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DESTRUCTIVE STRONG GROUND MOTION IN MEXICO CITY:
SOURCE, PATH, AND SITE EFFECTS DURING GREAT 1985
MICHOACAN EARTHQUAKE

By M. CaMPILLO, J. C. GARIEL, K. AKI, AND F. J. SANCHEZ-SESMA

ABSTRACT

Simultaneous consideration of source, path, and site effects on ground motion
during the Michoacan earthquake of 1985 allows us to draw coherent conclusions
regarding the roles played for the disaster in Mexico City by the rupture process,
the mode of propagation of the waves between the epicentral zone and Mexico
City, and the local amplification. In contrast to the horizontal component which
showed dramatic amplification for the 2 to 3 sec motion at lake sediment sites,
we observe almost identical vertical disptacement seismograms containing rip-
ples with 2 to 3 sec period throughout the Mexico City valley whether the recording
site is on the lake sediments or on hard rock. We, therefore, conclude that the 2
to 3 sec motion responsible for the destruction of Mexico City was present in the
incident field. After performing a phase analysis, we interpret the signal as the
superposition of long-period Rayleigh waves and short-period Lg with a dominant
period of about 3 sec. The analysis of the teleseismic records indicates that the
radiation of this event is enhanced for waves around the 3 sec period. Except in
the case of stations for which an anomalous path effect is suspected, the records
present ripples appearing a few seconds after the beginning of the signal. The
characteristics of near-fault records show that the rupture process consists of
the growth of a smooth crack. The numerical simulation indicates that the 3 sec
period ripples can be explained by a series of changes of the rupture front
velocity. We examine two alternative source models associated with different
crustal models to explain the characteristics of the vertical displacements re-
corded in Mexico City. Our preferred model attributes the cause of the enhanced
3 sec motion to the irregularity in the rupture propagation in addition to the effect
of the local conditions in Mexico City. This interpretation leads to a very coherent
scenario of what happened from the start of the failure on the fault up to the
destruction in Mexico City. This example illustrates the need to consider simul-
taneously source, path, and site effects in order to understand strong ground
motions.

INTRODUCTION

Why did the 19 September 1985 Michoacan earthquake with M, = 8.1 show low
peak ground acceleration in the epicentral area (Anderson et al., 1986) and yet
caused severe damage in Mexico City?

The aim of this report is to show that a complete answer requires simultaneous
consideration of source and path effect in addition to the local site effect. We will
present conclusions coming from different types of seismic data and develop a
complete, coherent scenario of what happened on 19 September 1985 when the so-
called Michoacan gap broke, emitting seismic waves that finally severely damaged
Mexico City and left more than 100,000 people homeless.

We will discuss the role played by each of the source, path, and site effects using
strong ground motions recorded in Mexico City, teleseismic data, and strong ground
motions recorded very close to the fault. First, we shall identify the type of seismic
waves incident upon the Mexico City valley.
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VERTICAL DISPLACEMENTS IN MEXIco CITY

One of the causes of the severe damage in Mexico City is the site effect due to
the presence of extremely soft shallow lake sediments. This phenomenon has been
studied in detail by various authors (e.g., Romo and Seed, 1986; Bard et al., 1988)
who attributed the cause of the damage to a double resonance of building and lake
sediments at around the 3 sec period. The amplitude and duration of the ground
motion can be amplified also by the presence of a deep basin whose resonance
period is also around 3 sec (Bard et al., 1988), and by the effect of small scale
irregularities of the superficial soft layer (Campillo et al., 1989). The complete
description of the causes of this disaster, however, requires simultaneous consider-
ation of source and path effects in addition to the local site effect. Taking into
account the characteristics of the teleseismic records, Singh et al. (1989) concluded
that the earthquake source made an anomalous additional contribution to the
ground motion around the period of 3 sec. The ripples of period between 2 and 4
sec discussed by Singh and his colleagues can be seen on the displacement records
obtained in the region of Mexico City. While the horizontal components of the
displacement are strongly dependent on the characteristics of the soil beneath the
stations, the vertical displacement records show nearly identical waveforms and
amplitudes at all stations with variable local site conditions (Fig. 1). Stations TACY
and CUIP are located on the hill region where the soil consists of compact pre-
Chichinautzin sedimentary layer and basaltic lava flows, respectively. Stations SCT
and CDAF are in the lake region covered by the soft lacustrine clay deposit. Station
SXVI is located in the transition zone between the above two regions. Clearly the
3 sec ripples, superposed with a long-period pulse and observed at all these sites are
not due to local site conditions but represent the characteristics of waves incident
from the depth.

