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A Hybrid Method for the Estimation of Ground Motion
in Sedimentary Basins: Quantitative Modeling for Mexico City

by D. Fih, P. Suhadolc, St. Mueller, and G. F. Panza

Abstract To estimate the ground motion in two-dimensional (2D), laterally
heterogeneous, anelastic media, a hybrid technique has been developed that
combines modal summation and the finite-difference method. In the calculation
of the local wave field owing to a seismic event, both for small and large epi-
central distances, it is possible to take into account the source, path, and local
soil effects,

As a practical application, we have simulated the ground motion in Mexico
City caused by the Michoacan earthquake of September 19, 1985. By studying
the one-dimensional (1D) response of the two sedimentary layers present in
Mexico City, it is possible to explain the difference in amplitudes observed
between records for receivers inside and outside the lake-bed zone. These simple
models show that the sedimentary cover produces the concentration of high-
frequency waves (0.2 to 0.5 Hz) on the horizontal components of motion. The
targe amplitude coda of ground motion observed inside the lake-bed zone and
the spectral ratios between signals observed inside and outside the lake-bed zone
can only be explained by 2D models of the sedimentary basin, In such models,
the ground motion is mainly controlled by the response of the uppermost clay
layer. The synthetic signals explain the major characteristics (relative ampli-
tudes, spectral ratios, and frequency content) of the observed ground motion.
The large amplitude coda of the ground motion observed in the lake-bed zone
can be explained as resonance effects and the excitation of local surface waves
in the laterally heterogeneous clay layer. Also, for the 1985 Michoacan event,
the energy contributions of the three subevents are important to explain the ob-

served durations.

Introduction

Numerical simulations play an important role in the
estimation of strong ground motion in sedimentary ba-
sins. They can provide synthetic signals for areas where
recordings are absent and are, therefore, very useful for
engineering design of earthquake-resistant structures. In
recent years, many computational techniques have been
proposed to estimate ground motion at a specific site.
The methods commonly used are one- and two-dimen-
sional (1D and 2D) techniques; three-dimensional (3D)
studies are too expensive to be applied routinely. The
standard 1D methods, such as the Thomson—Haskell
method (Thomson, 1950; Haskell, 1953}, are very cheap,
and they easily provide the first few resonance frequen-
cies (fundamental and harmonics) of unconsolidated sed-
imentary iayers. The results show that the strongest ef-
fects usually occur at the fundamental frequency. Relative
to the response of a reference, bedrock model, 1D tech-
niques yield estimates of the wave amplification caused
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by unconsolidated surficial sediments overlying the bed-
rock. However, such techniques fail to predict the ground
motion close to lateral heterogeneities or when the sed-
imentary layers have a nonplanar geometry. For realistic
structures where lateral heterogeneities and sloping lay-
ers are common, these departures from lateral homo-
geneity can cause effects that dominate the ground mo-
tion: the excitation of local surface waves, focusing and
defocusing, and spatially variable resonances. Thus, the
treatment of realistic structures requires at least 2D tech-
niques to estimate ground motion. In many of these tech-
niques, such as in the finite-difference {e.g., Alterman
and Karal, 1968) or finite-element methods (e.g., Lys-
mer and Drake, 19723, the source cannot be included in
the structural model, because its distance from the site
of interest is too large. The incoming wave field is then
approximated by a plane-polarized body wave. Other
techniques, such as the 2D mode summation method
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(Levshin, 1985; Vaccan er al., 1989), are capable of
treating realistic source models but can be practically ap-
plied only to simple 2D geometries of sedimentary ba-
sins.

To include both a realistic source model and a com-
plex structural model of the sedimentary basin, a hybrid
method has been developed that combines modal sum-
mation and the finite-difference technique (Fih er af.,
1990; Fih, 1992). The propagation of waves from the
source position to the sedimentary basin is treated with
the mode summation method for a plane-layered struc-
ture. Explicit finite-difference schemes are then used to
simulate the propagation of seismic waves in the sedi-
mentary basin. This hybrid method is particularly suit-
able to estimate ground motion in sedimentary basins of
any complexity, and it allows us to take into account the
source, path, and local site effects, even when dealing
with path lengths of 2 few hundred kilometers. A similar
method that combines modal summation and the finite-
element technique has been used by Regan and Harkri-
der (1989) to study the propagation of SH Lg waves in
and near continental margins.

Numerical simulations should always be compared
with observed ground motion for the samne simulated event
to establish validity of the numerical results. This will
be done for the case of Mexico City that has experienced
extensive damage in the recent past owing to strong
earthquakes with hypocenters in the Mexican subduction
zone. The Michoacan earthquake of September 19, 1985
(M; = 8.1), together with its aftershocks, produced the
worst earthquake damage in the history of Mexico. Al-
though the epicenter of the earthquake was close 1o the
Pacific coastline, damage at coastal sites was relatively
small. The rcason for this is that most of the populated
areas near the coast are situated on hard bedrock. In con-
trast, Mexico City, which is about 400 km away from
the epicenter, suffered extensive damage. This can be
attributed to the geotechnical and geometrical character-
istics of the sediments in the valley of Mexico City. They
were responsible for a very long duration of ground mo-
tion with large amplitude coda and large relative spectral
amplifications that reached values of up to 50.

