G0 WO NI §
%“"‘5:2,, £ =
A. P

UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
INSTITUTO DE GEOFISICA
POSGRADO EN CIENCIAS DE LA TIERRA

ALGUNOS EVENTOS RECIENTES ASOCIADOS
A LA BRECHA SiSMICA DE GUERRERO:
IMPLICACIONES PARA LA SISMOTECTONICA
Y EL PELIGRO SISMICO DE LA REGION

TESIS
QUE PARA OBTENER EL GRADO DE:

DOCTOR EN CIENCIAS
(SISMOLOGIA)

PRESENTA
ARTURO IGLESIAS MENDOZA

DIRECTOR
DR. SHRI KRISHNA SINGH

Octubre de 2004




e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



Para mi esposa:

Si te quiero es porque sos
mi amor mi complice y todo
yen la calle codo a codo
somos mucho mads que dos
(M. Benedetti)

.. Y aunque tenga don de profecia y sepa
todos los misterios y toda la ciencia y
tenga toda la fe en forma que traslade

montarias, si no tengo amor, nada soy.

(1° Corintios, 13)



INDICE

Resumen

Abstract

Introduccion

[. Estudio de la fuente y de la propagacion del sismo del 21 de Julio de 2000,
Copalillo, México(Mw=5.9): Implicaciones de los sismos intraplaca en el peligro
sismico de la Ciudad de México.

I1. El sismo de Coyuca del 8 de Octubre del 2001, (Mw=5.8): Una falla normal
sobre la brecha sismica de Guerrero.

I11. El sismo silencioso de 2002 en la brecha sismica de Guerrero, México(Mw=7.6):
Inversion del deslizamiento en la interfase de las placas y algunas implicaciones.

IV. Los sismos de trinchera en México presentan aceleraciones maximas
andmalamente bajas.

V. El sistema de alerta sismica para la ciudad de México: La evaluacion de su
desempefio y una estrategia para mejorarlo.

Conclusiones

Agradecimientos

20

60

68

91

96



RESUMEN

Trabajos previos han permitido establecer, de manera general, la situacién de la sismotectonica de la
brecha sismica de Guerrero y su impacto en la estimacion del peligro sismico asociado a la region. Sin
embargo, algunos eventos recientes demuestran que el panorama es mas complejo de lo que se habia supuesto
anteriormente. En la presente tesis se presenta una serie de trabajos acerca de estos eventos, pretendiendo
aportar nuevos elementos que ayuden al mejor entendimiento tanto de los procesos tectonicos como de sus
implicaciones en la estimacién del peligro sismico.

El primero de ellos versa en torno al sismo de Copalillo del afio 2000 (21/07/2000, Mw=5.9)
localizado en el limite de los estados de Guerrero y Puebla. El sismo de Copalillo representa el temblor
intraplaca mas alejado de la trinchera Mesoamericana y mas cercano al Valle de México que se haya
registrado hasta ahora. Aparentemente, la placa de Cocos subducida pierde su identidad sismica a distancias
de la trinchera mayores y por lo tanto a profundidades mas grandes. En este trabajo se analizan las principales
caracteristicas de la fuente sismica y la propagacién de las ondas generadas. Los resultados en este sentido
indican un plano de falla buzando hacia el noreste y de naturaleza extensiva (lat=18.113°, lon=-98.974°,
h=50.0 km, ¢=305°,6=32°, A=-80°). El resultado de una inversion cinematica muestra que, aparentemente, la
ruptura se propagéd en direccion noroeste a partir del hipocentro. Regresiones distancia .vs. aceleracion-
mdaxima indican que, a diferencia de los sismos costeros, la aceleracion maxima no se ve amplificada en las
estaciones de Cuernavaca y Ciudad Universitaria. Usando como semilla el sismo de Copalillo, se realizaron
simulaciones de sismos de mayor magnitud (hasta Mw=7.3) para estudiar las caracteristicas en los registros
de aceleracion en la Ciudad de México. Los resultados sugieren que, para el peor escenario, algunos trabajos
previos podrian haber subestimado el peligro sismico.

El segundo trabajo muestra el andlisis del sismo de Coyuca del 2001 (08/10/2001, Mw=5.8,
(17.003°, -100.095°, h=8.0 km) y de la secuencia de réplicas que lo acompafié. Un analisis de la fuente
sismica muestra que el sismo se encuentra localizado en la placa continental de Norteamérica y que esta
asociado a un régimen extensivo (¢=89°, 8=42°, A=-99°). Lo anterior revela que esta placa se encuentra en
extension, ain a menos de 80 km de la trinchera. Un proceso de relocalizacién de las réplicas mostré que
éstas se distribuyeron en un area de ~ 15 x 10 km®.

El siguiente trabajo esta dedicado a un sismo ocurrido cerca de la trinchera Mesoamericana
(18/04/2002, Mw=6.7, lat.=16.75°, lon=-101.06, $=291°, §=9°, 1=-89°). Una peculiaridad del evento consiste
en que, con respecto de los sismos que ocurren en la costa, genero aceleraciones considerablemente menores
en todas las estaciones que lo registraron. Siguiendo un método propuesto anteriormente, el temblor es
catalogado como un “sismo de trinchera”, y de acuerdo a la misma clasificacion posee cierto potencial
tsunamigénico. Analizando sismos, que anteriormente habian sido clasificados en la misma categoria, se
concluye que, al menos para México, los “sismos de trinchera” ademas de tener potencial tsunamigénico
presentan, consistentemente, aceleraciones méximas menores con respecto de los sismos que se localizan en
la costa.

Otro de los trabajos incluidos, esta dedicado al anélisis de un deslizamiento asismico registrado en
los primeros meses del 2002. Durante 4 meses (enero-abril, 2002) las estaciones permanentes de GPS en el
sureste de México, principalmente en el Estado de Guerrero, registraron una deformacién superficial lenta.
Siguiendo las expresiones cerradas, para la deformacién estatica en superficie debido a un deslizamiento
sobre una falla, se utiliz6 un esquema de inversién global para invertir los datos de las estaciones GPS que
registraron el fendmeno. A pesar de no ser concluyentes, los resultados muestran que el principal
deslizamiento ocurri6 en la interfase entre las placas de Cocos y Norteamérica y muy probablemente justo
debajo de la zona acoplada. El principal deslizamiento ocurrié en un 4rea de ~ 60 x 220 km?, que corresponde
a un temblor “silencioso” equivalente a Mw~7.4. Esta solucién, ademas de explicar las observaciones, no
contraviene la historia sismica de la region.



Finalmente, en el altimo trabajo se realiza una evaluacion del Sistema de Alerta Sismica para la
Ciudad de México (SAS) que desde 1994 opera continuamente para alertar a la poblacion de esta ciudad ante
un sismo importante localizado en la costa del Estado de Guerrero. La comparacion de las aceleraciones
maximas registradas en el Valle de Meéxico contra la historia de alertas del SAS, muestra que,
independientemente de la magnitud de los sismos, los disparos de las alertas tienen poco que ver con las
aceleraciones maximas registradas en el Valle de México y por lo tanto con los posibles dafios en la ciudad.

A través de un andlisis de registros de aceleracioén de estaciones localizadas en el sur del pais, se
presenta una alternativa basada en el calculo del RMS para algunos segundos de la seial prefiltrada a bajas
frecuencias. Esta opcién permite separar de manera confiable y en pocos segundos aquellos sismos que
generaran cuando menos 2 gal en el registro filtrado de una estacion ubicada en la zona de roca firme del valle
de México. La alternativa propuesta, junto con un arreglo modificado de sensores distribuidos en tres anillos
concéntricos a la Ciudad de México, puede mejorar sustancialmente el desempefio del SAS ante falsas alertas
y fallos y, potencialmente, salvar miles de vidas.



ABSTRACT

Previous works have studied the gross situation of the seismotectonics and associated seismic risk of
the Guerrero Seismic gap. However, some recent seismic events show that the situation is more complex than
supposed before. This thesis covers some results obtained from these events, and it tries to contribute to a
better understanding of the tectonic process and its implications for the seismic hazard estimation.

The first event analyzed is the 2000 Copalillo earthquake (21/07/2000, Mw=5.9), which was located
on the border of the Guerrero and Puebla states. This event is the farthest intraplate earthquake from the
Middle American trench and the closest to Mexico City that has been recorded until today. Apparently,
seismic signature of the subducted Cocos plate is loser for greater depths and distances. At this work [ study
the main features of the seismic source and wave propagation. The results show an extensive fault, dipping to
northeast (lat=18.113°, lon=-98.974°, h=50.0 km, $=305°,6=32°, A=-80°). A kinematic source inversion
shows that the rupture, apparently, propagates in a northwest direction from the hypocenter. In contrast with
coastal earthquakes, distance vs. peak acceleration correlations show that peak acceleration is not amplified at
Cuernavaca and Ciudad Universitaria sites. In order to study the features of acceleration records in Mexico
City, Copalillo earthquake was used as a seed to compute some simulations of bigger magnitude earthquakes.
The results suggest, that for the worst scenario, some previous works could have underestimated seismic
hazard.

The second event analyzed is the 2001 Coyuca earthquake (08/10/2001, Mw=5.8) and its aftershock
sequence. The location and moment tensor solution (17.003°, -100.095°,$=89°,6=42°,A=-99°) shows that this
earthquake is located in the North American continental plate and is associated to an extensive regime. This
reveals that the overriding plate is under extension even at less than 80 km from trench. Aftershock
relocations show a distribution over an area of 15 x 10 km®.

Then, I studied an earthquake located close to the Middle American trench (18/04/2002, Mw=6.7).
Its main feature was its low peak accelerations at the stations that recorded it. Following a methodology
presented by other authors, this earthquake was classified as a “trench earthquake™ and this implied that it had
a tsunamigenic potential. By analyzing previous earthquakes, classified before as trench earthquakes, is
possible to conclude that although those have tsunamigenic potential, these earthquakes present low peak
accelerations in comparison to coastal events.

Another part of this thesis is dedicated to the study of an aseismic slip recorded at the beginning of
2002. For 4 months (January-April, 2002), GPS permanent stations of south of Mexico, especially at Guerrero
state, recorded a slow deformation of the surface. I utilize close expressions to compute static deformation
due to slip over a fault plane; I use a global inversion scheme to invert data from GPS stations. The results,
although not conclusive, show that the main slip occurred at the interface of the Cocos and the North
American plate and below the coupled interface. The main slip occurred over an area of ~ 60 x 220 km?,
corresponding to a silent earthquake of Mw=7.4. This solution, not only fits the observations, but also agrees
with the seismic history of the region.

Finally, the last part of this thesis is an evaluation of the Seismic Alert System for Mexico City
(SAS), which has been in operation since 1994 in order to prevent the population of the city from possible big
earthquakes located in the Guerrero coast. Comparison between peak accelerations and alert history from SAS
shows that SAS-alerts are poor indicators of Amax and in consecuence of possible damage on the city.

Using acceleration records from stations located in the south of the country, [ present an alternative
alert, based on computation of RMS of few seconds of a low-pas filtered signal. This option permits
separating for a few seconds, the earthquakes that might generate 2 gal in a station located on a hard rock site
at the Valley of Mexico. This proposed alternative, together with a modified set up of sensors, distributed on
three concentric rings to Mexico City, could help improving, substantially, the performance of SAS, reducing
the number of false alerts and faults and, potentially, saving thousands of lives.



Introduccion



El concepto de “brecha sismica” ha motivado que algunas lineas de investigacion
relacionadas con la sismologia y la ingenieria sismica se concentren en regiones
geograficas especificas, donde la probabilidad de ocurrencia de un temblor importante en
un periodo de tiempo corto, es alta. Diversos autores (P. ej. Fedotov, 1965; Kelleher et
al.,1973) han propuesto que los sitios con mayor probabilidad de generar sismos grandes,
en un futuro cercano, son segmentos de los limites de placas, convergentes o
transformantes, que no han generado un temblor importante en las Gltimas décadas. Estos

segmentos son denominados brechas sismicas.

Atendiendo a esta definicion, diversos grupos de investigacion han estudiado las
regiones tectonicamente activas para tratar de determinar las zonas que, de acuerdo a los
datos existentes, pueden ser consideradas como brechas sismicas (P.ej. Kelleher et al.,
1973; Mc Cann et al., 1979, Singh et al., 1981). En el caso especifico de México Nishenko
y Singh (1987) analizaron los diferentes segmentos que componen la zona de subduccion
mexicana con el fin de establecer probabilidades condicionales de ocurrencia de sismos en
dichos segmentos. De acuerdo a estos autores, una de las regiones con mayor potencial
sismogénico es la region central del estado de Guerrero, denominada como la “brecha

sismica de Guerrero™.

Desde el sur del estado de Jalisco hasta el golfo de Tehuantepec los procesos
tectonicos regionales estdn controlados por el régimen convergente entre las placas de
Cocos y Norteamérica. De acuerdo al “catdlogo de sismos importantes del siglo XX”
(Singh et al., 1984; Kostoglodov y Pacheco, 1999), la brecha sismica de Guerrero se
encuentra acotada al noroeste por el area de ruptura del sismo del 14 de Marzo de 1979
(Mw=7.4) (sismo de Petatlan) (Valdés et al., 1982) y al sureste por los sismos del 11 y 19
de Mayo de 1962 (Mw=7.1 y Mw=7.0, respectivamente) (Ortiz et al., 2000). El Gltimo
temblor registrado en la “brecha sismica” ocurri6 en Diciembre de 1911 (Ms 7.8). Previo a
este sismo ocurrieron los temblores de Diciembre de 1899 (Ms 7.7), Marzo de 1908 (Ms
7.8) y Julio de 1909 (Ms 7.5). La secuencia de sismos antes mencionada podria indicar que

la region libera energia en eventos de magnitudes entre 7.5 y 7.8. Sin embargo, la



dimension total de la brecha sismica es capaz de generar un sismo de magnitud Mw=8.0

(Nishenko y Singh, 1987).

El periodo estimado de retorno para esta region ha sido calculado como 60-70 afios
(Nishenko y Singh, 1987), por lo que la ocurrencia de un sismo importante podria haberse
retardado mas de 30 afios. En consecuencia, la brecha sismica de Guerrero es una de las
regiones, de la zona de subduccidn mexicana, con mayor probabilidad de generar un

temblor importante en los proximos afios.

Algunos trabajos han determinado que la zona que rompieron los sismos del 28 de
Julio de 1957 y del 25 de Abril de 1989, tiene periodos de retorno de ~ 30 afos (Singh et
al., 1982), por lo que, en este contexto, esta region podria considerarse también como una
brecha sismica madura. Tomando en cuenta lo anterior la brecha sismica podria tener una
longitud de hasta 230 km, por lo que si rompiera en un solo sismo, alcanzaria una magnitud

de hasta M~8.2 (Singh y Mortera, 1991).

La evidencia de la “madurez” de la brecha sismica proviene de los datos de
movimiento relativo entre las placas de Cocos y Norteamérica y de los registros y reportes
de sismos importantes de finales del XIX y principios del siglo XX. Sin embargo, las
localizaciones y magnitudes asociadas a estos temblores son, en gran medida, inciertas. De
esta manera, en sentido estricto, no se tiene un registro completo del ciclo sismico de la
zona. Por esta razon toda la sismicidad asociada a la brecha y a las zonas adyacentes de la
misma debe ser analizada y tomada en cuenta para el entendimiento cabal del ciclo sismico

de la zona.

El estado actual de la instrumentacion sismica permite contar hoy en dia con datos
de alta calidad (aun para sismos no muy grandes) que permiten llevar a cabo estudios
detallados tanto de la fuente de los temblores, como de la propagacion de las ondas
sismicas que estos producen. Adicionalmente, los datos recientemente generados a través
de los sistemas GPS (Global Positioning System), permiten conocer detalles de la

deformacion superficial causada tanto por los sismos como por los procesos propios de la



subduccion. En este contexto, toda la informacion generada deberd ser tomada en cuenta

para entender mejor la tectonica regional.

El potencial de la brecha sismica de Guerrero tiene implicaciones importantes en la
estimacion del riesgo sismico de ciudades importantes como el Puerto de Acapulco y la
Ciudad de México. En este tltimo caso, la distancia de la brecha de Guerrero a la Ciudad
de México es de alrededor de 300 km. Considerando los dafios provocados por el sismo de
Michoacan del 19 de Septiembre de 1985 (Mw 8.1), cuyo epicentro se localiz6 a unos 350
km de la Ciudad de México, el riesgo para dicha ciudad, ante un gran sismo en la brecha de
Guerrero, podria ser muy importante (Kanamori et al., 1993, Ordaz et al., 1995). De hecho,
la Ciudad de México cuenta, desde 1993, con un sistema de alerta temprana denominada
“SAS” (Sistema de Alerta Sismica) (Espinosa-Aranda, 1995), la cual estd disefiada para
proporcionar unos cincuenta segundos de ventaja ante la ocurrencia de un temblor

importante en la costa del estado de Guerrero.

El presente trabajo tiene dos directrices principales.

- El estudio de los sismos recientes de diversa naturaleza asociados a la
brecha sismica y sus implicaciones en la sismotectdnica regional.

- Algunas de las repercusiones de estos eventos en el analisis del peligro

sismico asociado.

Uno de estos temblores recientes es el sismo de Copalillo del 21 de Julio del 2000,
cuyo fallamiento normal confirma que el principal mecanismo que gobierna el estado de
esfuerzos en la placa de Cocos subducida es la fuerza de gravedad sobre la propia placa
("slab-pull"). En el trabajo titulado "Estudio de la fuente y de la propagacion del sismo
del 21 de Julio de 2000, Copalillo, México(Mw=5.9): Implicaciones de los sismos
intraplaca en el peligro sismico de la Ciudad de México." (capitulo 1) se discuten las
principales caracteristicas de este temblor. El mecanismo obtenido suponiendo una fuente
puntual muestra claramente que la naturaleza del temblor es extensiva, sin embargo no hay
a priori ninguna consideracion evidente que permita discriminar entre los dos planos de

falla resultantes de la solucion de mecanismo focal para una fuente puntual. Con el objeto
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de discriminar entre ambos planos de falla, se llevo a cabo una inversién cinematica de la
ruptura usando datos locales y regionales a través de un esquema propuesto originalmente
por Cotton y Campillo (1994) y modificado para hacer una busqueda global eficiente
utilizando un esquema de recristalizacion simulada (“simulated annealing™) (/glesias et al.,

2001).

Por otro lado, la ubicacion geografica de este temblor muestra que el peligro
sismico asociado a los temblores de fallamiento normal podria ser importante para algunas
ciudades del Altiplano Mexicano incluyendo la propia Ciudad de México. En este trabajo
se discuten algunas de las implicaciones que este tipo de temblores podria tener en la
estimacion del riesgo sismico para la Ciudad de México. La existencia de temblores
intraplaca de régimen extensional en territorio mexicano no es poco comun. Solo la década
pasada ocurrieron dos sismos de este tipo (15-Jun-99, Mw=7.0 y 30-Sep-99, Mw=7.5) los
cuales causaron dafos significativos en las ciudades de Puebla (Singh et al, 1999) y

Oaxaca, respectivamente (Singh et al., 2000, Hernandez et al., 2001).

Otro evento de especial interés ocurrié el 8 de Octubre del 2001 (Mw=5.8) muy
cerca de la poblacion de Coyuca de Benitez, Gro. Este sismo también fue asociado a un
mecanismo de falla normal. Sin embargo, la profundidad hipocentral indica claramente que
no ocurrio dentro de la placa de Cocos subducida, sino en la placa cabalgante de
Norteamérica. El epicentro de este sismo se encuentra localizado precisamente sobre la
"brecha sismica" de Guerrero. Dada su posicion con respecto a la zona acoplada (justo
encima), este temblor es, probablemente, el nico evento de esta naturaleza y magnitud

reportado hasta ahora.

En el trabajo "EI sismo de Coyuca del 8 de Octubre del 2001, (Mw=5.8): Una
falla normal sobre la brecha sismica de Guerrero” (capitulo II), se analizan las
caracteristicas principales del sismo de Coyuca y sus implicaciones en la tectonica regional.
Numerosas réplicas fueron localizadas con bastante precision gracias a una red local de
estaciones portatiles desplegadas después del sismo principal. Las réplicas muestran

claramente la orientacion del plano de falla. Una inversion cinematica de la ruptura, usando
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el esquema anteriormente mencionado, permitié conocer a groso modo las caracteristicas

generales de la ruptura.

Si bien algunos autores (P.ej. Singh y Pardo, 1993) han propuesto que la placa
cabalgante de Norteamérica se encuentra en un régimen tensional, hasta ahora la evidencia
provenia de sismos pequeiios continentales lejanos a la costa. Este régimen tensional,
evidenciado por el sismo de Coyuca, podria estar relacionado al fenémeno llamado
"retroceso de la trinchera" (P.ej. Molnar y Atwater, 1978, Uyeda y Kanamori, 1979;

Nakamura y Uyeda, 1980) o al conocido como "erosion tectonica" (P.ej. Murauchi, 1971).

El proceso de erosion tectonica se refiere al desgaste que sufre la base de la placa
cabalgante por la interaccion de la placa subducida. El material que es separado de la placa
cabalgante es llevado a profundidades mayores lo que provoca que se generen zonas con
deficiencias de material. La deficiencia de material provoca un desequilibrio que puede
reflejarse en un sistema de fallas normales. Por otro lado, el fendmeno de retroceso de la
trinchera es provocado por el aumento del angulo con que la placa subduce debajo de la
placa cabalgante. Esto provoca que la linea de la trinchera retroceda y entonces la placa

cabalgante puede quedar bajo un estado extensivo.

Poco después del sismo de Coyuca del 8 de Octubre, comenzd en la misma region
un deslizamiento extremadamente lento y asismico (Kostoglodov et al., 2003). Este
deslizamiento fue registrado solamente por las estaciones permanentes GPS del
Departamento de Sismologia del Instituto de Geofisica de la UNAM. El deslizamiento
asismico mencionado ocurri6 desde principios del mes de Enero del 2002 y tuvo una
duracion de al menos 4 meses. El desplazamiento tuvo lugar muy probablemente en la

interfase de las placas de Cocos y Norteamérica.

