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GENERALIZED RAY MODELS OF THE SAN FERNANDO EARTHQUAKE

By Tuomas H. HEaToN* AND DoONALD V. HELMBERGER

ABSTRACT

The exact Cagniard-de Hoop solutions for a point dislocation in haif-space
are used to construct models of the strong ground motion observed during the
February 9, 1971 San Fernando earthquake (M, = 6.4). By summing point
dislocations distributed over the fault plane, three-dimensional models of a finite
fault located in a half-space are constructed to study the ground motions
observed at JPL (Pasadena), Palmdale, Lake Hughes, and Pacoima Dam. Since
the duration of faulting is comparable to the travel times for various wave types,
very complex interference of these arrivals makes a detailed interpretation of
these wave forms difficult. By investigating the motion due to small sections of
the fault, it is possible to understand how various wave types interfere to
produce the motion due to the total fault. Rayleigh waves as well as S to P head
waves are shown to he important effects of the free surface. Near-field source
effects are also quite dramatic. Strong directivity is required to explain the
difference in amplitudes seen between stations to the north and stations to the
south. Faulting appears to have begun north of Pacoima at a depth of 13 km.
The rupture velocity, which is near 2.8 km/sec in the hypocentral region,
appears to slow to 1.8 km/sec at a depth of 5 km. Displacements on the deeper
sections of the fault are about 2.5 m. Fault offsets become very small at depths
near 4 km and then grow again to 5 m near the surface rupture. The large
velocity pulse seen at Pacoima is a far-field shear wave which is enhanced by
directivity. Peak accelerations at Pacoima are probably associated with the large
shallow faulting. The total moment is 1.4 x 10?® ergs.

INTRODUCTION

In this paper we present some preliminary results derived from strong motion
modeling of some of the more diagnostic observations obtained from the San
Fernando data set. In two related studies (Heaton and Helmberger, 1977, 1978),
strong ground motions for several earthquakes located in the Imperial Valley were
examined. The records in these situations were taken at distances several times
larger than the source dimensions and only transversely polarized motions were
modeled. Ground motions for these events were shown to be profoundly affected by
seismic velocity structure. Although source characteristics were important, relatively
simple source models were all that were necessary to produce adequate synthetic
records. This study attempts to understand recordings of the 1971 San Fernando
earthquake. Since this earthquake was well recorded by many close stations, a more
detailed inspection of source processes is required.
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Several new complications are introduced by the small source-to-receiver dis-
tances. Near-field terms can no longer be neglected as in the previous studies.
Furthermore, fault finiteness requires that waves from differing parts of the fault
must approach the receiver from differing directions. This means that the observed
ground motion cannot be rotated into radial and transverse directions. Thus we
cannot isolate SH wave forms and we are forced to consider P waves, SV waves, and
Rayleigh waves. For many reasons, life becomes more complicated as we move
closer to the earthquake source. Fortunately, as the source-to-receiver distance
becomes small, the effects of plane-layered structure become less dramatic. In an
attempt to understand the most basic features of the interplay between source and
structural effects, we chose first to model the San Fernando earthquake as a three-
dimensional fault located in an elastic half-space.

The purpose of this study is two-fold. We would first like to understand the types
of phenomena which should be expected from a three-dimensional fault which is
located in a half-space. The second goal is to achieve a better understanding of the
particular source processes of the San Fernando earthquake. The second goal is the
more important and difficult to achieve. The San Fernando earthquake created a
wealth of teleseismic body-wave and surface-wave data and also local static offset
data. It thus provides a unique cross-check of several different techniques of studying
the slip on the fault plane. Ultimately, we would like to find a single model which
explains all of these observations. However, in this study we will not attempt to
model these different data sets simultaneously. We will comment on the compati-
bility of our strong-motion models which have been derived by other authors.

A large number of papers have been written about the San Fernando earthquake
and we will not attempt to summarize the results of all previous studies. However,
these are several papers which we found very useful in constructing our models.
The study of teleseismic body waves by Langston (1978), Alewine’s (1974) inversion
of static offset data and teleseismic surface-wave data, Hanks’ study of observed
strong ground motion (1975), and the inversion of strong-motion data by Trifunac
(1974) all proved very useful in our construction of San Fernando models. Although
Trifunac’s models were for a finite fault in a whole space, we learned from his
synthetic Pacoima Dam ground motion. Thus, there are several similarities between
our preferred fault model and Trifunac’s final fault model.

The numerical calculations involved in our synthetics consist of several relatively
laborious and expensive steps. Once a particular fault to station geometry is chosen,
it is time and money consuming to change that geometry. We have chosen to model
four stations and no attempt was made to find alternate stations or source-to-station
geometries which might produce better synthetics. In retrospect, we would have
ignored the station at Palmdale since a half-space seems to be a very poor approx-
imation of earth structure near this station. Also, it appears that a different fault dip
versus depth relationship might have improved the comparison between synthetic
and real data. However, it is not our purpose to discover the best half-space model.
We would like to discover the gross features of the model which are required by the
data. Because of the large number of parameters involved, a thorough search of the
model space can result in an endless groping process. Until we learned the signifi-
cance of different parameters, we were victims of this grope. The merits of this
process are that much can be learned about what will not work.

We are now faced with the problem of showing the reader what we have learned
from this process and why we have chosen the model presented in this paper. It
would be impractical and tedious to present all of our unsuccessful models. Thus
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our plan is to present several simple models and to then try and understand why
they do not work and how they could be improved.

