the expression for radiated energy
(28¢c) or a minimum estimate of it (28a) in terms of the spectral
parameters Q o fo’ and £ greatly facilitates the determination of E..
The important point here is that high frequency amplitudes are
specified once 'Qo’ fo' and £ are specified, Whether the Brume (1970)
model is an adequate high frequency representation of the seismic
source must awalt a considerable amount of detailed spectral
measurements, In this chapter we will assume that it is, Then very
little radiated energy is contained outside the frequency band
éi-co <t ¢ ?.'fo/ﬂ.

Previous attempts at estimating radlated energles through a time
integration of the observed signal (De Noyer, 1958) or through a

frequency integration of the resulting spectrum (Wu, 1966; Chandra,
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1970) have not been entirely consistent with pre-existing energy-
magnitude relationships (Gutemberg and Richter, 1956a,b; Richter,
1958), 1In this section, the equation on which energy-magnitude
relationships were originally based will be cast into an approximate
spectral representation; the result can then be compared directly with
(28a) or (28¢c) in an Q -f  diagram,

In series of papers dating from 1942, B, Gutenberg and
C, F, Richter endeavored to relate radiated energy systematically to
earthquake magnitude, The basic data of Gutenberg and Richter (1942)
and Gutenberg and Richter (1956a) were Wood-Anderson seismograms of
local southern California earthquakes supplemented by a smaller number
of strong motion accelerograph records, Their estimate for radiated

energy, E ., 1s (Gutenberg and Richter, 1956a)
- 3ntppht L)t (35)
Eer = 3T¢p o R 35

Here Ao and T° represent the amplitude and period of the maximum
amplitude observed on the Wood-Anderson seismogram, corrected for
propagation effects to the eplcenter, to is the duration of this
"maximum amplitude" wavetrain, assumed to be n cycles of sine waves
of period To' amplitude Ao' h is the hypocentral depth, taken to be
16 km for southern California earthquakes,

The quantities Ao’ To' and to were then empirically related to the

local magnitude M. (Richter, 1935), so that (35) could be written as a
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function of only ML' the result being (Gutenberg and Richtexr, 1956a),

Log Eqq = 94 +2.14M, - 0.054M, . (36)

2
(The most recent result is log Ep = 9,9 + 1.9 M, - 0,024 M
(Richter, 1958).) Guteaberg and Richter (1956b) then related M to m

and ML to Ms' giving rise to

Log Ege= 5.8 + 2Am, (37)

and

Log B 118 +15M . (38)

Here n i1s the body-wave magnitude, and Ms is the surface-wave
nagaitude, (37) and (38) are basically relations derived from (35) and
(36), utilizing ML-mb or ML—MS relations, As such, the remainder of
the discussion will concern itself with (35) and (36).

Equation (35) can be put into an approximate spectral form by

substituting

un:‘ AO“ o (39)

into (35), ﬁo is the spectral amplitude of n sine waves with amplitude



b5

A, period T, With (39) and t, = aT, (35) becomes

= 12t R (2) FT. (o)

GR

Here Fo is the reciprocal of To' The quantities n, l'io, and Fo can all
be obtained from the data of Gutenberg and Richter (1956a) for any
value of M, In (40) the standard distance R replaces h; it is then
understood that i in (22) 1s dininished by a factor of I relative
to its value at h,

The right-hand side of (40) has a functional form similar to that
of (28a), We can therefore compare the energy represented by the
point (Fo' uﬁ - the Gutenberg-Richter energy estimate - to the energy
represented by the point (fo.xgo) - the minimum spectral estimate of
radiated energy - for events with corresponding ML. This is done in
Figure 7, The solid circles represent the (Fo. %) points for events
of the indicated M, The open circles represent Qo-fo determinations
for some southern California earthquakes, These events have a local
magnitude corresponding to the solid circle connected to it by the
dashed line sequence, The (Fo, J%) points represent the average
southern Califormia earthquake of the indicated MI. in such a way as to

glve the correct value of E,., It is emphasized here the (Fo, J-uh%)

*Equ;tion (40) was first presented by Thatcher (1971), It appears here,
as it does in Hanks and Thatcher (19?2), in a slightly modified form,
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Figure 7, An Qg-f, representation of the difference between the

ninimum spectral estimate of radiated energy (28a) and the

Guteaberg-Richter estimate (40), The solid circles are = - F,

points corresponding to an event of the indicated M; at 100 km,
The open circles at the end of each dashed line sequence are
Q,=f,. points for southern California earthquakes of the same
M. e heavy dashed lines are lines of constant radiated
energy. The length of the horizontal dashed lines corresponds
to the difference in radlated energies glven by the —2 - F,
point and the Q,-fo point, This difference may be estimated
from the numerical values given near each (,-fo point, these

values being equal to log 3}? (see text), -
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u
points are not observationally determined spectral amplitudes ﬁo at
frequencies Fo for the specific earthquakes considered, whereas the
(fo, Qo) points are,

The heavy dashed lines in Figure 7? have slope of =3/2 and thus are
lines of constant radiated energy, It then follows, for example, that
the @ -f_ point for the M, = 6,6 earthquske represents more emergy than

To
does the —= - F_ point for the same M , On the other hand, the Qo-fo
point for the ML = 3,1 earthquake represents considerably less energy
than does the corresponding Ju% --Fo point,

The apparatus of the .Qo-fo diagram may be used to estimate the
energy difference between the Qo-fo points and the corresponding

u
=2 - Fo points, The logarithmic difference is three times the

Jn
horizontal distance between theﬂo-fo point and the line of constent
radiated energy passing through the \%\ - Fo point of the correct
local magnitude, The logarithmic separation between the end points of
the horizontal dashed lines in Filgure 7 are as indicated, The sign
convention is that this quantity is positive if theﬂo-fo point lies to
the left of the appropriate line of constant radiated energy (the
-Qo—fo point represents less radiated energy than the EJT% -7, point)
and negative if the converse is true,

Within the the framework of the Qo-fo diagram presented in Figure
4, these numbers may be interpreted as log %’7}&: . This construction
is quite artificial in the sense that the values obtained for £ have
no meaning in terms of the source parameter £, the ;E.%- - FO points

being for the average southern California earthquake of the indicated



ML' Moreover, 1f the _Qo-fo point lies to the right of the appropriate
line of constant ES. £ is formally greater than one, The use of this
artifice merely allows the ratio of the radisted energy of the

u
'?‘.1.9 - F_ point to the radiated energy of the .Qo-fo point to be given as

ift,& , where 1,4 is the ratlo of the constants in (40) to the constants

in (28a).

The main concern with Figure 7 is to present a scheme by which
the minimum spectral estimate of radiated energy (28a) can be directly
compared with that obtained from the transformed energy-magnitude
relationship (40), Two more specific points are worth noting, First
there is a general tendency for EGR to overestimate the minimum
estimate of Ea' the discrepancy i.ncre_a.sing with decreasing ML. The
second point depends on whether the ;% - Fo point is a representative
spectral amplitude at the frequency 2. for the particular earthquakes
chosen, This need not be the case, and at any rate the factor of -}_T
obscures a simple spectral interpretation of Uge If, however, the
ﬁ—j% - Fo point is approximately representative of spectral amplitudes
at frequencles near F  for these earthquakes, it is plain that the
decay of spectral amplitudes for £ > f_ is considersbly less than £ 2,
This has important implications concerning particular characteristics of
southern California earthquakes and/or the propagation of high
frequency radiation in the same area, Some discussion of these
problems is included in Thatcher's (1972) study of regional differences

of source parameters in northera Baja California. A more complete



analysis of the whole matter will be reserved for a paper devoted to
source spectra determinations for approximately 100 southern Califormia
earthquakes (Thatcher and Hanks, 1972).

MAGNITUDE SCALES

Within the framework of the present discussion, established
magnitude scales constitute a single spectral measurement within a
fixed, and relatively narrow, frequency band (for a summary, see
Richter, 1958)., The shortcomings inherent in characterizing a seismic
source by such a measurement have been long recogaized, Gutenberg's
work on the surface-wave magnitude scale and his attempts to devise a
"unified magnitude” which combined body- and surface-wave amplitude
measurements, allowed for a more detailed classification of seismic
sources, Use of M_ and m, (or HL) to represent earthquske sources
(and nuclear axploéions) refines the source description somewhat but is
still subject to the obvious limitations resulting from use of two
fixed narrow-band windows to describe the source spectrum, Since the
frequency windows for any of the magnitude scales are fixed (by the
seismograph response and/or seismic attenuation, if not by definition),
measured maximum amplitudes may be at frequencies eithexr high or low
relative to fo' depending on the source dimemsion, W1lth respect to the
(Qo. fo' E) relations, then, the limitation of established magnitude
scales is that they measure amplitudes that cannot, in general, be

consistently related to Qo (or Mo) at frequencies which cannot, in
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general, be consistently related to f (or ).

A more recent development that has alleviated this limitation
somewhat 1s an increasing emphasis on the direct determination of
seismic moment from long-period surface waves (Brune and King, 1967;
Aki, 1967; Wyss and Brune, 1968; Brune and BEngen, 1969; Wyss, 1970),
although for eveats for which M_ L 6, M should be a rough
apmroximation to M, Within the "similarity assumption,” Aki (1967)
tried to relate fo to Mo (or [Zo). The similarity assumption, however,
is equivalent to a comstant stress drop assumptlom for earthquakes of
all magnitudes, The validity of this important assumption, however, is
open to question; the data in Figure 6 indicate that stress drops of
the earthquakes considered vary over two orders of magnitude, Even
glven the errors in determining .(20 and f_ for these data (Thatcher,
1972), Figure 6 represents a significant departure from similarity, At
this point, the safest assumption is to consider 'Qo' f,» and € as
independent quantities,

Within the framework of the (Q , f_, £) relations, a logical
definition of magnitude would include all three parameters, With this
in mind, a reasonable magnitude definitlon would be one diresctly scaled

to the radiated energy:

M(Q,,4, €)= alog (e(af_l:?{a) " (41)

where a, b, are scaling constants, a.nd.Qo. fo' and € have been
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corrected for all propagation effects, The shear-wave velocity B and
density p exre included so that ES is properly estimated for sources
at all focal depths (see expression for radiated energy, squations
(28)), The major limitation of this magnitude scale is that small €

is difficult to determine from observed spectral data,
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Chapter III

THE USE OF BODY-WAVE SPECTRA IN THE DETERMINATION

OF SEISMIC SOURCE PARAMETERS

INTRODUCTION

In this chapter, body-wave spectra are used to determine both the
source dimension and seismic moment for three earthquakes for which
these same parameters can be determined from field observations, These
earthquakes are the Borrego Mountain, California, earthquake (April 9,
1968; M - 6.4), the Mudurnu Valley, Turkey, earthquake (July 22, 1967;
M= 7,1), and the Dasht-e-Bayaz, Iran, earthquake (August 31, 1968;
M= 7,2), These three earthquakes generated predominantly strike-slip
motion on a nearly vertical fault plane, All produced well-defined
surface ruptures and measurable offsets across the fault surface, At
the end of this chapter, similar results are presented for the San
Fernando, California, earthquake (February 9, 1971, M = 6.4 Wyss and
Hanks, 1972), for which the source mechanism was predominantly thrust
faulting,

Seismic moment and source dimension determinations obtained from
the spectra of radiated waves have not been systematically compared to
field observations because rellable long-period azimuth coverage has
only been available since the installation of the WWSSN system in 1963
and because large earthquakes often occur in regions inaccessible to

fleld measurements, Seismic moments are generally obtained from
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well-dispersed surface waves, following a procedure similar to that of
Ben-Menahem and Harkrider (1964), The preference for surface-wave
spectra is that, for large shallow earthquakes, spectral information at
periods in the several hundred second range can readily be obtained;
for body phases, the long-period spectral data will be contaminated by
multiple arrivals that follow within 60-100 seconds, except at very
restricted ranges of depths and epicentral distances, On the other
hand, the smaller and deeper earthquakes generate significantly smaller
surfaces waves, and the use of body-wave spectra in the moment
determinations for these events is preferable,

Again with the exceptlon of the larger shallow earthquakes, body-
wave spectra are also preferable for the determination of the source
dimension, since fo is generally in a period range at which surface-
wave amplitudes are a sensitive function of the propagation path, The
intent of this chapter is to demonstrate that both the source dimension
and seismic moment can be reliably, and relatively easily, obtained
from the interpretation of the body-wave spectra in terms of Brune's
(1970) seismic source model, This "calibration check" provides
justification for its use in current studles of source parameter

determinations for which there is no field evidence available,
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DETERMINATION AND INTERFRETATION OF BODY-WAVE SPECTRA

Summary of Theoretical Results
Figure 8 gives far-field displacement speciras following Brune
(1970), The S-wave spectrum is for the case of complete siress drop,

The seismic moment MO(S) is determined from the S-wave spectrum from
(8) and (9b)

M,(s) = Ll gy (12)

As before, e = density and B = shear-wave velecity with assigned
values of 2,7 gm/cms and 3.5 km/sec, respectively, Here R denotes the
correction for geometrical spreading for S waves in a layered spherical
Earth, ﬁw(s) is the shear-wave radiation petterm,

The source dimension is obtained from (23):

ris) = 232E (3)

21 1. (S)

where fo(s) is the S-wave spectral corner frequency and r(S) is the

radius of a circular source area glven by the shear wave spectral

corner frequeacy,
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IDEALIZED
BODY WAVE SPECTRA

Log {2(w), cm-sec

Log frequency, Hz

Tigure 8, Idealized far-fleld body-wave spectra at a reference
hypocentral distance corrected for all propagation effects,
S-wave spectrum from Brune (1970) for the case £ = 1, P-wave
spectrum afier discussion in text,
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Although Brune (1970) did mot atteapt to construct a theoretical
P-wave spectrum, it nevertheless seems ressonable that these parameters
can be recovered from the P-wave radiation, 1,e., equation (14), For
several reasoms, P waves are preferable to S waves for spectxal
analysis, and Mo and r will be estimated from the P-wave spectrum as
well, The seismic moment MO(P) is determined from P-wave spectra with
(8) and (9a)s