In order to determine precisely the nature of the wave field incident on the basin
of Mexico City we performed a multi-channel phase analysis of these displacement
records. The detail of this analysis is given by Campillo et al. (1988), and their main
results are summarized here. First, the eigenvalue decomposition indicated that
each of the prominent period bands (i. e., around 12 sec and 3 sec) is associated
with a single mode of propagation. Since the absolute time is not known precisely,
we have deduced a time delay from the relative phase measured between these two
narrow period bands. The time delay of the long-period pulse relative to the ripples
increases with the distance from the earthquake source (Fig. 2). Since the long-
period waves are likely propagating from the source, the above results support that
. the ripples are also coming from the source.

The interpretation of the nature of these arrivals is difficult and non-unique. A
straightforward interpretation, based on the usual characteristics of short period
records along continental paths, consists of identifying the long-period pulse with
the Rayleigh wave and the ripples with the Lg wave train. Various arguments can
be invoked to support this hypothesis. First is the fact that for other records in
Mexico City of earthquakes along the subduction, Lg is the prominent phase.
Second is that both energetic frequency bands are associated with distinctly different
modes of propagation. This point refutes the hypothesis of body waves having a
bimodal spectrum. It is well known that Rayleigh waves are dominant at long
periods while the Lg spectrum strongly decreases for periods greater than a few
seconds (Herrmann and Kijko, 1983). An analysis of the particle motion performed
by Quaas et al. (personal comm.) shows that the long-period pulse has a polarization
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F16. 1. Examples of vertical displacement records obtained at different sites in Mexico City (after
Mena et al., 1986).

which corresponds to a Rayleigh wave. Finally, this hypothesis is also supported by
the fact that the larger phase velocity is associated with the higher frequency
(Campillo et al., 1988).

As shown later, the identification of the incident waves as Lg that will be strongly
amplified by the site effects explains satisfactorily the duration of the seismograms
recorded in Mexico City. The effect of source complexity on duration is weak as
compared to the effect of reverberation within the crust during the propagation.
The attenuation of Lg with distance is also weaker than that of body waves because
Lg consists of guided waves. Thus, the path effect contributes to low attenuation
and long duration of ground motions with period around 3 sec which caused the
disaster in Mexico City.

The coupling between the source and path effects governing the strong motion is
particularly strong in the case of the Michoacan earthquake, and a correct deter-
mination of the source process depends on our knowledge about the structure of the
crust along the path to Mexico City. The crustal structure has been studied by
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Steinhart and Meyer (1961) in Central Mexico and by Valdes et al. (1986) in Oaxaca.
Both results are in agreement on the depth of the Moho at about 45 km. Valdes et
al. (1986) deduced from their refraction profile the existence of a thick surface layer
of relatively low velocity materials (Vp = 4.5 km/sec) beneath Oaxaca. We found
that the question of whether this structure exists along the path between the source
zone of the Michoacan earthquake and Mexico City is of crucial importance for the
definite conclusion on the whole process.

