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RESUMEN

El anilisis de la sismicidad superficial (#7525.4) ocurrida en el occidente de Venezuela'y de
la sismicidad de profundidad intermedia (#15>4.2) generada al norte de Colombia y occidente de
Venezuela durante el periodo 1964-94. permitié mejorar el conocimiento sobre el régimen
tectdnico de la region y proponer un modelo que explica el comportamiento de los diferentes
fallamientos existentes en la zona. Primeramente, se evaluo la sismicidad de profundidad’
intermedia al norte de Colombia ¥ occidente de Venezucla. lo cual permitié identificar la
presencia de una placa litosférica subducida por mas de 400 km de longitud por debajo de la costa
suroeste del Caribe. La geometria de esta placa se definid en el rango de 60 a lSO,kmvc_le
profundidad, con una direccién aproximada NNE-SSH y un buzamiento hacia el es'te;‘jccr'i una
pendiente promedio de 25°-32°, en ese rango de profundidades. : o " L

Luego, se evaluaron los parimetros focales de los sismos superﬁcialyes con ‘magnitud
mp=5.4 ocurridos en el occidente de Venezuela durante el periodo 1964-94. Los mecanismos
focales obtenidos sugieren dos diferentes direcciones del campo de esfuerzos compresivo en el
occidente de Venezuela: al suroeste, un campo de esfuerzos compresivo orientado E-1”7 y en el
noroeste de Venezuela, aproximadamente al norte de la latitud 10°N, una rotacion de los ejes P
desde el NE-SE hasta NNE-SSIW. La correlacidn entre 1los mecanismos focales y las fallas activas
muestran que la liberacidén de energia sismica en el occidente de Venezuela no ocurre en un
sistema de fallas dnico, sino que la sismicidad se genera en fallas con diferentes orientaciones.
distribuidas sobre un gran volumen sismogénico. El calculo de la deformacién volumétrica de
estla regién muestra que en la parte norte, la tasa de deformacién compresiva se oriema casi N-S y
se debe a la subduccion de la placa del Caribe por debajo de Sur América: mientras que la tasa de
deformacién compresiva en la parte sur se define en la direccidn E-W y se asocia con la
convergencia entre las placas Nazca y Sur América. En todo el volumen deformado. 1a tasa de
deformacién compresiva se orienta en la direcciéon N-S.

Otra evidencia que demuestra el caracter altamente deformado y fallado del occidente de

Venezuela es la ocurrencia de eventos sismicos complejos de magnitud moderada. originados por

o
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fuentes multiples. Ademas de Ia ocurrencia del sismo de El Tocuyo en 1812 y¥ el de Caracas en
1967, existe la secuencia sismica compleja de Boca del Tocuyo. noroccidente de Venezuela, en
1989. El evento principal del 30 de abril y la réplica mayor del’'4 de mayo se generaron mediante
fuente multiples que indujeron Ia licuacién de los suelos en el drea epicentral,

La evaluacion neotecténica de las fallas en el occidente de Venezuela, aunado a la
determinacion de los mecanismos focales y a la direcciones de los principales ejes de esfuerzos.
permitieron proponer un modelo cinematico conocido con el nombre de “bookshelf”. Al actuar
los sistemas de fallas de Bocond y Oca-Ancon. en forma individual o como pareja de esfuerzos
con desplazamiento lateral derecho. las fallas NNE-SSIV que separan los bloques alargados en esa
misma direccion. experimentan un deslizamiento lateral izquierdo ¥ se produce una rotacién de
los bloques en sentido horario. Los resultados obtenidos también muestran evidencias que
pudiesen relacionar la frontera entre las placas Caribe y Sur América con el sistema de fallas de

—
Bocond y con el Cinturon Deformado del Caribe Sur. Por lo tanto, se pudiese estar presente ante
una frontera de placas definida por toda una zona de deformacion. comprendida entre los Andes
Venezolanos v el Cinturéon Deformado del Caribe Sur.

La presencia de una tectonica regional compleja en el occidente de Venezuela, motivé un
intento de evaluar el comportamiento de la sismicidad superficial con magnitud mp<5.4
utilizando sismogramas regionales. Se analizaron dos metodologias para obtener los mecanismos
focales de esos eventos menores y de esta manera recopilar mayor informacién para validar las
conclusiones alcanzadas y los modelos propuestos. Lamentablemente la escasez de informacion
en las estaciones sismolégicas ubicadas a distancias regionales del occidente de Venezuela, no
permitio cubrir ese objetivo. En su lugar se analizaron varios eventos ocurridos en el occidente de
Estados Unidos. los cuales permitieron ensamblar un procedimiento que servira en un futuro
cercano cumplir con la meta propuesta. a raiz de la reciente instalaciéon de nuevas estaciones
banda-ancha a nivel regional. Los resultados obtenidos con los sismos analizados del occidente
de Estados Unidos son satisfactorios, si se considera que el procedimiento utilizado se implanté

para desarrollarse de una manera automatica.



ABSTRACT

The analysis of the shallow, moderate-sized seismicity (715=5.4) that have occurred in
western  Venezuela and the intermediate-depth seismicity (715>4.2) originated in northern
Colombia and western Venezuela during the 1964-1994 period. were evaluated to understand the
complex tectonic environment in this region and its relationship to the interaction between the
Caribbean and South American plates. Firstly, the recent intermediate-depth seismicity .in
northern Colombia and western Venczuela was analyzed to understand its origin. and its ‘
~presumcd relationship to a subducted lithospheric slab in northwestern South America. "[‘hc
-isodepth curves reflect a slab striking in a NNE-SSI¥ direction and dipping appro\lmately at 25°-
'32° to the southeast. This observation is corroborated by the direction and plunge of the T -axes of
the focal mechanisms, which are generally parallel to the gradient of the slab defined by. the
spatial distribution of hypocenters. : ' .

Second, the shallow. moderate-sized seismicity occurred in western Venezue]l:{ was
analyzed. The results indicate that most of the earthquakes nucleated on secondary fault systems,
instead of on the major fault systems of Bocond and Oca-Ancén. The average direction of the P-
axes clearly divides the region of western Venezuela into two zones: north and south of latitude
10°N. In the northern area, the P-axes rotate from a NH-SE to NNE-SSI direction; whereas in
the southermn zone. the P-axes are approximately oriented E-I¥, The determination of the
compressional strain rate in the overall region over 30-yvears period of time is oriented almost N-
S. According to the seismic activity on the secondary faults. the border between the Caribbe:zm
and South American plates may be distributed over a wide zone of deformation instead of a major
single fault. The correlation between the left-lateral. strike-slip faults trending roughly NNVE-SSH,
the focal mechanisms and the Quaternary geological data suggest that the kinematics of the
faulting pattern behave as a bookshelf faulting mechanism. o

Another evidence of being in a high deformed and faulted region is the occurrence of :
earhquakes originated by multiple rupture processes. Besxdes the El Tocuyo' 1812 and the Caracas .

1967 earthquakes, there was the Boca del Tocuyo seismic sequence on Apnl and x\r(ay. 1989
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which had a special significance in assessing the seismic hazard of northerm - -Venezuela. The
mainshock and its largest aftershock induced intense liquefaction in most of';he ;coaS;al towns
near the epicentral area. Both earthquakes presented body-wave trains’ \vhiclui are l"nuch longer
than those expected for a single event of that magnitude. ' B
The existence of a complex tectonics environment in western Vexi‘ezﬁél‘iiv‘_}m6tivated us to
valuate the behavior of the shallow seismicity with magnitude mp<5.4," using regional
seismograms. We analyzed two methodologies to obtain the fault plane solution for those smaller
events in order to compile more information to validate the conclusions and theimodels proposed
in this study. Unfortunately, we could not reach that objetive, since the information recorded at
stations located at regional distances in western Venezuela was deficient. Instead. we analyzed
several earthquakes that occurred in western United States, that permit us to assembly a
methodolagy that it may be used in the near future, due to the deployment of new stations at
regional distances from western Venezuela. The results obtained from the analysis of the western

United States earthquakes can be considered as satisfactory. taking into account that the

evaluation was made in an automatic way.
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L. Introduccidén

El régi‘men:te'c'léx‘iico- del Occidente de Venezuela esta intimamente relacionado con la
intemccién{déxlas:platy:as FCaJv’ibe ¥ Sur América. El movimiento relativo entre estas dos placas es
principalmente del-tipo transcurrente dextral, ¥ ocurre a una velocidad promedio aproximada de 2
cm/afio (Fig. -‘1').‘Sin embérgo, el movimiento promedio relativo medido en los sistemas principales
de fallas tr:ihSéurrémes dextrales de El Pilar y Bocond, postulados como frontera entre estas placas
al este y occidente de Venezuela respectivamente, no exceden los 1.3 cm/afio (Schubert. 1982;

- Soulas, 1986).

Con base en esta diferencia de velocidades y a la presencia de sistemas de fallas secundarios
conjugados, 8¢ ha sugerido que este borde de placas parece no manifestarse a lo largo de un sistema
simple de fallas, sino que se distribuye sobre una amplia zona de deformacién. Todo esto ha traido
como consecuencia, que el régimen tecténico de esta regién hayva sido un punto de controversia
durante los ultimos aiios. en los cuales, diferentes autores han sugerido al sistema de fallas de
Boconé (e.g.. Dewey, 1972; Soulas, 1986) v al Cinturén Deformado del Caribe Sur (e.g.. Kellogg y
Bonini, 1982; Ladd er al.. 1984; Freymueller er al. 1993), como la frontera actual entre las placas
Caribe y Sur Ameérica (Fig. 1).

Esta discusién sobre el ambiente tectdnico de la region motivé el desarrollo del presente
estudio sobre la evaluacién sismotectonica del occidente de Venezuela. Se planteé como objetivo
principal el analizar con métodos robustos. los parametros focales de los sismos ocurridos en la
zona y correlacionarlos con los accidentes estructurales identificados a través de los estudios
neotecténicos de campo. El hecho que la tasa de sismicidad del drea de estudio sea relativamente
baja v dispersa. se dispuso de diferentes metodologias para cumplir con los objetivos planteados.

Algunos estudios se han realizado previamente con este mismo propdsito. Dewey (1972).
mediante la instalacién de una red sismolégica local y utilizando datos telesismicos. analizé la
sismicidad del occidente de Venezuela y norte de Colombia. incluyendo el Nido de Bucaramanga.
Ademads. determiné algunos mecanismos focales basados en las polaridades de las primeras

llegadas y concluyd que la zona de fallas de Boconé es sismicamente activa. Luego. Katka v
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Weidner (1981) evqlﬁaron los me;anisnlos focales determinados por Dewey (1972). realizando una
inversion crl'el‘,'tern"st‘ar de }xxomento sismico utilizando ondas Rayleigh. Sus mecanismos focales
su'gifieron’;i;n' fallamiento transcurrente dextral paralelo a la falla de Boconé. Pennington (1981).
torﬁémdo en.cuenta los mecanismos focales determinados previamente y otros obtenidos por él con
fbase.eh‘primeras Hegadas, sugirié que el bloque norte de los Andes se mueve hacia el nor-noreste

“con respecto al resto de la placa de Sur América. a lo largo de un sistema de fallas ubicado al frente

."de la Cordillera Oriental de los Andes. Kellogg y Bonini (1982), Ladd et al. (1984) y Freymueller er
al. (1993), utilizando diferentes metodologias propusieron al Cinturén Deformado del Caribe Sur
como la frontera actual entre las placas Caribe y Sur America. y consideran la falla de Bocond
como producto de la deformacion intraplaca.

En los estudios de la sismotectonica del occidente de Venezuela, es indispensable considerar
que la mayoria de los sismos se originan en la corteza terrestre (#<30 km). como consecuencia de
fallamientos superficiales. Sin embargo, existen tambiéﬁ eventos de profundidad  intermedia
(50<h<180 km). que se han originado por la extensién:de la p]dca litosférica subducida en el norte
de Colombia y noroccidente de Venezuela haci; esta region. Es por ello que resulta necesario
analizar ambos tipos de sismicidad, incluyendo la mayoria de los sismos (1725>4.8) de proﬁindidad

intermedia que ocurren en el norte de Colombia. )

En el Capitulo 2 de este estudio, se determind la orientacidon y geometria de la placa
litosférica subducida al norte de Colombia y noroccidente de Venezuela, a través del andilisis de los
sismos de profundidad intermedia en esa region. Las profundidades focales de los eventos de menor
magnitud (715<5.3) se obtuvieron mediante la lectura de las diferencias de llegada de las ondas P y
PP, en sismogramas de la World-Wide Standarized Seismograph Network (H#1SSN). de la Global
Digital Seismograph Network (GDSY). del Yellow Knife Array en Canada (YAL{) y del Norwegian
Seismograph Array (NORSAR). Los mecanismos focales de estos sismos de menor magnitud, se
determinaron mediante las polaridades de las primeras llegadas obscrvadas en esos sismogramas.
Para los eventos de mayvor magnitud. las profundidades focales y los mecanismos de fallas se

obtuvieron mediante la inversion del tensor de momento sismico. utilizando sismogramas grabados

a distancias telesismicas (Nabelek, 1984).

8]
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Luego, para evaluar la sismicidad superficial del occidente de Venezuela, en los Capitulos 3 v
4 del presente trabajo se analizaron los parametros de la fuente de los sismos superficiales de
magnitud m14=5.4 ocurridos en la zona de estudio durante el periodo 1964-1994, Esta evaluacion se
efectué mediante la inversion del tensor de momento sismico utilizando ondas de volumen
grabadas a distancias telesismicas (30=<A<90) (Nabelek. 1984). En total. se estudiaron 16 sismos,
los cuales permitieron proponer un modelo cinematico que explica la subsistencia de los diferentes
sistemas de fallas principales ¥ secundarios, en un régimen tecténico tan complejo. Iguaimente, los
resultados de este estudio permitieron definir el campo de esfuerzos compresivo existente en la
regioén. v la tasa y orientacién principal de la deformacién compresiva promedio. Los sismos
ocurridos dﬁran_te 1989 en Boca del Tocuyo, noroccidente de Venezuela, se evaluaron
detalladamente en el Capitulo 3, ya que se originaron mediante rupturas multiples que produjeron
trenes de ondas muy largos. Estas ondas indujeron la licuacion de los suelos cercanos al drea
epicentral, ocasionando ligeros dafios a las estructuras existentes.

Finalmente, en el Capitulo 5 se incluyeron dos metodologias para la modelacion e inversién
automatica del tensor de momento sismico. utilizando sismogramas grabados a distancias
regionales (A<12°). La idea original de llevar a cabo este estudio. con base en sismos con magnitud
mp<5.3 ocurridos en el occidente de Venezuela, no pudo realizarse. Esto fue debido a la baja
relacién sefial-ruido en los sismogramas de las estaciones ubicadas a distancias regionales. En su
lugar. se analizaron siecte (7) sismos ocurridos en el occidente de Estados Unidos de Ameérica.
durante el periodo 1993-94, utilizando datos de la red sismoldgica de ese pais v de otras estaciones
ubicadas en la regiéon. Sin embargo, con la implantaciéon de nuevas estaciones sismoldogicas de
banda ancha en la zona del Caribe, Centro América y Sur Ameérica. existe la posibilidad a corto
plazo que puedan analizarse eventos futuros con estas metodologias.

El analisis de la sismicidad con magnitud n775<5.3 de la zona tiene un valor agregado muy
importante en la validacién del modelo tectdnico propuesto para la region. ya que algunos de ellos
se han generado posiblemente en fallas donde no han ocurrido sismos de mayor magnitud. De todas
formas. los sismos con magnitud »725.4 generados en el periodo 1995-96 } no incluidos en el

presente estudio. avalan el modelo sugerido.

W
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Descripcién de Figuras

Figura 1. Sismicidad (mbzs 0) relacionada con la interaccion de la placa del Caribe cbn sus @
placas vecinas (Atlantico, Cocos, Naxzca, Norte América y Sur Amenca) Las ﬂechas‘f
indican las direcciones de los movimientos relativos de las placas. La sxsmxcxdad seA" ¢
muestra como circulos abiertos; por lo que las dreas oscuras reﬂejan una alta‘
concentracién de sismos. L 7 :

Figura 2. Sistemas mayores de fallas activas en Venezuela (Beltran, 19‘93,:‘ Singer et b;l.. 1992:
Soulas, 1986:. Soulas er al., 1987). Las ﬂechas indican las direcciones de movimientos
relativos de las fallas. ' C )

Figura 3. Sistemas mayores de fallas activas en el occidente de Venezuela (Beltran, 1993; Singer er
al., 1992; Soulas, 1986; Soulas er al., 1987). Se muestra la sismicidad (mbas.O) ocurrida
durante los 1ltimos 30 afios en la regidn. reportada por el Centro Sismoldgico de los Estados
Unidos de América (MEIC). Los circulos corresponden a sismos con magnitud mbSS.S; los
cuadrados, con magnitud 71,25.3. Los simbolos claros representan la sismicidad superficial
(A<70 km), mientras que los simbolos oscuros indican los eventos de profundidad intermedia

(A=70 km). Las flechas denotan las direcciones de los movimientos relativos de las fallas.
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relacién con la subduccién de la placa del Caribe

Intermediate-depth seismicity in northern Colombia and western Venezuela

and its relationship to Caribbean plate subduction

Gustavo Malavé! and Gerardo Sudrez

Instituto de Geofisica, Universidad Nacional Auténoma de México, Mexico City, Mexico
1 Also at: INTEVEP, S.A., Apartado Postal 76343, Caracas 1070A

Abstract. The recent intermediate-depth. selsmxcxty in northem Colombia and
western Venezuela was analyzed to understand 1ts ongm, and its presumed
relationship to a subducted lithospheric slab in: northwestem South America.
The area included in this study is located ;o~ the north and east of the
Bucaramanga Nest, which is a pm-ticulaf region beneath Bucaramanga,
northern Colombia, that presents a high concentration of intermediate-depth
earthquakes. To the north of the nest, the seismicity of the area is sparse and
most of the events are of low magnitude (m2,<5.1). Thus. only twenty-three
earthquakes were large enough to be investigated using teleseismic data. The
focal parameters of the two largest events (11,25.4) were obtained from the
formal inversion of long-period bodywaves recorded at teleseismic distances.
The focal mechanisms of ten more events were determined from first-motion
data. In total, the focal mechanisms of twelve events were determined from
both the inversion of P and SH waveforms and from the polarities of first

arrivals. For the smaller earthquakes, the focal depths were calculated by
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measuring the observed pP-F interval time and comparing it to the theoretical

travel-time tables. The isodepth curvés reflect a. slab striking in a NNE-SSW

direction 'and  dipping approximately‘ at 25°-32° to the southeast. This

observation is corroborated -by the direction and plunge of the 7-axes of the
focal mechanisms, which are generally parallel to the gradient of the slab.

defined by the spatial distribution of hypocenters. These results indicate that

the . intermediate-depth earthquakes in \western Venezuela and northern

Colombia are apparently related to the presence of a continuous lithospheric ... i
slab subducted near the northern coast of Colombia. The two  largest

eanhquakés, located at a significant distance from the Bucaramanga.nest,’:
present similar fault plane solutions. Moreover, they also agree with thoseﬂ‘bf;
the two largest earthquakes reported inside the nest. This 51mxlanty suggests“ 5
that the Bucaramanga nest lies on the same subducted slab where the other.y

earthquakes occur. There is not enough shallow seismicity: to det‘ne thev

location where the Caribbean lithosphere subducted beneath the South

American plate. However, the extension of the slab towards;: the surface,
inferred from the intermediate-depth seismicity, suggests t.hat the subducted

lithosphere may still be attached to the Caribbean plate.
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Introduction

The seismicity in western Venezuela is characterized mainly by the occurrence of shallow
earthquakes (/1<30 km) of moderate magnitude (m,<5.4). associated with a wide zone of
deformation dominated by the right-lateral. strike-slip motion on the Boconé and Oca-Ancén
fault systems. However, several earthquakes with depths ranging from 140 to 190 km have
occurred in the region since 1964, They are located near the Venezuela-Colombia border. beneath
the Sierra de Perija and 1o the north and east of the Bucaramanga nest (Figure 1).

The seismicity (7,24.0) of northern Colombia and western Venezuela reported by the
National Earthquake Information Center (NEJC) since 1963. shows that the seismic activity to the
north of latitude 8°N is sparse (Figure 1). To the south of that latitude. two clusters of seismicity
may be identified: the Bucaramanga nest composed of intermediate-depth events, and a cluster of
shallow earthquakes located near the Colombia-Panama border near 76°W. In this latter area. two
large earthquakes occurred on October 17 and 18. 1992 (Mg=6.7 and 7.3, respectively).
associated probably with the east-west convergence of the Nazca plate beneath South American
plate.

The Bucaramanga nest has been a point of interest and intense study for several vears. The
origin of this highly concentrated. intermediate-depth seismic source and its relationship to a
presumably subducted lithosphere in northern Colombia have motivated several authors to
analyze the seismicity of the area [e.g., Dewey, 1972; Pennington, 1981: Schneider et al., 1987:
Rivera. 1989; Shih et al., 1991]. According to these authors. the Bucaramanga seismicity occurs
within a limited volume (radius less than 10 km). The mislocation of the hypocenters obtained by
the international seismological agencies (/SC: International Seismological Centre; NEJC) seems
to define a larger volume for the Bucaramanga Nest (Figure 1). However. hypocenters
determined by local. temporary seismological networks and by the relocation of data collected by
those agencies delineate a volume of ~10 km in diameter of the Bucaramanga Nest.