Q,(P)
Roo(P)

MO(P\ s 41‘[QR0(3 ; (44)

The notation is the analeg for P waves of that used in (42); a 1= the
P-wave velocity with a value of 6,0 km/sec,

To obtain the source dimension r(P) from the P-wave spectrum, it
is presumed that

. At (45)
r{P)= 201, (P)

where the notation is that of (43) applied to P waves, The
justification for (45) is that the corner frequency is defined by the
interference of radisted waves with wavelengths greater than a critical
value A o= 0(x). To preserve the A, cxiterion £ (P) should then be
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shifted by a factor of % relative to £ (S), as sketched in Figure 8,

On the other hamd, there is no justification for (45) in texrms of the
Haskell (1964) formulation recapiiulated in the first chapter,

The basic tone of this chapter is empirical, The justificatiom of
(45), as well as (42)-(44), will rest upon their abiliiy to yield,
using spectral parameiers obtaimed from teleseismic recordings of bedy
waves, seismic moments and source dimensions that agree favorably with
the same guaniities estimated from fleld data for three moderately
large earthquakes, In a subsequent discussion of the results and their
sigaificance, we shall return to the theoretical comstraints on the
corner frequency determination,

The seismic moment I-IO(F), as estimated from field (F) data with

Aki's (1966) result, was presented previously as (8)

M, (F) = uaA (46)

uhere/u is the shear modulus, A is the area of the fault surface, and u
is the average slip on the fault surface,

For the source dimension comparisons, it has been assumed here
that the observed fault length L(F) is twice the radius of an

equivalent circular source, That is, it is assumed that

L(F) = v(F) )
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where r(F) 1s to be compared to the source dimension estimates r(P,S).
This assunmption will surely fail for the case of a fault surface with a
fault length L » than the fault width (depth) h , The approximate
validity of (47) for the earthquakes considered here may be established
by rescaling the Brune (1970) spectra when A = Lsh, rather than fr r<,

Represent the area of a rectangular fault plane as

2

A-2(3)8, §=h/(}). (8)

Then using equations (23)-(35) of Brune (1970), the spectral corner
frequency fo may be scaled to the dimemsion % as a function of § , The

result is (Hanks and Wyss, 1972)

o[s) = -1—8—2—& . (""9)
27 & "_la-.

Whet 1*682"7: = 2,3%, (43) and (49) yleld the same result betwsen £ (S) and

1,82

c3/a for several values

r or £,(S) and (), Table 1 lists the quantity

of §, For the three earthquakes considered, the fault lengths and
widths are such that § is in the range 0,50-0,71 (see below), From
Table 1, the -;i determinations from (49) would be a factor of 1-1,3
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Table 1

Scaling of f o(s) for a Rectangular Fault

as a Function of h/(L/2)

(.
(8]
N

o = n/(L/2) -‘6—,;4
1. 1.82
.75 2,25

.50 3.05

«20 6,07



larger than the r determinations from (43), In terms of the errors
anticipated in the determination of fo' this is not a large exrror, Ve
shall proceed with (43) and (45) as the basis for source dimension
determination and subsequently return to these points in a discussion

of the results,

Determination of Body-Wave Spectra

The body-wave spectra presented in this work have been obtained
from WWSSN recordings of body waves at teleseismic distances ( A3 35°),
Both shorti- and long-period P- and S-wave signals have been utilized to
obtain as much spectral information for a particular phase as possible,
The body-wave spectra () (W) are determined from an evaluation of

-

Igng(t]e

- ot

dt | (50)

where g(t) is the digitized body phase, the integral is evaluated
numerically, and the body-wave spectrum is the modulus of the resulting
complex sum, The infinite Fourier iransform is reduced to (50) by
assuning that g(t) = 0 for £ <0 and ¢ > T,» T, being the sample length,
The resulting spectral amplitudes are corrected for anelastic
attenuation and then for the instrument response to obtain displacement
spectral amplitudes,

The difficulties in obtaining reliable long-period spectral data

are well-known, and several of these are discussed below, It is
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emphasized here that the speciral data have been interpreted in terms
of Figure 8, that is, a constant long-period levelS?o. a corner
frequency f_, and a high frequemncy (£ > fo) decay of f'r; ¥ = 2, except
when the short-period spectral data prohibit the last assumption

(3 ¥ 2). A spectral peak, as arises in the stress relaxation model of
Archambeau (1964,1968), cannot be excluded on the basis of the limited
frequency information available (f > ,01 hz), Generally, the body-wave
spectra admit an interpretation of a flat long-period level with some
indication of a peaked spectrum, In any case, the primary interest
here is to determine whether the moment calculated on the basis of such
an interpretation, together with (42) or (44), has any relationship to
the moment determined from the field data,

Figure 9a demonstrates how the long-period spectrum varies as
function of the sample length, Various sample lengths of both the P
and S wave of the Turkey event at station HKC have been considered; the
resulting spectra have been corrected for the instrument response, and
seismic attenuation following Julian and Anderson (1968), The upper
sequence of diagrams in Figure 9a is for the P wave; spectrum (3) is
considered to be the "best” and the short-period P data are also
included here, The interpreted long-period levelllo(P) of (3) 1s
indicated on the other three P-wave spectra, the high frequency
terminus of this line representing fo(P). This long-period level could
be estimated to & factor of 2 from any of the four spectra, On the
other hand, it is fair to say that the interpretation of a long-period

"level" is somewhat forced, particularly for the shorter sample



62

o o ‘exenbyjaree fedan] ‘OyH UOTIRIS 1B SOARM
S pue 4 J0F uopjBuTXoxdde "J-"3) pue Bajoeds aaeM-Lpoq poinduco uo yIweT ordures Jo 108IIH *®6 oanITJ

zH ‘Aousnboigy bBo7

0 I g~ 0 = g~ O &=
= T = T r = &~
-
3
- Nl
=
=2,
o
Ceob
|
g D €
L (SN)S
C - L - OMH 29 Ainp 22
L
— ulw |
a
IMl
)
e
a5
i el @O QW
. @
(t) D = HNVO_




63

lengths, The determination of fo(P) is also more difficult for the
shorter sampls lengths,

Similarly, the lower sequence of diagrams is for the S wave (NS)
of the Turkey earthquake at HKC, Spectrum (2) is considered to be the
best although!?o(s) and fo(s) can be recovered from either of the three
sample lengths, provided that the suggested increase of Q(w) at
f >~ ,01 he is attributed to the low dynamic magnification of the long-
period instrument compounding the lower reliability of the spectral
data at these periods, The spectral shift of fo(P) with respect to
fo(S) can also be seen by comparing the high frequency terminus of the
I%(P) line and thef%jS) lire, This and similar analyses of sample
length variations for other phases indicate that, in ganeral.(2° can be
estimated to a factor of 2 (+ .3 logarithmic units) and f, can be
estimated to & factor of 1,5 (+ ,2 logarithmic units) from the spectral
data, |

In Figure 9b, three noise spectra are compared to the&lc-fo
approximation of the S-wave spectra rresented in Figure 9a, The
spectrum labeled N1 has been obtained from a sample length equal to
that used to obtain the S-wave spsctrum labeled 1 in Figure %a, and
similarly for N2 and N3, All sample lengths have been chosen from the
several minutes of record just prior to the S wave presented in
Figure 9a, These nolse spectra have been corrected for instrument
response and seismic attenuation in the same manner used to obtain the
S-wave spectira in Figure 9a, For pericds greater than 10 seconds, the

signal-to-nolse ratio is gquite favorable, but for periods less than 5
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Figure 9b, Comparison of three noise spectra with Qo-fo approximation
to the S-wave spectrum presented in Figure %a,
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seconds, the long=period S-wave spectral data are not reliable,

For the data considered in this study, the choice of sample length
is the major uncertainty in the spectral determinations ofIlo and f_,
A sample length of several times the period corresponding to fo is
generally necessary for a reliable determination ofl?o. While this
criterion is generally met, the resulting sample lengths often include
multiple arrivals and source/station crustal reverberations, These
effects are not explicitly accounted for and are regarded as the major
source of "noise,"” Some of these factors will be discussed in more
detall following a presentation of the observationzl results,

References to P waves or P-wave spectra will always mean the P
Wave recorded on the vertical instrument, Similarly, references to S
waves or S-wave specira imply S waves recorded on the horizontal
components, In gemeral, the one horizontal component receiving the
predominance of SH motion will be the one under consideration., The
spectra as they appear in the remainder of this chapter are corrected
only for seismic atienuation following Julian and Anderson (1968) and
the instrument response, The garthqunkos considered here are large
enough so that fo ¢ 0,2 Hz in all cases, The Q structure of Julian
and Anderson (1968) affects amplitudes in this frequency range hardly

at all,
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ANALYSIS OF THREE EARTHQUAKES

In this section, we will present body=-wave signals, their spectra,
and a summary of the spectral parameters derived from them for the
three strike slip earthquakes mentioned previously, Determinations of
seismic moments and source dimensions calculated from teleseismic body-
wave spectra and field evidence will be noted for each event as a part
of the presentation of data, With the basic resulis of this study in
hand, we will then discuss the several corrections to the spectral
approxilations_ﬂ% end f (including the effects of radiation pattern,
geometrical spreading, crustal transfer function, multiple arrivals,
and directivity function) necessary to obtain M and r, Together with
a discussion of the accuracy of the field measurements, we can then

assess the errors of the several estimates of Mo and r,

Borrego Mountain, California vake

This earthguake occurred in the San Jacinto fault zone in southern
California on April 9, 1968, and had a (local) magnitude of 6,4, Its
33 km fault trace consisted of two northwest-trending, en-echelon
glements. The maximum horigzontal slip on the northern segment was 38
ca and on the southern segment was 20 cm, Vertlical displacements were
generally small but locally had values of up to 20 ca (Allen et al,,
1968),

The aversge displacement § is taken to be 30 cm, approximately %

of the maximum horizontal displacement umax’ this choice is in accord
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with the relationship of average displacement to maximum displacement
for theoretical fault models as noted by Brune and Allen (1967), The
vertical displacement 1s neglected., The fault length L is taken to be

33 kn, and the shear modulus is taken to be 3.3 x 10~

dyne-cm, The
depth of faulting is taken as 1l km, the hypocentral depth of the main
shock given by Allen and Nordquist (1972), With these parameters,

M (F) = 3.6 x 10%? dyne-cm, and %(F) = 17 kn, The sone of intease
aftershock activity defined a fault length of 45 km (Hamilton, 1972),
Although this need not imply that slip resulting from thas main shock
actuslly occurred on the 45 km segment, the choice of L = 33 km may be
underestimated by a factor of 1,3, The depth of the despest aftershock
that occurred along the broken segment was 12 km (Hamilton, 1972)
compared to the choice of h = 11 km,

To determine Ho and r from teleseismic body=-wave specira, 8 P
waves and 4 S waves (both horizontal components) have been analyzed,
The long-period P and S signals are presented in Figure 10, and the
resulting P-wave spectra are presented in Figure 11, both as azimuth
plots with respect to the local strike of the San Jacinto Fault
(N 48° W), The ) ~f, fit to the P-wave spectra is indicated by the
dashed lines, The short-period dats are important with respect to the
determination of fo(P), since fo(P) (.,1-,2 Hz) occurs at frequencies
somewhat higher than that of the peak response of the long-perilod
instrument,

Figure 12 represents the S-wave spectra with the!?o-fo fit 4n

dashed lines, Because of the spectral shift of fo(S) with respect to



fo(P), fo(s) occurs very close to the frequency of peak response for
the long-period instrumentation, fo(S) eould be defined on the basis
of the long-period data alone (with the possible exception of SKS
S(NS)). This circumstance was fortunate since good short-perlod data
were generally not available at the stations chosen, Both P- and S~
wave spectra were obtained from sample lengths less than 65 seconds,

A summary of(lo and f_ of both the P and S spectra 1s given in
Table 2, along with the determination of M and r using (42) and (43)
or (4%) and (45), The radiation pattern correction was made on the
basis of a vertical plane striking parallel to the San Jacinto Fault
(N 48° W), Table 3 summarizes the average moment and fault length
determinations; references to Brune imply the use of (43) or (45),

Also listed are estimates for r and Ao computed from the models of
Berckhemer and Jacob (1968) and Kasahara (1957), The fault length
estimated from these models is low by a factor of 4 from the observed
fault length, In contrast, the fault length estimated from £,(S) and
(43) or fo(P) and (45) are in good agreement with the observed lemgth
of surface ground breakage, the average S-wave fault length being about
30% high and the average P-wave fault length being about 20% low,
Individual variation of fo(P) can be grossly correlated with azimuth
from the fault plane's strike; this will be presented in the discussion
below, Similarly, the seismic moments as computed from the P-wave and
S-wave spectra are consistent with each other and agree with the moment
computed from the field data, the field moment being low by a factor

of 2-3,
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figure 11, P-wave spectra, Borrego Mountain earthquake, presented with
respect to azimuth of fault trace, N 48° W, Solid lines are
spectral data from long-pericd instrument; points are spectral
data from short-period instrument, a convention t¢ be used in
Figures 12, 14, 15, 17, and 18 as well. Vertical scales are
Logyg amplitude spectral density (cm-sec); horizontal scales
are Log)n frequency (Kz).
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Figure 12, S-wave spectra, Borrego Mountain earthquake, Horizontal
instrument component as indicated,
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Table 3

Summary of Seismic Moment and Source Dimension Determinations,

Borrego Mountain Earthquake

Surface rupture

Aftershock zone

P wave (Brune)

S wave (Brune)

P wave (Kasahara)

P wave (Berckhemer
and Jacob)

*h = 11 km

**h = 12 km

M

1025 dyne=cm

3.6
4.9
10,

6.6

Source Dimension
L/2,
km

17

14

23

4.3

Area

363*

615

1460

53

58
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Mudurnu Valley, Turke uake

This earthquake occurred on July 22, 1967 on the Anatolian Fault
in northwestern Turkey; it has been assigned a magnitude M of 7,1.
Eighty kilometers of fresh faulting attributed to this event were
accompanied by a maximum horizontal (right-lateral) displacement of
190 cm and e maximum vertical (north side down) displacement of 120 cm
(Ambraseys and Zatopek, 1969), While these authors noted that
rreliminary results indicated a focal depth of less than 10 km, this
estimate is subject to considerable uncertainty and, in any case, need
only locate the point of initial rupture, On the basis of this event's
similarity (in terms of its magnitude, seismic moment, and fault
length) to the Iran earthquake (see below), it is felt that a more
reglistic depth of faulting is 20 km, Taking h = 20 km, L = 80 km,

i = 240 kn, a.nd/J-B.BxlOlldyne-mz

26

» M (F) for this event is
estimated to be 7.4 x 10°° dyne-cm; %{F) is taken to be 40 km,

To estimate the seismic moment and source dimension from
teleseismic body-wave spectra, 13 P waves and 8 S waves (5 stations)
have been analyzed, The long=-period P waves are presented with respect
to étation azimuth in Figure 13; the strike azimuth of the preferred
slip plane (D, P, McKenzie, personal communication) is as indicated,

On the focal sphere, this plane is given by @ = 93°, § = 90°,

The resulting P-wave spectra are presented in Figure 14, The
Q-f_ fit has not been included (nor will it be for the remainder of
the spectra to be presented), so that the trend of the data can be

discussed without reference to the choice of approximation, Generally,
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the spectral amplitudes increase with decreasing frequency until
frequencies of 4=6 x 10-2 Hz are reached. In this frequency range,
there is a definite tendency for the spectral amplitudes to attain
maximum values, which are interpreted as I}o.