Using dats from a recently installed VBB (Very Broad
Band) seismograph at CU (a hill-zone site of Mexico City),
Singh and Ordaz (1992) proposed a simple expianation
of the long duration of recorded coda in the lake-bed
zone. They state that the long-duration coda has always
been present in the excitation, but the accelerations did
not reach the necessary threshold for the standard in-
struments at hill-zone sites to remuin triggered. The clay
layers present in the luke-bed zone are natural narrow-
band amplifiers that explain the recorded coda. They reach
the conclusion that 2D or 3D models are not needed to
accourit for the duration observed in the lake-bed 7one.
Their conclusion is based on only indirect and qualitative
comparisons: they compare observed signals and syn-
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thetics {obtained with 1D modeling) for different events.
Therefore, they could not give quantitative estimates of
the amplification in the lake-bed zone with respect to a
hill-zone site, since the hill-zone-site duration and wave-
form of the two earthquakes could be completely dif-
ferent. However, they fail to provide an explanation for
the records (¢.g., station CDAQ) that exhibit a large am-
plitude coda wetll within the time windows for which sta-
tions on firm sites (e.g., station TACY) were recording.
As was already shown by Kawase and Aki (1989), 1D
modeling fails to explain this effect; and spectral ratios
obtained with theoretical 1D models cannot explain the
observations. Moreover, the variability and polanization
of ground motion in the lake-bed zone also cannot be
interpreted with 1D models (F. J. Sdnchez-Sesma, per-
sonal comm.). These facts motivate the present-day re-
search toward 2D and 3D modeling of wave propagation
in sedimentary basins,

The 2D numerical modeling of the Michoacan earth-
quake and the effects of this earthquake in Mexico City
exhibit some interesting numerical problems that arise
from the large distance of Mexico City from the seismic
source. This distance causes a long duration of the in-
cident seismic signals in Mexico City, and the presence
there of sediments with very low shear-wave velocities
requires the use of a small grid spacing in the finite-
difference computations. This small grid spacing, on the
other hand, requires very efficient absorbing boundaries
in the finite-difference part of the hybrid approach.

The Hybrid Method

The hybrid technique combines modal summation
and the finite-difference method, and it can be used to
study wave propagation in sedimentary basins. Each of
the two techniques is applied in that part of the structural
model where it works most efficiently: the finite-differ-
cnce method in the laterally heterogeneous part of the
structural model that contains the sedimentary basin (see
Fig. 1), and modal summation is applied to simulate wave
propagation from the source position to the sedimentary
basin of interest. The use of the mode summation method
allows us to include an extended source, which can be
modeled by a sum of point sources appropriately dis-
tributed in space and time. The path from the source
position to the sedimentary basin can be approximated
by a structure composed of flat, homogeneous layers.
Modal summation then allows the treatment of many
layers that can ke into consideration low-velocity zones
and fine details of the crustal section under consider-
ation. The finite-difference method, applied to wave
propagation in the sedimentary basin, permits the mod-
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Figure 2. Map of the area of Mexico City. On
the map, the locations of the strong-motion ac-
celerometer stations are shown; these stations were
operating during the 1985 Michoacan event. The
locations of stations CUQ1 and CUIP are the same.
The solid line indicates the cross section, for which
2D modeling has been performed.

eling of wave propagation in complicated and rapidly
varying velocity structures, as is required when dealing
with sedimentary basins. The coupling of the two meth-
ods is carried out by introducing the time series obtained
with modal summation into the finite-difference com-
putations.

In the modal summation method, the treatment of
P-5V waves is based on Schwab’s (1970) optimization
of Knopoff’s (1964) method (Panza, 1985), and the han-
dling of SH waves is based on Haskell's (1953) for-
mulation (Florsch e al., 1991); these computations in-
clude the “mode-follower” procedure and structure
minimization described by Panza and Suhadolc {1987).
The introduction of anelasticity into the computations is
based on variational methods (Takeuchi and Saito, 1972;
Schwab and Knopoff, 1972) and includes Futterman’s
(1962) results concerning the dispersion of body waves
in a lincarly anelastic medium.

The seismic source is introduced by using the Ben-
Menahem and Harkrider (1964) formalism. In these
expressions, the first-term approximation to cylindricai
Hankel functions is used that gives the displacements in
the far-field. Calculation of synthetic seismograms is then
accurate to at least three significant figures, as long as
the distance to the source is greater than the wavelength
(Panza et al., 1973). The seismograms computed with
modal summation contain all the body waves and surface
waves, whose phase velocities are smaller than the S-wave
velocity of the half-space that terminates the structural
maodel at depth. These computations therefore supply a
realistic incoming S-wave and surface-wave wave field
that is used as input in the finite-difference computa-
tions.

Explicit finite-difference schemes are used to sim-
ulate the propagation of seismic waves in the sedimen-
tary basin. These schemes are based on the formulation
of Kom and Stickl (1982) for SH waves and on the ve-
locity-stress, finite-difference method for P-SV waves
(Virieux, 1986). The algorithms can handle structural
models containing a solid-liquid interface and are nu-
merically stable for materials with normal as well as high
values of Poisson’s ratio. However, the numerical error

Table 1
Numerical Data for the Schematic Crustal Model Describing
the Path from the Source in the Michoacan Subduction
Zone, to Mexico City*

Thickness I a

B
Layer tkm) tg/em™ 1km/sec) (ke /sec) Ca Vs

5.0 2.67 4.30 2,53 800 500

]

2 0.0 2.77 5.70 3,30 80O 500
3 15.0 3.09 6 80 4.03 ROM) 500
4 15.0 3.09 7.00 4.0 L10Y] 500
5 x 3.30 8.20 4.82 800 500

*Campillo et al. (1989).



386

increases with decreasing velocities, so it is usually big-
ger near the surface of the models. Therefore, in the P-SV
case, a fourth-order approximation to the spatial differ-
ential operators is used for the upperpart of the structural
model (Levander, 1988). This offers the possibility to
reduce the spatial sampling required to accurately model
wave propagation. The finite-difference operator in time
is always of second order, since a fourth-order approx-
imation would require too much computer metmory.