THE DATA

The 1971 San Fernando earthquake produced by far the largest single strong-
motion data set yet available. Shown in Figure 1 are the locations of most of the
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FiG. 1. The site locations of accelerometer recordings of the San Fernando earthquake are superim-
posed on the gross geological and structural features of the area. The encircled cross is the Allen et al.
(1973) epicenter and the arrows point to stations which are studied in this paper (modified from Hanks,
1975).

accelerometers which recorded this event. We were faced with the choice of which
records from this immense set we would model. Because we are using a half-space
model, it is important that the stations be near the fault. In order to minimize
redundant information, stations from different azimuths were chosen. The stations
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for which records were synthesized are Pacoima Dam (PAC), Jet Propulsion
Laboratory (JPL), Lake Hughes Array Station 4 (LKH), and Palmdale Fire station
(PLM). These stations are indicated in Figure 1 by the codes C041, G110, J142, and
(G114, respectively. These codes refer to the cataloging system used in the series of
strong-motion data reports published by the Earthquake Engineering Research
Laboratory of the California Institute of Technology. It is from these reports that
our observed ground displacement curves have been taken. In Figure 2 through 5
we show the corrected accelerograms, integrated ground velocity, and displacement
curves for these stations (Trifunac et al., 1973b). The processing of these accelero-
grams involves base line corrections and Ormsby filtering. The basis for this
processing can be found in papers by Trifunac (1971) and Trifunac et al. (1973, a
and b).

It is impossible for an accelerometer to recover static or even very long-period
ground displacement information and thus these integrated displacement curves are
really displacements in which periods longer than 10 sec have been heavily filtered.
In fact, the base line correction can effectively filter periods of less than 10 sec. For
instance, the Pacoima station probably experienced a large static offset which
cannot be easily seen when simply viewing the displacement curves. Hanks (1975)
has presented a relatively comprehensive discussion of the sources of long-period
errors for this data set.

In his 1975 paper, Hanks also investigates the coherence of displacements between
stations which are located near each other. In general, he finds this coherence to be
very good. In particular, the records from stations in the Pasadena area (i.e., JPL)
are very similar to each other. The same is true of records obtained in the Lake
Hughes area. Unfortunately, there are only two stations to the northeast, Palmdale
and Pearblossom. We chose Palmdale since it was closest.

Hanks (1975) points out that both the intensity of shaking and amplitude of
displacements were generally larger for regions south of the hypocenter. In partic-
ular, this is true of the stations which we have chosen to model. We will use these
observations to try and pin down the slip on the fault plane.

TuE MODEL

Our model consists of a three-dimensional finite fault located in a half-space. A
circular rupture front is assumed to propagate at a given rupture velocity from the
hypocenter. The slip angle and dislocation time history are assumed to be uniform
throughout the fault plane. The Cagniard-de Hoop technique, together with a linear
interpolation scheme, is used to compute the ground motions from point dislocations
which are evenly distributed (0.5 km spacing) on the fault plane. These responses
are summed with time lags which are determined by the assumed hypocentral
solution and rupture velocity. Nonuniform fault displacement is modeled by varying
the weights of individual point sources. We are thus using a numerical Green’s
function technique to integrate over the fault plane. This is very similar to the finite
fault models which were constructed for the Borrego Mountain earthquale in our
1977 paper. However, unlike the Borrego study in which we considered only SH
motions, there are many added complexities due to the inclusion of P and SV waves,
near-field terms, and a more general fault-to-station geometry which dictates that
waves arrive from different azimuths. This last complication has two effects, both of
which are included, without approximation, in our models. The first effect originates
from the fact that sources having different locations on the fault plane have different
radiation patterns with respect to a fixed station. The second effect is to make the
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Fi16. 2. Corrected accelerograms, velocities, and displacements for the San Fernando earthquake as
recorded at Pacoima Dam (modified from Trifunac et al., 1973b).
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FiG. 3. Corrected accelerograms, velocities, and displacements for the San Fernando earthquake as
recorded at the Jet Propulsion Laboratory (modified from Trifunac et al., 1973b).



GENERALIZED RAY MODELS OF THE SAN FERNANDO EARTHQUAKE 1317

SAN FEANANDC ERRTHQUAKE  FEZ 8, 1871 - 0600 PST
I1J142 71.065.0 LAE k.G~ES. ARFIY STATION 4. CRL,  COMP S2IW
© PERK VALUES @ ACCEL = -143.5 omvse LOTITY = -8.3 cwsEC  DISPL = 1.7 M

n/SET

-250 -
!

ulr )J (T RR LR

CM/SEC/SEC

ACCELERATION

VELOCITY
CH/SEC

DISPLACEMENT
(o]

o PEAX VALUES ¢+ RACCEL = 168.2 CM/SEC/SEC VELOCITY = 5.3 CM/SEC OISPL = 1.2 ¢cH

™ Ty ke A
Py Lid ) v

RACCELERATION
CM/SEC/SEC
o

-6

VELOCITY
CN/SEC
o

6
2~
-
gl
w
g5 ¢ /JV\\V \/ >
g
a
1) -
[=]
R o N . L X , .
0 < 1C S 20 25 30 35 40

© PEAK VALUES : RCCEL = 1S0.8 CM/SEC/SEC VELOCITY = -6.8 CM/SEC DISPL = 1.6 cn

-250
z
=¥
=
g2 o NNt g
e o
=%
(-3
250 . . . . . . , ,
-8
[
28 o a4 {"\A_/\w Pt e
S LA A AN

2

NV ™
ARV,

o
2 " s . L . " .

o S 12 ] 20 30 35 40
TIME - SECONDS

Fi1c. 4. Corrected accelerograms, velocities, and displacements for the San Fernando earthquake as
recorded at the Lake Hughes array station 4 (modified from Trifunac et al., 1973b).
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definition of radial and transverse directions a function of the position of the point
on the fault being considered at any one time. The importance of these effects is a
function of the source dimensions and the receiver distance, and they are particularly
important in the Pacoima models.

