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where t is the origin time of the event.

Source Finiteness Effects. In the above discussion, the

source was represented by a point source. However, if the
dislocation on the actual fault surface initiates at one
point and propagates to another pdint, the fault finiteness
and rupture velocity can become important. Ben-Menahem
(1961) has shown how the dimensions of the source and the
speed of rupture play an important role in the resulting
spectral radiation patterns. This author shows that spec-
tra from a source which radiates energy evenly as propaga-

tion occurs was modulated by the shift factor,

1X
M e R ) (5.3)
X
where
X = %2 [2 - cos(By)]

The following parameters are defined-

w = angular frequency

C = Rayleigh wave phase velocity
b = horizontal rupture length

v = horizontal rupture veldcity

= angle measured from the direction of rupture.

w
(@]
i
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However, if the source radiates energy unevenly during
propagation, then this simple modulation no longer applies.
One such method of uneven radiation can occur by having the
dislocation (i.e., moment) vary along the fault. The fact
that surface wave excitation is depth dependent means that
a fault which has a vertical component of propagation can
also give rise to uneven radiation during propagation. The
analytic modeling of such rupture would be very difficult
for a layered medium, however, we give here a numerical
approximation to this phenomena.

Numerical Approximation of a Propagating Fault. In this

section, we will present a method of numerically approxi-
mating the surface wave spectra due to a propagating rup-
ture. To do this, we will consider the fault to be
modeled by a discrete number of double couple sources
arranged spatially to reflect the length of a fault. Prop-
agation along the fault occurs by "turning on" each of the

sources sequentially at a time given by

where AS is the distance to the ith individual source
i .
from some origin and VR 1s some rupture, or propagation,

velocity that we wish to approximate. The spectra from
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each of the sources will have a different phase at some
fixed observation point. The total spectra measured at
this point will be the complex sum of the individual con-
tributions. The phase delay of the individual propagation
sources relative to the initial source taken to occur at
the origin is given by

Ry - Ry

T 0= = 2 4T
Py Clw) dg ’

where RO is the distance from the initial, or reference
source, to the exterior observation point and ﬁi are the
distances from the other sources to the observation point.
C(w) is the phase velocity. The geometry of this problem
is illustrated in Figure 5.1. From this figure, we can

write

8 _ 2 2 1/2
Ri = [dsi + RO - 2 dSiROcos(AR-eF)] s

where ds. is the horizontal separation of the ihdividual
sources ;elative to the initial source taken in the direc-
tion of rupture, AR. GF is the "azimuth" to the station
relative to the initial source. Appendix U goes into the
details of how the spectra are summed given this phase

information. Both strike slip and dip slip faulting can

be approximated with this geometry.
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Figure 5.1.

Geometry of the assumed multiple double
couple source.
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We caution here that the angle GF as defined in
Figure 5.1 is not the same angle as the angle 06 in the
complex radiation pattern term of equation (5.1), A pre-
liminary examination of Figure 1 in the Ben-Menahem and
Harkrider (1964) paper would indicate that these two angles
are equivalent, but their definition of 6 is in error. The
angle 6 should be measured positively clockwise from the
positive strike direction when viewed above the half-space.

As a check to this numerical approximation, we will
model a vertical strike slip earthquake and check the re-
sulting spectra with that calculated by the method of
Ben-Menahem (1961). This model consisted of 16 sources,
each at a depth of 20 km, with dip 90°, slip angle 0° (pure
left lateral faulting), and identical moments. The sources
were spaced at 2 km increments along the strike of the
origin source (AS=180°) SO that‘the faﬁlt length and prop-
agation length were 30 km. Spectra were computed for appar-
ent propagation velocities of 1.5, 3.0 and M.B‘km/sec at
a point in a direction 45° to the direction of propagation
in order to avoid a node in the radiation pattern of strike
'slip events. These spectra were then compared to that
calculated for a single point source with the shift term
for this fault length and propagation velocities. The

moment of the single source was taken as the simple sum of
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the moments in the discretized model. The results are
shown in Figure 5.2.

In this figure, we have normalized the amplitudes to
the values calculated for a non-propagating point source
at the depth of the source at the point of initial rupture.
By utilizing this normalization, we cancel the media source
depth effects on the spectra. The ratio shows only the
effects of the fault finiteness. In PFigure 5.2a, we see
that the directivity calculated by this numerical technique
matches very closely that given by Ben-Menahem (1961). For
propagation velocities 3.0 km/sec and greater, there is
less than 1% difference in the two calculations. We see
that the directivity is a very pronounced function in the
period range of interest for slow propagation velocities.

Now that we have shown that the directivity function
can be accurately calculated numerically, we now examine
the effect of dip slip propagation on surface wave ampli-
tude spectra. A model of a U5° pure dip slip fault was
constructed. The initial motion occurs at a depth of 20
km and propagates at a constant velocity up the fault to a
depth of 2 km. A total of 10 double couple sources were
spaced at a 2 km depth and lateral increments to-approxi—
mate this fault. The propagation distance along the fault

is 28.3 km, and the pure horizontal propagation distance is
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18 km. The spectra were calculated at an exterior point
which is in the direction of propagation. Spectra were
also calculated using the Ben-Menahem formulism for the
same parameters. All the amplitudes were normalized to a
non—propagatingvpoint source at a depth of 20 km. Figure
5.2b shows a comparison of the resulting directivities for
this dip slip case.

We sée in this figure that there is a vast difference
in the spectra computed by the two methods; The most sig-
nificant difference is the accentuation of the amplitudes
in the 25-60 sec period range. As a check as to whether
the large amplitudes calculated in the numerical case were
due to a Doppler effect or due to the non-uniform depth
excitation along the propagation length, we normalized
these amplitudes to the spectrum which was calculated using
the numerical approach when an infinite propagation velo-
city was used. This normalization cancels any non-uniform
depth excitation since'the depth distribution was identical
in both cases. The resulting directivity was almost iden-

tical to that calculated by the Ben-Menahem method and
| shown in the lower part of the figure.

We thus conclude that the effect of a source radiating
energy as 1t propagates from one depth to another during

faulting can be much larger than the Doppler effect and
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cannot be ignored when spectra due to this type of faulting
are being modeled. The depth effect on the spectra will
vary from medium to medium and from source type to source
type. No attempt was made here to catalogue this effect
for various media and propagation parameters.

Approximation of San Fernando Faulting. In the previous

chapter, we discussed the geophysical observations which
constrained the fault model geometry for the 1971 San
Fernando, California, earthquake. In this chapter, we
would like to adopt an approximation to this same geometry
to try to explain the radiation of surface wave energy from
this fault. This approximation is accomplished by using
four double-couple sources. The primary constraint for
limiting the approximation to only four sources was econo-
mic, since the forward problem had to be recalculated after
each iteration for the partial derivative matrix. However,
we consider that the approximation chosen is adequate in
light of the periods of the surface waves used. The param-
eters which describe this fault geometry and remain fixed

in the inversion are listed below.

Source No. depth(km) dip ds(km)
1 14.5 52° 0.0
2 10.5 52° 2.U49
3 6.25 35° 7.51
il 2.00 35° 14,36
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These loci of the four point sources do not lie on a
straight depth-distance line, but rather define the center
line of a fault plane whose dip increases with depth. 1In
calculating the propagation delay time for each of the

elements, the distance, Ai’ is used. Ai is given by

These distances are the straight line distances from the
initial source to the three other double-couples. The
delay time error caused by using this distance rather than
the distance measured along the curved "fault plane" is
less than 1 sec in the extreme case.

5.3 Forward Problem Formulation.

In this section, we wish to pose a relationship be~
tween the source model parameters and the observed spectra
in a linear form as in equation (2.3). As we did for the
static problem, we will propose some fault geometry and
use an inversion scheme to solve the fault model parameters
for this geometry. In order to describe the data, we will
use a set of double-couple sources that are arranged spa-
tially to approximate the fault model system which was
presented in the previous chaptér. Some of the parameters

of the iIndividual sources, specifically those which
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describe the geometry of the fault system, will be set
initially and not changed in the inversion. These param-
eters are the depth and dip associlated with‘ihdividual
source elements and the spatial relationship between ele-
ments. The variable parameters for each element are taken
to be the moment and slip angle. In addition, we will in-
clude the propagation velocity and propagation direction
as variables for the entire system.

The model response matrix, A, for this problem is

given to be composed of partial derivatives of the form

i
a X s (50”)

where Si is the spectral amplitude ﬁalue at some frequency
£ (2=1,L) measured at some "azimuth" eFj (3=1,J) With
respect to the fault system. Xk (k=1,K) is the source
parameter which 1s allowed to be varied. The matrix A has
K columns and L x J rows, where K is the number of model
variables (specified below), L is the number of discrete
spectral points at a single station and J is the number of
stations used. For this case, L=10, J=18, K=10.

We see from Appendix U4 that the addition of multiple
sources is a non-linear operation. This problem can be

overcome by mapping only small increments of the model into



~177-

changes in the data. The criterion for thils linearization
is the same as was discussed in Chapter 2. The partial
derivatives which compose the matrix A were computed

numerically for a given model. This was done by the simple

differencing,
i L Salmem) - Si(m) (5.5)
) Xk ~ Am :
k
m

The incremental values of the source pérameters used were:

AMO moment = 0.1 x 1026 dyne-cm

A slip ahgle = 10°

AAR propagation direction = 10°

AV

g - Propagation velocity = 0.25 km/sec

5.4 Inversion Procedure.

An inversion procedure will be adopted to find the
model parameters whilch best fit the observed spectral data.
Since the number of data pointé far exceed the number of
varilables, we will fit the data in a least—squaresvsense.
Appendix 3 gives the derivation of the inveréion operators
for the general least-squares case.

