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RESUMEN

Los tiempos de arribo de ondas P y S de las réplicas del sismo del 14 de marzo de 1979 Petatldn (M,=7.6), han sido usa-
dos para delinear una estructura de velocidades compresionales y de corte para la zona de subduccién entre Petatldn y la
ciudad de México y a lo largo de la costa del estado de Guerrero. El modelo final consiste en una zona de transicién bidimen-
sional, compuesta por un bloque continental, uno acrecional y uno de corteza ocednica. El bloque continental consiste en
tres capas corticales planas con el Moho localizado a 45 km de profundidad. El bloque oceénico fue modelado con dos capas
con,un espesor total de 8 km y con un echado de 10° al N34°E, que se extiende tierra adentro. Las ondas sismicas de las répli-
cas con hipocentros debajo de la corteza ocednica viajan principalmente en el manto ocednico superior y alcanzan sitios
entre los 50 y 300 km tierra adentro.

La localizacién hipocentral de 792 réplicas fue comparada con la estructura obtenida con el trazado de rayos. Tres por
ciento de estas réplicas se localizan dentro de la regién sugerida como el bloque continental, 85% est4n dentro de la corteza
ocednica y 12.5% debajo de la corteza ocedmica. 55% de los eventos se localizan bajo el arreglo sismico local y sus hipo-
centros estdn determinados con errores menores de 5 km.

Los hipocentros de las réplicas definen una zona angosta de Wadati-Benioff con 8-10 km de espesor, la cual concuerda
con el modelo de la litosfera ocednica basada en los tiempos de viaje de las réplicas registradas por el perfil sismico a lo
largo de la costa y en direccién a la ciudad de México. 50% de las réplicas (aproximadamente 350) se encuentran dentro de la
corteza ocednica en una capa delgada de menos de 8 km de espesor y con un 4rea de 480 km?2 localizada a mayor profundidad y
alejada de la trinchera. Esta es una regién localizada principalmente bajo las estaciones sismicas y ha sido propuesta como
una zona de fuerte acoplamiento en una litosfera joven y de rdpida convergencia (Astiz, 1987; McNally et al., 1986), y
como una asperidad basada en la localizacién de los premonitores del sismo de Petatlin (Hsu et al., 1984) y también en sus
réplicas (Valdés et al., 1982; Hsu et al., 1984).

PALABRAS CLAVE: Réplicas, zona de subduccién, modelo de corteza, trazado de rayos y asperidad.

ABSTRACT

P- and S-wave travel times from aftershocks of the M =7.6 Petatlin, Guerrero, Mexico earthquake of March 14, 1979,
have been used to delineate a compressional- and shear-wave velocity structure of the subduction zone between Petatldn and
Mexico City and along the coast of the State of Guerrero. The final model consists of a two-dimensional ocean-to-continent
transition zone composed of a continental, an accretionary and an oceanic crust block. The continental block as modeled
consists of three flat crustal layers with the Moho at 45 km depth. The oceanic crust is modeled as two layers with 8 km
total thickness, dipping 10° at N34°E, and extends well inland. Seismic waves from aftershocks with hypocenters below
the oceanic crust travel principally in the oceanic upper mantle to sites between 50 and 300 km inland.

The hypocentral location of 792 Petatlan aftershocks was compared with the structure obtained by ray tracing. Three
percent of those aftershocks are located within the suggested continental block, 85% are within the oceanic crust and

~12.5% are below the oceanic crust. 55% of them are located under the local array and their hypocenters are constrained to
within +5 km.

The hypocenters of the aftershocks define a narrow, 8-10 km wide Wadati-Benioff zone that agrees with the model of
oceanic lithosphere based on travel times from aftershocks recorded by profiling arrays along the coast and toward Mexico
City. 50% of the aftershocks within the oceanic crust (approximately 350) are concentrated in a thin sheet less than 8 km
thick with an area of 480 km?2 and located deeper and away from the trench. This is a region largely under the recording array
and has been proposed to be a region of strong coupling in young and fast convergence rate subducting lithospheres (Astiz,
1987; McNally et al., 1986) and an asperity based on the location of the Petatldn earthquake foreshocks (Hsu ef al., 1984)
and also aftershocks (Valdés et al., 1982; Hsu et al., 1984).

KEY WORDS: Aftershocks, subduction zone, crustal model, ray tracing and asperities.

INTRODUCTION

Southwestern Mexico is the site of large thrust earth-
quakes related to the subduction of the Cocos plate beneath
the North America plate (Figure 1). The Middle America
Trench (MAT), north of the Tehuantepec ridge, parallels
the coast at distances of 70 to 100 km. There have been 42
earthquakes here since the turn of the century, but knowl-
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edge and understanding of the ocean-to-continent transition
structure has remained poor. In early March, 1979, just be-
fore the Petatlan earthquake, as part of the Rivera Oceano-
graphic Seismic Experiment (ROSE), the University of
Wisconsin-Madison group was in the State of Guerrero
preparing to deploy its newly designed digital recording
seismographs. On March 14, a earthquake occurred offshore
near Petatldn. Two days after the main shock, a team from
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Fig. 1. Epicentral map of 36 aftershocks located using only seismographs in the Petatldn area (solid triangles, stations 35-41) and
also recorded by up to 4 seismographs along the coast toward Acapulco (stations 1-19) and toward Playa Azul (stations 20-33), and
toward Mexico City (stations 100-123). Numbers identify seismographs in Figures 3-15. Open circles correspond to aftershocks
recorded by the Petatldn-Mexico City profile, and solid circles to aftershocks recorded by the Petatlin-Acapulco and Petatldn-Playa
Azul coastal profiles. These aftershocks have Mc from 1.6 to 4.1, with an origin time mean RMS of 0.27 s, and horizontal and ver-
tical standard errors of 2.91 and 5.72 km, respectively. The line A-A' indicates the cross section shown in Figure 4. Line B-B' indi-
cates the Qaxaca profile referred on the text. The selection criteria for these aftershocks, was that they were aligned with and
recorded by as many seismographs along the profiles as possible. The geology, from Ortega-Gutiérrez (1981) and Lépez-Ramos
(1976, 1983) of the area is indicated by zones with different patterns.

the Universities of Mexico and Wisconsin had installed 16
seismographs in the aftershock area (Valdés et al., 1982).
In addition, 8 digital recording instruments were deployed
in a leap-frog fashion along two profiles, one between
Petatl4n at the Pacific Coast and Mexico City (Pet-Mex)
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and the other, between Playa Azul, Petatl4n, and Acapulco
(Azu-Aca). Four instruments, 5-10 km apart, were used at
a total of 24 sites along the 320 km Pet-Mex profile, and
27 sites along the 180 km Azu-Aca profile. The Pet-Mex
profile ended 50 km SW of Mexico City. The Azu-Aca



profile extended from Playa Azul (90 km NW of Petatldn),
to Acapulco (Figures 1 and 3). Thirty-six aftershocks, lo-
cated with the fixed local array, and well recorded over the
Pet-Mex and the Azu-Aca moving arrays, were used as the
equivalent of controlled seismic sources.