Dewey [1972] investigated several intermediate-depth earthquakes beneath the Cordillera

Oriental and Sierra de Perija, and concluded that if those events occurred in the same lithospheric

12
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slab as that contammg the Bucaramzmga source, the slab must have a. stnke .of N10OE and dip
towards . the ecast. His datasel -however, was- insufficient to accurately map the supposed
subducted lithosphere. Latér, Penningron [1981] studied other’ intermediate-depth earthquakes
and defined a Bucaramanga segment dipping to the N109E at ~20°-25°. Keilogg and Bonini
[1982; 1985] suggested that the Caribbean oceanic lithosphere is actively underthrusting beneath
South America in northern Colombia and northwestern Venezuela. They postulated that the
resulting seismic zone dips at ~30° towards the southeast and ends at a depth of 200 km beneath
the Maracaibo Basin. More recently. Schncider et al. [1987] analyzed sev eral xntcrmedlate—deplh :
microearthquakes near the Bucaramanga nest and defined a- Wadan-Bemoff zone, spannmg
depths from 110 to 190 km, striking N10E, and a dip increasing from 30°E at shallower depths to,
near-vertical beneath the nest. B :

In this study, the hypocentral location and the focal mechanisms of severéliﬁtiéﬁqéldia(g-‘ _
depth earthquakes in western Venezuela and northern Colombia are analyzed to understand ‘th‘eiri
presumed relationship to Caribbean plate subduction. Since most of the events included Hérc
occurred in the last two decades, only a few of them have been considered in previous studies.. As
mentioned above, the seismicity in this area is sparse and most of the events are of mhgnitﬁde }nb
=5.1. As a consequence of that low magnitude, the signal to noise ratio of ‘the available
teleseismic data was relatively low, but still good enough for hypocentral and focal ;necha.nism
analysis.

The only two earthquakes of magnitude m,>5.4 were evaluated through the - formal
inversion of long-period bodywaves recorded at teleseismic stations [Ndbelek, 1§84]. The
earthquakes of smaller magnitudes were investigated by reading the arrival time difference
between the P and pP phases to calculate the focal depths; the polarities of the P-waves were
used to determine the fault plane solutions. In total, the focal depths of twenty-three earthquakes
were estimated. and the focal mechanisms of twelve events were constructed (Table 1). In
addition to these, the focal mechanisms of three events determined by Dziewonski et al. [1987a;
1987b: 1988] are included in the study.
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‘ Although the Bucaramanga nest is located within the area studied here. the earthquakes that
have occurred inside this zone were not analyzed in detail, because they have been well studied
by the authors mentioned above. The earthquake of August 30. 1973 (117,=5.7). that occurred near
the nest [Pennington. 1981] and the event of November 17. 1968 (m,=5.8). located ~200 km to
the north of the first one were the two earthquakes for which a formal inversion was performed.
Their source parameters were compared with those of other events reported inside the
Bucaramanga source. and with those of other intermediate-depth earthquakes that are located far
from the nest
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Data

Different datasets were used to evaluate the source parameters of the earthquakes studied.
according to their range of magnitude, the data available, and the date when they occurred. Short
and long-period analog seismograms from the World-Wide Standardized Seismograph Network
(WHWSSN). and short-period digital records from the Global Digital Seismograph Network
(GDSN), the Yellow Knife Array in Canada (YKA4). and the Norwegian Seismograph Array
(NORSAR) were collected. For earthquakes that occurred before 1978, analog seismogranis from
the HIFVSSN were used. However, for events occurring after 1978, digital data available from the
GDSN and from regional digital networks were analyzed in addition to the WIVSSN analog
seismograms. The /SC earthquake database was utilized for recalculating the hypocenters of most

of the earthquakes, except for an event that occurred in 1992, for which the NE/C database was

used.

Analog dara

The analog seismograms were copied and amplified from microfilms to facilitate the
digitization of the waveforms for the inversion, the readings of polarities and the measurement of
pP-P interval times. Due to the large number of those analog stations installed worldwide.
sufficient information was obtained to constrain the source parameters. Since 1978, the format to
record the HWIVSSN seismograms in microfilms was changed to a compressed one. Consequently.
it was difficult to identify the smaller events that occurred after 1978 on the IWVIVSSN
seismograms. Fortunately, the number of digital stations of the GDS¥ increased worldwide since
that time. which permitied to complement this study by using those stations and data recorded at

the YK 4 and the NORSAR seismic arrays.
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Digital data

The digital data was the most useful type of information for earthquakes that occurred after
1973. Broad-band and long-period instrumental records were examined whenever available. The
short-period seismograms were used generally due to the low magnitude of the events: All digital
seismograms were high-pass filtered to eliminate long-period noise. The cut-off frequency varied

in according to the level of the noise on the seismograms.

Local seismic arravs

The YKA4 and NORSAR seismic arrays are located at teleseismic distances of approximately
60° and 80° from the area studied, respectively. Thus the individual stations in each array were
considered as a single point on the focal sphere. In spite of the low magnitude of the events, the
quality of the YKA data was excellent. The readings of the pP-P time difference were made
accurately at all the stations of the array and then averaged. In the case of the NORSAR array, as a

result of the larger epicentral distance, a stacking (plain sum) of the seismograms of the array was

used to improve the signal to noise ratio.
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Methodology

The determination of the reliable focal depths and source mechanisms of the earthquakes in
this area is a crucial factor in the aim of this study. First, we collected the focal depths obtained
by ISC. including its pP-P depth determination when available. and those reported by NEIC
(Table 1). Next, the hypocenters were relocated using the single-event location program (SE89)
of Dewey [1971] with both the ISC and NEJC earthquake databases (Table 1). This was done as
an effort to reduce the errors in the hypocentral locations determined by /SC and NE/C. since this
method permits a better constrained estimate of the focal depth when a considerable number of
pP phases are included. In addition to this, we analyzed the source parameters of the two larger
earthquakes (m71,25.4) by using a formal inversion of bodywaves. In the case of the smaller events
(my=5.1), the pP-P interval times Were réad directly from the seismograms to estimate the focal
depths, as were the‘poiarities,of ﬁfst_:arrivals to obtain the focal mechanisms. A more detail

explanation of the procedures used in this'study is presented in the following sections.
Bodhwave inversion ...

'The source parameters of the earthquakes that occurred on November 17, 1968 (/1,=5.8),
and August 30, 1973 (m,=5.7) (events 2 and 4 on Table 1), were analjzed through the i_nversion
of long-period P and SH waves recorded at teleseismic distances by stations of the WIVSSN
(Figures 2 and 3). These events are two of the largest intermediate-depth earthquakes recorded in
western Venezuela and northern Colombia. X

Only seismograms of stations within an epicentral distance range of 23° to 90° were
included in the study: within this distance range, the Green's functions for a source embedded in a
lavered earth are simple to calculate and can be accurately estimated [e.g., Ncibelek, 1984]. The
analog records were hand-digitized with a sampling rate of 0.5 s. All seismograms were high-pass
filtered with a cut-off period of 60 s in order to remove very long-period noise. The crustal and

mantle structure beneath the recording stations was assumed to be a half-space with a
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compressional wave velocxty of 6 km/s a Poisson ratio ofO 25. and a dcnsnv of 2.6 g/crn3 The

crustal and mantle structurc at the .source regxon is shown on Table 2. The anelastic attenuatlon

along the propagauon palh was parametenzcd usmg at ~1 s’ for P waves and ant *=4'§ for SH
waves. A priori single point source wxlh a source time" funcuon duration of 4 s was used for both
events. “ . )

The inversion procedure is discussed in detail by N'a’belek [1984]. Briefly. the method may
be explained as follows. According to the size of the earthquake, the source time function is
parameterized as a single point source or as an event composed of several point sources
(subevents) separated in time and space. For each subevent. the model parameters include the
focal mechanism (strike, dip, and rake), centroidal depth, seismic moment. source time function,
and the relative location and time delay of each subevent with respect to the first one. The source
time function is allowed to take an arbitrary shape. Theoretical seismograms are iteratively
matched to the observed seismograms using a least squares criterion until a prescribed variance

reduction is achieved.

Focal depths and fault plane solutions for earthquakes of small magnitude (my=<5.1)

As mentioned above, the hypocenters of all the events included in this study were estimated
using a single-event method (SES89) [Dewey, 1971]. In general. the hypccentx‘ai locations
determined using SE89 are similar to those obtained by the /SC (Table 1). In addition, the focal
depths of earthquakes with magnitude 77,<5.1, for which a formal inversion was not possible,
were calculated comparing the observed pP-P interval times read from the seismograms with the
theoredcal travel-time tables published by the International Association of Seismology and
Physics of the Earth's Interior (JASPEI) [Kennetr. 1991]. In order to evaluate with more
confidence and precision the estimations of the focal depth. the readings of pP-P versus the
epicentral distance of the stations used in the calculation were plotted. A linear. least-squares fit
of the data was then made and compared with theoretical travel-times {Kemnerr. 1991] for a

similar range of depths (Figure 4).
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On_the other hand. ten focal mechanisms of these earthquakes were determined by plotting
the polarities of the first motions in a lower-hemisphere projection (Fiéure 5) 'fhe readmgs of
pP-P times and polarities of the first arrivals were made mostly on short-period seismograms
recorded by the WHSSN and the GDSN networks, and YKA4 and NORSAR arrays. The velocity
model utilized to calculate the take off angle corresponding to each station is the same that used
in the inversion scheme. In general, the focal mechanisms are well constrained because they show
opposite polarities separating the nodal planes. However. the nodal planes of some of those
mechanisms could vary but without interfering the conclusions.

To validate the results obtained using the methods described above, synthetic short-period
seismograms were generated and then visually compared with the observed data. The synthetic
waveforms were generated with the depth and focal mechanism determined in this study as input
parameters for each event, and using the same source structure as that used in the inversion
procedure described before. A source time function of 1 s was used in all cases. As an example,
the synthetic and observed filtered-seismograms recorded at the GDSN stations BCAO and
ANMO for the earthquake of October 28, 1980 are shown on Figure 6. In general, the comparison

of the waveforms and of the arrival time of the phases P, pP, and sP in both stations coincide and
corroborate the results obtained. »
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Results of the Analysis

The results obtained from the bodywave inversion of the earthquakes that occurred on
November 17. 1968, and August 30, 1973, are shéwn on Figures 2 and 3. In both cases, the fit
between the synthetic seismograms and the observed data is good. Although most of the stations
used in the inversion are located to the north and to the northeast of the epicenter, the fault plane
solutions of these two earthquakes are well constrained. There are stations in opposite quadrants
controlling the position of the nodal planes in either the P and SH mechanisms for both
earthquakes. .

The fault plane solution determined in this study for the event of November 17, 1968,
shows a T-axis dipping to the N140E at 44°. This mechanism agrees well with that reported by
Kellogg and Bonini {1982], which was calculated by O. Pérez, W. R. McCann, and A. J.- Murphy
[Lamont-Doherty Geological Observatory, Palisades, New York., unpublished data, 1978] using
first arrivals. It differs, however, from the focal mechanisms obtained by Dewey [1972] and
Pennington [1981] using first-motion polarities (Figure 7). That difference is basically indicated
by the presence of a strike-slip component in the fault plane solution reported by these latter
authors. On the other hand. the focal mechanisms of the earthquake of August 30, 1973, reported
here and by Pennington [1981] are very similar. Furthermore, this mechanism agrees with the
fault plane solutions obtained by Molnar and Sykes [1969] and by Dewey [1972] for an event that
occurred in the Bucaramanga nest on July 29, 1967 (Figure 7). The focal mechanism of the event
of August 30. 1973 shows a T-axis oriented N110E and dipping 46°.

The seismic moment resulting from the bodywave inversion for the events of November 17,
1968, and August 30, 1973, are 8.1x10"" Nm and 2.Sx10m Nm. respectively. and correspond to
moment-magnitude estimations of M,=5.9 and 6.2 [Hanks and Kanamori, 1979). Their focal
depths are 166=1 and 175%1 km, respectively (Table 3).

Most of the focal mechanisms of the events obtained from first motion data, similarly to
those determined by the inversion, show predominantly 7-axes oriented to the southeast (Figure 8

and Table 3). Only three of the earthquakes considered in this study (events 1..5. and 18 on
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Figure 8 and Table 3) show 7-axes striking in a different direction. Coincidently, they are three of
the shallower events. The fault plane solutions obtained here for the events of October 28. 1980,
and August 13, 1986 (events 8 and 15 on Figure 8), are similar to those determined by
Dziewonski et al. [1987a; 1988]. Dziewonski et al. [1987b] also examined the focal mechanism of
an earthquake that occurred offshore Colombia., on April 28, 1978 (Event 24 on- Fxgure 8). that
presents a 7-axis trending practically north-south. ) )
In general, the focal depths estimated in this study by bodywave inver’sion.‘single-y’event
method, and readings of pP-P are similar to those calculated by ISC (Tables 1 and 3). All of them
are in the range of errors that have been implicitly introdqc‘ed by the vélocity models utilized,
errors in reading seismograms, and in the computation. Our conclusions. however, are not
sensitive to these small differences in focal depth. For Lhé analysis, we selected the focal depths
obtained in this study from the inversion of bodywaves and readings of pP-P (Figure 9 and Table
3). We do not include our epicentral relocations on Table 3 because, as mentioned before. they

are very similar to those calculated by /SC (Table 1).
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Discussion
Geometry of the sinking slab based on the focal depth of the carthquakes

The results obtained in this study show that there is a close spatial and tectonié relationship
bet\‘ve‘en' the intermediate-depth earthquakes in western Venezuela and those in northern
Colombia. Apparently, all of these events lie within a lithosphere slab which presumably
subducted beneath the southern Caribbean coast. The geometry of this slab was determined from
the analysis of twenty-three earthquakes with depths ranging from 49 km to 189 km (Figure 9).

The isodepth lines reflect the presence of a lithospheric plate subducted along the northern
Colombia coastline, which strikes roughly in a NNE-SSW direction and dips toward the
southeast. Three cross-sections were made to estimate the dip of the slab: two on a plane trending
118° that include the events that occurred in the northern zone (A-A'; B-B') and another profile in
an E-W direction that includes the events located in the southern part of the study area (C-C")
(Figure 9).

The orientation of the cross-sections was selected based on the hypothesis that the slab
subducted initially from the suture zone between South America and Panama. This plate
boundary between the Caribbean and South American plates is probably the Southern Caribbean
Deformed Belt [Ladd et al.. 1984: Freymueller et al., 1993]. The three cross-sections show
seismic zones dipping approximately 25°-32° to the ESE, down to a maximum depth of about
200 km. The profiles also reflect an increase in the dip of the slab from south to north. The

dispersion of hypocenters observed in cross-section A-A' may be the result of the curvature of the

subducted slab when projected onto the profile.
Focal mechanisms and (he geomeltry ofthe subducred slab

Most of the faﬁlﬁ plane séllutiiéh.svdet'exjrnihed in this sfudy, (Figure 5) and those calculated by

Dziewonski er arl.‘[198,7fa:_"lv987b’;* 1 9'88‘]‘,‘cohsistemvl‘y show tensional faulting with T-axes oriented
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in the downdip direction of the presumed slab (Table 3). The focal mechanisms were projected
onto the two cross-sections mentioned above. on side-looking lower hemispheric projections
(Figure 9). This shows the trend of the 7-axes as a function of depth. In general. the plunge of the
T-axes increases consistently with depth, ranging from 22° to 46°. The plunge of the 7-axes
coincides with the gradient of the subducted slab defined by the relocated earthquakes. The
coincidence between the dip of the slab and the orientation of the T-axes has been reported also at
intermediate depths in others slabs [Isacks and Molrnar, 1971; Apperson and Frohlich, 1987;
Arawjo and Sudre=, 1994]).

The Bucaramanga source and the intermediate-depth seismiciry outside the nest

The intermediate-depth seismicity outside of the Buca.raxnangn‘source ta.kes place as

isolated earthquakes, rather than occurring in a tight cluster as it’ does in_the Bucaramanga nest

(Figure 1). Consequently, it is important to understand whether there ;s a ion between the )
focal mechanisms of earthquakes located within the nest with t.ht:yséf f:events ouisidev:,th:zhes't'
[e.g. Dewey, 1972; Schneider et al., 1987; Rivera, 1989]. : : :

Schneider er al. [1987] obtained the focal mechanisms . of" f fty-mne mxcroearthquakes
occurring within the Bucaramanga nest; they did not identify, however, any dominant trend in
them. Furthermore., their efforts to correlate those fault plane solutions with a regional stress
pattern or with previously determined mechanisms from teleseismic data were unsuccessful.

The comparison between the results obtained in this study and those of previous workers
shows interesting aspects. The inversion results of the P and SH waves of the November 17.
1968, earthquake, located approximately 250 km to the north of the Bucaramanga nest, and of the
August 30, 1973, event, located very close to the nest. present a very similar focal mechanism
and orientation of the 7-axes (events 2 and 4 on Figure 8). In both cases. the 7-axes are oriented
northwest-southeast and dip towards the southeast.

The focal mechanisms of these two earthquakes agree with the fault plane solutions

reported for two of the largest events that occurred inside or near the nest on February 26, 1965
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(my=5.7). and July 29, 1967 (my=6.0) [Molnar and Svkes., 31969;>,Is'ac'];.v and Molnar, - 1971;
vents that occurred on

Derey, 1972]. However, they differ from ihe'mechanism“s: of the
=5.9). and on July 81973, (m=5.4) [Dewey,

September-11. 1966 (m, li9v:7‘.v’__;"']"éhrnington. 1981]

(Figure 7). o ' R v S
Those four earthquakes have been reported to occur. presumably inside the nest [e.g. Mo/lnar

and Svkes, 1969; Dewey, 1972; Pennington, 1981]. . However,-according to Schneider et al.
[1987], the last two events mentioned above are ihe only earthquakes that are really within the
nest itself. This conjecture is based on the fact that the focal mechanisms of these two latter
earthquakes have a NW-SE striking nodal plane that is parallel to the alignment of the nest.
Nevertheless, due to the small and limited volume of the Bucaramanga source and considering
the errors present in the hypocentral determination, it is difficult to affirm whether an earthquake
close to this area is within the nest or not.

In summary, the fact that the largest earthquakes reported inside or near the nest present a
similar focal mechanism and orientation of the 7T-axes to that of the largest events occurring
outside of the nest suggests that the Bucaramanga nest lies on the same subducted slab where the

other intermediate-depth events in northern Colombia and western Venezuela occur.

-The subducted slab

The distribution of the relocated hypocenters in northern Colombia and western Venezuela
clearly suggest the presence of a subducted lithosphere in the region. This slab. oriented in a
NNE-SSW direction, extends for a distance of over 400 km and dips to the southeast. The
orientation and geometry of the slab strongly suggest that its presence is due to the subduction of
the Caribbean plate beneath northern Colombia. Furthermore. the inferred isodepth curves and
the orientation of the 7-axes of the focal mechanisms. suggest that the Bucaramanga nest occurs
the same slab. However, considering the existence of focal mechanisms in the

within
Bucaramanga nest that differ from those of the rest of the slab and the remarkable high

1
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concentration of seismecity, evidently something unusual and not yét determined is ockcurring in
this part of the slab.

The timing and combination of relative plate motions that produced the subduction which
now is responsible for the slab present in northern Colombia and western Venezuela are not fully
understood. However. the slab appears to be the product of the same type of relative plate motion
that resulted from the collision of the Panamanian arc with South America. Although it can not be
unequivocally stated with the data on hand. the low rate of shallow seismicity and the absence of -
underthrusting earthquakes along the coast of northwestern Colombia. suggest that subduction is
not occurring today: however, if subduction takes'place today. it probably occurs at a very low
rate (<1 cm/yr). reflected by the low seismicity of the area.

Undoubtedly. the neotectonic regime in northern Colombia and western Venezuela:has
changed since the collision between the Panamanian arc and South America took -place
[Freymueller et al., 1993]. Apparently, the subduction of the Nazca and Caribbean plates beneath
the Northern Andes block continued after the initial collision took place [Kellogg and Bonini.
1985]. According to Wadge and Burke [1983]. the deformation. uplift, and suturing of the
Panamanian arc onto Colombia began between 15 and 10 m.y.a. Mann and Burke’[1984], and
more recently Mann and Corrigan [1990]. suggested that the best estimate’ of the age of the
collision appeared to be latest Miocene to early Pliocene. : L . 7

Silver er al. {1990] éuggested that the collision occurred in the middle to late:Miocene,
when the Panama block was apparently oroclinally bent, with free boundaries along both the
northern and southern margins. Nonetheless, if we assume a rate of subduction of 2 cm/yr; the
occurrence of intermediate-depth earthquakes at a depth of approximately 200 km in this region,
suggests that underthrusting of the Caribbean lithosphere beneath South American plate may
have taken place as recently as 10 m.y.a.

The geometry of the slab can be inferred based on the seismicity from a depth of ~50 km
(Figure 9). The slab dips at an angle of ~25° at depths of less than 100 km. At that depth. the dip
increases to about 30° to 35°. The angle of subduction inferred from the distribution of seismicity

is steeper than the one dipping at ~17° determined by van der Hilst and AMann {1994] based on
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seismic tomography. The steeper dip angle of the subducted slab observed here does nbt.sﬁppon
the hypov.hésis that the shallow subduction angle of the Caribbean plate beneath South, Ameriéa
results in "Laramide-style” deformation on vertical block uplifts in the ovcrndmg plate; [Aullos,g
and Bonini, 1982; Kellogg. 1984; van der Hilst and Mann, 1994]. TS S

van der Hilst and AMMann (1994) identified a shallow velocity anomaly lhat together \vxlh the
extension of the seismicity towards the surface, in the NW direction (cross-secuons A-A' and B-
B'). suggests that the location of the trench or paleotrench coincides with the location of the
Southem Caribbean Decformed Belt. considered by Freymueller et al. [1993] as a major plate
boundary. This is also corroborated by the occurrence of events 10, 11, 13. and 18. which clearly
are not located within the South American plate (Figures 8 and.9). The location and focal
mechanisms of these intermediate-depth earthquakes suggest.that the subducted slab is still
attached 1o the Caribbean lithosphere. ;

Towards the southwestern part of the study area, understa.ndmg the geometry of the slab.is
more complicated. The dip of the slab appears to change near the suture zone due to the collnsxon
of the Panamanian arc. In this region it is more difficult to assert \whether the slab is still attached
to the Caribbean plate, since it can not be established with cenaint.y 16 which ‘tAeci‘;c‘.u‘mic platéthe
earthquakes are related to: the Caribbean or Nazca plates. ; : ‘

The lack of intermediate-depth earthquakes north of appro\xmatelv 11.5°N suggests that the
subduction zone terminated near this latitude [Dewey. 1972]. Nevertheless. an earthquake
(mp=3.8) with a reverse-faulting source mechanism occurred on June 11, 1984 (event 12 on
Figure 8 and Table 3). at a latitude of approximately 10.8°N. and at a depth of 61 km. Another
earthquake with similar fault plane solution and depth was reported by Vierbuchen [1978] (event
25 on Figure 8). This event occurred on March 12. 1968, and is located offshore northem
Colombia (13.2°N; 72.3°W) at a depth of 58 km. The depths of these earthquakes seem to
indicate the shallowest and northemmost portion of the slab.
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Summary and Conclusions

The analysis of intermediate-depth earthquakes in western Venezuela and northern
Colombia shows the presence of a continuous lithospheric slab over 400 km long. subducted
beneath the southern Caribbean coast. The geometry and maximum depth extent of the slab were
obtained from the focal parameters of twenty-three low to moderate-magnitude events (4.2<n1,<
5.8). The long-period bodywaves of the two largest earthquakes (/12,>5.4) were formally inverted.
whereas the focal depths for the smaller events (17,55.1) were determined by comparing the
observed data with the theoretical travel times. The fault plane solutions of the smaller
earthquakes were obtained by plotting the polarities of the first motions on a lower-hemisphere
projection.