The effect of short sample lengths can again be illustrated by
comparing sample lengths (Figure 13) with resulting spectra (Figure 14)
for the P wave of the Turkey earthquake at statioas BUL, KOD, HKC, SHK,
and MAT, Certainly, the sample length chosen for BUL excludes the
majority of P-wave motion, As expected, Ilo is relatively low, by a
factor of 2=3, By consequence of the iZo-fo rit, fo(P) is
correspondingly higher (see discussion below), But even this
obviously poor choice of sample length still yields ﬂ%-fo data that are
not dramatically inconsistent with other estimates, On the basis of
our experience with P waves at HKC (Figure 9), we might also suspect
that G%(P) is underestimated at MAT and SHK, since the sample lengths
chosen were relatively short, (Note the narrow agimuth range for HKC,
SHK, and MAT, Figure 13; the P wave at MAT could rot be unambiguously
followed for times longer than that indicated,) Particularly at MAT,
the matching of short= and long-period data is not good, but the
consistency of the long-period data for MAT, SHK, and HKC (1) (Figure
9a) is remarkable, The suggestion here is that Ho(ﬁ%) and r(fo) have a
sufficlently marked effect that they are recoverable from a relatively
wide range of sample lengths,

Sample lengths chosen for long=-period P waves were generally near

60 seconds; spectral amplitudes were computed only for f » ,02 Hz,
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while it would be desirable to have spectral data at lorger periods to
define 2 o Moxe adequately, it is felt that the trend of the data in the

frequency range 4=6 x 1072

Hz is real, Values of Q (P) and f _(P) are
listed in Table 4, together with the resulting MO(P) and r(P)
determinations,

S-wave spectra are presented in Figure 15, (The S waves for the
Turkey and Iran earthquakes are not presented for economy of space,)
For the S phase, longer sample lengths have been necessary to define _Qo

and f_ adequately, fo(S) is in the range 2-3 x 1072

Hz, with the
exception of GDH (NS) (Figure 15 and Table 5), shifted toward lower
frequencies with respect to fo(P). in accord with Figure 8, Sample
lengths vary from 80-120 seconds, the longer sample lengths undoubtedly
including the ScS arrival for stetions with A3 60°, The SeS arrival
at HKC can be clearly seen in Figure 9, Values of .QO(S) and fo(S) are
listed in Table 5, together with the resulting M (S) end x(S)
determinations,

A summary of the seismic moment and source dimension
determinations for this earthquake is presented in Table 6, The
correction has been made on the basis of the fault plane solution of
D, P, McKenzie (personal commmication), The agreement between the

several estimates for either parametar is excellent,
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Station
(Phase)*
HKC (NS)
HKC (EW)
BUL (NS)
BUL (EW)
WIN (NS)
WIN (EW)
sIB (EW)

GIH (NS)
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Table 5

S-Wave Spectral Data, Turkey Earthquake

_(20 fo T !'!o
26

-1 Hz km 10" dyne-cm

10 cmr=sec 10™

2,0 3.0 L3 8.9
2.5 2,1 62
0.63 2,6 50
2,9 3.0 43 15.1
2,5 2.5 52
2,1 2,9 k5 7.4
: B 2.8 46 3.6
1.3 4.0 33 7.6

*Epicentral distance, station azimuth data in Table 4,

E(S)

x 107" ergs

2.8

8.0

1,7
37

4.8
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Dasht-e-Bgzaz. Iran, Earthguake
This earthquake occurred on August 31, 1968 in east-central Iran;

it has been assigned a magnitude of 7,2, It is associated with 80 km
of east-west faulting, accompanied by a maximum harizontal (left-
lateral) displacement of 450 cm and a maximum vertical (north side
down) displacement of 250 em, A prelimimary estimate of the focal
depth of the main shock indicated it was less than 15 km (Ambraseys and
Tchalenko, 1969).

Crampin (1969) located aftershocks of this earthquake using S-P
times and azimuth determinations based on the relative amplitudes of
the S waves recorded on horizontal components, He obtained focal
depths of 20 km for events located in the center of the fault zone and
focal depths of 25 km for events at the extremities of the observed
ground breaksge; the locations were estimated to be accurate to 5-10
km,

With a depth of faulting of 20 km, the fault surface has an area
of 1,6 x 107> cu?, An estimate of & = 340 cm is used to obtain
MO(F) = 18, x 1026 dyne-cm, and %(F) = 40 knm,

Body-wave spectra have been obtained from P waves recorded at 16
WWSSN stations and from S waves recorded at 6 stations, The P waves
are presented with respect to station azimuth in Figure 16, The strike
azimuth of the preferred slip plane (from the focal mechanism solution
of Niazi, 1969) is indicated, The P-wave spectra are presented in
Figure 17, and values of .QO(P) and fo(P) for them are given in Table 7,

along with determinations of M o(P) and r(P), S-wave spectra are
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presented in Figure 18, and values of QO(S) and fo(S) are given in
Table 8, together with determinations of HO(S) and x(S),

The Iran earthquake and the Turkey earthgquake had comparable
magnitudes, moments, and fault lengths, As would be expected, the
spectral parameters .QO(P,S) and fo(P,S) for these two events correlate
in a similar way., The P-wave spectra for this event are somewhat
different from those of the Turkey earthquake in that the former do

2¢ £¢2x107

not decay so rapidly in the range 6 x 10~ Kz, That is,
the rate of spectral decay (¥) for £ » f, appears to increase from
approximately 1 to 2 near 4 to 5 seconds for most of the P-wave
spectra obtained for the Iran earthquake, While it is tempting to
interpret this in terms of small ¢ (Brune, 1970), the S-wave spectra
for this event do not display the corresponding feature, Sample
lengths chosen for signals from this event were similar to those chosen
for the P and S waves of the Turkey earthquake, Table 9 gives a
summary of seismic moment and source dimension determinations for the
Iran earthquake, The RBP correction has been made orn the basis of the
Niazi (1969) fault plane solution, Agreement between the several
estimates for r is good, but moment determinations vary somewhat more

than for the previous two earthquakes,
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Table 8
S-Wave Spectral Data, Iran Earthquake

Station Ro - r M ES(S)

-2

(Phase)* 107} cn-sec 10 “Hz km 10°" dyne-em  x 1021 ergs

HKC (NS) 2.3 3.0 43 3.5 43
HKC (EW) 69 5.8

SmB (NS) 4,0 2.2 59

SIB (EW) 4,0 1.9 68

MAL (NS) 1,6 3.0 43 6.4 1.4
MAL (EW) 1.7 2.8 46

PTO (NS) 2,0 2,8 46 14,5 6,0
PTO (EW) 2.5 2,8 46

GDH (NS) 1.6 3.0 43 10.5 3.9
NOR (NS) 2,2 2.5 52 2.5 1.3
NOR (EW) 1,0 4,0 33

*Epicentral distance, station azimuth data in Table 7,
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DISCUSSION

Moment Determination from Teleseismic Body-¥ave Spectira

To determine M , it 1s necessary to correct the values of .Qo
(Tables 2,4,5,7,8) for the radiation pattern, geometiriczl spreading,
and crust and free surface effects, To sample the source at a single
point (8,p) on the focal sphere, it is also necessary to remove all
(multiple) arrivals other than the direct wave, The recorded signal
can be expescted, for example, to contain substation crustal
reverberations, near-source free surface reflections (pP,sS yete,),
secondary arrivals (for imstance, PcP,ScS) as well as the direct wave,
S waves in the radial direction are often followed by relatively strong
S-coupled P waves (Chander et al,, 1968),

The radiation pattern correction (Rg,) for the P waves is
particularly difficult to make with confidence for these three
earthquakes, The ray geometry for radiation emanating from a shallow,
vertical strike-slip fault in a spherical layered Earth is such that
direct P waves reaching teleseismic stations (A3>40°) depart from the
source with small angles (< 28°) relative to the (vertical) dip of the
fault plane; accordingly, these stations are close to nodes in the
P-wave radiation pattern (Ben-Menahem et al,, 1965), Radiation pattern
nodes are relatively unstable with respect to fault-plane geometry;
that is, small changes in the fault plane orientatlion can lead to large

relative changes in ﬁ,,.
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Fer the data rresented here, P-wave speciral amplitudes near the
conputed nodes are only rarely as weak as expected from the
calculations, This general result can be indicated by a comparison of
the computed values for .(20 and ﬁe 0 (Tebles & and 7)., There is no
gereral correlation of ﬁo? and P-wave spectral amplitudes, despite the
fact that R, varies over 2 orders of msgnitude, (The expected
variation of signal amplitude over the range 35°¢ A ¢ 80° due to
gecmetrical spreading (Julian and Anderson, 1968) is relatively small
and can be ignored for the purpese of this comparison,) The only
long=-period P signal that really seems to possess modal spectral
amplitudes is NAT (August 31, 1968), It is also worth noting here that,
while the longe-period spectral amplitudes for this signal are depressed
by a factor of 10 relative to other P signals for the Iran event, the
short-period spectral amplitudes are not,

Nuttli and Gudaitis (1966) bave made similar observations, They
point out that the expected nodal behavior of long-perlod P-wave
amplitudes is gemerally confined to the first half cycle; the amplitude
of the second half cycle remained relatively large, even near nodes,

In that the .Qo approximation arises from several cycles of the long-
period sigrel, we would expect thet moment determinations based on body
waves near point scurce nodes would be teo large, i,e., overcorrected for
Rep. Accordingly, we have not attempted o moment determination when
19.' wes less tham 0,05, With this restriction, the RMS errors of the
moment determinations are relatively amall, 18%, 41% and 49% for the
P-wave moments of the California, Turkey and Iran esarthquakes,
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respectively,
The node in the SH radiation pattern for rays reaching teleseismic
distances from a shallow vertical strike-slip source is not so

profound, For this source geometiry, 1?" (P) is proportional to sin2

I

and R,, (SH) 1s proportional to sin 1, vhere 1 1s the takeoff angle

h
measured from the upward vertical direction at the source; for these
data the takeoff angle is within + 30° of 180°, For the earthquakes
conslidered here, the SH waves are more reliable for Mo determinations,
but the distance range and station azimuth for recording stations are
more restricted because of the ScS arrival and S-coupled P waves,
respectively (see below), For other source geometries, for example
dip-slip motion on & fault plane dipping 45°, P waves would be near a
maximum and the SH waves near a node in the radiation pattera for
signals recelved at teleseismic distances, This is the case for the
San Fernando, Califormia, earthquake of February 9, 1971 (Wyss and
Hanks, 1972). A reliable moment determination should in general
include analysis of both P and S waves,

The correction for geometrical spreading (Julian and Anderson,
1968) 1s straightforward and has a relatively small error assoclated
with it, provided that A3 35° so that the signal 1is not sensitive to

upper mantle structure (Helmberger and Wiggins, 1971), No attempt has

been made to remove the crustal transfer function for an individual
station since the local crustal structures are generally not well
enough known, In the selsmic moment determination, an average

correction to the long-period amplitudes for the combined effect of the
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free surface and crust was made by dividing 'Qo by 2.5. The error
associated with this assumption is probably small,

No attempt has been made to extract reflected (pP or sS) or
multiple arrivals from the direct wave, The theoretical, point-source
effect of pP, sS, is to degrade the spectral amplitudes by a factor of
W= 2n/T for periods long compared ‘o 2h/a,B, where h is the depth of
the point source and the cholce of o or B depends on whether the P or S
wave is being considered, The applicabllity of this result for a large
shallow earthquake (r » h/2, where h/2 = average depth of any point
source) that ruptures the surface, however, is not stralghtforward,

The predicted effect for periods greater than 2-3 secands (P) and 3=5
seconds (S) is not apparent in the spectra presented,

In the case of the S waves for the Turkey and particularly the
Iran events, it was generally necessary to take a sample of 100=120
seconds to define f_ and Ro adequately, Almost all S waves analyzed
have been at epicentral distances 50°¢ & & 65° so that the ScS-S time
is maximal (A= 50°, ScS=S ~ 160 seconds; A = 60°, ScS~S = 100 seconds;
A= 70°, SeS=S = 60 seconds (Richter, 1958)), Most S waves have been
chosen at stations £ 60°, but for the few S waves at A » 60°, the
necessity for longer sample lengths for the Turkey and Iran earthquakes
will include at least part of the ScS phase, Similarly, .QO(P) is often
based on a signal that iIncludes PcP, No effort has been made to
extract 1t; unless phase differences are exactly right, Ro should be
somewhat overestimated, by no more than a factor of 2, This error is
comparable to that assoclated with the choice of Q.
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An zdditional restriction on the use of S waves at teleseismic
distances involves the shear=-coupled P wave, This complicated arrival
(Chander et al,, 1968) can be avoided by choosing S waves for which
elther the back-azimuth is closely parallel to one horizontal component
or the SV-radiation is close to a node, In this way it is possible to
isolate the majority of SH motion, Almost all of the HO(S)
determinations have been estimated from SH-spectral amplitudes,
corrected for the SH-wave radiation pattern., In a few cases where the
above conditions were not fulfilled, we have taken a vector sum of the
two horizontal components, subtracting the expected SV motion from
both, The error associated with the correct 1dent1f1ca.tion‘ of the SH
motion is probably less than a factor of 2,

The major error in any moment determination from teleselsmic
body-wave spectra is associated with ﬁw. The other errors are
aprroximately a factor of 2 or less, With use of both P and S waves,
the likely error in a moment determination from teleseismic body-wave
spectra, averaged over a large enough number of non-nodal stations,
should be no more than a factor of 34, Agreement to this accuracy
between Mo based on body waves and M by based on surface waves is easily
obtainable (Wyss, 1970; Wyss and Hanks, 1972).