A FIRST INTERPRETATION

Considering a flat crustal structure directly deduced from the results obtained in
Oaxaca by Valdes et al. (1986) (Table 1), we have modeled the vertical displace-
ment records observed in Mexico City. The local geology was neglected since we
have shown that its effect is very weak for the vertical displacements. The general
feature of the source process of the Michoacan earthquake was inferred from
teleseismic P waveforms (e. g., Eissler et al., 1986; UNAM Seismology Group, 1986;
Mendoza and Hartzell, 1988). The source consists of at least two subevents separated
in space by about 80 km. The second subevent occured 26 sec after the first. The
existence of a third subevent has been proposed by Houston and Kanamori (1986)
and Mendoza and Hartzell (1988). In our schematic modeling, we represent the
earthquake by three point sources whose location, timing, and seismic moments are
those obtained by Houston and Kanamori (1986). The source durations of the three
events are assumed to be 16 sec, 16 sec, and 3 sec. This last value is much shorter
than proposed by Houston and Kanamori (a rise time of 10 sec for the third event)
and plays a prominent part in this interpretation. The focal mechanism considered
is the same for the three subevents. Following the results of Houston and Kanamori
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(1886) and Riedesel et al. (1986), we chose the values of dip and rake to be
respectively 15° and 76°. Figure 3 shows the synthetics, convolved with the high-
pass Ormsby filter, used for the processing of the data. The good agreement obtained
between the amplitudes of synthetic and actual vertical displacement confirms the
moment values of Houston and Kanamori and therefore the “long period descrip-
tion” of the earthquake. The long-period pulse is composed of Rayleigh waves from
the first two subevents. We found that the entire energy at period 3 sec is coming

TABLE 1
CRUSTAL MODEL USED TO COMPUTE THE SYNTHETICS SHOWN IN FIGURE 3
Layer Thickness (km) Vi(m/sec) Va(km/sec) (?:/‘:f:’.') @ @
1 5. 43 253 2.67 800 500
2 10. 57 33 2.77 800 500
3 15. 6.8 4.03 3.08 800 500
4 15. . 7. 41 3.09 800 500
5 0. 8.2 4.82 33 800 500
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FIG. 3. Geometry of the three subevents (crosshatched) proposed by Houston and Kanamori (1986)
and synthetic seismograms corresponding to records in Mexico City. The synthetics shown are obtained
in the crustal model given in Table 1 for each subevent; their sum is also plotted. The synthetics are
convolved by a Ormsby filter as described by Mena et al. (1986). See text for details of the model.



STRONG MOTION DURING THE MICHOACAN EARTHQUAKE 1723

as Lg from the third subevent. Because of the relative group velocity of Lg and
Rayleigh wave in this model, we cannot allow that the ripples are coming from the
first subevent and at the same time produce a waveform similar to those obhserved
in Mexico City, where the long-period pulse arrives only 15 sec after the 3 sec
ripples. On the other hand, we have no other evidence supporting a strong high-
frequency emission from the southern part of the fault (the third event), although
Mendoza and Hartzell (1988) found a possible strike-slip event located in this region
without constraints on its dynamic characteristics, and a strike slip mechanism for
the third subevent will not change significantly the numerical result shown on
Figure 3. Furthermore, neither the intensity map nor the observed peak values of
acceleration along the coast indicate a specific source of high frequency waves in
the south of the rupture zone (Martinez and Javier, 1985).

This interpretation relies on a crustal model that is not directly applicable to the
path between the Michoacan epicenter to Mexico City. The validity of this inter-
pretation has to be tested by additional information.

TELESEISMIC P WAVEFORMS

The most important characteristics of the teleseismic waveform relevant to the
damage in Mexico City, namely, ripples with periods from 2 to 4 sec, are found on
the intermediate-period range records and broadband records from digital stations
of the DWWSSN, SRO, RSTN, GEOSCOPE, and NARS networks. Observed
vertical intermediate-period records have been summarized in a USGS Open-file
report (Zirbes et al., 1985). The superposition of a long-period pulse and an
oscillation with a few seconds period is clearly seen in P waves recorded at many
stations, as shown by Houston and Kanamori (1986) and Singh et al. (1989).