Our total solution can be formally written as

n m

U@t) = T ¥ maYu(®)+D(), oy

J=1 k=1

where U(?) is the displacement at a station, j denotes the jth source along the fault
strike, 2 denotes the kth source down the fault dip, m;: is the moment and Y;.(¢) is
the response of the j, kth source, and D(#) is the time derivative of the time history
for any point on the fault which we assume to be uniform at this stage. If we choose
the coordinate frame (e;, ez, e3) to be north, east, and down, then

Yj ) = (ij COS Vjp — ij sin ij)el + (ij sin vjr + ij cos ij)ez + W}keg, (2)

where we have used the notation

Qir = Q(rjr, hyr, O, A, 1)
Vie = Virje, e, O, A, 7) 3)
vVik = W(I_‘,'k, h_,'k, 0,'};, A, 1')

and where rj, is the distance of the j, kth source, hj is its depth, 8y is its azimuth
angle as defined from the fault strike, A is the rake, and »; is the backazimuth angle
of the j, kth point source as measured clockwise from north. @, V, and W are the
radial, transverse, and vertical components of motion, respectively, as discussed in
Helmberger and Harkrider (1978) and in detail by Heaton (1978).

We begin by constructing a coarse gridwork on the fault. Responses for points
located on the corners of this gridwork are computed by using the exact Cagniard
solutions. These solutions are extremely broad band; that is, they are correct for the
static as well as the very high-frequency parts of the solution. If the gridwork spacing
is small enough, then responses from adjacent sources look very similar. It is thus
possible to calculate other responses on a finer gridwork by interpolation. Our
scheme is as follows. Responses from adjacent points are shifted in time such that
their direct shear-wave arrival times coincide. Then a simple linear interpolation is
used to calculate the shape of the approximate solution for intermediate locations.
The approximate solution is again shifted in time such that the shear wave arrival
time for the approximate solution is exactly correct. Hartzell et al. (1978) have also
devised a similar method for approximating intermediate point source responses.

The accuracy of the interpolated solutions is a function of frequency and the
distance between coarse grid points. The solutions are very good at the longer
periods which dominate the displacement records. Because the interpolation is
based on shear-wave arrival times, the approximation for the direct shear is quite
good for all frequencies. However, the high-frequency parts of the solution for
phases with different phase velocities than the direct shear wave are poorly approx-
imated by this scheme. For instance, the direct compressional wave will appear as
two sharp arrivals instead of just one. This is not a great worry to us, however, since
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the largest high-frequency arrival is the direct shear wave and also because our
synthetic displacements are rather insensitive to the details of the high frequency
anyway.

For stations except Pacoima, exact responses were computed every 4 km along
the strike and every 2 km down the dip. Since Pacoima is so close to the fault, this
spacing was halved for Pacoima. Interpolated responses were calculated at a 0.5 km
spacing.

It is interesting to note that our interpolation technique could be replaced with a
convolution technique such as the one employed by Wiggins et al. (1978). That is,
instead of summing interpolated sources, we could sum only the coarse grid where
each source would be convolved with a separate time function which would approx-
imate the finiteness of that section of the fault. We can demonstrate this equivalence
by considering one element of the gridwork on the fault. Consider the fault element
shown in Figure 6, for which exact responses have been computed at the corners.

Yii(t) Yai(t)

® Yjk(t)

Ylm(f) Yo m(”
F1Gc. 6. Schematic of one subdivision of a finite fault. Exact responses are computed at the corners

and responses within the subdivision are then computed by linear interpolation.

For simplicity, consider this to be a scalar problem with the scalar displacement u;
u is given by
u=3y ¥ Y. (4)

J=1 k=1

Now our linear interpolation technique says that the j, kth response can be
approximated by

Yi=apYult — i) + apiYult — 73 + ajf'Yinlt — 707 + @' Yumlt — 75,  (5)

where the aji" are interpolated constants, and the ™ are time shifts which are used
to ensure that shear-wave arrival times are aligned during interpolation. These time
lags may also contain information about the rupture process. Noting that

Yu(t — 73 = Yu@=8@ — 1),
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we can write equation (4) as

u=Yu®)*Au(®) + Yu(O)*An(t) + Yin(t)*A1n(t) + Yom(t)*Ann(t), (6)

where

Auty = ¥ T ajidt — 1}h).
=1 k=1

Thus we see that our interpolation scheme is a way of finding the appropriate far-
field time functions for point sources located on our coarse gridwork. In our actual
models, the interpolation technique includes the second order effects due to the

® KH
Lake Hughes

®pLM
Palmdale
i Assumed
Circular _
Rupture \ «~~ Epicenter
Front 1$

Assumed Fault Shape

2 km

TN ~ Approx.
Surface
Rupture

0O 5 10 km ® JPL

_Fi6. 7. Assumed geometry for the San Fernando fault and receivers. Model consists of a three-
dimensional fault in a half-space. A circular rupture front propagates from an assumed hypocenter and

d}splacement magnitudes are prescribed on the fault surface. Notice that the fault changes dip at a depth
of 5 km.

variation in azimuth angle between individual point sources and the receiver. These
variations cannot be included in a convolution technique, but as long as the spacing
of the coarse gridwork does not become too large, these azimuthal effects are very
small. Finally, it is important to realize that both the interpolation and convolution
techniques may poorly approximate the high-frequency behavior of phases other
than the direct shear wave. As we have said before, this is not a severe problem for
the half-space solution. However, some care should be taken when applying these
techniques to a layered half-space problem, since there may be several other
important high-frequency phases present.