Moment Determination from Field Data
The error associated with MO(F) -/uﬁA is mostly related to
uncertainties in u, The shear nodulus/.( should be regarded here as a

"stiffness" measure of the source volume, which should not depend
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seriously on local (and perhaps severe) varistions very close to the
fault surface, It can be determined quite accurately with shear wave
velocity measuremenis in the source region,

The fault length and width (depth) can be estimated from surface
rupture and aftershock distribution reasonably well, The fault area
A = Lh can probably be obtained to g factor of 2, In the case of the
California earthquake, the area 1s known somewhat better, The largest
uncertainty is connected with the choice of u, In the case of the
Parkfield, California, earthquake, the displacement at depth must have
been larger than that observed at the surface hours after the event
(Aki, 1968; Haskell, 1969), although subsequent creep motion
accumulated surface displacement of about half the amount estimated for
greater depth (Smith and Wyss, 1968), A reasonable exror that could be
assoclated with the estimate of u from surface displacements is a
factor of 2-3, The error associated with MO(F) should be no more than

a factor of 3-5, an error similar to that expected for MO(P,S).

The Corner Frequency Determination

A consequence of a source moving with a finite velocity is that
the radiated energy will be focused in the direction of Propagation; fo
in the propagation direction will be high compared to fo in the
opposite direction, For a source of constant amplitude moving
uniformly with rupture velocity Y., this azimuth dependence can be
predicted from the directivity function of Ben-Menahem (1961), Figure

19 is a plot of fo(P) against station azimuth for the three earthquakes
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considered, The strike azimuths of the preferred slip planes are also
indicated, f_(P) seems to be most closely related to the strike
azimuth (in the sense of the directivity function) in the case of the
California earthquake, although the maxima/minima for fo(P) appear to
be shifted 5-10° counterclockwise with respect to the strike azimuth,
The small number and scatter of the data, however, are only suggestive
of rupture propagation from southeast to northwest,

The other two earthquakes are not so simple, The Turkey
earthquake has maxima in fo(P) at both ends of a line shifted
approximately 30° clockwise to the strike azimuth, The maximum to the
southeast is not so well-defined as that to the northwest. In addition,
the three points between 180° and 200° are hardly consistent for such
a narrow azimuth range, but, as noted earlier, fo(P) for BUL is
probably overestimated, In the case of the Iran earthquake, fo(P)
appears to have a maximum at northern azimuths but this is based on
only two points; the lack of data to the south precludes an estimate of
its relative strength,

These data, however, are not well=-suited for a quantitative
assessment of the effects of source finiteness, The azimuth plots are
somewhat misleading; basically, the signals from which the fo(P)
determinations were obtained traveled in a direction normal to the
plane of these figures, rather than in these planes, This effect might
be important in the case of a complex rupture, particularly one that
rropagated in the vertical as well as the horizontal direction,

Another factor i1s that the fo(P) data lle in a frequency range where
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the gross crustal structure can be expected to introduce some error,
For the data presented here this represents some difficulty since the
identification of maxima and minima in Figure 19 relies on a
relatively few stations,

In an earlier section, it was suggested that the cormer frequency
determination for any spectrum could be made with an uncertainty of a
factor of 1,5, Figure 19, which includes effects of source finiteness
and m:'usta.l transfer functlon, suggests that this is a reasonable
average uncertainty,

One further point with respect to the determination of f - should
be noted, In approximating spectral data by an Q of, fity £ in
general will be overestimated if Q o 1s wnderestimated, and conversely;
this is merely a consequence of the geometry of the mtersectmg
asymptotes (Figure 8)., In the case of NAT P (August 31, 1968), the
long-period data are plainly suppressed relative to the short-periocd
data (Figure 17); thus Qo is underestimated and the choice of f_ is
definitely high relative to fo for other. P-wave spectra for this event
(Table 7)., For this reason fo(P) NAT has not been included in the x(P)
determination for the Iran earthquake, Similar remarks are applicable
to the S wave from the Iran earthquake at HKC (EW) and the P wave from
the Turkey earthquake at BUL, although the effect is not so dramatic,

Two other uncertainties involve the conversion of T, to r, The
first of these is the scaling of fo for a rectangular fault, The
second involves the use of (45), rather than the argument of the

directivity function, to determine r, A discussion of these factors is
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postponed untll all the source parameter determinations are summarized,.
The field estimate for L probably has only a small error assoclated
with it, For the Turkey and Iran earthquakes, the fault width estimate

should not be in error by more than a factor of 1.5,

SUMMARY OF SEISMIC MOMENT AND SOURCE DIMENSION ESTIMATES

Generally, determinations of the parameters seismic moment and
source dimension agree well with estimates of the same quantities
obtained from the field data (Tables 3, 6 and 9), For the California
earthquake, we have obitained an average seismic moment from P-wave
spectra, ﬁO(P) = 10, x 1020 dyne-cm, an average seismic moment from
S-wave spectra, ﬁo(s) = 6,6 x 1020 dyne-cm, and & seismic moment from
field data, M (F) = 3,6-4,9 x 10°° dyne-ca, depending on the choice of
fault length, With respect to the estlimated errors, the agreement is
considered good, The agreement is also good for the fault length
determination; I(P) = 14 km, T(S) = 23 kn, %(F) = 17 kn, If the fault
length defined by the aftershock sequence, 45 km, is correct, r(P) is
low by a factor of 1,6,

For the Turkey earthquake, we have obtained ITIO{P) = 9,1 x 1026

26

dyne=-cm, ﬁo(s) = 8,5 x 10°° dyne-cm, and MO(F) = 7.4 x 1.026 dyne=-cnm,

The agreement here is excellent, much better than the error estimates
would lead us to expect, The agreement in fault length determination
15 also excellent: ZT(P) = 39 km, Z(S) = 48 km, and %(F) = 40 kn, For

026

the Iran earthquake, we have obtained M _(P) = 4.8 x 10°° dyne-ca,
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M (S) = 8.6 x 10%° ayne~cm, and M (F) = 18 x 10%° dyne-cm, The
spectral moment determinations for this event are lower than the field
moment by a factor of 2-4, Fault length determinations for this
earthquake are in relatively good agreement: x(P) = 51 km, r(S) =
48 km, and Z(F) = 40 km,

Several additional points are worth making in 1light of the
generally good agreement between the several estimates for the seismic
moment and source dimension, First, ITIO(P) and ITIO(S) agree with each
other at least as well as elther agrees with MO(F) for the three
earthquakes considered, This observation suggests that the exrrors
associated with MO(F) may be somewhat larger than the errors associated
with M_(P) and M (S); this might be the case if the error in R, is
reduced by averaging over a large enough number of statlions, With
respect to ﬁo(P) and ﬁo(S), Mo(F) for the Iran earthquake appears to be
overestimated by a factor of 2-4, On the other hand, MO(F) for the
California earthquake appears to be underestimated by a factor of 2-3,
It is felt that these errors are acceptable and that the seilsmic moment
" for these events can be rellably recovered from teleseismic body-wave
spectra,

Secondly, P-wave spectra appear to be as reliable as S-wave
spectra in recovering r, as well as i , mrovided that (45) 1s used to
estimate r from f_(P). The relations of Kasahara (1957) and Berckhemer
and Jacob (1968) between r and fo(P) do not give such good agreement
with the observed fault length, The advantages of using P waves are

several; they are uncontaiminated by earlier arrivals, and they are
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less sensitive to anelastic attenuation, In addition, the spectral
shift of fo(P) from fo(S) may make the P wave preferable for the
analysis, depending on the recording instrumentation, It should be
remembered, however, that (45) is only a plausible assumption; this
relation seems to work, within the uncertainties of the analysis, for
the three earthquakes consldered here and for the San Fernando
earthquake as well (Wyss and Hanks, 1972), Kisslinger et al, (1971)
have reported that they have been able to recover consistent source
dimensions for smaller earthquakes using S waves and (43) or P waves
and (45), It should be noted that the assumption and observational
finding (in an average semse) that £,(P)/f (S) ~ a/B camnot be
understood in terms of the shift of Xa with respect to '?(B (Savage,
1972; see also equation (13)), In fact, Savage (1972) concluded that
the corner frequency introduced by source finiteness was lower for P
waves than for S waves, assuming 'U'r = 0,98 and an average agimuth,

A general feature of the spectral results is that the P-wave
spectra are somewhat more complicated than the S-wave spectra,
particularly for the two larger earthquakes, More energy appears at
frequencies greater than fo(P) than is expected for £ 2 decay for
T fo'; the corresponding S-wave spectra do not indicate this feature,

Thirdly, the anticipated systematic error in the source dimension
determination arising from rectangular source geometry is not apparent
in the comparison of the source dimension determinations, The
disagreement should have been more obvious for the Turkey and Iran

earthquakes ( § ~ 1/2) than for the California earthquake ( § * 2/3), We
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might conclude that h is somewhat greater, perhaps 25-30 km, for the
former events, This, however, would imply that Mo(F) for these two
events would have been underestimated by approximately 50%; in the case
of the Iran earthquake, MO(F) is already high by a factor of 2-4, In
any case, the anticipated error is not serious, The geometry of
faulting of these events did not provide a crucial test for the
rectangular scaling,

Even though the average fault dimension estimates, determined from
many statlons, agree well with field observations, it is also true that
several individual estimates are high anomalous, Figure 19 underscores
this difficulty: fo(P) responds to the source-station geometry just as
I% depends on the radiation pattern, In either case, single-station
data can be misleading, particularly in the case for smaller
earthquakes for which the radiation pattern is generally not knowa,

Finally, similar analyses of earthquakes using WWSSN body-wave
data will be useful for only a limited range of magnitudes, since the
foregoing analysis and interpretation are dependent on rellable
spectral data over a relatively wide frequency range, With respect to
the long-period instrument operating at a gain of 1500, P waves for the
California earthquake were barely resolvable, while S waves for the
Turkey and Iran earthquakes were often off-scale, As such, it will not
be generally possible to obtain reliable long-period amplitudes for
both the P and S waves for events much smaller than the California
earthquake or much larger than the Turkey and Iran earthquakes, An

additional complication is that fo can be expected to increase with
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decreasing magnitude, Thus, for earthquakes smaller than the
California earthquake, f O(P) can be expected to move into the gap in
the combined short- and long-period WWSSN response while f O(S) for
events much larger than the Turkey or Iran earthquakes will be too far
removed from the long-perlod peak response to be defined adequately,

For shallow earthquakes these two phenomena effectively limit
similar analyses using teleseismic WWSSN body-wave data to events for
which 6,04 M £ 7.5, Taking advantage of the spectral shift offers
additional leeway; that i1s, P waves are preferable in both respects
for the larger earthquakes while S waves are similarly preferable for
eventa near the lower magnitude 1limit, The preference for P or S
itaves. however, is also controlled by the fauit-—plane geometry,

This magnitude restriction applies only to the use of body waves
from shallow earthquakes at WWSSN stations, Surface-wave spectra have
been used with much success for source parameter determination of
larger shallow eveats, and WWSSN body-wave spectra at small epicentral
distances should be useful for the smaller and desper events, at the
expense of a restricted sampling of the focal sphere, In general,
however, there is a clear need for higher gain, broader band seizmic

systems for similar analyses of M £ 6 events,

SAN FERNANDO, CALIFORNIA, EARTHQUAKE

The San Fernando, California, earthquake occcurred on

February 9, 1971, presumably as the result of continuing uplift of
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the San Gabriel Mountains with respect to the Los Angeles Basin,
Observed surface displacements consisted of approximately equal
amounts of vertical uplift (north side or San Gabriel block up),
north-south compression, and left-lateral offset along a zone of
surface breakage trending aprroximately east-west (Figure 20),
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FicUre 2.0, Distribution of aftershocks of the San Fernando
earthquake, in the time interval 2300 (GMT) February
10-1700 February 11, 1971. The larger open square is the
main-shock epicenter; the three smaller squares are
epicenters for three events M > 4.5. Solid triangles locate
the portable seismograph stations. Numbered solid circles
are aftershock locations with the depth (km) as indicated.
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(Hanks et al., 1971)
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The observed surface displacements and focal mechanism for this
earthquake were consistent with the tectonic setting of the Transverse
ranges in southern California (Kamb et al,, 1971; U,S, Geological
Survey Staff, 1971),

As a first approximation, the observed displacements represent
displacement on a single fault plane (the main thrust plane) that dips
approximately 45° to the north beneath the San Gabriel Mountains from
its surface expression, In detall the situation is not this simple:
both aftershock locations (Hanks et al,, 1971; see Figure 20) and
aftershock fault plane solutions (Whitcomb, 1971) indicate that this
plane is truncated on the northwest by a nearly vertical plane along
which predominantly left-lateral strike-slip motion occurred, Also, &
third region (southeast of the main shock epicenter) of shallow
aftershock depths and more random distribution of fault plane solutions
cannot be easily related to the main thrust plane, It is not known
whether the tectonic accommodation occurring in these secﬁndary regions
was initiated at the time of the main shock or rather reflects a
subsequent readjustment to the main shock,