The main objective of this work is to use aftershocks
of the Petatldn earthquake to define the structure of the
Wadati-Benioff zone in the region. In addition we relate the
792 well recorded aftershocks to the seismic structure to
better understand the rupture process of a major earthquake
in the Mexican subduction zone.

PREVIOUS GEOPHYSICAL STUDIES ALONG
THE MEXICAN SUBDUCTION ZONE

The results of geophysical experiments along the 1600
km of the Mexican Pacific coast are used to build a model
for locating aftershocks in the Petatldn region. Shor and
Fisher (1961) and Fisher (1961) used refraction profiles to
determine the depth of the Mohorovicic discontinuity be-
low the MAT. They profiled three sites within the
Mexican portion of the MAT and provided the first shallow
seismic model and reliable estimate of depth to the Moho
discontinuity in that area. The Moho discontinuity was lo-
cated between 9 and 16 km depth. Their profile, near
Acapulco ran along the deepest portion of the trench, and is
the closest to the area of interest of the present study. At
this site, they determined an 8 km thick oceanic crust, with
sediment and upper and lower crustal layers having P-wave
velocities of 2.15, 5.25, and 6.82 km/ s, respectively.

On January 30, 1973, a earthquake occurred in the
subduction zone off Colima, 350 km NW of Petatldn.
Reyes et al. (1979) used offshore explosions to obtain
travel time station corrections for locating the aftershocks
of this earthquake. They used a flat layer crust with an
upper mantle located at 30 km depth. The 50 aftershocks
located with this model suggest two dipping planes, 15°
and 30°. The former almost intersects the MAT. The am-
biguity in the selection of the dipping plane is probably
due to the small number of located aftershocks, and to the
selection of a deep upper mantle for the region under the
coast. A poorly-constrained P-wave fault plane solution for
the main shock suggests a dipping fault plane of 30°.

Couch and Woodcock (1981) modeled gravity data for a
profile 100 km SE of Acapulco, using an 8 km thick
oceanic lithosphere following Shor and Fisher (1961).

Valdés et al. (1982) tested 25 modifications of Reyes
seismic model on the arrival times of 30 Petatldn after-
shocks, and used the model that produced the smallest ori-
gin-time residuals to locate 255 shocks of. Valdés er al.
(1986) used offshore explosions recorded at inland seismic
stations and offshore, and inland gravity data, to construct a
two-dimensional seismic model for the ocean-to-continent
transition in the state of Oaxaca, SW of the state of
Guerrero. This model consisted of a continental, an accre-
tionary, and an oceanic block, with an 8 km thick oceanic
crust dipping 10° beneath the North America plate.

Seismic-structure between the Pacific coast and Mexico City

Simila et al. (1989), used explosions and earthquake
data to refine and extend the model suggested by Valdés et
al. (1986). LeFevre and McNally (1985) compiled focal
mechanism data for 190 earthquakes associated with the
subduction of the Cocos plate. The hypocenter locations
(30 km), and fault plane orientations from the focal
mechanisms suggested a 10°-20° dip for the subducting
oceanic plate north of the Tehuantepec Ridge (93°N),
which is the region of interest in this study.

Two days after the 1985 Michoacén earthquake an af-
tershock occurred offshore adjacent to the Petatlan earth-
quake aftershock area. The P-wave fault plane solution
indicated a thrust fault with a dip of 9°, smaller than the
14° obtained for the Petatldn event. The strike of the slip
vector is N 39°E and N 26°E for the Michoac4n main af-
tershock and for the Petatldn earthquake, respectively
(Astiz, 1987; Chael and Stewart, 1982). Both directions are
in agreement with the N33°+1°E slip vector projection for
the Cocos-North America plates at 17.5°N and 101° W,
using the NUVEL-1 model (DeMets and Stein, 1990).

The studies mentioned above suggest a shallow-dipping
(10°) subduction zone NW of the Tehuantepec Ridge, with
a trench at only 70-100 km from the coast. A flat layer
seismic model in a shallow dipping subduction zone will
introduce small (4 km) location errors if the seismograph
network is located directly above the aftershocks, and if the
distance between stations (25 km in our case) is less than
the hypocentral depth (Solte ef al., 1986; Bannister, 1988;
Fuenzalida et al., 1992; Comte et al., 1992; Lindo et al.,
1992). Most of the Petatlan aftershocks, as will be shown
later, are concentrated beneath the seismograph network at
depths of less than 30 km; the remaining events are toward
the coast, where an ocean bottom seismograph (OBS) was
deployed. The locations of the remaining events are consid-
ered to be acceptable as they are within the largest distance
between stations.

RESOLUTION OF THE NETWORK AND
SEISMIC PARAMETERS

The seismic model used to locate the aftershocks of
this study consists of 6 flat layers with constant velocities
(Table 1). This velocity model was based on models from
Colima (Reyes et al., 1979), Petatl4n (Valdés et al., 1982,
and 1986), and additional information from the previously
mentioned studies. This flat layer model correlates closely
with the depth-velocity distribution of the two dimensional
subduction seismic model at a distance of 100 km from the
MAT, which corresponds to the coast in the Petatl4n area.
The uppermost three layers of the model represent the
Mesozoic intrusive granite, mapped by Ortega-Gutiérrez
(1981). This granitic block extends 60 km inland, 25 and
75 Km north-west and south-east Petatlan. The three layers
are intended to model the increase of velocity with depth,
suggested by Valdés et al. (1986) for the Oaxaca area. The
next two layers represent the oceanic crust, with velocities
higher than typical (Spudich and Orcutt, 1980) due to the
overburden pressure. The top of the oceanic crust is at a
depth of 18 km at the shoreline in the area of Petatldn. The
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top of the deepest layer is at a depth of 26 km, and repre-
sents the top of the upper mantle. Thus, the proposed
model is a combination of continental and oceanic layers.

