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Long-period strain seismogram recorded at Pasadena is used to determine the focal process of the 1960 Chilean
earthquake. Synthetic seismograms computed for various fault models are matched with the observed strain seis-
mogram to determine the fault parameters. A low-angle (~ 10°) thrust model with rupture length of 800 km and
rupture velocity of 3.5 km/sec is c0n51stent with the observed Rayleigh/Love wave ratio and the radiation asym-
metry. A seismic moment of 2. 7 10 dyn cm is obtained for the main shock. This value, together with the
estimated fault area of 1.6 - 10° km? , gives an average dislocation of 24 m. The strain seismogram clearly shows
unusually long-period (300—600 sec) wave arriving at the P time of a large foreshock which occurred about 15
minutes before the main shock, suggesting a large slow deformation in the epicentral area prior to the major fail-
ure. A simple dislocation model shows that a dislocation of 30 m, having a time constant of 300—600 sec, over
a fault plane of 800 X 200 km? is required to explain this precursory displacement. The entire focal process
may be envisaged in terms of a large-scale deformation which started rather gradually and eventually triggered the
foreshocks and the “main” shock. This mechanism may explain the large premonitory deformations documented,
but not recorded instrumentally, for several Japanese earthquakes. The moments of the main shock and the precur-

sor add to 6+10°" dyn*cm which is large enough to affect the earth’s polar motion.

1. Introduction

The Great Chilean earthquake of May 22, 1960
(M = 8.3) is probably one of the largest earthquakes
ever recorded. The free oscillations of the earth ex-
cited by this earthquake were extensively analyzed
to determine the earth’s eigenperiods and the attenua-
tion property {e.g., Benioff et al., 1961; Ness et al.,
1961; Alsop et al., 1961; Bogert, 1961; Alsop, 1964).
On the other hand, relatively little attention has been
paid to the amplitude of the free oscillations or long-
period surface waves probably owing to the lack of
well-calibrated long-period instrument and of theo-
retical basis for interpreting the amplitude data in 1960.
Ben-Menahem (1971), using several published values
of amplitude of free oscillations and a strain seismo-
gram recorded at Pasadena, estimated the force sys-
tem and the source intensity of this earthquake. He
suggested dip-slip motion on a fault dipping 45° to
the east with the oceanic side downthrown. However,
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in 1960, the major interest of seismologists was in the
eigenperiod rather than the amplitude of free oscilla-
tions; as a result, the reported amplitude data seem to
be somewhat casual. Moreover, since this earthquake
occurred as a complex multiple shock and the first
motion of the main shock was masked by reverbera-
tions caused by a foreshock, the focal mechanism
solution is known only incompletely (Hodgson and
Wickens, 1965).

Plafker (1972; see also Plafker and Savage, 1970)
suggests on the basis of surface displacements of land
that this earthquake represents a predominantly dip-
slip movement of 20 m or more on a thrust fault in-
clined towards E10°S at average dip angles of about
20°. Although the geodetic data for this event are less
complete than for the 1964 Alaskan earthquake, in
view of its large aftershock area, efficient excitation
of the lower-order free oscillations and extensive
tsunarnis, there is no question that this event repre-
sents truly a major tectonic process, and deserves
further study; in particular, the study of long-period
surface waves would reveal a more detailed picture of
the physical process associated with this important event.
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The present paper reports analyses of long-period
waves recorded by a strain seismograph at Pasadena.
Although the response of this instrument was not
known in detail, it recorded on-scale seismograms from
the very beginning of this large event (Fig. 1). The
early part of the seismogram is less susceptible to the
attenuation and scattering during the propagation and
is most suitable for the study of the source mechanism.