En el trabajo "El sismo silencioso de 2002 en la brecha sismica de Guerrero,
México (Mw=7.6): Inversion del deslizamiento en la interfase de las placas y algunas
implicaciones " (capitulo III), se presentan los resultados de la inversion de los datos de

deformacion (GPS) correspondientes, tanto a la parte de la carga tectonica, como a la fase
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de deslizamiento asismico. Nuevamente se utiliz6 un esquema de inversion global de
cristalizacion simulada pero esta vez modificado a partir de los algoritmos propuestos por
Erickson (1986) basados en la solucidn exacta de los campos de esfuerzos y deformacion
para un semiespacio elastico infinito propuesta por Converse (1973) (ver también Okada,

1992).

El objetivo central de estas inversiones fue determinar la zona donde ocurrié el
deslizamiento asismico pero la calidad y cantidad de los datos disponibles no permite ser
concluyente al respecto. No obstante, hay razones suficientes para considerar un modelo en
el cual durante el proceso intersismico se presenta una acumulacion de deformacion sobre
una zona acoplada ancha (~ 150 km). Por otro lado el deslizamiento asismico o "descarga",
aparentemente solo ocurre en una parte de esta zona acoplada. Los resultados obtenidos,
aunados a observaciones previas (Lowry et al., 2001; Kostoglodov et al., 2003), sugieren
que parte de la energia acumulada en la zona acoplada se libera en episodios recurrentes de
deslizamientos asismicos y otra parte se descarga a través de eventos sismicos de

subduccion.

Trabajos previos consideran que el limite superior del ancho de la zona acoplada,
para la zona de subduccion mexicana, es menor a ~80 km. (P.ej Singh et al., 1985, Singh y
Mortera, 1991). En contraste, el modelo propuesto en el presente trabajo considera una
zona acoplada més ancha (~150 km). Debido a que parte de esta zona acoplada libera
energia a través de deslizamientos asismicos, la diferencia de tamafo de la zona acoplada
no implica un incremento en la méxima magnitud esperada para un temblor, sin embargo

podria tener impacto en el calculo del periodo de recurrencia de los sismos en esta region.

Los resultados de las inversiones muestran, también, que la parte del modelo mas
cercana a la trinchera tiene un bajo grado de acoplamiento lo cual no significa que no
existan sismos de pequeiia 0 moderada magnitud en esta zona. Precisamente, el 18 de Abril
del 2002 ocurrié un sismo de Mw=6.7 a unos 55 km frente a las costas del estado de
Guerrero. Esta distancia lo ubica en una zona muy cercana a la trinchera mesoamericana.

Por esta razon, este sismo es catalogado como un sismo de trinchera. Este tipo de sismos
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merece un tratamiento especial ya que presentan caracteristicas peculiares tanto en las

cualidades de la fuente sismica como en las trayectorias de propagacion.

Shapiro et al. (1998) analizaron este tipo de sismos en México, encontrando que su
espectro de Fourier presenta consistentemente deficiencia de amplitud en altas frecuencias
con respecto a los sismos que ocurren cercanos a la costa. Diversos estudios (P.ej. Ide et
al., 1993; Kanamori y Kikcuhi, 1993) han resaltado la relacion entre este tipo de sismos y
la ocurrencia del fendmeno conocido como Tsunami. Con base en lo anterior, Shapiro et al.
(1998) propusieron la implementacion de un sistema rapido de alerta de Tsunami basada en
la discriminacién entre un sismo de trinchera y un sismo de otra naturaleza a través de un
simple andlisis del espectro del temblor. En el articulo titulado “Los sismos de trinchera
en Meéxico presentan aceleraciones mdximas anomalamente bajas” (capitulo 1V), se
analizan las caracteristicas del sismo del 18 de Abril catalogandolo como un sismo
potencialmente tsunamigénico (utilizando el criterio antes mencionado). En este trabajo se
retoman las observaciones hechas por Shapiro et al. (1998) acerca de la relacion entre la
deficiencia de amplitud en altas frecuencias y este tipo de sismos, para mostrar que las
aceleraciones maximas que provocan los sismos de trinchera son consistentemente menores
a las aceleraciones méaximas provocadas por sismos "costeros". Esta conclusion, junto con
la presentada por Shapiro et al. (1998), conducen al planteamiento de una paradoja; por un
lado este tipo de sismos tsunamigénicos representan un peligro para las poblaciones
costeras, pero por otro lado, las aceleraciones que se producen son menores a las
provocadas por sismos costeros y por tanto los dafios esperados en las estructuras pueden

S€r menores.

Otra implicaciéon de lo mencionado antes es que, a pesar de su localizacion y
magnitud, el sismo del 18 de Abril no generé ningln tipo alerta en el SAS. Como se
menciond anteriormente, este sistema de alerta ha sido implementado para generar una
alerta rdpida para la Ciudad de México ante la ocurrencia de sismos importantes en la costa
de Guerrero (Espinosa-Aranda et al., 1997). La idea de la alerta consiste, basicamente, en
aprovechar la diferencia de velocidad entre la propagacion de las ondas sismicas con

respecto a la velocidad de propagacion de las ondas electromagnéticas. De esta manera,
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cuando ocurre un sismo importante este es detectado inmediatamente por las estaciones
acelerograficas localizadas a lo largo de la costa. La sefial es analizada in-situ para obtener
un pronodstico de la magnitud del evento. Si cumple ciertos criterios se emite una sefial de
radio que llega de manera casi instantanea a la Ciudad de México. Si el prondstico es
confirmado por al menos otra estacion, se emite una alerta. A pesar del tiempo de
transmision y confirmacion y dado que las ondas sismicas viajan a mucha menor velocidad
que las electromagnéticas, la sefial de alerta es enviada ~50 segundos antes de que las ondas
sismicas de gran amplitud alcancen la Ciudad de México. De acuerdo al "Centro de
Instrumentacion y Registro Sismico" (CIRES) (Espinosa-Aranda et al., 1997), el sistema
de alerta dispara en modo restringido (solamente para algunas instituciones) con sismos de
magnitud 5<M<6 y en alerta publica (estaciones de radio) para sismos de M =6. Sin
embargo, en el caso del 18 de Abril, a pesar de que el sismo tuvo una magnitud M > 6, el
SAS no dispard ni siquiera en alerta restringida. El CIRES reporté que no se detectd
ninguna falla en el sistema y que la razén por lo cual no se activo la alerta se encontraba en
que en ninguna de las estaciones que registro el evento, habia superado el umbral para tal
propésito. Esto concuerda con las conclusiones alcanzadas en el ya mencionado capitulo 1V

de esta tesis.

En el trabajo titulado "El sistema de alerta sismica para la Ciudad de México: La
evaluacion de su desempeiio y una estrategia para mejorarlo” (capitulo V) se presenta un
analisis del desempefio del SAS. Este analisis fue hecho en funcién de los sismos que
generaron tanto alerta publica como restringida y las aceleraciones maximas que
provocaron en la Ciudad de México. En este sentido el SAS muestra un desempefio

deficiente basicamente por dos razones:

- Cobertura limitada (disefiada Ginicamente para eventos provenientes de la costa
del estado de Guerrero)
- El algoritmo de discriminacién no parece apropiado para pronosticar las

aceleraciones maximas que se registraran en el Valle de México.
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Debido a que el SAS ha sido disefiado para disparar solamente con los sismos
localizados a lo largo de la costa de Guerrero, el sistema no es capaz de detectar sismos que
provienen de otras zonas con alto potencial sismico y que también pueden afectar a la
Ciudad de México. Por esta razon es deseable evaluar la posibilidad de extender el sistema
para abarcar la mayor parte de las regiones cuyo potencial sismogénico represente un riesgo

para la Ciudad de México.

Siguiendo el esquema del actual sistema, esta tarea pudiera verse complicada tanto
desde el punto de vista logistico como econdmico, ya que se requeririan un gran nimero de
estaciones y, por lo tanto, un gran esfuerzo en las fases de instalacion, operacion y

mantenimiento.

Una de las partes criticas de una alerta temprana es el método para determinar en
unos cuantos segundos si el sismo puede causar dafios 0 no. En este contexto diversos
autores han trabajado en el disefio de algoritmos que en solo unos cuantos segundos pueden
discriminar entre los eventos pequeifios y los grandes (p. ej . Tsuboi y Kikuchi, 2002; Allen y

Kanamori, 2003).

En este trabajo se presenta una alternativa basada en el analisis de registros
obtenidos principalmente por la red acelerografica de Guerrero (GAA) operada por el

Instituto de Ingenieria de la UNAM.

La tarea fundamental consistié6 en encontrar alguna relacién entre la aceleracion
maxima registrada en la estacion CUIP (localizada en la Ciudad Universitaria dentro del
valle de México) y el registro de aceleraciones de una estacion cercana al epicentro de los
temblores (estacion de referencia). Se encontrd que, si las sefiales son pre-filtradas a bajas
frecuencias (0.2Hz < f < 1.0Hz), es posible establecer una correlacion entre el valor
cuadratico medio (RMS) de los primeros segundos del tren de ondas S en la estacion de
referencia y la aceleracion méaxima registrada en la estacion CUIP. Este filtro esta basado
en el hecho de que las ondas sismicas sufren amplificacion dentro del valle de México

sobre esta banda de frecuencias especialmente en aquellas zonas propensas a sufrir dafios.
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Los resultados obtenidos muestran que es posible separar, de manera confiable, los
eventos que exceden 2 gales en la estacion CUIP usando el valor de RMS filtrado en la
estacion cercana. Este umbral parece adecuado ya que, al menos, la mayoria de las personas

sentirian cualquier evento superando ese umbral.

Por otro lado esta propuesta presenta un mejor desempefio, con respecto a falsas

alertas y fallos (eventos importantes para los cuales no disparé el sistema).

Siguiendo el esquema planteado, se necesitarian cerca de 40 estaciones separadas
entre si por una distancia de alrededor de 60 km y distribuidas en tres anillos concéntricos a
la Ciudad de México, para alertar ante practicamente cualquier sismo costero importante
generado desde Michoacdn hasta Oaxaca. Este mismo arreglo permitiria tener cobertura
para muchos de los sismos de profundidad intermedia que ocurren dentro de la placa de

Cocos subducida.
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Capitulo I

“Estudio de la fuente y de la propagacion
del sismo del 21 de Julio de 2000, Copalillo,
México(Mw59): Implicaciones de los
sismos intraplaca en el peligro sismico de la
Ciudad de México”
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A Source and Wave Propagation Study of the Copalillo, Mexico,
Earthquake of 21 July 2000 (M,, 5.9): Implications for Seismic Hazard

in Mexico City from Inslab Earthquakes

by A. Iglesias, S. K. Singh, J. F. Pacheco, and M. Ordaz

Abstract The Copalillo earthquake of 21 July 2000 (M, 5.9) is the closest, well-
located inslab event to Mexico City ever to be recorded. In this study, we analyze
local and regional broadband and accelerometric recordings to determine the source
parameters of the earthquake and the attenuation of ground motion with distance and
to obtain a preliminary estimate of the seismic hazard posed to the city by such
events. Our results show that the earthquake occurred at a depth of about 50 km,
most probably in the subducted oceanic crust. The waveform inversion discriminates
between the two nodal planes; the fault plane defined by the following: strike, 305°
dip, 32°; and rake, — 80°. The rupture propagated nearly unilaterally along the strike
toward northwest with a small downdip component. The observed source spectrum
can be well explained by an w*-source model with M, = 6.0 X 10> dyne cm and
a stress drop of 360 bar. We find that high-frequency ground motion (f > 3 Hz),
which is related to A,,,, during inslab earthquakes, is not amplified at Ciudad Univ-
ersitaria (CU), a hill-zone site in the Valley of Mexico that is known to suffer am-
plification at low frequencies (0.1 < f < 2.0 Hz). Simulations using the recording
at CU of the Copalillo earthquake as an empirical Green’s function suggests that a
M, 7.0 event could give rise to an A,,,, value of 30—40 gal. The CU recordings
indicate that the A, value of 30 gal could have a return period of about 40 yr, about
the same as from shallow-dipping thrust earthquakes along the Mexican subduction
zone, which have been regarded as posing the highest hazard for the city. An inslab
earthquake with an A_,,, value of about 40 gal could cause heavy damage to small
buildings at certain locations of the city. We conclude that seismic hazard from inslab

earthquakes to Mexico City has so far been underestimated.

Introduction

Inslab earthquakes in the subducted Cocos plate below
south-central Mexico cease to occur at depths of less than
about 80 km and well before reaching the Mexican Volcanic
Belt (MVB). Indeed, no well-located inslab earthquake is
known to have occurred below the MVB. The recent earth-
quake of 21 July 2000 (M, 5.9; H = 50 km), henceforth
called the Copalillo earthquake, is the closest, reliably lo-
cated, normal-faulting inslab event to Mexico City (Fig. 1).
The epicenter of the earthquake lies near the town of Co-
palillo, about 65 km to the northeast of Iguala and 136 km
to the south of Ciudad Universitaria (CU), Mexico City. In
this article, we study the characteristics of the source and
the ground motions generated by this earthquake and discuss
the implications for seismic hazard to the city from inslab
earthquakes. There are several reasons for this endeavor.
(1) Source characteristics of inslab earthquakes in the Cocos

plate, while essential to understand the mechanism of gen-
eration of such events, are available for only a few earth-
quakes. (2) There is evidence that high-frequency ground
motion from inslab events in Mexico are more intense than
from interplate earthquakes (see, e.g., Singh er al., 2000).
This observation needs further confirmation. (3) A critical
issue in the estimation of seismic hazard to Mexico City is
related to inslab, normal-faulting earthquakes in the sub-
ducted Cocos plate.

The concern about the seismic hazard arises because in
the past inslab earthquakes have caused significant damage
to cities and towns in the Mexican altiplano. There are many
recent examples. The earthquake of 15 January 1931 (M 7.8,
H = 40 km) caused severe destruction to the City of Oaxaca
(Barrera, 1931; Singh et al., 1985); the earthquakes of 28
August 1973 (M, 7.0; H = 82 km) and 24 October 1980
(M,, 7.0, H = 65 km) resulted in deaths and damage in the
states of Veracruz, Puebla, and Oaxaca (Singh and Wyss,
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Figure 1.

(Top) Epicenters of large (M =6.9) inslab, normal-faulting, intermediate-

depth earthquakes and location of Mexico City. Also shown is the 21 July, 2000 Co-
palillo earthquake (M., 5.9) (star). Lightly shaded area represents the Mexican Volcanic
Belt (MVB). (b) The projection of the hypocenters of the inslab events on a vertical
plane AA’. The dashed lines delineate the subducted Cocos plate. The depths of the
nineteenth-century earthquakes (dashed circles) have been arbitrarily assigned to fall
near to the plate interface. The 1937 event lies above the plate interface probably

because of the error in its depth.

1976; Lomnitz, 1982; Yamamoto et al., 1984; Nava et al.,
1985). The recent earthquake of 15 June 1999 (M,, 6.9, H =
60 km) caused damage in the State of Puebla, especially to
colonial structures in and near the City of Puebla (Singh et
al., 1999). The 30 September 1999 Oaxaca earthquake (M,,
7.4, H = 40 km) was damaging to the City of Oaxaca and
many towns along the coast and between the coast and the
city of Oaxaca (Singh er al., 2000). It has been suggested

that the great earthquake of 19 June 1858, which caused
severe damage to inland towns in the state of Michoacan,
including its capital city of Morelia, and to Mexico City,
may also have been an inslab, normal-faulting event (Singh
et al., 1996). A list of large inslab earthquakes (M =6.9) in
the subducted Cocos plate is given in Table 1, and their
epicenters are shown in Figure 1.

The closest hypocentral distance of an inslab earthquake
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to Mexico City and its likely maximum magnitude are un-
certain. The design spectra for the Federal District does con-
template an inslab M, 6.5 earthquake at focal distance of 80
km from Mexico City (Rosenblueth ez al., 1989). The choice
of the magnitude and the focal distance were based on the
available data at that time and the best judgment of the au-
thors. The expected ground motion from such an earthquake
was estimated assuming an ®> seismic source model and
application of results from random vibration theory (Boore,
1983), with little constraint from actual recordings. For these
reasons, the seismic hazard to Mexico City from inslab
earthquakes is subject to relatively large uncertainty.

Figure 1 shows epicenters of large (M =6.9), inslab
earthquakes in the subducted Cocos plate. It should be noted
that the locations and the magnitudes of nineteenth-century
events are less reliable. Figure 1 suggests that such earth-
quakes can reach a magnitude of 7.3 within 200 km of Mex-
ico City. The figure also includes the location of the Copal-
illo earthquake. As mentioned earlier, this earthquake is the
closest inslab earthquake. In view of Figure 1, an inslab M,
7.3 earthquake may reasonably be expected to occur as close
as 136 km from the city at a depth of about 50 km. It is,
therefore, of interest to estimate ground motions in the Val-
ley of Mexico from such an earthquake. We do this by using
a CU recording of the Copalillo earthquake as the empirical
Green’s function (EGF) to simulate expected ground motion
in the city from future large earthquakes in the same region.
We show that the point-source approximation inherent in the
EGF method is quite reasonable and the effect of source
directivity on the estimation of A,,,, in CU is not significant
(less than 8%) for postulated earthquakes with M, =7.5. We
finally discuss the significance of the results in terms of seis-
mic hazard to Mexico City from inslab earthquakes.

Data

The data used in the analysis of the Copalillo earthquake
consist of recordings from the broadband (BB) seismic net-
work of the Servicio Sismolégico Nacional (SSN) of the In-

Table 1

Significant Inslab Earthquakes (M =6.9) in the Subducted Cocos
Plate close to Mexico City

Date
Event (yyyymmdd) Latitude Longitude Depth Magnitude
1 18580618 18.00 — 100.80 — 7.7
2 18641003 18.70 —97.40 — 7.3
3 18790517 18.60 —98.00 — 7.0
4 19310115 16.34 —96.87 40 7.8
5 19370726 18.48 —-96.08 85 7.3
6 19640706 18.31 —100.50 55 73
7 19730828 18.00 —96.55 82 7.0
8 19801024 17.90 —98.15 65 7.0
9 19970111 18.06 -102.79 34 7.1
10 19990615 18.15 —97.52 60 6.9
11 19990930 16.00 -97.02 40 7.4

A. Iglesias, S. K. Singh, J. F. Pacheco, and M. Ordaz

stituto de Geofisica (IGF) and from the stations of the ac-
celerographic networks operated by Instituto de Ingenieria
(II) and Centro Nacional de Prevencién de Desastres (CENA-
PRED). A typical BB station of SSN consists of a STS-2
seismometer and a Kinemetrics FBA-23 accelerometer con-
nected to a 24-bit Quanterra digitizer. Continuous velocity
data, sampled at | and 20 Hz, are saved in a buffer memory.
For triggered events both velocity and acceleration channels,
sampled at 80 Hz, are saved. The accelerometric networks
mostly consist of Kinemetrics K2 and ETNA digital acceler-
ographs, equipped with 19 and 18 bit A to D converters,
respectively. The time synchronization is provided by GPS
receivers. The triggered events are saved at a sampling rate
of 200 Hz. Descriptions of the accelerometric networks may
be found in Anderson er al. (1994) and Quass er al. (1987,
1989, 1993).

Source Parameters

The location of the event, determined from local and
regional data, and the source parameters, obtained from the
moment tensor (MT) inversion of regional waveforms, are
given in Table 2. The MT solution was obtained from the
inversion of the bandpass-filtered (between 20 and 50 sec)
BB regional seismograms. The procedure of Randall er al.
(1995) was followed in the inversion. The details of the
method, as applied to the analysis of BB data of the Mexican
network, are given by Pacheco and Singh (1998). The crustal
structure used in the location and the waveform modeling is
given in Table 3. The source parameters reported in the Har-
vard centroid moment tensor (CMT) catalog are included in

Table 2
Source Parameters of the 21 July 2000, Copalillo Earthquake
Latitude  Longiude  Depth M,
Source *N) (°E) (km) dyne cm Strike Dip  Rake
Regional* 18.113 -98974 500 4.1 x 10* 305° 32° —80°
Regional’  — — — 60 x 10* — — —
CMT? 18.28 —98.77 584 7.9 x 10 310° 39° —75°

*Epicentral location and depth from local/regional data; other source
parameters from regional waveform inversion (see text).

*Seismic moment from S-wave spectra, local/regional data (see text).

*Preliminary Harvard CMT solution,

Table 3

Crustal Structure Used in Locating and Modeling
the Copalillo Earthquake

Layer Thickness P-Wave Speed S-Wave speed Density
(km) {kmisec) (km/sec) [gm!cm"l
7.7 5.60 3.20 2.56
12.0 6.00 341 2.69
233 6.90 392 2.98
36.7 8.10 4.67 3.36
% 8.40 4.85 3.46
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Table 2. We note that the regional MT and the Harvard CMT
focal mechanisms are similar, but the seismic moments dif-
fer by a factor of 2.

Slip Distribution on the Fault

We inverted the bandpass-filtered (0.1-0.5 Hz) near-
source displacement records to retrieve the rupture history
of the Copalillo earthquake. The inversion was performed
in the frequency domain to obtain slip, rise time, and rupture
velocity using a simulated annealing inversion technique
adopted from the nonlinear least-squares inversion scheme
developed by Cotton and Campillo (1995). We chose the
focal mechanism retrieved from the regional MT inversion
for our inversion—nodal plane 1: strike, 305°; dip, 32° rake,
—80° nodal plane 2: strike, 113°; dip, 59°; rake, —96°.

In order to discriminate between the fault plane and the
auxiliary plane, we performed separate inversion for each
nodal plane. The expected rupture area of a magnitude 5.9
earthquake is about 100 km? (e.g., Singh et al. 1980). There
is, a priori, no reason to expect that the rupture was bilateral.
To allow for possible directivity, we took a larger fault
model: 20 km along the strike and 20 km along the dip. It
was divided in 10 X 10 subfaults. Figure 2 shows the sur-
face projection of the nodal plane 1 as the fault plane and
stations whose recordings were used in the inversion. Figure
3 (central frames) shows the fault plane, where the star in-
dicates the rupture initiation point. Synthetic seismograms
for each pair of subfault and station were computed using
Bouchon’s discrete wavenumber algorithm (Bouchon,
1982). We considered two starting models: in one we as-
signed zero slip on the fault plane, and in the other we as-
signed a constant slip of 1.5 m to the two subfaults nearest
the hypocenter and a slip of zero elsewhere. A rise time of
1.5 sec was assigned for each subfault. In the inversion, the
rupture velocity was chosen to lie between 3.3 and 3.6 km/
sec. The slip and the rise time on each subfault were allowed
to vary between 0 and 1.5 m and O and 1.5 sec, respectively.
We found that the results of the inversion were insensitive
to the initial slip distribution.