Since we have mixed units in the source model param-

eters and thus mixed units in A and &m, a problem of
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scaling arises. One way of correcting for the dimension-
ality of the parameters is through the use of the weight-
ing, or model correlation, coefficients. The weights of
the source parameters can be adjusted so that the weighted
coefficients of the rows of A are about equal. For a non-
linear problem, this scaling would be model dependent and
thus would probably vary in the inversion. This method,
although it can give satisfactory results in obtaining a
fit to the data, is not esthetically pleasing. A satis-
factory method was found to solve this scaling problem.

This was accomplished by non-dimensionalizing the problem,

ASm= &d ,

by dividing through by the data and model parameters. The
dimensional matrices and vectors are replaced by their non-
dimensional counterparts in the inversion. The components

of the quantities are defined as:

N m, R 1
R 7@ Mg 8d, = 3_ 8d;
i i
A 1 ~ 1
C = — C Sm, = — 8m. .
nn, 4 d2 nnii J mj J
°1

We note that this scaling is also non-linear.
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Throughout the inversion calculations carried out in
this chapter, we will limit the absolute value of a model
perturbation in one iteration to that used in the differ-
encing method of calculating the partial derivatives in the
forward problem. This was done to avoid projecting any
model perturbation outside the range of assumed linearity.

As a test to the inversion scheme, we will calculate
the theoretical spectra at 18 far-field points (correspond-
ing to the location of the 18 stations which are described
in the next section) for a given set of source parameters.
The non-variable source parameters are the same as those
used to describe the San Fernando faulting. These theo-
retical spectra were then input into the inversion scheme
as "data" to see how accurately the corresponding variable .
source parameters could be recovered, The results of this
test are shown in Figure 5.3. The initial values for the
source parameters are that shown on the left at Iteration
= 0., The source values used in calculating the "data" are
shown by the arrows on the right hand side of the figure.
We see that at least 6 iterations are required before the
solution starts to converge to the true values, and after
11 iterations, the estimated values are very close to the
true values. The restriction that the maximum size of the

perturbations can be no larger than the differencing
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eters are shown on the left; the theoretical values
are indicated by arrows on the right.
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values slows the convergence somewhat. Not shown in this
figure is the estimate of the propagation veloclity and
propagation direction for each iteration. These two quan-
tities varied more smoothly and converged more quickly to
the theoretical values than did the moments and slip angles.
The propagation velocity and propagation direction con-
verged to 4.2 km/sec and 120° from an initial value of

3.2 km/sec and 100°, respectively.

In this test, the variance of each "datum" was taken
to be 5% of the calculated value. The test was repeated
with the data variances set at 25% of the‘calculated
values. Although the convergence to the true model values
was not as good as in the previous example, the solution
rémained stable through the iterations, and a fair estimate
of the model parameters was obtained; The results from
these experiments were encouraging enough té attempt to
apply the technique to actual observed surface wave spectra.
5.5 Data.

The source of the surface wave data used in this study
was from the long period vertical component instruments of
the World-Wide Standard Seismograph Network (WWSSN). Only
the vertical Rayleigh wave component at each station was
considered in this study. Data from the Canadian Standard

Stations and the WWSSN stations located in the continental
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United States could not be used since either the long
period vertical componeht was 1noperative or off-scale
during the passage of the Rayleigh wave train. The original
intent in collecting these data was to limit the stations
used to théSe whose epicentral distances were less than
60°-70°, Hdwever, to provide a more uniform and extensive
azimuthal coverage of stations, this condition was relaxed
somewhat. The closest station in a given azimuthal incre-
ment from the epicenter which gave a readable record was
chosen. A total of 18 records was_chosen to be examined,
and these stations provided a fairly good azimuthal coverage
for this event. Table 5.1 gives a list of all these sta-
tions used, the epicentral distances, and the geodetic
azimuth of the station with respect to the epicenter.

The Raylelgh wave signal was identified on each of
the records and digitized at an irregular interval taking
adequate care to sufficiently défine the trace. These data
were then linearly interpolated to an equal incremeht rate
of one sample every two seconds. The digitization was
restricted to a velocity window of between about 4.3_km/sec
to about 1.5 km/sec. There was a slight variance to this
window depending on the distance and source-receiver path.
The éhoice of the velocity window was based on a visual

judgment as to when the signal arrived and essentially
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ended at a particular station and on the dispersion curves
expected for the traveled path. Typical of the dispersion
curves used were those of Brune and Dorman (1963), McEvilly
(1964), Santo (1963), Tryggvason (1962), and Brune (1969).
The Fourier spectra of these records were then taken
»with a numerical transform routine. The spectra were cal-
culated for the ffequency range from 60 sec period to 8
sec period, with 512 discrete frequency points in this
range. The spectra were smoothed slightly with a two-point
Hanning filter such that for the ith frequency component of
a particular record

£ (w) = %—{%[fi_g(w)+fi+2(m)]+:—2L-[fi_l(w)+fi+l(w)]+fi(w}} :

Instrument Correction. The instrument frequency and ampli-

tude response for the World-Wide long period seismograph
system were calculated from the published instrumént and
coupling constants for that instrument. These calculations
are based on the relations given by Hagiwara (1958) and
Mitchell and Landisman (1969). Both an amplitude and fre-
quency correction were supplied. Since some of the sta-
tions that were used in this study operate at different
instrument gains during different parts of the year, a

check was made on each seismogram to verify the listed
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instrument gain. This was done by comparing the height of
the calibration pulse to the applied current impulse. The
magnification computed in this fashion was within about 10%
of the listed magnification except for station SBA which
appeared to be off by a factor of 2.

Geometrical Spreading Correction. All of the amplitude

spectra A(w) are corrected back to a common distance, Ass
by multiplying by the well-known relation for spreading on

the surface of a sphere
_ sin A
Ces = ¥ 5tm n, { | (5.6)

where A and AC are given in radians. For the data in this
case, we chose our reference distance, Ac, to be 2000 km.

Attenuation Correction. Following the instrumental and

geometrical spreading corrections, the spectral amplitudes
were corrected for attenuation. This correction takes the

form
Ay (w) = Aw) eY(W) ® (5.7)

where y(w) is the amplitude attenuation coefficient appro-
priate for the particular source to receiver path, and x is
the eplcentral distance. Since the paths from the San

Fernando epicenter to most of the WWSSN stations used in
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assumed for the two structures used in this study.
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this study involve mixed crustal type paths, the appropriate
attenuation coefficient would necessarily be a path-
averaged value; We attempted to fake this intc considera-
tion in the following manner.

We assume that each of the transmission paths can be
divided into two types: continental and oceanic. From
the 1iteraturé, we compiled estimates of the fundamental
model Rayleigh wave attenuation coefficients for these two
media. These estimates are summarized in Figure 5.4. The
continental attenuation coefficients are reduced from data
given by Gutenberg (1945), Gutenberg and Richter (1936),
Tryggvason (1965), Nuttli (1973) and Mitchell (1973). The
oceanic attenuation coefficient curve was reduced from data
in papers by Gutenberg (1945), Ben-Menahem (1965), and Tsail
and Aki (1969). The partitioning of continental and
oceanic travel paths was estimated for each station, and
the spectral amplitudes measured at that station were

corrected by multiplying by the following relation,

o = [xp vy (@) x5y 4 (w)] (5.8)
A= ¢ ’

where
YL(w) = the continental, or land, amplitude dissipation

coefficient
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yo(w) = the oceanic amplitude dissipation coefficient

e
it

i’ the distance traveled over a continental type

path

"
]

0 the distance traveled over an oceanic type path.

Table 5.1 lists the percentage of the total path length
that is spent in each of the¢ assumed attenuation provinces.
Also listed in this table is the geémetrical spreading

factor given by the equation in the above‘parégraph.

Local Crustal Correction. This correctionvattempts to com=-
pensate for the effects of surface waves traveling later-
ally from one structﬁre to another. "In the case under con-
sideration, there are marked variations in the structure

of the crust and upper mantle between the area in which the
surface waves were generated and the area around the sta-
tions at which they are measured. Fortunately, the correc-
tions applied along the path between these two points
cancel out so that only a local crustal correction at the
receiver needs to be applied to correct the spectral amp~
litudes back to the medium in which they were generated.

An approximation which has given satisfactory results in
predicting the amplitude changes of Rayleigh waves travel-
ing across a lateral boundary has been given by McGarr

(1969) and McGarr and Alsop (1967). The validity of this
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approximation has been verified by wave propagation studies
in laterally heterogeneousmedia using the finite-difference
numerical technique (D. Boore, personal communication,
1974).

If we assume that the total energy in the fundamental
mode Rayleigh wave reméins constant in the process of

transmissions across the bdundary margin, then we can write

=g
=
[#]
~~
€
~

R —
AS szws ’
where
Ag(w) = the amplitude in the source medium
AR(w) = the amplitude in the receiver medium
ws(w) = the normalized energy flux in the source medium
wR(w) = the normalized energy flux in the receiver

medium.

The normalized energy flux 1s’given by

Wlw) = 2.E(w) U(w)’

where E(w) is the total potential or kinetic energy at a
particular frequency normalized to the surface displace-
ment. The calculation of this ehergy excited in a given

layered earth model 1s given by Harkrider and Anderson
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TABLE 5.2
Crust & Upper Mantle Type - Station
San Fernando Crust over - Source Medium

Gutenberg Continent

Greenlandlc Shield with - NOR, KTG, SBA
Ice Cap

Icelahd - AKU

Irish Continental Shelf - VAL

Iberian Shield - MAL
Mid-Atlantic Ocean - BEC, SJG
Western America Tectonic - CAR, BHP, COL
Pacific Ocean East - GIE

Pacific Ocean West - AFI, KIP, GUA, WEL
Andean - PEL

Central Japan - . MAT

Table 5.2. Crust and upper mantle structure used
for the local crustal structure spectral
amplitude correction. Velocity-density
models for the different structures are

given in Appendix 5.



-192=-

(1966, equation 1). U(w) is the group velocity for the
particular medium.

At each of the 18 WWSSN stations used in this study,
the crustal structure at that station was approximated and
the velocity dispersion and the spectral energy density
calculated. The crustal models used in this calculation
and the references for these models are given in Appendix
5. The energy flux, W(w), given by these éalculations is
summarized in Figure 5.5. The stations for which each
crustal model cdrrection was used are listed in Table 5.2.