A cause of error in the results of the hybrid tech-
nique can be the insufficient depth of the structural model
described by the finite-difference grid. When this insuf-
ficiency occurs, the signals are incomplete for receivers
at large distances from the vertical grid lines where the
incident wave field is introduced into the finite-differ-
ence computations. To deal with this problem, the lower
artificial boundary of the finite-difference grid is simply
placed at greater depth. Moreover, to reduce the number
of grid points in the vertical direction, the grid spacing
is increased at depth. The number of grid points per
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wavelength in this decper region of the structure is cho-
sen large enough to prevent numerical errors.

Energy loss in unconsolidated sediments is an im-
portant process and should always be taken into account
to prevent serious errors in seismic hazard estimations.
In the finite-difference computations, anelasticity is in-
cluded by using the theological model of the generalized
Maxwell body (Emmerich and Korn, 1987; Emmerich,
1992; Fih, 1992). This approach aliows us to approxi-
mate the viscoelastic modulus by a low-order, rational
function of frequency. This approximation of the vis-
coelastic modulus can account for a constant quality fac-
tor over a certain frequency band. Replacement of all
elastic moduli by viscoelastic ones, and transformation
of the stress-strain relation into the time domain, yields
a formulation that can be handled with a finite-difference
algorithm (Emmerich and Kom, 1987).

The finite-difference method has the disadvantage
that limitations of computer memory require the intro-
duction of artificial boundaries, which form the border
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Figure 3. Horizontal and vertical components of displacement recorded in the

valiey of Mexico City (Mena er al., 1986). The N-§ component of motion is
denoted by D/NS. the E-W component by D/EW, and the vertical component
by D/UP. In each column, the signals are normalized to the same peak displace-
ment. The peak dispiacement is indicated in units of centimeters.



A Hybrid Method for the Estimation of Ground Motion in Sedimentary Basins: Quantitative Modeling for Mexico City

of the finite-difference grid in space. These boundaries
are a severe problem in finite-difference methods, since
they can generate reflections of the waves impinging upon
them from the interior of the grid. In this study, several
methods for the prevention of these reflections are com-
bined. Paraxial approximation of the wave equation
(Clayton and Engquist, 1977) works well at the bound-
ary limiting the structural model at depth. The two ver-
tical boundaries at each side of the grid are chosen in
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posed by Smith (1974) reduces this contamination al-
most perfectly. Smith’s method is only applied at the
right boundary, whereas at the left boundary, the par-
axial approximation is chosen. With this technique, the
contamination first appears at the right boundary having
passed through the model two times. The disadvantage
of Smith’s boundary conditions is an increase in com-
puter time by a factor of 2. In the case of a small grid
spacing (20 m in the P-SV case; 10 m in the SH case),

relation to the grid spacing in the finite-difference com.-
putations. In the case of a large grid spacing (50 m in
the P-SV case; 25 m in the SH case), the method pro-

Smith’s boundary condition is too time-consuming. Then,
the paraxial wave equation is also applied at the right
artificial boundary. To improve the absorption at the ar-
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Figure 4, Transverse (left column), radial (middle column), and vertical dis-
placements (right column) obtained for a point source (see text) in a 1D structural
model (Table 1} at a distance of 400 km All ampiitudes are related to a source
with seismic moment of 10”7 N-m. The signals are normalized to the same peak
displacement. The peak displacement is in units of centimeters. Each component
is decomposed into different sets of modes (upper three traces for each compo-
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Figure 5. The same as in Figure 4, but replacing the first 400 m of the layered

modet {Table 1) with a surficial sedimentary layer, which represents the deep
sediments (400-m thickness, p = 2.0 g/em’, a = 2.0 km/sec, B = 0.6 km/sec,
Q. = 100, and Q, = 50).
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tificial boundaries, regions of high absorption are intro-
duced close to the boundaries. Since anelastic absorption
is included in our numerical finite-difference scheme, this
approach requires no additional computer time. The
quality factor 0 has to be space dependent so that { is
decreasing linearly toward the artificial boundary. The
gradient should not be too steep, to avoid reflections.
With this method, the amplitude of the incoming wave
field is sufficiently well-attenuated as long as the zone
including damping is larger than the dominant wave-
length. In the low-frequency part of the wave field, the
gradient of the quality factor close to the artificial bound-
ary can produce reflections of the outgoing waves. Since
the region of high absorption is characterized by the ab-
sence of low-velocity sediments, the grid spacing in the
horizontal direction can be increased still having enough
grid points per wavelength. This new grid spacing en-
larges the geometrical extension of the region of high
absorption and. therefore, reduces the steepness of the
gradient of the quality factor.

Observations in Mexico City

From the geotechnical point of view, the valley of
Mexico City can be divided into three zones {Fig. 2}
the hill zone, the transition zone, and the lake-bed zone.
The hill zone is formed by ailuvial and glacial deposits
and by lava flows. The transition zone is mainly com-
posed of sandy and silty layers of alluvial origin. The
surficial layers in the lake-bed zone consist mainly of
clays. These deposits are poorly consolidated, with high
water content and very low rigidity. The geometrical
characteristics and mechanical properties are quite wetl-
known from different borehole and laboratory tests. The
mechanical properties exhibit a great variability. This

ME X/

a.po*10 °°

-2b
4. 0010 2
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surficial layer varies between 10 and 70 m in thickness,
where this thickness increases regularly toward the east
(Suarez et al., 1987). The topmost layer is composed of
compacted fill and of the foundations for man-made
structures (Chédvez-Garcia and Bard, 1990). It is more
resistant than the clay, and its thickness can be up to
10 m.