2. Data

Fig. 1 shows the Benioff strain seismogram recorded
at Pasadena. This seismogram has been analyzed by
Ben-Menahem (1965) for the study of surface-wave
attenuation and by Ben-Menahem (1971) for the study
of the source mechanism of the-Chilean earthquake.
This seismograph is a linear extensometer with a veloc-
ity transducer coupled to an over-damped (damping
constant z ~ 4) galvanometer with a natural period
T, of probably 180 sec. As shown by Benioff (1935)
this system is identical, for incident waves with con-
stant phase velocity, to an ordinary mechanical seismo-
graph system with a pendulum period equal to T.
Thus, with the strong damping (h ~ 4), the response
at the period range of our interest (150 ~ 300 sec) is
proportional to l/T2 (T = the period of the ground
motion), and depends little on T,. Therefore, the un-
certainty in T does not affect the shape of the re-
sponse curve at long periods (see Fig. 2). The major
unknown factor is the gain of this system which is, of
course, a key parameter in the present study. Fortu-
nately, at the time of the earthquake, Benioff long-
period (pendulum period: 1 sec; galvanometer period:
90 sec), and Press-Ewing (30—90) seismograph system
were operated at the same site, and we can identify
distinct phases such as G4 and R4 on the seismograms
recorded by these instruments. By comparing the am-
plitude of these waves on the strain and these cali-
brated instruments, we can calibrate the strain seismo-
graph. Since the Benioff 1—90 system has a very

T Compression

129

simple and stable structure and is well calibrated, we
primarily use this system to calibrate the strain seismo-
graph. The Press-Ewing system was also calibrated
occasionally, but it is a more delicate system. In par-
ticular, the vertical component is very sensitive to the
drift of the zero-length spring and to a small tilt of
the instrument. Thus the gain of this system is some-
what uncertain, but it can be used for cross-checking
purposes. Fig. 2 shows the response curves thus cali-
brated basically by the Benioff 1-90 system. The
magnification is probably accurate to 30% over the
period range 150—300 sec.

The G2 and R2 waves on the strain seismogram
(Fig.1) are used in the present analysis. The response
of the N—S strain seismograph varies as cos?¢ and
1/2 sin 2 ¢ for Rayleigh and Love waves respectively,
where ¢ is the incident angle of the waves at the sta-
tion measured from the north. Since ¢ ~ 325° for the
Chile—Pasadena path, this instrument has a good sen-
sitivity for both Rayleigh and Love waves. Because
both of these waves are recorded by the same instru-
ment, the amplitude ratio is very reliable. Ben-
Menahem (1971) took advantage of this in constrain-
ing the force system.

In addition to these well defined waves, the strain
seismogram shows significant long-period (510
minutes) waves arriving even before the expected P
arrival time of the main shock. Fig. 3 shows the blow-
up of this precursory long-period wave together with
the Press-Ewing seismogram showing the foreshock of
18 h 55 m 57 s GMT arranged with common time
axis. Judging from the noise-free quiet trace before the
earthquake (see Fig. 1), this long-period precursory
wave seems to represent a real signal. It is interesting
to note that this precursory long-period wave follows
the P and S waves of a large foreshock (M, = 6.8) which
occurred about 15 minutes before the main shock
(Fig. 3). It seems that a large-scale slow motion started
sometime at the foreshock origin time. A brittle frac-
ture associated with this slow process is recorded as the
foreshock, and the “main shock”™ merely represents

Chilean Earthquake May 22, 1960 Pasadena, Calif. Benioff Twin Strain
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Fig. 1. Pasadena strain seismogram of the Chilean earthquake of May 22, 1960. Regular multiple surface waves are labelled. Note

the long-period wave arriving before the P time.
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Fig. 2. Response of the strain seismograph compared with the
Benioff 1-90 and the Press-Ewing system. The magnification
of the strain seismograph is given for incident waves with phase
velocity of 5 km/sec. For waves with phase velocity of

C km/sec, the magnification should be multiplied by 5/C. The
magnification curve for T, = 90 sec is also given for compari-
son. Note the small difference between the curves for Tg =90
and 180 sec.
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another brittle fracture. Whether this long-period pre-
cursory wave is real or noise may be checked against
other long-period strain records at Isabella, Nana
(Benioff et al., 1961) and Ogdensberg (Alsop et al.,
1961). However, on these records, because of either
too slow paper speed, excessively large short-period
waves resulting from the foreshock or large noise
level, the identification of this wave is very difficult.
The combination of the fast paper speed and the low
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gain of the Pasadena strain record made possible the
detection of this precursory wave.