In order to correct the spectral amplitudes back to a
common medium, we‘multiply by a correction which normalizes

the amplitudes to the source medium. This correction takes

the form
WR(w)
Cre = w_(“ysw . ,, (5.9)

Multipath Propagation Removal. The complex cepstrum tech-

nigque which was established by Séhafer (1969) has proven
to be an effective means of removing spectral modulations
caused by the interference of simultanecusly arriving
signals. Two or more signals can arrive simultaneously at
a given station due to either multipathing of a single

signal or can result from the addition of several seismic
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signals, multisourcing, or some combination of these two
effects. In this study, we want to eliminate as best we
can from our observed spectra that modulation which is due
to any multipathing effects and retain any modulations
which may arise from the addition of,mulﬁiple sources. The
spectra which have been de-modulated from‘multipathing
effects can then be examined by this method to try to
determine the existence of whether the source is a single
or multiple event.

Cohen (1970) and Flinn et al. (1973) have used the
technique to detect the separation of the body phases P and
pP for very shallow events, while Linville (1971) and Tsail
(1972) have applied the method to surface waves. In the
Cepstrum technique, a homomorphic deconvolution is applied
to separate the components of a convolution of a seismic
signal and a multipath operator. Basically, the method
acts like a filter applied to the amplitude spectra where
the interference effect appears as a scalloping of the
spectra over a wide frequency range. When a long pass
filter is applied, the spectrum modulating effects are re-
moved. This filtering is done by applyiné the appropriate
bandpass to the cepstrum. Tsai (1972) and Linville (1971)
give a summary of the technique involved and the appro-

priate filter bands to use in correcting spectra in the
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Figure 5.6. Example of cepstral filtering at two
stations. Original spectra are shown by dashed line;
the refined, or filtered, spectra are shown by the
solid line. :



_195_.

bandwidth which is involved in this study. Such a long
pass filter was applied to the observed spectra. This
spectral filtering had little effect except to smooth the
spectra. A typical example of the removal of the spectral
modulations is shown in Figure 5.6. The spectra are pre-
sented as a function of frequency to show how the modula-
tions are frequency distributed. In this figure, the
original spectra are shown by the dashed line, and the
spectra after the application of the cepstrum technique
are shown as a solid line.

We saw in the last chapter from the static dislocation
models of the San Fernando earthquake that there appeared
to be ﬁwo areas of large dislocation -~ one in the hypo-
central region and one near the surface., If the disloca-
tions from these two areas acted like two separate sources,
separated spatially and temporally, then the interference
of these two sources should appear in the complex cepstrum.
The cepstra were calculated at several of the stations cho-
sen in the opposite direction of the apparent rupture.

This was done to maximize the effect of the finalﬂseparatew
ness of the sources. At station COL, there appeared to be
some signal interference at a delay time of about 8 éec

and at 11.5 seé. This might be interpreted as the inter-

ference of the signal excited at the hypocenter by another
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signal which was excited when the fault became near or
broke the surface. This effect was not as apparent at
station NOR, so we feel that no firm conclusions should be
drawn from this particular analysis. |

Corrected Data. All of the above corrections were applied

to the measured amplitude spectra at the WWSSN stations.
These spectra are shown in Figure 5.7. The upper part of
this figure shows the lbcation and azimuthal distribution
of the stations used. The lower part of the figure gives
the corrected amplitude spectra at each of the stations.
The spectra are arranged by columns with geodetic azimuth
increasing from top to bottom. The spectrél values indi-
cated by a dashed line in the figure are the values for
which the total correction exceeded a‘factor of 10. These
data will have to be considered less reliable than the
longer period data because of the uncertainties in the
corrections. Samples of the spectral values were chosen at
ten discrete periods: 60, 50, 40, 34, 30, 26, 22, 20, 18,
and 16 sec. It was felt that this sampling interval was
adequate to reflect the spectra shape at the individual
‘stations. Periods shorter than 16 sec were not included
into the inversion data set because of the larger uncer-
tainty in the corrections at these periods, particularly

in the attenuation factor.
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Estimated Errors in the Data. Errors to the spectra which

we have measured for this event arise from two sources:
1) errors in measuring the spectra at thé different sta-
tions and 2) errors in applying the corrections to the
spectra.

Errors from actually measuring the spectra could arise
from digitizing errors and from taking too short a signal
to get all the spectral information at certain frequencies.
One station, KIP, was redigitized to include a much larger
signal and the spectral amplitudes recomputed. The recal-
culated amplitudes were found to be at most 34M% different
on the average than that originally computed. A value of
3% error was taken as the estimate for this error.

By far, the largest error involved in the application
of the spectral corrections arises from the attenuation
correction, If we assume that we know the attenuation
values to only 25% of the values given in the figure, then
the estimated error for this correction would be
I

Ec(m) = e .

We next can assume that we know the crustal corrections to
only 25%. This turns out to be a small error, except at
very short periods, because the original correction is

small.
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Distribution of Data Information. In Appendix 3, we have

derived an operator, J, which tells how the information in
the data set are distributed. The use of this operator has
been demonstrated by Minster et al. (1974), and these
authors give a lucid description of its properties. The
importance of a particular datum, which is a spectral am-
plitude at a particular frequency measured at a particular
spatial location, depends on both the location and the
accuracy of the datum. If we consider each WWSSN station
to be a subset of the entire data set, then the relative
importance of that station is simply the sum of the impor-
tances of the data iﬁ that subset. Figure 5.8 shows how
the information in the chosen data set is distributed. 1In
this figure, we have summed the relative importances of the
frequencies at the individual stations and plotted this
importance as a functioh of the geodetic azimuth of those
stations. The results of this plot are somewhat surpris-
ing. We see that two stations, COL and KTG, contain a
total of 30% of the total information in the data set. 1In
fact, the data set could be reduced by half and only 25% of
the total information which constrains the model variables
wouid be lost.

From Appendix 3, we see that the importance of a

datum does not depend on the actual value of the datum
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itself but rather the estimated error in the datum and the
model responsevoperator, A. The importance values are
dependent on the source model only in the sense that A is
model dependent. Although not done in this case, this type
of calculation could be carried out before the data set is
gathered to determine an optimum distribution of stations
to use.

5.6 Inversion Results.

Fault Model. The ten model parameters which describe the

source system were found by the least-squares fit to the
observed spectral data measured at the 18 WWSSN stations.
The best fit model parameters as determined from the in-

version procedure are as follows:

Source # Depth Moment Slip Angle
(kem) (1026dyne—cm) (Ai)
1 14.5 0.62 66°
2 10.5 0.20 78°
3 6.25 0.51 gae
4 2.0 0.39 700

propagation direction (AR) = 0Qg°

propagation velocity = 2.95 km/sec.

Figure 5.9 illustrates the degree of fit to the data
that this model exhibits. The dashed straight line in the

center of each radiation pattern indicates the orientation



T=60 sec 10

T=16 sec M

Figure 5.9. Calculated and observed radiation patterns.
Orientation of the fault plane (N70°W) is shown by the
dashed line in the center of each pattern. The ampli-
tudes of the patterns are in units of cm-sec.
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of the Strike of the fault system, taken to be in the
direction of N70°W. Rupture initiates at a depth of 14.5
km and propagates in the direction of S11°W. The fit to
the long period data (U40-60 sec) shows that the radiation
pattern is a symmetric dipole pattern. These two patterns
show very little, if any, signs of fault finiteness. The
finiteness of the fault starts to become apparenf in the
middle two figures. For these periods (26-30 sec), the
patterns are symmetric in a direction perpendicular to the
direction of propagation but not in the direction of prop-
agation. For the shorter periods (16-20 sec), the effects
of the rupture length and non-uniform excitation become
very important in shaping the radiation patterns.

Uncertainty in Model. We would now like to estimate the

uncertainties in these best fit model parameters. As done
in Chapter 2 for the stochastic inverse case, we will cal-
culate these uncertainties at a particular confidencé level
by mapping the estimated errors in the data into errors in
the model. The least-squares solution matrix for unweighted
model parameters which performs this mapping is the matrix

given by Mathews and Walker (1964, p. 366-367)

*

Q- Acnn'lA . (5.10)

We note here that this solution does not take into account
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the possible weighting of the different model parameters.
This i1s no problem in this case, or in any other case,
since the problem can be non-dimensionalized as we have
done here, The non-dimensional form of this operator has
the same form as that given above.

The bilinear product of the matrix, Q, and some model
perturbation, q , ylelds a confidence region of resolvabil-

ity. That is,
*
qQq = k2(c) . (5.11)

This equation defines the hyperellipsoid of uncertainty for
a particular model perturbation at a confidence interval,
k(e).

By fixing k(c) to a particular value, taken to be 1.96
in this problem, we calculate possible model perturbations
for which the equation of the ellipsoid is solved. Any
model perturbation vector which lies inside this ellipsoid
is unresolvable at the confidence interval, k(c), while any
model perturbation vector which protrudes this ellipsoid is
resolvable at that confidence level. 1In the example con-
sidered here, We‘will limit the analysis to two dimensions.
With this limitation, we can define an ellipse of uncer-
tainty for combinations of model‘parameter pairs. As we

will see in the examples below, this analysis also allows
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the consideration of the coupling between the various
model parameters.

The ellipse of uncertainty is shown for various fault
model parameter pairs in Figure 5.10. In Figure 5.10, the
moments are given in units of 1026 dyne-cm, and the angles
are expressed in degrees. In Figure 5.10a, we have con-
sldered the area of uncertainty when the moments of the two
deepest source double couples are allowed to vary. We see

that Mo has an uncertainty of only .05 x 1026 dyne-cm when

it is ailowed to vary alone. Perturbations larger than
this value would be resolvable by the data unless the
magnitude of the moment on the adjacent double couple

(Moz) was also allowed to vary. The maximum uhcertainty
that Mol can take in this coupled system is shown by the
projection of the maximum excursion of the ellipse onto the
MOl axis. The maximum uncertainty of M02 is similarly
calculated.