The estimates of seismic moment and source dimension obtained from
field and spectral estimates are summarized below, I do not claim
primary responsibility for this work; a complete description of the
data and analysis is given by Wyss and Hanks (1972)., A brief treatment
of the results of Wyss and Hanks (1972) serves two purposes here: (1)
it extends the results obtained earlier in this chapter to an
earthquake having a predominantly thrust-faulting mechanism and (2) it
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provides the basis for a more detalled analysis of the faulting
mechanism of this earthquake presented in Chapter V,

The area of the main thrust plane, as defined by aftershock
epicenters (Hanks et al,, 1971; Wesson et al., 1971) and corrected for
the dip of the fault plane, is taken to be 440 km®, It is roughly
circular with a radius of 12 km, The average displacement on the
fault surface is more difficult to estimate, Veectorially combined
surface dlsplacements occasionally exceeded 2 meters, but an average
surface displacement of 1-2 meters would be more representative of all
observed surface displacements (Kamb et al,, 1971; U,S, Geological
Survey Staff, 1971)., It is reascnable to assume that displacements in
the hypocentral regions were small and gradually increased along the
fault surface in the direction of the observed ground breakage, This
would suggest an average displacement on the fault surface of
aprroximately 1 meter, Such an interpretation, however, is inconsistent
with & predominant displacement jump accompanylng an arrival inferred to
be the shear wave generated by the initial rupture in the hypocemtral
area (Chapter V), This reopens the question of displacements in the
hypocentral reglon, and avallable elevatlion data at the Earth's surface
place only weak constraints on the displacement in the hypocentral
area; displacements of 3,8 meters in the hypocentral region can be
tolerated by these data (R, W, Alewine, personal communication),

Two estimates of MO(F) are given in Table 10, The first is
obtained from the assumption of an average displacement of 1 meter on a

circular fault surface with r = 12 km, The second is obtained from a
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static dislocation model (R, W, Alewine, personal communication), This
value was obtained by summing individual contributions on the fault
surface; 1t corresponds to an average displacement of 2,1 meters on a
fault surface with area 270 Imz.

Three estimates for the selsmic moment obtained from spectral
measurements are glven in Table 10; ﬁo(R ,L) has been obtained from
surface wave analysis performed by K, Aki (personal communication),

The three spectral estimates for M o dBTree with each other within a
factor of two; their average, 0,70 x 1026 dyne-cm, is a factor of 2-3
lower than the values estimated from the field data and static
dislocation models, In terms of previously discussed errors, this is
satisfactory agreement, but in view of the relatively detailed results
for this earthquake, it would not be overly optimistic to expect
better agreement,

The spectral estimates of the source dimension agree well with the
assumption of a circular fault area with radius 12 km, but these
estimates all involve & larger area than used in the static dislocation
models, A possible explanation for both the spectral moment and source
dimension determinations is that the far-field radiation sensed a
slightly larger area than was necessary to explain observed elevation
differences, Displacements on the periphery of this area and away from
the hypocenter were small compared to displacements more centrally
located on the fault surface, thus reducing the average displacement on
the entire fault surface, If these peripheral displacements were such

to make the average displacement on the fault surface approximately
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1l meter, better agreement can be obtained with the spectral estimates

of seismic moment,
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Chapter IV

STRESS DROP, EFFECTIVE STRESS, RADIATED ENERCY,

AND HIGH FREQUENCY SPECTRAL AMPLITUDES

INTRODUCTION

In the first part of this chapter, estimates of the stress drop
and radlated energy are presented for the four earthquakes considered
in the previous chapter, In the case of the San Fernando earthquake,
there is some evidence that the effective stress was greater than the
stress drop, The problems assoclated with reliable determinations of
high frequency spectral amplitudes at teleseismic distances for
earthquakes of this size (or smaller) are then summarized, These
observational uncertainties are compounded by theoretical uncertainties
related to the generation of high frequency radiation, Two such
problems are considered from a conceptual point of view., The first of
these involves the evaluation of the source finiteness function when
displacement on the fault surface is not taken as a constant, The
second of these involves an alternate physical interpretation of

incomplete stress drop as modeled by Brune (1970),
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STRESS DROFS

Stress drops for the three strike-slip earthquakes have bsen

computed on the basis of

M (corrected from Brune
Ao, = 1= (51)
l6 ¥ (1970) by Brune (1971))
and
Ao, = 3 4 ‘.*.Eﬂ (Knopoff, 1958) (522)

where h is the width (depth) of the fault plane, For the San Fernando
sarthquake, Wyss and Hanke (1972) estimated the stress drop from the

field data with

e B (Keilis-Borok, 1959) (52b)
A, = T/

The results are gliven 1n Table 11, together with the average seismic
moment and source dimension determinations for each of the four
earthquakes,

Within the accuracy of the stress drop determinations, these
earthquakes have stress drops of the order of 10 bars, The stress

drop of an earthquake must represent a minimum estimate of the tectonic
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stress operative to cause the event (in the absence of "overshoot"), as
well as a minimum estimate of the material strength in the vicinity of
the source, It follows that if the material strength across the
rupture surface was much greater than 10 bars, these earthquakes did
1little to relieve the tectonic stress that caused them, The
uncertainty here is to what extent the stress drop determinations,
averaged over the whole fault surface, represent local conditions of
fallure,

In the case of the San Fernando earthquake, the stress drop
estimated from the teleseismic shear-wave spectra is 21 bars (Wyss and
Hanks, 1972), approximately five times less than the estimate of 100
bars given for the effective stress by Trifwmac (1972a), The fractional
stress drop € (2) is then approximately 0,2,

Figure 21 is an inferred composite S-wave spectrum at Pasadena for
the San Fernando earthquake, The long-period level .QO(S) is based on
the teleseismic observations reduced to 45 km; it has been obtained
from (22) using the average value of MO(S). The high frequency
terminus of ﬂo(s) is the average determination of fo(S), 0.1 Hz, The
actual determination of ‘Qo(S) at Pasadena, even if the appropriate
instrumentation had been on scale, would have necessitated the removal
of the near-field terms, The so0lid line in Figure 21 represents
spectral data obtained from the very low gain (4x) Wood-Anderson (NS)
seismogram operating in Pasadena,

The sloping dashed lines in Figure 21 represent, asymptotically,

the cases € = 1 and €= 0,2, The short-period data are intermediate
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with respect to these two cases, The high frequency data may also be
represented by a line passing through fO(S) and having a slope of
approximately -1,6, Similarly, the teleselsmic S-wave spectra for this
event (Wyss and Hanks, 1972) indicate that spectral amplitudes do not

-2

decay so fast as £ = in the frequency range 0,1 ¢ f ¢ 0,5 Hz, 4An

average falloff for teleseismic S-wave spectral amplitudes in this
frequency range is £71+5, Both the teleseismic observations as well
as Figure 21 are consistent with the interpretation that the effactive

stress was several times greater than the stress drop,

ESTIMATES OF RADIATED ENERGY

The following relation is used in the determination of the
radiated energy for the three strike-slip earthquakes

EPS): TS o q) Rz»,nani(z?,s) .
? Rl P.5)
(53)

3
LIRS [+ 533), ¥r1s.
This result follows from the application of (27) to either of the
jdeglized P- or S-wave spectra presented in Figure 8, As for (28),
(53) is based on the integration of the spectral asymptotes with a
factor of two divided out, Egquation (53) is for an arbitrary power
falloff (f-x) of the spectral amplitudes for f > f ; ¥ must be greater

than 1,5 for the energy integral (27) to converge,
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The choice of P or S and @ or B depends on whether Es is to be
determined from the P or S phase, I(F,S) is the spatial integration of
the P-, S-wave radiation pattern about the source, Because the
earthquakes considered are essentially surface sources, it is assumed
that half of the energy of the observed signal is energy reflected from
the free surface at the source; this is accounted for by dividing
1(P,S) by 2, I(P) = 4 /15, and I(S) = 24 /15 (Wu, 1966), The value
chosen for I(S) will include both SV and SH motion in the radiated
energy estimate, although generally _QO(S) is determined from only one
horizontal component, This estimate is assoclated with only a minor
error, It is presumed that Qo and £ are corrected for all propagation

effects other than geometrical spreading and the radiation pattemn,

£, Ry* M, &
Then the quantity (—#—) in (53) can be replaced by ( yve e @3) .
e

The ratio of ES(P)/ES(S) can be constructed from (53), assuming

that ¥ is the same for both the P- and S-wave spectra

E(P) _ TP« Q.(P) Ry (), (P) )
(S

E.(3)  T(S)eh (S R5e(s)f ()

For ﬂ: (P)- ﬁ:q; (5)/-0:(5) ﬁ;,(P) = PS/G(S (i,e., equations (9),
(42), and (44)) and for fo(P)/fo(S) = a/8 (i,e., equations (43) and
(45)), (54) reduces to
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with the use of the values of I(P) and I(S) given above, In this
circumstance ES(P) is less than ES(S) by a factor of approximately 20,
and it is no large error to neglect ES(P).

For the three stike-slip earthquakes, E_(S) has been evaluated
using the Qo(s) - £ (S) data obtained at individual stations, These
results are given in Tables 2, 5, and 8, In these calculations ¥ has
been given a value of 1,7, that obtained for the composite S-wave
spectrum for the Borrego Mountain earthquake at Pasadena (Figure 22),
This value of ¥ increases the energy by a factor of about 2,2 over that
obtained when ¥ = 2,0, Average determinations for these three
earthquakes are given in Table 11,

For the San Fernando earthquake, (28b) is used to estimate the
radiated energy, From Figure 21 and (28b), a minimum value for E, 1s

1,5 x 10°1

10, x 10°% ergs. The Gutenberg-Richter energy estimate is obtained

ergs (the £ = 1 case), For the € = 0.2 case, E_ 1s
from the revised version of (36)

log Egp = 9.9 + 1,9 1 - 0,024 1 2, (56)
For the San Fernando earthquake, M = 6.4 (the value of M, = 6.6 glven

originally by Allen et al, (1971) has been corrected to M, - 6.4 by

Allen et al, (1972)); then B = 1 x 102 ergs, which agrees well with
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the spectral estimate of E_ when ¢ = 1, Trifunac (19722) estimated Eg
from the horizontal components of the strong-motion record at Pacoima
Dam to be 1,7 x 10°? ergs, This agrees well for the spectral estimate
of B when £ = 0,2, Since the € = 1 fit underestimates the short-
period spectral amplitudes by approximately a factor of 2, this
estimate for Es is probably low, The result obtained from the Pacoima
Dam accelerograms and the result obtalned at Pasadena for the £ = 0,2
case suggest that the energy radiated by the San Fernando earthquake
was approximately 1022 ergs,

Table 11 underscores the hazards of using energy-magnitude
relationships to estimate the radlated energy, The spectral estimate
of radiated energy for the San Fernando earthquake is a factor of
10-100 greater than that for the Borrego Mountain earthquake, despite
the fact that both are assigned local magnitudes of 6,4, In addition,
the spectral estimates of radiated energy are an order of magnitude
smaller than the Gutenberg-Richter estimates for the three strike-slip
earthquakes, although it should be remembered that these spectral

estimates of the radiated energy are very nearly minimum estimates,

DISCUSSION OF SOURCE PARAMETER DETERMINATIONS

OBTAINED FROM OBSERVED DISPLACEMENT SPECTRA

In the previous chapter, it was demonstrated that the source
parameters selsmlic moment and source dimension could be obtained

fairly reliably from body-wave spectra obtained at teleseismic
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distances for intermediate magnitude earthquakes. There 1s, in
addition, sﬁme indication of source propagation effects, in the sense
of the directivity function, Earliler in thils chapter, 1t was noted
that several lines of evlidence support the interpretation that the
effective stress was greater than the stress drop for the San Fernando
earthquake, i,e., £ < 1. The most compelling evidence for this
interpretation, however, was obtained from close-in observations,

In terms of the spectral parameters for the earthquakes
considered, the data that can be obtalned from the WWSSN are not
particularly well-suited for the reliable determination of high
frequency (f » fo) spectral amplitudes, The difficulties involve the
poor resolution of this system in the period range of 3-5 seconds,
uncertainties in the crustal transfer function for most stations, and
the severe effect of anelastic attenuation on the teleseiamic
transmission of frequencies greater than ~ 1 Hz, It may be reasonably
anticipated that more detailed analysis, particularly with respect to
the crustal transfer function, will provide more reliable high
frequency spectral amplitudes, On the other hand, the effects of
anelastic attenuation are only poorly understood; this difficulty
affectively limits the determination of spectral amplitudes at
teleseismic distances to frequencies less than ~ 1 Hgz,

A more promising approach appears to be the use of close-in, low
magnification instruments, Very little data of this sort exist, but
important results have been obtained from them (Aki, 1968; Trifunac and

Brune, 1970; Trifunac, 1972a,b)., In the case of the San Fernando
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earthquake, the Pacoima Dam accelerograms, as well as the low
nagnification Wood-Anderson seismogram, provided critical data for the
determination of high frequency spectral amplitudes and thus for the
estiﬁates of the effective stress and radiated energ& mentioned above,
As a summary statement at this point, it is fair to say that the
source parameters seismic moment and characteristic source dimension
may be rellably obtained from the gross spectral properties of the
far-field shear displacement radiation, It is observationally true
that these source parameters can also be obtained from the P-wave
spectra, but the observational result that fo(P)/fo(S) ~ 1,7 (for
@ =3 B) cannot be reconciled with the P-wave corner frequency
determined by X, within the dislocation formulation (assuming that
v 8 8). This observational result has also been reported by
Kisslinger et al, (1971) and a similar result (f (P)/f (S) = 1.8) is
obtained on the average for 164 aftershocks of the San Fernando
earthquake (Brian Tucker, personal communication), At least in the
case of compressional radiation, the tentative conclusion appears to
be that the source finiteness function within the dislocation
formulation does not correctly predict spectral amplitudes at
frequencies comparable to and somewhat greater than fo(P). For the
observational results presented in the previous chapter, there was no
necessity to include the effects of source finiteness to determine r,
For the earthquakes considered, the spectral data obtained at
teleseismic distances were marginal with respect to a critical

examination of the effects of source finiteness and the mechanism
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for generating high frequency radlation, In the following sections,
two problems concerning the generation of high frequency radiation are

investigated from a2 conceptual point of view.