The hypocentral locations depend on P- and S-waves
with good signal-to-noise ratio, the seismic -velocity
model, and a well-distributed seismic recording network.
The P- and S-wave arrivals were clear, but the network dis-
tribution was restricted by the Sierra Madre del Sur Range
in one side and by the Pacific Ocean in the other. We tested
the adequacy of the locator array. We use the computer
program HYPOERROR, developed by Lienert et al.
(1986). This program calculates the horizontal and vertical
uncertainties in the location, as well as the time uncer-
tainty in the origin time, for a geometrical distribution of
the seismographic network and a velocity model. The pro-
gram requires as input the seismic station distribution, a
one dimensional velocity model, and the precision for se-
lecting P- and S-wave arrival times. We calculated uncer-
tainty maps for hypocentral parameters, at a depth of 30
km, with the seismic model defined in Table 1, using three
seismic stations, and assuming typical reading errors of
0.05 and 0.10 sec for P and S waves, respectively. We
found uncertainties of about 4 km in the location of these
events.

Table 1

Z (Depthtotop  Vp Vs o Poisson's Layer

of layer,km) (km/s) (km/s) ratio
0.0 5.80 3.2 0.28 Ii
6.0 595 3.28 0.28 Il
12.0 6.15 3.39 0.28 i
18.0 640 348 0.29 VI
240 705 3.83 0.29 v
26.0 8.00 43 0.30 v

These errors correspond to the worst conditions during
the Petatldn experiment. We used these conditions with
HYPOERROR to calculate the uncertainties in the
hypqcenter location and the origin time, and compared
them. with the location errors given by the earthquake lo-
cator program. The calculated maximum horizontal and
vertical error uncertainties for offshore events using the
worst conditions are 7 and 5 km, respectively, and their
uncertainty in origin time is 0.5 s, although realistically
these errors may be larger. Resolution maps obtained by
using more seismic stations and shallower depths provide

Depth (km)
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0 0
20- .20
-40- .40
'69100 -80 -60 -40 0 20 40 60'60
Distance (km)

Fig. 2. Hypocenters of the 36 aftershocks from Figure 1, projected into a N 36°E vertical plane, roughly perpendicular to the Middle

America trench in this region. Symbols are as in Figure 1. The arrows represent the seismographs. These aftershocks were used as

controlled sources to model the ocean-to-continent transition along the subduction in this region. The bars centered at the

hypocenters represent the standard vertical and horizontal errors in their location. The solid lines represent the final seismic model
from Figure 9, and the Roman numerals correspond to the layers discussed in the text.
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Fig. 3. Structural model (Bottom) and ray tracing for event 1 (Mc = 3.2), recorded at seismographs deployed between Petatldn and
Mexico City, 60-100 km from the Pacific coast. The aftershock is located within the upper mantle, just below the oceanic crust at
21.1 km depth in the proposed model. The standard horizontal and vertical errors for this event are 1.7 and 1.1 km, respectively.
The numbers in the model represent the different layers and are discussed in the text. Middle figure, synthetic seismograms calcu-
lated using the compressional-wave model, which correspond to the arrivals shown in the first 10 seconds, and synthetic seismo-
grams calculated using the shear-wave model, which correspond to the arrivals after 10 seconds. Time is displayed as 8 km/s reduced
time. Top, vertical seismic record section, arranged by epicentral distance, and shifted relative to origin time. The seismograms
have been scaled relatively to their maximum amplitude (which is shown in counts, next to the traces) for a better display of the ar-
rivals and also is an indication of the high dynamic range of the record. The numbers on top of the traces indicate the recording
seismographs shown in Figure 1, The first arrivals for P- and S-waves correspond to direct rays from the lower oceanic crust. It can
be seen, in both components, sharp P- and S-wave arrivals with no other clear seismic phases in between. The P- and S-waves have
different frequencies, the latter being always lower as seen at seismograph 105. We observe an unusually large peak amplitude in the
vertical component of seismograph 100, which is almost 3 to 4 times as large as the next and further away seismographs. The ob-
served and the calculated P and S-wave arrival times are within 0.2 s. Stations 100-102 are located on the crystalline Range,
Sierra Madre del Sur, while seismographs 104 and 105 are located in the boundary between this range and the Guerrero Basin.
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smaller errors. We accept all earthquake locations that have
location and origin time errors equal or smaller than the
calculated by HYPOERROR. Valdés et al. (1982), found a
2.5 km horizontal and 4.5 km vertical shift in the location
of 5 offshore Petatldn aftershocks when including the data
from an OBS temporarily deployed offshore Petatlan and
using the earthquake locator program HYPO71 (Lee and
Valdés, 1985) with a flat layer seismic velocity model.

Nelson et al. (1989) relocated earthquakes from a study
in the area of Oaxaca using the model for the subduction
zone suggested by Valdés et al (1986). He found that the
earthquakes were more accurately located by their program
EQLOC than by HYPOINVERSE. The average event
residual improved by 20% over the flat layered locations
and the locations were more tightly constrained to the dip-
ping slab, but computer memory requirements were 40
times greater for 3-D than for 1-D earthquake location algo-
rithms.

The seismograms from the Petatldn aftershocks typi-
cally had a signal to noise ratio better thart 10 to 1. The
digital seismograms were displayed on a computer graphics
terminal, and an electro-mechanical cursor was used to read
the arrival times. The accuracy in reading the P- and S-
wave arrival times from the digital seismograms was
+0.02 and $0.05 seconds, respectively, based on repro-
ducibility. The P- and S-wave arrival times from analog
seismic records were read using a magnifying glass, and the
accuracy was £0.05 and £0.10 seconds, respectively. The
aftershock recording stations were located in a rectangular
area of 32 km by 65 km, with the long axis parallel to the
coast, and 55% of the aftershocks were directly below the
recording array, at depths less than 30 km.

P- and S-wave phases were used to locate the after-
shocks using the program HYPOCENTER (Lienert et al.,
1986) with the seismic model shown in Table 1. Smaller
weighting factors were assigned to the analog P- and S-
wave readings because of the lower reading accuracy. The
program HYPOCENTER uses a damped least-squares solu-
tion (Crosson, 1976; Aki and Lee, 1976), which provides a
more accurate location than HYPO71 (Lee and Valdés,
1985) or HYPOINVERSE (Klein, 1978), as it allows the
solution to converge to a minimum by allowing the depth,
latitude, and longitude to change, rather than fixing the
depth. HYPOCENTER also uses centering and scaling,
which are statistical regression procedures to improve the
condition matrix which relates changes in arrival time to
changes in hypocentral position.