The rupture history is shown in Figure 3. The left frames
correspond to the inversion with nodal plane 1 as the fault
plane, whereas the right frames show the corresponding re-
sults with nodal plane 2 as the fault plane. Visually, the fit
to the observed waveforms are about the same for the two
nodal planes, although a quantitative measure of the misfit
(Cohee and Beroza, 1994) suggests that model 1 is a slightly
better choice for the causative fault than model 2. On the
other hand, slip distribution for model 2 (Fig. 3, right) shows
three patches of slip: one near the hypocenter and the other
two above and below it, separated by about 16 km. The
largest slip occurs on the patch located at depth close to the
limit of the model. This relative location and the separation
of the slip patches suggest that this solution is unrealistic.
Taken together, we find a preference for nodal plane 1 as
the fault plane, although the evidence is admittedly weak.
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Figure 2. Location of the Copalillo earthquake

and stations whose data were used in the inversion.
Surface projection of the rectangular fault plane
(nodal plane 1: strike, 305°%; dip, 32°% rake, —80°) is
indicated by a straight line.

We note from the left frames (nodal plane 1) that the
rupture unilaterally propagates along the strike toward north-
west with a small downdip component. The rupture velocity
is about 3.5 km/sec. Most of the slip occurs overa 6 X 4
km area. The bottom frames in Figure 3 show the smoothed
rise times. The smoothing was performed by requiring the
rise times to be zero (irrespective of the result of the inver-
sion) over areas with slip less than or equal to 1 cm. We
tested the sensitivity of the inversion by fixing the rise time
to 0.5 sec. This yielded a slip distribution very similar to the
previous case, which suggests that the rise time is not well
resolved.

Although detailed rupture histories are available for
only a few recent inslab earthquakes in Mexico, all of these
events show a component of rupture propagation that is
downdip (e.g., Cocco et al., 1997; Hernandez et al., 2001).
It will be interesting to know whether this is a common
feature of most inslab, normal-faulting earthquakes in the
Cocos plate.

Source Spectrum and Seismic Moment from Spectral
Analysis of Near-Source Data

The source spectrum of the Copalillo earthquake has
been estimated from horizontal components of S waves re-
corded at stations PLIG, RABO, MEZC, CHFL, CHIL, and
YAIG (Fig. 2). The far-field Fourier acceleration spectral am-
plitude of the intense part of the ground motion, A/(f, R;), at
station 7, which is located at a distance R; from the source,
can be written as
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Figure 3.  Results from the inversion of near-source bandpassed-filtered (between
0.05 and 0.5 Hz) displacement records. (Left) The chosen fault plane: strike, 305°; dip,
32°% rake, —80°, (Right) The chosen fault plane: strike, 113°% dip, 59° strike, —96°

(Top) Observed and synthetic seismograms. (Middle) Slip distribution on the fault and
isochrons. (Bottom) Smoothed rise time (see text).
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In the previous equations, R; is the hypocentral distance of Frequency, Hz
the ith station, [} is the shear-wave velocity, p is the density, Figure 4.  Average source displacement spectra,
Q(f) is the quality factor, Ry, is the average radiation pattern My(f) (dashed lines) and acceleration spectra, f M(f)
(0.55), F is the free-surface amplification (2.0), and P takes (continuous lines) from local/regional data. The
into account the partitioning of energy in the two horizontal smooth curves corrgfpond to an @"-source model,
: i : 5 with My = 6.0 X 107" dyne cm and corner frequency,
components (1/+/2). G(R) in equation (1) is the geometrical f. = 0.806 Hz.

spreading term, which may be taken as G(R) = R for R =
R, and G(R) = (RR)'® for R > R,. This form of G(R)
implies dominance of body waves for R = R, and of surface
waves for R > R,. For the Copalillo earthquake, we took
B = 4.2 km/sec, p = 3.2 gm/em®, Q(f) = 273 (Ordaz
and Singh, 1992), and R, = 100 km,

Figure 4 shows the source displacement and accelera-
tion spectra, M, (f) and f2 M, (f). At low frequencies, M,
(f) approaches a seismic moment of about 6.0 X 10** dyne
cm. The figure also shows that the data can be fit by an >
source model, with M, = 6.0 X 10** dyne cm and corner
frequency, f., of 0.806 Hz. This yields, via equation (4), a
Brune stress drop, Ac, of 360 bars for the earthquake.

July 21, 2000; Mw=5.9

Attenuation of Ground Motion from the
Copalillo Earthquake

Figure 5 shows a plot of horizontal peak ground accel-
eration, Ay and Ag, recorded at hard sites as a function of
focal distance, R. In this plot we have included CU and Cuer-
navaca, although these sites, which lie on volcanic rocks, are
known to suffer significant site effects between 0.1 and 4 Hz —_— i
during coastal events (Ordaz and Singh, 1992; Singh et al., 102
1995). The figure includes the predicted value of A, based Distance (km)
on a regression analysis of 10 inslab earthquakes of Mexico
54=M,=74,40 = H = 65 km; R = 400 km), which

Figure 5. Peak horizontal peak acceleration, Ay
and Ag, recorded at hard sites (including CU and

relates horizontal A, (in gal), M, and R (in km) by: Cuernavaca) as a function of focal distance, R. The

predicted and + one standard deviation curves, based

- _ on a regression analysis of 10 inslab earthquakes of

108 Amas 0148 Mexico (5.4 = M, = 7.4; 40 = H = 65 km; R =
+ 0.623 M,, — log R — 0.0032R, (5) 400 km) are also shown.
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4

where A, = [((Ax)* + (Ap)?)72]". In equation (5) the
standard deviation, o, of log A, is 0.273. The regression
fits Copalillo data fairly well. It is interesting to note that,
although the regression excluded data recorded both at CU
and Cuernavaca stations to avoid possible contamination
from site amplification, it also fits CU and Cuernavaca data
quite well for this earthquake. To investigate whether site
effect at CU is important for A,,,, from inslab earthquakes
or not, in Figure 6 we plot observed and predicted values of
A for 16 events listed in Table 4.

For these 16 recordings, we obtain a bias of only
—0.013 and a standard error of 0.25 for log A,,,,, which
shows that site effect at CU is not important for inslab earth-
quake, at least for A,,. This result, which at first glance
appears surprising, is in fact in accordance with the obser-
vation of Ordaz and Singh (1992), Singh et al. (1995), and
Pacheco and Singh (1995) that amplitudes at CU at high
frequencies do not seem to be affected by site effect.

Recently, it was reported by Shapiro er al. (2000) that
seismic waves that pass below the Popocatepétl volcano be-
fore reaching the Valley of Mexico (corresponding to events
in sector 1, Fig. 7) are diminished by a factor of about one-
third at values of f greater than 1 Hz as compared to those
that do not cross the volcano (events from sector 2). The
high attenuation was attributed to the presence of magma
and partial melting of rocks below the volcano. One impli-
cation of the high attenuation is a decrease in the seismic
hazard to low-rise buildings in the valley from earthquakes
that originate in sector 1. The Copalillo earthquake provides
a further check on this observation. The location of the event
with respect to Popocatépetl (Fig. 7, bottom) shows that the

A, Iglesias, S. K. Singh, J. F. Pacheco, and M. Ordaz
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Figure 6. Observed and predicted A, at station
CU from inslab earthquakes. The predicted A, is
computed from equation (5); which was derived ex-
cluding CU data.

waves reaching CUIG do not cross the volcano. Thus, the
seismic waves from this earthquake, just like the waves from
the events of sector 2, should not be abnormally diminished
before reaching the valley. Indeed, as seen in Figure 7 (top),
the spectral ratios, CUIG/YAIG and CUIG/PLIG, for the Co-
palillo earthquake, after equalizing the spectra to the com-
mon distance of CUIG (see Shapiro et al., 2000, for details),
confirm this.

Table 4
Peak Accelerations Recorded at CU during Inslab Earthquakes in the Subducted Cocos Plate
Date Latitude Longitude Depth R Ay (N) A (E) A (Z)

(yyyymmdd) N) (’E) (km) M, (km) (gal) (gal) (gal)
19640706 18.310 = 100.500 55 73 179 18.30 15.70 12.00
19730828 18.250 —96.550 82 70 301 (19.52)* (17.54)* (12.87)*
19801024 18.030 —98.270 65 70 173 25.30 23.50 12.50
19930805 17.429 —98.337 54 5.2 229 0.54 0.46 0.35
19940223 17.750 —-97.270 75 58 267 1.04 0.95 0.62
19940506 18.390 —97.980 57 52 163 0.44 0.54 0.40
19940523 18.020 = 100.570 50 6.2 206 5.00 4.30 2.90
19941210 17.982 —-101.517 49 6.4 288 5.40 5.50 2.60
19970111 18.340 —102.580 40 7.1 374 4.20 5.90 3.10
19970403 18.510 —98.100 52 5.2 145 1.20 2.00 1.20
19970522 18.370 —101.820 54 6.5 298 1.70 2.10 1.70
19980420 18.350 —101.190 64 59 238 1.30 1.50 1.20
19990615 18.130 —97.540 60 6.9 218 11.90 11.40 7.50
19990621 18.150 —101.700 53 6.3 296 3.10 3.40 1.60
19990930 16.030 -96.960 40 7.4 435 7.80 7.70 5.10
19991229 18.000 —101.630 50 59 297 1.19 1.38 0.73
20000721 18.120 —98.970 49 59 136 12.21 9.35 5.80

*The earthquake was not recorded at CU, so it was not used in the analysis. The peak values listed here

correspond to station Palacio de los Deportes.
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Figure 7. (Top) The spectral ratios, CUIG/YAIG

and CUIG/PLIG, show that the seismic waves from
events which occur in sector | are more diminished
at CUIG than from events that occur in sector 2 (see
Shapiro er al., [2000] for details). As expected the
spectral ratios of the Copalillo earthquake (shown by
thick curves) are similar to sector 2 events. (Bottom)
Earthquakes used in establishing abnormally high at-
tenuation of seismic waves that pass below Popoca-
tépetl. The location of the Copalillo earthquake has
been added. Dots, stars, and diamonds indicate events
recorded at YAIG, PLIG, and at both stations, respec-
tively.

Estimation of Ground Motion in the Valley of
Mexico during Future Earthquakes

We have used a random summation technique (Ordaz
et al., 1995) 1o synthesize expected ground motions at CU
from future inslab earthquakes in the Copalillo region. The
recording of the Copalillo earthquake has been used as the
EGF. It is sufficient to predict the ground motions in CU
because the ground motions at other sites in the Valley of
Mexico can be estimated from the Fourier acceleration spec-
trum (FAS) at CU. The method consists of estimating FAS
at these sites (from FAS at CU and the known transfer func-
tions of these sites with respect to CU), and application of
results from random vibration theory (Ordaz et al., 1988,
Singh er al., 1988a, b; Reinoso and Ordaz, 1999).

The random summation model used in this article obeys
the w’-source scaling law at all frequencies and produces
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time histories whose envelopes are realistic. The method re-
quires specification of the seismic moments and the stress
drops of the EGF and the target event. The details of the
method are given in Ordaz et al. (1995). If only peak ground
motion parameters are desired, then the computation of the
time histories is bypassed; the Fourier spectrum, along with
an estimation of duration (7%) of the intense part of the
ground motion, and application of results from random vi-
bration theory (RVT) suffices (see Appendix B of Ordaz et
al., [1995] for relevant formulas).

In the synthesis, we take Ac = 360 bar for both the
EGF and the target event. The duration T} in sec is given
by Tx = f.”' + 0.05R, where f. is the corner frequency
(equation 4) and R is the hypocentral distance in km (Her-
mann, 1985). The results of the synthesis are shown in Fig-
ure 8. We note that for a M,, 7.0 earthquake in the Copalillo
region (and probably also in any other region at similar focal
distance from CU, except in sector 1), the expected peak
acceleration (A ,,,), velocity (V,,,,), and displacement (D,,)
at CU are about 35 gal, 7 cm/sec, and 4 cm, respectively.
The corresponding values for a M,, 7.3 earthquake are about
50 gals, 10 cm/sec, and 7 cm, respectively. The predicted
Apnax as function of M, based on regression analysis (equa-
tion 5) is also shown in Figure 8 (straight line). The predicted
Apmax from the EGF technique and the regression analysis are
in very good agreement. Figure 9 illustrates samples of time
histories (north-south component). Note that the waveforms
are quite realistic.

We recall that the previous synthesis is based on a point-
source approximation. For this approximation to be valid, L
and A should be smaller than R, where L is the source di-
mension, R is the hypocentral distance, and X is the wave-
length of interest. In our case, R = 145 km, and . ~ 20 km.
Let us assume that the rupture area, A, is square in shape. A,
in km?, is related to M,, by the following relation: log A =
M, — 4.0 (e.g., Wyss, 1979; Singh et al., 1980). It follows
that L is about 32 km, 45 km, and 56 km for M,, 7.0, 7.3,
and 7.5 earthquakes, respectively. These estimations suggest
that for M,, =7.5 events, which are of interest in this study,
the point-source approximation may be valid. We further
tested the validity of this approximation by using finite-
source stochastic model of Beresnev and Atkinson (1997,
1998, 1999, 2001). The method requires the fault plane to
be divided in subfaults whose size, A/, in km, is given by
log Al = 0.4 M,, — 2.0. The subfaults are stochastic ®’
sources. The subevent time history at a site is generated fol-
lowing the procedure of Boore (1983). The rupture propa-
gates radially from a specified hypocenter, and the random-
ness is introduced in the subevent rupture times. A standard
technique sums the contribution from each subfault. A stress
parameter, which relates subfault moment and its size, is
fixed at 50 bars. A free parameter, called the strength factor,
sfact, which controls the level of high-frequency radiation,
needs to be specified (see Beresnev and Atkinson, 1997,
1998). Other required parameters are the same as used in the
estimation of the source spectrum. The azimuth of the fault
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Figure 8. Expected peak ground motions at CU from postulated future large earth-

quakes in the region of Copalillo. The Copalillo earthquake recording has been used
as empirical Green’s function (EGF). A stress drop of 360 bars has been taken for both
the EGF and the target event. The straight line in the left frame is the predicted A,
value based on regression relation given in equation (5).
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Figure 9.  Samples of simulated peak ground-motions at CU (north-south compo-

nent) at CU from M,, 6.5 and 7.0 earthquakes. The Copalillo recordings, used as EGF,

are also shown.

and its dip were taken as 305° and 32°, respectively (Table
2). We fixed the depth of the upper edge of the fault to 50
km. We first estimated the radiation strength parameter,
sfact, to be 2 by requiring that the predicted values of A,
for M,, 7.0 from point-source EGF method and finite-source
stochastic method (with hypocenter located in the center of
the rupture area) be the same. This value of sfact is reason-
able in view of the large Brune’s stress drop, 360 bars, for
the Copalillo event. We estimated A,,,, using the finite-
source mode! for postulate earthquakes of M,, 7.3 and 7.5
and found these values were almost identical with those pre-
dicted by the point-source EGF method. This further lends
weight to the validity of the point-source approximation.
Finally, we estimated the effect of the source directivity on
A at CU. This effect is not included in the results of
EGF simulation. To accomplish this goal, we again used the
finite-source stochastic model and simulated ground motions

at CU with different hypocentral locations. As expected, the
largest A, at CU occurs when rupture initiates at the south-
east edge of the fault and propagates northwest, along the
strike. However, the A, values at CU are less that 8%
greater than for the case of radial propagation of the rupture
or, equivalently, the estimation from the point-source EGF
method. These checks show that our estimations of ground
motion at CU using the point-source EGF method is justi-
fied.

Figure 10 shows pseudoacceleration response spectra
(5% damping), Sa, for the Copalillo event and postulated
earthquakes of M,, 6.5, 7.0, 7.3, and 7.5 using the EGF
method.

The Sa curve corresponding to a M,, 6.5 earthquake at
a focal distance of 80 km, used in developing the design
spectrum for the Federal District (Rosenblueth et al., 1989,
henceforth referred to as ROSS89), is shown in the Figure
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6.5, 7.0, and 8.0 earthquakes and the computed spectra for the Copalillo earthquake at
CU site. Dotted curves show the spectrum used in elaborating the design spectra for

Mexico City (Rosenblueth er al., 1989).

10 along with predicted Sa for M, 6.5, 7.0, 7.3, and 7.5.
Except at short periods (<0.5 sec), the spectra are similar
for M,, 6.5 earthquakes. At short periods, Sa for a M,, 6.5
earthquake, computed with the recordings of the Copalillo
earthquake as the EGF, are smaller than the one in ROSS89,
most probably because of greater focal distance of the Co-
palillo earthquake. The Sa for M,, =7.0 is higher at all pe-
riods as compared with the Sa in ROSS89.

It is of importance to know how frequently the level of
Ay of 28 gal, contemplated in ROSS89 from inslab earth-
quakes, could be exceeded at CU. We note that there is no
mention of this return period in ROSS89. Since a full-
fledged probabilistic hazard estimation is beyond the scope
of this article, we concern ourselves with a simple empirical
hazard estimation.

Table 4 lists inslab earthquakes in the subducted Cocos
plate that have been recorded by accelerographs in CU (ex-
cept for the 1973 earthquake, which was not recorded in CU
but is included in the table for completeness). The recordings
are much more abundant since 1993 because of improve-
ments in the instrumentation that were made in 1991, Figure
1 I shows annual frequency of exceedance versus A, based
on the data [rom two subcatalogs: the first, complete for A,
values greater than or equal to 17 gal from 1964 to 1990,
consists of only two earthquakes; the second, from 1991 to
2000, is believed to be complete for A, values greater than
or equal to 1 gal.

We note that the empirical hazard curve flattens out for
Anay values less than 5 gal. This may be due to incomplete-
ness of the catalog and/or due to the fact that inslab earth-
quakes cease to occur well before reaching the Mexican
Volcanic Belt, within which Mexico City is located. The
extrapolation of the straight line fit to the data for A, values
greater than 5 suggests that the A, value of about 30 gals
used in ROSS89 for this type of earthquakes could have a
return period of about 40 yr. This return period of A, val-
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Figure 11. Empirical annual rate of exceedance

vs. A ., at station CU from inslab earthquakes. Open
symbols: data from 1991 to 2000, probably complete
for A« = | gal. Close symbols: data from 1964 to
1990, complete for A, = 17 gal.

ues above 30 gal is about the same as from shallow-dipping
thrust earthquakes along the Mexican subduction zone,
which have been regarded as the ones posing the highest
hazard for the city (Ordaz and Reyes, 1999). We are aware
that the characteristics of ground motions would be different
for subduction zone earthquakes as compared with an inslab
earthquake with the same A,,,, and so would be the damage
patterns. However, as illustrated by Singh et al. (1996), in-
slab earthquakes with A,,,, values of about 40 gal could
cause heavy damage to small buildings at certain locations
of the city.

These results suggest that seismic hazard from inslab
earthquakes to Mexico City has so far been underestimated,
and a careful revaluation is called for.
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Conclusions

1. The Copalillo earthquake occurred at a depth of about 50
km. Since the Moho in the region is probably 45-km
depth, the earthquakes may have been confined to the
subducted oceanic crust.

2. The inversion of near-source waveforms suggests that the
northeast dipping nodal plane is the fault plane. The rup-
ture propagated unilaterally toward northwest along the
strike with a slight downdip component. The rupture ve-
locity was about 3.5 km/sec, and much of the slip oc-
curred over an area of 6 km X 4 km.

3. The observed source spectrum can be well explained by
an w’-source model with My = 6.0 X 10** dyne cm and
stress drop of 360 bars.

4. The observed A,,,, as a function of hypocentral distance
is in accordance with the predicted values from a regres-
sion relationship.

5. The high-frequency ground motion (f > 3 Hz), as re-
flected by A, during inslab earthquakes, is not amplified
at CU, a hill-zone site in the Valley of Mexico. This is
in contrast with relatively low-frequency ground motion
(f < 3 Hz), as reflected by A, from shallow, subduc-
tion-zone earthquakes, which is known to be amplified at
hill-zone sites in the valley.

6. It has recently been reported that the amplitude of high-
frequency (f = 3 Hz) seismic waves that pass through
Popocatépetl Volcano is diminished by a factor of 3 be-
fore reaching Mexico City. Thus, Popocatépetl provides
as a shield to Mexico City from some earthquakes. Since
the wavepath from Copalillo earthquake to the city does
not cross the volcano, the diminution of amplitude is nei-
ther expected nor found in the recordings.

7. Simulations using the recording at CU of the Copalillo
earthquake as an EGF suggests that a M,, 7.0 event could
give rise to A, value of 30 to 40 gal. The pseudoacce-
leration response spectra (5% damping), Sa, from such
an earthquake would exceed the Sa contemplated in the
current design spectra for Mexico City. The A, value
of 30 gal could have a return period of about 40 yr at
CU. This return period of A,,,, values above 30 gal is
about the same as from shallow dipping thrust earth-
quakes along the Mexican subduction zone, which have
been regarded as the ones posing the highest hazard for
the city. An inslab earthquakes with A, values of about
40 gal could cause heavy damage to small buildings at
certain locations of the city. These results suggest that
seismic hazard from inslab earthquakes to Mexico City
has so far been underestimated and needs a careful revi-
s10N.
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Capitulo 11

“El sismo de Coyuca del 8 de Octubre
del 2001, (Mw58): Una falla normal sobre
la brecha sismica de Guerrero”
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El sismo de Coyuca del 8 de Octubre del 2001, (Mw=5.8): Una falla normal
sobre la brecha sismica de Guerrero.