In Figure 7 we show the fault and station geometry that was used in this study.
Unfortunately, picking a fault geometry is largely guesswork. Allen et al. (1973) have
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argued that the fault dip increases with depth. They based this result on the
discrepancy between the aftershock pattern and the teleseismic focal mechanism.
Langston (1978) has concluded that the wave forms of teleseismic body waves
require a depth-dependent dip. He found that he could adequately synthesize the
teleseismic wave forms with a hinged fault in which the strike, dip, and rake of the
upper and lower planes are (6; = N80°W, §; = 29°, A; = 90°) and (O = N70°W, §,
= 53° A2 = 76°), respectively. These two faults intersect at a depth of 5 km. We
have incorporated these two planes in our solution. However, for the sake of
simplicity, we have assumed that ©, = ©; = N75°W. Thus, the fault geometry used
in this study was chosen independently of the strong-motion modeling results.

MODELING THE RECORDS

Our basic objective is to search through a model space in which the hypocentral
solution, rupture velocity, and distribution of faulting are allowed to vary. We would
like to discover which models adequately explain the records we have chosen to
model. Our model space is large and it is unreasonable for us to randomly search
through it. Thus, it is important that we learn from the small number of models
which we have the time to study. Langston (1978) and Hanks (1974) have both
argued that the timing of the teleseismic pP phase indicates a hypocentral depth of
13 km. Hanks suggests that the hypocenter is located 13 km due north of Pacoima.
A recent relocation by Hadley and Kanamori (1978) indicates that the hypocenter
is several kilometers south of Hanks’ solution at a depth of 11.5 km. Langston found
that a bilateral rupture on a uniform fault with a width of 10 km and upward and
downward rupture velocities of 1.8 km/sec and 3/0 km/sec yielded a good fit to the
teleseismic body waves. He also concluded that the moments of the upper and lower
fault segments were 0.41 X 10% ergs and 0.45 X 10% ergs, respectively. In Figure 8
we show a model similar to Langston’s except that we have omitted the small lower
section that supposedly propagated downward with a high rupture velocity. We will
return to the rather undesirable effects produced by this feature later. The contours
in Figure 8 signify lines of equal fault slip in meters. The hypocenter is located in
the region of maximum slip and the rupture velocity is 1.8 km/sec. The time
derivative of the time history of slip for each point on the fault is an isosceles
triangle with a duration of 0.8 sec. The fault moment, 1.5 X 10% ergs, is significantly
larger than Langston’s moment.

Comparisons of synthetic and observed records for the model we designated
Norma 140 are also shown in Figure 8. Two synthetic records are shown for each
component. The top trace is the computed ground motion and the middle trace is
this synthetic motion with a base line correction and a high-pass Ormsby filter
applied. We used the base line correction described by Nigam and Jennings (1968)
and an 8-sec Ormsby filter. This filter is described by Hanks (1975).

The first thing that we notice about Norma 140 is that, although relative
amplitudes are approximately correct, the synthetic wave forms are quite dissimilar
from the observed. First inspect the synthetics from Pacoima. Notice that the static
part of the solution can be very important and also notice that the filtering process
can severely alter the shape of the records. The observed record begins with a sharp
pulse which is not seen on the synthetics. The polarity and timing of this pulse are
that which is expected for a far-field SV wave originating from the hypocentral
region. Hanks (1974) has argued that this pulse requires energetic but localized
faulting in the hypocentral region. Norma 140 does not refute this argument since
the fault model is smooth and the pulse is absent. The later parts of these synthetics
also fit poorly and, for the moment, we will leave this unexplained.
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Next, we consider the JPL records. Notice that the observed east record begins
with a large pulse which cannot be found in the synthetic record. The comparison
of the later parts of the records is more favorable even though the amplitudes of the
synthetics are too large. The synthetic fit to the records at Lake Hughes looks
promising, although several short-period arrivals which are present in the observed
records are absent from the synthetics. Also, the later parts of the observed records
contain larger and shorter period waves than do the synthetics. Finally, notice poor
correlation between observed and synthetic Palmdale records. The observed records
are dominated by a “ringing” at 1 Hz which cannot be found in the synthetics.

In general, Norma 140 is, at best, a marginally successful attempt to explain the
observed records. How might we improve this model? Perhaps massive faulting in
the hypocentral region (the hypothesis proposed by Hanks, 1975) will help to make
the large first pulses seen at Pacoima and JPL. In Figure 9 we show the slip contour
map for the model, Norma 170. This model is very similar to Norma 140, except
that displacements of up to 12 m are present in the hypocentral region. Once again
the total moment is 1.5 X 10% ergs with the upper and lower faults contributing
equally to this total. The rupture velocity is still 1.8 km/sec.