The 36 aftershocks used as controlled sources have a
mean RMS error of 0.27 sec in origin time, with a stan-
dard deviation of 0.17 sec. The average standard horizontal
and vertical location errors, 2.9 and 5.7 km, respectively,
are similar to or slightly larger than those predicted by the
HYPOERROR program. We selected events with epicen-
tral locations aligned with the profiling lines as much as
possible, to minimize off the path profile errors. Figure 1
shows their epicentral locations. Figure 2 shows the after-
shocks projected onto cross section A-A', which is approx-
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imately parallel to N 33°1° E, the convergence direction of
the Cocos plate (DeMets and Stein, 1990). The magnitude
of each event was calculated from coda duration from Lee et
al. (1972). The magnitude range for these events is 1.6 to -
4.4. Vertical and horizontal location errors are shown on
Figure 2. Four events have large vertical errors (i.e. ERV>
18 km), but were still useful in the ray tracing procedure as
it will be shown in the next section.

RAY TRACING

Hypocentral locations, origin times, and P- and S-wave
arrival times from 36 selected events located by the local
network, plus three or four stations in both profiling ar-
rays, are used as controlled seismic sources to model the
structure of the subduction zone in the areas between
Petatldan and Mexico City, and between Playa Azul,
Petatldn and Acapulco. We selected events that were
recorded by as many stations along the profiles as possible.
The hypocenters calculated from the local network are used
as sources and the P- and S-wave travel times are computed
from the observed P- and S-wave arrival times at the profil-
ing seismographs, minus the calculated origin time. The
horizontal components were rotated into radial and trans-
verse components for easy identification of SH motion.
The azimuth used for rotation was based on the earthquake
locations. We used a ray-tracing algorithm (Luetgert, 1988)
that implements a technique described by Cerveny et al.
(1977) for calculating the propagation of rays through two-
dimensional inhomogeneous media.

We assumed that the hypocenters and the seismographs
lic on a plane. For the Pet-Mex profile the seismic stations
are within 20 km of a vertical plane with a N 36°E strike.
This direction is in agreement with the convergence direc-
tion of the Cocos Plate in this region (DeMets and Stein,
1990). The model is divided into quadrilaterals by layer in-
terfaces and vertical grid lines. The velocity within each
quadrilateral is interpolated from values at the four corners.
Synthetic seismograms were obtained using the modified
asymptotic ray theory by McMechan and Mooney (1980).
In this algorithm, the waveform amplitude is determined
by geometrical spreading and from plane-wave transmis-
sion and reflection coefficients along the ray path. A 1 Hz
Ricker wavelet was used as the initial pulse for the calcula-
tion of synthetic seismograms.

The seismic model obtained for the state of Oaxaca
(Valdés et al., 1986) was used as the base model for the
Petatldn area, as the hypocenters and fault plane solutions
of large earthquakes (LeFevre and McNally, 1985) located
in the 350 km between Petatldn and Oaxaca suggest a con-
tinuous Wadati-Benioff zone dipping 10°-15° to a depth of
80 km, with strike parallel to the coast (Figure 1). The
Sierra Madre del Sur has been mapped as a continuous ge-
omorphologic feature composed of crystalline and meta-
morphic rocks, with intrusives from the Precambrian,
Paleozoic, Mesozoic, and in some cases from the Tertiary.
Lopez-Ramos (1983) defines this 1110 km long and 120
km wide range as a continuous and well defined geological
province.



A comparison of the geological and tectonic units tra-
versed by both profiles (Oaxaca and Petatldn) shows that
they intersect other ranges after they cross the Sierra Madre
del Sur, which parallels the Pacific Coast. The Oaxaca pro-
file intersects the Sierra de Juirez Range about 170 km
from the Pacific coast. The geology of this range is com-
plex. Lépez-Ramos suggests that the sediments and
metasediments on top of the Precambrian basement are al-
lochthonous. The Pet-Mex profile intersects the Trans
Mexican Volcanic Belt at about 200 km (Figure 1). Thus
seismicity, topography and geology do not indicate major
tectonic or structural changes in the area between Oaxaca
and Petatldn, that may justify a significant change in the
seismic model proposed for both regions.

For the present study a difference of 0.5 s or less be-
tween computed and observed travel times was considered
acceptable. This value comes from the accuracy in the de-
termination of the origin time and hypocentral locations of
the aftershocks, we cannot expect more accuracy in model-
ing the rays of the aftershocks than the accuracy in their
location and origin time. Based on the Oaxaca*model, sev-
eral seismic models were tested. For each velocity model
theoretical and observed travel times were compared for var-
ious phases. By refining the velocity-depth model in each
trial, a satisfactory (<0.5 s) fit of the theoretical travel time
curves to the observed data was achieved.

Amplitude modeling has been performed by trial and er-
ror, calculating the synthetic seismograms for realistic ve-
locity-depth models and comparing their amplitudes and
travel times with the observed data. The amplitude data
helps constrain velocity gradients within layers. The pro-
files were not reversed, but the use of different hypocentral
depths and record sections for similar stations, may be
equivalent to reversing the profiles. The resolution and
uniqueness of the two-dimensional models resulting from
this forward, nonlinear modeling process are difficult to
quantify. The sensitivity of the interpretation procedure
was investigated by perturbing the interface position and
the velocity gradients until the misfit between observed and
calculated arrival times was less 0.5 s. In order to improve
the Tit between calculated and observed travel times, we
varied the dipping angle between the oceanic and continen-
tal plates. Increasing the dip angle by one degree caused a
misfit of 1.5 s between the observed and calculated travel
times, and greater angles caused larger discrepancies.

The final model is structurally similar to the model
from Oaxaca except that the distance between the trench
and the Petatldn coast is 100 km, 25 km more than for the
Oaxaca region. The models also differ in the location of the
top of the oceanic crust under the coast, which is 11.5 and
17.6 km for the Qaxaca and Petatldn regions, respectively.
The seismic velocities of the continental layers and the
oceanic crust remain the same except for layer I (Figure 9),
where it has been increased to account for the presence of
the Sierra Madre del Sur and the volcanic range, consisting
of thick andesitic materials (Campillo, 1989). We adopted
the same accretionary block as in the Oaxaca model. The
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velocities of the upper mantle are 0.15 s slower compared
to those of the Oaxaca model. Such a model produces theo-
retical travel times that are within 0.5 s of the observed
ones. The objective of the present study is to define a two
dimensional seismic structure in the area between Petatldn
and Mexico City.