First, we will determine the source parameters of
the main shock by using G2 and R2 waves. Then, we
will assume that this precursory wave is real and will
interpret it in relation to the main shock geometry.

3. Source parameters of the main shock

The source parameters of the main shock are de-
termined by comparing the observed G2 and R2
waves with synthetic G2 and R2 computed for var-
ious source parameters. The synthetic seismograms
are computed, by the procedure described in
Kanamori (1970a), for the earth model 5.08 M
(Kanamori, 1970b). In the present analysis, Saito’s
(1967) expressions are modified by using the fault
representations given by Ben-Menahem et al. (1965),
to obtain expressions analogous to those given by
Ben-Menahem et al. (1970) for surface waves. These
expressions are given in the Appendix. The numerical
results agree with those by Kanamori (1970a,c) and
Ben-Menahem et al. (1970).

The fault parameters concerned here are: § = dip
angle of the fault; ¢, = strike of the fault; A = slip
a.ngle;MO = seismic moment; L = fault length; v =
rupture velocity; d = depth. Some of these parameters
seem to be constrained well by other sets of data. For
example, the fault strike is well constrained by the
aftershock area. We constrain ¢ at N10°E as suggested
by Plafker (1972). The fault length L and the rupture
velocity v have been estimated by Benioff et al. (1961)
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Fig. 3. Blow-up of the precursor on the strain seismogram. The Press-Ewing seismogram is shown for comparison
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v and Press et al. (1961) by using Ben-Menahem’s
(1961) directivity function, These authors suggest L
=750~ 1300km, and v =3~ 4 km/sec. Since the
directivity method uses the spectral ratio of even
to odd order surface waves, rather than the spectrum
itself, these estimates are independent of the fault
geometry. Thus it is reasonable to constrain these
parameters within the above range. Several L — v
combinations are tried to see the amplitude ratio
G2/G3 and R2/R3 and, to some extent, the wave
form. As shown in Fig. 4, the combination of L
=800 km and » = 3.5 km/sec which is within the
range given by Benioff et al. (1961) and Press et

al. (1961) gives a good fit to the observed ampli-
tude ratio. We will use these values of the rupture
length and the rupture velocity throughout the pres-
ent analysis.

In order to find the remaining source parameters
we sweep over a wide range of 6, A and d. Some of
the results are given in Figs. 5 and 6 to show the sen-
sitivity of these parameters to the synthetic seismo-
grams and the resolution of the present method. In
these figures, the synthetic seismograms computed
for 5.08 M model are shifted by + 40 sec along the
time axis. The propagation path of G2 and R2 in-
cludes an unusually large portion of (about 40%)
tectonically active area. The synthetic seismograms
computed for the model 5.08 M which represents
the ‘average’ earth give group arrival times which are
about 40 sec earlier than the observed. This difference
corresponds to a difference in group velocity of
approximately 0.7% which is reasonable for the

131

Chilean Earthquake, May 22, 1960
Pasadena N-S Strain. (T4=180 sec, h=40, V=I00)

- b
TCompressm 200 soc R, I 2 cm

Observed 2 Mo=
N 2"oo™
90°

N OW
0" 4 J\/W v

e ﬂ\J WW\ML
e

.2
age \/\R/\/\\H\JW
N Y e AAVAV -

A NV AVAVAE

=xI0%* dyne-cm
2.8

Observed

Synthetic

M0=2.8xl03o dyne—cm
8=107  A=907 d=33 km, L=800 km, v=35 km/sec

Chilean Earthquake May 22, 1960
Pasadena N-S Strain  (T4=I80 sec, h=4.0, v=10.0)
G G 2cm
omseed A 2
e e i+ e e ]
-
200 sec
Rz R3