The comparisons between synthetic and observed records for model Norma 170
are also shown in Figure 9. A quick glimpse at these comparisons shows that the
hoped for miracle has not yet occurred. The first pulse on the Pacoima and JPL
records has grown significantly. Unfortunately, it is still less than half the amplitude
of the observed. How might we increase the amplitude of this pulse? We could either
further increase the displacements, or we could increase the rupture velocity. Either
of these alternatives looks promising until we study the Lake Hughes synthetics.
When we increased the first pulse for PAC and JPL, we also increased it for LKH.
The trouble is that this synthetic pulse is now too large at LKH. We are in a
dilemma. How can we make the first pulse large at JPL and PAC, and yet still keep
it small at LKH and PLM? As you may have already guessed, directivity is our way
out.

Before we get to the details of the lower fault, it is instructive to study the model
Norma 170 with greater care. Remember that we also have to find some way to
improve the later part of the synthetics, particularly for the Pacoima records.
Figures 10 through 13 show how the synthetics for Norma 170 were constructed.
These figures may seem complicated and tedious, but a careful study of them is
very rewarding. Each picture corresponds to one synthetic record. On the left, the
fault is subdivided into the five strips designated A through E. The responses of
each of these strips are shown and their sums, the synthetics for Norma 170, are
shown at the bottom. This allows us to associate arrivals in the synthetics with
particular parts of the fault. The middle and right hand columns contain the
responses of point dislocations which are convolved with the far-field time functions
shown. The durations of these time functions are 0.8 and 3.0 sec. The locations of
these sources are shown to be in the middle of the various strips. The peak
amplitudes of these point sources are shown next to each trace. This amplitude,
given in centimeters; corresponds to a point source whose moment is 7 X 10% ergs.

Notice that there is usually an excellent correspondence between the responses of
the fault strips and the point responses which have been convolved with the 3.0-sec
time functions. Furthermore, it is fairly easy to identify individual arrivals on the
short-period point responses, which in turn allows us to identify arrivals on the long-
period responses and on the responses of the fault strips.
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Let us begin by studying the response of the lower fault. We have already pointed
out that a major problem is the relative amplitudes of the first pulses seen at PAC
and LKH. We can see that the first pulse at PAC consists of a near-field P wave
which is followed immediately by the far-field shear wave. At LKH, this pulse is
formed by the positive interference of the S to P head wave and the near-field P
wave. They are directly followed by a postcritical angle shear wave (for a better
discussion of the nature of these arrivals, see Heaton, 1978). Now look at the vertical
responses for the deepest point source for the stations PAC and LKH. The ratio of
the amplitudes of the vertical components of the PAC and LKH point responses is
on the order of 2:1. Now notice that the ratio of the amplitudes of the first vertical
pulse that was observed at PAC and LKH was on the order of 20:1! Clearly, there
will be trouble explaining this pulse with a deep point source. This observation is
crucial to the construction of our later models in which we optimize directivity
effects for PAC and LKH.

An interesting consequence of our preceding discussion is that we have discovered
a way to easily add high-frequency pulses to northern station records without
seriously affecting the synthetics for the southern stations. We can incorporate
several short duration events into our model. If these extra events had a moment of
only 10% ergs, they could cause visible short duration pulses on the northern
stations. Actually the motions observed at LKH are so small and long period, that
we suspect that the rupture is fairly coherent.

We will now examine the upper section of the fault in more detail. Since PAC lies
only 2.5 km above the fault plane, it is very sensitive to the time history of this
upper plane. It is easy to see that the near-field terms, or more specifically, the
static parts of the solution, are beginning to dominate over the far-field terms.
Particularly large static displacements occur on the vertical component. If we look
back to Figure 9, then we see that this large vertical offset cannot be seen in the
observed records. We can also see that it would be nice if we could produce a similar
pulse on the north component of motion. By carefully studying many point responses
as well as static solutions for finite faults in a homogeneous half-space (Mansinha
and Smylie, 1971), we were able to deduce that as the rupture proceeds toward and
just beneath PAC, large static vertical displacements will inevitably occur. Ob-
viously, the way to alleviate the problem of large vertical displacements at PAC is
to require that the fault offsets are small for those parts of the fault which are
beneath PAC. If the faulting is small beneath PAC, then where does the moment of
the upper fault come from? By studying the static solutions, we discover that large
displacements to the south would be observed at PAC if there was significant
faulting on the very shallowest parts of the fault. Conveniently, a large offset to the
south will help explain the north component of motion observed at PAC.

We have studied the inadequacies of Norma 170 and have decided that the
following features should have been included: (1) greater directivity on the lower
fault to explain the beginning pulses seen at LKH and PAC; (2) small fault offsets
beneath PAC to explain the vertical record at PAC; (3) large fault offsets south of
PAC to explain the north component of PAC.

In Figure 14 we show a model, Norma 163, which incorporates the features which
we have just mentioned. The source parameters for this model are summarized in
Table 1. The comparisons of observed and synthetic records are also shown in
Figure 14. Clearly Norma 163 fits the records much better than our previous models.
This is no accident, since in reality, we tested many other models before arriving at
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Norma 163. This is not to say that Norma 163 is the best half-space model possible,
but it is the best we found before tiring of the game.