The ripples are, however, missing for the stations RSTN, GDH, RSON, RSNY,
and RSSD. These stations are located in the azimuth range between north and
northeast from the epicenter with the take-off angles of the direct P wave between
24° and 30° (Fig. 4). This suggests a possible path effect for the missing ripples.
Actually, the paths corresponding to these records go through the dipping slab and
through a zone where the deep roots of transmexican volcanic range are probably
located. These structures may be responsible for strong scattering and attenuation.
In addition to the above presumed path effect due to near-source anomalous
structure, there may be near-receiver path effects on the teleseismic waveform. An
example is shown in Figure 5 where we compared broadband records from the
Michoacan earthquake obtained in Grafenberg, Germany, and Saint-Sauveur,
France. These two stations are relatively close both in distance and azimuth (2°
and 6° apart, respectively) but the relative amplitudes of the ripples to the long-
period signal are very different. This can be due to the heterogeneous crust under
the stations. With regard to the ripples, it is important to note that, even at these
relatively low frequencies, we cannot neglect near-source or near-station path effects
to draw firm conclusions about the source process by comparing teleseismic P-wave
records from different stations or from different earthquakes.

We may, however, conclude in this case that except for the particular stations
where anomalies of propagation are suspected the ripples are present and their
position with respect to the long-period pulse does not show any systematic
azimuthal variations. Their arrival is almost simultaneous with the long-period P
wave. Analyzing most of the avaliable data, Singh et al. (1989) have computed
spectral ratios between records of the 1985, Michoacan earthquake and records of
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F1G. 4. Stations whose records are presented in Zirbes et al. (1985) for the 19 September 1985
Michoacan, Mexico, earthquake. The stations where the ripples are missing are indicated by a black
triangle; the station name abbreviations are also underlined.

several other events which occurred along the Mexican subduction zone. They
coéncluded that, overall, the Michoacan earthquake exhibits an anomalously large
teleseismic radiation in the northeast quadrant for frequencies between 0.3 and 0.7
Hz, relative to other events and larger than that predicted by the v source model
in that frequency range.

Our conclusion coming from the teleseismic data is that the radiation from this
earthquake is characterized by enhanced waves of the 3 sec period which have
originated shortly after the beginning of the rupture process. This conclusion clearly
contradicts our first interpretation described in the preceding section.

RUPTURE PROCESS FROM NEAR SOURCE GROUND MOTION.

The ground motion during the earthquake has been recorded at stations directly
above the fault plane (Anderson et al., 1986). Station Caleta de Campos is located
close to the epicenter and therefore shows clearly the effect of the rupture front
passing beneath the receiver. In this case, the vertical displacement record repre-
sents approximately the displacement in a direction perpendicular to the rupture
surface (i. e., tranverse motion). The observed waveform is characterized by a
smooth simple ramp with a very slight overshoot as shown in Figure 6. This record
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Fic. 5. Comparison of broadband records obtained at two close stations. Grafenberg, Germany (after
Singh et al., 1989) and Geoscope station Saint Sauveur (France).

can be compared with the observation of the transverse displacement at station 2
during the 1866 Parkfield, California, earthquake which shows a strongly impulsive
shape. Aki (1968) has shown that a simple propagating dislocation model can
explain satisfactorily the waveform observed in Parkfield. This waveform is very
much dependent on the type of displacement discontinuity occurring on the fault
plane (Aki and Richards, 1980): a constant stress-drop crack model and a uniform
dislocation model can be distinguished from the shape of the tranverse displacement.
In order to test the sensitivity of the near-field waveforms on the slip function in
the particular case of the Michoacan earthquake, we computed synthetic seismo-
grams for different source models. We follow the conclusions of Houston and
Kanamori (1986) in considering the existence of a first subevent which extends
beneath Caleta de Campos. The slip occurred on a fault patch bounded by the
previously broken zones of the 1981 Playa Azul earthquake in the south and 1973
Colima earthquake in the north. We assume that the rupture initiated at 17 km
depth, 20 km northeast from the station as indicated by hypocentral locations.
Because the second rupture patch is located at least 60 km away from the station,
we will consider only the effect of the first subevent in our computation. We con-
sider two models of rupture for our simulations. The first consists of a dislocation
model on a square fault plane (Fig. 7a). The rupture initiates at the center of the
northern edge of the fault and then spreads isotropically up dip until it reaches the
limits of the fault. The displacement discontinuity is of the same form at all
locations x on the broken area and is given by:

1. + tanh((t — ¢.)/to)
2

Au(x, t) = uo
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Fic. 6. )Displacement records obtained at Caleta de Campos, just above the fault zone (after Anderson
et al., 1986). i

with t, = | (£ — %) | Vk and where V and %, denote the rupture velocity and the
location of the hypocenter. u, is the final slip. The rise time &, is chosen as 4 sec.
This model represents a propagating uniform dislocation and is essentially the same
as those used by Aki (1968) to explain the transverse displacement observed at
station 2 during the Parkfield earthquake or by Bouchon (1981) to model the ground
motion during the 1978 Coyote Lake, California, earthquake.

The second model we investigated is a crack model with unilateral propagation.
The numerical study of isotropic crack propagation performed by Madariaga (1976)
shows that the self similar crack model of Kostrov (1964) gives a very good
approximation of the source function until the rupture stops, when the healing
phase appears. In order to study the effect of the passage of the rupture front, we
therefore built a model based directly on the self similar solution. The rupture front
is depicted at different times in Figure 7b while Figure 7c shows the displacement
discontinuity, which corresponds at each time to the elliptical static solution. The
displacement discontinuity on the fault is given by:

Au(z, t) =0 t < to(%)
Au(x, t) = upvVatt — 32 () <t<ty
Au(®, t) = ugvVit: — %2 t>t

with

The symbol r is the final radius reached by the crack and % is the location of the
point considered on the fault plane with respect to the center of the circle repre-
senting the rupture front.

The computations were carried out using the discrete wavenumber representation
of seismic wavefields (Bouchon and Aki, 1977; Bouchon, 1978). The fault is repre-
sented by an array of equidistant point sources. The interval between elementary
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Fic. 7. (a) Geometry considered for the model of dislocation. Arrows N and g denote respectively the
direction of the North and of the slip on the fault. The lines indicate the position of the rupture front at
equal time intervals. The crosses are the locations of the receivers. (b) Same as (a) for the crack model.
The surface of the fault is the same as for the dislocation. (c) Growth of an asymmetric crack. The lines
indicate the slip along the fault at equal intervals time.

sources is chosen to be one sixth of the shortest wavelength considered in the
computations. This method presents the advantage of allowing an exact analytical
description of any slip function. The location of the points above the fault where
the displacements are computed are presented on Figure 7.

We have assumed a constant direction of slip on the entire fault. Following the
results of Eissler et al. (1986) and Riedesel et al. (1986), we chose the values of dip
and rake to be respectively 15° and 76°. In the absence of information about the
structure of the crust, we have performed our computation for an elastic half-space
whose characteristics are the following: a P-wave velocity of 5.7 km/sec, a S-wave
velocity of 3.35 km/sec, and a density of 2.77. The rupture velocity is equal to 0.75
Vs. The seismic moment of this first subevent represents about 45% of the total
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moment (Houston and Kanamori, 1986), that is, according to the evaluation of the
seismic moment of Ekstrom and Dziewonski (1986), about 0.5 10?® dyne-cm Consid-
ering a surface area of the rupture zone equal to 4096 km?, the final value of the
average slip to be used in the computations should be 4 m.