The clay layer is overlying the so-called “deep sed-
iments” found below 10 to 70 m. These deeper deposits
reach depths down to 700 m, where the uncertainty of
the thickness of the deep sediments may be as large as
a few hundred meters (e.g., Bard ef al., 1988). The me-
chanical characteristics of the deep sediments are very
poorly known; the topography of the bedrock interface
has been estimated from boreholes and gravimetric data
(Suarez et al., 1987). There are three outcrops of the
basement: at Chapultepec, Pefion, and Cerro de la Es-
trelia (Fig. 2).

During the Michoacan earthquake, a strong motion
network was operating in the valley of Mexico City (Mena
et al., 1986). The positions of the stations are shown in
Figure 2. Some of these were located in the lake-bed
zone (SCT1, CDAQ, CDAF), some in the hill zone (TACY,
CUIP, CUO!, CUMY), and one in the transition zone
(SXVI). The observed displacements ar¢ shown in Figure
3. The records are corrected for the instrumental re-
sponse and have been convolved with a high-pass Ormsby
filter whose la.gest low-frequency cutoff is 0.10 Hz for
the stations outside the lake-bed zone and 0.07 Hz for
those inside the lake-bed zone (Mena et al., 1986). These
frequency limits do not influence our conclusions, since
the dominant energy in the synthetic signals is above these
frequency limits.

Absolute time references are absent in the recorded
signals. To estimate the relative times 1o an arbitrarily
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Figure 6. The same as in Figure 5. but now the mode! also contains a surficial
clay layer (55-m thickness, p = 1.3 g/em’. o = 1.5 km/sec, B = 0.08 km/sec,
Q. = 50, and Qg = 25), which replaces the first 55 m of the sedimentary layer

described in the caption of Figure 5.
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chosen zero-time, the signals have been shifted so that
the long-period part of the vertical displacements are in
phase (Campillo et al., 1988). This is Justifted since the
long-peried vertical displacements (Fig. 3, label D/Up
have nearly identical waveforms and amplitudes at all
stations. The time shifts have been given by Bard et al.
(1988): CDAF (2.00 sec), CDAO (35.75 sec), SCT1 (26.00
sec), TACY (40.00 sec), CUIP (3.00 sec), and CUOH (6.50
sec). The time shifts for the stations SXVI and CUMV
are not given in the literature and are here determined
to be 4.50 and 5.00 sec, respectively.

The differences between the records in the lake-bed
zone and the records in the hill zone reflect the differ-
cnces at the sites. In the lake-bed zone (stations SCTI,
CDAO, and CDAF), the horizontal comporents of motion
are the dominant ones. They have a larger high-fre-
quency content than the corresponding vertical or hori-
zontal components recorded outside the lake-bed zone.
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The spectral peaks are in the interval between 0.2 and
0.5 Hz.

Choice of the Source and Path Models
for the Numerical Modeling

The flat-layered structure, describing the path from
the seismic source to the valley of Mexico City, is shown
in Table 1. This model has been proposed by Campillo
et al. (1989) and was deduced directly from refraction
measurements in the Oaxaca, Southern Mexico, region
(Valdes er al., 1986). The structural model is rather sim-
ple and in agreement with the resolving power of the
available data. The depth of the Moho is about 45 km,
and the upper 5 km are composed of relative low-ve-
locity material,

The epicenter of the Michoacan earthquake is close
to the Pacific coastline. It is a typical intraplate subduc-
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Comparison between the displacement time series obtained with the

made summation method (label MODE} and the hybrid technique (label FD). All
amplitudes are related 1o 2 source (see text} with seismic moment of 10 7 N-m.
In each column, the signals are normalized to the same peak displacement. The
peak displacement is given in units of centimeters. (a} SH case: The distance

between the source and the vertical
introduced into the finite-difference

distance 15 412 km: the grud spacing is
displucements on the left and the vertical ones on the righty: The distance between
the source and the verticai grnd lines is 396.5 km; the source-receiver distance

grid lines, where the tncident wave field is
computations, is 400 km; the Source-receiver

25 m_ (b) P-$V case (with the radial
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tion event, with a small dip angle and striking parallel
to the Central America trench. The rupture started in the
north and propagated through the zone of the 1981 Playa
Azul earthquake with a low-moment reiease (Eissler ef
al., 1986; Houston and Kanamori, 1986). It then rup-
tured an asperity in the south. Least-squares inversion of
the Michoacan earthquake records, for the source time
function, yielded three source pulses (Houston and Ka-
namori, 1986). The first two subevents have simiar seis-
mic moments and durations (about 15 sec); the moment
of the third is about 20% that of the first subevent and
has a duration of about 10 sec (Eissler er al., 1986). The
arrival time of the second event is shifted by 26 sec with
respect to the first, and the location is about 80 km to
the southeast of the first event. The third event occurred
21 sec after the second one, and its position is about 40
km seaward of the second event. The Michoacan earth-
quake is characterized by high spectral amplitudes for
periods between 2 and 5 sec. Campillo et al. (1989) at-
tribute the enhanced energy in the 2-to-5 sec period range
to the irregularity of the rupture propagation. They sug-
gest that the rupture developed as a smooth crack toward
the ocean.