There are many details included in Norma 163 and some of these are rather
arbitrarily chosen. We will, however, try to justify certain features of this model. Let
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us begin by examining the lower fault for Norma 163. We have increased the rupture
velocity to 2.8 km/sec. There are several reasons for doing this. It substantially
increases the amplitude of the shear wave at PAC without increasing the amplitude
at LKH; that is, it enhances directivity. It also allows the timing of arrivals from the
upper fault at PAC to be compatible with a hypocentral depth of 13 km. Notice that
the hypocenter is almost due north of Pacoima and that the faulting seems to be
skewed with respect to a line directly down the dip. This has two effects. The first
is to produce the beginning pulse seen on the S75°E record of PAC. This pulse
disappears when the faulting is aligned directly down the dip. The polarity of this
pulse is reversed if the faulting is skewed to the east of the down-dip direction. A
second effect is that directivity decreases the amplitude of the first pulse seen at
LKH.

TABLE 1
SoURCE PARAMETERS FOR NORMA 163
Lower Segment Upper Segment

Depth of hinge (km) 5.0
Strike —75° -75°
Dip 53° 29°
Rake 76° 90°
Rupture velocity (km/sec) 2.8 1.8
Rise time (sec) 0.8 0.8
Moment (X 10% ergs) 0.8 0.6
Hypocentral longitude 118.41°E 118.33°E
Hypocentral latitude 34.44°N 34.42°N
Hypocentral depth (km) 13. 13.

The faulting in Norma 163 is predominantly unilateral upward and this, again, is
to optimize directivity effects. We will delay a closer look at this particular problem
until a little later. Notice that the 2-m contour in Figure 14 is elongated toward
PAC. Again, this increases directivity effects. If the fault width is increased signifi-
cantly, then the ratio of LKH to PAC amplitudes quickly decays. We are pleasantly
surprised to discover that this ratio can help constrain the horizontal dimensions of
faulting.

Details used on the upper fault plane are based mostly on an analysis of the PAC
records. The hypocenter for the upper fault is equidistant from the hypocenter on
the lower fault, but it has been shifted eastward. Thus the direction of rupture
propagation changes from a southerly to a south-southwesterly direction at the
hinge line. This is a detail which improves the comparison of the synthetic and
observed S75°E records. Although we used a 0.8 sec rise time throughout the fault,
it would appear that a slower rise time for the upper part of the fault would be more
appropriate as can be seen on the N15°E PAC record. That is, it appears that the
southward displacement at PAC occurs too quickly. This situation could be alle-
viated by a longer rise time (about 2 sec) or perhaps a slower or less coherent
rupture process.

At stations other than PAC, the largest arrival from the upper fault is a Rayleigh
wave. Our Rayleigh velocity is the half-space Rayleigh velocity which is probably
significantly higher than the Rayleigh velocity for the real earth which has lower
velocities near the surface. We have included a 2-sec delay for all arrivals from the
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upper fault for the three stations, JPL, LKH, and PLM. Although this appears to be
an unsatisfactory way to model slower surficial seismic velocities, model experiments
indicate that this approximation is reasonable at this stage of the source determi-
nation. We will discuss the effects of local structure at these stations as well as many
others in a subsequent paper.

Notice that Norma 163 significantly improves the comparison between observed
and synthetic records for later portions of the LKH records. This is due to the added
character of the upper fault. The PLM records do not look much better than they
did before, but we now suspect that the Palmdale observation may be seriously
affected by local site conditions. Our suspicions are based on the distinct 1 Hz
ringing that occurs on the velocity components, especially the N30°E record as
displayed in Figure 5. Furthermore, this station is sitting on substantial sedimentary
cover which could easily produce such effects. And finally, the Pearblossom records
do not show these short period pulses and this station is located on bedrock. We
have included a comparison of the Pearblossom records with the synthetics appro-
priate for Palmdale. Pearblossom is at a slightly different azimuth and larger
distance (see Figure 1). It appears that fitting Pearblossom instead of Palmdale
would have been more useful for this study; however, the existing match is probably
sufficient for our purposes.

In Figures 15 through 18 we show detailed interpretations of each of the synthetic
records for the model, Norma 163. These figures are very similar to the previous set
of Figures 10 through 13. Since the very top of the fault has become so important,
we have included a sixth strip which shows the response of the shallowest section of
the fault. As before, the middle row of responses shows point-source responses which
are convolved with a 3-sec triangular far-field time function. Peak amplitudes (in
centimeters) are shown for a moment of 7 X 10? ergs. The right-hand column of
responses contains far-field step function responses. They are very useful since they
allow a positive identification of the various phases present. For the most part, these
figures are self-explanatory. There are some features worth noting, though. If one
looks back to Figure 2, then one can see that the large velocity pulse seen at PAC
is the far-field shear wave from the bottom of the fault. This arrival has been greatly
enhanced by directivity. Peak accelerations at PAC occurred at about the time that
energy is arriving from our strong near-surface faulting. The large displacement
pulse seen on the east component of JPL is comprised mainly of the direct S wave.
Near-field P waves, S to P head waves, and Rayleigh waves are particularly
important at the northern stations LKH and PLM.