Without actual constraints on the limits of the rupture, and on the position of
the station with respect to them, we have computed the displacements at four
receivers on the axis of symmetry of the fault model. We therefore shall limit our
discussion on the effect of the rupture front passing beneath the station. The
synthetic displacements are displayed on Figure 8a and b for the models of dislo-
cation and crack. Whichever receiver is considered, the displacements corresponding
to each model show very specific characteristics, confirming that the passing of the
rupture front is the prominent event. As suspected, the displacement produced in
the dislocation model exhibits a clear overshoot before stabilizing to the static value.
On the contrary, the vertical displacements obtained with the crack model are
characterized by a smooth ramp, very similar to the shape observed on actual
records. The static value of displacement obtained in this model is dependent on
circular crack in a half-space is an oversimplified model of the reality we did not
try to fit the observed value of displacement precisely, but were satisfied by the
good agreement obtained using an approximate geometry and realistic seismic
moment and slip. In fact, the computed static displacements are very close to the
observed values for a slip on the fault similar to the one inferred from teleseismic
records by Mendoza and Hartzell (1988) for this part of the rupture zone. This
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F16. 8. Synthetic displacements obtained in the fault-receiver configuration described in Figure 3 for
a dislocation model (a) and for a crack model (b).
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result indicates that the first part of the rupture process during the Michoacan
earthquake corresponds to the growth of a smooth crack. This result is in agreement
with a similar study by Yomogida (1988) who used a finite-difference method. This
crack model, however, cannot explain the teleseismic P waveforms characterized by
ripples arriving shortly after the begining of the signal. The ground velocity records
at Caleta de Campos (Fig. 9a) indicates that the ripples are present in the near-
field motion. In order to explain this complexity and, at the same time, to account
for the smooth waveform of the displacement, we propose a model of a self similar
crack whose rupture velocity changes. In this model the complexity of the ground
motion is due entirely to the kinematics of the rupture front while the distribution
of final slip on the fault surface remains the same to that of a smooth crack. Simple
examples of the results obtained with this model are presented in Figure 9b-d with
the corresponding kinematics of the rupture front. We have verified that the vertical
displacements show the same characteristics as for a smooth crack (i. e., absence of
overshoot).

These results indicate that the ripples can be explained by a series of changes of
the rupture velocity. An extreme case is a crack that completly stops, then restarts
and repeats the process. Such a phenomenon has been analytically investigated by
Ida (1973) and corresponds to the behavior of a fault on which dynamic failure and
creep are occuring simultaneously. As shown numerically by Ida, even in an
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FIG. 9. (a) Vertical velocity records at Caleta de Campos. (b), (c), and (d) Synthetic seismograms
obtained for the kinematics of the rupture front shown in the figure.
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homogeneous medium this process of rupture front acceleration-deceleration is
characterized by a unique time scale that suggests an apparent periodicity. This
interpretation of the rupture process which generates the narrow-band ripples
observed in Mexico City does not require postulation of an ad hoc periodic structure
on the plate interfaces, such as a series of equidistant barriers and asperities. Since
the ripples are observed in the teleseismic records as well as in the near-source
observations, we must conclude after Kasahara (1955) and Singh et al. (1989) that
they are due to a source effect. Our model is based essentially on the irregular
growth of a simple crack and does not imply the existence of barriers (Das and Aki,
1977) which eventually break. The barrier failure would produce strong high
frequency radiation that would be in contradiction with the low level of acceleration
observed along the coast (Anderson et al., 1986): a maximum of 0.2 g on the
horizontal component. This is unusually low because according to Campbell (1981)
or Kawashima et al. (1984), a value of peak acceleration of 0.8 g is expected for an
event of this magnitude at 20 km from the fault.

A SECOND INTERPRETATION OF THE VERTICAL GROUND DISPLACEMENT IN
Mexico City

The conclusions that were drawn from the teleseismic records and the near-
source observations lead us to discard our first assumption of the existence of a
third subevent that was responsible for the 3 sec ripples observed in Mexico City.
Because of the different group velocities of Lg and Rayleigh waves in the crustal
model deduced from the results of Valdes et al. (1986) in Oaxaca (see Fig. 3), we
cannot expect to model the simultaneous arrival of Lg and Rayleigh wave by
assuming that the ripples are emitted at the beginning of the rupture process.
Nevertheless, because of the presence of the volcanic complexes of Sierra Madre
del Sur and transmexican volcanic range along the path, we may assume that the
upper layer consists of thick andesitic materials. Consequently, the velocities in the
upper layer can be expected to be higher than those proposed by Valdes et al. This
point leads us to consider a crustal model as presented in Table 1 in which the
surficial layer has been removed and the second layer continued up to the surtace
(Table 2). Under this assumption, we can test the hypothesis that the 3 sec ripples
are emitted shortly after the beginning of the process. Thus, we will model the
records in Mexico City considering a simple point source with a bimodal spectrum
with dominant periods at 3 and 12 sec. Following Singh et al. (1989) we assume that
the ripples start to be emitted 8 sec after the begining of the rupture. Because the
rupture was propagating in a direction roughly opposite to Mexico City, the
difference in location will result in a relative delay of about 6 sec with respect to
the start of the long-period pulse. In the time domain, the 3 sec period excitation
consists of two Ricker pulses separated by 7 sec, which corresponds to the apparent