The ratio of the uncertainty measured at the point
where the ellipse crosses the axis of a model variable and
the maximum uncertainty of that variable defines a coeffi-
cilent which reflects the coupling of the two variables.

We will call this ratio the model co-variance coefficient

(MCVC). For a co-varilance coefficient equal to 1.0, there

is no coupling between parameters. Thaﬁ;is, the maximum
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5%

5

Figure 5.10 (a-e). Uncertainty ellipses for various
fault model parameter pairs. Combinations of pertur-
bations which fall inside the ellipses are not detect-
able by the data at the 95% confidence level. Moments
are given in units of 1026 dyne-cm; angles are
expressed in degrees.
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15°1 5° 1

Figure 5.10 (f~1). Uncertainty ellipses for various
fault model parameter pairs. Combinations of pertur-
bations which fall inside the ellipses are not detect-
able by the data at the 95% confildence level. Moments
are given in units of 1026 dyne-cm; angles are
expressed in degrees,
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uncertainty of one variable is not dependent on the uncer-
tainty of the other variable. For coefficient values less
than 1.0, the coupling increases with decreasing wvalues.
Figures 5.10a-c show how the coupling between the indivi-
dual sources decreases with increasing distance between the
sources. We see that there is strong coupling between MOl
and M02 (MCVC=.30) but very little coupling between Mol
and Mou (MCVC=.85). 1In part a of the figure, we see that
the coupling is in a positive sense between M N and Moz,
i.e., an increase in one moment 1s traded-off with an in-
crease in the other.» Between MOl and MOS, the goupling is
in the opposite sense, and between MOl and Mou the coupling
that exists is in a positive direction. Figures 5.,1l0d4-e
show that adjacent slip angles are slightly coupled, but
much less so than their respective moment values. The MCVC
for the Al—Az pair is .75. As the distance increases be-
tween sourcesg, the relative coupling between the slip

angles of the sources decreases rapidly. Figures 5.10f-1
show how the moment and slip angle for the individual
sources are related. These results ére somewhat surprising
in that the slip angle and moment for individual sources

are almost completely decoupled. The MCVCs for these param-

eter palrs range from .90 to .95.

In these figures, we observe that the maximum coupled
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uncertainty a particular variable can acquire is constant
from comparison to comparison. This uncertainty is the
standard error for that varilable. Mathews and Walker

(196L4) show that this standard error is given by

€1 % VIQ:-leL

Generalizing this expression, we can say that the values
of the model parameters are known at a confidence level c¢

when the errors are expressed as

e, = JQ]T_;L k(c) .  (5.12)

This is the uncertainty which we will assume for the model
variables. These uncertainties at the 95% confidence level

are given below:

AM = 0,15 x 1026 dyne-cm
°1
_ 26
AM = 0.21 x 10 dyne-cm
2
_ 26
AMO = 0.13 x 10 dyne-cm
3
- 26
AM = 0.11 x 10 dyne-cm
Oy
- o
Akl 13

18°

>
>
it
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- o)
Mg 10
= o .
Aku 9
- o
AAR 5
AVR = 0.2 km/sec.

Comparison with Static Solution. We would now like to com-

pare the solution for the fault model of the San Fernando
earthquake derived with surface data to that obtained with
the static displacements. To do this, we will sum the
moments of the individual static fault elements for the
elements that fall within a depth range around the location
of the double couple sources. We will assume that the
actual static moment distribution will be bracketed by the
acceptable dislocation models which gave the maximum and
minimum moments.’ The moments for the two models are shown
in Figure 5.11., We see heré that for the upper 10 km of
the fault system there is very good agreement in the static
and dynamical solutions. The only significant difference
between the two solutions is the moment in the hypocentral
region. The Surface wave study indicates a moment which is
a factor of 2-3 times greater than that predicted by the
static data. We recall from the previous chapter that the
uncertainties in this area were larger than for the more
shallow areas. In the surface wave study, this was not the

case. The uncertainty in the hypocentral region was not
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Figure 5.11. Comparison of the moment-depth distri-
bution function found from the static study and the
surface wave study. Static moments are averaged over
the indicated depth ranges. The static moment dis-
tribution from the dislocation model shown in Figure

4.5 and 4.10 is shown as a solid and dashed line
respectively.
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substantially different from the other areas. If we assume
that the fault geometry used in the last chapter is correct,
then the surface wave study indicates 5.5 m of displacement

over an area of 36 km2

in the hypocentral region. This
compares favorably with that derived by Hanks (1974) of
7.5 m over about the same area. This last calculation was
based on still another data set of this event, namely

near-field strong motion records.

5.7 Conclusions.

In this chapter, we have seen how theoretical spectral
values of surface waves can be calculated numerically for
an approximation to a finite source. We have shown that
when non-uniform excitation of energy occurs during fault-
ing over some depth-distributed fault surface, the result-
ing spectral amplitudes can be far different from that of
a non-depth-distributed source at the same depth of ini-
tiation.

Rayleigh wave data were calculated from a set of 18
WWSSN stations and normalized by correcting for the various
source to receiver paths. An inversion scheme was used to
find the set of fault model parameters which fit the ob-
served spectral data in‘a least-squares sense. The best
fit solution gave a distributed moment of 1.7 X 1026 dyne-
cm, and it was found that both the moment and slip angle

for this event varied along the down-dip width of the fault.
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The slip angle varied in such a way that the displacements
became more predominantly dip slip as the dislocation
propagated upward from the point of initial rupture at
about 3.0 km/sec. Also indicated by the surface wave data
is that the propagation proceeded in a direction 5°-10°
away from the normal of the strike of the fault. The fault
model solution obtained by the surface wave inversion com-
pares very favorably with that given by the inversion of
the static displacement data with the exception of the
initial dislocation in the hypocentral region where the
static data field gives poor resolution.

Wyss (1971) obtains‘an average moment from the long
period surface waves at two European stations (which were

not included in this data set) of 1.9 x 1026

dyne-cm.
Canitez and Toksoz (1972) fit the surface wave spectra at

6 stations in the northeast and southeast geodetic azimuths
with a single point source at a depth of 14 km. These
authors obtain a moment of 0.75 x 1026 dyne-cm and a raké
angle of U45°, Obvious reasons for obtaining different
values of moment and slip angle by these authors and the
present study are 1) the non-depth-distributed source gives
rise to a different radiation pattern than a depth-

distributed source, and 2) the azimuthal coverage of sta-

tions was more limited in the Canitez~Toksdz data set than.
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in the data set used here. Comparing their data set to
that used here, we find that, if the spectra at the sta-
tions used in those authors' study were discretized in the
same manner as in this chapter, then their data set would
have only approximately U0% of the total information which
constrains the model variables as was used in this study.
Finally, we feel that the technique of the hybridiza-
tioﬁ’of the numerical approximation of a finite fault and
the least-squares inversion formalism allows the maximum
derivation of information about the source from a set of
corrected surface wave observations. Use of the operators
associated with the inversion methodé provides a powerful
tool to determine a priori which data would be most bene-
ficial in determiniﬁg the source parameters and to estimate
the uncertainties in the calculated model parameters and to
determine the relative coupling between various parameters.
It is hoped that these techniques can be extended to the
inversion of other seismic data. The simplest extension
would be the inversion of Rayleigh/Love spectral ratios.
This type of data would yield far better-results than when
each 1is analyzed separately because of the cancellation of

error inducing path effects.
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Appendix 1

Strain Fields From an Inclined Fault
in a Homogenous Half—Space

The static displacement field U, at some point
Q(Xl,X2,X3) due to an arbitrary dislocation at some point P

on the fault surface 3 is given by Maruyama (1964) to be

u (Q) =/fAuk(P) wiz vy (P) az , (A1.1)
>

where
Auk(P) = dislocation components on the fault surface
vz(P) = direction cosines
WEQ = the Green's function solution for the super-

position of strain nuclei on the fault
surface which satisfies the surface boundary

conditions.

Maruyama (1964) gives the expressions for the Green's func-
tion solution for a homogeneous half-space. The components
of the strain field given by

su_(Q)

E(Q) = —m _ | | (81.2)

nm 99X
n
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can be found directly from equation (Al1.1) by performing a
differentiation of the integrand of(AE.i)and integrating
the resulting expression over the fault surface. If we
consider that the dislocation is constant across the fault

surface, then the strain components can be found by cal-

culating
_ N
By = //2\11k W \)Q(P) az , (A1.3)
mn _ 9 m
where wkz = 5;; Wkl’

In practice the expressions for the Green's function solu-
tiens are easily differentiated, but the resulting expres-
sions are very cumbersome to integrate analytically over
arbitrarily oriented fault surfaces. Numerical integration
techniques, however, can be employed to obtain satisfactory
solutions of the strain field components given by (Al.3).
Unfortunately, these numerical integration techniques are
rather slow and expensive when the calculation is carried
out to the desired accuracy for problems involving a
mapping of the strain field.

The second way to calculate the strain field response
to a dislocation in a half-space is to analytically
evaluate equation Al.l for an arbitrarily oriented fault,

then apply equation Al.2 to the result. Mansinha and
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Smylie'(197l) give analytic expressions for the‘displace—
ment fields from an inclined fault of arbitrary orientation
and depth which are the result of evaluating directly
equation Al.1. Their expressions assume that the shear
dislocatioﬁ is constant across the fault surface and that
the Lamé constants for the homogenous half-space are equal.
The integration is carried out over the coordinates P(Elai)
on the dislocation surface, . £, is in the direction of
the strike of the plane of discontinuity and & is normal to
this direction in the direction of dip as seen in Figure
Al.1. The fault coordinate & may be resolved into 52 and
53 by the following'transformation

F

€5 £ cos(§)

t3

£ sin(8) .

The choice of the direction of gl is made such that the
coordinate system (51,52,53) is right-handed.