A. Iglesias, J.F. Pachecoy S. K. Singh

Instituto de Geofisica, Universidad Nacional Auténoma de México, México, D. F. México

Introduccion

El 8 de Octubre del 2001, un sismo de magnitud moderada (Mw=5.8) fue registrado
cerca de la poblacién de Coyuca de Benitez en el estado de Guerrero. Esta poblacion estd
localizada cerca de la costa y justo encima de la brecha de Guerrero (figura 1). La
profundidad reportada para este sismo es de ~ 8 Km. La interfase entre las placas de
Norteamérica (NOAM) y la placa de Cocos subducida se encuentra a unos 20 Km de
profundidad, por lo que el sismo de Coyuca se sitia en la placa cabalgante de Norteamérica
(figura 2).

El ultimo temblor de subduccién importante en la zona ocurrié en 1911 (16 de
diciembre de 1911, M=7.5) y, dado que el periodo de recurrencia de la region ha sido
estimado entre 60 y 70 afios para sismos de magnitud 7.7 (Nishenko y Singh 1987), la
ocurrencia de un temblor en la region podria haberse retardado por mas de 30 afios. Por esta
razon esta zona es considerada como una brecha sismica madura.

La colision entre las dos placas y el estado en el ciclo sismico, sugieren que la zona
se encuentra en un régimen compresivo. Sin embargo sorprende que la solucion del
mecanismo focal para el sismo de Coyuca corresponda a una falla asociada a un régimen
extensivo.

Algunos autores (p. ¢f. Singh y Pardo, 1993) han propuesto que la placa cabalgante
de Norteamérica se encuentra en un régimen tensional, pero hasta ahora la evidencia
provenia de sismos pequefios continentales lejanos a la costa. Dada su posicién con
respecto a la zona acoplada (justo encima), este temblor es probablemente el Ginico evento
de esta naturaleza y magnitud reportado hasta ahora, no solamente a escala local sino

también a escala global.
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Por otro lado, el sismo de Coyuca generd un gran namero de réplicas, algunas de las
cuales pudieron ser bien localizadas y permitieron restringir adecuadamente el plano de
falla. En este trabajo se presenta el analisis de algunos aspectos relevantes de la fuente

sismica del temblor mencionado, asi como de la distribucion de sus réplicas.

Marco tectonico

La figura | muestra los principales rasgos tectonicos de la region central del estado
de Guerrero. En la figura se observa que la denominada “brecha sismica de Guerrero™ esta
acotada al noroeste por el area de ruptura del sismo del 14 de Marzo de 1979 (Valdés et al.,
1981) y al sureste por la zona de ruptura del sismo del 14 de Septiembre de 1995
(Mw=7.3).

Existe gran incertidumbre en la localizacién y tamafio de los sismos que ocurrieron
en la zona a finales del siglo antepasado y principios del pasado, sin embargo, de acuerdo a
los reportes de estos sismos la brecha sismica podria “romper” en multiples eventos de
magnitudes en el rango de 7.5-7.8. Por otro lado, la dimension total indica que la region
puede romper en un gran evento de magnitud hasta M=8.2 (Singh y Mortera, 1991). En la
figura 1, también se muestra la posicion y el mecanismo focal del sismo de Coyuca (que se
discute en una seccion posterior), localizado justo encima de la brecha sismica. La figura 2
muestra un esquema de una seccion perpendicular a la trinchera donde se puede apreciar
que, mientras que el sismo no tuvo una profundidad mayor a 10 Km, la interfase entre las
placas de Cocos y Norteamérica se encuentra a unos 20 Km de profundidad. Por otro lado,
se muestra la posicion relativa (proyectada) del sismo (de trinchera) del 18 de Abril de
2002 (Iglesias et al., 2003) y de un deslizamiento asismico registrado por estaciones GPS
(Kostoglodov, 2003). Las zonas marcadas como ~0% y ~100% acopladas y la region
nombrada como de transicion fueron trazadas con base en los resultados de una inversion
del deslizamiento asismico para el evento de 2002, a partir de las observaciones registradas

en estaciones GPS (Iglesias et al., 2004).
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-102° -101° -100° -99°

Figura 1. Rasgos tectonicos de la region central de Guerrero (ver levenda en la figura). Con linea
discontinua se muestra la posicion de la trinchera mesoamericana (MAT). Las flechas dobles indican la
extension aproximada de la ruptura de los sismos de 1899,1907,1909 y 1911 (Kostoglodov et al., 2003).

18-04-2002 8-10-2001
MAT Mw=6.7 Mw=5.8
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Distancia a la trinchera, km

Figura 2. Esquema de una seccion perpendicular a la trinchera mostrando la geometria de las
placas de Cocos y Norteamérica. Se muestra la posicion relativa de los sismos de Coyuca, del 18-04-2002 y
del deslizamiento asismico de principios del 2002.
Las lineas blanca, negra y discontinua muestran los diferentes grados de acoplamiento de la
interfase entre las dos placas, de acuerdo con Iglesias et al. (2004) (ver texto).
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Parametros de la fuente e inversion cinematica

Las localizaciones y mecanismos focales correspondientes al sismo principal y a las
cuatro réplicas mas grandes, ocurridas durante los dos meses siguientes al sismo, fueron
obtenidas utilizando registros de la red de banda ancha del Servicio Sismologico Nacional
(SSN) y registros de movimientos fuertes de la “red acelerografica de Guerrero” (GAA)
operada por el Instituto de Ingenieria de la UNAM (I.I.) y el Centro Nacional de
Prevencion de Desastres (CENAPRED). La solucion del tensor de momentos fue obtenida
usando un esquema de inversion propuesto por Randall et al. (1995; ver también Pacheco y
Singh, 1998).

Los sismogramas regionales fueron filtrados entre 10 y 50 segundos e invertidos a
través de un método lineal para determinar el tensor de momentos. Con el fin de restringir
la estimacion para la profundidad, la inversion se lleva a cabo suponiendo diferentes
profundidades. La figura 3 muestra los ajustes obtenidos para la mejor solucion en la

inversion del sismo principal.

Z1G PLIG PPIG CUIG MOIG COIG OXIG

FRREELE
b

Tiempo (min)

Figura 3. Ajustes obtenidos para la solucion del tensor de momentos para el sismo principal

(azul: observado, rojo: sintético)
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La tabla 1 muestra las localizaciones y mecanismos focales para el evento principal
y las cuatro réplicas mas grandes. En ella se puede observar que las réplicas también

corresponden a fallas normales con orientaciones similares.

Tabla 1. Parametros de la fuente del sismo principal y las cuatro réplicas mas grandes.

Fecha Hora Fuente Lat. Lon. Prof. | Azimut | Echado “Rake” Mw

] 0 A

2001-10-08 | 03:39:20 | Regional | 17.003 | -100.095 8.0 281/89 49/42 -82/-99 5.8

03:39:26 CMT 17.320 | -99.890 15.0 | 263/105 39/53 -107/-77 5.8

2001-10-08 | 07:16:00 | Regional | 17.067 | -100.095 5.0 257/99 55/37 -103/-72 4.5

2001-10-09 | 00:34:22 | Regional | 17.062 | -100.088 8.0 274/97 51/39 -92/-88 4.4

2001-10-29 | 05:23:12 | Regional | 17.100 | -100.135 5.0 263/95 39/52 -99/-83 5.0

05:23:18 CMT 17.490 | -99.440 15.0 | 240/91 44/51 -116/-67 5.0

2001-11-23 | 06:41:37 | Regional | 17.058 | -100.161 8.0 258/61 54/37 -80/-103 4.6

Con el fin de determinar el patrén de deslizamiento sobre el plano de falla, se llevo
a cabo una inversion en el dominio de la frecuencia utilizando datos locales. El esquema
propuesto por Cotton y Campillo (1995), fue modificado para emplear la técnica de
inversion conocida como cristalizacion simulada (Iglesias et al., 2002). E1 método consiste
en dividir el plano de falla en celdas de menor dimension, para cada una de las cuales son
calculadas funciones de transferencia para todas las estaciones consideradas. El calculo de
las funciones de transferencia es realizado empleando el método del numero de onda
discreto, propuesto por Bouchon (1982). Estas funciones de transferencia son
convolucionadas con una funcion temporal de fuente cuyos pardmetros son el tiempo de
inicio de la ruptura, el tiempo de ascenso (tiempo que tarda en alcanzar el maximo
desplazamiento) y el deslizamiento para cada subfalla. Finalmente se suman las
contribuciones de cada subfalla en el dominio de la frecuencia, con objeto de construir
sismogramas sintéticos. Este calculo de sismogramas sintéticos es empleado como

problema directo dentro del esquema de inversion denominado cristalizacion simulada, con
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el proposito de estimar los parametros de tiempo de ruptura, tiempo de ascenso y
dislocacion.

En este trabajo, dedicado al estudio del sismo de Coyuca, el plano de falla fue
dividido en una malla de 6 x 8 subfallas de 4 Km® de area. De esta forma, estudiamos un
plano de falla de 12 Km a lo largo del rumbo y 16 Km a lo largo del echado. La orientacion
del plano de falla fue estimada a través de la inversion del tensor de momentos empleando
datos locales y regionales ($=281, 89; 5=49, 42, 1=-82,-99°). La distribucion de las réplicas
(que se discutira adelante) muestra claramente que el plano de falla buza hacia el sur. Por
esta razon, se eligio la solucion correspondiente (¢p=89°, 8=42°, 1=-99°) para la inversion.

Se utilizaron los registros de la estacion CAIG de banda ancha del SSN; de las
estaciones COYC, OCLL, ATYC, VNTA y ACAP de la red de acelerografos operados por
el Instituto de Ingenieria (1. 1.). Estos acelerogramas fueron integrados numéricamente dos
veces, para obtener desplazamientos, y filtrados en una banda de frecuencias entre 0.1y 0.5
Hz. Como modelo inicial se asigné un deslizamiento homogéneo de 0.1m. Los limites del
tiempo de ruptura fueron calculados empleando como velocidades de propagacion extremas
2.2y 3.2 Km/s.

La figura 4 muestra la ubicacion de las estaciones, asi como la proyeccion

horizontal del plano de falla utilizado para la inversion.

260"

Figura 4. Mapa mostrando la localizacion de las estaciones, asi como la proyeccion horizontal

del plano de falla.
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En la figura 5 se muestran los ajustes obtenidos a través de la inversion, mientras
que en la figura 6 se muestran las distribuciones de dislocaciones, tiempos de ruptura y
tiempos de ascenso (rise time). La figura 6 (cuadro central) muestra que la ruptura se
propagd hacia la parte superior de la falla, ocurriendo el maximo deslizamiento en
profundidades mas someras que 10 Km. Este deslizamiento es de ~ 2 m y parece ocurrir ~5
segundos después del inicio del sismo. El tiempo de ascenso no presenta una distribucion
clara, evidenciando que al menos para este sismo no se tiene suficiente resolucion para una
buena estimacion de este parametro. El tiempo de ruptura muestra que la ruptura comienza
a propagarse rapidamente hasta la zona donde ocurre el maximo desplazamiento y luego la

velocidad disminuye de manera importante.
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Figura 5. Ajustes obtenidos a través de la inversion cinemdtica. En linea continua roja se muestran

los sismogramas observados y en linea discontinua azul los sintéticos.
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Figura 6. Modelo cinemdtico obtenido a través de la inversion para

el plano nodal 1 ($=89°, 6=49°, A=—82°)

Analisis de la secuencia de réplicas

El sismo de Coyuca gener6 una larga secuencia de réplicas. Debido a la gran
actividad en esta zona, se instal6 una red de estaciones temporales que oper6 entre el 30 de
octubre y el 14 de diciembre del 2001. Solamente en este periodo, el SSN reportd 202
réplicas asociadas al sismo de Coyuca (entre 16.75- 17.15 N y 100.5-100 W). La figura 7
muestra las localizaciones obtenidas a partir de la red de estaciones del SSN. Por otro lado
la red de estaciones temporales consistio de 4 estaciones portatiles distribuidas alrededor
del epicentro (figura 7). Cada una de las estaciones instaladas consistié de un sismometro
triaxial de banda ancha (Guralp, CMG-40T) y un registrador “Reftek”.

La red temporal registr6 mas de 3000 eventos, 562 de los cuales pudieron ser
localizados (registrados al menos por 3 estaciones). La figura 8 muestra la localizacion de
los eventos registrados con la red temporal. Las localizaciones fueron llevadas a cabo
usando el programa “Seisan” (Haskov y Ottemoller, 1999) y considerando el modelo de
velocidades propuesto por Campillo et al, 1996. La tabla 2, muestra el modelo de

velocidades usado para la localizacion.

Tabla 2 . Modelo de velocidades usado en el proceso de localizacién

Vp (km/s) | 560 | 590 | 6.70 | 7.95

Vs (km/s) | 323 | 3.41 | 3.87 | 459
h (km) 50 [ 120|280 =

41



Latitud

-100.5° -100.25° -100° -99.75°

Longitud
Figura 7 Localizacién (SSN) de las réplicas del sismo del 08 de Octubre de 2001 (cuadros rojos). También se
muestra la ubicacion de las estaciones portatiles colocadas después del sismo de Coyuca (tridngulos azul
marino) y las estaciones del 1.1. y del SSN (azul claro, invertido y normal, respectivamente).La localizacion

del sismo de Coyuca es mostrada con una estrella verde.

Latitud

17°

-100.5° -100.25° -100°
Longitud

-99.75°

Figura 8 Localizacion de las réplicas del sismo del 08 de Octubre de 2001 utilizando los datos

de la red de estaciones portatiles

La tabla 3 muestra el error promedio de las localizaciones usando los datos del SSN
contra las localizaciones de los datos de la red temporal.
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Tabla 3. Comparacion de los errores promedio

de las localizaciones usando ambas redes

err. lat. (km) | err. lon. (km) | err. prof. (km)
Datos SSN 5.68 4.87 4.55
Datos red 1.91 1.64 3.5
portatil

Comparando las figuras 7 y 8 se observa que los sismos localizados con la red
temporal se concentran ligeramente al norte del epicentro, mientras que las localizaciones
originales del SSN son mas dispersas y estan localizadas en general al sur del epicentro. La
tabla 1 y la distribucion de las réplicas muestran que la distribucion de las estaciones
portétiles permite llevar a cabo localizaciones con una mayor precision.

La distribucion de estaciones de la red temporal, junto con las estaciones
permanentes del L.I y del SSN, asi como la distribucion de las réplicas, permitieron aplicar
el método de doble diferencia conocido como “HypoDD” (Waldhauser y Ellsworth, 2001).
El método HypoDD localiza simultaneamente pares de eventos, utilizando tanto la
diferencia de tiempos de arribo absolutos, como valores de la diferencia de tiempos
relativos obtenidos a través de la correlacion cruzada. El método consiste en “aparejar”
eventos con tiempos de viaje similares desde el hipocentro hasta las diferentes estaciones
de la red. Estos eventos, a su vez, pueden formar nuevas parejas con otros eventos, de tal
manera que al final de este proceso, se tiene una red interconectada de parejas.

El problema se puede plantear mediante la expresion:

]
M prmh = gy
om

donde:

Am" :(&dx”,Ady",Adz",Adt")es la diferencia entre los parametros del sismo i con

respecto del sismo j,

el
—~es la matriz de derivadas parciales del tiempo de viaje relativo (evento j -
om

evento i) de la fase k con respecto al vector de pardmetros m.

dr) =(t, —t})™ —(t, —t})* es el residual de la diferencia de tiempos entre los

sismos i, tedricos y calculados, para la fase k.
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La anterior expresion corresponde a un sistema sobredeterminado, que es resuelto a
través del método de minimos cuadrados o del método de descomposicion en valores
singulares (SVD). El método requiere que los tiempos de viaje de los sismos sean
suficientemente parecidos para formar grupos de eventos. En la secuencia de réplicas
registradas algunos sismos no cumplen con este criterio y, por lo tanto, fueron descartados
en el proceso de relocalizacion. Por esta razon se utilizaron unicamente 468 eventos, de un
total de 562, a lo largo del proceso. La figura 9 muestra una comparacion de las
localizaciones originales y las resultantes del proceso de relocalizacion. Se puede notar que
las réplicas relocalizadas se concentran un poco mas y presentan un alineamiento Sureste-
Noroeste, aparentemente. Sin embargo, el resultado mas claro de la relocalizacion se
muestra en la figura 10, donde se presentan las localizaciones de las réplicas proyectadas

sobre la seccion A-A’.

-100.25°
Figura 9. Relocalizaciones utilizando el método de doble diferencia (azul).

Localizaciones originales (rojo).

Después de la relocalizacion (figura 10, lado derecho), se observa que la franja de
sismicidad sigue siendo ancha, pero es posible definir el plano de falla. Otro punto
importante en esta figura es la alineacion (area sombreada) de sismos que difiere de la
principal, que podria asociarse con posible actividad en una falla conjugada a la falla donde
ocurri6 el sismo principal. Para poder determinar si esto es posible, seria necesario analizar

los registros de esta zona para encontrar posibles diferencias en el mecanismo de falla.
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Figura 10. Seccion perpendicular al plano de falla (4-A' de la figura 9).
Sismos localizados con la red temporal usando "seisan” (izquierda).

Sismos relocalizados con el método de doble diferencia (derecha).

Después de la relocalizacion (figura 10, lado derecho), se observa que la franja de
sismicidad sigue siendo ancha, pero es posible definir el plano de falla. Otro punto
importante en esta figura es la alineacion (area sombreada) de sismos que difiere de la
principal, que podria asociarse con posible actividad en una falla conjugada a la falla donde
ocurrio el sismo principal. Para poder determinar si esto es posible, seria necesario analizar

los registros de esta zona para encontrar posibles diferencias en el mecanismo de falla.
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Discusion y Conclusiones

La solucién del tensor de momentos muestra que el principal deslizamiento ocurrié
a una profundidad somera (5-8 Km). Esto sitia al sismo de Coyuca dentro de la placa
continental de Norteamérica. Las réplicas registradas en la red temporal de estaciones de
banda ancha muestran claramente que el plano de la falla buza esencialmente hacia el sur.
El nimero de réplicas generadas por el sismo de Coyuca fue especialmente grande con
respecto de la cantidad de réplicas que generan los sismos de subduccién en México. Un
analisis detallado de la distribucion espacial y temporal de las réplicas serd necesario para
conocer si hubo alguna migracion de la sismicidad o algin cambio sustancial en los
mecanismos focales.

Existe suficiente evidencia de que la placa de Norteamérica, al menos en el centro y
sur de México, se encuentra en tension (p. ¢j. Singh y Pardo, 1993; Pasquaré et al., 1988).
Sin embargo, el sismo de Coyuca es quiza la unica evidencia de esfuerzos tensionales
actuando sobre esta placa a menos de 80 Km. de la trinchera. Dos posibles escenarios
podrian explicar este estado:
- Retroceso de la trinchera
El fenomeno del retiro o retroceso de trinchera es observado cuando el propio peso de la
placa provoca que ésta se hunda y, por lo tanto, aumente el angulo de subduccion. Al
aumentar este angulo la linea de trinchera retrocede. En una zona acoplada, el
desplazamiento relativo de la linea de trinchera provoca extension en la placa cabalgante.
Las condiciones ideales para que ocurra este fendmeno incluyen una placa subduciendo con
un angulo pronunciado. Sin embargo, esta solucidn es poco plausible en este caso ya que la
zona de subduccion mexicana se caracteriza por una subduccién de muy bajo angulo
(subhorizontal).
- Erosion tectdnica.
El proceso de subduccion implica un “desgaste” en la zona de contacto. La placa que
subduce provoca que parte del material de la zona de contacto, perteneciente a la placa
cabalgante, sea desgastado y acarreado a mayor profundidad. Esto induce un aumento en la
pendiente del arco frontal cercano a la trinchera. La deficiencia de material en esta zona se

traduce en un sistema de fallas normales y en un retroceso del frente de la placa continental.
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Parece no haber ejemplos de sismos recientes de fallamiento normal en la placa cabalgante
debido a este proceso. Sin embargo, existen estudios en el norte de Chile (Delouis et al.,
1998) y en Centroamérica (Ranero y von-Huene, 2000; Vanneucchi et al., 2001) donde han
sido observadas fallas normales, no necesariamente activas, en la placa cabalgante, que han
sido atribuidas al proceso de erosion tectdnica. Si bien, los procesos de erosion tectonica
mds evidentes se encuentran asociados a fendmenos como la subduccién de montafias
submarinas (lo cual no sucede en la zona de Guerrero), recientemente la zona de
subduccion mexicana ha sido catalogada como un margen erosivo (p. ej. Clift y Vannucchi,
2004) evidenciado por la falta de un prisma de acreciéon importante.

Una tercera posibilidad, atin no estudiada, es que el alto grado de acoplamiento
entre las placas de Cocos y Norteamérica provoque Iobulos de esfuerzo tensional en zonas
localizadas en los limites de la zona sellada.

En primera instancia, ninguna de las tres posibilidades puede ser descartada. Sin
embargo, no existe mas evidencia de sismos de fallamiento normal, al menos recientes,
localizados en la placa cabalgante sobre la zona de contacto fuertemente acoplada en la
brecha de Guerrero.

Por otro lado, no se puede perder de vista el deslizamiento asismico registrado en la
zona de la brecha de Guerrero. El inicio del denominado “sismo lento”, a finales del 2001,
guarda gran coincidencia temporal con el sismo de Coyuca. Es probable que su principal
deslizamiento esté localizado justo debajo de la zona acoplada (Iglesias et al., 2004). Si
bien es dificil establecer una correspondencia obvia entre ambos eventos, la coincidencia

temporal y espacial induce a establecer una posible relacion (Kostoglodov et al., 2003).