Based on the examination of the focal depths, the geometry of the slab was defined at
depths ranging from 60 km to 180 km. The isodepth lines show a slab striking in a NNE-SSW
direction and dipping approximately 25°-32° to the east. The orientations of the 7T-axes indicate
tensional faulting and are generally aligned parallel to the gradient of the slab inferred from the
seismicity. The results obtained from the analysis of the earthquakes that occurred on November
17, 1968 (approximately 250 km to the north of the Bucaramanga nest), and on August 30, 1973
(near the nest). show similar focal mechanisms and they agree with other fault plane solutions of
two moderate-magnitude events reported inside the nest. Thus it appears that the seismicity in the
Bucaramanga nest is part of a seismic zone reflecting the presence of a subducted portion of the

Caribbean plate beneath the overriding South American plate.
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Figure 2.
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Figure Captions

Figure 1. Seismicity (7;,24.0) of northern Colombia and western Venezuela reported by the

National Earthquake Information Center (NVEIC) since 1963; The thick solid lines on the
map indicate the direction of the three cross-sections shown: A-A', B-B', and C-C'. The
contour lines are bathymetric curves in meters. The seismicity is shown as crosses (0<A<70
km.) and shaded circles (/i>70 km.).

Results of the simultaneous inversion of the (top) P and (bottom) S/ waves of the
November 17, 1968, earthquake. using a point source with a source time function duration
of 4 s. The theoretical seismograms (dashed lines) and observed waves (solid lines) match
very well the waveforms in all the stations considered. The focal mechanisms are shown in
a lower hemisphere projection. The shaded areas in the P waves fault plane solution
represent compressional first motion. Amplitudes of the waveforms are normalized to an
instrumental magnification of 1500 and a geometrical spreading corresponding to an

epicentral distance of 40°. Abbreviations are the names of the seismological stations.

Figure 3. Comparison between the theoretical seismograms (dashed lines) and observed (top) P

and (bottom) SH waves (solid lines) of the August 30, 1973, earthquake using a point
source with a source time function duration of 4 s. The symbols. abbreviations, and

amplitude normalization are the same as in Figure 2.

Figure 4. An example of the method used in this study to determine the value of the focal depth

using the difference between the arrival times of the P and pP phases (stars). This chart
correspond to the May 12, 1976. earthquake which occurred in northern Colombia. The
solid line represents the linear least square fit obtained from the observed data. The dashed

lines indicate the linear least square it from the theoretical data for specific depths.

Figure 5. Focal mechanisms determined in this study (#7,<5.1). The polarities of the first arrivals

used to constrain the fault plane solutions are shown as open circles for dilatational arrivals
and solid circles for compressional arrivals. The focal mechanisms are shown in a lower

hemisphere projection. The event numbers are the same those in Table 1.
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Figure 6. Observed and synthetic short-period selsmograms for the event on October 28, 1980 in
northern Colombia, recorded at thc Global ngnal Selsmogmph Net\\ ork (GDSN) stations:
BCAO (Bangui, Central. Africa; eplcentral distance 93°) and A}VA/IO (Albuquerque. New
Mexico: epicentral distance 40°) The t'rst and; thnrd <exsmograms are observed and the
second and fourth are synthetic waveforms. The sexsmograms are normalized to' the
maximum amplitude. The approximate arrival times of the P, pP. and sP phases in each
station are shown on the seismograms.

Figure 7. Focal mechanisms of several intermediate-depth earthquakes that occurred in northern
Colombia and western Venezuela determined in this study and by previous workers. The
fault plane solutions are shown in a lower hemisphere projection. The solid quadrants
indicate compressional arrivals. The solid and open circles correspond to the position of the
P and T axes, respectively, in the focal sphere. The focal mechanism of the earthquake that
occurred on November 17, 1968. reported by Kellogg and Bonini (1982] was taken from
their Figure 11. '

Figure 8. Fault plane solutions determined in this study for 12 intermediate-depth events which
occurred in northern Colombia and western Venezuela. The centroidal moment tensor
solution of the April 24, 1978, earthquake (event 24) [Dziewonski et al.. 1987b] and the
mechanism of the March 12, 1968, event (number 25) [Vierbuchen. 1978] were also
included. The focal mechanisms are shown in a lower hemisphere projection. The size of
the focal mechanism is proportional to the magnitude (#77,) of the events (Table 3). The
solid quadrants indicate compressional arrivals. The solid and open circles correspond to
the position of the P and 7T axes. respectively. on the focal sphere. The numbers are the
same as those in Tables 1 and 3.

Figure 9. Intermediate-depth seismicity of northern Colombia and western Venezuela analyzed
in this study. The dashed lines show the isodepth curves of the subducted lithospheric slab.
The solid circles in the map indicate the epicentral location of the events. The numbers are
the same as those in Tables 1 and 3, with depths in parentheses. The thick solid lines on the

map show the direction of the three cross sections: A-A'. B-B', and C-C'. The contour lines
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in the map are bathymetric curves in meters. The solid lines in the profiles indicate the
position of the slab inferred from the relocated seismicity. The focal mechanisms in the
cross sections are projected onto the profiles on side-looking hemispheric projections. The
solid quadrants indicate compressional arrivals. The solid and open circles correspond to

the P and T axes. respectively. on the focal spheres.
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Table 1. Focal Parameters of the Events Reported by /SC and Calculated by the Program SES9

Longitude.”

Event Date Latntude.* Depth,* Depth (pP-F).° Depth (SE89). Magnitude,*
°N ow km km Wm myg,
1 March 25, 1963 762 75.39 37+7.0 60=3 0 59 50
2 Nov. 17, 1968 957 7263 150=3.3 174x1.0 176 58
3 Dec. 13, 1970 999 72.68 1653 5 160=1.0 167 5
4 Aug. 30, 1973 724 72.85 17942 3 1821 0 187 57
s May 12,1976 743 74.95 61+£3.7 473 8 56 ER
6 Oct. 31, 1979 B8.00 74.10 123=14.0 - — 4.9
7 Mtarch 9, 1980 748 7393 101223 93=1.1 104 49
8 Oct. 28, 1980 7.26 74 76 69x2.5 6U=1.1 68 50
9 Aug. 23,1981 865 7416 129130 —— -— 4.2
1o Jan. 13,1983 11.90 73.59 20+3.8 26x80 - 5
11 Aug. 14,1983 9.13 73.90 86x3.7 76=1.4 88 1.9
12 June 11, 1984 10.82 74.20 69+£3.0 62+6.0 70 3.8
13 Oct. 27, 1984 9.82 74.73 61+9.7 -— 57 50
I} Nov 18,1984 8.82 73.18 146222 133=1.8 146 49
15 Aug. 13,1986 7.70 74.71 50+6.9 54x90 60 st
16 Scp. 15, 1986 7.46 74.96 68%7.4 S3=x1.1 63 4.8
17 Apnl 12, 1987 7.86 73.18 152+7.2 -— 158 45 |
[3:1 Aug. 9. 1987 10.09 7427 43+6.6 28=40 34 51
19 Apnil 15,1988 847 7320 140x25.0 -— 136 4.3
20 Nov. 6. 1988 8.26 73.10 182 - - 42
21 Jan. 12, 1990 8.50 72,30 202+26.0 —_ -— 4.3
22 Dec. 19, 1990 809 73.91 94x12.0 -~ - 4.6
23t Feb 6. 1992 82t 72.80 17223 6 - 167 ast
4SC is the' T . TETT ) -
Information reported by ISC
Information reported by Nati: 1 Earth ke Infor Center (NEIC).
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Table 2. Crustal and Mantle S!r\ict\ire‘m the Source Region for the Inversion of the Events of November 17, 1968 and
August 30, 1973 ’ -

Vs, oo o Density.
ks glem®
3.46 26
= 462 o am
‘ :Half-sp‘a.c’cy ) ag73 2.8

Vp and Vg are the compressional and shear v:lo;itics respectively;
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Table 3. Focal ’Nlechanisms and Depths Determined in This Study

MALAVE AND SUAREZ: SUBDUCTION IN THE NORTIIERN ANDES

Event  Date . Strike, Dip, Rake, P axis T axis Depth., Mcthod/Data for
' A deg. deg deg Tre/P1® Treo/P1° km Focal Depth”

T Riarch 25, 1963 331 T3 72 312777 382 65=3 PP-F ()

2 Nov. 17, 1968 14934 82~ -179x4  336/45  140/44  166=1 ~ P.SH laversion (G)

3 Dec. 14, 1970 159 14 -122 291/56  96/33 1582 pP-P (1)

1 Aug. 30, 1973 18341 86=1 - 107+l  258/39  110/36  175=1 P, SH Inversion (G)

5 May 12, 1976 323 42 -89 220187 5273 49:2 PP-P (G, 1)

6 Oct. 31, 1979 P . - - — 13715 PP-P(G)

7 March 9, 1980 14 12 173 312/42  109/45 953 pP-P(G. )

g Oct. 28, 1980 215 - 32 91 308/77  126/13. . 62%3 pP-P (G, ¥}
— Oct. 28, 1980 36 58 .55 - o160 102/7- 72- cArrs

9 Aug. 23, 1981 pPP-P(G. 1)

10 Jan, 13, 1983 pP-P(G. 1)
1 Aug. 14, 1983 PP-P (G, N. 1)
12 June 11, 1984 PP-P(G. N, W. ¥)
13 Oct. 27, 1984 PP-P(G.W. 1)
14 Nov. 18, 1984 PP-P(G. N, W, 1)
15 Aug. 13, 1986 PP-P(G. 1)
P Aug. 13,1986 CATS

16 Sep. 15, 1986 PP-P (G, )
17 April 12, 1987 pP-P (1)
18 Aug. 9, 1987 PP-P(G. . 1)
19 April 15, 1988 pP-P (G, 1)
20 Nov. 6, 1988 pPP-P (1)
21 Jan. 12, 1990 PP-P(G.N. 1)
22 Dec. 19, 1990 pP-P(G. 1)
23 Feb, 6. 1992 PP-P (G)
24 April 28, 1978 CAITS

Abbreviations are Tr, trend and P, plunge.

"G is the Global Digital Seismograph Network (GDSN), Nis th Norwcg an; elsmogmph Array (VORSAR); ¥ is the
World-Wide Standarized Seismograph Network (I#/}#'SSV); ¥is the Yellow Kmfe Array (YI\A). CAMTS is the centroidal

moment tensor solution.
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IIL. Caracteristicas complejas de la fuente de los sismos de

Boca del Tocuyo de 1989, en ¢l noroeste de Veneczuela

Complex Source Characteristics of the 1989 Boca del Tocuyo Earthquakes in

Northwestern Venezuela

by Gustavo Malavé! and Gerardo Suarez

Instituto de Geofisica, Universidad Nacional Auténoma de México. Mexico City, Mexico
INow at INTEVEP, S.A., Apartado Postal 76343, Caracas 1070A, Venezuela

Abstract The Boca del Tocuyo earthquake of April 30, 1989, has a special
significance in assessing the seismic hazard of northem Venezuela. Although it
was an event of moderate magnitude (A4,,=6.2), the mainshock and its largest
aftershock (AMw=5.6) produced considerable damage in low-rise structures
mainly due to soil failure and induced intense liquefaction in most of the
coastal towns near the epicentral area. Both earthquakes presented body-wave
trains which are much longer than those expected for a single event of that
magnitude. The reason for this anomalous duration was analyzed through the
formal inversion of the P, SH, and SV waves recorded teleseismically. The
results show that the Boca del Tocuyo main event and its largest aftershock
were generated by multiple rupture processes composed of at least three and
two subevents, respectively. Although the direction of rupture propagation
could not be gleaned from the teleseismic body wave data, the epicentral
relocation of the largest aftershock, the hypocentral distribution of about 60

aftershocks (725<4.5), and the linearity of the coast, which is parallel to the
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geologic structures in this area. suggest right-lateral. strike-slip faulting in a
NW-SE direction. The Boca del Tocuyo earthquakes were apparently generated
on a system of conjugate faults that are oblique to the east-west-trending, major i

fault systems in northern Venezuela.
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Complex Source Characteristics of the 1989 Boca del Tocuyo Earthquakes

Introduction

On Apfil 30, 1989, Boca del Tocuyo and several neighboring coastal towns in northwestern
Venezuela: were severely damaged by a moderate-sized earthqunke (my=5.7; A{;—-G 0) (Fig. 1).
This is the l:u—gcst earthquake in central and western Venezuela since the magmtude 6.6 (1\4 b
Caracas event occurred on July 30, 1967. Four days later, on May 4., 1989, the largest aftershock
(mb=5.4;' Ms=5.2) took place (Table 1). This aftershock caused concern among the mhabxtams of
this region and lightly damaged several low-rise dwellings. »

The epicentral area of the Boca del Tocuyo seismic sequence lies close to the zoné where
the Oca-Ancén, Bocond, and Morén fault systems converge (Fig. 1). These fault systems haQe
been proposed to represent the border between the Caribbean and South American plates in
western Venezuela (e.g., Molnar and Sykes, 1969; Soulas, 1986). However, the present rates of
motion of the Oca-Ancon fault system (2.5-4.0 mm/yr) (Soulas er al., 1987) and of the Bocond
fault System (0.3 cm/yr-1.4 cm/yr) (e.g.. Schubert, 1982; Soulas, 1986) are iower than the’
predicted . relative velocity between the Caribbean and South American plates (=2 cm/);r)"
proposed from kinematics plate motions (Jordan, 1975; Minster and Jordan, 1978; Stem et al.,"-“
1988 Sykes et al, 1982). Thus, the relative motion between the Caribbean and- South Amencan'jvf
plates is apparently not absorbed on a single fault.. This motion appears to be dlstnbuted over a
wide zone of deformation along major right-lateral, strike-slip fault systems (e.g.. Soulas, 1986) i
(Fig. 1).

Besides these major fault systems, several conjugate faults near the epicentral area of the
Boca del Tocuyo earthquakes appear to be seismically capable (Soulas, 1986). These faults are
oriented mainly in a NW-SE direction and they have been identified at sea. where they appear to
cut the seafloor (Barbot er al.. 1979; Barbot er al., 1980) (Fig. 1). As discussed later. this fault
systém apparently controls the orientation of the coastline in this area and presumably one of
them ruptured during the Boca del Tocuyo seismic sequence.

The Boca del Tocuyo earthquake and its largest aftershock show several interesting aspects.

The focal mechanisms reported by Dziewonski er a/. (1990). the National Earthquake
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Information Center (NE!C) (Sipkin, 1991). and F‘UNV]SIS (Venezuelan Seismological Research
Foundation) are all different (Fig. 2). The determination of a reliable fault pl.:me solunon for these
events is 1mponant to correlate them with the active tectonics of the area. :

The 1989 Boca del Tocuyo earthquakes are the only events reponéd in thxs reglon dunng
both historical and instrumental seismological periods (Singer er al., 199”) Funhermore both
earthquakes induced intense liquefaction in an area located ~25 km away from the epxcenter.
According 10 the relations proposed by Ambraseys (1988) (M,, vs. distance from the epicenter to
the site liquefied). events of this magnitude are capable of causing the observed liquefaction.
However. this phenomenon was particularly strong and widespread in Boca del Tocuyo.

In this study. the epicentral locations of the Boca del Tocuyo earthquake and its largest
aftershock were evaluated. Furthermore, a detailed analysis of the long-period body waves using
a formal least squares inversion algorithim (Nibelek, 1984) was carried out for both events in
order to characterize their time history and the rupture process. The results suggest that the Boca

del Tocuyo events originated from unusually complex and long rupture processes for earthquake
of that magnitude.
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Epicentral Location and Intensity Distribution
Epicentral Location of the Mainshock and of the Largest Aftershock

The epicentral locations of the main event and its largest aftershock were determined with
the program SES89 (Dewey, 1971), using the information collected from the Earthquake Data
Report (EDR) of the NEIC (355 and 256 stations for the mainshock and aftershock respectively).
and the 1968 seismological travel-time tables (Herrin e¢r al.. 1968). In the calculation of those
locations with the single-event method. arrival times showing large errors (residuals greater than
2 s) were eliminated in order to have a better quality control over the stations included in thbei
database. After the last iteration, the number of stations in the database was reduced to'249 and
232 for the mainshock and aftershock. respectively. N e R

There are some differences between these locations and thbse fépéﬁed by the International
Seismological Centre (USC), NEIC, and FUNVISIS (Table 1). The epicentral locations’ of the
mainshock reported by /SC and NEIC are on land, near the most éeVerely dmnéééd towns,
whereas the locations reported by FUNVISIS and that determined in this study lie offshore, 15.5
km and 4.5 km away from the coast respectively (Fig. 2). On the other hand, the epicente}s of the
largest aftershock calculated by ZSC and NEIC lie, on average, 5.5 km away from the coast and
are very close to the mainshock epicentral location determined in this study (Fig. 2). FUNVISIS
used in their hypocentral estimations only local seismological stations distributed to the south of
the epicenter. In the determination of the epicentral locations in this study, besides the local
stations used for FUNVIS/S, many other regional and teleseismic stations were included to

complete a good azimuthal coverage

.Due to the variations obtained in the individual epicentral determination of both
earthquakes, the largest aftershock was relocated with respect to the epicenter of the mainshock
calculated in this study, using the Joint Hypocenter Determination (JAD) method (Dewey. 1971).
The results show that the relocated epicenter of the largest aftershock lies two km to the NW of
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the mainshoc,kr (Fig. 2). Unfortunately, no conclusive evidence may be drawn about the rmm,
orientation basedi dnl& on’the location of the largest aftershock. However, the depth distribution
of about 60 aftershocks (m2,<4.5) located by FUNVISIS increases from NE t6 SW, suggestiné a
fault plane dipping towards the SW (Singer et al., 1992) (Fig. 2). An attempt to relocatélalyso' a’
foreshock (r1;=4.9) and two other smaller aftershocks (m,=4.6) was vuns_uccessﬁ.xfl beqadsié they
we‘re not Big enough to be detected by an adequate number of stations, resulting in ‘ebi;:'e'r"vn‘er !
locations with large 90% confidence ellipses. ' i »

Intensity Distribution

The intensity information collected by De Santxs et aI. (1991) shows a’ maxlmum value of”

VII Modified Mercalli Intensity (MMI) near the towns of Boca del Tocuyo..Tocuyo de la Costa,

Ch:clnnvxche, Boca del Mangle, and. San Juan de los Cayos (Fxg. 2). Most of the damage
observed corresponds to ﬁssures or to the collapse of walls in houses of defective masonry and

nltmg of houses and water-tanks due to soil failure (De Santis ef al.. 1991: Audem:u'dand De
Santis, 1991)

Both t.he mam event and the largest aftershock induced liquefaction in the coastal area close
to the- epxcemers Isolated and aligned sand-boils, and vent-fractures were ‘observed 7\\'1lh1n' a
rndms of about 235 km from the epicentral region.

The most spectacular liquefaction features occurred in the town of Boca del Tocuyo There.
the volume of water ejected inundated a zone of approximately 53000 m? with a water layer of 10
to 15 em. The fact that the largest aftershock also induced liquefaction is demonstrated by the
presence of overlapped sand-boils, where younger sand-boils cut older ones. No strong motion
records are available in the near field and the accelerations estimated from empirical correlation
and field observations are in the range of 0.25-0.30 g (De Santis er al.. 1991). Malaver (1990)

estimated a maximum average acceleration of 0.38 g where liquefaction took place, and a value

o1 0.09 g outside this region.
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Inversion of Body Waves

Data Preparation and Inversion Method

The source parameters of the Boca del Tocuyo earthquake and its largest aftershock were
analyzed through the inversion of long-period P, SH, and S¥ waves recorded by the Global
Digital Seismograph Network (GDSN). Only seismograms of stations within an epicentral
distance range of 27° to 90° were included in the study. All seismograms were high-pass filtered
with a cut-off period of 60 s in order to remove long-period noise. The crustal structure in the
source region and below the recording stations was assumed to be a half-space with. a
compressional wave velocity of 6 km/s, a Poisson ratio of 0.25, and a density of 2.75 g/cm3. The
anelastic attenuation along the propagation path was parameterized using a t*=1 s for P waves,
and a t"=4 s for SH and SV waves. .