Fig. 4. Synthetic and observed seismograms for G2 vs. G3 and
R2 vs. R3, The rupture length of 800 km and the rupture
velocity of 3.5 km/sec are used.

d=33 km L =800 km v=35 km/sec

Fig. 5. Synthetic G2 and R2 for d = 33 km. The dip angle and
the slip angle are varied. The amplitude of R2 is normalized to
the observed R2 amplitude, and the values of the seismic mo-
ment are given to each trace.

difference in the path. In Fig. 5, the source depth is
fixed at 33 km while the dip angle and the slip angle
are varied. The dip angle § is measured from N100°E
direction, and the slip angle is measured according to
the convention given in the Appendix. As is evident
for the case § = 10°, the slip angles of 0° (pure strike-
slip) and 135° (1/2 right-lateral + 1/2 thrust) do not
give appropriate G2/R2 ratios. Although these cases
are not shown for & = 20° and 45°, they are also in-
appropriate. Thus we constrain the range of A to
about 90° (pure thrust) to 45° (1/2 left-lateral + 1/2
thrust). It is evident from the expressions in the Ap-
pendix, egs. 3, 4, etc. that negative slip angles which
represent normal faultings give the same amplitude as
that of the corresponding thrust fault, but with re-
versed polarity. The reverse polarity is not consistent
with the observed polarity even after the 40 sec dif-
ference in the group arrival time is allowed for. Thus
normal faults are rejected for the model of this earth-
quake. The dip angle cannot be constrained very well
at this stage. Since these computations are made for
a propagating point double-couple source, thrust
faults dipping = 100° and § = 110° correspond to
the conjugate of & = 10° and § = 20° respectively,
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and give the same amplitude ratio. Although these
steep fault models cannot be discriminated from the
shallow angle models on the basis of seismological
data alone, the shallow angle models are more con-
sistent with the wide lateral spread of the aftershock
area.

In Fig. 6, synthetic seismograms for various depths
are shown for several combinations of 6 and A which
are considered appropriate in Fig. 5. Fig. 6 shows that,
for § = 45°, the amplitude ratio G2/R2 becomes too
large for depths below 33 km to which depth the
fault is likely to extend. Other cases for d < 53 km
shown in Fig. 6 match the observed seismogram
equally well. Thus it seems reasonable to conclude
that a faulting which extends to a depth of about
50 km with a dip angle of 10—20° and a slip angle of
90° (pure thrust) to 70° (thrust with a small left-
lateral component) is a good model for the Chilean
earthquake. The slip angle of 45°, though not shown
in Fig. 6, tends to give too small G2/R2 for most
depth ranges.

Chilean Earthquake, May 22, 1960
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Fig. 6. Synthetic G2 and R2 for various depths. The ampli-
tude of R2 is normalized to the observed R2 amplitude.
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On the basis of this seismogram alone, it would
be unreasonable to constrain these parameters any
further. It should be noted, however, that the above
geometry is remarkably consisient with that implied
by geodetic data (Plafker, 1972), and the mechanisms
and the distribution of smaller earthquakes in this
area (Stauder, 1973), and the overall plate motion in
this area (Le Pichon, 1968; Herron and Hayes, 1969;
Morgan et al., 1969; Minster et al., 1974).

If we constrain the dip angle on the basis of well-
defined spatial distribution of earthquakes in this
area at 10° (Stauder, 1973; see also inset of Fig. 9),
our preferred solution becomes 8 = 10° and A = 90—
70°. In order to represent the slip distributed over
the fault plane, the average over the three depths
(16, 33, and 53 km) is taken for the case with
& = 10° and X = 90°, and is shown in Fig. 7. If the
propagation is either up-dip or down-dip, appropriate
delayed average should be taken, but in view of the
lack of our knowledge on the details of the propaga-
tion, only the straight sum is considered.

The most important parameter obtained in this
study is the seismic moment which is determined by
matching the amplitude of the synthetic seismogram
with the observed seismogram. Fig. 7 shows that the
appropriate value of the seismic moment is 2.7 1030
dyn*cm, which is 3.6 times larger than that for the
1964 Alaskan earthquake, 7.5¢ 1029 dyn-cm,
(Kanamori, 1970b), the largest value reported so far.