Por otro lado, la presencia del sismo de Coyuca sugiere la existencia de fallas
normales en otras regiones costeras que pudieran generar sismos con las mismas
caracteristicas que el sismo de Coyuca y afectar a algunas ciudades importantes como lo

son el Puerto de Acapulco.
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Capitulo 111

“El sismo silencioso de 2002
en la brecha sismica de Guerrero,
Mexico(Mw=7.6): Inversion del
deslizamiento en la interfase de las placas y
algunas implicaciones”
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RESUMEN

Con el fin de determinar la distribucién de deslizamientos debida a un sismo lento que ocurrié en la intertase de las placas
en la zona de la brecha sismica de Guerrero, llevamos a cabo una inversién de los datos de posicion obtenidos a través de
estaciones GPS. Este sismo lento, con duracion aproximada de 4 meses. fue registrado por 7 estaciones permanentes de GPS
localizadas en un drea de ~550x250 km*. El mejor modelo obtenido. considerando algunas restricciones fisicamente razonables,
muestra que el deslizamiento ocurrié en la zona de transicién a una distancia de entre 100 y 170 km de la trinchera. El deslizamiento
promedio obtenido fue de alrededor de 22.5 em (Mo~2.97 x1077 dyna-cm, Mw=7.6). Nuestro modelo implica un aumento en los
esfuerzos de corte en la zona acoplada que se encuentra adyacente a la de transicién. Esta zona acoplada es la parte sismogénica
de la interfase. por lo que este modelo implica un incremento en el peligro sismico en la region. Los resultados obtenidos para
escenarios similares en otras zonas de subduccién favorecen también la eleccién de este modelo. Sin embargo, con los datos
disponibles, no es posible descartar un modelo que requiere que el deslizamiento lento invada también la zona sismogénica. Un
mayor nimero de estaciones de GPS, asi como un monitoreo mds prolongado de la deformacién. proporcionaria la informacién
necesaria para discriminar entre ambos modelos.

PALABRAS CLAVE: Sismo lento, brecha sisimica de Guerrero, GPS.

ABSTRACT

We invert GPS position data to map the slip on the plate interface during an aseismic, slow-slip event. which occurred in
2002 in the Guerrero seismic gap of the Mexican subduction zone, lasted for ~4 months, and was detected by 7 continuous GPS
receivers located over an area of ~550x250 km*. Our best model, under physically reasonable constraints, shows that the slow slip
occurred on the transition zone at a distance range of 100 to 170 km from the trench. The average slip was about 22.5 cm (Mo~2.97
x10% dyne-em. Mw=7.6). This model implies an increased shear stress at the bottom of the locked, seismogenic part of the
interface which lies updip from the transition zone, and, hence. an enhanced seismic hazard. The results from other similar
subduction zones also favor this model. However, we cannot rule out an alternative model that requires slow slip to invade the
seismogenic zone as well. A definitive answer to this critical issue would require more GPS stations and long-term monitoring.

KEY WORDS: Slow earthquake, Guerrero seismic gap. GPS.

INTRODUCTION

Recent continuous geodetic observations, made pos-
sible by widespread deployment of GPS receivers, have re-
vealed that slow slip events or silent earthquakes on plate
interfaces are a relatively common phenomenon (e.g. Heki
etal., 1997, Dragert et al., 2001; Ozawa et al., 2001; Miller
etal.,2002). Such observations promise to revolutionize our
understanding of the earthquake source process, interface
coupling, the earthquake cycle, and the rheology of the plate
interface.

Two silent earthquakes have been reported in the
Guerrero seismic gap (Lowry ef al., 2001; Kostoglodov et
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al.,2003). This gap is located along the Mexican subduction
zone. It extends from 99.2°W to 101.2°W (Figure 1). No
large subduction thrust earthquakes have occurred in the NW
part of the gap since 1911 (Singh et al., 1981). The region
SE of Acapulco, up to 99.2°W, has experienced only rela-
tively small (Mw=7.1) ecarthquakes since 1957. The entire
gap is about 200 km in length. If the gap were to rupture in a
single earthquake, it would give rise to an event ol magni-
tude Mw of 8.1-8.4 (Singh and Mortera, 1991). Because such
an event poses great seismic hazard to Acapulco, the state of
Guerrero, and to Mexico City, this region has been instru-
mented with seismographs, accelerographs, and GPS receiv-
ers. Figure | shows the 7 permanent, continuous GPS re-
ceivers that were in operation in the region in January 2003.
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The first silent earthquake occurred in 1998, It was
detected by the continuous GPS receiver at CAYA (Figure
1), the only station in operation at the time (Lowry ef al.,
2001). The most active phase of the second, much larger,
slow earthquake began in January 2002, and lasted for about
four months (Kostoglodov ez al., 2003). 1t was recorded by
seven continuous GPS receivers located over an area of
~550x250 km? (Figure 1). The data and a preliminary inter-
pretation based on two-dimensional forward modeling were
presented in a previous work (Kostoglodov et al., 2003). In
that work the authors conclude that the data could be inter-
preted by one of two extreme models. One model implies
increased seismic hazard in the Guerrero gap (slip occurring
only over the transition zone), while the second model points
to diminished hazard (slip extending over the seismogenic
zone). In this study, we formally invert the data, adding physi-
cal constraints, to map the slip on the plate interface. Our
@oal is to resolve which of the two scenarios, increased or
diminished hazard, is better supported by the data. Clearly,
the issue is of critical importance because of its tectonic and
seismic hazard implications,

TECTONIC SETTING AND THE GEOMETRY OF
THE BENIOFF ZONE

Figure | shows the tectonic setting of the Guerrero seis-
mic gap. The oceanic Cocos plate subducts below continen-
tal Mexico, a part of the North American (NOAM) plate.
The rate of Cocos motion relative to NOAM is ~5.6 = 0.21
cm/yr in the direction N35°E (NUVEL-1A model, DeMets
etal., 1994).

Several studies deal with the geometry of the Benioff
zone below Guerrero (e.g., Sudrez et al., 1990; Singh and
Pardo. 1993). The results of these studies share a common
feature: the oceanic Cocos plate enters below Mexico with a
small dip (~15°), begins unbending at a distance of 100 km
from the trench, and becomes subhorizontal at a distance of
about 150 km. Figure 1 (bottom) shows an idealized cross
section based on the locations of small and moderate earth-
quakes and their focal mechanisms (J. Pacheco, personal com-
munication, 2003). In this idealization, the subducted Cocos
plate enters below Mexico with a dip of 17° up to a distance
ol 100 km from the trench and then becomes almost hori-
zontal (dip 2°). We will use this geometry in the inversion of
the GPS data.

DATA

Kostoglodov er al. (2003) presented the time series of
positions, relative to McDonald Observatory (MDO), Texas;
of cach of the seven GPS sites. These data exhibit all sites
moving NE before January 2002. At this time, the sense of
motion reversed and continued to do so for ~4 months. In
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May 2002, the motion resumed its pre-January 2002 direc-
tion at all sites. As an example, Figure 2 shows the time
series of position for station CAYA during the interval Janu-
ary 1997 — July 2002. Silent events, one at the beginning of
1998 and another at the beginning of 2002, are highlighted
in the figure.

To determine the change in the position of the sites,
we took the coordinate time series relative to MDO, sub-
tracted the difference in NUVELIa velocities of the North
American plate at MDO and each site, and inverted, via
weighted least squares, for a best-fit line superimposed by a
hyperbolic tangent function. Table 1 and Figure I summa-
rize the resulting estimates of steady-state velocity and
anomalous displacement. The motion during the slow slip
was not perfectly opposite to that during the steady-state
phase. instead it had a significantly less strike-parallel com-
ponent of motion.

INVERSION FOR SLIP

To invert for slip on the plate interface, we use the fault
geometry shown in Figure 1. The strike of the fault is cho-
sen to coincide with the middle America trench (azimuth
$=289°). The length of the fault along strike is 600 km. The
horizontal projection of the fault has a width of 350 km (Fig-
ure 1). The fault is subdivided into 3x4 elements, three along
strike and four in the down-dip direction. A larger number
of elements is not warranted in view of the small number of
observations. We denote the elements by (i,/), i=1 to 3 and

J=1104.The elements (2j) coincide with the Guerrero seis-

mic gap. We note that the widths of the elements along the
down-dip direction have been chosen to reflect our current
knowledge of the seismic behavior of the plate interface
along the Mexican subduction zone. Quite generally, large,
shallow thrust earthquakes in Mexico do not occur between
the trench and a distance of ~50 km towards the coast. The
seismogenic zone roughly extends from 50 km to 100 km,
and the transition zone extends beyond 100 km. The ele-
ment widths have been chosen to reflect this (Figure 1): 0-
50 km; 50-100 km; 100-170 km: 170-350 km. Note that the
division of the transition zone in two segments, 100 km to
170 km and 170 km to 350 km, is arbitrary. As Figure 1
shows there are more GPS sites in the Guerrero gap than in
the adjacent regions. For this reason, we expect the slip on
clements (2,/) to be better resolved than those on other ele-
ments.

In the inversion, the displacement from each rectangu-
lar element is calculated using closed form expressions de-
veloped by Okada (1992). The rake of the slip vector, A, is
taken as an unknown parameter but is assumed to be the
same for each element. The displacement from slip over the
elements of the fault plane may be written as:
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Fig. 1. (Top) Location of permanent GPS sites in and near the Guerrero seismic gap, Mexico. The vectors at the sites indicate horizontal

position change for a year of interseismic, steady state strain accumulation phase (dark arrows) and during the January-April, 2002 slow-slip

{(white arrows). The vectors near the mid-America trench (MAT) illustrate velocity of Cocos plate relative to NOAM plate. Large rectangle is

the horizontal projection of the plate interface over which the slip was inverted from the GPS data. The rectangle is divided in (3x4) elements.

The element number is shown in parentheses. Guerrero gap coincides with elements (2,)). (Bottom) Idealized geometry of the Benioff zone
along AA’ used in the inversion. The white and the dark segments of the interface indicate the element widths.
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Table 1

Position change of GPS sites in southern Mexico relative to McDonald Observatory, Texas. Z is positive upward. o is the
standard deviation.

Site Steady-state phase Slow-event phase
(yearly) Jan-Apr 2002 (4 months)
AN=o AEzc, AZzxo, ANzo AEzxo, AZ+o,
(cm) (cm) {cm) (em) {em) (cm)
CAYA 1.6420.01 1.60£0.02  1.0420.06 -3.57+0.06 -1.76=0.09 -6.12+0.27
ACAP 1.96=0.02 1.71x0.03  1.50=0.10 -4.49+0.05 -0.96+0.07 -2.05+0.22
IGUA 1.540.05 0.99+0.08  -0.47+0.23 -4.35+0.07 -1.18+0.11 1.98+0.34
YAIG 0.8320.02 0.77+0.03 0.77+0.08 -1.97£0.05 -1.47+0.10 2.90+0.26
ZIHP 2.02+0.04 1.89+0.06  -0.22+0.18 -2.0420.06 -1.33x0.09 -6.00+0.26
PINO 2.13+0.06 1.92+0.08  1.14x0.24 -2.50+0.09 -0.60=0.13 -7.20+0.38
OAXA 2.24+0.09 1.63x0.13  -1.58+0.38 -2.20=0.12 -2.34=0.18 3.28+0.50
3.4 observed and predicted displacements for the L-th compo-
Uy = E E(Gd:(.j *S;; *sin(\) +Gsffj *cos(\)) nent-station and w;_ (weight for each component-station) is
bl jod ’ the reciprocal of standard deviation over data (o) .

where w; is the displacement vector at station &, Gd,-t,- and
Gsfj are the displacements al station k due to the unit pure
dip slip and unit pure strike slip on the (i,j) element, respec-
tively, and S;, is the slip on the (i,j) element.

We invert for slip distribution using a simulated an-
nealing algorithm. This algorithm allows us flexibility in
imposing constraints on the misfit function and to assign
weights to the data. Recently, the simulated annealing algo-
rithm has been applied to solve some inverse problems in
seismology (e.g., Hartzell and Liu, 1995; Courboulex et al.,
1996; lglesias er al., 2001). The method explores the whole
model solution space using a procedure based on the equa-
tions that govern the thermodynamic process known as an-
nealing (Kirkpatrick er al.. 1983). Several works show that
this process guides efficiently the search to reach a global
minimum of misfit. Some details of this inversion technique
may be found in Goffe et al. (1994) and Iglesias et al. (2001).

As misfit function to minimize, we choose an 1.2 norm:

n

. by
misfit = \ E(u,_

L=l

2
pre)” x
=l ) Wi

where n is the number of data points (n=number of compo-

nents multiplicd by number of stations), »$*, 4" are the
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Slow-slip phase

The data set consists of 21 values. The unknown pa-
rameters are |3, corresponding to 12 slip amplitudes on (3x4)
elements and 1 slip direction. First we inverted for the slip
distribution without any further constraint. The results showed
a large slip on the clement (2,3) that lies between 100 and
170 km from the trench. The slip on this element was at least
twice greater than on any other element. We then performed
several tests by changing the number of elements in the down-
dip direction. Basically, the solutions showed that the slip on
the central strip (2/) (corresponding to the Guerrero seismic
gap) is well resolved. The slip on the elements (1,/) and (3 /),
however, significantly changed with any change in the num-
ber of the elements, indicating that the slip distribution on
these elements is not well resolved from the available data.
These initial tests suggest that the solutions are unstable be-
cause of a large number of parameters (13), relatively small
number of data points (21), and their spatial distribution.

Before performing additional inversions, we imposed
further constraints that are physically reasonable. We required
that the slip on the elements (i,1) be equal. The same con-
straint was imposed on the elements (/,4). These bands rep-
resent the shallowest and deepest portion of our model (Fig-
ure 1). In the initial tests, the lateral elements (1.2), (1.3).
(3,2), (3,3) had shown significant instability due to lack of
stations. For this reason, we constructed bigger blocks by
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Fig. 2. Time series of the position of CAYA station for the interval from January 1997 1o July 2003. Shaded rectangles show the two silent
events recorded by the station. (Modified from Kostoglodov et al., 2003)

setting the slip on (1.2) to be equal to that on (1,3) and the
slip on (3,2) to be equal to that on (3,3). These constraints
reduced the number of free parameters from 13 to 7. Physi-
cally, the slip at the boundaries of the elements must be
continuous. In our inversion, however, we have not imposed
this condition. The result of the inversion is shown in Fig-
ure 3 (top). We point out that the misfit resulting from this

model (10.8 cm) is similar to that from the model where slip
on cach of the 13 elements is free (7.9 ¢m). The total seismic
moment release, assuming a rigidity u=3.5x10"" dyne/cm?,
is 2.97 x10*" dyne-cm (Mw7.6).

Figure 3 (top) shows that the slow slip was mostly con-
fined to the element (2,3). This element extends from 100 to
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170 km from the trench and corresponds to the transition
zone. This segment of the plate interface slipped about 22.5
em in 4 months. The slip direction (rake) was 91°. The pa-
rameters of the slow slip on the interface can be described
by the usual convention for focal mechanisms: ¢ = 288°,
0=2°3=91° Noslip occurred on the elements (2,1) and (2,2).
The observed position change at sites IGUA and YAIG, how-
ever, requires a slip on the element (2,4). It is important to
note that the amount of slip on elements (2,3) and (2,4) de-
pends on the widths of the elements. A smaller width would
result in a larger slip and vice versa.

As mentioned above, a critical question is whether the
slow slip also extended over the seismogenic zone of the
Guerrero gap (element (2.2)). To test this possibility, we
merged elements (2.3) and (2.4) together. The result of this
inversion is shown in Figure 3 (middle). The slip on the two
merged elements is ~11.8 cm. The slip direction is 91°. The
total seismic moment release (3.05 x10° dyne-cm) is very
similar to the previous case. The misfit (10.8 cm) is slightly
greater and the fit to the vertical components is now worse
than in the previous case. Thus, the results of the inversions
favor a slow slip that was mostly confined to the transition
zone, in the distance range of 100 to 170 km from the trench
(Figure 3. top). This is our best model.

Steady-state phase

The data on vearly position change of GPS sites during
the steady-state phase of the deformation (Table 1) were in-
verted using the same fault geometry and constraints as in
the previous case. The slip distribution, shown in Figure 3
(bottom). suggests that in the Guerrero gap (clements (2,j))
the data can be explained by an average back slip (20) of
~4.1 em on the plate interface between 50 and 170 km from
the trench (elements (2,2) and (2,3)). The plate interface fur-
ther down dip, in the distance range of 170 to 350 km from
the trench (element (2,4)), requires a back slip of ~1.6 ¢cm.
The back slip in this element appears to be real in view of
the position change of inland sites of IGUA and YAIG (Fig-
ure 1). The inversion also shows that the elements nearest to
the trench (i,1) require a back slip of ~1.9 cm. The back slip
on the lateral elements (1,2) and (1,3), and (3,2) and (3,3)
are ~ 6. cm and 5 cm, respectively. The direction of back slip
(rake) is —108°, which is consistent with the direction of con-
vergence of Cocos with respect to NOAM of 35°,

DISCUSSION AND CONCLUSIONS

The displacement vectors at GPS sites above the sub-
duction zone of Guerrero, Mexico, during the steady-state
phase of strain accumulation are in agreement with the rela-
tive convergence of Cocos with respect 1o NOAM (5.6 cm/
vr towards N35°E). The inversion of the GPS data. with
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Fig. 4. Cumulative seismic moment release curve for the Guerrero

region; modified from Anderson ¢t al., 1989. Slopes of the parallel

lines, both of which envelop the curve. correspond to 100% seis-

mic coupling (a=1.0, continuous lines) and 70% coupling (a=0.7,
dashed lines) (see text).

physically reasonable constraints, shows an almost com-
pletely locked plate interface in the distance range of 50 to
170 km from the trench and a partially locked (~35%) inter-
face further down dip between 170 and 350 km from the
trench (Figure 3, bottom). The direction of the back slip vec-
tor, -108°, is consistent with the direction of the relative con-
vergence vector.

The reversed motion of the GPS sites, which began in
January 2002 and lasted for around four months, demonstrates
the occurrence of a large silent earthquake. Our best model
shows that the slow slip occurred below the Guerrero seis-
mic gap on the plate interface that extends from ~100 to 170
km (slip ~22.5 cm) and from 170 to 350 km (slip ~3.5 cm).

The direction of slow slip was 91°. In this model, the slow

slip did not extend over the upper. locked portion of plate
interface (~50 to 100 km from the trench). Thus the slip of
22.5 em in four months cancelled the strain accumulated on
the element (2,3) (~100 to 170 km [rom the trench; Figure 3,
top) during about five years of steady-state loading. This is
our preferred model. A consequence of this model is an in-
creased shear stress at the bottom of the locked interface,
thus enhancing the probability of rupture of the Guerrero
seismic gap in the near future. Support for this model comes
from slow slip on the transition zone reported in other re-
gions where the age and relative speed of the subducting plate
is similar, e.g., (Draggert et al., 2001) and before 1944
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Tonankai and 1946 Nankaido great earthquakes in Japan
(Linde and Sacks, 2002).

The alternative model, in which slow slip extends over
the seismogenic zone, results in larger misfit than in the pre-
vious case. Nevertheless, we cannot discard this model on
this basis alone, since the difference in the misfit between
the two models is significant at only about 85% confidence.
If, indeed. this is the correct model, then the slow event lib-
erated some fraction of the accumulated strain, thus dimin-
ishing the seismic hazard in the near future. This fraction
cannol be estimated from the GPS data since they cover only
a short time span.

Which of the two models is in better agreement with
seismic history of the region? The cumulative seismic mo-
ment release in Guerrero gap as a function of time, for the
period 1800-2003 (modified from Anderson er al., 1989), is
shown in Figure 4. The figure includes two sets of parallel
lines both of which envelop the moment release. The slopes
of these two sets of lines, 0.20x10%7 and 0.14x10”dyne-cm/
yr, correspond to perfect seismic coupling (a=1.0) and par-
tial seismic coupling (=0.7), respectively. In computing
these slopes, we have assumed a seismogenic zone with
width=50 ki, length=200 km, relative plate velocity=5.8 cm/
vr, and rigidity u=3.5x10" dyne/cm?®. As can be seen from
Figure 4, the time series is not long enough to discriminate
between a fully-coupled and a partially-coupled seismogenic
interface.

It will require more extensive data to map the process
of strain accumulation and release in the region. If the pro-
cess is non-periodic in Guerrero, as it appears to be the case
(Kostoglodov et al., 2002), then a more definitive answer
may require very long-term monitoring as well.

ACKNOWLEDGMENTS

Fruitful conversations with Javier Pacheco and Shoichi
Yoshioka are acknowledged. This research was partially
funded by CONACYT grants G25842-T, 37293-T, PAPIIT
erant IN104801. and NSF grants EAR 9725712 and 0125618.

BIBLIOGRAPHY

ANDERSON, J. G., S. K. SINGH, J. M. ESPINDOLA and
J. YAMAMOTO, 1989. Seismic train release in the
Mexican subduction thrust. Phys. Earth Planet. Int., 58,
307-322.

COURBOULEX F, J. VIRIEUX, A. DESCHAMPS, D.
GIBERT and A. ZOLLO, 1996. Source investigation of

316

small events using empirical Green [unctions and simu-
lated annealing. Geophys. J. Int., 125, 768-780.

DEMETS. C., R. GORDON, D. ARGUS and R. STEIN,
1994. Effect of recent revisions to the geomagnelic re-
versal time scale on estimates of current plate motions.
Geophys. Res. Lert.. 21, 2191-2194

DRAGERT. H., K. WANG, K. and T. S. JAMES, 2001. A
silent slip event on the deeper Cascadia subduction in-
terface. Science, 292, 1525-1528.

GOFFE, W., G. D. FERRIER and J. ROGERS, 1994. Global
optimization of statistical functions with simulated an-
nealing. J. Econom., 60, 65-100.

HARTZELL. S. and P. LIU, 1995. Determination of earth-
quake source parameters using a hybrid global scarch
algorithm. Bull. Seism. Soc. Am., 85, 516-524.

HEKI, K., S. MIYAZAKI and H. TSUJI, 1997. Silent fault
slip following an interplate thrust carthquake at the Ja-
pan Trench. Nature, 386, 595-597

IGLESIAS. A.. V. M. CRUZ-ATIENZA, N. M. SHAPIRO,
and J. F. PACHECO, 2001, Crustal structure of south-
central Mexico estimated from the inversion of surface
-wave dispersion curves using genetic and simulated an-
nealing algorithms. Geofis. Int., 40, 181-190.

KIRKPATRICK, S., C. D. GELATT and M. P. VECCHI.
1983. Optimization by simulated annealing. Science,
220, 671-680.