The inversion procedure is discussed in detail by Nabelek (1984). Briefly, the method may
be explained as follows. According to the size and complexity of the earthquake, the source time
function is parameterized as a single point source or as an event composed of several point
sources (subevents) separated in time and space. For each subevent, the model,pa.ra.metérs include
the fault plane solution (strike, dip, and rake), centroidal depth, seismic momexit, source time
function, and the relative location and time delay of each subevent with respect to the first one.
The source time function is allowed to take an arbitrary shape. Theoretical seismograms are
iteratively matched to the observed seismograms using a least squares criterion until a prescribed

variance reduction is achieved. The seismic phases and stations used in the inversion procedure
are shown on Tables 2 and 3.

Inversion Strategy.

The observed waveforms strongly suggest that the Boca del Técpyo majnshock and largest

aftershock were complex events. The duration of the body wave trains: was about 75:s. This
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duration was, on average, twice as long as that expected for an earthquake of that magnitude. As a
first step, the two events were analyzed assuming a single point source with a source time
function duration of about four seconds. This source time function corresponds approximately to

the duration of a single event of that magnitude. In both cases, the starting source mechanism for
" the inversion was the centroidal moment tensor solution (Dziewonski er al.. 1990) (Table 1: Fig.
2). Attempts to use the NEJC fault plane solution (Sipkin, 1991) as the initial source mechanism
proved unsuccessful.

Assuming a single point source, only the initial part of the waveforms could be modeled
(Table 4 and Fig. 3). Thus in order io synthesize the ‘long_er body-wave trains, we first
investigated the possibility that the long duration was caused by local reverberation of body
waves in the upper crust. Because the velocity structure of the Boca del Tocuyo region is not well
known, a realistic velocity model of neighboring zones with similar conditions was used.
Therefore, several inversions were attempted using the velocity model reported by Gajardo er al.
(1986) for the east coast of Lake Maracaibo. To this velocity structure, low-velocity layers with
high impedance contrasts were added in the upper crust.

-The various source models including these low-velocity layers were tested as follows. First,

‘a two-km-thick, low-velocity layer with a P-wave velocity ratio (¥V;/V2) of 2.9/6.0 km/s was
added in the upper crust. Next. a second velocity model was prescribed where a low-velocity
layer with a thickness of 3 km and with a P-wave velocity ratio (}7/773) of 6.0/4.2 km/s was

included in the upper crust. and a second low-velocity layer with a P-wave velocity ratio (F2/V3)

“of 4.2/8.2 km/s was placed above the Moho. All these attempts. however, were unsuccessful ‘to’

reproduce the complexity and long duration of the observed waveforms.

There are several cases of moderate-sized earthquakes that have generated complex P

waves, but very simple SH waveforms. Two recently studied examples are: the two aftershocks
located north of Atka Island that occurred after the Andreanof Island earthquake of May 7, 1986
(Boyd and Nabelek. 1988), and the two events of January 10, 1979. that occurred in the Makran
region (Byrme er al., 1992). In both cases, because of the similarity of the P waveforms for each

pair of events, and taking into account the simplicity of the S/ waves. the authors concluded that
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the complexities in the P waveforms were caused by near-source, crustal structure effects rather
than by a complex source process. Boyd and Nabelek (1988), however. were unable to duplicate
the waveforms adding low-velocity layers and a high-contrast layer above the Moho to' the
velocity structure. Byme er al. (1992), on the other hand, were able to improve the fit of the
waveforms adding a low-velocity zone to their prescribed velocity model. ;

It is worth stressing that contrary to the examples mentioned above, the Boca del?Tecuyo
earthquakes show an anomalously long duration and complexity not only in the P wa\fefonﬁs. but
also on the SH and S¥ signals. Thus the possibility that the complexity of these \s;':xvefomis is'the

result of a multiple rupture process was explored.
A Multiple Rupture Process

The source model of the Boca del Tocuyo events was obtained following a similar
inversion strategy to that used by Suarez and Nabelek (1990) for the Caracas earthquake of July
30, 1967. First, it was assumed that the main event was caused by.a single point source with a
long source time function duration of 30 s. The inversion resulted in the average (centroidal)
mechanisms indicated on Table 4. The resulting source time function shows that it is composed
of three main subevents spaced in time (Fig. 4). A single point source with a long source time
_function prescribes the same focal mechanism for all subevents. Although the fit of the synthetic
waveforms is not yet satisfactory, the resulting three subevents of the mainshock approximately
match most of the observed seismograms for about 50 seconds (Fig. 4). A similar conclusion is
reached in the case of the largest aftershock. where at least two subevents are needed to model the’
waveforms. ’

As a second step, each of the three subevents that resulted from the prevxous inversion
using a single, long source time function was analyzed mdependemly by freemg the parameters

related only to a particular subevent. For example, m the case of the first. subevem the time senes

were inverted within a time frame that mcluded only that partxcular subevent. Afte V,'a adequate L

fit was obtained for this first subevent, the mversmn was apphed to the (1me frame correspondmg

w
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to the second subevent, and finally to the time window of the third one. Once this" stepwise
inversion of the waveforms was completed. all parameters were freed and the‘invefsion was

allowed to iterate freely to the best fitting solution using the complete waveforms (Fms

and 6)
The final results showing the parameters of the subevents of both eanhquakes are summanzed on
Table 4 and Figure 7. :

In the case of the mainshock. the second and third subevents triggered.lz.é}_-s:énd~27.6 s
after the origin time. The depths of the subevents decrease from 17.5 km for the first one 10 10.8
km for the last. The total seismic moment release (tensor sum) of the mniﬁshock is 2.4'x 10‘g
Nm. which corresponds to a moment magnitude A, =6.2 (Hanks and Kanamori, 1979). The three
subevents composing the mainshock indicate a strike-slip faulting mechanism (Fig. 5). Subevents
1 and 3 are the best resolved because they contribute most of the moment release on' the
seismograms (Table 4).

For the largest aftershock, the second subevent occurred 27 s after the first one. The depths
of the subevents are 11 km and 12 km respectively and the total seismic moment (tensor sum) of
the aftershock is 2.9 x 10!7 Nm (M,,=5.6). The first subevent of the aftershock has a strike-slip-
faulting mechanism similar to the mainshock. The second subevent, however. has a normal-
faulting mechanism. The focal mechanism of the second subevent is not well resolved because
the wavetrains arrive late and within the coda of the first burst of moment release. Nonetheless. in
order to validate the result that the fault plane solution of the second subevent of the aftershock
did not correspond to a strike-slip mechanism similar to that of the first subevent. several
inversions were carried out fixing the initial parameters of the second subevent with a focal
mechanism identical to the first subevent. The results of these inversions showed that the fit
between the synthetics and observed seismograms was acceptable for P-waves. but not for the
SH-waves. Furthermore. when the initial parameters of the second subevent were freed. the
inversion continuously converged to a normal-faulting fault plane solution.

During the inversion, it was attempted to identify the direction of rupture propagation of the
Boca del Tocuyo mainshock. based on a potential correlation with the preferential orientation of

the aftershocks and with the strike indicated by the average focal mechanism. This was done by
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testing whether a directivity pattern was observed in the body waires_ when the second and third
subevents were displaced with respect to the first one. However,’ 'no'preferred oiientation 6f the
rupture could be gleaned from the inversion by al]owmg the subevents to move relative to one
another. The absence of a directivity pattern in the waveforms suggests that the three subevents of
the mainshock nucleated very close to one another, probably,asa:result of episodic . slip on the

same fault or on neighboring faults.
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Discussion

The analysis of the epicentral locations by the single, and calibration-event methods
(Dewey, 1971) suggests that the Boca del Tocuyo earthquakes occurred offshore, very close to
the coastal towns that were most damaged. The relocation of the largest aftershock with respect to
the main event indicates that the aftershock was initiated approximately two km to the N'W of the
mainshock. Furthermore. the ~60 smaller aftershocks (m15<4.5) recorded by FUNVISIS using a
local seismological nerwork were also located at sea. with depths increasing from 0 to 24 km in a
NE-SW direction.

The results of the inversion of the bodywaves show that the Boca del Tocuyo earthquakes
originated as a result of a multiple rupture process. The complexity of the source caused an
anomalously long duration of the body waves of both earthquakes. The duration of the P waves
of a simple event of that magnitude is, on average, of about 35 s, whereas in the case of the Boca
del Tocuyo mainshock it was of ~75 s. Although no local strong motion data are available. the
teleseismic observations suggest that intense shaking took place near the epiceniral region for
over thirty seconds. That strong shaking was produced by the three subevents composing the
mainshock, with the second and third subevents triggering about 12 and 28 s after the first one.

The strike-slip focal mechanisms obtained from the inversion of the Boca del Tocuyo
mainshock and its largest aftershock are similar to those reported by Dziewonski et al. (1990).
The analysis of which nodal plane of the mechanism corresponds to the ruptured faulr is
important from a tectonic point of view. As mentioned above. no historical or instrumental
earthquakes had been reported in this area before the occurrence of the Boca del Tocuyo seismic
sequence. Furthermore. recent studies of the active geological features in this region (Barbot et
al.. 1979: Barbot et al.,, 1980; Singer er al.. 1992) show evidence of a complex tectonic
environment, related 1o the convergence of the major right-lateral. strike-slip fault systems
(Bocond, Oca-Ancén, and Morén) and a set of smaller NW-SE oriented conjugate faults (Figs. 1
and 7).



" Complex > - ¢ Cha ciiaties of the 1989 Baca <ol Tocuyo Earthquakes

A NW-SE oriented fault plane was selected as the nodal plane of the possible rupture
process for the Boca del Tocuyo events based mainly on the depth distribution (0<h<24 km) of
the ~60 smaller aftershocks (m,<4.5) located by FUNVISIS (Singer er al.. 1992) (Fig. 2). The
depths o1 these aftershocks increase from NE to SW, suggesting a fault plane dipping to the SW.
Further:: ore, that fault plane coincides with the orientation of the NW-SE conjugate fault systems

hat © .arently control the shape of the coastline in this region (Fig. 7). The focal mechanism of

tis: Boca del Tocuyo earthquake could indicate right-lateral. strike-slip motion on a NW-SE
¢iented fault. Several right-lateral, strike-slip faults with a N'W-SE orientation have been
iuentified in northwestern Venezuela on both sides of the Peninsula of Paraguana (Soulas er al.,
1987; Singer er al., 1992) (Fig. 1). The correlation of this seismic sequence with a particular fault
is difficult because the epicentral area is located at sea in a highly faulted zone. :

The occurrence of moderate-sized earthquakes on those conjugate fault. systems [is
important in understanding the tectonic regime in northern Venezuela., As memloned :before,

thzre is an appreciable difference between the rate of motion of the Boconé and Oca—Ancon fault:;"' :

systems and the predicted relative velocity between the Caribbean and South Amencan plates. : -

That difference in motion between those plates is possibly being absorbed by
conjugate fault systems, in a complex volumetric deformation.

Earthquakes with multiple rupture processes seem to be a relatively common occurréence’in )
this complex tectonic environment of northern and western Venezuela. In addmon to the

earthquakes of Boca del Tocuyo, two more examples of multiple source events have been by

suggested: the great ecanthquake of March 26. 1812, and the Caracas earthquake of 1967. On the - .-

basis of damage reports, the earthquake of 1812 has been interpreted as consisting of at least twq
distinct events (Kelleher er al., 1973). On the other hand, the Caracas earthquake of 1967»h4:is s
been interpreted as the sum of at least three subevents (Rial, 1978;: Suarez and Nébelek,»l99(ﬁ)).
These earthquakes reflect the presence of a complicated regional pattern associated wi‘th'va;wide :

deformation zone along the Caribbean-South America border.

The liquefaction induced by the Boca del Tocuyo earthquakes appears to ‘be more 1ntense

and widespread than expected for earthquakes of that range of magnitudes, quuefacnon_occurs in
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soils when the pore-water pressure builds up under ground shaking and equals the confining
pressure of the saturated and unconsolidated deposits. This produces a loss of the shear strength
of the soil (e.g.. Ambraseys and Sarma, 1969). This increase of pore pressure may be originated
_either by a rapid pulse of high stress or by a long train of comparatively weak pulses. In the latter
case, liquefaction depends on the continuity and duration of the seismic excitation. both of which
allo“.' the pore-water pressure to build up gradually. .
It could be speculated that the intensity and areal extent of the observed llquefactlon
induced by the Boca del Tocuyo events occurred mainly as a result of the local soil conditions,

" but enhanced by the long and sustained levels of intense shaking produced by the complex

rupture process. Furthermore. the sequential initiation and stopping of the ruplure process' :

induced by this complex source, probably resulted in anomalously rich high-frequency
waveforms. Unfortunately, no local recordings exist to confirm this.

In contrast. on July 12, 1988, a shallow event of magnitude m;=5.4 occurred beneath Lake
Maracaibo, in western Venezuela. near several places where soil conditions are verv similar to
those in Boca del Tocuyo. This event, however, did not produce liquefaction. The reason is
perhaps that the 1988 Lake Maracaibo earthquake was a simple event (Malavé, 1992: Malavé and

Suarez, 1993). whereas the Boca del Tocuyo earthquakes exhibited an anomalously long duration

of the body-wave trains.
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Summary and Conclusions

The Boca del Tocuyo earthquake of 1989 (/71,=5.7) is one of the largest instrumentally
recorded events i‘n western Venezuela. Both historical and instrumental records show a dearth of
eanhquakes_ in this coastal area before the seismic sequence of April and May. 1989. The
inversion of the P, SA, and SV waves indicates that the source time functions of these -two
eanhquakcs are composed of three and two subevents, respeétively, distributed over a time span
of 30 s. The focal mechanisms of the three subevents of the mainshock show right-lateral. strike-
slip féyﬁlting at an average depth of 14 km. The focal mechanism of the first subevent of the
aftershock indicates strike-slip faulting similar to the fault plane solution of the mainshock.
However, the focal mechanism of the second subevent shows tensional dip-slip faulting.

It was not possible to unequivocally identify the direction of rupture propagation using the
inversion algorithm. However, the hypocenter distribution of about 60 small afiershocks (71,<4.5)
located by local seismic stations shows a fault plane oriented in NW-SE direction with right- -

lateral, strike-slip displacement. This orientation coincides with the direction of a fault system s
ent . "

which is conjugate to the east-west major fault systems that have been postulated as the c

boundary between Caribbean and South American plates.
One may speculate that the intense liquefaction caused by these two earthquakes appea.rs to: S

be a consequence of the presence of water saturated. unconsolidated sedxments. ‘enhanced. by the

long and sustained duration of strong ground shaking induced by the mu].txple process. .

Also, the resulting seismic waves near the epicentral area were probably rich i

content due to the complexity of the source time function.
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Table 1
Focal Parameters of the Boca del Tocuyo Earthquake and its Largest Aftershock *-
Event Source X :‘Lat oo o-Lon - g Depth my, Strike ~ - Dip -~ Slip v Mg
. L " °w km " 1078 Nm
Apr. 30, 1989 I5C. 6831 300 5.7 -
' < NEIC 6 5 68.33 200 597 o.81
FUNVISIS: 1110 . 768.18 " '11.1 T
carrs . '10.88 68.08 15.0 0.98
This stuchs. 1101 - - 68.25 14,0775 3.50-
May 4, 19890 . -ISC 11.07 6826 100 L
’ NEIC.-. 1104 6827 16.0 -
FUNVISIS “11.14 - 6821 . 1367 -
CMTS. 1096  68.42 15.0 v : To21
Thisstucy’  11.06  68.23 ¢ 12,0 2171305 0T 90% o172 L 0.24%
JHDS® 1098 6834 174 . - Lol -

CAf7TS: Centroidal moment tensor solution (Dziewonski er al., 1990).

Bést double-couple of the moment tensor sum of the subevents. Parameters of the subevents are resumed on
Table 4. :
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Table 2
Seismic Srations Used in the Inversion of Boca de! Tocuyo Mainshock

Station Azimuth Epicentral Wave Type Network
deg Distance ©
KEV 20.5 81.7 P. SH DWIVSSN
KONO 31.0 74.5 P.SV, SH ASRO
GRFO ara 75.0 P. SV, SH SRO
70L 509 63.3 P.SV.SH . DWIWSSN
BCAO 86.3 86.1°. . P.SV.SH SRO
zoBO 179.6 27.1 P SH. ASRO
ANAMO 31087 : 0 aa1l L SksH . SRO
LoN ‘3190 : Y P, SV.SH  DWIWSSN
coL. 3344 ip . DWWSSN
scp - 3ass’ 30. P.SV.SH - - DIIVSSN
Gac 35137 35.2 ‘P.SV.SH - SRO
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TaBlc 3

Seismic Stations Used in the Inversion of Boca d’el Toc‘ﬁyb"A'ﬁér"‘svl"\éck
Station Azimuth Epicentral - Wave Type 'Network .

: deg Distance © . L o s :
KONO 31.0 34 - SH. .. . ASRO
GRFO ara 749" i USHT.Y USRO
ANTO a9.1 913 ... SH." ... SRO
BcAH0 86.3 860 ... SH# sRoO
zoBo" 179.7 2700 P . ASRO
ANMO 3107 a2l ep'smT sro

LON 31907 7 U574t SH 7. DWIWSSN

scr 3457 - © .30.8 P DWIWSSN ...
‘GAac 3513 352 P, SH SRO
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Table 4
Source Parameters of the Boca del Tocuyo Earthquakes Determined by the Inversion of Long-Period Body Waves
Seismograms ) .

Event Subevent Strike Dip Slip Depth Mg Delay Duration

. deg deg deg km 108 Nm sce . see
Apr. 30,1989 SSTF! . 1622 78£1 -178=1 17.0£0.4 1.32x0.06 - 4.00=0.04
1 1622 T7x1 =179£2 17.520.4 1.20:0.06 - 1.00£0.05
2 1598 414 -161£12 12.522.0 0.25+0.04 12.4=0.5 4.00£0.16
3 1642 831 -174%1 10.8=0.7 0.98+0.06 27.6x0.2 4.00=0.06

. A\'L'ragc——’ 162=1 82x1 -177x1 14.3=0.3 3.5 c- 30
May 4, 1989 ssTF! 1332 831 -172=1 10.2=0.7 0.17=0.01 - 4.00=0.04
1 137%1 76=1 -172%] 11.0=0.5 0.15+0.01 - 4.00+0.03
2 1782 56=1 -72x2 12.4x0.6 0.1320.01 26.9=0.2 4.00+0.04

Average2 13022 90+2  -172%1  12.0=1.4 0.24 - 30

1SSTF: Best double-couple using a short source time function.

zAvcmgc: Best doubl le of the

P

tensor sum of the subevents.
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Figure Captions

Figure 1. Major active fault systems in nonhem Venezuela (after Slnger et al., 1992; Soulas,

1986:; Soulas ez al., 1987). The solid tnangle shows the eplcentrnl location of the Boca del

Tocuyo seismic sequence, where a max1mum mtensxty fVIl (M\/II) was assigned by De
Santis er al. (1991). The opposing arrows m‘dxcable _the relative motion of the faults.
Bathymetry is in meters. o _/‘ B ; .

Figure 2. Epicentral locations determined by .the. ISC (triangle). NEIC (square), FUNVISIS
(diamond), Dziewonski ez al. (1‘990) (cross; mﬁinshock is offshore), and this study (circle)
for the Boca del Tocuyo main 'eveh't (solid symbols) and its largest aftershock (open
symbols). The uncertainties in the epicentral locations determined in this study are shown
as 90% confidence ellipses. The hatched circle indicates the relocation of the largest
aftershock using the JHD method of Dewey (1971). The location of the smaller aftershocks
(mp<4.5) are shown for depths ranging from O to 9 km (open circles) and from 10 to 24 km
(solid circles). The black quadrants in the focal mechanisms indicate compressional arrivals
projected in a lower hemisphere projection. The open and solid circles in the mechanisms
correspond to the position of the T and P axes on the focal sphere, respectively. The dashed
lines are active fault traces (Singer er al., 1992). Solid lines at sea are bathymetric curves in
meters. - o

Figure 3. ‘Results of the simultaneous inversion of the long-period (top) P, (middle)uSH,' and
(bottom) SV waves of the Boca del Tocuyo mainshock using a single point sourcevivith' a
source time‘i' function duration of 4 s. The theoretical seismograms (dashed lines) match well
only thé first part of the observed waveforms (solid lines) at all the stations. The focal
mechanisms are shown in a lower hemisphere projection. The hatched areas in the P waves
fault plane solution represent compressional first motion. Amplitudes of the waveforms are
normalized to an instrumental magnification of 1500 and a geomeu'ical‘ spreading

corresponding to an epicentral distance of 40°.
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Figure 4. Comparison between long-period theoretical seismograms (dashed lines) and observed
(top) P, (middle) SH, and (Bonom) SV waves for the Boca del Tocuyo mainshock. using a
point source with a single, long source time function (same focal mechanism for all resulted
subevents) with a duration of 30 s. The fit is better than for the shorter source time function
(Fig. 3) and shows that at least three point sources are present in the rupture process. Other
symbols and amplitude normalization are the same as on Figure 3.

Figure 5. Results of the simultaneous inversion of the long-period body waves of the Boca del
Tocuyo mainshock using three point sources (subevents): a)y P waves; b) SH waves: and ¢)
S waves. The focal mechanism of the first subevent is shown together with the theoretical
seismograms (dashed lines) and observed waveforms (solid lines). The fault plane solutions
of the second (left) and third (right) subevents are shown at the bottom. The symbols and
amplitude normalization are the same as on Figure 3.

Figure 6. Results of the simultaneous inversion of the long-period body waves £ and S# for the
Boca del Tocuyo aftershock using two point sources (subevents). The focal mechanism of
the first subevent is shown together with the theoretical seismograms (dashed lines) and
observed waveforms (solid lines). The fault plane solution of the second subevent is shown
to the right of the first one. Other symbols and amplitude normalization are the same as for
Figure 3.