SHEAR WAVE VELOCITY MODEL

The shear wave model was derived from the compres-
sional one by using a Vp to Vs ratio of 1.78, then adjust-
ing the S-wave velocities in the model until the calculated
shear wave arrivals were as close to the observed ones as
possible. As in the case of the P-waves, the fit between
observed and calculated arrivals was within the +0.5 s esti-
mated from the hypocenter location and origin time.
Poisson's ratio was calculated from the P- and S-wave data
sets modeled separately and then combined to give values
for Vp/V,. This procedure is intrinsically less accurate than
by using the ratio of travel times in P- and S-waves be-
tween two reflectors, which would require near-normal in-
cidence data. Poisson's ratio for the final model is 0.28+
0.03 in the continental block, increasing to 0.29+0.03 and
0.30+0.04 for the oceanic crust and the upper mantle,
respectively.

RESULTS AND DISCUSSION

Figures 3 to 8 show the ray trace diagrams for selected
aftershocks. The final model consists of continental, accre-
tionary, and oceanic blocks, layers I-IV, V, and VI-IX
(Figure 9), respectively. The accretionary block (Layer V,
Figure 9) is the same as in the Qaxaca model. The layers
that corresponds to the oceanic crust have velocities and
thickness of 5.1-5.7 km/s and 3.5 km, 6.85-7.1 km/s and
5 km (VI and VII, Figure 9) and comrespond to the basaltic
and gabbroic layers. These velocities increase to 6.24 and
7.4 km/s when the oceanic crust reaches 40 km depth. This
change in velocity was adopted from the Oaxaca model,
where it was needed to fit the gravity and seismic data.
Such an increase has been observed in other subduction
zones (i.e. Lewis and Snydsman, 1979; Grow and Bowin,
1975) and may be explained as a phase change due to litho-
static pressure.

As no reflections or refractions have detected from the
oceanic crust, it is constrained only by rays traversing it.
The attitude of the oceanic crust is constrained by the sharp
angle of the rays at the oceanic Moho, from a mostly hori-
zontal to an upward path. A change of 1° (in the dip of the
crust creates an arrival time misfit of 1.5 s. The upper
mantle, below the oceanic crust (Layer VIII, Figure 9),
with a velocity of 7.9-8.1 km/s, is well documented by
most raypaths in the 40 to 100 km range. In some cases
these rays sample the upper mantle down to 45 km depth
(Figure 8). The Oaxaca model suggested a high velocity lid
(IX ?, Figure 9), 21 km below the oceanic crust. The pre-
sent data does not resolve this high velocity lid due to the
interference of the coda waves with the direct arrivals.
Layers I-HII, (Figure 9) are sampled by rays traversing up—
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Fig. 4. Structural model (bottom) and ray tracing for event 3 (Mc = 2.9), recorded at seismographs deployed between Petatldn and
Mexico City, 135-175 km from the Pacific coast. The aftershock is located within the oceanic crust, at 24.3 km depth and 5 km in-
land in the proposed model. The standard horizontal and vertical errors in this events location are 1.2 and 0.9 km, respectively.
Symbols as in Figure 3. Radial component (top) is shown. The maximum P- and S-wave amplitudes for the vertical component, are
very similar in this event. We also observe that the maximum amplitudes in the three components, slightly increase with distance
for this event. The ray paths indicate that the seismic waves of this aftershock leave the oceanic crust, enter the oceanic upper man-
tle were they are refracted and move up again through the oceanic crust and into the continental crust. The synthetic and observed
seismograms agree within 0.4 s.
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Fig. 5. Structural model (bottom) and ray tracing for event 6 (Mc = 3.7), recorded at seismographs deployed between Petatldn and

Mexico City, 135-170 km from the Pacific coast. The aftershock is located below the oceanic crust, at 24.5 km depth and 20 km

offshore of the coast in the proposed model. The standard horizontal and vertical location errors for this event are 2.6 and 5.6 km,

respectively. Radial component (top) is shown. Symbols as in Figure 3. The ray paths from this event, are similar to those in

Figure 3. Strong P-wave peak amplitudes comparable to those of S-wave are observed in the vertical component records. Clear S-

wave arrivals are marked by a change in frequency. The observed P- and S-wave arrivals and those from the synthetic seismograms
agree within 0.5 s.

385



C. Valdés-Gonzdlez and R. P. Meyer

o «
° - = o
S -3
S
~F e
= ol o
3 4 R °
s 26 g ¢ :
St b -
of R °
L °
- “
°

4o,

TS TET FETTI CUTTS YUTU SUUTY PUUTE FRTTI INUUS CUTC FUSTE ANUTY ANUTE BT

TIME 50 9/8 ]
|u|l|rl!]||nlvlnlvlrr‘urr‘I‘rTxllrnr[TH:'nul
\ Vb .
W dppo

(¥ ¥ q
S 4 ]
o 3 D.
S ] S
-
oF i g ad fou b A La o4y J‘ o il | (IS l*‘*'. 1 v
9.0 30.0 0.0 90.0 1200 150.0 1800 210.0 2uw0.0  210.0 3080
DISTANCE (KM)
.
60 P ST S S PN S S S U S SR PRSI B 1 PP
S0+ .
4o - -

l|l
\[‘

Al

T-DELTAR/ 8.0
w
o
1

¢} 100 200 300

10
20
30
4o
S0
60
70
80
S0

100

e 110

-100 0 100 200 300
DISTANCE tKM)

TR

{(KM)

DEPTH

100

TT T T AT T

110 F———r

Fig. 6. Structural model (bottom) and ray tracing for event 7 (Mc = 3.6), recorded at seismographs deployed between Petatldn and

Mexico City, 175-190 km from the Pacific coast. The aftershock is located within the oceanic crust, at 21.5 km depth and at the

shore of the coast in the proposed model. Standard horizontal and vertical location errors for this event are 2.2 and 2.4 km, respec-

tively. Radial component (top) is shown. Symbols as in Figure 3. The ray paths from this event are similar to those in Figure 4. P-

wave peak amplitudes are small compared to those of S-wave as observed in the vertical component records (not shown). Clear S-

wave arrivals have similar frequency content as P-waves (top). The observed P- and S-wave arrivals and those from the synthetic
seismograms agree within 0.2 s.
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Fig. 7. Structural model (bottom) and ray tracing for event 9 (Mc = 3.0), recorded at a seismograph deployed between Petatlén and

Mexico City, 195 km from the Pacific coast. The aftershock is located in the upper mantle below the oceanic crust, at 41.4 km

depth and 35 km onshore of the coast in the proposed model. The standard horizontal and vertical location errors for this event are