KOSTOGLODOV, V., S. K. SINGH, W. HUTTON, O.
SANCHEZ, K. M. LARSON and A. R. LOWRY, 2002.
How frequent are subduction aseismic slip events in
Guerrero, Mexico. Seism. Res. Lent., 73, 245.

KOSTOGLODOV. V., §. K. SINGH. J. A. SANTIAGO, S.
I. FRANCO, K. M. LARSON, A. R. LOWRY and R.
BILHAM, 2003. A silent earthquake in the Guerrero seis-
mic gap, Mexico. Geophys. Res. Lett., 30, 1807.

LINDE,A.T. and 1. S. SACKS, 2002. Slow earthquakes and
great earthquakes along the Nankai trough. Earth Planer.
Sc. Lett., 203, 265-275.

LOWRY, A. R., K. M. LARSON, V. KOSTOGLODOV and
R. BILHAM, 2001. Transient fault slip in Guerrero,
southern Mexico. Geophys. Res. Lett., 28, 3753-3756.

58



MILLER, M. M.. T. MELBOURNE, D. J. JOHNSON and
W. Q. SUMNER, 2002. Periodic slow earthquakes from
the Cascadia subduction zone. Science, 295, 2423,

OKADAY., 1992, Internal deformation due to shear and ten-
sile faults in a half-space. Bull.Seism. Soc. Amn., 82, 1018-
1040,

OZAWA, S., M. MURAKAMI and T. TADA, 2001. Time-
dependent inversion study of the slow thrust event in
the Nankai trough subduction zone, southwestern, Ja-
pan. J. Geophys. Res.. 106, 787-802,

SAVAGE, I. C.. 1983. A dislocation model of strain accu-
mulation and release at a subduction zone. J. Geophys.
Res., 88, 4984-4996.

SINGH. S. K.. J. HAVSKOV and L. ASTIZ. 1981. Seismic
gaps and recurrence periods of large earthquakes along
the Mexican subduction zone. Bull. Seism. Soc. Am., 71,
827 843.

SINGH, S. K. and F. MORTERA, 1991. Source-time tunc-
tions of large Mexican subduction earthquakes, morphol-

The silent earthquake of 2002 in the Guerrero seismic gap

ogy of the Beniofl zone and the extent of the Guerrero
gap. J. Geophys. Res., 96, 21487-21502.

SINGH, S. K. and M. PARDO, 1993. Geometry of the BeniofT
zone and state of stress in the overriding plate in central
Mexico. Geophys. Res. Lett., 20, 1483-1486.

SUAREZ, G., T. MONFRET, G. WITTLINGER and C.
DAVID, 1990. Geometry of subduction and depth of the
seismogenic zone in the Guerrero gap, Mexico. Nature,
345, 336-338.

A. lglesias', S.K. Singh', A. R. Lowry? M.
Santoyo', V. Kostoglodov', K. M. Larson® and S.

I. Franco-Sanchez'

" Instituto de Geofisica, Universidad Nacional Auténoma de
México, México, D.F., México

Email: "Arturo Iglesias" <amg @ollin.igeofcu.unam.mx>

* Department of Physics. University of Colorado, Boulder,
Colorado, USA

* Department of Aerospace Engineering Science, University
of Colorado, Boulder, Colorado, USA

59 317



Capitulo IV

“Los sismos de trinchera en México
presentan aceleraciones maximas
anomalamente bajas”
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Near-Trench Mexican Earthquakes Have Anomalously

Low Peak Accelerations

by A. Iglesias, S. K. Singh, J. F. Pacheco, L. Alcantara, M. Ortiz, and M. Ordaz

Abstract It has previously been reported that regional seismograms of earth-
quakes that occur near the Middle America trench are relatively deficient at high
frequencies. Based on this observation, an algorithm has been proposed for detecting
potentially tsunamigenic earthquakes and issuing tsunami alerts. It is reasonable to
expect relatively low peak accelerations during these earthquakes. In this note, we
present evidence that this is indeed the case. This explains why the seismic alert
system for Mexico City, with sensors located along the coast, does not trigger during
some earthquakes. Low peak accelerations from near-trench earthquakes also have
important implications in seismic hazard estimation.

Introduction

Shapiro er al. (1998) showed that earthquakes in Mexico
that occur near the Middle America trench are abnormally
depleted in high-frequency radiation at the broadband station
CUIG, located in Ciudad Universitaria, Mexico City. This
station lies about 300 km from the nearest point of the Pacific
coast (Fig. 1). Shapiro et al. suggested that the converse may
also be true, that is, all events depleted in high-frequency
radiation at CUIG may be located near the trench. Because
of their near-trench location, these earthquakes, if they are
large enough in magnitude, are potentially tsunamigenic. In-
deed, on the basis of these observations, Shapiro et al. pro-
posed a fast and simple method for identifying tsunamigenic
earthquakes along the Mexican subduction zone. The
method relies on the ratio of the total radiated energy to
the high-frequency energy (f = 1 Hz), ER, computed from
the CUIG seismograms. The same seismograms are also used
to compute preliminary magnitudes, M, and M,, of Mexican
earthquakes (Singh and Pacheco, 1994). M, is based on the
amplitude of long-period (15-30 sec) waves, while M, is
based on seismic energy computed from the seismograms at
CUIG. These magnitudes are related to M,,. The estimation
of magnitude and ER can be accomplished in about 5 min
after the origin of the earthquake, and a useful tsunami alert
can be issued. A precise location of the event is not required;
an ER greater than 100 is found to be sufficient evidence that
the earthquake is near trench.

Since the near-trench events are depleted in high-
frequency radiation, it follows that during such earthquakes
the peak accelerations, A,,,,, at CUIG and other stations in
the Valley of Mexico would be less than during near-coast
earthquakes of the same magnitude. It also seems reasonable
to expect relatively low A, along the coast for near-trench
earthquakes. Unfortunately, the issue of A, from near-
trench earthquakes was not addressed in the previous article.

953

The recent earthquake of 18 April 2002, 05:03 (M., 6.7),
has motivated us to look at this issue carefully. The earth-
quake was located about 55 km from the coast of Guerrero,
Mexico (Fig. 1). This part of the coast is instrumented by
the Guerrero Accelerograph Array (GAA) (Anderson et al.,
1994) and the Seismic Alert System (Sistema de Alerta Sis-
mica [SAS]) (Espinosa Aranda et al., 1995). The goal of SAS
is real-time detection of earthquakes that may be damaging
to Mexico City and alerting the population of the city of
incoming strong ground motions. The magnitude and loca-
tion of the earthquake of 18 April was such that it should
have triggered the SAS stations. However, the peak accel-
erations at SAS sensors, apparently, did not exceed 5 Gal
and, for this reason, the system did not trigger (J. M. Espi-
nosa, personal comm., 2002). The GAA stations were located
at R = 65 km (Fig. 1). A visit to the closest seven GAA
stations (65 km = R = 136 km), shown in Figure 1, revealed
that none of them triggered during the event, indicating that
the A, was less than 3 Gal, the trigger level at these sites.
The low accelerations along the coast and in the Valley of
Mexico (where only a few stations in the lake-bed zone trig-
gered) immediately raised questions about the accuracy of
the magnitude and the location of the earthquake. Since this
scenario is likely to recur in the future, it is important to
understand the cause of this discrepancy.

In this note we show that the discrepancy arose because
the earthquake was located near the trench. We find that the
peak accelerations along the coast and in the Valley of Mex-
ico from near-trench earthquakes are indeed less than those
during the near-coast events. Thus, the earthquakes that are
deficient in high-frequency radiation at the broadband sta-
tion of CUIG (with ER > 100) are potentially tsunamigenic.
This is the bad news. The good news is that they give rise
to relatively low peak accelerations at the coastal and inland
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Figure 1.  Locations of the events of 18 April 2002
(open circles). M, mainshock; A, principal aftershock.
Broadband stations in the region are indicated by rec-
tangles. Triangles show locations of accelerographs
of GAA in the immediate neighborhood of the events.
Peak accelerations at these stations were less than
3 Gal.

sites and, hence, are less likely to cause damage from strong
ground motions. However, there is catch to this good news.
Because of its low acceleration, the earthquake may go un-
felt by the coastal inhabitants and a large tsunami may be
their first exposure to the phenomenon. This was the case
during the 2 September 1992 tsunami earthquake of Nica-
ragua (my, 5.3; M, 7.2; M, 7.6). The ground motion during
the earthquake was very weak along the entire coast of Nic-
aragua. The earthquake was lightly felt, if at all, in the

Short Notes

coastal village of El Transito, located 85 km east-northeast
of the epicenter. Yet, the village was devastated by a tsunami
(Ide er al., 1993). This emphasizes the importance of the
implementation of a tsunami alert system on the line pro-
posed by Shapiro et al. (1998).

Earthquakes of 18 April 2002

Source Parameters

Table | lists source parameters of the mainshock of 18
April 2002 and some of its larger, immediate aftershocks. It
includes an event that occurred on the same day but a few
hours later (18 April 2002, 17:57, M,, 5.9). Although this
event may not strictly qualify as an aftershock, as it is located
43 km from the mainshock, in the following we will denote
it as the principal aftershock. The locations given in the table
are based on local and regional data. For the mainshock, the
table also provides the source parameters reported in the
Harvard Centroid Moment Tensor catalog. Figure 1 shows
the epicenters of the events listed in Table 1. We note that
the locations of the events lie near the trench. Figure 2 il-
lustrates the locations of the earthquakes studied by Shapiro
et al. (1998) and the two events of 18 April. Table 2 gives
a list of all events,

Evidence of Deficient High-Frequency Radiation

Since the locations of the 18 April mainshock and its
principal aftershock are close to the trench, we expect these
events to be relatively deficient in high-frequency radiation.
This can be seen in Figure 3, which shows the north-south
velocity traces and the spectra of the near-coast earthquake
of 15 July 1996 (M., 6.6, event 14, Table 2) and the 18 April
mainshock (M,, 6.7, event 20, Table 2) recorded at CUIG.
The character of the 18 April seismogram is markedly dis-
tinct. The spectrum of the 18 April event at f = 0.6 Hz is
much lower than that of the 15 July event, and ER values
are 519 and 7.8, respectively (Table 2). While V,,, is about
the same for both events (~0.5 cm/sec), the A, values are
0.85 and 3.7 Gal, respectively.

To quantify the relative high-frequency radiation, we
computed ER defined by (Shapiro er al., 1998)

Table 1
Source Parameters of the Earthquake of 18 April 2002 and Some Its Aftershocks
Date Latitude Longitude Depth My
(yymmdd) Time Ny (“E) (km) Strike Dip Rake (dyne cm) M
020418* 05:02:43.5 16.75 - 101.06 6.0 291° 9° 89° 1.5 x 10% 6T M,
020418" 07:24:27.3 16.77 —-101.00 2.0 24 x 102 42 M,
020418 08:01:34.9 16.82 —101.01 2.0 4.3 M,
020418 08:28:05.7 16.83 - 101.07 20 43 M,
020418* 17:57:23.9 16.96 —101.40 4.0 273° 17° 81° 8.8 x 10* 59M,

*Moment and focal mechanism from Harvard CMT catalog.
"Moment from regional data.

*All epicentral locations and depths are from local/regional data. Depths are poorly constrained.
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Figure 2.  Location of events whose total to
high-frequency energy ratio, ER, have been es-
f timated. Event numbers are keyed to Table 2.
20N For near-trench (open circles and white rupture
areas) and near-coast events (triangles and
shaded rupture areas), ER is greater than and
less than 100, respectively. Modified from Sha-
[} piro et al. (1998).
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Table 2
Earthquakes and Their Source Parameters
Daie Latitude Longitude My e
No. (yy.mm.dd) (*N) (“E) (dyne cm) M, ER (erg) EJ/M,
1 85.00.19 18.1 -102.7 1.1 x 10% 8.0 459 8.5 x 10 77 % 107°
2 85.09.21 17.6 -101.8 29 x 107 7.5 35.8 2.2 x 102 76 x 10 °
3 89.04.25 16.6 -99.5 24 x 10* 6.9 53.1 2.5 x 10™ 1.0 % 107°
4 93.10.24 16.5 -99.0 1.0 x 10% 6.6 31.5 £ AT 1.1 x 1077
5 93.11.13 15.7 -99.0 4.1 x 10 5.7 173 2.3 % 10" 5.6 % 107
6 94.12.10 18.0 —101.6 5.2 X 10% 6.4 19.5 2.8 x 10® 54 x10°°
7 95.09.14 17.0 —-99.0 1.3 x 107 13 62.4 12 x 107 92 x 10°°
8 95.10.06 18.8 —104.5 5.8 x 10% 5.8 40.8 - -
9 95.10.09 18.8 —~104.5 1.1 x 10% 8.0 258 1.8 x 10* 1.6 x 107°
10 95.10.12 18.7 -104.2 1.0 x 10¥ 5.9 46.6 3.0 x 10" 30x 1070
11 96.02.25 15.6 —98.3 5.5 % 10%® 7.1 174 1.3 x 10* 24 % 10°°
12 96.02.26 15.7 —-98.2 2.3 x 10% 55 472 - =
13 96.03.19 15.5 -97.6 6.9 x 10* 5.8 160 - -
14 96.07.15 17.5 —-101.1 1.0 x 10 6.6 7.8 33 x 10% 33 x 10°°
15 97.01.16 18.1 -1029 92 %1 5.5 20.2 - -
16 97.01.21 16.4 —98.2 2.1 x 10% 5.5 5.6 B -
17 97.07.19 16.0 —98.2 1.2 x 10% 6.7 227 2.3 % 10" 1.9 x 107
18 96.02.21 -9.6 -79.6 2.2 % 107 7.5 1180 5.7 x 10* 26 % 107°
19 96.11.12 -15.0 -75.1 4.6 x 107 7.7 10.1 22 x 10 48 x 10°¢
20 02.04.18 16.8 -101.1 1.5 x 10* 6.7 519 - -
21 02.04.18 17.0 —101.4 8.8 x 10* 59 132 - =

Modified from Shapiro er al. (1998).

*For all events, except 18, E, is taken from NEIC reports. NEIC uses the method of Boatwright and Choy (1986) to estimate E,. E, for event 18§ is taken

from Venkataraman (2002).

oo

I VA(Hdf

0

ER = = (1)

I VA()df

where V3(f) = Vi (f) + VE2(f) + V2(f), and V,(f) is the
Fourier spectrum of the ith component of the velocity seis-

mogram at CUIG normalized to a distance of 400 km. For
the normalization we assume that the geometrical spreading
is given by R ' (surface waves) and the anelastic attenu-
ation is given by e ~"*VCP where Q(f) = 273 f*7 is the
quality factor (Ordaz and Singh, 1992). We take U, the group
velocity of surface waves, as 3.75 km/sec. To ensure that
the spectra are above the noise at CUIG, the upper limit of
the integrations in equation (1) is set at 5 Hz. The ER values
of the mainshock and the principal aftershock are 519 and
132, respectively. These values of ER are listed in Table 2
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Left: North-South velocity traces of the earthquakes of 18 April 2002

(M, 6.7) and 15 July 1996 (M,, 6.6) recorded at CUIG. Right: The corresponding

velocity spectra.

along with the values for the events analyzed by Shapiro et
al. (1998). Figure 4 (top) shows plot of ER versus magnitude
of the events. In this plot the dashed line divides near-coast
and near-trench events. We note that the ER value is greater
than 100 for all near-trench events, including the two earth-
quakes of 18 April. Events with ER > 100 were defined as
potentially tsunamigenic by Shapiro er al. Based on this def-
inition, the 18 April events are potentially tsunamigenic
earthquakes.

Newman and Okal (1998) reported that the radiated
seismic energy—to—moment ratio, E./M,, is a powerful dis-
criminant for tsunami earthquakes. This suggests that events
with high values of ER should also have low values of E,/
M. Table 2 lists teleseismic estimates of E; and E /M. Note
that the E; estimates are not available for several events
listed in Table 2, including the two earthquakes of 18 April
2002. Figure 4 (bottom) illustrates the E,/M, versus ER plot.
There is a large scatter in the data, partly due to the uncer-
tainty in the estimated values of E, (see Singh and Ordaz,
1994). In general, however, if ER is greater than 100 for an
event, then E./M, is less than 3 X 107%, E./M, values for
the recent tsunami earthquakes of Nicaragua (2 September
1992, M,, 7.6), Java (2 June 1994, M, 7.8), and Peru (21
February 1996, M,, 7.5) are 1.5 X 107% 0.6 X 107, and
2.6 X 10 ° respectively (Venkataraman, 2002). For these
events, the expected values of ER are greater than 100 (Fig.
4, bottom). In fact, ER for the Peruvian earthquake is 1180,
the largest value in Table 2.

Okal and Newman (2001) searched for a regional trend
in E,/M, in the subduction zones of the three tsunami earth-
quakes mentioned previously. They reached a negative con-

clusion. Our results for the Mexican subduction zone are
positive: all events with ER > 100 are located near the
trench.

Low Peak Accelerations

As mentioned earlier, it is reasonable to expect that the
near-trench earthquakes (ER > 100) would give rise to
smaller-than-expected peak accelerations. The fact that the
SAS did not trigger during the two events of 18 April sup-
ports this inference. Figure 5, which shows a plot of A,
versus hypocentral distance R during four near-trench earth-
quakes of Mexico, provides a quantitative support. A rea-
sonable number of accelerograms are available only for
these near-trench earthquakes. Two of these earthquakes oc-
curred off the coast of Pinotepa Nacional (events 11 and 17,
Table 2, Fig. 2), and the other two events are those of 18
April. The observed A,,,, in all four cases is much smaller
than the predicted value at a hard site for near-coast earth-
quakes. These predicted values are given by the relation (Or-
daz et al., 1989):

log Apay = 0.3 M, — log R — 0.0031R + 1.76 (2)

with a standard deviation in log A, of 0.25. In equation
(2), Apax = AN + Ag%)"%/2, Ay and A are peak accel-
erations (in galileos) in the north-south and east-west di-
rections, respectively, and R is in kilometers. As mentioned
above, the SAS stations trigger at A, = 5 Gal. The present
trigger level of the seven closest stations of GAA (65 km =
R = 136 km) is set at 3 Gal. As none of these stations
triggered, this provides further constraint on A, during the
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Figure 4. Top: Plot of ER versus M,,. The dashed
line divides near-trench and near-coast events. Events
20 and 21 are the two 18 April 2002 earthquakes
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(1998) Bottom: E/M,, versus ER. Horizontal and ver-
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events of 18 April. A, for the 18 April events, shown in
the figure, are taken from broadband seismic stations of the
National Mexican Seismological Service. The acceleration
channels of these stations are triggered by the velocity chan-
nels. These stations record events with very small A,
values.

Based on the same argument, it is reasonable to expect
anomalously low A, from near-trench earthquakes at sta-
tions in the Valley of Mexico. This, indeed, was the case
during the 18 April events since A,,,,, exceeded 3 Gal at only
a few lake-bed zone stations. The A,,,, at CUIG was 0.63
and 0.25 Gal during the mainshock and the principal after-
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shock, respectively. These values are about one-third of the
expected ones. The expected values were computed from
(Montalvo-Arrieta et al., 2001)

log A« = 0.600 M,, — 6.7 log R
+ 0.0037R + 124, (3)

a relation that is valid for Ciudad Universitaria.

Source or Path Effect?

Are the relatively depleted high-frequency radiation ob-
served at CUIG and the low accelerations observed along the
coast and in the Valley of Mexico during near-trench earth-
quakes a source or a path effect? The large disparity between
M, and M,, of tsunami earthquakes, which occur near the
trenches (Kanamori and Kikuchi, 1993), points to a source
effect, as do the relatively larger rupture duration (Bilek and
Lay, 1999) and the relationship between ER and E /M, of
shallow near-trench earthquakes. On the other hand, the seis-
mic waves from these shallow earthquakes must suffer a
strong path effect as they get trapped in the low-velocity
accretionary prism (see, e.g., Shapiro et al., 2000) and prop-
agate in shallow oceanic layers to coastal and inland stations
(Fig. 3). The complexity of seismograms of near-trench
Mexican earthquakes (Fig. 3) makes it difficult (o study the
details of source characteristics. To study the source of the
18 April mainshock, we deconvolved the mainshock seis-
mograms recorded at the broadband stations of ZIIG, CAIG,
and PLIG (Fig. 1) by those of the aftershocks, thus minimiz-
ing the path effect. We still could not obtain a stable source
time function, most probably because the aftershocks were
not appropriate empirical Green’s functions. While the most
likely cause of depleted high-frequency radiation and low
accelerations during near-trench earthquake is the source, we
cannot rule out that the path plays an important role as well.

Observed Tsunami during the 18 April 2002
Mainshock

We have provided evidence that the 18 April mainshock
was potentially tsunamigenic. In fact, a small-amplitude tsu-
nami was recorded at Acapulco and Zihuatanejo. At these
sites, digital sensors take one pressure reading each second,
and the average value of 6 min of data is saved. In Figure
6, which shows the residual tide, a tsunami, whose amplitude
is about twice the background noise, can be seen at both
stations. As these sensors were not installed during previous
~M,, 6.5 earthquakes in the region, it is not possible to assert
that the tsunami during the 18 April event is anomalously
large.

Conclusions

It has been previously reported that the earthquakes that
occur near the Middle America trench are depleted in high-

65



958

Short Notes

Event 11, Feb 25, 1996; Mw=7.1 Event 17, Jul 18, 1987, Mw=6.7
102 £ . . 7 .
10" &
& =
5] -
‘\.\“- T e R I - I T U AT e
E o T T L e o S 1 N e e P JE T T T S S S . T
A o
x g
o ©
S N
<
1071 E
— AR S A R AR I
10! 102 10 102
Event 20, Apr 18, 2002, Mw=6.7 Event 21, Apr 18, 2002; Mw=5.9
102 - 102 =
10" & 101
= =
o
m S
\ . 4
S B
Lok 100
x 5
o [
£ e S RS e S R e
<
10! - 10-!
10-2 P R R A A - 10-2 Ll -
10! 102 10! 102

Distance, R (km)

Figure 5.