Figure 7. Summary of focal mechanisms obtained from the long-period body waves inversion of
the Boca del Tocuyo main event (MJ. M2, and M3 are the mechanisms of the three
subevents) and for the largest aftershock (47 and A42). The solid quadrants in the fault plane
solutions indicate compressional arrivals. The open and solid circles in mechanisms
correspond to the position of the T and P axes, respectively. on the focal sphere. The dashed

lines are possible active faults in this region (after Singer er al.. 1992).
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Figure 3
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IV. Dcformacion cortical y sismicidad superficial reciente al oeste de Venezuela:

implicaciones tecténicas regionales

Crustal deformation and recent shallow seismicity

in western Venczuela: regional tectonic implications

Gustavo Malavé! and Gerardo Suarez

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

! also at INTEVEP, S.A. Apartado Postal 76343, Caracas 1070A, Venezuela

Abstract. The source parameters of shallow, moderate-sized earthquakes that
have occurred in western Venezuela from 1964 to 1994 were evaluated to
understand the complex tectonic environment in this region and its relationship
to the interaction between the Caribbean and South American plates. The
results indicate that most of the earthquakes nucleated on secondary fault
systems, instead of on the major fault systems of Bocond and Oca-Ancén. The
average direction of the P-axes clearly divides the region of western Venezuela
into two zones: north and south of latitude 10°N. In the northern area, the P-
axes rotate from a NW-SE to NNE-SS\W direction; whereas in the southern
zone, the P-axes are approximately oriented E-W. The determination of the
compressional strain rate in the overall region over 30-years period of time is
5.9x10-10 yr-! and is oriented almost N-S. According to the seismic activity on
.the secondary faults, the border between the Caribbean and South American

plates may be distributed over a wide zone of deformation instead of a major
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single fault. The correlation between the left-lateral, strike-slip faults trending
roughly NNE-SSW, the focal mechanisms and the Quaternary geological data
suggest that the kinematics of the faulting pattern behave as a bookshelf
faulting mechanism.



Seismicity in western Venezuela

Introduction |

The locatxon and the nature of the border between the Caribbean and South American plates
in . western: Venezue]a has been a source of controversy for several years and is crucial in
unders.t‘aq‘dvlp_g, the tectonics of the Caribbean region (Figure 1). The motion on the southeastern
Caribi:)yg;lnfplzite boundary is presumably accommodated mainly by the major right—l;neral. strike-
slip f}aults' of El Pilar and Morén. Towards the west, however, the continuation of the plate
boundary ‘is unclear. The Boconé fault system. also characterized by right-lateral surike-slip
faulting. has been postulated to be the current boundary between these two plates in western
Venezuela [e.g., Dewey, 1972; Schubert, 1982; Sowlas, 1986]. Other workers, however, have also
proposed the Southern Caribbean Deformed Belt as the limit between plates and consider the
Bocond fault system as evidence of intraplate deformation [e.g., Kellogg and Bonini, 1982: 1985]
(Figure 1).

Large earthquakes have.occurred in this region during the last ‘four centuries that are
apparently related to the Bocond fault system [Cenreno-Grauw. 1940] (F iguré 2). The rate of motion
between the Caribbean and South American plates is relatively low (~2cm/yr), and this probably
implies long recurrence periods for large earthquakes. Moreover, the occurrence of moderate-size
events (5.4=<n1,<6.2) is sparse, rendering more difficult the interpretation of the tectonic regime and
seismic hazard in this zone.

Several previous studies have been carried out to understand the tectonic deformation in
western Venezuela. Some of these studies were based on the evaluation of the seismicity recorded
either locally by temporary networks or by using teleseismic information. neotectonic field
evidence, and focal mechanisms determined from first motion data and from Rayleigh-wave
inversion. For example, Dewey [1972] relocated all the teleseismically recorded seismicity that
occurred in western Venezuela from 1930 to 1970 and evaluated 540 days of data obtained with
local seismographs near the Boconé fault. Moreover. he determined the fault plane solutions of five
shallow events., based on the polarities of first arrivals (Table 1) and concluded that the Bocond
is seismically active. Kafka and Weidner [1981] analyvzed the same five focal

fault zone
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mechanisms studied by Dewey [1972], using a moment-tensor inversion of the Rayleigh waves.
Their resulting focal mechanisms suggest right-lateral, strike-slip faulting parallel to the Boconé
fault. Table 1 and Figure 3 show compiled fault-plane solutions from Dewey [1972], Kafka and
Weidner [1981), Pérez and Aggarwal [1980). Pennington [1981], Dziewonski et al. [1985: 1987a,
1987b, 1987c; 1987d; 1988a, 1988b; 1988c: 1989; 1990, 19921, and Sipkin and Needham [1991].

Be;ides the right-lateral, strike-slip Bocond and Oca-Ancon fault systems. there are others -
faults in western Venezuela that may be capable of generating earthquakes of moderate size
[Soulas, 1986] (Figure 2). Some of them are oriented NE-SW, parallel to the Boconé fault (e.g..
Caparo, NW Piedemonte, SE Piedemonte): other faults, however, show a NNE-SSW orientation
and splinter off the Bocond fault (e.g., Valera, Carache, Humocaro, Icotea). Moreover, other
conjugate faults that are oriented mainly in a NW-SE direction have been identified either on land
and at sea in northern Venezuela [Barbor et al., 1979; 1980] and several moderate-magnitude
events have occurred in this region recently, but only a few of them have been studied in detail.

The hypocenters were evaluated by using a single-event location method [Dewey, 1971]. The
focal parameters were obtained from the inversion of body waves recorded at teleseismic distances
[Ndabelek, 1984]. In most cases. long-period body waves were used in the inversion scheme.
However, some events were analyzed through the waveform inversion of short-period P-waves
because. due to their small magnitude, the signal-to-noise ratio on the long-period seismograms was
too low. The motivation for recomputing the previously-determined focal mechanisms was to use a
mox;e i‘eliable and powerful methodology than those utilized by previous workers.

7 Consequently, we combined the Quaternary geological data (e.g.. active faults. rate of
motion) with the source parameters of the recent shallow seismicity, in an effort to understand the
comblex tectonic deformation occurring in this zone of interaction between two major plates and its
relationship with the different sets of fault systems mentioned above. In total, the focal parameters

_of fourteen earthquakes of magnitude #2,=5.4 that occurred in western Venezuela since 1964 were
© “ analyzed, and then correlated with the mapped active faults. On the basis of that correlation, a
" kinematic model was proposed to explain the mechanism controlling the tectonic environment in

“western Venezuela.
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Tectonics and Scismicity of Western Venezucla

Tectonic Serting

Several alternative models have been proposed to explain the motion of the Caribbean
relative to its neighboring plates [Jordan, 1975; Minster and Jordan, 1978; Srein er al., 1988; Sykes
et al., 1982]. In general. these different models conclude that the Caribbean plate has a low absolute
velocity in a hot-spot reference frame, and that it is moving in a south-southwest direction with
respect to the Cocos plate, and predominantly eastward with respect to both the North and South
American plates [e.g., Dewey and Sudrez, 1991]. However, the models differ in the relative plate
velocities and in the direction of plate motion.

The southeastern Caribbean plate boundary is generally,considexfed to be a right-lateral,
strike-slip fault system. However, the relative motion between the Caribbean and South American
plates does not seem to be concentrated along a single fault systemlas a transform fault. Apparently,

the motion is distributed over a wide zone of deformation: along the Boconod, Morén, and El Pilar .

fault systems [e.g., Sowlas, 1986] (Figure 2).

Major Active Faults in Western Venezuela

The major active faults in central and western Venezuela are the Morén, Boconé, and Oca-
Ancén right-lateral, strike-slip fault systems (Figure 2). These faults have been well studied . by
marine high;resolution seismi§ profiles and by neotectonic field works onshore. )

The Morén fault zone presumably defines the plate boundary between the Caribbean and
South American plates in north central Venezuela (Figure 2). It is a system of en-echelon, right-
lateral strike-slip faults oriented east-west [Schubert and Krause. 1984; Sowlas, 1986]. It has been
suggested that during the earthquake of 26 March 1812, in addition to slip on the Bocond fault. a
segment of the Morén fault zone may have been involved in the rupture [Dewey and Sudre=. 1991}.

Also, the Caracas earthquake of 30 July 1967 probably occurred on one of these east-west, strike-

85



G. Malavé and G. Sudarez

slip faults [Molnar and Sykes, 1969]. Rial [1978] originally proposed a nonh;souih f:{ult;'kdi:ieﬁfatibn
for the source of the Caracas earthquake on the basis of modeling P and § waveforms Suare_ and
Ndabelek [1990], however, showed that an east-west fault matches the P and S wavefomls bener and
agrees with the observed intensity data and the location of aftershocks.

The Oca-Ancdn fault system shows right-lateral. strike-slip movement from the Paleocene to
Pliocene times [e.g.. Vdsquez and Dickey. 1972; Soulas et al., 1987]. Geologic data suggest that the
Pliocene average rate of motion of the Oca-Ancoén fault system was higher than 6.4 m:ﬁ/yr. [Soulas
et al., 1987]. However, the present rate of motion on the Oca-Ancdn fault system is in the ran"ge of
2.5 to 4.0 mm/yr. [Soulas et al., 1987]. This rate of motion is about one order of magnitude lower
than the predicted relative velocity between the Caribbean and South American plates. Also, no
large earthquakes have been associated with this fault during this century. : :

The Bocondé fault system supposedly accommodates an important fraction  of the
displacement between the undeformed interiors of the Caribbean and South American plates
[Schubert, 1982]. Slip rates of the Bocond fault, measured from the offset of Pleistocene moraines,
range from 0.3 cm/yr. to 1.4 cmVyr. [e.g., Schubert, 1982; Soulas, 1986]. Aggarwal er al. [1983]
postulated that the Venezuelan Andes represent the border between the Caribbean and South
American plates, and that they are the result of the oblique collision between these two lithospheric

‘ plates. Aggarwal et al. [1983] also suggested that the present movement observed in the Bocond
fault system began probably only since the Pliocene or Pleistocene. They suggested that before that,
the border between the Caribbean and South American plates was a convergent margin where the
Caribbean lithosphere was being subducted below the South American plate. The last great
earthquake (AM3=7.8) on the Boconé fault zone occurred on 26 March 1812 [Centeno-Grau, 1940;
Grases. 1980]. According to Soulas [1985]. the lower velocity observed on the southwest segment
of the Boconé fault takes place because the Caparo fault to the south, absorbs a fraction of the right-

lateral. strike-slip motion.

86



Seismicity in western Venezuela

Data and Methodology
Hypocentral Relocation

The hypocenters of the events studied here were recalculated utilizing the single-event
method (SE89) of Dewey [1971]. and both the /SC (International Seismological Centre) and the
NEIC (National Earthquake Information Center) earthquake databases. This was done in an effort to
reduce the errors in the hypocentral locations determined by /SC and NE/C. For this purpose.
readings showing high residuals were filtered out in order to have a better quality control over the
stations listed in the catalogs. In general, the epicentral locations determined here are similar to
those reported by /SC and NEJIC (Table 1). For most events, these latter epicenters are in most
events within the 90% confidence ellipses estimated by SE89. The focal depths obtained from the

single-event method were used as a priori information in the inversion scheme.
Body-Wave Inversion

The focal mechanism, depth, and seismic-moment of the earthquakes studied here were
analyzed through the inversion of body waves recorded teleseismically by the World-Wide
Standardized Seismograph Network (WIWSSN) and/or by the Global Digital Seismograph Network
(GDSN). In most cases, long-period body waves were used in the inversion scheme. However. due
to a low signal-to-noise ratio in long-period seismograms of several smaller events. the short-period
P-waves were inverted. Only seismograms of stations within an epicentral distance range of 27 to
90 were included in the inversion. Within this distance range. the Green's functions for a source
embedded in a layered earth are simple to calculate and can be accurately estimated [e.g., Ndbelek.
1984].

The long-period seismograms were high-pass filtered with a cut-off period of 60 s in order to
remove long-period noise. The analog records were hand-digitized with a sampling rate of 0.5 s.

The short-period seismograms were high-pass filtered with a cut-off period of 2.5 s. In general. the
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crustal structure in the source region and below the recording stations was assumed to be a half-
space with a compressional wave velocity of 6 km/s. a Poisson ratio of 0.25. and a densiiy of 2.75
g/cm?®. The anelastic attenuation along the propagation path was parameterized for the long-period
body waves using a t°=1 s for P waves, and a t'=4 s for SH and SV waves. In the case of short-
period P-waves, the inversions were performed to fit only the shape of the waveforms. A single
point source with a variable source-time function duration was used in the inversion scheme.
Although this procedure is discussed in detail by Ndbelek [1984]. the method may be
explained bfieﬂy as follows. According to the size of the earthquake, the source time function is
parameterized as a single point source or as an event composed of several point sources (subevents)
separated in time and space. For each subevent, the model parameters include the focal mechanism
(strike, dip. and rake), centroidal depth, seismic moment, source time function, and the relative
location and time delay of each subevent with respect to the first one. Each source time function is
allowed to take an arbitrary shape. Theoretical seismograms are iteratively matched to the observed

seismograms using a least squares criterion until a prescribed variance reduction is achieved.
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Focal Mechanisms and their Correclation with Active Faults

The focal mechanisms obtained in this study and by previous workers in western Venezuela
are summarized in Table 1 and Figures 3 and 4. In order to understand the relationship between the
seismicity and the main tectonic features, these fault-plane solutions were correlated to the mapped
active faults of the region. This correlation between the Quaternary geological features and the
fécal mechanisms will be the basis to determine the average. regional orientation of the stress field
and suggest a kinematic tectonic model of this region. The main characteristics and the results of

the formal inversion achieved in this study are shown in Table 2 and Appendix.

Bocond Fault System

During the last 30 years, only the 19 July 1965 earthquake (event 1) appears to take place on
the Bocondé fault system. indicating a right-lateral, strike-slip focal mechanism. Due to the
magnitude of this event (ISC: nmp=35.4; NEIC: my=5.3), the signal-to-noise ratio on the long-period
seismograms is relatively low. Nevertheless, several P, SH, and SV waves were used to perform the
inversion and constrain the focal depth and the fault-plane solution (see Appendix). The focal
mechanism resulting from the inversion agrees in general with those solutions determined by
Dewey [1972] and by Kafka and Weidner [1981] (Figure 3). The resulting focal depth is 14 km. The

mechanism suggests a trend of approximately N38E in agreement with the Boconé fault.

Oca-Ancén Fault System

Along its whole length of ~500 km, from western Colombia to Golfo Triste in Véhqzuela.
there is little seismic activity directly correlated to the Oca-Ancédn fault system. Tothe west ’of .
longitude 69°W, no clear seismic evidence is shown and to the east of that longitude.‘ 6n1_v the
earthquake that occurred on 19 May 1970 (event 6) may be an indication of seismic‘aéti\'ity on the

Oca-Ancén fault system (Figures 3 and 4).

89



G. Malaveé and G. Sudrez

The epicenter of the earthquake of 20 October 1969 (my=>5.7) (event 4) is located about 30 km
south of the Oca-Ancén fault system and approximately 25 km west of El Tigre fault (Figure 3).
Dewey [1970] suggested that this event may have occurred on the Oca fault. Later, Penningron
[1981] obtained a mainly tensional focal mechanism for this earthquake and interpreted it as the
result of a complicated local stress pattern near the southern Caribbean margin. The results obtained
here for the event of 20 October 1969 (Figure 4) show a strike-slip fault plane solution that may be
correlated either to the right-lateral, strike-slip motion of the Oca-Ancodn fault system [e.g., Vd.éque:
and Dickey. 1972; Soulas et al., 1987] or to the lefi-lateral, strike-slip movement of the El Tigre
fault [Rod, 1956].. ‘

Another earthqixake occurred near the Oca-Ancén fault system on 18 July 1986 (71;=5.8)
(event 18) (Flgure 4). The mverswn of the P, SH, and SV waves show a shallow (7 km) reverse-

faulting focal mechamsm with nodal planes trending approximately in a NE-SW direction (see
Appendlx) The f

by D:xewonskz

lt plane solunon obtained in this study agrees with the mechanism determined

al [1987d] Due to its focal mechanism. it is not clear whether this event

ongmated on t.he Oca—Ancon fault system. Nevertheless, the trend of the P-axis on the source
mechamsm (328°) presents an orientation similar to the compressive field currently acting over the

: Oca—Ancén fault system. .

' " The'event of 19 May 1970 (event 6) may be correlated to the Oca-Ancdn fault system (Figure
3) Unfortunately, due to its low magmtude (mp=5.1), a formal teleseismic, body-wave inversion to
determine its focal mechanism was not possnble in this study. Furthermore. an attempt to obtained a
fault plane solution from ﬁrst-mouon polarities was unsuccessful. Dewey {1972]. from first-motion
data, determined for this event a right-lateral, strike-slip focal mechanism that could correspond to
the relative movement described for that fault. Kafka and Weidner [1981], however. obtained a
mechanism different to that estimated by Dewey [1972] (event 6). There are no arguments to define
at this point which mechanism is correct, since there are other conjugate faults 'striking roughly

NW-SE in the region that may agree with either mechanism.
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Caparo Fault

The Caparo fault is one of the most seismically active features in the region during the last
three decades. According to Sowl/as [1985]. this fault plays an important role in absorbing a large
fraction of the Caribbean-South American relative movement. The earthquake of 3 May 1979 (JSC:
my=5.4: NEIC: my=5.6) (event 12) was generated apparently on this fault. Because of the low
magnitude of the event and the time period when it occurred. only the P. SA. and SV waves
recorded in three digital teleseismic stations were available. The inversion scheme was then
performed solely to fit the shape of the waveforms (see Appendix). The right-lateral. strike-slip
focal mechanism resulting from the inversion agrees with the relative motion of the Caparo fault
described by Souw/as [1985].

There are two other earthquakes that probably nucleated on the southwestern extremity of the
Caparo fault: the 27 January 1970 and the 4 July 1982 earthquakes (events 5 and 16) (Figure 4).
The focal mechanisms of both earthquakes. determined using short-period P-waves, also show
right-lateral. strike-slip-faulting (see Appendix). Pére= and Aggarwal [1980] reported a composite
fault-plane solution that corresponds to a northeast-trending reverse fault. However. the focal
mechanisms obtained in this study for the earthquakes of 27 January 1970, 5 May 1979, and 4 July

1982 indicate right-lateral, strike-slip motion on the Caparo fault trending between 29° and 46°, and

with depths ranging from 11 km to 17 km.

SE Piedemonre Faulr

The earthquakes of 5 March 1975 and 11 December 1977 (events 7 and 9) are apparently
related to the SE Piedemonte fault. Penningron [1981] proposed that the northern Andes is part of a
separate crustal block that. is being compressed and underthrust from the east by the South
American plate. Nevertheless, both focal mechanisms (see Appendix) show reverse faulting instead
of the expected low-angle faulting that would reflect the underthrusting indicated by Penningron

{1981]. Also, their nodal planes trend approximately in a N-S direction instead of the NE-SW
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mapped-fault direction, and dip ~45 to the west (Figure 4). The fault-plaﬁe sol‘utiqin determined by
Pére= and Aggarwal [1980] . for the earthquake of 5 March 1975 shows :p'uix'-eA reverse-faulting
trending N43°E. - ‘ '

NNE-SSW Secondary vl'-'aull System

Humocaro fqﬁlt. »One of the more recent earthquakes of magnitude mp=5.4 in. western
Venezuela occurred on:17 v’Ali.\gust 1991 (event 22). Both, this earthquake and that of 5 April 1975
(event. 8) (rrrbés.S), :_a'ppéar; to have nucleated on the Humocaro fault, a NNE-SSW left-lateral,
strike-slip fault (FigVure‘v4). The récent seismic activity of this fault is appreciable. Besides these two
moderate-sized 'evenis analyzed here, another earthquake (71,=5.2) (event 17) occurred on 14 June
1984, whose focal mechanism was determined by Dziewonski et al. [1985]. : ’

The results from the inversion of the 5 April 1975 and the 17 August 1991 earthquakes
(events 8 and 22) show fault-plane solutions that correspond to left-lateral, strike?sliﬁ faulting. The:
difference in the orientation of the fault planes between the event of 5 April 1975 ‘(NNE-_SSVW) and
the earthquakes of 14 June 1984 (event 17) [Dziewonski er al., 1985] and 17 August 1991 (NNW-
SSE) apparently reflects changes of direction in the Humocaro-fault trace (Figures 3 and 4). The
event of 5 April 1975 probably nucleated on the northern segment of the fault, whereas‘ the two
other earthquakes were generated on the southern part of the fault. The reason of this change in the

trend of the Humocaro fault is discussed below.

Icotea fault. On 12 July 1988 (m25=5.4) (event 19). a prédominantly tensional event occurred
beneath Lake Maracaibo (see Appendix and Figure 4). The structural pattern in this area is
relatively well known from the oil exploration - efféns undertaken in the past 40 years.
Unfortunately, the epicenter of this earthquake lies on a broad fault system, making it difficult to
correlate it with a specific fault. However, the regional trend in Lake Maracaibo shows several en-

echelon, left-lateral strike-slip faults oriented in a N-S direction and pull-apart basins developing
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between the faults. Presumably. this évent beneath Lake Maracaibo was associated’ with one of
these pull-apart basins. ’ »

Faulting in thé Southwestern Terminus of the Boconé-Caparo Fault System

The southwestern region of the study area is the most active from a seismic point of view.
Besides the two events described above that were possibly originated on the southwestern extremity
of the Caparo fault (the 27 January 1970 and the 4 July 1982 events). several carthquakes have
nucleated in this region, including the recent 31 May 1994 event of magnitude 6.1 (n1). In this
area, the Boconé fault system sharply changes direction and turns to the south, modifying its style
of deformation to almost purely reverse faulting with an important component of left-lateral,
horizontal displacement [Sowlas, 1985] (Figures 2 and 3). The complexity of this zone of
deformation is demonstrated by the higher rate of seismicity relative to the northeastern area and
the diversity of focal mechanisms obtained from the inversion.