DiscussioN

Now that we have constructed a model which seems to be compatible with the
strong-motion data, we must attempt to evaluate its validity in light of other
evidence. Specifically, Alewine’s (1974) inversion of static vertical offset data pro-
vides us with an excellent test of the upper part of our model. He was able to fit the
observed elevation changes with a high degree of accuracy. His model consisted of
a three-dimensional fault in a half-space. Fault slip was allowed to vary with depth.
Because of the nature of the static inverse problem, Alewine had excellent resolution
on the top part of the fault, but the solution for the deeper parts was poorly
constrained. Figure 19 shows plots of magnitude of fault slip versus distance along
the profile A to A’ which is shown in Figure 14. These plots are for Alewine’s inverse
solution and for our solution, Norma 163. We believe that the most significant
feature of this comparison is the 5-m fault offset which is included in both models
for the shallowest part of the fault. Moreover, the offset as a function of depth



1 T 17 17T 1T 71

s 58f  Pac (NIsE) 3

b 508 N~ 1
E[C 2.1 © *5

F X 0.5 ? L S

Static \/__ 6

F
1 - N 1 i | 1 l 1 S
S7TS5°E P
s
i B \/L
ﬂtprsrsmvic o p’“’l S+Static
A =N
F l/f"——
- S
1 1 | 1 | L 1

S; Static D NP,

\* S+Static

AW E
N

P-P-wave S~-Shear wave
SP-S to P Head wave R-Rayleigh »
NP-Near field P-wave

N R T D SR DR |
o 6 1R 18 24 sec

FiG. 15. Decomposition of the synthetic ground motions for PAC and the model Norma 163. The
finite fault is broken into six strips whose individual contributions are shown on the left. Responses of
point sources which lie in these strips have been convolved with 3-sec triangular far-field time functions
and are displayed in the middle column. A moment of = X 10% ergs was assumed and the corresponding
amplitude is shown next to each trace. Far-field step-function responses for the same point sources are
shown in the right-hand column.

1334



i | 1 T T i
> 398 JUPL (North) o5
3 A\ ®3
5 505 HIEE N
E [ 2] 0 685
Fos—d 05 =
sp
A g 5 j;il?‘—”"
|
SR
sp
P C PasP 27 ’_’\[\_/‘
b PROAE
E 15
- D g sy

P+SPAPSR

P
?ie
Z
o
-
2
=0
3
o

7

r.
I

East

N

%%

)
¢
m
P P
2
*g*%
H [&Y] N
z o k:
%ﬁ f

P
%¢
Ll
»
~%
o J|o

Sl

]

SR -R

P
%
<5
./

NP
Down SR
s A\ P
; \ ZSjPSPS
— N SP
gy e "

P-P-wave S-Shear wave
SP-S to P Head wave R-Rayleigh »
NP-Neor field P-wave

-

| R B U |
0] 6 12 18 29 sec

Fi1c. 16. Decomposition of the synthetic ground motions for JPL and the model Norma 163. See
Figure 15 for a more detailed explanation.

1335



1 ¥ T T I LR
n 130€  LKH (N2FE) ob
c 6.7 £ e3
D 408 N— o3 J
L ]
F&— §5° se s
o
sp R
NP
B R
F_/V\ 62_/\A/‘\
PSP S c
SN
PSP s
\/\/————D \}/WJ_4 R
SSP SR

i 1 1 | I . J |
A869 E @ » 5, SP;S
\_—*_\/_’_ -}\?f—— |
B a4, L
SPep\ /
X6 c S 38 s /k/_’__

{

PANP

o

Down

c il

NP+SP

o

o
»

|

9
H

7

P~-P-wave S-Shear wave
SP~S to P Head wave R-Rayleigh *
NP=Near field P-wave
VS WS (SN SN MU G (R SN |
(e} 6 12 18 24 sec

Fic. 17. Decomposition of the synthetic ground motions for LKH and the model Norma 163. See

Figure 15 for a more detailed explanation.

1336



1 T 1 i T I I T
A 30€  PLM (N30°E) )
7 £ e3 —
5 a0% - 02
ElC__ 21 a 685
F 05 NP
pi rSP

)
¢

w

B
D
H

n
(e}

P+ P R E P+SP'NP

%
4
i

9

w

P

%i

192
o
(@}
s
3

o a;f

? C
R PSP P¥NP
P]s_Pt 4D i 37 4 M‘\k{i\——/—
_—/\,\'/\/\E 7\/\"36 5
PiSP prsp WA PW’_
R F F&‘ 4l 6 ’\\‘}3,___———
t
P-P-wave S-Shear wave
SP-S to P Head wave R-Rayleigh *
NP-Near field P-wave
SN S N SRV (U (R U W
0 6 2 18 24 sec

Frc. 18. Decomposition of the synthetic ground motions for PLM and the model Norma 163. See
Figure 15 for a more detailed explanation.

1337



1338 THOMAS H. HEATON AND DONALD V. HELMBERGER

decreases rapidly with both models. However, since Alewine’s resolution for the
deeper part of the fault is poor, it may be fortuitous that our two models produce
similar displacements in the hypocentral region. Jungels and Frazier (1973) also
studied the static vertical displacement data. They too concluded that large fault
offsets were required on the very shallowest part of the fault. Because of the
combined strong-motion and static displacement studies, we believe that the evi-
dence for large shallow faulting is very strong.

Very intense shaking was observed in the area just north of the surface ruptures
{Nason, 1973; Scott, 1973; Johnsen and Duke, 1973). This intense shaking occurred
just above the section of the fault on which we believe the large offsets occurred. It
seems likely that this is less than coincidental. Because of the particular geometry
of this upper faulting, it is possible that areas within 1 km north of the surface

] Alewine

4 Norma 163

Fault Slip (meters)
[o)]

Fic. 19. Comparison of the fault slip as a function of distance along the line AA’ of Figure 14.
Alewine’s (1974) model is from an inversion of static vertical uplift data. Notice that both the static
offsets and this study seem to indicate massive faulting very near the free surface.

breaks experienced motions which were significantly different from those recorded
at PAC.