The strain field components, as calculated by differ-
entiating these expressions, are presented below in in-
definite integral form. The notation of Chinnery (1961) is

adopted for evaluation of these indefinite integrals.

(Q;"L,D)

Enn(@E058) [ = Epp(Q5+L,D) - By (Q34L,d) - By

+ E_(Q;-L,d) (A1.4)
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Figure Al.1. Fault model geometry and definition
of symbols.
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where L 1s the half-length of the dislocation surface, d

is the distance to the top of the fault, D is the distance
to the bottom of the fault as measured along the dip angle.
The following definitions are used in the expressions for

the components of the strain fields below:

Xl (Xl - El)
X2 = (X2 - 52)

X3 = (XB - 53)

R® = 2 + 33 + x%

Q% = 4G+ (xg + £)°
r, = xzsiné - x3cosa

r3 = x20086 + XBSiné,

4y = x2s1n6 + x cpsd

3

q3 = -x20086'+ x331n6
2 2

= 2
h - q2 + (q3 + g)

> 2 2
K2 = .
Xy * 4,
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STRIKE SLIP

_ Au 2
By = 757 { Fypq - 6 tan®6F 5 + 3F 05}
3.2 | 2 >
I _ 2T2ER +R (r3_g) - 2RX1 - Xl(r3—€)]
111 3[R + s - 212

(ha,-2x40058) [@340% (a 3+E) -5 (2Q+a +E) ]

a3 (arq +E)”
2,00 2 2 .2
- 3tans [9FO0x3*E3) 0] 4 ug x sins [97-2X7]
RGP 3 A

~lq,q4x5s1ns {Q2[2Q2+3Q(q3+£>+2(q3+£>2]

Q5(Q+q3+£)3

2 2 2
- X2[4Q%+7Q(a 4+E)+3(az+E) 7]

- 2Qx§(2Q+q3+£>}

F112={X§(q3+€)0085'%[(Q—K)+(K—q2cos6)(%-1)+(q3+g)sin6]
,(q3+6)cos6[(K—qzcosé)(Q—K)+(q3+g)Ksin3]}/

{Xi(q3+£)2coszd+[(K—q2c056)(Q—K)+(q3+£)Ksin6]2}
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2 o
F - rgR(r3—g) - Xl(rg—g) ﬁ'——
113 55 5 5
roRT 4 xl(rS-g)
Q(a+t) - X2(q4E) -2
I CECICH 1(agte) 2
55D 5
e + Xy (a5tE)
- Au 2
21 = To7 [Fpyy - Otan8F, 5 + 3F, 5]
. 232(R+r3-g>xlsin5-2r2x1[x2(2R+r3-g)+R2cosaJ
211

R3(R+r3-g)2

4Q2(Q+q3+£)xlsin6—(Uq2—2x3cosé)Xl[X2(2Q+q3+E)-Q2c056]

QS(Q+Q3+E)2
L 3rand x| u siﬁ5x3xl[Q2sina-2q2x2]
Q(atxgres)? Q°

a v
Msin6x3xl(2Q+q3+£)(q3sin6—q20086)+M§gq3x3sinéxl(2X2—Q0056)

Q3(Q+q3+5)2

-+

Mq2q3x3sinéxl(2Q+q3+g)[3X2(Q+q3+g)+2Q(X2—Qcosﬁ)]
Q°(Qrq te)” |
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Fa12 = Xl(q*3+‘5)cos‘S {ﬁgﬁgl'(qgsinG—Kcosdsiné)

(K—qzcosé)
RK

[KX2—QqZSin6] - Ksindcosé

(q3+£)
K

+

q2sin26+COsd[(K—q20056%8§§%7+Ksin6]} /

{xf<q3+a>2cos26+[<K—q2cosa>(Q-K>+<q3+g>Ksin532}

r

. Lo .
. rgRchosé-Xl(rB—g) [ﬁ- X2+R51n6]
213 = 22 2 2
. r2R + Xl(r3~£)

q
q,Qx, cos6 + xl(q3+g)[-Q-g X,+Qs1ns ]

+
q§Q2 + Xi(q3+i)2

_ Au .

Toq L[Fppysiné + Fiop + Fiog + Foipyl

Standsecs, Xy (1-3tan2a)xl

F = — [ e O —-—

121 Q(Q+X3+E3) R(R+r3—§) Q(Q+q3+€)

2 .

. ) —2r2X1(2R+r3-£)51n6 _ 2r2X10036

122 R3(R+r3-g)2 R

2sin6[2x3(q2cosé—q351n6)+q2(q2+x2sin6)]X1(2Q+q3+g)
Q3 (Qta+8)°




-247-~

. .2
. ) Xlxgtanﬁ ) 2 Xl(q2cos§—q381n6—x381n §)

123 Q(Q+x3+s3>2 Q3

F124 = —12q2x3X1(X2+q3cosé)51n6

2Q(Q+q3+£)—(2Q+q3+£)[3(Q+q3+£)+2Q]

—ngq x.X,81in"§

33 @’ (atqzte)3
E.. =30 [p  sins + F + F + Fo ]
22 12w 221 222 223 224
3tan63e06X2 X2+Rcosé (1+3tan26)(X2—Qcos6)
F = — -
221 Q(Q+X3+£3) R(R+r3—£) Q(Q+q3+€)
; 2 T'o 2
i Mr2R(R+r -£)sin 6+2r2(§—)sin6[x2(2R+r -E)+R“cosd ]
Foop = - 3

R2(R+r3—£)2

2Rgsinécos6—2r2X2cos6

+
R3

2Q(Q+q3+g)sin6[4x sinééosé+3q2sin6+x sin26].

3 2

2 2
Q (Q+q3+€)

. 2sin6[2x3(q20036eq3sin6)+q2(q2+xzsin6)][X2(2Q+q3+g)+Q2cosdj

a3 (arq+e)°
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P 3783
223 QatxatEl)?
3 °3
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Q3
4x3sin6 5
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2 R 2
| 9535108 1(Qta3+E) (20X ,=0°cos8) +A, |
Q®(atq +E)3
where:

Ay = (20+a5+E) [3X,(Qta+E) +2QX,-2Q 0085 ]

Au'

E13 = 157 [Fl310036 f F132 + Fl33 + F13H]
2
B = 1 + (1+3tan”¢) _ 3tandsec$
131 1 | R(Rtr,-g) Q(Q+g ,+£&) Q(Q+x,+E,)
3 3 373
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F = -2X 2 + 2 2 -
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P = 271 3
133 R3(Rér,-£)2

3
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Appendix 2

Observed Gravity Changes Assocliated with Deformation
Accompanying the 1971 San Fernando Earthquake

A2.1 Introduction

In the past there have been a limited number of stud-
les of gravity changes which accompany earthquakes. The
earliest of these studies were in Japan. Tsubol et al.
(1953) attempted to compare changes in gravity and precise
line leveling changes following the Nankaldo earthquake of
1946, However, a significant comparison could not be made
due to the imprecise gravity values. Extenslve gravity
surveys in the area of the Matsushiro earthquake swarms of
1965-1968 were carried out by Harada (1968). A comparison
of this data to the leveling resurvey associlated with the
earthquake swarms by Tsubokawa et al. (1967) has been re-
ported by Kasahara (1970) and Hagiwara and Tajima (1973).
In this study, the relation between the gravity change and
the vertical upward displacement associated with the tec-
tonic deformation of the earthguake swarms nearly colncided
with a Bouguer gradient with a density taken to be 1.0
gram/cm3. The maximum displacements that were observed
where the gravif& field was beiné monitored were just over
30 ecm and the maximum gravity changes were about 0.06 mgal

with an accuracy of + 0.02 mgal. However, during the
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period of ground subsidence the changes in the gravity
field appeared to fall along the free-air gradient. As a
whole the swarm process left no effective gravity change,
even though the residual displacement was about 20 cm.

Barnes (1966) and Rice (1969) conducted remeasurements
of gravity in an area affected by the deformation of the
Alaska, 1964, earthquake. The changes in gravity were com-
pared with changes in elevation determined by a post—}
earthquake releveling of a 1923 first-order geodetic line
coincident with the gravity traverse. Because the area in
which the traverse was located had a maximum elevation
change of only 0.6 m, the relationship between gravity and
e;evation changes could not be determined accurately. How-
ever, the largest gravity differences indicated that the
slope of the Ag-AE relationship was closer to the Bouguer
gradient with a density of 2.67 gram/cm3 than to the free
alr gradient.

Hunt (1970) has observed a relation between changes in
the gravity field and elevation changes for the 1968
Anangahua earthquake. Although his data are meager, the
gradient of Ag-AE relation between -0.15 and -0.20 mgal/m
is much less than the free air gradient -0.309 mgal/m.

In each of“these clted studies, the conclusions
reached by the researchers were limited by either the in-

abllity to accurately measure the vertical component of
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displacement or accurately determine changes in the gravity
field at points where elevation changes are known. Thus
in order to establish a meaningful correlation of deforma-
tion and accompanying gravity changes, the vertical dis-
placements need to be large and accurately known, and
reliable gravity statlons need to have been established in
the area prior to the earthquake. The calibration, stabil-
ity and sensitivity of gravity meters are sufficient now
to make gravity measurements for reliable studies. Once
the correlation between AE and Ag has been established then
the gravity meter could be used as a reconnalissance tool
to map the extent of deformation rapidly following a large
earthquake if previous gravity stations have been estab-
lighed.

Much of the tectonic deformation due to the 1971,-
San Fernando, California, earthquake fortunately occurred
in an area in which there was a dense leveling net and
enough reoccuplable gravity stations that a study could be
carried out. The gravity stations in the San Fernando
Valley were installed as part of a survey by Corbatd (1963)
using a Worden gravimeter (W88) and very tight control on
the observed gravity values. Mdst of the stations de-
scribed by Corbatd were actually installed in 1958. These
stations were reoccupied and the results are reported here.

A compllation of all the observed gravity changes in the
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area affected by this earthquake is given by Oliver et al.