THE VARIABLE AMPLITUDE DISPLACEMENT DISCONTINUITY

sin K
X

for the directivity or source finiteness function was obtained only

Earlier in this thesis, it was pointed out that the result

with stringent limitations on the propagation of the displacement
discontinuity on the fault surface, namely that the displacement

discontinuity propagated with uniform velocltiy and uniform amplitude
sin X
X

result is altered significantly by merely assuming easily imaginable

in one direction, In this section it will be shown that the

variations in displacement along the fault surface, although to assume
a variable amplitude displacement discontinuity propagating with
uniform veloclity in one dimension is still likely to oversimplify
fault motion,

The determination of the spectral properties of the radiated field
of a smoothly propagating (in one dimension), variable amplitude
displacement discontinuity may be discussed in terms of (10), The
problem reduces to an evaluation of the integral (in the case of the
S wave)

L Lh)i g

—t—g?(%\e o ds

-]
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for any cholce of £(35) and a comparison of the result to that for the
sin?‘:a

K

¥hile the use of several simple forms for £{$) and subseguent

constant amplitude case, (12).

analytic evaluation of the integral would suffice to 1llusirate the
effects of variable £(%), the observed displacement data on actual
fault surfaces suggest that the general approach should be to replace
the integral by 2 sum (or = sum of integrals), The first method is

chosen here; let

e -tefe N - twonAt
] N0

Here nlt is the time delay corresponding to $¢p/v, with NAt = Lgafu,s

n may be comsidered as dimensionless distance slong the fault surface,
the total distance N being made up of N .mdivi.dual elements, The term
2, represents the anplitude of the displacement discentinuity at the

Ben element, & Z 0. must equal one in the same sense that £(%) = 1,

M0

Subseguently, the BHS of (57) will be referred to as the discrete
directivity sum, IDS,

Figure 23 (a,b,and ¢) is the evaluation of DDS for six
‘displacement models (i,e,, six distributions of a ), The displacement
models are drawn in the top of each figure; the ordinate is relative
displacement in arbitrary units, and the abscissa is nﬂt or
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alternatively, distance along the fault surface, For all of these

nodels, At = 0,01 sec and N = 100; that is, =96 - 1. The evaluation
.

r

of DDS for the corresponding displacement models is drawn below, Here
each ordinate unit is one logarithmic unit, each curve passing through

1 in the low frequency limit; the abselssa is logarithmic frequency

(Hz)., The bottom curve (labeled 0) is the standard, 5_”_‘_X_E , Tesulting
Ke
from the constant amplitude displacement discontinuity, For events

0-5, the dashed line has slope of -1, the high frequency asymptote of

sin XQ, A "corner frequency” fo is defined by the intersection of the
e

dashed line with the low frequency asymptote of value 1 and slope zero,
The features of special interest in Figure 23 are the variation of (fe
and the positioning of the high frequency minima as a fuimction of the
assumed displacement model,

Events 1 and 2 (Figure 23a) may be considered as two (equal)
element fault models and events 3 and 4 (Figure 23b) may be considered
as four (equal) element fault models, In Figure 23a, the most dramatic
difference from the 0 curve is in the first minimum, For event 2 it 1s
essentially absent, and for event 1 it would likely go unnoticed.

Event 2 behaves, with respect to the amplitude of the first minimum of
DDS, as if the left-hand half of the fault did not exist, Note that
for event 2, all of the odd-numbered minima (1,3,5...) of event O are
essentially filled, The shift in a(‘, 1s less dramatic; if the left-hand
half of model 2 was set to zero amplitude, [ﬁ,(z) would be twice A%(O).

This is not the case for the situation in Figure 23a; &(2) x 1,3 tP"(O)'
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A similar situation occurs in Figure 23b, For these four element
models, only every fourth minimum is a true zero, For event 4, with
relative displacement of 411, the difficulty of practically identifying
the other minima agein arises, For this model ac'n(b-) ¥ 2,2 (ﬁ,(o).
Event 5 (Figure 23c) is another four element fault model, Again only
every fourth minimum is a true zero, although the shift in corner
frequency is not so great; &.(5) ~ 1,4 J—‘,(o),

The results so far indicate that it is a relatively simple matter
to £i11 in the predicted minima of Sl_;‘(fé . The relative positioning of

the true zeroes is dependent on the varilation of displacement over the
fault surface, A shift of 00., by a factor of 1,5-2.0 is also easily
accomplished resulting in an increase of radliated energy of a factor
of 3-8,

Model 6 indicates more dramatic amplitude variation, The
displacement model is based on the twenty values of strike-slip
displacement along the Coyote Creek Fault that Allen et al. (1968)
give for the Borrego Mountain, California, earthquake, Here the L,
asymptote 1s not reached until much higher frequency, if in fact it is
established in the frequency interval presented, The asymptote a has
slope -1 and results in (ﬁ,(éa) * 3.4 £o(0). The asynptote b has slope
=0,8 and results in A)"(GD) 1.8 fo(O). In either case significantly
larger amounts of energy are radiated, For event 6, every third
minimum is pronounced, although slightly shifted with respect to the
0 curve, This is roughly consistent with the observation that the

dominating amplitudes are confined to about 1/3 of the "fault,"



133

Event 6 is a particularly dramatic 1llustration of deviation from
the é%%z result, What is not certain, however, is whether the

observed surface displacements accompanying the Borrego Mountaln
earthquake are representative of dlsplacements on the fault surface at
depth, There is, at present, no way to ensure that this is the case,
and it may be argued that near-surface conditions accentuate average
variations of displacement along the fault surface, On the other hand,
it is difficult to argue that relative displacement variations of
perhaps several factors of two do not exist along fault surfaces of

moderate to large earthquakes, These are sufficlent to alter the
finiteness factor from the &%3‘. case,

Moreover, varlations in rupture velocity, or more generally
nonuniform At increments, provide for a similar result, That is, one
can minimize destructive interference by randomizing the prhase of the
individual elements, as well as their amplitudes, In either case the
result is the same: J% is driven to higher frequencles and more energy
is radiated,

In fact; the conventional dislocation model can radiate
arbitrarily large amounts of energy for earthguakes with a given
seismic moment M_ and final source dimension (r). The mechanism by
which it may do so is the very large stress drops that arise from large
variations of displacement over sufficiently small dimensions, The
amount of energy radiated may, however, be constrained by placing an

upper bound on local stress concentrations, This discussion is
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developed in more detail below,

AN ALTERNATE VIEW OF THE EFFECTIVE STRESS

The possibility of a reverse stress acting on the fault surface
was considered by Brune (1970) to account for the accumulating evidence
that the stress drop and minimum estimate of the radiated energy can be
extremely small for small magnitude earthquakes, The basic idea is
that the shear stress operative to accelerate any particle on the fault
surface (al - af) could be considerably larger than the stress drop
(o) = az), due to rremature arrest of slip, Brumne (1970) modeled this
by the application of a reverse stress (62 - o'f), although the
mechanism by which this reverse stress 1s generated was not specified,
As such, the idea of applying a reverse stress is perhaps the least
physically tenable aspect of Brune's (1970) model, but it is closely
related, in terms of its predicted effect on spectral parameters, to a
propagating displacement discontinuity that "rises" and "locks" on a
dimension smaller than the final source dimemsiom,

In Figure 24a the asymptotic features of the far-field shear
displacement spectra for two fault models have been constructed from
the dislocation formulation, Both fault models are assumed to have the
sane source area and same fault length L, but are assigned differeat

values of seismic moment, The spectra of Figure 24a have been
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constructed from (17)

: - Q,(s) 8n¥ simXg (17)
u (R, ) (s) 5 Xo

with Y = %UTand 'ﬂ,@ = .35% . The value of XP is obtained by

assuming an infinite rupture velocity and the RMS value of <¢o0s6,(0,7),
For model 1 of Figure 24a, the rise time | is assumed to be
approximately 0,7 %, With this assumption, ¥ and ')(P are approximately
equal in an average sense; thls model has only one corner freguency
(denoted as £ in Figure 2ia),

For model 2 of Figure 2la, it is assumed that T ~ 0,7 %, where
{ « L, The interpretation here is that the source displacement rises
and locks on a dimension { small compared to the final source dimension
L, as the rupture propagates along the fault surface, For this
circumstance, the two corner frequencies are separated, the "rise time"
corner frequency being shifted by a factor of % from the "finiteness"
corner frequency, This model 1s assigned a seismic moment £ times that
of model 1; thus .QO(ZJ = ¢ .Qo(l) and 32 = Eﬁl' where u is the average
slip on the fault surface, since both models are assumed to have the
same source area, |

Figure 24b plots the asymptotic features of Brune's (1970) source
spectra, Model 1 is the case of complete stress drop, € = 1, Model 1

of Figure 24b is assumed to have the same seismic moment, fault area,
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and corner frequency f_ of Model 1, Figure 24a, Model 2 is for the
case of £< 1; i1t has been given the same fault areas of Model 1 and a
seismic moment such that .QO(Z) = E.Qo(l) is also true for Figure 24b,

Figure 24 suggests that the idea of incomplete stress drop as
modeled by Brune (1970) has the same effect on the source spectra as
does the idea of a small rise time within the dislocation formulation,
To make this analog, it has been assumed that the "finiteness" corner
frequency given by either model is the same, As discussed in
Chapter I, this is not the case, but it is a reasonable first
approximation for approximately circular faults that develop
sufficiently rapidly, To complete the analogy, the parameter € is
identified with -L’-g. It remains to supply this quantity with a physical
interpretation within the dislocation formulation, The physical
interpretation presented below is guided by the observation that, in
Brune's (1970) model, £ is the ratio of two stress differences,

For Model 2 of Figure 24a, two different stress drops may be
imagined, The first of these is the usual concept of the stress drop
Aa,

where jﬁ is a proportionality constant, It is essentially a static
quantity, measurable in principle in the absence of seismic radiation

at any time after the occurrence of the event, A stress drop may also
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be defined on the basis of

where Jea is a proportionality constant, The idea behind (59) is that
the displacement on the fault surface rises from zero to 1'32 over a
distance {; it defines a stress difference Ac, associated with the
rupture front, or the emplacement of rupture, If it is further assumed

Ac ~ & (60)
Ac,

which reduces to (2) if As, 1s intermreted as 0 ;.
It must be emphasized that equation (59) need be little more than
dimensicnally correct, It 1s not clear that a result such as (58) may
be applied to individual elements when they are sufficlently close
together and in this case connected, In addition, the assumption that
displacement occurs and locks on a time scale (dimension) small
compared to the total time for faulting to develop (final fault length)
and thereafter is unaffected by subsequent motion elsewhere on the
fault surface is physically unrealistic, It should be noted, however,

that the dislocation formulation also contains this difficulty

whenever | &« _Lé_ .
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On the other hand, the idea of a stress difference assoclated with
the emplacement of rupture has several interesting possibilities, In
the ideal situation sketched in Figure 24, it yields the same effect
on the far-field shear displacement spectrum as does the incomplete
stress drop; thus it is an alternate physical interpretation of the
situation that Brume (1970) modeled in terms of an application of a
reverse stress over the entire fault surface, It is a mechanism for
generating local stress differences of whatever magnitude 1s necessary
to maintain continuing rupture, even when the earthquake results in a
very low final stress drop, The idea of a continually diminishing Ac,
as the fault grows provides a plausible mechanism by which faulting may
cease, This may be imagined as happening not because u changes
significantly but because { increases as the ruptured area increases,
This possibility suggests that AG, would be the largest at the point
of initial rupture; its magnitude is constrained only by the local
breaking strength of rock,

Given the numerous stress quantities of current seismological
interest, there is some obligation to justify the introduction of yet
another, The idea of a stress drop associated with the emplacement of
rupture as presented above 1s basically conceptual; it is unlikely to
be represented so simply by (59), even if the assumed fault motion is
approximately correct and the basic idea is approximately correct, A
second limitation is that its effect on the far-field shear
displacement spectra is basically the same as that of incomplete stress

drop as modeled by Brune (1970), These admitted shortcomings suggest
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an investigation of close=-in data of a moderate-to-large earthquake
that warrants, if not demands, an explanation in terms of local

conditions of failure, This is the subject of the next chapter,



141

Chapter V

THE FAULTING MECHANISM OF THE SAN FERNANDO EARTHQUAKE

AND IDENTIFICATION OF THE INITTIAL RUPTURE RADIATION

INTRODUCTION

Earlier in this thesis various aspects of the San Fernando,
California, earthquake (February 9, 1971; M - 6.4) were discussed in
connection with a brief summary of its seismic source parameters, A
wilde body of geological, geophysical, and seismological results
relevant to this earthquake were available at an early date (Grantz,
1971). These results are being brought into considerably sharper focus
(for example, Oakeshott, 1972) by investigations being carried out at
many institutions, In this chapter, the mechanism of faulting for the
San Fernando earthquake is considered with the object of identifying
the emplacement of rupture as a discrete event,

Figure 25 is a map view of the area affected by the San Fernando
earthquake, The dotted line encloses the aftershock area, and the
heavy symbols denote the epicenters of aftershocks with magnitude (ML)
4,0 or greater (Allen et al,, 1972). The Sylﬁar Fault segment (S) and
Tujunga Fault segment (T) are indicated by the heavy broken lines, The
line AA' is the surface trace of a schematic vertical cross section
presented in Figure 26,

The simplified mechanism of faulting for the San Fermando

earthquake that will be considered in this chapter is the following,
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Rupture was initiated at depth beneath the San Gabriel Mountaims in
the hypocentral area, Allen et al, (1972) place this at W° 24,7' N,
118° 24,0' W, at a depth (h) of 8,4 km, There is some uncertainty in
the depth determination; a depth of h = 12 km will also be considered,
These two possible locations of the emplacement of rupture are
indicated by the stars at h = 8,4 kmn and h = 12 km in Figure 26, The
rupture then propagated along the schematically illustrated fault
plane(s), upwards and to the south, until it ruptured the Earth's
surface in the San Fernando-Sylmar area, The aftershock distribution
(Hanks et al., 1971; Wesson et al,, 1971; Allen et al,, 1972) suggest
that rupture also proceeded in a northerly, downdip direction,
although this may not have occurred immediately, These aftershock
distributions are also grossly consistent with either of the fault
surfaces sketched in Figure 26,

The emplacement of rupture is presumed to have generated elastic
radiation identifiable as a compressional phase Pl and a shear phase
Sl' The identification of these phases on the Pacoima Dam
accelerograms will be discussed below, but it may be suspected that
such an identification will imply a localized source in the
hypocentral area with a not inconsiderable offset, If this is the
case, the ruptured area must have grown two dimensionally to gemerate
the observed surface breakage.