TABLE 2
CRUSTAL MODEL USED TO COMPUTE THE SYNTHETICS SHOWN IN FIGURE 10
Layer Thickness (k) Vp(km/sec) Vs (km/sec) —— @ Qs
1 15. 5.7 3.3 2.77 800 500
2 15. 6.8 4.03 3.09 800 500
3 15. 7. 4.1 3.09 800 500
4 UL 0. - 8.2 4.82 3.3 800 500
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duration of the ripples on the records of Caleta de Campos. The frequency content
of the low-frequency band is limited artificially because of the processing of the
accelerograms (Mena et al., 1986). We make the doubly peaked spectra by adding
the two initial period bands. We assume that the amplitude of the 3 sec period band
is five times smaller than that of the 12 sec period band. This value corresponds to
an increase by a factor of 3 of the relative amplitude of the 3 sec period component
with respect to the w? model, as suggested by Singh et al. (1989). The results
obtained are presented in Figure 10 for the 3 sec and 12 sec period source excitations
and for the complete doubly peaked spectrum. The synthetics are compared with
actual vertical displacement records in Mexico City. The computed waveform is
now in good agreement with the observations, including the difference in arrival
time between the long-period pulse and 3 sec ripples. The actual seismograms show
a longer duration due to scattered waves and to waves coming from parts of the
fault that broke later. Nevertheless, for the arrivals relevant to the damage (the 3
sec ripples), this computation confirms our consistent interpretation: the ripples
correspond to Lg. The long-period pulse consists of the fundamental Rayleigh wave.
As shown in Figure 10, some stations, as TACY appear to have been triggered by
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FiG. 10. Synthetic seismograms obtained for the first patch of the rupture using the crustal model
without sedimentary layer. (a) and (b) Waveforms obtained for source excitations whose dominant
periods are 12 sec and 3 sec, respectively. (¢c) Waveform obtained with a source excitation that presents
a doubly peaked spectra, as described in the text and the comparison with the actual seismograms.
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the onset of Pg which consists of P waves partially trapped in the crust. Other
stations, as CDAF, are triggered by the Lg wave.

DISCUSSION

Our second interpretation leads to a coherent description of the main features of
the rupture process during the Michoacan earthquake and of the wave phenomena
between the earthquake source and Mexico City. Following Singh et al. (1989), we
believe that the destructive 3 sec ripples have been emitted a few seconds after the
initiation of the rupture. Seen in the low-frequency domain, the rupture appears to
develop as a smooth crack. The ripples can be due to instability of the rupture
propagation presenting a pseudo-periodicity. This phenomenon of pseudo-periodic
changes of the rupture velocity has been predicted by Ida (1973). Changes of the
rupture velocity will result in emission of high-frequency waves that have a very
striking directivity (Achenbach and Harris, 1978; Campillo, 1983). During the first
stage of the breakage, the rupture front developed essentially in the direction toward
the ocean. Therefore, the high frequency waves emitted will present their maximum
amplitude toward the ocean. This can explain the relatively low level of peak
acceleration observed in the land. The second stage of the rupture consists of the
breakage of a second patch at about 82 km southeastward of the epicenter and 26
sec after the initiation (e. g., Houston and Kanamori, 1986). This observation means
that the rupture has propagated very rapidly (3.15 km/sec) through the recent
failure zone of the 1981 Playa Azul earthquake (M = 7.3). This very fast propagation
is not associated with strong high-frequency radiation because the stress release
was probably very low. Another possibility is that the rupture of the second patch
was triggered by the elastic waves radiated from the first. Neither the records in
Mexico City nor along the coast allow us to conclude at this point if the second
subevent had or had not contributed to the 3 sec period signal observed at Mexico
City. Anyway, this contribution does not appear to be prominent. If the rupture at
the southern end of the fault is associated with some form of heterogeneous faulting,
as suggested by the complexity of the accelerograms recorded in this region, we
have no evidence of contribution from this zone to the strong ground motion in
Mexico City in the frequency range relevant to the damage.