The width of the fault cannot be determined
directly. However, if the fault extends to 50 km or
so with a dip angle of 10° as suggested by the pres-
ent analysis, a simple geometrical consideration
would indicate a fault width of about 200 km or so
(see also Fig. 9). This estimate seems consistent with
the spread of the aftershock zone. With this fault
width together with the fault length of 800 km and
the rigidity of 7+ 1011 dyn/cm?, the average dis-
location on the fault can be estimated as 24 m.

Although the uniqueness of the solution is not
completely guaranteed, we feel that the fault param-
eters obtained here are fairly well constrained.

4. Interpretation of precursor

The interpretation of the long-period precursor
shown in Figs. 1 and 3 is difficult because it is not
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Fig. 7. The straight average of the synthetics for d = 16, 33 and 53 km. The dip angle is 10° and the slip angle is 90°.

clear whether it represents direct long-period body
waves or surface waves, However, whatever it may
be, a very large-scale deformation is necessary to give
rise to a significant signal at Pasadena, about 104 km
away from the source. Here, we will proceed with
interpretation by assuming that this precursory signal
represents direct P and S waves from the source. This

assumption is based on the picture envisaged in Fig. 3.

That is, the precursor is represented by a slow dis-
placement which began at about the origin time of
the foreshock, about 15 minutes before the origin
time of the main shock. For such a precursory dis-
placement, we assume a slow dislocation on a fault
having a geometry similar to that of the main shock.
The time function of the dislocation is given by:

D()=0 t<0
_D, nt

D(l‘)——2< (l — COS 7)

D(t)=D, t>r7

0<t<r (1)

where D is the final dislocation of the precursor and
7 is the characteristic time constant, 300 — 600 sec.
For the computation of the displacement field for
such a slow precursor, we integrated Haskell’s (1969)
expressions for a homogeneous medium with P and S
wave velocities of 8.0 km/sec and 4.7 km/sec, respec-
tively. The free-surface effect is included by doubling
the amplitude, and the instrument response is con-
volved to obtain a synthetic seismogram. Fig. 8 shows
an example. Since the details of the rupture process
are unknown, we assumed a bilateral propagation
starting at the middle of the fault with a rupture
velocity of 3 km/sec. The origin time is set at 12 min.
before the origin time of the main shock, and a time
constant of 450 sec is used. However, it is possible
that a more gradual slip started even earlier. The

details of the wave form depend on the functional
form (1) and the time constant. The purpose of

this comparison is to make order of magnitude
estimate of such precursory displacement and to see
whether the direction of the motion is consistent or
not, In order to match the amplitude, a dislocation of
30 m over a fault plane of 800 X 200 km? is required.
This corresponds to a seismic moment of 3.5+ 1030
dyn - cm which is comparable to that of the main
shock. Although the above solution is in no way
unique, the fact that the same geometry as the main
shock fault can explain the observed direction of the
motion seems to favor the process envisaged here: a
slow aseismic slip first takes place on, or on the ex-
tension of, the potential fault plane of the catastrophic
event. If the precursor and the main shock took place
on the same fault, the total slip would become 53 m;
this value seems to be too large to be compatible with
the geodetic data discussed by Plafker (1972). Plafker
suggests a displacement of 20 m or so. Since the syn-
thetic displacement at Pasadena of the precursor does
not depend very much on the depth of the source, it

is equally possible to match the observed precursor by
an aseismic slip at depths, for example, by a slip on
the downward extension of the main shock fault plane.
Since the crustal deformation for such a deep source
becomes very broad and is likely to escape observation
this model is preferable on the basis of the observed
vertical displacement in the source area.