For the computations presented here, an average
source model for the 1985 Michoacan earthquake has
been chosen. To keep the source model as simple as pos-
sible, we restrict the model first to a simple point source
with a duration of O sec. This allows us to study the
behavior of the waves in the entire frequency band from
0.01 to | Hz, with no a priori assumptions about the
frequency content of the source. This choice of a delta
function will enhance high-frequency energy in parts of
the computed ground motion. Therefore, for an easy
qualitative comparison with the observed ground mo-
tion, we will only consider the displacement time series.

Distance from the source [km]

400 405 410
hhbd bbb bbb a bbb b b bbb Ahhjh

Depth [km]

Qq =800 i Receiver
QB =500

— 7 p=180gem?
' a=150kmst  Qg=lk)
- © =050 kma 1 Qy= S0

Figure 8. A 2D mode] related w the Chapul-
tepec—Pefon cross section. Only the part of the
strueture near the surface is shown, where the 2D
model deviates trom the plane-layered structural
maodel.
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The focal mechanism is the one proposed by Campillo
et al. (1989), based on the resuits of Houston and Ka-
namori (1986) and Riedesel er al. (1986). The distance
from the source to the valley of Mexico City is 400 km,
the angle between the strike of the fault and the epicen-
ter-station line is 220° {further on, referred to as the strike-
receiver angle), the source depth is 10 km, the dip 15°,
and the rake is 76°.

Due to uncertainties in the available models, only
estimates of the strong ground motion in Mexico City
can be given. Nevertheless, this modeling allows us to
understand the main features of seismic wave propaga-
tion in the Mexico City vatley as a consequence of strong
earthquakes. One-dimensional structural models for the
Mexico City valley will be considered first, with the pur-
pose of studying the 1D response of the sedimentary cover
with moda! summation. The 2D models that will then
be considered describe the cross section from Chapul-
tepec to Pefion across the sedimentary basin (for posi-
tion, see Fig. 2). This cross section is of particular in-
terest since it intersects the area where extensive damage
occurred in the strong earthquakes of 1957, 1979, and
1985. This area has been the subject of several theoret-
ical studies (e.g., Sanchez-Sesma et al., 1988; Bard et
al., 1988; Kawase and Aki, 1989). The final part is ded-
icated to the comparison between observed and synthetic
seismograms.

One-Dimensional Structural Models

The 1D structural mode} used to describe the path
from the source position to the sedimentary basin in
Mexico City is given in Table 1. Because of the large
distance of Mexico City from the source and the rela-
tively low velocities of seismic waves in the upper crust,
the signals are strongly dispersed (Fig. 4). The simple,
depth-limited structural model of Table 1 has only 15
modes in the frequency-phase velocity band being con-
sidered; the energy at frequencies below 0.2 Hz is lim-
ited to the fundamental mode, both for Love and Ray-
leigh waves.

In a second step of the 1D modeling, the sedimen-
tary cover that is present in the valley of Mexico City is
included in our structural model. Two models are
proposed. In the first, a surficial sedimentary layer of
400-m thickness replaces the upper 400 m of the mode!
shown in Table 1. This layer represents the deep sedi-
ments. The second model is obtained from the previous
one by replacing the upper 55 m of the deep sediments
with a surficial clay layer. The resulting 1D structure
represents a 1D model for the lake-bed zone. The values
of the densities, body-wave velocities, and quality fac-
tors of the layers are given in the captions of Figures 5
and 6. where the displacements obtained for both models
are shown. The seismic source remains the same for all
results shown in Figures 4, 5, and 6.
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In passing from a model without a sedimentary layer
(Fig. 4), to a modei with sediments (Figs. 5 and 6), the
arrival times and dispersion characteristics of the surface
waves change. Group velocities decrease to values as
low as 0.08 km/sec for the model with the surficial clay
layer. The main effect of the sedimentary cover on the
fundamentai mode is a strong dispersion, caused by the
low-velocity surficial layer(s). The amplitudes of fun-
damental-mode Love and Rayleigh waves remain ap-
proximately the same for all three structural models,
whereas for the high-frequency part of the wave field,
the ampiitudes, the frequency content, and the arrival
times are different. The amplitudes are larger for the
models with a sedimentary cover. Because of the low
shear-wave velocity of the clay layer, the high-frequency
part (0.2 to 0.5 Hz) of the waves is concentrated in the
horizontal components of motion (Fig. 6). The vertical
components of motion obtained for the different struc-
tural models are similar.

The seismograms obtained for the [D models of the
Mexico City valley are of limited vaiue for the interpre-
tation of the observations in Mexico City; in fact, the

391

surficial sedimentary layers are present only in the re-
gion surrounding Mexico City. In our results, this leads
to unrealistically strong dispersion of the fundamentai
mode. On the other hand, these simple models show that
the sedimentary cover can produce the observed con-
centration of the 0.2 to 0.5 Hz waves in the horizontal
components. These models also explain the difference
in amplitudes for receivers inside and outside the lake-
bed zone and the almost unchanged form and amplitude
of the vertical displacements [see Kawase and Aki (1989)
for a review of the 1D results).

Before going into 2D computations, we must first
compare the results of modal summation and the hybrid
technique for the simpie case of a 1D structural model.
This comparison is necessary each time the hybrid tech-
nique is applied in a new region. The comparison allows
us to establish contro! over the accuracy of the finite-
difference part of the computations, relative to: (1) the
correct discretization of the structural model in space,
(2) the efficiency of the absorbing, artificial boundaries,
(3) the presence of all phases in the seismograms, and
(4) the treatment of anelasticity. The comparison is per-
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formed for the same layered structural model that de-
scribes the path from the source position to the region
where the finite-difference method is applied (Table 1).
It can be seen from Figure 7 that the results obtained
with the hybrid technique and modal summation prac-
tically coincide. There are only small differences, which
originate in the differences between the two computa-
tional techniques and in the small reflections from the
artificial boundaries.