The development of surface faulting is presumably accompanied by
the generation of elastic radiation, the breakout phases, Savage
(1965) reported that the breakout phase is "a particularly energetic
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event” in model studies, He also reviewed several studies of
earthquakes for which the identification of the (compressional)
breakout phase might be llkely, but concluded that no positive
~identification could be made, The difficulty in these studles was
that the hypocentral depths and thus pP delay times were too poorly
known,

In this study, a relatively good fix on the point of initial
rupture is anticipated on the basis of the local hypoceatral location,
(Allen et al,, 1972), the identification of the initial rupture phases
at Pacoima Dam, and the identification of plP at teleseismic distances,
Even so, local (i,e,, at Pacoima Dam) identification of discrete
breakout phases can be expected to be compllicated by the presence of
the free surface, the short distance to Pacoima Dam, the low velocity
sediments which make up most of the presumed path, the two-dimensional
growth of the faulted area, and the probability that the surface
faulting may well have taken several seconds to develop, as well as
the usual difficulties of identifying secandary arrivals on an
already complicated seismogram,

Allen et al, (1971) suggested this mechanism in preliminary form
by simply observing that the hypocentral location would yield the point
of initial rupture, Bolt and Gopalakrishnan (1972) have investigated
this mechanism in terms of infexred arrivals on the Pacoima Dan
accelerograns, but thelr interpretation explained only the first
cne=third of the Pacolma Dam accelerograms, In this chapter, these

records are interpreted differently than was done by Bolt and
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Gopalakrishnan (1972), and the results are supplemented with

teleselsmic observationms,

THE PACOIMA DAM ACCELEROGRAMS

The Pacoima Dam accelerograms are presented in Figure 27, The
basic observational interpretation is superimposed on these records in

the form of the arrival identificatioms Pl

triggering of the instrumentation is taken to be Pl' Figure 28

presents ground acceleration, velocity, and displacement for each of

» Sy Ay B, and C, The

the three components of the accelerogram, The five arrivals picked in
Figure 27 are superimposed on the traces of Figure 28, The ground
velocity record, obtained by integrating the acceleration record, is

a convenient measure of the lower frequency content of the acceleration

record, These arrivals are discussed in more detail below,

The Initial Rupture Phases

The P, arrival at 0,0 sec (in the following discussion, time will
be measured from the triggering of the Pacoima Dam instrumentation) is
presumed to have triggered the instrument instantaneously, The large
anplitude, high Trequency (~10 cpe) writtes immeliately cu the
vertical component of acceleration (Figures 27 and 26b) suggests this
is a reasonable assumption, Upon being triggered, the drum speed is
established within 0,1 sec (D, Hudson, personal communication),

The S, arrival time has been chosen primarily on the basis of the

1
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rapid changes in ground velocity and displacement that affect all
components at approximately 2,5 se¢., A particularly impressive aspect
of the ground displacement records is the displacement of several teas
of centimeters that occurs at Pacoima Dam between 2,5 and 3,0 secs,
The direction of this motion is primarily to the porth and up

(Figure 28), This result is difficult to reconcile with the static
displacement at Pacoima Dam, which is presumably to the south and up,

This northerly displacement following the S, arrivel can, however, be

1
explained in terms of the far-field radiation lobes of a point source
at the hypocenter, For this circumstance Pacoima Dam is in the
radiation lobe of the force whose direction is up and to the north
(Figure 26), This is true for a wide range of hypocentral depths and
fault plane dips in the hypocentral area,

This explanation assumes that the source dimension of the initial
rupture event, which gemerates Pl' Sl' is sufficiently smaller than the
hypocentral distance (15-20 km) for the far-field radiation pattern to
apply. The source dimensien r is estimated to be 5 km in a later
section, |

In addition, this explanation ignores the observations that
between 2,0 and 2,5 sec ground displacement is proceeding in a
southerly direction (Figure 28c), This reflects the smaller but not
insignificant accelerations between 1,8 and 2,5 secs (Figures 27 and
28)., This may represent S, —> P conversion or perhaps a small
precursor event, The significance of this radiation is here considered

to be minor compared to the rapid changes of ground acceleration,



152

velocity, and displacement that occur at 2,4-2.5 sec,

The arrival time of S, is taken to be 2.4 secs, The Sl-JP1 time

1
is then 2.4 sec, which may be converted to a distance from Pacoima Dam

with the relation

ts-t9=%—(%‘1) (61)

Here 'I:s-tp is the Sl-Pl time, and R is the distance between the
location of the initial rupture and Pacoima Dam, The compressional
wave velocity a is assumed to be equal to 5,6 km/sec, and the shear
wave velocity B is assumed to be equal to 3,3 km/sec, For S,-P, =

2.4 sec, R = 19 kilometers, The distance from the hypocenter given by
Allen et al, (1972) to Pacoima Dam is approximately 13 km, Assuming
the same epicenter, this distance increases to 16 km for h = 12 kn and
to 18 km for h = 14 km (Figure 26),

Since the hypocentral area is assumed to be the locatlon of the
initial rupture, these results suggeat a somewhat greater hypocentral
depth than that indicated by the computer location, Alternatively, one
could suppose that the phase denoted as Sl is misidentiflied as shear
radiation emanating from the hypocentral area, At this point, the
first alternative is preferred, There is a several kllometer
uncertainty in the hypocentral depth determination, and the fault plane
solution (Whitcomb, 1971) for this event suggests that the dip of the

fault plane in the hypocentral area should be near 500. This requires
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that the hypocenter be deeper than 8,4 km, if the near surface dip of
the fault plane is considered reliable, Moreover, the reflected phases
p P and s,P observed at teleseismic distances (see below) suggest a
depth of 12-15 knm,

In summary, the identification of the phases Pl and Sl as the
compressional and shear radiation resulting from the local emplacement
of rupture seems to be a reasonable interpretation, The Sl'Pl time
suggests a hypocentral depth of 12-15 km, somewhat deeper than that
glven by Allen et al, (1972), but consistent with the depth suggested
by the observations of p,P and s,P at teleselsmic distances (see
below), This interpretation is a consistent explanation of the
polarity of ground motion at Pacoima Dam following the arrival of Sl'
The Breakout Phases

In this subsection and in the next section, we shall be concerned
with identifying radiation emanating from the rupture of the Earth's
surface, the breakout phases, as they are written on the Pacoima Dam
accelerograms and on WWSSN seismograms at teleseismic distances, The
rimary difficulty in attempting this identification is that the
spatial and temporal origin of these phases are umknown, whereas the
origin of the initial rupture phases was constrained by the location
of the main shock hypocenter, It will be plain that the identification
and interpretation of these phases is not unique and for that matter
not likely to be correct, at least in detall, On the other hand, the

incentive to investigate these phases, even in a cursory manner with
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limited data, is strong, given our present lack of documentation and
understanding of them,

The approach in this investigation is 10 use the Pacolima Dam
accelerograns to estimate the time at which the rupture of the Earth's
surface was initiated, This origin time provides the basis for the
identification of compressional radistion emanating from the rupture
breakout at teleselsmic distances, While the teleselismic observations
are consistent with those inferred from the Pacoima Dam accelerograms,
this consistency may be fortultous due to several circumstances
discussed in more detall below.

The phases A and B (Figures 27 and 28) are assumed to be the
compressional and shear radiation, respectively, of an event possibly
assoclated with the rupture of the Earth's surface, The phase A 1is
identified as compressional radiation on the basis of its high
frequency content, A general feature of accelerograms such as these
is that arrivals of compressiocnal Vra,d.ia.tion are depleted in lower
frequency energy relative to the assoclated shear radiation (an
observation pointed out to me by J, N, Brune), A compariscn of the
low frequency content of Sl to Pl' using the velocity and displacement
records of Figure 28, illustrates this point,

At first glance, the identification of A as compressional
radiation seems premature in that the amplitudes on the horizontal
traces are several times larger than those on the vertical trace, Such
a situation, however, would be expected in the case of a near-surface

source, from which elastic radiation travels a nearly horizontal path
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to Pacoima Dam,

The identification of B as the shear radiation associated with A
is consistent with the source-station geometry suggested above, This
phase 1is particularly well-developed on the vertical component which
should record primarily shear radiation for the suggested ray path,
This arrival is also strong on the S 74° W component, but it is
preceded by a more gradual rise in acceleration in the half-second
prior to the time as picked in Figures 27 and 28, On the S 16° E
component, the arrivals A and B are obscured in the velocity and
displacement recoxds,

The small S-P time (1,0 seconds) implies that this event is close
to Pacoima Dam, provided that the interpretation that A and B
represent the compressional and shear radlation, respectively, from
the same event is correct, The use of @ = 5,6 km/sec and g = 3,3 kn/
sec gives a hypocentral distance of 8 kilometers for this event, If
this event i1s located along the locus of observed surface faulting,
however, much of the ray path to Pacoima Dam is through the low
velocity sediments at the base of the San Gabriel Mountains, At a
depth of 12,000 feet in the subsurface model C (Olive View Hospital)
of Campbell et al, (1971), a = 3.56 km/sec and B = 2,14 km/sec, For
these velocities 1 second of S=P time is equivalent to a hypocentral
distance of 5,4 km, This hypocentral distance is reasonable for an
event situated on or near the locus of observed surface faulting in
the vicinity of its intersection with AA' (Figure 25),

The identification C marks the arrival of a longer pericd,
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longer duration signal, Presumably, these are surface waves assoclated
with the rupture of the Earth's surface, but there is no way to
establish this, If this is the case, the rupture front may not have
propagated to the Earth's suxface at the time of origin of the event
generating A and B,

A final observation is that ground displacement at Pacoima Dam,
which has been to the north and up, begins to reverse direction between
the arrivals A and B, This suggests that the rupture front is passing
somewhere beneath Pacolima Dam at this point in retarded time and is
approaching but has not yet intersected the Earth's surface, This
reversal in ground direction 1s well-established by the time of
arrival C,

These general observations suggest that the develoment of
observed surface faulting may have begun as early as the origin time
of the event gmera.ﬂng A and B, A maximum average rupture velocity
may be obtained with the difference in origin times for this event and
the initial rupture event, and with an estimate of the distance
traveled in this time, These origin times are presented in the next
section; taking the initial rupture event to be at a depth of 12 km
and estimating the distance traveled to be 18 km yields a maximum
average rupture velocity of 2,9 km/sec, A likely minimum average
rupture velocity may be obtained by using the arrival time of C minus
a second as the origin time of the rupture breakout, This time
(6.3 seconds), together with the origin time of the initial rupture

event, ylelds an average rupture velocity of 2.0 !m/sec.
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OBSERYATIONS AT TELESEISMIC DISTANCES

Rays leaving a shallow source arrive at teleseismic distances
(40° ¢ & ¢ 80°) with a small angle of incidence ({ ¢ 28°)., For
compressional radiation, the particle motion is parallel to the arc
of the ray path, which means that compressional radiation from such a
source should affect mainly the vertical component of the recording
system, What is inferred to be eompressiﬁna.l radiation at the
receiver, however, need not have left the source as compressional
radiation, e,g., the reflected phase sP, The following discussion
will be concerned with the arrivals Pl' plP, slP, and a compressional
arrival assoclated with the rupture of the free surface, henceforth
denoted as P2. The arrival slP 18 expected on the basis of the
significance of SV motion contained in Sl'

A simplified ray geometry is sketched in Figure 29, Since the
takeoff angles 1 (measured from the downward vertical direction) are
small and have a small range (18°$ 14 280) for 80°» A » 40° for a
realistic Earth model, it is no large error to assume that all rays
emerging at teleselsmic distances depart from the source with the same
takeoff angle, 1 = 230. For the same reason, it is assumed that the
reflected phases plP and slP leave the image source with the =ame
takeoff angle, Then the plP and slP delay times relative to the first

motion Pl are

t - h/cosi 2i
PlP e (1 + COs t) (62)



Surface Main Shock
Ruptures Pocoima Dam Epicenter

Figure 29, Simplified geometry of rays departing from the initilal
rupture and breakout sources to reach teleseismic distances,
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top - “_/;_S(o_é v eos2i) . (63)

It has also been assumed that slP and plP travel the same path, The
time delays for these phases are given in Table 12 using a = 5,6 km/sec
and B = 3.3 km/sec,

To compute the Pz-Pl delay, both the real time separation of the
two sources as well as the time delay arising from different locations

must be estimated, The expression used is

P T AR (64)

X ol

where tpz i1s the delay time of the P2 arrival relative to the Pl

arrival, t2 and, tl are the origin times of the events generating P2

and P,, respectively, and AR is the extra distance traveled by P2 to

1
reach teleseismic distances, In the second term of the RHS of (64),
o is again taken to be 5,6 km/sec, The distance delay AR may be
estimated from the simplified sketch of the ray geometry presented in