If we take this model, the whole sequence may be
pictured as follows (Fig. 9). About fifteen minutes
before the main shock a gradual slip having time con-
stant of about 450 sec started taking place at the
boundary between the downgoing oceanic lithosphere
and the relatively weak asthenosphere beneath the
continent. This slip caused a stress concentration at

L
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Fig. 8. Synthetic seismogram of the precursor. The inset
shows the source-time function. To match the amplitude,
a dislocation of 30 m is necessary over a fault plane of
800 X 200 km?,

the lithosphere—lithosphere boundary above. The
large foreshock may represent a brittle fracture
caused by such a stress concentration. Eventually
this stress concentration exceeded the breaking
strength of the lithosphere—lithosphere boundary
causing a major catastrophic failure, the main shock.
Although this model is not a unique one, it explains
the observed sequence in a consistent manner.

5. Discussions and conclusions

The seismic moments of the main shock and the
precursor add to about 6+ 1030 dyn* cm, which is
nearly one order of magnitude larger than that of the
Alaskan earthquake of 1964. Yet the above estimate
is based on the data up to 10 minutes; it is quite
possible that there may be a slip extending over an
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even longer period of time, hours and days. Detection
of such long-time constant displacement requires re-
liable data on the long-period motion of the earth in-
cluding free oscillations and polar motions. Previous
studies show that the displacement associated with
earthquakes is at least one order of magnitude too
small to excite polar motions (e.g. Dahlen, 1973).
However, in these estimates the upper limit of the
seismic moment is set, more or less arbitrarily, at 1030
dyn-cm. The large precursory aseismic slip evidenced
by the Chilean earthquake suggests that earthquakes
may represent a tectonic process of much larger scale
than here-to-fore considered on the basis of relatively
short-period seismic waves. Earthquake may be only
a part of the whole process. This possibility has al-
ready been suggested by Kanamori (1973) on the
basis of tsunami earthquakes in which aseismic slip
plays an important role in the entire earthquake pro-
cess. Shimazaki (1974) shows that, in northern Japan,
a preseismic slip extends to a depth of 100 km where
brittle fractures are unlikely to take place. The pres-
ent model is consistent with this finding. Thatcher
(1974) also suggests, on the basis of geodetic data,
that the 1906 San Francisco earthquake may be
associated with considerable aseismic slip at depths.
Dziewonski and Gilbert (1974) suggest a slow pre-
cursory deformation before large deep-focus earth-
quakes, In view of these results, the possible role of earth-
quakes in the global problems of the earth such as polar
motion, spatial and temporal plate motion, etc., de-
serves further investigation (Anderson, 1974).
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-+ 100 km |-

Fig. 9. Schematic figure illustrating the proposed focal process of the Chilean earthquake of 1960. First, aseismic slip takes place
along the lithosphere —asthenosphere boundary at depths. Small foreshock is triggered by the stress concentration caused by this
aseismic slip. Finally, the upper lithosphere—lithosphere boundary breaks as the catastrophic main shock. The inset shows the
vertical cross-section of the seismicity in this area given by Stauder (1973).
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If the precursory displacement discussed here is
characteristic of at least a certain class of earthquakes
it will have an obvious importance in earthquake
prediction and earthquake hazard reduction. An
even relatively short-time constant (e.g., 10 minutes)
precursor would still be useful in allowing people to
take some preventive measures. For several Japanese
earthquakes (e.g. Ajigasawa earthquake, 1793; Sado
earthquake, 1802; Hamada earthquake, 1872), pre-
monitory land upheavals were reported to have
taken place several minutes to several hours before
the earthquake (Imamura, 1930; see also Kanamori,
1973). However, these results are based on either
descriptions in old literature or interviews with eye-
witnesses; none of these upheavals has been observed
by instruments, and objective evaluation of these
data is extremely difficult. The precursory slip of the
Chilean earthquake may represent an instrumental
verification of such observations. Since the main
shock of the Chilean earthquake itself is larger by
far than any other event, it is possible that the asso-
ciated displacement was also larger by far than
others so that it was marginally detectable. If this
is the case, smaller events may also be preceded by
some aseismic slip which is proportionally small so
that it has not been detected by ordinary instrumen-
tation. It seems possible that improved and strategi-
cally deployed instrumentation in the future will make
detection of this type of precursory displacement
possible for smaller events.