Two-Dimensional Models:
The Chapultepec-Penon Cross Section

Since the lake-bed zone is filled by the deep sedi-
ments and the clay layer, it is of interest to isolate the
influence on the ground motion of these two layers. We
first consider only the deep sediments. Because of un-
certainties in the structural parameters, we consider dif-
ferent maximum thicknesses (400 and 700 m) and two
extreme values of the S-wave velocity (0.5 and 1.0

5 25
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km/sec) of the sediments. In a further step, a low-ve-
locity surficial clay layer is added to the structural model;
this layer replaces the first tens of meters of the deep
sediments. For all computations, the source is the same
impulsive point source (depth 10 km, dip 15°, rake 76°,
and angle strike-receiver 220°). The 1D structural model,
without the sediment and clay layer, describing the path
from the source position to the vailey of Mexico City is
given in Table 1. This is the model used in the first por-
tion of our hybrid computations where the modal sum-
mation method is applied.

Effects of the Deep Sediments

The 2D structure, modeling the Chapultepec—Peiion
cross section, is shown in Figure 8. The distances be-
tween the observation points and the source is in the range
400 to 412 km. The mesh size used in the finite-differ-
ence grid is 25 by 25 m for SH waves and 50 by 50 m
for P-SV waves.
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ta) Lincar gradients in the material propesties of the decp sediments: « = t. 3w
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ib) Relatively high wave velocities for the deep sediments: a = 2.0 km/sec, 3

= |0 km/sec, p = 2.0 g/em’, @, =

100, and Q, = 50.

{¢) A sedimentary basin with a maximum thickness of 700 m and with material

properties given in Figure 8.
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The displacement time series, related to the receiv-
ers in Figure 8§, are shown in Figure 9. In agreement with
the observations in Mexico City during the Michoacan
earthquake, our computational results show that the fun-
damental Rayleigh mode passes the sedimentary basin
without significant change in amplitude and shape. The
reason for this is the large wavelengths of the funda-
mental mode with respect to the spatial dimensions of
the sedimentary basin. For the high-frequency part of the
wave ficld, however, there is a great spatial variability
of ground motion within the sedimentary basin. Two ad-
Jacent observation points can have very different wave-
forms. In the sedimentary basin, the amplitudes of the
transverse displacement dominates that for P-SV waves.

Because of the long duration of the incident wave
field, a superposition of different types of waves occurs,
Therefore, it is difficult to distinguish different phases
on the seismograms. In comparison with the results ob-
tained for the ID model (Fig. 4), the most irportant
effect is the duration of the ground motion, which at some
sites can be up to 40 sec longer than in the 1D case.
This effect is mainly caused by local surface waves and
their reflections at the edges of the sedimentary basin
and is more pronounced for SH waves. This difference
between the SH and P-SV case is due to the different
dominant frequency content of the two wave types, which
depends mainly on the source characteristics (e.g., depth,
duration, rupture process;. Local surface waves can only
be a dominant phase in the seismograms if the incident
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Figure 11. A 2D model related to the cross
section Chapultepec-Pefion, with a clay layer at
the surface. Only the part of the structure near the
surface is shown, where the 2D model deviates
from the 1D layered structural model. In the lower
part of the figure, an enlarged view of the clay
layer is shown.

wave field has much energy in the frequency band of the
excited focal surface waves.

The uncertainty in ground motion predicted from
numerical modeling can now be quantified by a para-
metric study. As the deep sediments are known very
poorly, three different velocity models and thicknesses
are considered. The first variant is characterized by a
gradient in the material properties (shear-wave velocities
vary from 0.25 km/sec at the surface to 0.6 km/sec at
the interface between sediments and bedrock). The sec-
ond variant assumes a relatively high shear-wave veloc-
ity for the deep sediments (8 = 1.0 km/sec). The dis-
placement time series for SH waves relative to the first
and second variant are shown in Figures 10a and b, re-
spectively.

The model containing a gradient in the material
properties is used to estimate the maximum possible ef-
fects caused by the deep sediments (Fig. 10a). The ef-
fects are a strong amplification and the lateral propa-
gation of local surface waves excited at the edges of the
sedimentary basin. The model containing sediments with
high S-wave velocities is used to estimate the minimum
effects caused by the deep sediments (Fig. 10b). Apart
from a factor of about 2 in amplitude, there are no large
variations between signals outside and inside the sedi-
mentary basin. The difference in amplitudes can be ex-
Plained by the impedance contrast between bedrock and
sediments. There is no significant excitation of local sur-
face waves at the edges of the basin.

The maximum thickness of the deep sediments is
increased to 700 m in the third and last variant, This
deep basin causes the excitation of long-period local sur-
face waves, which dominate the waveforms and increase
duration (Fig. 10c). Qualitatively, the results are the same
as those discussed for the shallow sedimentary basin;
however, in the deep basin, local surface waves arc mainly
excited by the fundamental mode, while in the shallow
basin, higher modes are responsible for the generation
of these local waves. This leads to very different shapes
of the signals computed for the two structural models.

Effects of a Clay Layer

A surficial clay layer is now added to the structural
model of the deep sediments (Fig. 11). As indicated by
the information available about the soil properties in
Mexico City, the clay thickness increases gradually to-
ward the east. Due to the very low shear-wave velocity
of the clay (8 = 0.08 km/sec), the mesh size used in
the finite-difference grid is 10 by 10 m for SH waves
and 20 by 20 m for P-SV waves.