The event of 31 May 1994 (event 24) is one of the larger earthquakes in Venezuela in the last
thirty vears. The focal mechanism of the mainshock obtained from the inversion of P and SH waves
show reverse faulting trending roughly in a N-S direction (Figure 4). This earthquake induced an
afiershock of magnitude 5.6 (#1) a few hours later. The fault-plane solution of this aftershock
(event 25) determined by Drziewonski et al. [quick solution] shows a mechanism similar to that of
the mainshock (Figure 3). On the other hand, earthquakes with fault-plane solutions corresponding
to reverse faulting combined with left-lateral, strike-slip motion also occur in this zone. That is the
case of the earthquake of 18 October 1981 (m,=5.4) (event 15) (see Figure 4 and Appendix).

On 22 July 1993 (mp=6.1), an earthquake occurred about 60 km south of the Colombian-
Venezuelan border (event 23) (Figure 4 and Appendix). The inversion of the body waves shows a
tensional focal mechanism with nodal planes striking approximately in a N-S direction. and at a
depth of 18 km. The seismograms indicate the presence of a small pre-event about three seconds
before the mainshock, which is reflected by the source-time function obtained from the inversion.

The epicenter of this earthquake is located clearly outside (~80 km to the east) of the compression
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zone related to the southwestern terminus of the Bocond fault system. It was not possible to
correlate this earthquake with a specific tectonic feature in the region because no faults have been
mapped in this area. However, several tensional faults trending NE-SW that have been identified in
the Barinas-Apure basin (southeastern Venezueclan Andes) could extend to the region where this
earthquake occurred. The origin of these faults could be associated with bending in the upper crust

due to the overriding of the Venezuelan Andes over the plains.

Offshore NW-SE T’reh‘din;graz}hs B

There was an 1mportant selsmxc sequence in nonhwestem Venezuela dunng Apnl May 1989

(events 20 and 21). The ma.mshoek (mb-S 9) and its largest aftershock (mb—-S 4) occurred on 30
April 1989 and 4 May. 1989 respectively. Both earthquakes had the pecuhanty of bexng multnple
rupture processes that orlgmated long, body-wave trains. These eanhquakes were generated
apparently on a fault system trending in the NW-SE direction, with a;rxg’h‘t-lateral*, smke—slxp
mechanism [Malavé and Sudrez, 1996]. ' :
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Stress Field and Carfbbéan-South America Plate Interaction in Western Venczucla

The orientation "of‘ihe stress field in a region where lithospheric plates are interacting is a
crucial observauon in understandmg the tectonic processes induced by the relative movement of the
plates. The complex tectonic environment in northwestern South America has motivated that the
direction of the compressive stress field in this area has been a matter of discussion for more than
twenty yvears. Several authors concluded that the direction of the compressive stress field is oriented
east-west due to the underthrusting of the Nazca plate beneath the South American plate [e.g..
Devwey, 1972: Penningron, 1981 Kafka and Weidner. 1981, Soulas. 1985]. Other workers.
however, reported a principal compressive direction oriented in the northwest-southeast direction
induced by the underthrusting of the Caribbean plate beneath the South American plate in northern
Colombia and northwestern Venezuela {e.g., Kellogg and Bonini. 1982; 1985]. Both directions of
the stress field suggested by previous studies agree, in general, with that expected to induce the
dextral relative movement between the Caribbean and South American plates.

The focal mechanisms obtained in this siudy clearly suggest two different direction of the
compressive stress field in western Venezucla. The earthquakes located in southwestern Venezuela
consistently indicate a compressive stress field oriented east-west. However, focal mechanisms of
earthquakes in northwestern Venezuela (approximately north of latitude 10°N) show a general
rotation of P-axes from the NW-SE to NNE-SSW direction (Figure 5).

These two well defined sets of directions of the compressive stress field acting over western
Venezuela motivated a comparison berween the rate of strain in both northem and southern areas
considered individually with that in the whole region. The correlation between the focal
mechanisms and the active mapped faults shows that seismic energy release is not occurring on a
single. major fault boundary such as the Bocond or the Oca-Ancon system. Instead. seismicity
nucleates on faults with different orientations distributed over a large seismogenic volume. In this
case, it is more convenient to follow Kosrrov [1974] and use the seismic moment tensor (M) to

calculate the strain resulting from the volumetric deformation of the region. Kostrov [1974] showed
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that the mean rate of. |rrotac10nal strain g in a volume. v over a time period 7 produced by the slip
on » different fnults is

>:M,"

north and south of 10°N. 'ﬂle areal dlmenstons of the deformed volume are shown on Flgure 6. A
thickness' of. 15° km was assumed-in accordmg to the average of the depths of the eanhquakes
analyzed in this study. A time penod of 30 years (1964 1994) was considered in the esumauons.
Firstly. all events studied here were included in the analysis. The results suggest a prlncxpal
value of compressive strain rate of 5.9x10-10 yr.-1 oriented almost N-S (about.1° west of north).

Afterwards, we excluded the event of 22 July 1993 in the calculations because it appears to be

genérated in a different tectonic environment than the other events. The result is a compressive
strain ra"e of 5.6x10-10 yr.-! oriented approximately N-S (4° east of north). The principal values of
compressive strain rate when the area was divided into the north and south zones are 1.6x10-9 yr.-!
oriented about N5°E and 1.7x10-2 yr.-! oriented ~99° east of north, respecﬂvely.

The results obtained from this study show that when the region is divided into north and south
areas, the principal values of compressive strain rate in each zone, as was expected, have a similar
orientations than those obtained from the average of the P-axes mentioned above. In the northern
part;, the almost N-S maximum compressive strain is probably due to the underthrusting of the
Caribbean plate beneath northwestern South America [e.g.. Kellogg and Bonini, 1982; Ladd et al.
1984, Freymueller et al., 1993); whereas the approximately E-W maximum compressive strain in
the southern part of the study area is presumably produced by the Nazca-South American plates
convergence [e.g., Pennington, 1981]. However, when the overall deformed volume is considered,
the direction of the compressive strain rate is almost N-S, indicating that the compression in this
direction is predominating in the region rather than the E-W compression.

In the effort to estimate a relative velocity between the Caribbean plate (north of Oca-Ancén

fault system) and South American plate (south of Bocondé fault system) based on the seismic
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moment tensors, the earthquakes:studied here were assumed that oécufred-hiong Bocond fault

system instead of others faults.. According to Jackson and AIc!\en:te [1988] the relauve velocity

between two plates (V/ 2). when the ]ength () of the deformauon zone is much greater than its

width. can be calculaled by

wh:_re ris the nme

of 2. 1’)\10-3 m/yr.

eanhquakes but ‘that is quxescent at both hxgh and low-magmtude.
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Tectonic in Western Venezuela: A Bookshelf Faulting Case

As mentiqqediabé&e, the predicted relative mbyement between ‘thc Caribbean and South
American plates is oh the o:rdex" of2A cm/yr. However, the rates of motion measured on the Boconé,
El Pilar, and Oca-Ancoén fault systems during the last 1.8 m.y. are not greater than 1.3 cm/yr. [Pére=
and Aggarwal, 1981: Schubert, 1982; Sowlas, 1986; 1987]. That means that a fraction of the
relative motion between those plates is being either acumulated in seismic energy or absorbed by
internal volumetric deformation associated with secondary fault systems, or by a combination of
both. This zone of deformation has been defined from the east to the central part of Venezuela of
~100 km wide, along the El Pilar and Morén fault systems [Sowlas, 1985]. Towards the west,
however, this zone of deformation becomes wider and includes part of the Venezuelan Andes and
the Maracaibo basin.

The interior of this latter area of deformation is highly faulted and contains several sets of
conjugate faults trending in different directions: E-W, NE-SW, NNE-SSW. and NW-SE. The fact
that most of the recent earthquakes in western Venezuela are occurring on these faults within the
deformation zone may indicate that part of the relative motion between the Caribbean and South
American plates is being accommodated by internal volumetric deformation related to the
secondary faults. The manner of how these secondary faults are acting with respect to the major

" fault systems will be explained as follows.

The left-lateral, strike-slip faults in western Venezuela trending roughly NNE-SSW (EI Tigre,
Icotea, Valera, Humocaro, Carache) appear to define elongated blocks. These blocks are apparently
limited by the Oca-Ancoén fault system to the north and the Bocond fault system to the south .
(Figure 7a). The current left-lateral slip in several of these NNE-SSW faults has been demonstrated
by geological field works. by seismic reflection profiles. and by neotectonic studies and trenching
[e.g., Soulas, 1985]. Moreover, some focal mechanisms determined in this smdy indicate th;n kind
of displacement. R

The Humocaro fault is an excellent example of the current sinistral motion on the‘se‘fauhs. :

Three earthquakes that probably originated on that fault (5 April 1975, 14 June 1984, and 17
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August 1991) reflect that motion. As discussed before, the orientation of lhc lault plane of the event

of 5 April 1975 indicates a change in direction towards the east in lhe northernmos segment of the

Humocaro fault relative to its southern trace. On the other hand, lhe earthqunke of 20 Oc-tober 1969

(event 4), whose epicenter is located near the El Tigre fault. may have been;nucleated on ‘that fault

indicating recent left-lateral motion. ; ; B

Kinematically, the geological and seismological evidence suggest  that the -deformation
observed in northwestern Venezuela may be explained as bookshelf faulting. This tvpe of bookshelf
mechanism occurs where faults oriented at high angles have left-lateral slip antithetic to the right-
lateral shear couple, rotating individual blocks clockwise [e.g., Mandl. 1987; Kleinrock and Hey.
1989]. The name bookshelf derives from the similarity of shearing a row of books on a shelf by
moving their tops from left to right and observing the left-lateral shear on the planes separating the
books (Figure 7b).

In western Venezuela. however, the right-lateral shear couple, in this case the Boconé and
Oca-Ancon fault systems are not parallel. Furthermore, we have to take into account that those
shear faults are not moving at the same rate; there is approximately a 3:1 ratio of relative velocity
between them. On Figure 8. an schematic representation of the bookshelf model in western
Venezuela is shown. When applying the shear stress, either individually on each shear fault or on
both. the NNE-SSW faults separating the blocks experience lefi-lateral slip and the blocks rotate
independently clockwise.

This type of deformation is supported by the observation of James [1985] that the sinistral
displacements of the NNE-SSW faults transform in their northern and southern extremities into
NE-SW to E-W 1irending thrusts as they approach the Oca-Ancén and Boconé fault systems,
(Figure 8). James [1985} explained this variation as a result of the northeastward movement of the
Maracaibo block towards the Caribbean, along the Boconé fault. He also cited the Valera fault as an

examiple of this sinistral transformation into thrusting as the Boconé system fault approaches. That

transformation into a thrusting fault will depend on the component of normal stress acting on the

Bocondé and Oca-Ancén faults. The presence of horizontal P-axes oblique to either Bocond and.
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Oca-Ancdn faults, demonstrated in this study, ensure the existence of a significant component of

normal stress on these faults.

The bookshelf mechanism has also been observed on individual faults in western. Venezuela, .

but in a smaller scale. Mand! [1987] used the Icotea fault as an example to explain tectonic
deformation by rotating parallel fault using a bookshelf mechanism. He described a set of rotated
parallel faults. with predominant dip-slip, associated with shearing along two subparallel branches
of the Icotea fault. More recently, Lugo [1992] presented a detailed analysis of the tectonic
evolution of the Icotea fault in the Maracaibo basin. He concluded that the Icotea fault, from middle
Late Eocene through Late Miocene, acted as left-lateral, strike-slip fault. Using a "domino"” style
analogy, he interpreted 15° of clockwise rotation for the northern Icotea fault-bounded blocks.
Furthermore, there is evidence that the Maracaibo Basin has rotated ~45° since the Middle
Cretaceous [Perarnau er al., 1988]. Lugo [1992] also proposed that since the Pleistocene, the
northern segment of the Icotea fault has behaved as a west-vergent compressional fault associated
with a regional E-W compressive regime.

It is possible that during the Late Eocene-Pliocene times the NNE-SSW faults could have
experimented larger slip than during the present due to the higher average velocity of the Oca-
Ancdn fault during that period. Nevertheless, both Boconé and Oca-Ancén fault systems continue
moving at the present time, suggesting that the bookshelf mechanism is still occurring today. It
could be speculated that the recent compressional regime identified by Lugo [1992] in the northern
segment of Icotea fault could be possibly related to the transformation of sinistral to thrust faulting
reported by James [1985]. )

In summary, the resulting deformation from the interaction between the Caribbean and South
American plates in western Venezuela is being absorbed through a wide zone of deformation
instead of a single major fault. This deformation zone may be defined from the northernmost part of
Colombia and Venezuela to the Venezuelan Andean region. This argument seems to resolve the old
problem of why the Caribbean-South American pole is unconstrained (largé 95% confidence
ellipse) by using data: along thef Bocond fault system [Jordan, 1975], which motivated others

workers to suggest another pole that could adjust much better.
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Summary and Conclusions

The source parameters of shallow (#<30 km), moderate-sized (5.451711,56.1) earthquakes
occurred in western Venezuela during the last three decades‘ were analyzed to uné_ierstand the
complex tectonic environment in this region and its relationship to the iﬁteraction"between the
Caribbean and South American plates. The focal parameters were evaluated through the moment-
tensor inversion. using long and short period teleseismic P, SH, and SV waves. The results show
that most of the earthquakes are apparently associated with secondary fault systems and only the 19
July 1965 event nucleated on the Bocond fault system. considered by several authors as the main
plate boundary in the region. 7

The average direction of the P-axes obtained from the focal mechanisms clearly divides the
region of western Venezuela into two zones: north and south of latitude 10°N. In the northern area,
the direction of the P-axes, in general, rotate from a NW-SE to NNE-SSW directioh; ivhereas in the
southern zone, the P-axes are approximately oriented E-W. The determination of thé cémpressional
strain rate in the overall region over 30-years period of time is 5.9x10-10 yr.-! and'is oriented
almost N-S. This result is probably due to the underthrusting of the Caribbéan plate beneath
western South America. ) ' :

According to the seismic activity occurring on the secondary faults, the border between the
Caribbean and South American plates is distributed over a wide zone of deformation instead of a
major single fault. This may be one of the reasons for the large uncertainties in the determination of
the instantaneous Caribbean-South American pole. :

The left-lateral. strike-slip faults trending roughly NNE-SSW in western Venezuela define
elongated small blocks limited by the Oca-Ancén fault system to the north and the Boconé fauit
system to the south. The focal mechanisms and the Quaternary geological data suggést that the

Kinematics of the faulting pattern behave as a bookshelf faulting mechanism.
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Table 1. Compilation of Results Obtained by Previous Workers and in This Study. - i

Event Date Tang  Depih iy Sike | Dip . Sip Pravis  Toaan Ny Souree —
BT W km deg der | dex - TeOMI®  TeOMI® B ‘ o
1 Jul. 19, 1965 70.28 20 5.3 j 145 80 [ 10077 107 — A
. 7043 4 s3° 2900000600060 /3 1928 . 078 B -
7038 14s1 - 3gel . 8221 1725100 2640 - As01 110 7 :
2 Dic. 21,1967 + ¢ - 72,02 29 sa IR = 5 166 105/5 1325 - “ -
. 72.06 53 5.3 240 | 60 -160 97/34 1928 119 B a—
3 May 13, 1968 . 71.06 29 4.8 228 60 s 208/11 186.63 - gl [
) 71,08 1 4.9 230 60 -150 95741 1883 0.21 B —~
4 ©0ct. 20,1969~ 1090 . 7240 36 — Tiss 67 ast . ssso 272012 - e
11,06 7238 .8l.. e 15&) . 732l a22sb 33427 653 6.30 "
s lan. 27,1970 255 7105 a9, . 57 ° 66 % %0721 270,60 - “
: 749 7209 0 s X 240 0 -150 95/4) 1883 1.09 B
. . 751 7208 1281 = 361 6lal  ITsl | 260714 357726 1.49 “ =
3 May 19,1970 -~ 10.89 - 6893 - ~ 7 sa 88 - 58 43 30247 321 - r )
- . 10.99 G892 6 " 5.1 285 52 .20 238714 13739 117 8
7 Mar. 5, 1978 904 - 6995 -~ s 43 as % 1330 om0 - B _—
© 906 6990  14sl = 1843 a7s1 9321 27222 14087 2.90 H .
8 Apr. 51975 10100 6960 - — —. 204 80 10 158/0 6814 - c
' 1001, 69677 " 10£1 — i aral ! 7sal 0 -2a1 3399 245112 9.5 H —
9 Dic. 11,1977 9.52 69.56 .18 56 170 s ’3 BS7 296/82 1.87 £ ’
9.52 . 69.54 821 = 1m3s2 a2 7822 94/4 34279 10.06 H -
10 Jan. 21, 1978 638 7238 15 5.1 94 3s -2 73042 31230 139 E —
1 6.96 213 5 5.3 161 as %0 71710 251780 0.66 £ ‘
12 May 5, 1979 836 7099 22 56 us 53 4 7923 33628 152 £ —
** 8.38 70.94 1621 - 2921 89x1 16021 76116 34119 1.06 H
13 May 2, 1980 721 7207 15 s 226 E 147 esme 22751 129 I e
14 Nov. 26, 1980 805 7244 a0 5.0 57 64 170 28212 17725 0.86 E -
15 Oct. 18, 1981 512 7253 26 5.4 251 4 173 10927 220035 916 E
‘813 . 7247 28s1 ~  3eest’ 77m1 2821 sno 21829 8.2 H -~
16 Jul. 4,1982 766 - 7219 96 5.5 52 &3 169 2787 122 1.21 E ) 1
. 765 7201 11=1 - 4622 78s1 16621 93 218 168 H
17 Jun. 14,1988 1001 69.74 18 5.2 310 65 -t 30025 20510 102 E o
18 3ul. 18, 1986 1072 6951 15 5.8 64 4 106 32375 78/78 178 r P
1076 69.41 751 - 4921 411 7821 3288 207:81 140 H
19 Jul. 12, 1988 9.85 7137 15 5.4 59 16 ) S158 29333 078 ”®
9.83  713% 1321 - B324 5222 3323 soss6 32 0.30 H
20 Apr.30,1989 1100 6832 1s 59 166 62 -168 25728 12112 983 r
10.96 68.33 20 - 242 36 137 113720 23253 8.10 I
he 11.01 68.25 14=t - 1621 TBx1 ~178=%1 26710 117.7 as.o G .N
2 May. 4, 1989 1107 6828 1s 5.5 145 51 174 30 0523 i3 £ :
- 1106 6823 1221 ~ 1332 83=l  -172:2 33811 2671 2.40 G
22 Aug. 17,1991 1002 6991 15 5.5 344 86 3 290/s 20911 2.58 E
- - 15£1 - 75+2 6923 -169s2 293722 267 1.20 H
23 Jul. 22, 1993 650 7132 24 6.1 21 39 92 124/84 26 1320 £
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6.47 72 20 - 352 46 =115 - 18472 27972 1500 ra

. - - 1821 - 3345 43x2 . -131a2 16262 2699 1530 "

24 May. 31, 1994 7.40 72.10 7 ea 130 a3 s0 6817 3063 1200 ¥
-— 7.38 7211 17 6.1 143 41 %9 AB/4 174/83 9.70 »
- - e - 325 S3s27 0 75e4 104s7 223776 10.40 "

2s May. 31, 1994 7.30 7210 - 5.6 232 27 153 96729 22%s51 1.07 I

Source: (1) Dewey [1972]: (B) Kafka and Weidner [1981]); (C) Pennington [1981): (D) Pérez and Aggarwal (1980); (E) Harvard
centroid-moment tensor solution; (F) USGS moment-tensor solution: (G) Malavé and Sudre= [1996]: (#) This study.

Convention of tfocal mechanisms follows Aki and Richards [1980]. :

hd Short-period P waves inversion (only wavetorm).

- Long-period wavetorm inversion only.

- Multiple source event.

Tr: Trend: Pl: Plunge;  MgScismic-moment (x10!7Nm).
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Table 2: Types of waves used and source time function for the moment tensor inversion

of the earthquakes analyzed in this study

Event Date Instrument Waves Inverted STFD (s)
[ Jul. 19, 1965 Long-period P. SV, SH EEE
4 Oct. 20, 1969  Long-period P, SV, SH 4
5 . Jan.27,1970  Shor-period P 1
-7 Mar. 5, 1975 Long-period P, SV, SH 3
8 Apr.5,1975  Long-period P.SV.SH .. 6
° Dic. 11, 1977  Long-period P. SV, SH i g
127 May. 5, 1979 Long-period P, SV, SH L4
15 Oct. 18, 1981  Long-period P, SV, SH. R
‘16 Jul.4,1982  Short-period P SN
18 Jul. 18, 1986  Long-Period P. SV, SFH." -]
19 Jul. 12, 1988  Long-period P, SV, SH . a
22 Aug.17,1991 Long-period =~ P, SV, SH - a
23 3ul.22,1993  Long-period " P SH: a4
"24 . May31,1994 Long-period: PISH: 3

STFD: Source time function duration ..
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Figurec Captions

Figure 1. Seismicity (725425.0) related to the interaction of the Caribbedn plﬁté and 1ts neighboring

plates (Atlantic, Cocos, Nazca, North America, and South Amenca) vThe arrow ndicate the

direction of relative plate motion. The seismicity is shown as’ open'mr eS"the darker areas
thus reflect a high concentration of earthquakes. - ’

Figure 2. Major active fault systems in northern Venezuela'[éﬁé S
1

Soulas et al., 1987]. The rectangular areas “indicate
historical earthquakes (before 1900) occurred The numb T 5

when these large earthquakes occurred The arrows mdlcate the're atne

otion of the ffz{tilts.j
Bathymetry is in meters. } : . BERR )

Figure 3. Compilation of focal mechanisms of earthquakes that occurred in wes{e;ﬁiv¢n¢zue1a
reported in previous studijes. The- fault plane solutions are shown in arlcwer-hcmisphere
projection. The numbers nearby the mechanisms are the same as those on Table 1. The letters
are the identification of the information source: (A) Dewey [1972]; (B) Kafka and Weidner
[1981]; (C) Penningron [1981); (D) Pérez and Aggarwal [1980]; (E) Dziewonski et al. [1985;
1987a, 1987b, 1987c; 1987d; 1988a, 1988b; 1988c; 1989; 1990, 1992]); (F) Sipkin arnd
Needham [1991]. The faults are from Sowlas [1986] and Singer er al. [1992]. The arrows
denote the direction of relative motion of the faults. The black quadrants in the focal
mechanisms indicate compressional arrivals. The small open and solid circles in the
mechanisms correspond to the position of the 7 and P axes on the focal sphere, respéctively.
Bathymetry is in meters.