1.8 and 1.2 km, respectively. Transverse component (top) is shown. Symbols as in Figure 3. The ray paths from this event are

similar to those in Figure 3. P- and S-wave arrivals are not as clearly defined as in the previous Figures, probably due to its depth
and small magnitude. The observed P- and S-wave arrivals and those from the synthetic seismograms agree within 0.5 s.
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Fig. 8. Structural model (bottom) and ray tracing for event 12 (Mc = 3.9), recorded at seismographs deployed between Petatldn and
Mexico City, 265-295 km from the Pacific coast. Station 120 and 122 are located in the Mexican Volcanic Belt. The aftershock is
located within the oceanic crust, at 17.9 km depth and 15 km offshore of the coast in the proposed model. The standard horizontal
and vertical location errors for this event are 4.5 and 6.0 km, respectively. This is the furthermost recorded event. Transverse
component (top) is shown. Symbols as in Figure 3. The ray paths from this event are similar to those in Figure 4. The ray paths
travel through the wedge of the lower continental crust. The P- and S-wave frequencies are lower compared to those of events
recorded by seismographs closer to the coast. The observed P- and S-wave arrivals and those from the synthetic seismograms agree
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Fig. 9. Final model and composite of the travel paths (shaded area) from the ‘events in Figures 3-8. Numbers correspond to different

layers I-III to the continental crust layers, IV to the continental upper mantle, V to the accretionary layer, VI-VII to the oceanic

crust, VIII represents the oceanic upper mantle, and IX (?) represents the oceanic lithosphere-asthenosphere boundary, which is

suggested by the Oaxaca model, but not confirmed by our data. The shallow oceanic upper mantle in the -40 to 120 km range is well

sampled by the ray paths. The oceanic crust is sampled at different ranges, 25-50, 80-140, and 170-200 km. The continental layers

are sampled from 30-180 and 250-290. The oceanic crust is the structure where the seismic rays spent less time, but is important in
controlling the turning angle of the rays. The dipping angle for the oceanic crust is 10°.

ward towards the surface. The continental block between
110 to 185 km range is sampled by a larger number of ray
paths due to more aftershocks occurring at that time. The
continental upper mantle (Layer IV, Figure 9) is sampled
only by ray paths recorded at the more distant stations
(Figure 3-8). This layer is poorly constrained by the data.

In general, first arrivals correspond to rays originating
from within or below the oceanic crust. They travel in the
upper mantle in a direction approximately perpendicular to
the trench, where they are reflected. They cross the oceanic
crust and transverse the layers forming the continental crust
to the surface. The first arrivals for compressional and
shear waves correspond to seismic waves refracted in the
upper mantle. Figure 9 shows the regions sampled by the
seismic rays. Between 40-60% of the paths are spent in the
upper mantle, and the rest in the continental crust and
(10% or less) in the oceanic crust. S-waves, in general,
have lower frequencies than the P-waves (Figure 16), and
the more distant seismograms have a lower frequency con-
tent. The observed seismic phases agree within 0.5 s with
the synthetic travel times.

Pardo and Sudrez (1995), based on accurately located
hypocenters of local and teleseismic earthquakes, deter-
mined the shape of the Cocos Plate beneath the North
America Plate in southern Mexico. They suggested that in
the Guerrero region the subducted slab is subhorizontal. If
we compare their model with the one obtained in this
study, we observe that both models agree. Both predict a
depth of 50 km for the top of the subducting slab at a dis-
tance of 250 km from the trench. All their hypocenters fall
within the subducting oceanic crust of our model.

The model of the subducting lithosphere beneath

Central Oaxaca, obtained by Valdés et al (1986), also
agrees with section D of Pardo and Suérez (1995) and with
the model presented here.

The data recorded along the strike of the Pacific coast
(Azu-Pet-Aca profile) was modelled by the Pet-Mex model
from where it intersects the Pacific coast. As the seismic
sources and recording stations are closely aligned with the
strike of the subduction zone, the resulting models have
horizontal or gently dipping layers. The ray paths from the
aftershocks in this profile, constrain the oceanic upper
mantle between -30 and 25 km range. Figures 10 to 15
show the ray trace diagrams for events recorded in the Azu-
Pet-Aca profile. The rays follow similar paths as those in
the Pet-Mex profile. The first P- and S-wave arrivals of af-
tershocks located above or at the oceanic crust correspond
to rays traveling upward for recording stations located at
close range. Figures 10-13 show the seismograms recorded
by stations 1-17, from Petatldn to Acapulco; Figures 14-
15 correspond to seismograms recorded by stations 20-33
from Petatldn to Playa Azul. Stations 1-9, 23, and 30 are
in Mesozoic intrusive granites and batholiths; stations 10-
17, 20-22, and 32-33 in Paleozoic metamorphic rocks, and
Station 30 is in Cenozoic intrusive rocks. No correlation
was found between type of rock and amplitude or frequency
content. The Azu-Pet-Aca profile provides a general two
dimensional seismic model parallel to the MAT. The data
are not suitable for a fine detail model.

Reduced Poisson’s ratios were suggested for quartz-rich
rocks in the continental crust at depths of 20-38 km (Luet-
gert, 1988). Our study shows lower Poisson’s ratios for
the continental crust rocks which correspond to the quartz-
rich Xolapa Complex, while we observe higher Poisson’s
ratios for the oceanic crust and for the lower lithosphere.

389



C. Valdés-Gonzdlez and R. P. Meyer

o b= n
w 1723
m ™
- i o2 N
o U % I
Laed ”
Lv i
[T —— LY
N»— 4‘\1
o —_]0
o™ I~
o [ -
~ r .
o -
ANa— i
w [ )
= I~ -
=T ]
QO —_—l 0
C T
- 4
wl T
2 1 1 ! | —L 4 Lo 1 2
.o 15.0 80.n 10S.0 120.0 135.0 158.0