(1973). This study includes data in both the San Fernando

Valey and the San Gabriel Mountains, both south and east of
the epicenter and northwest of the earthquake area.

A2.2 Gravimeter.Characteristics

All gravity measurements employed in this study were
made with a Worden Master (W533).gravimeter. The small
dial constant of this meter as determined from the tilt
table method at the manufacturer (Texas Instruments) in
19638 was 0.33181 mgals per large scale division when the
instrument is operating at 87°F. Most of the measurements
taken in this study were taken when the internal tempera-
ture of the meter was between TO°F and 72°F. Since the
re;ponse of the instrument is linear in this temperature
range, a simple extrapolation gives the dial constant at
72°F to be 0.33145 mgals per large scale division. In
addition, the meter was checked on a previously established
seven station calibration loop between a station located
at the University of California at Los Angeles (UCLA) and
Mt. Wilson. The gravity station at the California Institute
of Technology (Caltech) is the second station in this loop
—-- denoted MW2. This calibration loop was established by
Harrison and Corbatd (1965) using a LaCoste and Romberg
geodetic gravimeter. Further discussions and descriptions

of this loop can be found in Biehler (1964) and Robbins



-262-

et al. (1973). The total gravity change from MW2 to the
station at Mt. Wilson is 323.80 mgals. Successive checks
of the instrument over this loop yielded a callibration
value of 0.3315 + 0.0002 mgals per 1arge‘sca1e division.
With careful measurements and averaging values, instrument
readings at individual stations are reproducible to within
0.1 large scale division, or 0.03 mgals. In the actual
survey, readings at individual stations were tied to the
base station by closed loopé, with several readings being
made at each of the individual stations.

The instrument drift due to tides, small temperature
changes, internal fatigue, etc. varied somewhat but never
seemed to exceed 0.15 mgals per hour. The instrument
drift was linearly interpolated in time throughout the
closure of each individual 1loop.

A2.3 Base Station Tiles

All the reoccupation readings were based on ties to
the base station at Caltech. The gravity station at
Caltech, MW2, used here should not be confused with another
close-by station described by Chapman (1966, p. 25, No.
309). A description of the location of this and all other
stations referred to in this chapter is given by Robbins
et al., (1973). Individual reoccupation stations were tied
to the base station on at least four to five separate

occasions, and it 1s thought that the maximum error of each
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tied station is about + 0.03 mgals based on the standard
deviations of the scatter in the data about the mean values.
Two of the reoccupation stations tied to the base station
were checked with a LaCoste-Romberg gravimeter, with a
calibration constant of about 0.1 mgals per large scale
division, and the differences in the gravity readings be-
tween the two stations and the-base’station determined with
this instrument agreed to within + 0.01 mgal (Oliver, per-
sonal communication, 1971).

Since the original gravity stations installed by
Corbatd were based on direct ties to the gravity station at
UCLA and the reoccupation Qf these stations were based on
ties to Caltech, the question arises as to whether or not
th;re was a relative change between Caltech and UCLA caused
by the earthquake, or whether or not the absolute gravity
changed at both of these stations. Oliver et al. (1973)
reported that there was indeed no gravity change at Caltech
within the reliability of 5 pre-earthquake and 6 post-
earthquake measurements made relative to UCLA or to a sta-
tion at Menlo Park, California. Supplementary evidence for
this conclusion comes from the fact that a continuously
recording tidal gravimeter operating at UCLA at this time
of the earthquaké indicated no perceptibie change in the
~gravity fileld at that point relative to the accuracy of

that instrument (+0.001 mgal). In addition, the Mt. Wilson
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calibration loop was rechecked relative to a distant cali-
bration loop, and no changes in the gravity values could be
observed. Thus, we feel relatively comfortable in basing
our reoccupation readings on ties to the graviﬁy station

at Caltech.

A2.4 Gravity Station Reoccupation.

Figure A2.1 shows the location and distribution of the
reoccupied gravityvstations in the San Fernando Valley.
The stations are identified with aﬂnumber corresponding to
that given by Corbatd (1963). The stations numbered 1-14
were the sub-base stations of Corbatd's net and are well
scattered throughout the San Fernando Valley. These sub-
bage stations were the first to be reoccupied, since imme-
diately following the earthquake, before any precision
leveling could be done, the areal extent of the tectonic
deformation was sought. It was assumed that the deforma-
tion, if any, would be reflected into changes in gravity.
The absolute gravity at these sub-base stations was more
accurately determined than at the other stations, with the
values generally known to within + 0.03 mgals. Of the
fourteen stations originally comprising the sub-base net,
eleven could be recovered in 1871, although there was some
slight uncertainty as to the exact location of three of the
stations. These uncertain stations are marked with an

asterisk in Table A2.1. At these uncertain stations, an
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attempt was made to take the readings at about the same
altitude as reported by Corbatd (1963). The gravity values
for all the stations for both‘the pre-earthquake and post-
earthquake measurements are listed here. Tﬁe absolute
gravity values are the values listed plus 979.0 gals. The
values given by Corbatd (1963, Appendix B) are the pre-
earthquake values rounded to thé nearest 0.1 mgal. However,
the values were actually calculated to the nearest 0.01 mgal
(Corbatd, personal communication, 1971). The uncertainties,
ogl, 082’ are based on standard deviations about the mean
values. The uncertainty of the resulting change in gravity,

o is given by the square root of the sum of the squares

g’
of.the standard deviations of the two measurements. The
change in gravity, Ag, 1s defined to/be the post-earthqguake
measurement minus the pre-earthquake measurement.

In the last two columns, the changes 1in elevation,
AE, and their respegtive standard deviations for the sta-
tions, Oy, are given when avallable. These values were
obtained principally from the City of Los Angeles, Bureau
of Engineering, Van Nuys Office. The measurements of eleva-
tion both before and after the earthquake are made relative
to the mean tidal level in the City of San Pedro, California.
Since most of the Corbatd gravity stations were located on,

or very near, city engineering monuments, these data were

very useful. Supplementary leveling information from
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Burford et al. (1971) was used. The estimated variance in
the leveling data is from these sources. With the exception
of two points, the changes in the leveling data are rela-
tive to the elevation determined in 1960. These two excep-
tions are Station 2 and Station 12 which are relative to
measurements in 1970 and 1963 respectively. Station 12 is
especially anomalous in that in the period 1963-1970 the
elevation increased by 0.06 m, but between 1970 and post-
earthquake 1971, the elevation decreased by 0.06 m.

From the upper part of this table, it is.seen that the
only significant changes in gravity occurred to the north
of the observed surface ruptures, with the exception of
St?tion 12, which is discussed below. Twelve more stations
all concentrated ébove, or slightly below, the rupture zone
were then recccupled. The gravity values measured at these
stations are listed in the lower half of Table A2.1.

A2.5 Relation of Gravity Differences to Observed
Peformation.

The gravity stations listed in the lower half of
Table A2.1 form a profile from the southeast to the north-
west cutting across the main surface ruptures. The location
of this profile in relation to the surface deformation can
be seen in Figure A2.4. TFigure A2.2 shows the results of
the reoccupation of the stations along this profile. The
top part of the figure gives the observed elevation change

from 1960 to 1971 showing the sharp scarp where the profile
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crosses the Sylmar segment of the surface breaks. The
profile crosses Just at the western end of the Tujunga seg;
ment of the surface breaks. The lower part of the figure
indicates the corresponding observed gravity change for
this profile. It is clear that a good relationship exists
between the observed elevation change and the observed
gravity change. Now 1f we plot the significant changes in
gravity versus their respective changes in elevation, we
see that the relation is quite linear. Figure A2.3 shows
this plot. The line fit to the data 1s a least squares

relation given by
Ag = - 0.215 AE + 0.026 (A2.1)

where‘AE is the elevatlon change in meters and Ag is the
gravity Changé in mgals. The gradient of this relation
+implies a Bouguer reduction density of 2.2 gram/cms, or
about the density of the unsaturated surficial layers in the
area, which are late Cenezoic sediments. If a Bouguer

3

reduction density of 0.2 gram/cm” higher or lower than this
value 1s chosen, the fit is only slightly degraded, with
the standard error being increased. As an example, a
gradient of - 0.224 mgals per meter is found when a Bouguer

3

reduction density of 2.0 gram/cm” 1s used. The gradient

for the relation for the interval of acceptable Bouguer
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reduction density values is still significantly less than
the free alir gradient of - 0.309 mgals per meter.

If the deformation as measured along this profile had
occurred as the result of merely a vertical expansion over
some depth, then the gravity changes would have fallen along
the free alr gradient. However, the fact that the values
fall albng a reasonable Bouguer reductlon gradient indicate
that by some means mass was added beneath the gravity sta-
tions. Within the resolving power of the gravity measure-
ments, one can conclude that the overriding thrust block
appeared to move as a unit. For the regions of uplift, it
is clear that these areas of negative gravity change are
now slightly heavier than before the earthquake due to the
added mass from the stacking of the surficial layers on
the pre—earthquake surface.

a Equation A2.1 can be inverted to gilve the estimated
elevation change for a known gravity change. This relatiocon

is
AE = =4.65 (Ag + Gg) . (A2.2)

Equation A2.2 implies that if the gravity changes at the
stations reoccupied can be determined to + 0.05 mgals, then
the accompanying change in elevation is determined to

+ 0.23 m.
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The gravity change data accumulated in this study have
been added to that obtained by the other authors in Oliver
et al. (1973) to give a contour map of the gravity changes
associated with this earthquake (Figures A2.4). Releveling
data from both that obtailned from the City of Los Angeles
Engineering Bureau and that obtained by the U. S. Geological
Survey,'as reported in Burford et al. (1971) have been con-
verted into changes in gravity and included into the gravity
cohtours shown in this figure. The gravity changes that
are obtalned by conversion of leveling déta are shown in
parentheses along side the bench mark location and the year
that the original elevation was obtained. Gravity data
obfained directly are similarly shown without the paren-
theses. Examination of the two sets of data show that they
are éemarkably compatible within the uncertainties of each
of the data sets. Of particular interest is a comparison
of the gravity values ffom both data sets in the area Jjust
east of the Pacolma Reservoir. The gravity change from the
converted elevation change (-0.15 mgals) 1s based on a
1929 elevation determination, where the direct gravity
changes are based on measurements obtained in 1964 and
1970, yet the change based on the 1929 observation is about
the same size as those based on much later observations.
Savage et al. (1973) have postulated that this particular

releveling datum might contain some pre-earthquake secular
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uplift, however, the gravity measurements here suggest that
most of the uplift in this area probably took place at the
time of the earthquake and was not distributed in the 42
years preceding the earthquake.