The displacement time series are shown in Figure
12. At the margin of the sedimentary basin, ground mo-
tion is determined mainly by the D response of the up-
permost clay layer. Within the basin, both for incident
Love and Rayleigh waves, there is evidence of local sar-
face waves that propagate in the clay layer. Local res-
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onance effects lead to long duration and large amplitude
codas; this phenomenon is most pronounced on the ra-
dial component, at distances of 409 to 410 km from the
source. The resonance is excited by two distinct arrivals:
the Lg waves and the fundamental Rayleigh wave. Also
for this model, the differences between the SH and P-SV
case is due to the different frequency content of the two
wave types. The vertical components of our synthetics,
for frequencies below 0.5 Hz, are not significantly
changed by the presence of the clay layer; this agrees
with the recordings taken in Mexico City during the Mi-
choacan earthquake.

A good representation of the ampiification effects in
sedimentary basins is given by the computation of spec-
tral ratios between the signals obtained for the 2D model
(Fig. 12) and the corresponding signals obtained for the
1D model (Table 1). The results for the transverse and
the radial components are shown in Figure 13, where
these ratios are illustrated as a function of frequency and
location along the section. The darker an area, the stronger
are the amplifications that characterize the 2D model with
respect to the 1D case. The general distribution of the
shaded areas can be related to the geometry of the struc-
tural model. Both the clay layer and the deeper sedi-
ments have an influence on ground motion observed at
the surface. Their effects can be well-separated, as is
illustrated in the lower part of Figure 13, where the dif-
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ferent features of the spectral ratios are interpreted and
schematically represented. The greatest amplifications
are caused by the clay laver, for frequencies close to the
fundamental mode of resonance of a corresponding in-
finite flat layer. The maximum amplification with re-
spect to the 1D model is of the order of 30 to 50. This
amplification factor coincides with the observed factors
of up to 50 for the 1535 earthquake. At higher frequen-
cies (above 0.8 Hz), there is also evidence for the ex-
citation of the first higher mode of resonance for the clay
layer. It must be mentioned that about the same spectral
ratios are obtained if the 2D results are normalized to a
specific reference ground motion observed outside the
sedimentary basin.

At distances between 403 and 408 km from the
source, and for frequencies above 0.5 Hz, the spectral
ratios for the SH case are characterized by a relatively
regular pattern of constructive and destructive interfer-
ence. When considering the radial component of motion,
more complicated features are seen (central part of Fig.
13). These features are caused by resonances and by the
fact that incident energy in certain frequency bands can
be shifted from the vertical into the radial component of
motion. These effects give rise to a series of dark Lines
in the spectral ratios for the radial component. For ex-
ample, around 0.5 Hz and for distances between 403 and
408 km, spectral ratios reach values of up to 35.
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section Chapultepec—Penon shown in Figure 11. The normalization factor of the
time series is different from the one used in Figure 9.

The same as in Figure 9 for the displacement time series, for cross
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Because of the variability of strong ground motion  ficult to compare synthetic signals directly with observed
within the sedimentary basin, the poorly known structure  strong ground motion. On the other hand, the 2D model
of the sedimentary basin in Mexico City, the simple source ~ under study can be considered as sufficiently represen-
model, and the fact that none of the accelerometer sta- tative for the general geological situation in Mexico City.
tions are located on the cross section studied, it is dif- On observed records, an oscillation with a period of 2
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1o § sec is superimposed on the fundamental modes (Fig.
3). This feature has been interpreted as a source effect
{Campillo et al., 1989) and is not present in our syn-
thetic signals comesponding to a simple point source with
O-sec duration. For the synthetic signals (Fig. 12), the
duration outside the sedimentary basin is about 90 sec
for P-SV waves and 60 sec for SH motion, while within
the sedimentary basin, the duration varies strongly and
can have values of the order of 150 sec in the P-SV case
and 120 sec for SH waves. If we assume a seismic source
that is composed of three subevents, as proposed by
Houston and Kanamori (1986), the durations increase by
about 45 sec (Fig. 14b) compared to those relative to a
single event (Fig. 14a). The durations and large ampli-
tude coda are then in good agreement with observations
in the lake-bed zone. Some of the computed horizontal
components of motion (label L5.5 or R.5 in Fig. 14b)
are very similar to the observed signals at station CDAO.

The model that we have used for the Mexico City
area can explain the difference in amplitudes for receiv-
ers located inside and outside the lake-bed zone. The
ratio between the computed, horizontal peak ground dis-
placements inside and outside the lake-bed zone reaches
values of the order of five to seven; about the same ratio
is obtained for the observed ground motion.
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In the central part of the sedimentary basin, the fre-
quency content of the horizontal compenents of the com-
puted ground motion agrees well with the observations,
while the synthetic vertical displacements have too much
energy for frequencies above 0.7 Hz. This can be ac-
counted for in several ways, e.g., by the quality factor
in the layered model (Table 1) or by the choice of the
source time function. Assuming lower quality factors in
the layered model (about haif the values given in Table
1), or a source with finite duration (for example, 3-sec
duration), will reduce the high-frequency content of the
synthetic signals.

The applicability of the cross section studied is con-
firmed by the fact that the spectral ratios obtained for
the horizontal components of the synthetic seismograms
can be very similar to the spectral ratios obtained from
observations, as is shown in Figure 15. The maximum
amplification factors, the shape of the spectral ratios, and
the frequency bands at which amplification occurs, is
explained by our numerical modeling. The two peaks in
the spectral ratio for station CDAO can be attributed to
the deep sediments (peak at about 0.8 Hz) and the sur-
ficial clay layer (peak at about 0.25 Hz). The spectral
ratios for SH and P-SV waves are about the same. In the
time domain, on the other hand, the local surface waves
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Figure 14. Transverse (left column), radial (middle column), and vertical dis-

placements (right column) obtained at three receivers within the sedimentary ba-
sii: at the western edge of the basin, 401.5 km from the source; in the center of
the basin, 405.5 km from the source; and at the eastern edge of the basin, 409.5
km from the source. The results of two computations are shown:

(a) Synthetic displacements owing 1o ane point source.