Figure 4. Focal mechanisms determined in this study for earthquakes 742=5.4 that occurred in
western Venezuela since 1964. The fault plane solutions are shown in a lower-hemisphere
projection. The faults are from Sowulas [1986] and Singer et al. {1992). The arrows indicates
the direction of relative motion of the faults.' The black areas in focal mechanisms indicate
compressional arrivals. The small open and solid circles in the mechanisms correspond with

the position of the T and P axes on the focal sphere respectively. The numbers near the
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mechnmsms are the same on Table 2.:The'solid tnangles are the eplcenters of the earthquakes

of magmtude JO_nu,SSa reported by - the IVEIC in. \vestem ’VenezuelaHSlncer 1964.

. Bathymetry is'in meters.
Flgure 5. Lower hemisphere projection of the 2. and T-a.\es of the focal mechamsms determmed in

this ‘study.  The axes are plotted in ‘two groups: Northwestem ‘Venezuela ‘(left) and
Southwestern Venezuela (right). In the former ‘re"gion.' the P-axes rotate frdm the N'W-SE to
NNE-SSW direction, whereas in the latter area the P-axes are oriented in a E-W direction.
Figure 6. Areal dimensions considered to estimate the maximum compressive strain rate in western
Venezuela, following Kostrov [1974]. The thick solid line shows the overall zone. Thé dashed
line at latitude 10°N divides the region in north and south sections. In the north section is
where the focal mechanisms show P-axes trending approximately in the N'W-SE direction;
whereas in the south section the P-axes are oriented roughly in the E-W direction.’ )
Figure 7. An example of how the bookshelf mechanism works. a) Original position of the row of
books on a shelf: b) The row of books shears by displacing the boundaries, in this- case in a
right-lateral motion. Notice the left-lateral shear on the planes separating the books c) The
books rotate as the right-lateral shear couple continues displacing. S Coon
Figure 8. Bookshelf-faulting mechanism in western Venezuela: a) Regional- faultmg pattem ﬁ'om

Soulas [1986] and Singer et al. [1992]; b) Diagram of the bookshelf- faultmg mechamsm m

western Venezuela. The Bocond and Oca-Ancon fault systems act as: a. ngh
couple. The dashed lines show the original position of the N-S trendmg,fau]‘ts.

solid lines are the current fault traces. The arrows indicate the relative movement of the faults.



Seismicity in western Venezuela

113



il

< a.lnﬂ;_:[

2N

10N

N

s o 1msun
., ?ﬂ“f"vm 0

s
‘

\\ \1 :mumrhﬁ'r}sym
S S
¥

" —
PCA-ANCON PAULT

W 1 // Y

6N

Zo1gns ‘0 pus paziEp ‘o



Scismicity in westem Venczuela

Figure 3

115



G. Malavé and G. Sudrez




L1l

S 2an3iry

NORTHWESTERN
VENEZUELA

SOUTHWESTERN
VENEZUELA

VDNZIUD A LIDSIN UE KIDIWSEDS



N G. Malavé and G. Sudrez

g
(3

NORTH SECTION
1INy [~ -\ === = - -
N |
\'\ v
8°N -
-
I 4
6N : - 3
72°W 706°wW 68°'W
Figure 6

118



Seismicity in western Venezuela

BOOKSHELF MECHANISM
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APPENDIX

Results of the inversion of the waveforms determined in this study. The focal mechanisms are
shown in a lower hemisphere projection. The theoretical seismograms are indicated by dashed lines.
whereas the observed waveforms are shown as solid lines. The dark quadrants in the P-waves focal
mechanisms represent compressional arrivals. Amplitudes of the waveforms are normalized to an
instrumental magnification of 1500 and a geometrical spreading corresponding 1o an epicentral

distance of 40°. A single point source was used in all inversions.
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V. Determinacién de mecanismos focales mediante sismogramas rcgionales de periodo

largo. Factibilidad de aplicacién de esta técnica al oeste de Venczucla

Determination of focal mechanisms using long period regional seismograms.

Feasibility to apply this technique in western Venezuela

By Gustavo Malavé!.2, Carlos Mendoza3. and Gerardo Susrez!

Instituto de Geofisica, Universidad Nacional Auténoma de México, México, D.F.04510
2INTEVEP, S.A., Apartado Postal 76343. Caracas 1070A, Venezuela
3u.s. Geologiéal Survey, NEIC, Denver Federal Center MS 967, Denver, CO.

Abstract Forward mo d moment—tensor mversxo

analyzed in this study. to obtam focal mechamsms usmg long-penod s 1smograms

recorded at regional dnstances. The motivation of this study was determme the

fault plane solutions of moderate earthquakes: (mp=<5. 3) occurred in’ westem '

Venezuela. However, due toronly two broadband stations’ were depyloyed at
regional distances ﬁ-om' western Venezuela during the development of this study,
seven moderate earﬂ1§uakes that occurred in western United States during 1993
and 1994 were evaluated, instead. Only for an earthquake nucleated on July 22,
1993, near the Colombia-Venezuela border, we were able to access a recorded
seismogram at station SJG, located at ~1400 km from the epicenter. In genéral,
the ‘results obtained from the moment-tensor inversions, using regional
seismograms recorded from earthquakes originated in western United States,

satisfied the initial expectative prescribed at the beginning of this study. In most

1
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of the cases studied, the focal mechanisms obtained from the inversion using the
Central United States and the Basin and Range models, agreed with the fault plane
solutions determined by previous workers. In concluéion. considering the initial
condition of developing a tool for working as an automatic routine, the results are
acceptable. Nevertheless, the results obtained from the forward modeling and the
moment-tensor inversion methodologies clearly show .the importance of knowing

realistic crustal structures to reach better results.



Determination of focal hani using regi 1 data

Introduction

The complex tectonic‘in western Venezuela is directly related to the interaction of the
Caribbean, Nazca, and South ‘American plates (Fig. 1). The analysis of the ‘seismicity in this
region shows that most of the events of moderate magnitude (n72525.4) are occurring on secondary
fault systems located in a wide deformation zone between the major fault systems of Bocond and
Oca-Ancén (e.g., Dewey., 1972; Kafka and Weidner, 1982; Malavé and Suarez, 1997). The
epicenters determined by the National Earthquake Information Center (VE/C) for the low-
magnitude seismicity (5.0=mp=<5.3) also show a similar behavior (Fig. 2). Only three of ~30
events appear to have nucleated on the Boconé fault system. Furthermore, some smaller events
originated apparently on faults where no moderate or large events (7725>5.4) have occurred during
the last three decades (Icotea, Valera, NW Piedemonte faults). Attempts to determine well
constrained, first-motion focal mechanisms of these smaller events were unsuccessful. Focal
mechanisms for the moderate size earthquakes provide important information about the regional
and local tectonics. Then, the feasibility of using regional recordings for determining earthquake
faulting parameters of those smaller events was considered in this study.

Several methodologies for estimating earthquake focal parameters using seismograms at
teleseismic distances (30°-90°) have been developed (e.g., Langston and Helmberger, 1975;
Kanamori and Stewart, 1976; Dziewonski er al.. 1981; Sipkin, 1982; Nabelek, 1984), also at a
very close distances (A<1°) when strong-motion data are available (e.g., Hartzell and Heaton,
1983; Wald et al., 1991). Nevertheless, a few attentions have been paid to evaluate earthquake
source parameters using seismograms at regional distances (1°-12°). due to the complex
propagation effects in the earth crust.

The availability of regional waveforms has contributed the development of numerous
methodologies for analyzing the regional signals for earthquake source parameters. Some of the
recent developments include inversions of broadband P, signals (e.g., Wallace and Helmberger.
1982; Dreger and Helmberger, 1993; Lay ez al., 1994a, 1994b), simultaneous broadband body

and surface waveform inversions (e.g.. Zhao and Helmberger, 1994). spectral inversions of short-
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period surt’ace waves (eg Patton and Zandt 1991- 'Romahowicz et al., 1993: Thio and

i ver. lon‘ (Kanamorx er aI 1990; Uhrhammer. 1992),

Kanamori, 1995) near-Feld waveform

! n s f'urrcuon deconvolunons (eg ’Kanamorx er al.. 1‘)9"b' Ammon et al.. 1993).

verslon flong—penod signals (e.g.. Ritsema and Lay..

and complete tnme domam, waveform

1993; Gxardxnx et al.; 1 993) S
In this case. :we concentrate efforts to evaluate two of the methodologies mentioned above.

First of all we arralyzed a forward modelmg, usmg the Saikia and Burdick (1991) code for
genemtmg accuracy reglonal seismograms. Thls program- is a modified version of the Wang and
Herrmann (1980) method and Herrmann and Wang (1985) regional seismogram's code. Several
tests were achieved using the September 21, 1993, Klamath Falls earthquake and an event that
occurred: near the Colombian-Venezuelan border on July 22, 1993. Second, we made a regional
seismogram, moment-tensor inversion for earthquakes occurred in western United States,
thinking on an automatic routine that may be used in regional seismological networks. The focal
mechanisms determined in this study were compared with those obtained by previous workers
1994a; 1994b; 1994c; 1994d; 1995; Sipkin and Needham, 1994; Nabelek

(e.g., Dziewonski er al.,
1995; Ritsema and Lay, 1995; Sipkin and Zirbes. 1996).

and Xia. 1995; Braunmiller er /..
Finally, the feasibility of applying this inversion scheme for earthquakes occurred in

western Venezuela was evaluated, considering the new stations that had been deployed recently

in the Caribbean, Central and South American regions.

139



Determination of focal mechanisms using regional data

Regional Seismograms Forward Modeling

Methodology

An e\ialuatxén of Py seismograms forward modeling was considered as a first step in this
study. Py waveforms can be synthesized at regional distances by a variety of techniques. The two
most practlcal are generahzed rays and wavenumber integration. The generalized ray approach is
the mvost,eft’clent for a layer over a half-space model and has been used in most previous P,y
sﬁ.ldxes it becomes difficult to obtain exact results in a multilayered model because the ray sum

becomies intractably large. Alternate approaches to computing synthetic seismograms are the
1980; Bouchon, 1981) and the

&ét;uency~Wave number (k) scheme (Wang and Herrmann,

reflectivity approach (Kennett, 1980; Mallick and Frazer, 1987)
‘In this case, the Saikia and Burdick (1991) code was used to generate the theoretical

seismograms. This code is a vectorized computer program based on the formulation presented by
‘Wang and Herrmnann (1980). The synthetic signals are generated through a two-step procedure:
first, the program filon calculates the theoretical seismograms in the frequency domain and then
the program wvint produces the time series. The input parameters for filon are: source depth,
epicentral distance, sample rate, number of points, crustal structure (thickness, Vp, Vg, density),
attenuation values for P and S waves, and a phase velocity filter. The input parameters for wvinr
are the output of filon, and some aspects regarding to whether the seismograms will be in

displacement, velocity or acceleration. the source type (impulse, trapezoid or parabolic), and

duration. )
The outpur of. the Saikia and Burdick (1991) code generates the following ten Green's

functions: vemcal and radlal components for a 45° dip-slip mechanism (strike: 0°: dip: 45°. rake:
90°): ‘vertical. rad:al and transverse components for a vertical dip-slip faulting (strike: 0°, dip:
90°. ra_ke‘ 90°), verucal radlal and transverse components for a vertical strike-slip mechanism

rake' :0°); and vertical and radial components for an explosion. These Green’s

(stnke. O° dlp. 97 e,
ﬁmcnons are then combmed to calculate three-component seismograms for a specific fault plane
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solution and. selsmlc moment The !hree-component sngnals were conﬁgured to be:plotted- usmg
both the: Buplol hbmrnes developed by R.: Buland at the u.S. Geologmal ‘Survey.’ Golden.

Colorado. and the SAC (Lawrence vaermore Natlonal Laboratory. Seismic’ Analysxs Code)

program. e 5y d Lo . ; :
Due to'theﬂexwisten‘ce‘. of only two stations located at regional distances from western
Venezuela (BOCO, Colombia; SJG, Puerto Rico), we decided to ‘look for -another event that
occurred in a different place that had been recorded for several stations at regional ranges. The
September 21, 1993, Klamath Falls earthquake was the one selected to evaluate this
methodology. Nevertheless, we generated synthetic seismograms for an event that occurred on

July 22, 1993, near the Colombxa—Venezuela border (Fig. 2).
The September 21, 1993, Klamath Falls Earthquake

The September 21, 1993, (03:28:55.4), Klamath Falls earthquake is an event of magnitude
mp=5.8 (VEIC) that occurred at 25 km northwest of Klamath Falls, in the southern part of the
state of Oregon (Fig. 3); This was one of several events that occurred in that state during 1993
and the first of two stronéer shocks that originated on September 21. The focal mechanisms
determined by Dziewonski er al. (1994b), Sipkin and Needham (1994), and Braunmillexf et al
(1995) show a tensional faulting striking approximately in the NW-SE direction (Fig.3). These
fault plane solutions agree with the tectonics of the region, which is dominated by noﬁnalofaults

trending in the north to northwest direction.

Crustal Models for Western United States Evenits

Several crustal structures were evaluated to estimate a preferred model. First, we used the
simplified crustal model composed of a simple one layer over a half-space (Table 1), introduced
by Helmberger and Engen (1980). This simplified crustal structure has been used in several
studies to model P,;; globally. The general success of this simple model is due to the fact that at
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long penod the earth behaves like a layer over a half-space at these ranges. The detalled nature of

the crust 1s not sngmfcant (Smkla and Burdick, 1991).

Second ’we used a variation of the preferred crustal model selected by Saxk a :md B rdlck

‘near serface Qp structure was taken from Lin (1989) and is appropnale for Bas
_the western United States. A relationship of Qa=20p was used for Qa
Thlrd we selected independent crustal structures for the path from the hvpo
statlon considered in the modeling. trying to generate the theoretical selsmogram
models (Zucca er al., 1986; Mooney and Weaver, 1987; Pakiser, 1989). In thxs:
varied the values of Q. and Qg proposed by Lin (1989), Al-Khatib and Mitchell " ‘

variation of the last one with a lower value of Qg for the half-space (Tables 3-8).

Forward modeling
The stations included in the forward modeling were: WDC (a.zxmm.h—193°' A~—198 km),
COR (azimuth=338°; A=273 km), CMB (azimuth=163°; A=495 km). SHO (a.zxmuth—l 7:"- A—618

km). IS4 (azimuth=156°; A=798 km), DUG (azimuth=104°; A=805 km), and P4S‘

(azimuth=157°; A=967 km) (Fig. 3).

The data recorded at the stations mentioned above was retrieved from /RIS (Incorporated :

Researeh Institutions for Seismology) database at a sample rate of 20 samples/s. The mstrument
response was removed from the data and filtered with a four-pole Butterworth band-pass flter
with corner frequencies of 0.01 and 8 Hz and cutoff frequencies of 0.005 and 10 Hz.

The synthetic seismograms calculated from the Saikia and Burdick (1991) were obtained in
displacement, with a source depth of 11 km, and using a triangle. source time function of 2 s. To
attenuate the presence on the theoretical signals of wave trains arriving after the P-waves. a phase
velocity filter was included in the input parameters. The high cutoff and corner velocities of the
phase velocity filter were fixed to 10000 and 30 km/s respectively in all cases considered in the

forward modeling. However. the low cormer and cutoff velocities varied according to the crustal
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structures. For the low corner and cutoff velocmes. we used the ma.xlmum value ) VS and the}

91% of that figure respectively (Tables 3-8). The focal'm'

determined by Dziewonski er al. (1994b) were ,uu_l'

seismograms for ench station (Table 9).

The theoretical and observed signals were ﬁltered ;usin
frequency of 0.2 FHz. The time window of interest in this: P,,[ studv vaned from 60 to. 1:0 s after
the first arrival, according to the epicentral distance. . ;

At station I DC, the results show a good visual correlauon between the predicted and the
observed seismograms for all the crustal structures considered in the modeling (Fig. 4). However,
there are some differences related to the maximum amplitude of the signals. The smaller
difference was obtained with the Zucca er al. (1986) crustal model (Fig. 4C) and the larger one
with the modified Saikia and Burdick (1991) model (Fig. 4B).

At station COR, the theoretical seismograms also matched very well the recorded data (Fig.
5). In this case. with the modified Saikia and Burdick (1991) crustal model, the maximum
amplitude of the synthetics and data were almost identical, whereas the larger difference was
reached with the realistic model obtained from Mooney and Weaver (1989), but including a lower
value of Qp in the half-space. Also at station CAMB, the minor difference in amplitude was
observed when the modified Saikia and Burdick (1991) crustal model was used (Fig. 6). Here, on
the contrary that we were expecting., the larger differences_ between the predicted and the
observed data were reached with the three different more reliable models.

In general, the theoretical signals fit very well the recorded data in most of the models
considered for station S+40; however, the modified Saikia and Burdick (1991) model reproduced
better the waveforms and showed the second smaller difference in the amplitude (Fig. 7). At
station /SA, undoubtedly the better visual correlation and the smaller differences in amplitude
were achieved with the realistic crustal model taken from Mooney and Weaver (1989). combined
with the Op values obtained from Al-Khatib and Mitchell (1991) (Fig. 8).

All the theoretical seismograms matched well the recorded signals at station DUG, except

for that generated with the simplified crustal model (Fig. 9). The maximum amplitudes of the
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predicted seismograms determined in thls study comcxded wnth the  maxiniim’ amphtude of the

recorded data. - :
’I‘he waveforms of the predxcted sexsmograms calculated usmg he reahstlc crustal structure

proposed by Mooney ‘and Weaver (1989), combined w:th the alues of Qp determmed by Al-
Khatib and Mitchell (1991), fit very ‘well the recorded data at statlon P4S (Flg lO) Nevenheless.

~they presented the larger differences in amplitude.
On the basis of the results shown on Figures 4- 10 and the know]edge that the Earth has a

strong, though laterally varying, free surface gradient, we attempted to select a px_'efErred model
from those shown in Tables 1-8. The comparison revealed that the best visual correlation between
the synthetic and the observed signals corresponds with the reliable crustal stmciures selected
from the references. Nevertheless, for the case that we are interested on. that is the determination
of a reliable fault plane solution, all the models utilized in the forward modeling permitted a very

good visual correlation between the predicted and the recorded data. taking in account the

parameters mentioned at the beginning of this section.
The July 22, 1993, Colombxa—Venezuela Border Earthquake

1993, Colombia-Venezuela earthquake is an event of magnitdde' mp=6.1

The July. 22,
2). This

(NEIC) that occurred at about 60 km from the border of Colombia and Venezuela (Fig.
has been one of the larger earthquakes that has occurred in this region d‘ux‘-ing;t.he last three
decades. The focal mechanisms determined by Dziewonski er al (1994b) ‘ by Sipkin -and

Needham (1994), ‘and by Malavé and Sudrez (1997) show a tensxonal faultmg striking

approximately in the N-S direction. ] .
Only the station SJG (azimuth=23°; A=1396 km) was included in the for\'vardfx;nodeling.

Unfortunately the another station available at regional distance from western Venezuela (BOCO,
Colombia) was not in operation during the occurrence of this event. The data recorded at the

station SJG was retrieved from /RIS database at a sample rate of 20 samples/s. The mstrumem
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response was removed from the data and filtered with' a’ four-pole Butterworth band-pass filter
with corner frequencies of 0.01 and 8 Hz and cutoff frequencies of 0.005 and 10 Hz.

The synthetic seismograms calculated from the Saikia and Burdick (1991) were obtained in
displacement. using the modified version of the preferred crustal structure suggested by them
(Table 2). The source parameters obtained by Malavé and Suarez (1997) were utilized in this
study as the input parameters to generate the seismograms: a source located at 18 km depth, a
trapezoidal, source time function of 5 s, and a focal mechanism defined by a strike of 331°, a dip
of 43°, and a rake of -131°, To attenuate the presence on the theoretical signals of wave trains
arriving after the P-waves, a phase velocity filter was included in the input parameters. The high
cutoff and corner velocities of the phase velocity filter were 10000 and 30 km/s respectively;
whereas the low corner and cutoff velocities, were the maximum value of Vg (4.5 km/s) and the
91% of that figure (4.1 km/s), respectively. ’ '

The theoretical and observed data were filtered using a four-pole Butterworth ba.hd-pass
filter with a low corner frequency of 0.01 Hz and a high corner frgquency of 0.1 Hz.i The time
window of interest in this P,;; study was 150 s after the first arrival.. " - : - ‘

At station SJG, the results show a good visual correlatibn bétwe'en' ihe‘calgulated and the
observed seismograms (Fig. 11). However, there is a considerable differﬁnce. between the
maximum amplitudes measured on the theoretical (2.01x10"*) and on the observed (3.41x10%)

seismograms. It could be a consequence of being very close to the limit on distance of using the
Py, waves (12.6°).
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Moment Tensor Inversion Using Regional Scismograms

In this section. we outline a technique to ana}yze the regional waveforms through out the
moment tensor inversion and its applicm‘ion tovseVeral earthquakes occurred in westem United
States during 1993-94. The earthquakes included in this study are: the March 25, 1993, Scotts
Mills event; the September 21, 1993, and the December 4, 1993, Klamath Falls earthquakes; the
February 3, 1994, Wyoming event; the September 12, 1994, California-Nevada earthquakes
(mainshock and aftershock): and the Sepyember 13. 1994, Colorado event (Fig. 12). The source
parameters for each one of these events determined by different seismological agencies,
institutions, or individual workers, are described in Table 9: the origin time. the epicenter

location, the magnitude, the focal depth, the fault plane solution, and the seismic moment.