In the absence of further information on the crustal structure, we favor our
second interpretation because it is more consistent with avaliable observations. In
any case, it is clear that the exceptional damage in Mexico City requires us to
invoke the faulting process which generated enhanced radiation of seismic waves in
the period range around 3 sec.

The 3 sec period perturbation emitted during the first stage of the rupture has
propagated as guided S waves in the crust, namely, Lg. These Lg waves are the most
efficient mode of propagation of seismic energy for the period range (3 sec) and
distance range (350 km) relevant to the destruction in Mexico City. This type of
propagation results in a significant increase of the duration of the signal: the
duration of the ripples in the incident field on the Mexico City basin, as revealed
at hillside sites, is longer than the duration observed on the teleseismic or near-
source records.

This Lg wave train was incident on the Mexico City basin with an amplitude that
was not sufficient to represent a real danger for the city; no building collapsed
outside of the basin. At this point, we have to take into account the site effects
which result in impressive amplification and increase of duration. In the case of SH
waves, we have shown numerically that the two-dimensional response of a sedimen-
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tary basin to Lg waves is very similar to its response to vertically incident plane
waves (Campillo et al., 1988). Concerning the ground motion in Mexico City, the
deep basin, consisting of the so-called pre-Chichinautzin sediments, is responsible
for an amplification factor between 3 and 7 in the period range around 3 sec (Bard
et al., 1988). These values include two-dimensional effects. The damaged area is
located on the lake zone where the soil consists of lacustrine deposits with very low
S-wave velocity. The fundamental period of resonance of this layer is also close to
3 sec in a large part of the city. When a soft clay layer is added to the model and
realistic values of material damping are assigned, the amplification reaches about
20 (Bard et al., 1988). These large scale effects are sufficient to explain the bulk of
the seismic response of the basin as shown by Sanchez-Sesma et al. (1988), but fail
to account for the extreme spatial variability of the damage (Hall and Beck, 1986)
and of the records.

In the presence of very soft surficial layer as in Mexico City, the effect of small
scale (hundreds of meters) lateral heterogeneity can be important. This type of
effect is not usually studied because the details of the structure are not sufficiently
known to follow a deterministic approach. Nevertheless, we have shown (Campillo
et al., 1989) that small, smooth variations of the surficial structure can produce
striking effects. We can expect an increase of amplitude of one order of magnitude
in the spectral domain with respect to the case of a flat clay layer even for periods
of several seconds. This amplification occurs for the vertical resonance period of
the layer, that is a few seconds in Mexico City, and is associated with large increase
of the duration. Similarly, local deamplification can also occur. We found that
spectral amplitudes can be one order of magnitude different between points only a
few hundred meters apart. This may explain the irregular distribution of damage
that may be due to lateral variations in the depth of boundary between alluvium
and deeper deposits.

Thus, the destructive strong ground motion in Mexico City was the result of a
source effect leading to an enhanced radiation at a period of 3 sec, together with a
very efficient mode of propagation as Lg waves traveled along the path to Mexico
City, where the local site conditions result in a multiple resonance of the deep basin,
the clay layer, and the buildings. This unfortunate example shows the need to
consider simultaneously source, path and site effects in the evaluation of seismic
risk. In Mexico, we need to continue to study earthquake source processes in the
subduction zone fault system, site effects in Mexico City, and the crustal structure
between the earthquake source and Mexico City.
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