T-DELTA/ 8.0
s
1.
Y
T

] 10 20 30 4o S0 60 70

¥

DISIANCE (KX

Fig. 10. Structural model (bottom) and ray tracing for event 14 (Mc = 2.0), recorded at seismographs deployed between Petatldn and
Acapulco, approximately 45-72 km from Petatldn. The seismic model was obtained by projecting the subduction model defined in
Figures 3-8 into a vertical plane containing the epicenter and the recording seismograph. The aftershock is located within the
oceanic crust, at 20.8 km depth. The standard horizontal and vertical location errors for this event are 1.9 and 3.1 km, respectively
Calculated synthetic seismograms (middle) and the Vertical component (top) are shown. Symbols as in Figure 3. The seismic ray
paths from this event, travel upward through the oceanic crust, and reach the surface through the continental crust wedge. The most
prominent arrivals in the observed records are those for the direct P- and S-waves. The observed direct P- and S-wave arrivals and
those from the synthetic seismograms agree within 0.3 s. The peak amplitude decreases with distance in a similar ratio as for the
event in Fig. 9, only by 1 % between seismographs 2 and 4 and by 50% between these seismographs and seismograph 5.
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Fig. 11. Structural model (bottom) and ray tracing for event 16 (Mc = 2.1), recorded at seismographs deployed between Petatl4n and
Acapulco, approximately 70-120 km from Petatldn. The seismic model was obtained by projecting the subduction model defined in
Figures 3-8 into a vertical plane containing the epicenter and the recording seismograph. The aftershock is located below the
oceanic crust, at 24.9 km depth. The standard horizontal and vertical location errors for this event are 5.4 and 15.1 km, respec-
tively. Calculated synthetic seismograms (middle) and the radial component (top) are shown. Symbols as in Figure 3. The seismic
ray paths from this event, travel upward through the oceanic crust, and reach the surface through the continental crust wedge.The
most prominent arrivals in the observed records are those for the direct P- and S-waves. The observed direct P- and S-wave arrivals
and those from the synthetic seismograms agree within 0.3 s. The peak amplitude decreases with distance. At 30 and 50 km from
Sta. 3, the peak amplitude of Stations 6, and 8, is 36 and 16 %, respectively.
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Fig. 12. Structural model (bottom) and ray tracing for event 18 (Mc = 3.0), recorded at seismographs deployed between Petatl4n and
Acapulco, approximately 40-90 km from Petatldn. The seismic model was obtained by projecting the subduction model defined in
Figures 3-8 into a vertical plane containing the epicenter and the recording seismograph. The aftershock is located within the
oceanic crust, at 19.4 km depth. The standard horizontal and vertical location errors for this event are 2.0 and 2.7 km, respectively.
Calculated synthetic seismograms (middle) and the radial component (top) are shown. Symbols as in Figure 3. The seismic ray
paths from this event, travel upward through the oceanic crust, and reach the surface through the continental crust wedge. Some of
the rays traveling donward are reflected at the bottom of the oceanic crust. Theg most prominent arrivals in the observed records are
those for the direct P- and S-waves, and are within 0.3 s of the calculated arrival times. The peak amplitude decreases with distance,
and although Sta. 8 is 50 km further away than Sta. 3 with a peak amplitude 6 times smaller, the main P- and S-wave arrivals are
' clear.
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Fig. 13. Structural model (bottom) and ray tracing for event 20 (Mc = 3.1), recorded at seismographs deployed between Petatlédn and
Acapulco, approximately 20-105 km from Petatldn. The seismic model was obtained by projecting the subduction model defined in
Figures 3-8 into a vertical plane containing the epicenter and the recording seismograph. The aftershock is located at the top of the
‘oceanic crust, at 18.5 km depth. The standard horizontal and vertical location errors for this event are 3.0 and 3.8 km, respectively.
Calculated synthetic seismograms (middle) and the vertical component (top) are shown. Symbols as in Figure 3. The seismic ray
paths from this event, travel upward through the continental crust, and reach the surface. Some of the rays traveling donward are re-
flected in the layers of the oceanic crust. The complex P-wave arrival due to the reflections in the oceanic crust, is matched by the
synthetic seismograms. The most prominent arrivals in the observed records are those for the direct P- and S-waves, and are within
0.4 s of the calculated arrival times. Following these direct arrivals are those from waves reflected in the oceanic crust. The peak
amplitude decreases with distance between seismographs 34 and 7. Stations 8 and 9 have amplitudes slightly larger than seismo
graph 7.
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Fig. 14. Structural model (bottom) and ray tracing for event 24 (Mc = 2.5), recorded at seismographs deployed between Petatl4n and
Playa Azul, approximately 20-95 km from Petatldn. The seismic model was obtained by projecting the subduction model defined in
Figures 3-8 into a vertical plane containing the epicenter and the recording seismograph. The aftershock is located within the con-
tinental wedge crust, at 9.0 km depth. The standard horizontal and vertical location errors for this events are 4.1 and 10.5 km, re-
spectively. Calculated synthetic seismograms (middle) and the transverse component (top) are shown. Symbols as in Figure 3. The
most prominent arrivals in the observed records are those for the direct P- and S-waves, and are within 0.4 s of the calculated arrival
times. Reflected waves in the oceanic crust, arrive within 0.5 s of the direct arrivals in the 70 to 110 km range. The peak amplitude
decreases with distance, although not uniformly. Seismograph 34 is located in the direction towards Acapulco, it has a very sharp S
arrival and lower frequency content compared to the other seismographs in the opposite direction.
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Fig. 15. Structural model (bottom) and ray tracing for event 25 (Mc = 3.0), recorded at seismographs deployed between Petatldn and
Playa Azul, approximately 15-90 km from Petatldn. The seismic model was obtained by projecting the subduction model defined in
Figures 3-8 into a vertical plane containing the epicenter and the recording seismograph. The aftershock is located within the
oceanic crust, at 24.5 km depth. The standard horizontal and vertical location errors for this event are 2.7 and 2.4 km, respectively.
Calculated synthetic seismograms (middle) and the transverse component (top) are shown. Symbols as in Figure 3. The most
prominent arrivals in the observed records are those for the direct P- and S-waves, and are within 0.3 s of the calculated arrival
times. Reflected waves in the oceanic crust, arrive within 0.5 s of the direct arrivals in the 40 to 85 km range. The peak amplitude
decreases with distance, except for seismographs 23 and 31.
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Fig. 16.' (A) Seismogram of an event recorded on station 113 in the vertical component. P-wave arrival starts at about 4 s, and from
its peridogram (B) we observe its characteristic frequency of about 3 Hz, followed by arrivals with 8 and 12 Hz, but also some en-
ergy at about 3 Hz. The S-wave arrival is at about 24 s. with a characteristic frequency of 5 Hz, also followed by higher frequency, 6
to 12 Hz, arrivals. This type of analysis helped us to identify the arrivals. The power spectrum of the whole record is also shown (C).
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Fig. 17. Epicentral locations (circles) of 591 Petatldn earthquake aftershocks with RMS origin time smaller than 0.5 s, recorded dur-

ing one month. Triangles are seismographs of the Pet-Mex, Pet-Aca, and Pet-Azu profiles. The locating network is obscured by the

aftershock epicenters. Cross section A-A’ is shown in Figure 9. The dashed line represents the Tecpan Regional Fault (Sandoval,

1985). A cluster of 7 earthquakes is located at the SW end of the fault. The Tecpan fault and the location of this cluster, correlate

with a bathymetric in that region (Fisher 1961). The Tecpan fault may represent a zone of weakness in this gap. Solid lines repre-

sent the boundaries of the Central Guerrero seismic gap, defined to the West by the extent of the Petatl4n aftershock area, and to the
East by the 1957 (Ms~ 7.7), Acapulco earthquake.