The similarities between our model Norma 163 and Langston’s (1978) models of
teleseismic body waves are difficult to evaluate. We used the same fault geometry
and focal mechanism. The relative timing of deep and shallow faulting seems to be
roughly comparable. His calculated moment is 0.86 X 10% ergs and ours is 1.4 X 10*°
ergs. Perhaps the largest discrepancy between the models arises when considering
directivity effects. Langston found that the teleseismic short-period direct P arrival
was stronger than the pP arrival, even though these waves have roughly similar
amplitudes at long periods. His interpretation is that the upward propagating
rupture had a velocity of 1.8 km/sec. This low rupture velocity has the effect of
depleting the upgoing phase, pP, of short-period energy. Langston also postulates
that there is significant downward fault rupture which produces the short-period
energy seen in the direct P phase. His modeling indicates that if one-fifth of the
moment on the bottom fault were due to downward rupture at a velocity of 3.5 km/
sec, then the correct ratio of short-period pP to P amplitudes would result. Here is
the problem. We need strong, upward directivity to explain PAC. If there is strong,
upward directivity, then how can we explain the depletion of short periods in pP?
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Furthermore, Norma 163 is predominantly unilateral upward. Can our models
accommodate significant downward rupture?

In the model, Norma 171, which is shown in Figure 20, we have put roughly one-
fifth of our moment for the bottom fault beneath the hypocenter. All parameters
are the same as for Norma 163 except that the moment on the bottom fault has
grown to 10% ergs. A larger moment was necessary to explain the amplitude of the
first pulse seen at PAC. Comparisons between observed and synthetic records are
also shown in Figure 20 for the stations PAC and LKH. The additional downgoing
faulting has virtually no effect on the PAC synthetics. This downgoing faulting has,
however, greatly increased the amplitude of the shear wave seen at LKH. The effect
of downward faulting is to increase amplitudes for northern stations. This is an
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Fic. 20. Summary of the model Norma 171. The rupture parameters are given in Table 1. This model
is similar to the preferred model Norma 163, but now the faulting is bilateral to test the suggested model
of Langston (1978).

undesirable characteristic. Although we believe that our modeling is not sufficiently
accurate to allow us to exclude the possibility of downward faulting, we can conclude
that there seems to be no evidence for this downward rupture in the strong motion
data. For the present, the explanation of the short-period teleseismic P-wave forms
remains hidden.

In many respects, our model is very close to Trifunac’s (1974) San Fernando
model which was obtained by a linear inverse technique. Using a homogeneous
whole-space model, Trifunac synthesized displacement records for PAC, LKH, and
PLM. Only his PAC synthetics, though, are similar to ours. This should come as no
surprise since we have already seen the importance of the free surface for the
recordings at JPL, LKH, and PLM. Even for PAC, we were uncertain about whether
a whole-space model could adequately approximate a half-space model. It is com-
monly assumed that the whole-space solution need only be doubled in order to
approximate the response of a near-vertically incident wave on a free surface. As we
often do, we allowed our physical intuition to play some tricks on us. We could
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easily imagine that a wave which dynamically reflects at a free surface could cause
twice the motion as that same wave in a whole space. But what about the static
part? Should it also be doubled? Should half-space static displacements be twice as
large as whole-space displacements given the same fault offset? Our initial reaction
was that the whole-space and half-space answers should not differ by a factor of 2.
PAC is so close to the fault that it might as well be on the fault. If we specify a
certain dislocation, who cares whether we are on a half-space or in a whole-space?
As you have probably already suspected, you are being baited. In certain instances,
the half-space static solution is indeed almost twice the whole-space solution. In the
case of the half-space, the upthrown block on which PAC rests experiences almost
all of the static offset, whereas the downthrown block is hardly downthrown at all.
In the whole-space solution, the upthrown and downthrown blocks move equally.
Thus a factor of about 2 is present for the half-space to whole-space comparison for
a station directly above a shallow angle thrust. A more complete description of this
approximation is given by Boore and Zoback (1974).

The above discussion makes it easier to understand why Trifunac’s (1974) and
our models are similar. Although the free surface may be important for short-period
arrivals from the very shallowest parts of the fault, displacements at PAC are most
affected by the quasi-static offset of the upper fault. Trifunac’s whole-space model
seems to approximate the half-space reasonably well. However, we would urge that
each case be examined carefully before deciding the appropriateness of this approx-
imation.

CONCLUSIONS

So, where are we? We are probably somewhere in between. We feel that certain
gross features of the faulting process can be resolved, but by no means have we fit
the records perfectly. Feigning innocence, we have ignored the effects of topography
and geological structure. Furthermore, we probably have not even found the best
half-space model. However, we feel that we can draw some rather important
conclusions from our naive study.

Directivity seems to play a major role in the observed motions. Predominantly
unilateral faulting originated north of PAC at a depth of 13 km. The rupturing
progressed smoothly over a fault with a width of about 6 km and displacements in
the hypocentral region were about 2 m. The rupture velocity was near 2.8 km/sec
for the deeper faulting and 1.8 km/sec for the shallow faulting. Fault offsets beneath
PAC are very small. Massive faulting with fault offsets of 5 m occurred within
several kilometers of the surface rupture. The large velocity pulse at PAC is a far-
field shear wave which is enhanced by directivity. Peak accelerations at PAC are
probably associated with the large shallow faulting.
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