Also indicated in Figure A2.l4 are areas of positive
gravity changes, indicating subsidence. These areas were
not delineated by the leveling surveys because of lack of
data. Although the data indicating these positive changes
are less accurate than in this study, the majority of the
points defining the positive change do have positive values
when the maximum errorbis subtracted. If these gravity
changes obey a similar Bouguer relationship with changes in
eleyation, then this is an indication that mass was removed
fr?m this area. No attempt has been made to balance the
mass involved because of the poor nature of some of the
data. However, the recognizance of this area of subsidence
shows the usefulness and facility of making gravity measure-
ments in tectonlc areas whether or not they can be done
in conjunction with leveling surveys. It is interesting to
note that this area roughly forms an inverted "U" and
corresponds to about the aftershock zone near the epicentral

area (Allen et al., 1971).
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A2 .6 Bouguer Residuals.

Figure A2.5 shows the residual Bouguer anomaly for the
profile A-A'. This residual was calculated from the for-

mula,

Gg = Ag - 0.215 AE . : (A2.3)
BA

The residuals are plotted in the upper part of Figure A2.5.
Although the residuals are fairly small when compared to
the estimated errors for each observation, the calculated
anomalies_are systematic in the sense that the residuals
are negative south of the surface ruptures and positive to
the:north of the surface ruptures. Although barely signif-
icant, these anomalies represent some rearrangement of the
subsurface mass from 1958 to 1971. One obvious rearrange-
ment of the subsurface mass 1s that which can be caused by
the raising or lowering of the areal water table in the
time interval between gravity measurements. Oliver et al.
(1973) have considered this in some detail. They report
that for the limited water table level data thatare avail-
able for this area, the water table level changed in the
short interval about the time of the earthquake only by the
amount the surface was deformed. Thus the entire sedimen-
tary unit sampled by tﬁe water wells moved as a unit during

the earthquake. However, in the 13-year interval, 1958 to
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1971, the total water table level, after seasonal effects
are removed, was lowered in the area riorth of the surface
ruptures and actually raised 1in the area to the south of
the surface ruptures. Oliver (1972, personal communication)
has calculated the gravitational effects of this net chahge
in the water table level and his results for the profile
A-A' are plotted in the lower half of Figure A2.5.

It is seen hefe that the water table effects give rise
to about the slze gravity anomaly as that observed, however,
it is innthe opposite direction. That 1s, the water table
effect must be subtracted from the observed Bouguer anomaly
to get the corrected total Bouguer anomaly. The errors in
the gravity changes associated with the water table fluc-
tuations are at least as large as the errors in the upper
part of Figure A2.5 based on the uncertéinty and paucity of
the input data. It is not wished to emphasize this anomaly
too much, other than perhaps the general form of the
anomaly. No attempt was made in this study to model the
anomaly, since not much is known about the original density
distribution of the subsurface.

A2.7 Discussion.

The reoccupatlion of gravity stations after a major
earthquake is shown to be a rapid and relativély inexpen-
sive method of delineating the areas of deformation caused

by the earthquake, provided a detalled gravity net is
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established prior to the oc¢currence of such an event.

The occurrence of the San Fernando earthquake in an
area where there was such good contrcl on the elevation and
gravity changes has presented the best opportunity to
establish an accurate relation between these two variables
for this particular type of faulting. A gravity station
reoccupation traverse across the zone of the maximum thrust
fault surface ruptures yielded a proportionality between
the observed gravity changes and changes in elevgtion. The
slope of the relationship shows rather convincingly thét
the elevation changes and the gravity changes are not re-
lated simgly by the free air correction, but rather along
a Bouguer gradient. The Bouguer reduction density found by
a ieast~squares fit to the data indicates that the greatest
portion of the gravity change could be explained by the
stacking of the surficial layers on the pre-earthquake
surface. In retrospect, this 1s exactly what would be ex-
pected from reverse thrust faultling. The Bouguer anomalles
derived for this profile, although statistically barely
significant, are systematic 1n that they are generally
positive to the north of the rupture zone and‘negative to

the south of the rupture zone.
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Appendix 3

Derivation of Least-Squares Inversion Operators

In this appendix, we will derive the least—squares
inverse and the associated operators for three cases. For
éonvenience with respect to manuscript preparation, matrices
will be given here in regular typed form, not boldface as
in the rest of this thesis. This practice should cause no
confusibn in this case.

Case I: Least-Squares Inverse with no weighting of the
ﬁodel components and no inclusion of the data
variances.

We ‘define the forward problem to be
A dm = 8d_ , | (A3.1)

where Sdo is the observed data vector, 8m is the true
model, and A is the operator which maps a function from
the model space to the data space. We define the vector
b=8m to be the best estimate of the model, &m, that we can
obtain.

In this case, we wish to minimize the fit to the data

such that

2, — 2
al(b) = ||<5dO - &d| | (A3.2)
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1s minimized. Here we have ||Z||° = z*Z, and 8d is the

calculated fit to the data given by
Ab =44 . (A3.3)

Substituting (A3.3) into (A3.2) and expanding, we get

2 - * _ * % ¥ ¥
El(b) 8do Sdo 6do A b-bTA Gdo+b A%A b . (A3.h)

Now performing a first order perturbation in 8b of (A3.14)
and setting to zero implies

s+ b= ém =»(A*A)+A*6do , (A3.5)
which 1s the result we are seeking.

Case II: Least-Squares Inverse with no weighting of model
components and with the inclusion of the data
variance.

Here we have the same forward problem as before, however,

each datumé doi, has associated with it some variance, Gi.

If we assume that the data are unbiased and are statisti-

cally independent, then we can write the variances in

dlagonal form
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nn

We want to minimize the fit to the data in a least—squares

sense such that

2 — 2 |
es(b) = ||8d_ - &d]] (A3.6)
1 o] Cnn
is minimized. This weighted norm, ll'[]c , is defined by
nn
2 %, —1
1121 | = 72°C "7 .,
Cnn nn

El

Substituting (A3.3) into (A3.6) and expanding, we get

-1

2 _ %A -1 %
el(b)—édo Cnn Sdo—ﬁdo C n

, *
A b-(Ab) Cn Sdo

-1
nn

+ (Ab)*Cngl(Ab)

Performing the first order perturbation of §b on this last

equation and setting the result to zero, we obtain

1

sd_ . (A3.7)

e # -1 + ¥ -
b = 86m = (A Cnn A)Y A Cnn o
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Case III: Least-Squares Inverse with weighting of the
model components and with the inclusion of tThe
data variance.

For some problems, it might be useful to consider a sét of

non-zero positive weights for the model components. These

weighting, or model correlation coefficients, can be

defined in the followling manner,

— -
Wy .0
Wy
c = )
SS
0o . Wy |-
e -,

The error induced through the use of these correlation

coefficients is given as the following,

2 R P |
e5(b) = b C b . (A3.8)

The error of the fit to the data is still given by
equation (A3.6). For this case, we want to minimize some

gquadratic sum of these two errors.

82(b) = ei(b)cose + sg(b)sine .
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This minimization of eg(b) proceeds as before giving

-5 - otcoyate -1
b =68m=Q (8)A Con 84, (A3.9)
+ o, -1 -1t
where Q (8) = (A Cnn A+ taneCSS )

Substitution of (A3.9) into (A3.3) enables us to write

J is called the data importance matrix and is given by

¥ -

7 =nqfenc .
’ ,The data importance matrix tells how the information
in the data set is distributed (Wiggins,bl972). This
operator serves the same role in the least-squares inverse
as does the model response operator (equation 2.29) in the
stochastic inverse. The data importanée matrix gives us
information as to how the model components as a whole
"see" how.large an effect individual data values have on
the estimation of a model. Minster et al. (1974) show
that the trace of this operator is invariant and given to

be the number of independent linear combinations of the
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data. For the inversion problem to be determinant, this
sum must equal the number of independent model parameters.
In both the inversion procedures discussed in this
thesis, we have neélected an obvious operator. We will
call this operator the perturbation relaxation operator.

These operators are defined below.