Figures 3 and 14 show the ray paths of two Petatlé4n af-
tershocks toward Mexico City and Acapulco, respectively.
The events have hypocenters at about 21 km depth and
magnitudes of 3.2 and 3.3. Despite similarities, and al-
though the seismic model toward Mexico City is struc-
turally more complicated than toward Acapulco, the P- and
S-wave are more impulsive and clear in the Pet-Mex pro-
file than the Pet-Aca. The coda-wave seismic attenuation
profile is 10-40% higher along the coast than toward
Mexico City (Valdés-Gonzilez, 1993, using the same

events as in this study). Christensen (1984) showed a pre-
ferred alignment direction for olivine and pyroxene in
ophiolites from several locations, and predicted P-wave
anisotropy of 3 to 8 percent for the oceanic upper mantle.
The fast direction was found to be perpendicular to the fos-
sil spreading direction. The Pet-Mex profile is orthogonal
to the motion vector projection of the Cocos plate. Thus
the fact that seismic waves of coastal earthquakes propagat-
ing perpendicular to the trench reach further distances than
waves propagating along the coast can be attributed to the
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Fig. 18. Cross section along A-A' from Figure 17 showing the 591 hypocenters (solid circles). Horizontal and vertical standard er-
rors greater than 5 km in the hypocentral location are indicated with bars. Dotted lines represent the two-dimensional seismic
model from Fig. 9. Arrows represent the locating seismographs. The location of the main shock (large circle) was obtained using a
portable seismic network deployed within 150 km of the epicenter (Gettrust et al, 1981). The Petatlén earthquake is located in the
boundary between the oceanic plate and the continental plate in our model. Eighty five percent of the aftershocks are located in the
oceanic crust, 3 percent above, and 12 percent below it. There is a concentration of Petatldn aftershocks downdip, further away from
the trench. These site corresponds to the location of an asperity (Valdés et al., 1982; Hsu et al., 1984; and Astiz, 1987). The after-
shocks define a narrow Wadati-Benioff zone, which agrees with the proposed seismic model. The updip segment of the oceanic crust
(-30 to -70 km), devoid of aftershocks, was later occupied by the location of the aftershocks (open circles) of the Ms~ 7.5 after-
shock of the 1985 Michoacén earthquake. The size of the aftershocks for both earthquakes is constant regardless of their magni-
tude, to more accurately compare their relative location.

two dimensional velocity structure as well as to lower
seismic attenuation in the general direction perpendicular to
the trench due to anisotropy.

SEISMIC MODEL AND AFTERSHOCK
LOCATION

We have located 792 Petatldn aftershocks using the
model from Table 1. These events were well recorded by 4
or more of the stations deployed in the aftershock area, and
have signal to noise ratios of at least 10 to 1 for the P-
waves. RMS errors of time residuals were calculated for
each event, and the overall mean average RMS is 0.15 s
with a standard deviation of + 0.09 s. Figure 17 shows the
epicentral distribution of 591 events with RMS time resid-
uals less than 0.5 s. These events cluster in an ellipsoid
with 90 by 60 km axes. The long axis is roughly parallel
to the MAT. Figure 18 shows the hypocentral locations of
these 591 events projected onto the cross section A-A',
perpendicular to the trench. At least 85 percent of the after-
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shocks are located in the oceanic crust, 3 percent above the
oceanic crust, and the remaining 12 percent below the
oceanic crust. In cross section the aftershocks are clustered
in a section 50 km long, which extends from 30 km off-
shore to 20 km inland, and from 20 to 30 km depth
(Figure 18). The location of the main shock (Gettrust et
al., 1981) is at the top of the crust and near the center of
the aftershock section. There is a concentration of seismic
activity at the deeper end of the oceanic crust section while
near the trench the activity is scarce. The area of greatest
activity may be an asperity (Valdés et al., 1982; Hsu et al.,
1984) based on the distribution of foreshocks and after-
shocks and the amount of energy release per unit area ac-
cording to Bath (1979). The concentration of activity is in
an area where strong coupling can occur, as the young
oceanic lithosphere is being subducted at a high conver-
gence rate (Astiz, 1987, McNally et al., 1986). Prelimi-
nary calculations of fault slip distribution during the
Petatldn earthquake (Mendoza, personal communication),
suggest that the area of high aftershock concentration is



located 20 km North and updip from the area with the
maximum slip (77 cm); however, it is still located in a re-
gion of large slip (55-60 cm).

CONCLUSIONS

We have modeled the compressional- and shear-wave
velocity structure of the ocean-to-continent transition in
the state of Guerrero, southern Mexico, using well located
aftershocks recorded by temporary stations deployed be-
tween the Pacific coast and Mexico City and between
Petatlan and Acapulco. The data suggest an 8 km thick
oceanic crust that dips 10° in a direction N 36° approxi-
mately perpendicular to the Middle America Trench.

The seismic rays originating offshore and under the
oceanic crust reach Mexico City by traveling along the
oceanic 'lithosphere for up to 200 km, then crossing the
subducted oceanic crust and gradually steepening their path
as they travel through continental crustal layers. Seismic
waves of coastal earthquakes (M, <4) propagating per-
pendicular to the trench, are observed at further epicentral
distances than waves from the same earthquakes propagat-
ing along the coast, due to the two-dimensional seismic
structure in the direction perpendicular to the trench
(shallow dipping angle), and velocities that increase with
depth in the oceanic and continental blocks as well as the
low seismic attenuation in that direction (Valdés-Gonzdlez,
1993).

Eighty-five percent of the 792 Petatldn earthquake af-
tershocks are located within the oceanic crust, defining a
thin Wadati-Benioff structure. There is a concentration of
events, with hypocenters located deeper and further away
from the trench, in an area previously defined as an asper-
ity by using Petatldn aftershocks. The shallower, updip
segment of oceanic plate devoid of Petatldn aftershocks
was filled by aftershocks of the September 19, 1985 main
aftershock (Mg = 7.5, Zihuatanejo earthquake). The occur-
rence of aftershocks, both down- and up-dip on this seg-
ment of the oceanic plate, suggests that the Petatldn seg-
ment has now fully ruptured but only after producing two
large earthquakes M, (7.5-7.6) within 6.5 years.
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