{b) Synthetic displacements owing to three point sources, all located at a depth
of 10 km and the same distance. The strike-receiver angle, dip, and rake are
220°, 15°, and 76°, respectively. The three point sources have different weights
and time shifts (1.0, 1.0, and 0.2; 0, 26, and 47 sec). Weight one is given to a
source with seismic moment of 1077 N-m.
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and resonance effects can only be a dominant phase in
the seismograms, if the incident wave field has much
energy in the frequency band of the excited surface waves
and resonances.

Conclusions

The reasons for the damage caused by the Michoa-
can earthquake can be found in the special geological
conditions of the vailey of Mexico City. This valley con-
sists mainly of two layers: the so-called deep sediments,
and a surficial clay layer that is present in the lake-bed
zone. By studying the 1D response of these two layers
with the modal summation method, it was possible to
explain the difference in amplitudes between records for
receivers inside and outside the lake-bed zone, also shown
by Kawase and Aki (1989). These simple models show
that the sedimentary cover produces the concentration of
high-frequency waves (0.2 to 0.5 Hz) on the horizontal
components of motion. One aspect that cannot be ex-
plained with 1D models is the large amplitude coda of
ground motion inside the lake-bed zone and the spectral
ratios between signals observed inside and outside the
lake-bed zone (Kawase and Aki, 1989). To achieve a
realistic simulation of seismic ground motion in Mexico
City, it is necessary to include source, path, and local
soil effects; to study SH and P-SV wave propagation; and

1G

104 2D/1D (404.0km) (a) 10'] 2D/1D (409.5km) {b)
3 g
par} - .
5 10 ] 10‘ .
« 3 \//r\
o] o] d
-t - T
5 1 g 1
o o
@ — transverse “ - transrerse

cree- reddd radial
10 o 10 ry - -
18 Frequency (Hz) t Lo Frequency (Hz}

104 SCT1/TACY (e} 10" CDAO/TACY (d)
2 e
ol n s e -
@ 10 P = 10 //\
3 R T T A N AW
5 S WA e s
o L Y 9] o d t
2 1 ¢ 2 1
“ — NS component @ l'~-— NS component

----- EW component | —---- EW component
y e gpaL TR
1o

10 1 1

Frequency {Hz) Frequency (Hz)
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to include also anelastic absorption. This simultaneous
consideration of the different effects is the main advan-
tage of the presented hybrid method, when compared with
other techniques.

For realistic models of the sedimentary basin in
Mexico City, the horizontal components of ground mo-
tion are mainly controlled by the response of the upper-
most clay layer. Local surface waves and resonance ef-
fects lead to a long duration and a large amplitude coda
of the signals inside the lake-bed zone. Small variations
of the geometry of the uppermost clay layer lead to very
different ground motion in the horizontal components.
Even in close neighboring stations it is possible to ob-
serve large differences in the shape, duration, and fre-
quency content of the signals. The vertical components
of our synthetics, for frequencies below 0.5 Hz, are not
significantly changed by the presence of the ciay layer;
this agrees with the recordings taken in Mexico City dur-
ing the Michoacan earthquake.

Spectral ratios that are computed for sites inside the
sedimentary basin show that the ciay layer, by interac-
tion with the deep sediments, causes amplifications of
the order of 30 to 50. This amplification factor agrees
with those observed in the lake-bed zone. This value is
larger than the one obtained by Bard er al. (1988) who
computed amplification factors of up to 20 for vertically
incident SH waves. Kawase and Aki (I1989) attributed
the long duration of ground motior and large amplitude
coda observed in Mexico City to a strong interaction be-
tween the deep sediments and the surficial clay layer.
They stated that the resonance frequencies of the two
layers have to be almost the same to explain the long
duration. Since the chserved spectral ratios show the
spectral peaks of the two layers at different frequencies,
we suggest that the large amplitude coda observed at sta-
tion CDAQ is caused by a strong resonance effect in the
laterally heterogeneous clay layer. Our numerical mod-
eling also shows that for the explanation of the signats
duration in the lake-bed zone, it is necessary to consider
not only a one-point source, but the energy contribution
of the three subevents of the Michoacan earthquake.

The spectral properties of the seismic source control
the frequency content of the incident wave field; if the
dominant energy is concentrated in the frequency band
close to the resonance frequency of the clay layer or the
decp sediments, local surface waves and resonance ef-
fects dominate the horizontal components of motion within
the sedimentary basin. For the same seismic source, SH
and P-§V waves, in general, have their dominant energy
in different frequency bands. In the numerical experi-
ments. this consequently leads to differences in the ground
motion: large excitation of local surface waves in the
deep sediments for SH waves are not observed in the
P-5V case, On the other hand, there are strong resonance
effects in the clay fayer for P-SV waves that are less
pronounced for $H waves,
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The area of severe structural damage in Mexico City
is characterized by increased thickness of the deep sed-
iments and the laterally heterogeneous clay layer. Such
geometries favor the excitation of local surface waves,
which could be responsible for the observed distribution
of damage. The large impedance contrast between the
clay at the surface and the deep sediments causes strong
resonance effects in the clay layer, which result in al-
most monochromatic wave trains of long duration.
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