Distance, R (km)

Ay versus distance for four near-trench events. The curves depict the

predicted A,,,,, from near-coast earthquakes. Crosses mark recorded A,,,,,. The horizon-
tal lines for the 18 April 2002 earthquakes indicate the range of distance over which

Apax Was less than 3 Gal,

frequency radiation at the broadband station of CUIG. In this
note we have shown that these events also give rise to anom-
alously low peak accelerations along the coast and in the
Valley of Mexico.

Quick detection of near-trench earthquakes may, thus,
provide not only tsunami alerts for the coastal regions of
Mexico but may also advise scientists and authorities that
the peak accelerations may be relatively low. The impor-
tance of a tsunami alert, such as the one proposed by Shapiro
et al. (1998), becomes clear when one realizes that ground
motions from such earthquakes may be too weak to act as
natural alarms for coastal inhabitants. If the CUIG seismo-
grams yield ER = 100 and a magnitude >7, it may be suf-
ficient to indicate a near-trench, tsunamigenic earthquake,
and, as a consequence, relatively low coastal and inland ac-
celerations.

In the estimation of seismic hazard, it is common prac-

tice to use the same attenuation relation for all earthquakes
that occur on the interface of the subducted Cocos plate and
the continental North American plate. In view of the results
presented in this study, it seems more reasonable to treat
near-trench earthquakes distinctly. Separating these earth-
quakes in the existing catalogs, however, may require very
careful relocation of the mainshocks and their aftershocks.
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Appendix

Note Added in Proof

G. L. Choy (personal comm., 2003) reports E, = 2 X
10% ergs for the 18 April 2002 (M,, 6.7) event. Thus E,/M,
= 1.5 X 107° for this event. Since ER = 519 (Table 2),
this event agrees with our expectation that if ER > 100 then
E/M, is less than 3 X 10 °.
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Capitulo V

"El sistema de alerta sismica para la
ciudad de México: La evaluacion de su
desemperio y una estrategia para mejorarlo”
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The Seismic Alert System for Mexico City: An Evaluation of its
Performance and a Strategy for its Improvement
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Abstract

The seismic alert system (SAS) for Mexico City, an impressive technological feat, has now been in
operation for more than 10 years. The SAS takes advantage of the fact that the city is located more than 300
km from the foci of potentially damaging earthquakes. The system consists of 15 accelerometers located
along the coast of the State of Guerrero, above a segment of subduction plate boundary that is a mature
seismic gap. An algorithm estimates magnitude of an event from the near-source accelerograms, and issues
public and restricted alerts for M>6 and 5<M<6, respectively. An evaluation of the SAS’s performance
during 1991-2004 reveals a surprisingly high failure rate. This poor performance results from an inadequate
detection algorithm and the limited areal coverage by the SAS. These two factors render the alert system of

limited use.

In this paper we propose an alternative strategy for detecting potentially damaging earthquakes to Mexico
City that differs substantially from the one presently implemented by the SAS. It is developed from the
analysis of near-source recordings of Mexican earthquakes since 1985 and the corresponding ground
motions recorded in Mexico City. In our proposed scheme, the alerts are based on the relationship between
root-mean-acceleration (4rms) in the near-source region and the expected peak acceleration Amax at a
reference site in Mexico City, CU. Tests are performed using unfiltered and band-pass filtered (0.2-1.0 Hz)
accelerograms. The choice of the filter corresponds to the frequency band of amplification of seismic
waves in the lake-bed zone. The results suggest that only a single level of general public alert may be the
best option. This alert would be issued when the near-source Arms computed over a window of 10s exceeds
5 gal for unfiltered records or 1.0 gal for the filtered ones. The corresponding values of expected (Amax) v
are 3.5 and 2.0 gal, respectively. We find that the use of band-pass filtered accelerograms leads to a lower
failure rate of alerts. The data since 1985 suggests that such an alert, on average, would occur about once a
year. It would include the majority earthquakes felt by most persons in the lake-bed zone and, better yet,
not miss any damaging event. The proposed strategy, along with deployment of about 40 sensors in three
concentric rings centered at Mexico City, would considerably improve the performance of SAS and,

potentially, save thousands of lives.
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Introduction

About 20 million persons inhabit the metropolitan area of Mexico City. Although
the city is located more than 300 km from the Pacific coast where most large earthquakes
originate, it still suffers frequent earthquake disaster. Normally, the amplitudes of seismic
waves at such distances must be sufficiently diminished so that even large earthquakes do
not cause any damage. The principal cause of this unexpected phenomenon is well
known: an extraordinary amplification of seismic waves in the frequency band of 0.2 to
1.0 Hz resulting from the soft clays that underlie the lake-bed zone of the Valley of
Mexico (e.g., Singh et al., 1988a,b). The most recent example was the Michoacan
earthquake of 1985 (Mw8.0) which originated at a distance of about 350 km from the
city. The collapse of buildings during the earthquake killed about 10,000 and injured
30,000 persons.

Relatively large distances (>300 km) between the foci of most of the potentially
damaging earthquakes and the city provides a unique opportunity for a seismic alert
system (SAS). The large amplitude S waves reach Mexico City more than 85 s after the
earthquake origin. A quick earthquake detection occurrence and an estimation of its
potential damage to the city are possible by deploying sensors above the epicentral
region. This can provide about 60 s of alert time to Mexico City and, potentially, an

important seismic mitigation risk will occur.

In fact, a SAS for Mexico City has been in operation since August
1991(Espinosa-Aranda et al., 1995; Espinosa-Aranda and Rodriguez, 2003). It is an
impressive technological achievement. The sensors deployed by the SAS presently cover
a 300 km-long segment of the Guerrero coast (Figure 1), a known mature seismic gap
(Singh et al., 1981). It consists of 15 accelerometers located ~25 km apart. The system
detects P and S waves at the nearest sensor to the focus, and computes the energy in the
accelerogram over a time window beginning with S wave and lasting twice the (S-P) time
(generally about 6 to 8 s). It also computes the rate of accumulation of energy during this
window. These two parameters are used to estimate the magnitude, M, of the earthquake

(Espinosa-Aranda et al., 1989). The system issues restricted alert for S<M<6. This alert is
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sent only to authorities and some special radio receivers. Public alert is 1ssues for M>6
and is sent to mentioned before and broadcast radio stations. At least two stations must

confirm the occurrence of the event before the warning is automatically broadcast by
SAS.

In this study, we evaluate SAS’s performance so far, and, based on the analysis of

strong motion data in Mexico, suggest modifications that may improve its effectiveness.

Latitude N

-104° -102° -100° -98° -96°
Longitude W

Figure 1. Map of Mexico showing, in orange, the area covered by Mexico City's seismic alert system
(SAS). Triangles and rectangles indicate interplate and non-interplate events. Green and red symbols
show locations of events for which the SAS issued restricted and public alerts, respectively during the
period August 1991-August 2004. Symbols with white interior are events which generated (Amax)cu25 gal.
Gray symbols with white interior: events before the SAS coverage (1964-July 1991) with (Amax)c=>5 gal.
Events with (Amax)c=>5 gal during the SAS coverage but with no alert are shown by white symbol. The
three concentric semi-circles show the geometry of a proposed array which would provide a more adequate
coverage by the SAS. Sensors would be located about 60 km apart in each of the semi-circular rings (for a
total of about 40).
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An Evaluation of the SAS

Table 1 summarizes SAS’s performance since August 1991 when the system
became operational. During this period, SAS issued 46 restricted and 11 public alerts (J.
M. Espinosa-Aranda, personal communication, 2004). Figure 1 shows epicenters of these
earthquakes. As Table 1 illustrates, a restricted alert (5<M<6) was justified only in 15 of
the 46 cases, in 27 cases no alert should have been given, and in 4 cases (with M>6) a
public alert should been issued. Only three of the 11 public alerts actually fulfilled the
requirement of M>6. During this period the SAS also gave one false public alert when no
earthquake occurred and, in one case, it failed to give any alert when it should have

issued a public one. As Table 1 shows, the SAS’s failure rate is high.

Table 1. Performance of Seismic Alert System for Mexico City
(August 1991-August 2004)

Type of alert | Magnitude estimated | Number of “True’ magnitude
issued by SAS as the basis | alerts issued | distribution of the events
of the alert
4<M<5 5<M<6 M>6
Restricted 5<M<6 46 27 15 4
Public M>6 11 2 6 3

In reality, we do not need an estimate of the magnitude for issuing a seismic alert
for Mexico City. The performance of the SAS may be better evaluated by associating
alerts with recorded ground accelerations in Mexico City. For this purpose, we analyze
recordings at a reference station in the city where accelerographs have been in continuous
operation since the mid sixties. This station, CU, is located on basaltic lava flows. The
peak horizontal acceleration, Amax, in the lake-bed zone of the city, where much of the
damage occurs during earthquakes, is 4 to 5 times greater than at CU (Singh et al., 1987,
1988¢).
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We define Amax at CU by

|
(Amay),, =|a} +a} +a3] M

where a; is the maximum acceleration in the i direction. Figure 1 shows epicenters of 28
events since 1964, which produced Amax> 5gal at CU (see Tables 2 and 3 for events
during 1964-1984 and 1985-2004, respectively). Eleven of these events occurred in the
period covered by the SAS (August 1991-August 2004). Of these 11 events, two were
local earthquakes in the Valley of Mexico and another two occurred within a distance of
140 km from CU (Figure 1). The local events do not cause damage to the city even when
they give rise to large Amax at CU. A useful seismic alert for events at a distance of 100
to 150 km from CU is possible only if the detection is made in the epicentral region
during the first seconds of P waves train. This may, however, require a large number of
high-quality stations, which is, presently, lacking in Mexico. For the remaining 7 events,
SAS issued 4 restricted and 2 public alerts. As Figure 1 shows, the four events with
restricted SAS alert and one event with no alert were all located outside the region of
SAS coverage. Of the 11 public alerts issued by the SAS (Table 1), only four resulted in
Amax> 5gal at CU. Figure 2 gives histogram of SAS alerts versus (Amax)cy. We

conclude that the SAS alerts have been not truly indicators of Amax at CU.

Public Alert

12 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19
(Amax). gal

Restricted alert

0 —
1 2 3 4 5 6 7 8 2 10 11 12 13 14 15 16 17 18 19
| (Amax)c, gal

Figure 2. Histogram of public and restricted alerts issued by the SAS
(August 1991-August 2004) versus (Amax)cy.
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Table 2. Earthquakes during 1964-1984, which produced Amax> 5 gal at CU

Date | Lat | Long | H M| (Amax)cy; [Type'
km) (gal)

07/06/1964] 18.03 -100.77| 557.2 26.95]IS
23/08/1965| 15.38| -96.12| 12]7.4 9.15[T
03/02/1968 16.37|  -99.4337 |5.6 12.14T
02/08/1968 16.6| -97.8] 16/7.3 20.00T
07/12/1974] 19.29| -100.77<5? [3.5 60.57|L
01/02/1976| 17.17| -100.19/52? |5.6 6.42T
07/06/1976/17.406-100.682| 576.3 15.5012

19/03/1978| 17.03] -99.79] 44l6.6 8.3717

29/11/1978 16.00 -96.69] 23[7.6 8.99T
14/04/1979) 17.49 -101.26] 257.4 27.32[T
07/06/1982 16.17| -98.36] 6[6.9 14.34(T
07/06/1982 16.26/ -98.51 19! 7 14.55[T

'IS: Inslab earthquake; T: Shallow-dipping interplate thrust earthquake; L: Local earthquake

Analysis of Near-Source Recordings to Estimate Ground Motions in Mexico City

To develop a more appropriate strategy for issuing reliable seismic alerts for
Mexico City, we analyzed accelerograms recorded at CU and the corresponding near-
source recordings of the same events. Extensive near-source recordings in Mexico began
in 1985 with the installation of the Guerrero Accelerographic Array (Anderson et al.,
1994). Although the free-field accelerographic networks operated by the Institutes of
Engineering and Geophysics, UNAM have steadily grown, the near-source recordings are

not available for many significant earthquakes.

Table 3 lists 45 earthquakes, which gave rise to the largest Amax at CU during
1985-2004. The events are listed in descending order of Amax at CU. The table indicates
the event type: shallow thrust-faulting interplate earthquake along the Pacific coast
(10<H<30 km), steeply-dipping thrust or normal-faulting inslab earthquake (35<H<120
km), and shallow local earthquake near Mexico City. We note that six of the first 10

events in the table are inslab, normal-faulting earthquakes. In Mexico, these events occur
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below the coast as well as below the altiplano. These earthquakes are known to be
relatively enriched in the high-frequency radiation (Garcia et al., 2004). As mentioned

above, the present SAS is designed only for events occurring near the coast of Guerrero.

In Table 3 we do not assign a number to the local earthquakes and to those events
recorded at CU but did not produce a near-source recording. For events 18, 28, 30, and
35, the epicentral distance to the closest station, As, was greater than 100 km. Although
we analyze these four events, we do not include them in the statistics. The first two
events in Table 3 devastated Mexico City and the third and fourth events were strongly
felt but resulted in only minor damage to the city. Amax at CU exceeded 8 and 7 gal

during the first 7 and 10 events, respectively.

Our goal is to design an algorithm, using near-source accelerograms that can
reliably and quickly provide an estimate of Amax at CU and, based on this value, issues
an appropriate alert. For this purpose, we shall explore two alternatives: (1) estimate the
magnitude, M, of the event, which can then be used via an attenuation relation to estimate
(Amax)cy (e.g., Singh et al., 1987b; Ordaz et al., 1994), and (2) estimate directly
(Amax)cy. We note that the SAS uses the alternative (1) which, as shown above, leads to
a high alert missing. We, nevertheless, explore alternative (1) further to investigate

whether a modified version of the SAS algorithm can lower the alert missing rate.

From previous studies, it is well known that the peak acceleration, Amax, in the
near-source region, as a function of M shows large scatter and is, essentially, independent
of M for M greater than about 5.5 (e.g., Singh et al., 1989). Both the source and the site
effects are responsible for the large scatter. It follows that near-source Amax as a measure
of M is unsatisfactory. Since larger earthquakes last longer, such earthquakes cause
sustained high acceleration over longer duration. This suggests that root-mean-square
acceleration, Arms, computed over an adequate time window, tg, may be a more useful
measure of the size of the earthquake. The window f; should be sufficiently small to
provide as much warning time as possible and, yet, large enough to provide information

about the size of the earthquake.
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Table 3. Events with largest Amax in CU, Mexico City (1985-2004).

Event Date Lat Long H M | (Amax)ce Station A, Ac’ Type'
No. (km) (gal) (km) (km)

1 19/09/1985] 18.14] -102.71 22 8 42,156|CALE, VILE, UNIO 9 98 56 402,314,350 T
2 21/09/1985] 17.62] -101.82 22| 76 19.669|AZIH, PAPN 39.89 307,297 T
3| 15/06/1999*) 18.13] -97.54 60] 6.9 18.072|CHFL, RABO 51,107 215,115] IS
4 25/04/1989] 1658 -99.48 17| 6.9 17.042|SMR2, CPDR, VIGA 23,27 284,288 T
5 21/07/2000] 18.11 -98.97 500 59 15.381|TNLP, RABO, TEAC | 63,7678 142.115) IS
6] 14/09/1995**| 16.73 -08.54 22| 7.3 14.587|COPL, PNIG, VIGA | 48,74 58 303,285,344 T
19/10/1985] 19.09 -99.2 11.022 L

7 30/09/1999] 16.03] -96.96 400 74 10.932|LANE, RIOG, JAMI | 26,96.51 431367411 IS
27/10/1991] 18.32 -99.2 10.695 L,
18/08/1991] 19.33] -99.24 7.863 L

8 10/12/1994*| 17.98] -101.52 50| 6.4 7.687|BALC 33 259 15
9 11/01/1997*| 18.34] -102.58 401 7.1 7.181|CALE 35 401 1S
10]  23/05/1994*| 18.02] -100.57 50] 6.2 7.036|/COMD 13 193 1S
11 30/04/1986] 18.4| -102.97 21] 69 6.614|CALE 43 401 T
12 31/05/1990] 17.12] -100.84 21 (] 6.001]|SLUI 18 291 T
13 22/01/2003] 18.86 -103.9 26| 7.5 5.904|MZ02 52 474 T
14 09/08/2000{ 18.07] -102.56 32] 6.5 5.042|CALE 20 401 IS
15 15/07/1996*| 17.44] -10121 27] 6.6 4.892|AZIH 31 307 T
16] 24/10/1993**| 16.63 -98.97 35] 6.6 4.796|COPL 3 303 i)
07/11/1991}? ? 4.353 L

17{ 08/10/2001** 17] -100.09 8] 59 4.268|COYC 7 279 N
18 15/05/1993**| 1645 -97.92 16) 6 4.149|SMR2 163 284 T
19 09/10/1995] 19.34] -104.80 15 8 3.960{MZ01 50 543 T
20 21/06/1999] 18.15] -101.70 53] 6.3 3.883|AZIH 66 307 T
21 08/02/1988] 1745 -101.19 22 5.8 3.735|AZIH 32 307 T
22 11/05/1990] 17.12] -100.87 21] 53 3631[ATYC 47 270 T
23 01/01/2004] 17.36] -101.44 21| 6 3.450|AZIH 77 297 il
24 14/06/2004] 1323 -98.16 5.9 3.199|PNIG 19 344 I
09/05/2002 7 ? 2.830 L

25 19/11/2003] 17.91 -99.03 69 52 2.547|TNLP 31 307 IS
26| 22/05/1997*| 18.37] -101.82 54| 6.5 2.428|Z11G 93 307 IS
27 03/04/1997] 18.02] -98.02 42] 5.2 2.298|CHFL 52 214 T
28] 27/09/2002*] 17.44] -100.10 36] 5.1 2.063|TNLP 151 142 T
29 03/02/1998] 1590 -96.25 27] 63 2.033|HUIG 29 512 T
30] 15/05/1993**| 16.43] -98.74 391 53 1.968 | SMR2 163 284 T
31 20/04/1998] 18.35] -101.19 64| 5.9 1.916{Z11G 89 307 T
32 01/01/2004] 17.46] -101.35 15] 6.0 1.768|PET2 77 297 T
33| 22/12/1997**| 17.14] 101.24 5.1 1.699|SLUI 40 291 T
34 27/03/1996| 1636 -98.30 18] 54 1.565|PNTP 25 351 T
23/02/1994| 17.82 -97.3 1.539 ?

35 16/12/1997| 16.43] -98.73 16] 5.9 1.520|SMR2 126 284 18
36 31/03/1993] 17.19] -101.01 6] 5.5 1.454{SLUI 17 291 T
371 18/07/1996*| 1744 -10121 25] 54 1.245|AZIH 7 297 T
38] 19/07/1997*| 1586 -98.26 15| 6.7 1.208|PNTP 62 351 T
21/10/1995] 16.92 -93.62 1.200 ?

39 19/05/1990] 17.21] -101.33 5.9 1.190|PAPN 34 297 L
40 21/01/1997] 1642 -98.21 28] 5.5 1.185]JAMI 39 367 T
41  29/07/1993*| 17.38] -100.65 5.0 1.161|ATYC 30 270 T
42 11/07/1998] 17.35] -10141 29 54 1.130|PET2 41 300 T
04/07/1994| 14 83 -979 17| 6.4 1.110 7
14/03/1994| 15.67 -93.01 168 6.8 1.055 7

43 11/03/1993] 15.35] -98.25 4.2 1.029{UNIO 37 314 A8
44] 17/07/1998**| 1698] -100.16 4.6 1.012]VNTA 37 275 T
45 30/10/1995| 16.55] -98.13 16/ 5.6 1.012{PNTP 47 351 T

" A, Epicentral distance
? Acu: Distance between the near-source station and CU

*2: Unknown. All other symbols are the same as in Table 2
* : Events which triggered SAS-restricted alert; **: Events which triggered SAS-public alert
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For our analysis of the near-source accelerograms, we compute /(ty), Arms(1z), and
a(ty), where

T

u

10,)= [la} +a2 +a2 Jar 2)

Arms(t,) = %{M] 2 3)
_ 1w

and, a(t,) = 1, -2) 4)

where, I(f, -2) = ;;T{ai. +a; +a. }dt
0

We perform the analysis using both unfiltered as well as filtered near-source
accelerograms. The reason for using filtered records stems from the fact that the damage
to Mexico City, at least from coastal earthquakes, is related to the ground motion in the
frequency band of 0.2 to 1.0 Hz. It is in this frequency range that the ground motion is
amplified in the lake-bed zone. This suggests that an alert based on bandpass filtered
(0.2-1.0 Hz) near-source and CU accelerograms may be more reliable and robust, since
the filter should eliminate random high-frequency ground motion arising from source and

site effects.

Figures 3a and 3b illustrate what we may expect from using filtered records. They
also help to understand the results that follow. In Figures 3a, the left frames are near-
source accelerograms (NS component) of 6 selected events from Table 3, and the center
and right frames are the plots of Iy(#) using unfiltered and filtered accelerograms,

respectively. Here

I.(t)= ](ai, Q)
0
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Figure 3a. (Lefi): NS component of near-source accelerograms of 6 events (5.9<Mw=8.0) from Table 3.
(Middle): plots of 1,,(t)= j(ai.( t ))dr where the integration begins with the S-wave arrival.

Unfiltered accelerograms are used in computing Iy(t).(Right): In(t) plots using band-passed filtered
(0.2 -1.0 Hz) accelerograms.
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Figure 3b. (Left): NS component of near-source accelerograms of the first four events of Table 3. For each
event more than one near-source trace is shown. (Middle). Iy(1) plots using unfiltered accelerograms.
(Right): In(t) plots using band-passed filtered (0.2 -1.0 Hz) accelerograms.
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Several points may be noted from Figure 3a: (1) Near-source Amax is independent
of M in the magnitude range 5.8 to 8.0. (2) Iv(10), computed from unfiltered record, does
not scale with M. The largest Iy(10) corresponds to the smallest event 17 (MS5.8). (3)
When computed using filtered records, Iy(10) of the smaller events (M~5.9) are much
smaller than for the larger events. (4) For M~5.9 events, Iy(1) is nearly flat 4 to 5s after
the arrival of S wave and, hence, an(10) = Iy(10)/ In(8)~1. For large earthquakes (events
I and 6), In(t) keeps increasing up to 10s, thus an(10)>1.This suggests that ay(10) in
Equation 4 could be used to discriminate between small and moderate earthquakes, and
large earthquakes. Unfortunately, ax(10) for event 4 (M6.9) is about 1, which would
classify it as a small or moderate earthquake. As mentioned earlier, this earthquake was
strongly felt in Mexico City and gave rise to the fourth largest Arms at CU (Table 3). Any

useful algorithm must classify this event for a public alert.