§d = Pg 8d_ ‘ (Stochastic inverse)
sm = PL g Sm (Least-squares inverse)
‘where
P, = AWA® (AWA¥+C oy T
S. ( nntat
T S -1 + -1
PL.S. = (A Cnn A+CSS tand) (ACnn a)

@

These operators show simply that in the stochastic inverse
case, when Cnn has large values for certain daté, these
data will be essentially neglected in the fit for the sake
of fitting other bétter determined data. In the 1east—.

squares inverse case, when C has a very small value for

SS
certain model components, the model will try to fit the
data by ignoring the contributions from these particular

model components. Also, we see that for Cnn and CSS fixed,
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the point along the trade-off curve influences the per-

turbation sizes in the iterative inversion scheme.
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Appendix U4

Spectral Summation of Two Sources
in the Frequency Domaln

Consider the addition of two seismic sources by
spectral summationf The first source is representgd by an
amplitude and a phase spectrum of the form Al(w) el¢l(w).
The phase spectrum ¢1(w) contains information about both
the source and the propagation path. To this spectrum we
wish to add an additional source represented by

1065(w) + A ()] _ N
A2(w) e , where Az(w) i1s the amplitude
spectrum of thé secondary source, ¢2(w) is the phase spectrum
of the secondary source, and A¢2(w) is the additional phase
of ‘the secondary source caused by a spatial or temporal
offset of the second source from the first source. Propa-
gation effects for traveling a slightly different path
from oriéin to receiver are taken into account with this
term. If we let z be the total of the two sources, then
we can write,

ip(w) 1, (w)

z = Z(w) e = Al(w) e +

(AL4.1)

il (w) + A¢,(w)]
hy(w) e e 2 .
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Thus,
2(0) = (A2(w)+A2(w)+2A) () A, (0)cos (o) ()0, (w)=00,(w)13H/2
(A4.2)
and
N A (w)sinlé, (w) I+, (w)sin[¢,(w)+a¢,(w) ]
y(w) = tan

Al(@)cos[¢l(w)]+A2(w)008[¢2(w)+A¢2(w)] )

(AL .3)
The phase delay of the single original source is
given by
1 (w)

= , | Ak 4
Tp 1 ] ( )

and the new phase delay of the summed signal is

. IO , (AL.5)

7 W
The group delay of the summed signal is given by

T - (w) . (AL.6)

A oW

In practice in order to avoid as much as possible the

difficulties encountered by the multivaluedness of the
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trigonometric functions, we wish to compute only the addi-
tional group delay the additional source has over the
group delay of the single original source. If we define

this additional group delay by Grg, then.

ST . = T = T s (AL.T7)

where T is the group delay of the original signal. By

€1 3¢, (w) 98¢, (w)
- 2 _ 2
defining ——— = T and ———— = T s we have by
oW €s oW €og
equation (A4.6)
2% (w)T +A2(w)§i£: + T A (w)A,(w) (o)
1 g, 5 5 Ay (w)h, (w)cos(a

T =
&, A§<m)+A§(w)+zAl(w)A2<w)cos(u)

(AL.8)

where

Q
|
<
NS
+
[ g
©
no
!
©
o

Substituting this expression into equation (B4.7) we get

3

AS(w) T_ + Ap(w)i,(w) cos(a) T_

Grg = =3 5 (A4.9)
Al(w)+A2(w)+2Al(w)Az(w)cos(a)
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The additional phase delay cdused by the spatial and

temporal offset of the secondary source is given by

Ao (w)
T . P Fot T, (AL.10)

p2s W

>
[
sy}

@]
ping
e

Here R is the distance from the hypocenter of thé first
signal to the observer and ﬁ is the distance from the hypo-
center of the second signal to the observer. C(w) is the
phase velocity of the medium. ng is the delay in time
after the initiation of the first source before the origin

of the second source. This time delay can be expressed as

R
an apparent rupture velocity given by Td = VE , where RS
2 R

is” the separation distance for the two events.

Differentiation of (Tp * w) with respect to w yields

28
the secondary group delay, Tg given by
28
R-R
T = + T s (AL.11)
855 Uw) d,

where U(w) 1s the group velocity of the medium.

It is seen that calculation of the group delay does
not involve any inverse trigonometric functions so that the
multivaluedness’bf the functions is not important. However,
this is not the case for the calculation of Y(w). In

practice, the values of y(w) are numerically differenced
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to obtaln an approximate expressign for the group delay.
If this approximate group delay is more than one period
different from the exact calculated group delay, then a
period 1s added to the phase delay, TpZ, and the épproxi—
mate group delay is recalculated. By starting with the
phase and group delays of the long period end of the spec-
trum, the true phase can be uﬁwound from that calculated
numerically.

For the addition of many different sources, each off-
set in time and space with respect to one another, the
above calculations are repeated for each source, with the

original amplitude and phase spectra replaced by the

partial sum spectra after each individual summation.
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Appendix 5°

Velocity-Density Models for Local Crustal Corrections

This appendix lists the multi-layered velocity-density
models of the crust and upper mantle used in the computa-
tion of the local crustal corrections for the WWSSN sta-
tions used’in the surface wave study in Chapter 5.

The following symbols are employed in the tables:

D = layer thickness in km

Alpha = compressional velocity in km/sec

Beta = shear velocity in km/sec

Rho = density in'gram/cm3.

References for the origin of the data used in the

models are given below each table,
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San Fernando Crust over Gutenberg Continent

D Alpha Beta Rho
0.50 2.50 1.20 2.10
3.00 3.80 2.50 2.50
2.00 5.50 3.20 2.60
14,50 6.06 3,40 3.00
15.00 6.70 3.80 3.00
13.00 7.96 1,60 3.37
25,00 7.85 4,50 3.39
50.00 7.37 4,21 3.40
75.00 8.00 b4l 3,15
50.00 8.20 4.50 3,47
100. 00 8.40 4. 60 3.50
100.00 9.00 .95 3.63
100.00 9.63 5.31 3.89

Source: Jungels (1973), Gutenberg (1944), Wood and

Richter (1933), Harkrider et al. (1963).
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Greenlandic Shield with Ice Cap

D Alpha Beta Rho

2.50 3.93 1.94 0.91
16.50 6.25 3.74 2.80
23.70 6.60 3.85 2.85
37.30 8.05 b.eT 3.30
25.00 8.10 bh,72 3.30
100.00 8.20 .54 3.44
100.00 8.30 4,51 3.53

80.00 8.70 h.76 3.60
100.00 9.30 5.12 3.76

Source: Gregersen (1970), Brune and Dorman (1963).



-295-

Tceland

D Alpha Beta Rho
4.50 4.70 2.70 2.60
3.50 6.30 3.60 2.80
10.00 6.71 3.90 3.08
10.00 i 7.38 4.30 3.15
50.00 8.00 4.68 3.30
160.00 7.90 4.540 3.35
100.00 8.20 4.58 3.40
200.00 8.20 4.68 3.40

Source: Tryggvason (1962), Bath (1960), Tryggvason and

B&th (1961), Tryggvason (1973).
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Irish Continental Shelf

D Alpha Beta Rho
0.50 1.52 0.00 1.03
1.50 2.20 1.57 2.55
2.00 5.40 3.18 2.70
20.00 6.10 3.55 2.82
6.00 7.30 4.21 3.10
50.00 8.10 4,61 3.30
100.00 8.10 4,40 3.40
100.00 8.10 4,60 3.55
200.00 8.10 4.89 3.60

Source: Blundell and Parks (1969), Bamford (1971).



18.
10.
20.
30.
100.
100.
100.

200.

Source:

.00
00
00
00
00
00
00
00

00

Payc (1970), Payo (1964).
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Tberian Shield

Alpha Beta
3.40 2.00
5.90 3.50
6.60 3.70
7.60 4.50
8.10 h.70
8.15 b.20
8.49 h.77
8.81 4.89
8.81 4.89

Rho

2.

w w w w w w

30

.80
.90
.30
.35
4o
.53
.60
.60



50.
160.

200

Source:

.05
.10
.10
.10
.00
.50
00
00

.00

Ewing (1969), Talwani et al.

Mid=-Atlantic QOcean

Alpha

(ool o O U1

.51
.52
.60
71
.80
.00
.69
.00
.90
.20
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Beta

e . o ) ]

.00
.15
.19
.37
.53
.85
.90
.68
.60
.68

Rho

1.03

1.79

.06
.30
.35
4o

w w Ww W

(1965), Ewing et al.

(1966), Katz and Ewing (1956), Officer et al.

(1952).
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Western America Tectonic

D Alpha Beta Rho
2.50 3.00 1.73 2.40
24.50 6.20 3;58 2.83
13.00 6.80 3.87 2.99
45.00 7.80 4,25 3.30
50.00 8.20 4.38 3.43
100.00 8.20 b, 38 3.52
100.00 8.20 4,50 3.57
100.00 8.20 4.70 3.62

Source: Kanamori (1970), Bucher and Smith (1971),
Alexander (1963), Ewing and Press (1959),

Heezen (1972).
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Pacific Ocean East

D Alpha Beta Rho
3.80 1.51 - 0.00 1.03
0.01 1.52 0.15 1.65
0.10 1.60 0.19 1.70
0.10 1.71 0.37 1.79
0.10 1.80 0.53 1.86
1.30 5.07 2.88 2.67
5.00 7.20 3.98 2.90
50.00 8.00 4.68 | 3.30
60.00 7.90 4,60 3.35
100.00 7.90 b, 60 3.35
200.00 8.20 L.68 3.40

Source: Pilermattei and Nowroozi (1969), Santo (1963),
Saito and Takeuchi (1966), Dorman et al. (1960),
Raitt (1956), Ewing et al. (1969), Latham and

Nowroozi (1968), Kovach and Press (1961).



50.
60.
100.

200.

Source:

.10
.70
.50
00
00
00
00

Alpha

oo ~N N <o =N U

.51
.60
.07
.20
.20
.90
.90
.50

Pacific Ocean West

Beta

= I = = W

.00
.30
.88
.98
.72
4o
4o
Th

Rho

w W w w

.03
.65
.67
.90
.30
.35
.35
Jbo

Piermattei and Nowroozi (1969), Santo (1963),

Saito and Takeuchi (1966), Dorman et al.

(1960),

Raitt (1956), Ewing et al. (1969), Latham and

Nowroozi (1968).
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Andean

D Alpha Beta Rho

5.00 5.00 2.88 2.67
15.00 6.00 3.46 2.87
25.00 6.60 3.58 2.99
100.00 7.90 b, 45 3.30
100.00 8.00 L. 4o 3.32
100.00 8.00 L. 40 3.32
100.00 8.20 b.67 3.38
100.00 8.20 4,68 3.38

Source: James (1971), Fisher and Raitt (1962), Cisternas

(1961).



=303~

Central Japan

D Alpha Beta Rho
1.00 2.50 1.47 2.50
5.00 5.50 3.18 2.70
16.00 6.00 3.40 2.80
10.00 6.50 3.70 3.00
30.00 7.70 .37 3.20
100.00 8.00 4.50 3.30
200.00 8.00 4.50 3.30

Source: Kaminuma (1966), Mikumo (1966), Asada and Asano

(1972), Kurita (1971).