Figure 29, HNote that P, travels a greater differential ray path to

2
northern azimuths than it does to southern azimuths, The distance
delayAR is given for three azimuths (north, east and south) and for
two hypocentral depths (h = 8,4 km and h = 12,0 km) in Table 12; the
path difference is symmetric about the cross section of Figure 26,

which is oriented approximately north-south,
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Table 12

Approximate Delays of the Arrivals plP, slP. and P, Relative to P

2 1
Distance Delay, km Arrival Delay, sec
Arrival
h=284kn h=12kn h=28M4kn, h= 12 kn
p,P 15 22 2,7 3,9
5P 15 22 3,8% 5.4%
P, (north) 13 16 8.0° 9.2%
_ , .
P2 (east,west) 7.9 v | Tk 8.3
B, (south) 2.8 6.0 6.2 2.4
lrron (62)
ZFrom (63) _
3rrom (64) and (67a)
4

From (64) and (67b)
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It remains to specify t_ -t

5=ty The origin time for each event is

computed with

t. = P - R: (65)

where ti is the origin time of the event generating Pl or PZ' Pi is the

arrival time of Pl or P2 at Pacolma Dam, R N

Pi from its inferred origin to Pacoima Dam, and ay is the compressional

wave velocity appropriate to the path Ri' Two values of tl are

is the distance traveled by

estimated, one for h = 8,4 kn (Rl = 13 km) and one for h = 12 km

(nl = 16 kn), Then with P

= 0,0 and a = 5.6 km/sec

tl = -2,3 sec, h= 8,4 km (66a)
t, = -2.9 sec, h= 12,0 km , (66b)

It is assumed here that P2 at teleselsmic distances corresponds to the

arrival A at Pacoima Dam and that A is generated by a surface source
at the intersection of the observed surface faulting and the line AA',
Then P2 = 4,9 sec; the use of R, = 5.4 km and a, = 3.6 km/sec ylelds
t27= 3.4 sec, Then

tz-tl = 5,7 h = 8.4 km (67a)
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t2- 1 = 6.3’ h - 12.0 Im . (67b)

The arrival delays of P2 at teleselsmic distances are given in Table 12
for three choices of azimuth and the two choices of h, using (67) and
the estimates of AR given in Table 12 in equation (64),

Figure 30 is a selection of short-period vertical seismograms
written by the San Fermando earthquake at teleselsmic distances, The
records on the left hand side of this figure are for northern azimuths,
and the records on the right hand side of this figure are for eastern
azimuths, The KIP (Kipapa, Hawail) record is included here as well,
given the anticipated east-west symmetry, The arrivals of Pl' plP,

P, and P, are estimated with the symbols 1, 2, 3 and 4 respectively,.

1 2

These arrival times relative to Pl are summarized in Table 13,

together with distance-azimuth data for the statlons used in Figure 30,

5

The general features of Figure 30 are a relatively sharp first
motion (Pl) followed in 4-5 secs by a generally discernible phase
1dentified as plP. In the subsequent several seconds, a phase with
pariods and amplitudes generally comparable to or greater than those
for P, arrives, This is inferred to be P_, but the estimate of its

1 2

arrival time is generally obscured by what is thought to be s,P, This

1
latter phase has been inferred on eight of the sixteen records in
Figure 30, but its identification 1s generally marginal,

The results tabulated in Table 13 suggest that P2 arrives earlier
at eastern azimuths than it does at northern azimuths; this

qualitatively agrees with the simplified ray geometry sketched in
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Figure 30, Vertical short-period WWSSN seismograms of the San Fernando
earthquake, Numbers denote inferred arrivals as described in
the text,
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Table 13

Azimuth

degree

339

23
23
25
26
32

70
71
260
96
102
104
132

Time Delay, seconds

PP

4,0
4,9
4,2
4.5
4,5
b.5
L,6
4.9
4,4

4,6
4,5
5.2
4.7
4.9

slP

6.0
7.9
7.5

7.0
7.6

7.3

7.1
6.5

¥a

9.5
Pl
9.3
10.5
9.1
9.0
9.0
10,2

9.1

8.0
3.4
9.8
7.8
8.3
8.5
Tad
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Figure 29 and summarized in Table 12, This agreement, however, relies

in part on the validity of the s.P arrival, At ARE, for example, only

1

the phases Pl and P2 are identified, This is the earliest arrival of

P2 for any of the stations used, but it is also the southermmost of

the stations used, At KBS, on the other hand, a relatively sharp,high
frequency phase (infexrred to be SIP) rrecedes P2 by a second or so,

lP identification is actually the

beginning of Pz. At KBS, P2 appears to be richer in longer perilods

than Pl' plP, and s.P; this is the basis for its identification here,

The question is whether this s

1
On the same basls, the P2 arrival could have been estimated up to

two seconds earlier at BLA; the maximum amplitude arrival has been
chosen here and probably overestimates the P2 arrival time, The Pé
arrival time at KIP is also late, but the explanation used for BLA is
not so obviously relevant here,

plP has been identified on 14 of the 16 records used; with the
exception of XKIP, all of the plP delay times are between 4,0 and 4,9
seconds, The average plP delay time is 4,6 seconds, The eight slP
times are between 6,0 and 7,9 seconds; this phase is not so easily
identified and its arrival time scatters more when the phase is
identified, The average s,P delay time 1s 7,1 seconds, A depth of
14 km for the initial rupture source would yleld a delay time of

4,6 seconds for p,P and 6.5 seconds for s P in terms of the simple

1
geometry of Flgure 29, These results suggest a hypocentral depth of
12-15 km for the San Fernando earthquake, in accord with the

hypocentral depth obtained from the Sl--P1 time estimated from the
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Pacoina Dam accelerograms,

The average P2 delay time at northern azimuths is 9,4 seconds and
at eastern azimuths iz 8,4 seconds, P, thus arrives, on the average,
a second earller at eastern azimuths than ai northemn azimuths, in
qualitative agreement with Table 12, Moreover, the values of the PZ
delays at both northern and eastern azjmuths agree well with those
rredicted on the basis of the 12 km ciep'th for the initial rupfure.

This latter agreement may be fortuitous in the view of the umcertainty
in the origin of the breakout phases and the difficulty in
distinguishing slP from on

In summary, the identification of the phases Pl and Sl and the
interpretation of them as the radiation emanating from the initial
rupture at 12=15 kn depth beneath the San Gabriel Mountains seems to
be a reascnable explanation of both the Pacoima Dam accelerograms and
teleseismic observeticns, With less certainty, the phases A and B may
be explained as the compressional and shear radiation, respectively,
arising from a surface or near-surface source in the vicinity of the
observed surface faulting, If the phase ¢ denotes the arrival of
surface waves generated by the rupture of the Earth's surface, the
event generating A and B is probebly not located on the Earth's surface
but is rrobably not far from 1%, If this is the case the svent
generating A and B may be related to the rupbture front having
rrogressed to the region bensath Pacoims Dam, The axrrival times of A
and B are coincidental with the beginning of a reversal of ground

displacement direction at Pacoima Danm, Teleseismic observations
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provide limited support for this identification of breakout phases,
but the agreement is fortuitous to the extent of the uncertainty in

distinguishing slP from Pz.

THE SOURCE PARAMETERS FOR THE INITIAL RUPTURE

The time-domain representation of the far-field shear displacement
pulse given by Brune (1970) for the case of complete stress drop
(€ = 1) is used to estimate the source parameters of the initial

rupture:

ulR,t,0.0) = R, %9-' pLtle (68)

Here ﬁe.p is the radiation pattern for the S wave, R is the hypocentral
distance, r is the radius of a circular fault area, t' is the retarded
time, t' = t - R/B, Ao is the stress drop, and a = 2,34 8/r. Equation
(68) is obtained from equation (15) with the explicit use of the
scaling for Qo(s) applied by Brune (1970), Figure 31 plots this
relation in nondimensional form as a function of nondimensional time,
Figure 31 and equation (68) will be used to scale the 5,
displacement pulse at Pacoima Dam in terms of a source dimension r and
a stress drop Ag. These two quantities may then be used to determine

the selsmic moment and average slip for the initial rupture, The
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Figure 31, The far-field shear displacement pulse (Brune, 1970) for
the case £ = 1,
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results below #re obtained under the following approximations,

The far-field assumption is the most uncertain aspect of this
method, It is plain that the thecretical exponential tail of Figure
31, when applied to the initlal rupture displacement at Pacoima Dam,
will be complicated by other radiation sources, in particular the
breakout phases, Fortunately, however, the quantity g may be obtained
from elther the rise time of the displacement pulse T (& ABEJ or from
the exponential tail of the displacement pulse, The small rise time
of the displacement pulse associsted with S1 (0,5-1,0 secs) implies a
distance small compared to R = 19 km, The far-field assumption will
be assessed after r is determined and the quantity r/R evaluated,

An important assumption is that the Pacoima Dam displacement
records are grossly representative of ground motion in the epicentral
area, In particular, it is necessary to assume that both the amplitude
and rise time of the displacement pulse associated with Sl at Pacoima
Dam have not been seriously dlstorted by site effects, propagation
path, and/br source geometry and prbpagation. The relatively long
periods of the ground acceleration, velocity, and displacement suggest
that the first two factors are probably not important, The third
factor presents some difficulty, Depending on the hypocentral depth
and the average inclination of the initial rupture surface, a ray
departing the initial rupture area to Pacoima Dam may travel nearly in
the plane of the fault surface (Figure 26), This implies that Pacoima
Dam is near a maximum on the S-wave radiation pattern, and no large

correction is necessary to the observed displacement for this effect,
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A more important factor is that the rise time may be affected by source
propagation, of which at least a major portion was in the direction of
Pacoima Dam,

The rise time T and displacement u for S, are estimated for each

1
component of the Pacoima Dam displacement records by measuring the
horizontal and vertical distances from the local displacement minimum
at t = 2,5 sec to the next displacement maximum, The results are

summarized in Table 14,

Table 14

Estimates of the Amplitude and Rise Time for the

Displacement Pulse Associated with S, at Pacoima Dam

i 3
Component T (sec) u (em)
s %W 0.6 20
Vertical 1,0 35
s 16° E 0.8 50

As representative of the S, phase, T is taken to be 0,8 seconds, the

1§
average of the three components, and u is taken to be 32 cm, the
vectorially combined displacement components divided by 2 to account

for the free surface amplification,
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From Figure 31, the displacement pulse peaks at approximately
TeRaos, (69)

With T = 0,8 sec, r = 5 kn, For this value of % % :

W -
ﬁ ( ‘le) - O-l? 2 (?O)
op \TR

Hithu=32m,r=5}m,ﬂ=3xlﬂndyne-cm,ﬁ w1, and R =

e
19 km, Ao = 430 bars, The average displacement on this circular fault

surface 1s given by

u, = v léfr' . Brune (1970)  (71)

&

WithAg = 430 bars and r = 5 knm, u; = 5.2 m,

The seismic moment can be estimated from Acand r using

M,= Aov® 4 Brune (1970)  (72)

For Ag = 430 bars and r = 5 kn, MO = 1,3 x 1026 dyne-cn, This value is

approximately twice that estimated for the entire fault surface from

teleseismlc observations of shear-wave spectra, The seismic moment for
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the initial rupiture is of the same value of the selsmic moment

estimated From dislocatitn wodels (1+2 & 10°° dyne-ca),

DISCUSSION

It is difficult to assess the sources of error in these estimates,
The results of Chapter III are not applicable here, and the source
parameters depend on single staticon data, The estimate for the
seismic moment of the initial rupture, however, suggests that it is
overestimated, This may be because either Ag or r has been
overestimated, If the estimated displacement at Pacoima Dam, 32 cm,
has been overestimated, the quantities Ag, ugr and M will all be
overestimated in the same proportion, If the source dimenslon r has
been overestimated, Ag increases as ;]j » Uy increases as % » and M
decreases as r, Thus, for example, if the displacement and rise time
at Pacoima Dam have each been overestimated by a factor of 2,

26 dyne-cm,

r=2,5kn, Ag = 860 bars, u; = 5.2 my and M = .65 x 10
The source dimension estimate of r= 5 km implies tha;t the initial
rupture event encompassed a significant portion (% - %—) of the entire
fault surface, though the estimate for the selsmic moment suggests
that r may be overestimated, The rise time T may have been
overestimated (and therefore r) by the approximstion used to obtain
it, since the theoretical far-field shear displacement spectra have a
discontinuous first (time) derivative at t = 0 and the rise time has

been estimated from the local minimum near 2,4 seconds on the Pacoima



173

Dam displacement records, On the other hand, the effect of source
rropagation suggests that this source dimension should be
underestimated, It should be remembered, however, that source
propagation will effect the finiteness corner freguency but not the
source displacement rise time corner frequency, The ratio of source
dimension to hypoceniral distance is approximately 1/3 - 1/4,

The tentatlive conclusion is that a large displacement and stress
drop accompanied the emplacement of the initial rupture, provided that
the S1 radiation at Pacoima Dam is a fair measure of this event and
that the Brune (1970) scaling is correct, The stress drop of the
initial rupture may have been half a kilobar, and somewhat greater 1if
the initial rupture is more localized than indicated above, Rupture
then propagated upwards and to the south, towards the area of observed
surface faulting, It should be remembered, however, that the fault
surface is developing In two dimensions, Displacement across the
fault surface evidently decayed as the fault surface grew, The seismic
monent of the initial rupture, however, constitutes a sizable fraction
of the seismic moment for the entire dislocation, just as the energy
radiated from the initial rupture will constitute a major fraction of
the total energy radiated (note the velocity records, Figure 28),

The large stress drop of the initial rupture suggests that
failure was initlated in a region with locally high strength., In
propagating upwards and to the south, the rupture is presumably
growing into lower strength areas, There is, however, no way of

knowing with the available data 1f a stress difference comparable to



17%

the initial rupture stress drop is present at the propagation front,
A local stress difference of this magnitude would be a reasonable
mechanism for continuing rupture, That rupture did not move a
significant distance In the downdip direction may be related to the
higher material sirengths encountered in this direction, requiring a
greater expenditure of energy to effect rupture and fault offset,
Alternatively, failure in the downdip direction may have been

accomplished anelastically and aselsmically,
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