Figure 3a may suggest that for earthquakes with multiple near-source recordings,
In(10) at different stations will show more dispersion when computed using unfiltered
accelerograms than when using filtered ones. Figure 3b, which shows recordings and
plots of Iy(10) for first four events in Table 3, contradicts this. It seems that the
complexity of the sources, at least of large earthquakes, becomes more important when

using filtered traces.

Before we present results of the analysis, we note that the distance between the
near-source station, which recorded an event, and CU, Ay, varies between 142 and 543
km (Table 3). The three events in the distance range of 142 and 220 km are inslab,
normal-faulting earthquakes (H~40 to 60km). Since detection based on S waves for this
type of earthquake results in less alert time, it may be more useful to develop an
algorithm based on P waves (e.g., Tsuboi et al., 2002; Allen and Kanamori, 2003). In this
study, however, we only consider alerts based on S-wave. We reduce computed Arms
values of all events at a common distance of 275 km by multiplying Arms by (275/ Acy).
Acy for each station is known. Here we are assuming that the attenuation with distance is
reasonably well approximated by (I/4cy). As Table 3 shows, the distance between the

epicenter and the closest station, 45, varies, as does the depth of the focus. In the present
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analysis, we do not apply any correction to reduce the computed Arms to a common
source-to-station distance. Ag is greater than 100 km for events 18, 28, 30, and 35.

Although we show these events in the figures, we do not include them in the statistics.

Analysis based on unfiltered accelerograms

Figure 4 shows results from the analysis of unfiltered accelerograms with #4=10s.
It includes plots of M versus Arms(10), M versus a(10), (Amax)cy versus Arms(10), and
(Amax)cy versus a(10). The figure includes more than one near-source station for the first
7 events in Table 3. As expected, the scatter in M versus Arms(10) plot is large: M ranges
up to two units of magnitude for a given value of Arms(10). We note that if Arms(10)>10
gal, then M>5.9 with two exceptions; however, for several events M>5.9 even though
Arms(10)<10 gal. Thus, if we were to set a public alert threshold at M>5.9 and require
Arms(10)>10 gal to accomplish this, then several events with M>5.9 would go
unreported. We would have to set the threshold at Arms(10)>1 gal to include all M>5.9
events but, in this case, the alert will also be issued for almost all M<5.9 events as well.
The value of a(10) is not a reliable discriminator between M>5.9 and M<5.9 events. For
large earthquakes a(70) is expected to be greater than 1. However, for many M>5.9
events, a(10) is about 1. Quite generally, if a(10) >21.35 then M>6.9. There are, however,
two earthquakes for which a(70) is about 1 although M>6.9. One of these events is the
earthquake of 25 April 1989 (event 4, Table 3), which gave rise to (Amax)cy of 17 gal
and was very strongly felt in Mexico City. It follows that a reliable estimation of M is not

possible from Arms(10) and a(10). This partly explains the high failure rate of the SAS.

As discussed before, an estimate of the magnitude is not needed for issuing a
seismic alert for Mexico City. We now pursue the more logical approach of directly
relating Arms(10) from the near-source recording with (4max)cy and consider alerts

based on the expected value of (Amax)cu.
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Figure 4. Analysis of unfiltered accelerograms with t,=10s. Bottom right: M versus Arms(10); Top right:
M versus a(10); Bottom left: (Amax)cy versus Arms(10); Top left: (Amax)cy versus a(10). Results from
more than one near-source recording are shown for first seven events in Table 3.

Arms(10) value is normalized for a station located at 275 km from CU. Triangle: interplate event,
rectangle: non-interplate event.

The relationship between an alert and expected Amax at CU is a decision, which
needs a thorough public debate. Should an alert be issued only when some damage is
expected? Do we need an alert for each earthquake that may be felt by some residents of
the lake-bed zone, or only when most persons in the city are likely to feel it? Do we need
two levels of alert, as currently implemented by the SAS? We search for a reasonable
answer based on Table 3 and (Amax)cy versus Arms(10) plot in Figure 4. We first note
that events 1 to 7 must qualify for a general alert. Events | and 2 devastated the city
while events 3 to 7 were very strongly felt and also have caused some damage. Thus any
credible alert system must flag these events for general alert. From Table 3 and Figure 4
it follows, then, that a general alert must be issued if Arms(10) 25.0 gal. This threshold
for Arms, however, qualifies for a general alert not only events 1 to 7, but all first 19

events in Table 3 (excluding event 18 which is ignored from the statistics since As >100



km). We note that for these events the Amax at CU was greater than 3.5 gal. Although we
do not have the statistics, it is most likely that all of these events were felt by many in the
lake-bed zone and by some in the hill-zone of the city. A general alert would also be
issued for eight other events that gave rise to smaller Amax at CU. These may be
considered “false alerts. No alert would have been issued for two events, however Amax
at CU during these events was only slightly greater than 3.5 gal. Setting up a lower,
second level of alert is very problematic (Figure 4), unless we require that this level of
alert be issued if 1.0<4rms(10)<5.0 gal corresponding to 1<s{4dmax)cy<3.5 gal. This alert,
however, would include all remaining events but one which did not qualify for the

general alert.

We think that only one level of alert, a general alert if Arms(10)25.0 gal, is the
best option. This would include most earthquakes that would be felt by many of the
inhabitants of the city. On average, about one alert/year will be issued which should make
the system credible to the society. Most importantly, no potentially damaging earthquake
would be missed. The fact that some weaker events [(Amax)cy<3.5 gal] will also qualify
for general alert is inevitable. Fortunately, this is an error in the preferable, conservative

direction.

Analysis based on filtered accelerograms

We now consider the consequences of using band-pass filtered (0.2-1.0 Hz) near-
source and CU accelerograms. The results for t; =10s are shown in Figure 5. The scatter
in plots of M and (4Amax)cy versus Arms(10) plots is somewhat less than the
corresponding plots with unfiltered accelerograms (compare Figures 4 and 5). We now
require Arms (10)= 1.0 gal for a general alert. This ensures the alert for events 1 to 7.
This threshold on Arms flags most events with (Amax)cy = 2.0 gal. Only three weak
events, (Amax)cy< 2.0 gal, are also flagged for a general alert and one earthquake (event

23, Figure 5) is missed. It is interesting to note that if Arms (10)= 1 gal then M> 5.9.
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Setting up a lower, second level of alert presents the same difficulty as in the previous

case. For reasons mentioned earlier, we prefer just one level of alert: a general alert.

We find that the performance of the alert based on filtered traces is superior to

that based on unfiltered traces as it decreases the number of false alerts. Table 4 compares

the performance of the proposed general public alert with unfiltered and filtered

accelerograms.
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Figure 5. Same as Figure 4 but with band-pass filtered (0.2-1.0 Hz) accelerograms.
Table 4. Performance of proposed public alert for Mexico City for events in Table 3
based on expected (Amax)cy estimated from Arms computed from near-source
accelerograms.
Accelerograms | ty Proposed near- Expected No. of Correctly | Missed | Excess
source Arms, gal | Amaxat CU, | eventsto be flagged events | events
gal flagged events
Unfiltered 10s >5.0 >3.5 21 19 2 8
Filtered 10s >1.0 >2.0 18 17 1 3
(0.2-1 Hz)
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Automated Processing of the accelerograms

The results of the previous section were obtained by processing the raw and
filtered near-source accelerograms using a window of 10s beginning with the arrival of
the S wave. In practice, the detection algorithm will perform continuous analysis of the
signal in a sliding window of 10-s duration. If at any time Arms(10) equals or exceeds a
pre-established threshold (5.0 and 1.0 gal for unfiltered and filtered traces, respectively)
at any sensor, and a nearby sensor confirm the occurrence of an earthquake, then the
system would issue a general public alert. Let us test this algorithm on the dataset of

Table 3.

The results are shown in Figure 6 for unfiltered data. In this figure, the events for
which Arms(10)2 5.0 gal at any time over the duration of the accelerogram are shown by
a colored symbol (triangle: interplate events; rectangles: non-interplate events). If
Arms(10) remains less than 5.0 gal then the symbol is left blank and no alert is flagged.
The colors are keyed to the time difference between the beginning of the window and the
arrival of the S wave, at the instant the Arms threshold is first reached. In the figure, the
Arms(10) is the maximum value obtained during the processing of the accelerogram. The
results are roughly the same shown in Figure 4: a general alert is issued for all first 19
events in Table 3, nine false alerts [(Amax)cy<3.5 gal] and two missed alerts
[(Amax)cy>3.5 gal]. As seen from the color code, for many events a general alert would
have been issued for time windows less than 10s after S-wave arrival, thus increasing the

available warning time for Mexico City.

The result from processing the filtered data is shown in Figure 7. The Arms
threshold for a general alert is now set at 1.0 gal. All events with (Amax)c>2.0 gal, but
one, are flagged for a general alert and there are three false alerts [(Amax)cy<2 gal].
Again, in real-time processing, for many events the alert is flagged in less than 10s after

the S-wave arrival.
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Figure 6. (Amax)cy versus Arms(10) plot obtained by processing accelerograms of events in Table 3 in the
same manner as the alert algorithm would operate in the field. Continuous analysis is performed on signal
of 10s-long window. When Arms(10)25 gal then a general alert is issued (colored symbol) for expected
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A possible configuration of an improved SAS array

As mentioned above and shown in Figure 1, the present SAS array consists of 15
accelerometers located ~25 km apart. The array covers a 300 km-long segment of the
Guerrero coast, known as the Guerrero seismic gap. The limited areal coverage of the
SAS excludes the possibility of issuing alerts for earthquakes, which occur on the
adjacent segments of the subduction plate boundary and for inslab earthquakes. In fact,
the present coverage of the SAS might not issue an alert if the 1985 Michoacan
earthquake were to recur. As Figure 1 shows there are several inslab earthquakes which
have given rise to Amax>5 gal at CU since 1964. For such events the sensors of the

present array will either provide no alert or a lower level of alert.

The deployment of an array consisting of three concentric half rings of radii 275,
335, 395 km centered at CU (Figure 1), with sensors located about 60 km apart in each
ring (for a total of 40 sensors for the entire array), could provide an adequate coverage for
all coastal and inland earthquakes which may occur at a distance between 245 and 425
km south of Mexico City. For such earthquakes, the location of the nearest station will be
less than about 30 km from the epicenter. The depth of the coastal earthquakes ranges
between 20km (interplate events) to about 35 km (inslab events). Thus, the hypocentral
distance of the closest sensor for coastal events will be less than about 46 km and the S
wave will arrive in less than 13s after the origin. If we allow about 10s for on site
processing and transmission of relevant parameters to the central station in Mexico City,
then the alert can be issued in less than about 23s from the origin. Since the intense S-
wave will arrive in Mexico City after about 80 s from the origin, there will be more than
55s of warning time for coastal earthquakes. For inslab events, which occur below the
Mexican altiplano at depths of ~50 to 80 km, the alert time will be somewhat less but still

more than ~ 45s.

There still remains the problem of inslab earthquakes, which are known to occur
as close as 140 km from Mexico City (Iglesias et al., 2002) and crustal events. Useful

alerts for such events would require additional, closer, half rings of sensors, and a
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detection algorithm based on P waves (e.g., Tsuboi et al., 2002; Allen and Kanamori,

2003). We have ignored such earthquakes in the present study.

Discussion and Conclusions

The challenge facing any seismic alert system (SAS) resides in the estimation of
the damaging potential of an earthquake from the analysis of only a few seconds of near-
source ground-motion recordings. The daunting task is made simpler for an alert system
for Mexico City since the city is located more than about 300 km from the locations
where most of the potentially damaging earthquakes occur. This provides reasonable

warning time even when the detection in the near-source region is based on S-wave.

The present SAS for Mexico City has been in operation since August 1991. We
find two basic flaws with the present seismic alert system (SAS) for Mexico City: (1) The
system covers only a part of the region where damaging earthquakes to Mexico City
originate (a well-known limitation of the SAS). (2) The algorithm used by the SAS to
detect potentially damaging earthquakes from the analysis of the near-source ground-
motion recordings is inadequate. As a consequence of these two shortcomings, alert

missing rate of SAS is high (Table 1).

In this paper, we have proposed a strategy that differs substantially from that
presently implemented by the SAS. It is based on the analysis of near-source recordings
of Mexican earthquakes since 1985 and the corresponding ground motions recorded in
Mexico City. Our approach differs from that of the SAS in one basic aspect: We relate
the near-source ground motion directly to the expected motion in the city, without the
intermediate step of estimating the magnitude of the event. In our proposed scheme, the
alerts would be based on the relationship between root-mean-acceleration (4rms) in the
near-source region and the expected Amax at a reference site in Mexico City, CU. We test
the use of unfiltered and band-pass filtered (0.2-1.0 Hz) accelerograms from near-source

region and Mexico City in the analysis. The choice of the filter is based on the fact that

87



the amplification of seismic waves in the lake-bed zone of the Valley of Mexico occurs in
this frequency band. We find that the use of band-pass filtered near-source accelerograms
of 10-s duration, beginning with the arrival of S-wave, leads to alerts with a much lower

failure rate (Table 4).

The relationship between the level of alert and Amax at CU is a decision that
needs thorough debate by the society. Should public alert be issued only when some

damage is expected in the city? How often should restricted alerts be issued?

We find a single level of alert, a general public alert, as the best option. Our
results suggest that this alert should be issued if Arms at a near-source station, computed
over a 10s-window, exceeds 5.0 gal using the unfiltered signal. For events in Table 3, this
threshold flags all events with Amax at CU greater than 3.5 gal but two, and gives 9 false
alerts (Figure 6). When using the filtered accelerograms, the general public alert should
be issued when Arms exceeds 1 gal. For the events in Table 3, this threshold flags all
events with Amax at CU greater than 2.0 gal but one, and gives only 3 false alerts. For
this reason, we suggest the use of filtered accelerograms in the alert algorithm. In real-
time implementation of the algorithm, the alert for many events will be issued in some

seconds after the arrival of S-wave at the station.

To ensure that no important alert to the city is missed and the public credibility in
the system is maintained, it is essential to increase the coverage by the SAS. We suggest
an array consisting of three concentric half rings of radii 275, 335, 395 km (Figure 1),
with sensors located about 60 km apart in each ring (for a total of 40 sensors for the entire
array). Such an array could provide an adequate coverage for all coastal and inland
earthquakes, which may occur at a distance between 245 and 425 km south of Mexico
City. If an alert is desired for crustal and inslab earthquakes that may occur nearer to the
city, then an additional closer ring of stations and an algorithm based on P-waves would

be required.
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Como se ha mencionado reiteradamente, la brecha simica de Guerrero es una de las
regiones con mayor potencial sismico del pais por lo que existe un interés constante en los
procesos relacionados con esta region. En este contexto, el estudio de cada uno de los
eventos que ocurren en la zona o en sus alrededores representa un nuevo aporte para el
entendimiento de la sismotectonica regional. Es de suponerse que algunos de los sismos
reportados en el pasado contengan errores importantes en su localizacién, lo que pudo
haber acarreado interpretaciones sobre-simplificadas tanto de la situacion sismotectdnica de

la zona, como de la estimacion del peligro y riesgo sismico asociados a ella.

La situacion actual de la instrumentacion sismica del pais, especialmente en el sur,
permite determinar con mayor precision la localizacion de los temblores. Aunado a esto, la
calidad de los datos actuales posibilita los anélisis detallados de la fuente sismica y de la
propagacion de las ondas generadas. Los recientes modelos numéricos y una impresionante
evolucién de las capacidades de computo durante los Gltimos afios, son herramientas que
contribuyen a un mejor entendimiento de los procesos sismicos. Con todos estos elementos,
hoy en dia, se sabe con certeza que la actividad relacionada con la brecha sismica es

compleja ya que abarca una gran variedad de sismos con caracteristicas muy diferentes.

Por ejemplo, el capitulo 1 muestra el andlisis de un sismo intraplaca de fallamiento
normal (sismo de Copalillo). Este sismo fue situado dentro de la placa de Cocos subducida;
su mecanismo focal indica un régimen extensivo seguramente gobernado por la fuerza que
causa la placa al “hundirse” por su propio peso. La inversion cinematica de los
desplazamientos sobre el plano de la falla muestra un mejor ajuste para el plano que buza al
noreste (¢=305°,6=32°,1=-80°). Si bien la incertidumbre es grande, la solucion para este
plano muestra que la ruptura se propagd en direccion del echado de la falla. Esta
caracteristica parece ser comun a otros sismos de fallamiento normal estudiados
anteriormente. Andlisis de futuros temblores podran mostrar si esta caracteristica persiste
en todos ellos y si estd relacionada con fendmenos como el doblamiento de la placa
subducida. El temblor de Copalillo parece marcar el limite de la actividad sismica

intraplaca ya que mas al norte no hay registro de sismos de este tipo por lo que la placa
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subducida pierde su identidad sismica. Esta observaciéon puede ayudar a restringir los

modelos térmicos de la placa.

Por su localizacion, el sismo de Copalillo representd, también, un buen ejemplo
para estudiar las implicaciones que tendria un temblor similar pero de mayor magnitud en
el analisis del peligro simico previsto para la Ciudad de México. Este interés proviene de
que solo en la década pasada ocurrieron dos temblores de este tipo (15-06-1999, Mw=6.9 y
30-09-1999, Mw=7.4) que causaron dafios en ciudades importantes del Altiplano

Mexicano.

En el capitulo II se presenta el analisis del sismo de Coyuca (08-10-2001, Mw=5.8)
el cual también estd asociado a un régimen extensivo pero, su localizaciéon y profundidad,
lo sitian dentro de la placa cabalgante de Norteamérica. De manera intuitiva es razonable
pensar que encima de la zona acoplada deberia dominar un régimen compresional, sin
embargo el sismo de Coyuca demuestra que, aun cerca de la costa, el estado de esfuerzos
esta asociado a un régimen extensional.

El sismo de Coyuca generd una larga secuencia de réplicas y a través de un proceso

de relocalizacion de ellas fue posible delimitar con precision el plano de la falla.

Otro fendémeno asociado a la “brecha sismica de Guerrero”, son los deslizamientos
asismicos registrados por las estaciones GPS en gran parte del sur del pais. Un evento de
este tipo es analizado en el capitulo III, donde se muestra que lo mas probable es que en
este caso, los deslizamientos hayan ocurrido en la interfase entre las placas de Cocos y
Norteamérica, justo debajo de la zona acoplada, en una zona denominada de “transicion”.
Estos deslizamientos parecen ser frecuentes, en esta y otras zonas del mundo (P.ej.
Cascadia y Japén), sin embargo, aparentemente, en cada region tienen caracteristicas

diferentes.

El capitulo IV muestra el andlisis del sismo del 18 de Abril del 2002 (Mw=6.8).
Este sismo ocurri6 muy cerca de la linea de la trinchera Mesoamericana y presentd una

deficiencia de energia a altas frecuencias provocando que las aceleraciones, tanto en la
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costa como en el resto de las estaciones que lo registraron, fueran especialmente bajas.
Siguiendo un método propuesto anteriormente se clasificd al sismo del 18 de Abril como
un “sismo de trinchera”. El andlisis de otros sismos de la misma naturaleza permitié
establecer que los sismos de trinchera, al menos en México, presentan bajas aceleraciones,
y por lo tanto, el peligro sismico asociado es considerablemente menor que para sismos
costeros de magnitud similar. Sin embargo, un resultado previo muestra que estos sismos
tienen alto potencial tsunamigénico, lo que establece una doble condicion: por un lado este
tipo de sismos puede no causar dafio significativo a las estructuras pero su potencial
tsunamigénico representa un peligro para la poblacién que habita en las regiones cercanas a

la costa.

Finalmente, en el capitulo V se presenta la evaluacion del Sistema de Alerta Sismica
para la Ciudad de México, que desde 1994 opera de manera continua para alertar ante
temblores importantes que se generan en la region de la brecha sismica de Guerrero. En un
analisis de las aceleraciones producidas en la ciudad de México por los sismos que
causaron algun tipo de disparo en el sistema, se encontré que las alertas son un indicador

poco adecuado de la aceleracion registrada en el Valle de México.

Analizando registros de aceleracion de las diferentes redes sismicas que operan en
el sur del pais, fue posible determinar que a través del calculo de unos segundos de RMS de
estos registros, filtrados entre 0.2 y 1 Hz., es posible separar, de manera exitosa, aquellos
sismos que provocaron aceleraciones mayores a 2 gales en la estacion CUIP localizada en
la zona de roca del Valle de México. Estos resultados sugieren que una red de ~40
estaciones, distribuidas en tres semicirculos concéntricos a la Ciudad de México, seria
suficiente para alertar ante practicamente cualquier sismo costero importante asi como
también ante un buen nimero de sismos de fallamiento normal que, como se menciond

anteriormente, también representan un peligro para esta ciudad.

En funcién de los eventos estudiados es razonable pensar que una gran cantidad de
fendmenos sismicos de diferente naturaleza pudieron haber sido ignorados o simplificados

en el pasado. Este trabajo representa un pequeiio esfuerzo para poner en el mismo papel
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diferentes aspectos de la sismicidad asociada a la brecha sismica de Guerrero. Sin embargo,

no se puede dejar de reconocer que la tarea, ain pendiente, de “compilar” todos los

trabajos, pasados y futuros, es indispensable para entender de mejor manera el ciclo sismico

y la sismotectoOnica de la region.

Sin poder extrapolar del todo, es viable pensar que en el resto de regiones
sismicamente activas del pais, la sismicidad esté caracterizada por la ocurrencia de
temblores de diversa naturaleza, tal como ocurre en la brecha de Guerrero. La Gnica manera
de entender mejor los procesos tecténicos que originan dichos temblores asi como el riesgo
sismico asociado a ellos, es a través de una mayor instrumentacion y esfuerzo cientifico,

tarea, que desde luego, requiere mayores recursos materiales y humanos.
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