The present interpretation of the precursor de-
pends entirely on the Pasadena strain record. Al-
though the signal looks very significant, there is
still a slim possibility that it was caused by some
instrumental instability, and further study is ob-
viously desirable.
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Appendix

The excitation of free-oscillations has been studied by
many investigators, Here we modify Saito’s (1967) formula-
tions by using the fault representations given by Ben-Menahem
et al, (1965), so that the final expressions can be given in a
form analogous to those given by Ben-Menahem et al. (1970)
for long-period surface waves, We take spherical coordinates
(r, 0, ¢) with the origin at the earth’s center. After somewhat
lengthy but straightforward algebra, we have, for the trans-
verse component of torsional oscillations excited by a point
double-couple at 7 = r_ on the polar axis, varying stepwise in
time (unit moment):

N w4y
U¢(r,t)=)n3yl(r)cosant _quL-(1§+L2pL_d§ (2)

where ¢ is time measured from the origin time; o, is the n-th
eigen angular frequency;an is the associated Legendre func-
tion, Here:

47 =-— (cos A cos 8) sin ¢ + (sin A cos 28) cos ¢ 3)

pL = (sin A sin & cos 8) sin 2¢ + (cos A sin 8) cos 2¢ @
@2+l r

L - =y, (rg)

T R
4mo, nn + 1) Lz, Ky

kg Y1(rg
L2=I13 5569
s s

where A and § are the slip angle and the dip angle of the fault
as defined by Ben-Menahem et al. (1965; see Fig. 10), and
b is the rigidity at the source depth;y, and y, are respec-
tively the radial factors of displacement and stress of the
n-th normal mode, and 7, is the energy integral as defined in
Alterman et al, (1959). In the above g, and py are identical
to those defined by Ben-Menahem et al, (1970), and are de-
termined by fault geometry; L and L, are calculated from
the eigenfunctions and the source depth, and are indepen-
dent of the source geometry. Once 1 (#), ¥2(#), 11 and 0, ai~
computed for various normal modes, the displacement can
be easily computed for any fault geometry by eq. 2 by a
superposition of the normal modes. The expression for the
radial component can be obtained similarly.

Likewise, the vertical component of spheroidal oscilla-
tions can be given by:

U, (7, 0= 5910) cos 0.t (K5pPS ~ K1dgPh +K2pgPa) ()

where:
Sp = sin Asin & cos (6)
qR=sin?\c0528 sin ¢ + cos A cos & cos ¢ (@)

5lin A
PR =cos A sin 8 sin 2¢ — sin A cos 5/,\cos 2¢ (8)

H. KANAMORI AND J.J. CIPAR

STATION AZIKUTH

FAULT PLANE

Fig. 10. Fault representation of Ben-Menahem et al. (1965:
slightly modified). Vector D is the slip vector and gives the
displacement of the hanging wall block. The slip angle A is
measured counter-clockwise from the positive x -direction.
The dip angle 6 is measured from the negative x,- axis. The
azimuth ¢ is measured, from x- axis, counter-clockwise.
For the Chilean earthquake, x{-axis coincides with N10°E
direction.
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In the above, y; () and y3(r) are the radial factors of dis-
placements, and y2(rj and y4(r) are the radial factors of
stresses; I; and I, are energy integrals. These are defined in
Alterman et al. (1959). &, is the Lame elastic constant at the
source depth.

The radial component of the displacement is given by:

0 P! P2

= n_ g M, g, 40
Uglr,t) = % y3(r) cosa,t KOSR de —%19R 3o 2PR™ de
‘ €]

In the above sp, qp and pp are identical to those defined
by Ben-Menahem et al. (1970), and are determined by the fault
geometry; K , Ky and K5 depend on the eigenfunctions and
the source depth, and are independent of the source geometry.

The expressions for the transverse component can be ob-
tained similarly.