Methodology

Our aim in this work was to compile different existent tools to generate focal mechanisms
as an automatic routine, using regional seismograms. In that sense, for each event, the following
procedure was followed. The observed waveforms were retrieved from the USNSN (United States
National Seismographic Network), using the program ¢rimes, based on the tau-spline method of
Buland and Chapman (1983) to determine the stations included at regional ranges (A<12°) from
the epicenter. The data was transformed from the Retrieve format to SAC format, since most of
the other codes in the procedure use that format. In some cases, the data was retrieved from the
IRIS database in the SEED format and then converted to S4C format. The instrument response
was removed from the broadband data and filtered with a four-pole Butterworth band-pass filter
with corner frequencies of 0.01 and 8 Hz and cutoff frequencies of 0.005 and 10 Hz.

The synthetic seismograms were generated using a code (mijkennetr) written by Randall
(1994). The input parameters for mijkennert are: the source depth, the epicentral distance. the
station azimuth, the sample rate. the number of points in the time series. the crustal ' model

(thickness, Vp, Vs, density). the attenuation values for P and S waves, and the pha's‘ei velocify
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filter. In the automatic procedure, the number of pomts in-the selsmograms was estimated m
according to the epicentral ranges. For distances between 0 and 499 km. the time series were
defined for 256 points; whereas for ranges greater than 500 km, the number of points was 512
Those numbers of points are large enough to avoid the truncation of the signals. assuming a
maximum frequency of 0.5 Hz, that implies a sample rate of one sample per second. For each
event analyzed in this study, we used a crustal structure suggested by Ammon (1994, personal
communication) for the Central United States (CUS) (Table 10) and the Basin and Range
(BASIN) crustal model proposed by Patton and Taylor (1984) (Table 11). In both cases. the phase
velocity filter was designed to permit the entire seismograms.

The output of the mijkennert program is the file mspec, which contains the spectral Green’s
functions that are transformed to time-domain Green’s functions by the program ¢synrh. In tsynth.
it must be specified whether the output will be in displacement or velocity, and the type of source

you want to use: an impulse or a step function. The program zsynth generates eighteen (18)

Green’s functions for each station, which correspond with the radial, transverse. and vertical

components of the six elements of the seismic moment tensor. The Green’s functions:are
combined to obtain three-component seismograms for the three basic focal mechanisms: vertical
strike-slip (0,90,0). vertical dlp-shp (0.90,90). and 45° dip-slip (0.45.90). SRR

The observed and theoretical seismograms were band-pass filtered and windowed usmg
macros running on the S4C code, and then. they were prepared for the inversion. The'low-paSS
cutoff frequency was chosen on the basis of the initial magnitude estimated. A single band-pﬁss
filter was applied to the entire waveform. Thus, high-amplitude fundamental mode surface wave
seismograms dominate the inversion.

The beginning of the time-window inversion is fixed on the synthetic seismograms, using a
program (marktime) that calculates the theoretical first arrival-time, based on the same crustal '
structure used in the program mijkennetr 1o generate the synthetic seismograms. The beginning of

the time-window inversion is fixed on the observed data using the readings of the first arrivals

determined by the NEIC.
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The moment-tensor inversion scheme was achieved through a program \vritteﬁ by Ammon
(1994, personal communicati‘on) called “mrinv. The observed and synthetic seismograms must
have the same amount of points in order to have the inversion routine to work. The predicted and
observed signals were not rea!igned‘ ‘during the inversion. Thus, the results are strongly
dependent on the crustal models and on how well the theoretical travel-times match the NEIC
JSirsr-arrival readings. No source depths were estimated in this study, since it has been observed a
variance reduction of less than 10% in the inversion results for earthquakes occurred in the upper
crust (Ritsema and Lay, 1995).

In order to have the whole process working as an automatic routine. several shell programs

and S4C macros were developed to follow the procedure described previously.

The March 25, 1993, Scotts Mills Earthquéke

The Scotts Mills earthquake of—Ma‘rch525, 1993"(;nb=5.5; NEIC), was the first of ‘svéve'ral
unusually strong earthquakes felt in Ovrég‘dnrbduriﬁg 11993 (Nibelek and Xia, 1995). It occurred in
the foothills of the Cascade mountains, at'~35 km’ east of Salem, Oregoxin’.' The fault’ plane
solutions of this event determined by Dziewonski er al. (1994a) and by Nabelek and Xia (1995)
show a compressional faulting, combined with a component of lateral movement.‘striking' in the
northeast direction: whereas the focal mechanism calculated by Ritsema and Lay (1995) indicates
an almost strike slip lateral motion, trending in the northeast direction (Fig. 13). ‘

The regional stations and components used in the moment tensor inversion of this
earthquake are indicated in Table 12. The records of those stations were retrieved from /RIS
database‘at 20 samples per second. and then converted to SAC format. The synthetic seismograms
were determined assuming a source depth of 15 km. The theoretical and observed waveforms
were filtered using a four-pole Butterworth band-pass filter with a low comer frequency of 0.010
Hz and a high corner frequency of 0.033 Hz. The time window of interest in this study varied

from 5 s before to 400 s after the first arrival, according to the epicentral ranges (Table 12).
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) The results obtained from -the ‘moment tensor-inversion using regional seismogi’ams are
shown on Figures 14 and‘15: The' predicted seismograms at the transverse component of all
stations fit very. well. the observed data. ‘However, -at the radial and ' vertical coimponents, the

correlation is not as: good as at /A he transverse. The focal mechanisms obtained from the inversion

procedure usmg both the CUS and'the BASIN models are similar (Table 9: Fig. 13). They indicate
'as‘determmed by Dziewonski et al. (1994a) and by Nabelek and Xia

a compressxonal faultmg,
(1993). but with hoaél'ﬁl'anes stnkmg ,m the almost north-south direction.

The September 21, 1993, Klamath Falls Earthquake

As mentioned before, several earthquakes ruptured in the State of Oregon during 1993. On
September 21, 1993, two stronger shocks of magnitude mp=5.8 and 5.5 (WEIC) occurred at 25
km northwest of Klamath Falls, in the southern part of the state. The origin times of these
earthquakes are 03:28:55.4 and 05:45:34.0 (Figs. 16 and 17). The focal mechanisms for the first
of these events obtained by Dziewonski er al. (1994b), Sipkin and Needham (1994), Braunmiller
et al. (1995), and Ritsema and Lay (1995) show a tensional faulting striking approximately in the
NW-SE direction (Fig.16). The fault plane solutions of the second earthquake estimated by
Dziewonski er al/. (1994b), Braunmiller er al. (1995). and Ritsema and Lay (1995) indicate a
tensional faulting similar than one of the previous event, but with nodal planes trending 'in the
north-south direction. All these fault plane solutions agree with the tectonics of the region, whieh :
is dominated by normal-faults trending in the north to northwest direction. In this sﬁxdy, we
analyzed only the first of those events, whose results are presented later.

The regional stations and components used in the moment tensor inversion of this
earthquake are shown in Table 15. The records of those stations were retrieved from USNSN
database in the Rerrieve format at 20 samples per second, and then converted to S4C format. The
synthetic seismograms were calculated assuming a source depth of 11 km. determined by the
NEIC using broadband displacement seismograms. The predicted and observed waveforms were

filtered using a four-pole Butterworth band-pass filter with a low comner frequency of 0.010 Hz

149



Determi ion of focal hani using regi I data

and a high corner frequency of 0.033 Hz. The time window of interest in this study varied from 5
s before to 250 s after the first arrival, according to the epicentrﬁl ranges (Table 13).

The results obtained from the moment-tensor inversion using the CUS and BAS/IN crustal
structures are very similar (Figs. 18 and 19). Thé fit between the predicted and the observed
waveforms is good in almost all the station/cdfnponems. The focal mechanisms calculated in this
study exhibit normal faulting trending in the N-S direction (Fig. 16; Table 9); whereas the nodal
planes of the previous workers in averagé Stﬁke in the NW-SE direction.. However, the sblutions
determined in this study have nodal plaijes as those estimated by previous workers for the second

shock
The December 4, 1993, Klamath Falls Earthquake

On- December 4, 1993 (22:15:19.5), a.mﬂher moderate earthquake of magnitude mp=5.2
(NVEIC) occurred in the area of Kiamath Falls, St?te of Oregon. The focal mechanisms determined
by Dziewonski er al. (1994¢) and Braunmiller er al. (1995) are similar than those obtained by
them for the events ruptured on September 21, 1993 (03:28:55.4) (Fig. 20). Those mechanisms
indicate normal faulting striking in the NW-SE direction.

The regional stations and components used in the moment tensor inversion of this
earthquake are exhibited in Table 14. The seismograms of those stations were retrieved from JRIS
and the USNSN databases at a sample rate of 20 samples per second. The theoretical seismograms
were calculated assuming the source depth of 8 km estimated by the NEJC. The theoretical and
the recorded data were filtered using a four-pole Butterworth band-pass filter with a low corner
frequency of 0.010 Hz and a high corner frequency of 0.033 Hz. The time window of interest in
this study varied from 5 s before to 300 s after the first arrival, according to the epicentral ranges
(Table 14).

The fit between the synthetic and the observed seismograms is good in most of the cases,
except in the vertical component of station DUG and in the transverse components of stations

CMB and ISA (Figs. 21 and 22). The focal mechanisms obtained from the inversion procedure in
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this study are similar to those determmed bv szewonskx et al. (1994c) and Braunmlller er al.

(1995) (Fig. 20; Table 9). All of them show tensxonal faultmg thh nodal planes trendmg in the
NW-SE direction. o S : : :

The February 3. 1994.‘W)"‘omijng‘Ea'rthqu;1ke’

On February 3. 1994 (09 0> 04 ), an eanhquake of magrutude m},—b 4 (NEIC) nucleated
close to lhe Xdaho-Wyommg border (Fla., 23)..This event was felt in theteplcex}tral.area. where
some darnage (VII) was reported, Thequeal mechanisms ,ealculated;_fof yirthis'ie:anhquake_ by
Dziewonski et al. (1994d). Oregon State University., Ritsema and Lay (19?5);,@3 Sipkin and
Zirbes (1996), indicate tensional faulting (Fig. 23). The nodal planes of the fault plane solutions
of the first three authors strike approximately in the north-south direction, whereas the planes of
the Sipkin and Zirbes’solution trend in the northeast-southwest direction.

The regional stations and components used in the moment tensor. inversion of this
earthquake are shown in Table 15. The records of those stations were retrieved from JRIS
database at 20 samples per second. The synthetic seismograms were assuming a source depth of 8
km, estimated from broadband displacement seismograms by the NEIC. The synthéﬁc rand
observed data were filtered using a four-pole Butterworth band-pass filter with a low corner
frequency of 0.010 Hz and a high corner frequency of 0.033 Hz. The time window of interest in
this study varied from 5 s before to 250 s after the first arrival, according to the epicentral ranges
(Table 15).. © ,

The results obtained from the moment-tensor inversion in this study using both the CUS
and the BASIN crustal models did not fit well the recorded seismograms (Figs. 24 and 235). Only
in the transverse component of station 4L0. and the vertical and radial components of station
NEW, the predicted seismograms matched well the first arrivals, but not the entire seismograms.
The focal mechanisms calculated in this study differ from the mechanisms determined by

previous workers (Fig. 23; Table 9). In spite of all the solutions estimated for this event indicate
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normal faulting, the onemauon of the nodal planes obtained here differ by almost 90° from those
determined by prewous workers.

The Séptéﬁ:ﬁer 12, 1994.’Cal'i’forﬁii1;Ne\'ada Earthquakes (Mainshock and Aftershock)

On Septembef 12 1994 (12.2.:’4._.._) an earthquake of magnitude mp=5.1 (AL=6.3: NEIC)

occurred close to the California-Nevada border, at about 30 km east-southeast of South Lake

Tahoe. California (Fig. 26). The same day, at about 11.5 hours later (23:57:08.4), an aftershock of

magnifude mp= 4.6 (M1=5.3, NEIC) occurred (Fig. 27). This aftershock was felt in the epiéemrdl
area ‘and’ as far away as San Francisco. California. The focal mechanisms obtained for the
mainshdcklby Dziewonski er al. (1995), the Earthquake Research Institute, and Sipkin and Zirbes
(1996) 'show a predominant strike-slip faulting, combined with a‘small component of normal
fault, with one of the nodal planes oriented in the northwest-southeast direction. No fault plane
solution was obtained for the aftershock before this study. . ‘

. The regional stations and components used in the moment"&en_s’or ihversion of the
mainshock and aftershock are shown in Tables 16 and 17. Thé ;ecord's of those stations were
retrieved from the USNSN database at a sample rate of 20'sarnpl‘es per second. The synthetic
seismograms were calculated assuming a source depth of 10 km, estimated from broadband
displacement seismograms. The predicted and the recorded data were filtered using a four-pole
Butierworth band-pass filter with a low comer frequency of 0.010 Hz and a high comer frequency
of 0.05 Hz for the mainshock and a low comer frequency of 0.010 Hz and a high corner
frequency of 0.033 Hz for the aftershock. sThe time window of interest in this study varied from
5 s before 10 400 s after the first arrival, according to the epicentral ranges (Tables 16 and 17).

The comparison between the synthetic and the observed data for the mainshock are shown
on Figures 28 and 29. In general. the fit between the theoretical and recorded waveforms is not as
good as in other events The focal mechanisms obtained in this study using both crustal structures
agree with those estimated by previous workers (Fig. 26. Table 9). They correspond with a

mainly strike-slip fault, combined with a small component of tensional movement.
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The match between the predicted and the recorded susmograms. even thou&h is better than

that for the mamshocl\. is not as good as expecting (Figs. 30 and 31

"The focal ‘mechanisms -
obtained from the inversion procedure are exhibit in Fig. 27 and m Table 9. 1In thls case. we. did’

not have any - fault plane solution to compare, since no fault plane»solutxon was determined by
another WOrker before this study. Anyway. the focal mechanisms calculated using both the CUS
and the B4ASIN models show normal faulting trending in the northwest-southeast direction. |

The September 13, 1994, Colorado Earthquake

On September 13, 1994 a moderate eanhquake of magnitude mp=4.5 (M=4.6. NEIC)
occurred in western Colorado. at about 30 km south-southwest of Montrose, Colorado (Flg. 32).
This earthquake was: felt strongly‘m the epxcentral area and as far north as Grand Junction
Colorado. No focal mechanism of this event was reported previously due to its low magnitude
which did not permitted to be recoraed at teleseismic distances with a good signal-to-noise ratio.

The regional stations and components used in the moment tensor inversion of this
earthquake are shown in Table 18. The records of those stations were retrieved from USNSN
database in the Rerrieve format at a sample rate of 20 samples per second, and then converted to
SAC format. The theoretical seismograms were assuming a source depth of 10 km. The synthetic
and observed data were filtered using a four-pole Butterworth band-pass filter with a low corner
frequency of 0.01 Hz and a high comner frequency of 0.1 Hz. In this case. it was necessary to filter
in a higher range of frequencies due to the absence of energy at longer periods. The time window
in the seismograms considered in this study varied from 5 s before 10 175 s after the first arrival
according to the epicentral distances (Table 18).

The comparison between the predicted and the observed data are shown on Figure 33 for
the CUS model and on Figure 34 for the BASIN model. In both  cases.-the fit between the
theoretical and the recorded seismograms is satisfactory only in thé components of station GOL.
The fault plane solutions obtained for this event are included on Table 9 and anure 30. This was

the only case of all events studied here that the focal mechamsms ‘differ from the CUS to the
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BASIN models. The. first one corresponds with an almost vertical dlp-shp faulung,. whereas the

mechamsm obtain with the B4S/N model mdlcate: a predommant smke—shp fault plane ' !
i
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Attempts tofAnalyze Earthquakes in.Western Venczuela

One of the critical aspects'in applymg the techmqu s descnbed above in western Venezuela
As a frst step. we decided to analvze the

is the amount of stations available at regional dlstance
earthquakes with magnitude n,25.4 for which: ‘an 'lnversmn of teleseismic body-waves was
achieved by Malavé and Sucire= (1997). B ) ‘

For earthquakes that occurred before 1978, only the seismograms recorded at stations from
the WISSN (World-Wide Standard Seismograph Network) were available. At regional distances.
we considered the stations: BOG (Colombia). C4R (Venezuela). QU (Ecuador), UPA4 (Panama),
SJG (Puerto Rico), and TRV (Trinidad). None of the earthquakes that occurred from 1964 to 1978
could be analyzed due to the low signal-to-noise ratio on the seismograms.

For earthquakes that occurred after 1978, seismograms at stations from the GDSN (Global
Digital Seismograph Network) were collected. Unfortunately, only a few stations were available
at regional distances during this time period. The station BOCQO (Colombia) was operating as a
SRO (Seismic Research Observatory) station since March 13, 1978, until November 11, 1987. On
June 6, 1994, BOCO was transformed in a GSN (Global Seismograph Network) station. Other
GSN seismological stations at regional distances from western Venezuela are: SJG. depléyed in
San Juan. Puerto Rico, on May 26. 1993; SD/V, which has been operating in Santo Domingé.
Venezuela, since August 19. 1994; J7S; deployed in Costa Rica on April 23, 1995: PTGA which
has been operating in Brazil since November 15, 1995. The station (C4R) is planned to be
installed in Caracas, Venezuela, on July, 1997. T S :

With the stations mentioned above in operation, we will be able to test ‘:th‘é"'réutihe’s
considered in this study (forward modeling and moment tensor inversion) for !c'arthquﬁk'esiz‘that

will occur in western Venezuela in the near future.
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Discussion and Conclusions

Forward modeling and moment:tensor inversion processes were analyzed to obtained focal
mechanisms u;ing’ lopg~peﬁod 'seismogr;ams recorded at regional distances. The motivation of
this ,study‘was ‘to determined fault plane solutions of moderate-sized earthquakes (rp<5.3)
occurred in western Venezuela, that help us to understand the complex tectonic environment in
this region. However. only two broadband stations were deployed in western Venezuela during
the development of this study. Instead. several moderate-sized earthquakes that occurred ‘in
western United States during 1993 and 1994 were taken into account to evaluate .'the
metodologies. Only for an earthquake nucleated on July 22, 1993, near the Colombia—,Vehézﬁela_
border, we were able to access a recorded seismogram at station SJG, located at -71400"krn from .
the epicenter. ' T

For the Pp/ forward modeling analysis, we used the September 21,1993, Klamath Falls

earthquake and the July 22, 1993, Colombia-Venezuela border. For the ﬁrst>o'ne' X gefnfcrate'd
synthetic waveforms using different crustal structures that varied from a simpl a.)%ef ‘c’)vef',a
halfspace to more reliable crustal models obtained by previous workers for ¢§/ei’}'ﬂ5£5tighi iiﬁbqluded
in this study. The waveforms obtained for all the crustal models, in generai, météﬁéd {\"ery well
the recorded seismograms. However, they differ in the maximum amplitude:’bf: the signals,
reflecting attenuation problems related to the crustal structures. R

The results obtained from the moment tensor inversions, using' regional. seisﬁiogmms
recorded from earthquakes originated in western United States. satisﬁed‘the inityialgxp'ectavtive
established at the beginning of this study. In most of the cases studied, the focal' mechanisms
calculated from the inversion using the CUS and the BASIN models are consistent with the- fault
plane solutions determined by previous workers. In conclusion, considering the:initial condition
of developing a tool for working as an automatic¢ routine, the results are acceptable of using with
the models mentioned above.

Several aspects influenced in our results. The first one and the most important is related to

the crustal structure. Undoubtly, we need to considere more reliable crustal models to reduce the
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path effects and to minimize the uncertainties in the estimation of the theoretical first arrival-time.
This value is used on the synthetics to fix the beginning of the time-window inversion. Another
point is related to the station azimuthal coverage. Adequate sampling of the Love and Rayleigh
wave radiation must be available for stable inversions (Fukushima er al.. 1989), but this is ensure
by the regional distribution of stations. In most of the events analyzed in this study. we were not
able to compile information with a good azimuthal coverage.

The phase mismatches, arising from unmodeled propagation effects, were not corrected by
realigning the waveforms. No source depth tests were made in this studv,’ but the source depths
considered in all the cases can be considered as reliable wvalues, smce most of them were

computed using broadband displacement seismograms. Moreover, long-pe xod surface waves are

relatively insensitive to source depth variations.
The advantage of this moment-tensor inversion method over. the forwar ,modehn usmg

body waves is that it is easier to be made into an automatic process,‘ suntabl
purposes. Another advaniage is the determination of reliable estimates’ of . selsmxc moments on a
routine basis for moderate-sized events. S el '
In a near future, we will be able to determine the earthquake source parameters in ‘western
Venezuela, based on regional data. We are concern about the possibility to do this work as a near-
real time. automatic routine in this region due the unavailability of data in a short time afier the
occurrence of an earthquake. However. the fact of having access to those tools that permit us to
obtain focal mechanisms using regional seismograms. could be a great contribution to the
knowledge and understood of the regional tectonics in western Venezuela. Furthermore. it would
be useful for several post-earthquake hazard response activities. We accept that we need to do

several test to have this tool ready working in this area. but the experience gained on this study

permit us to augur good results when we will have the stations ready.
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Simplified cristal model uséd in the forward modeiing i 0 -

Determination of tocal

. Table'1

using r

Layer Thickncss -

. Table3.:.!

Crustal model (Zucca et al., 1986) used to generate the syrith‘et_ikc P71 signals at station WDC.
The values of Qg are from (1) Lin (1989); (2) Al-Khatib and Mitchell (1991):
and (3) the same values of (2), except for a low Qp in the half-space.

1 daa

Layer Thickness Vp Vs Density (1) Qp Density (2.3) Qﬂ o Qp :
km km/s km/s g/em3 BG ) g/em3 - @@
1 3 350 3.18 3.30- 40 265 38 28
2 11 6.40  3.70 2.70 150 2.79 "29..7729
3 26 7.00  4.05 2.85 1600 2.86 .. 80 . 80
a Half-space  8.00  4.62 340 2500 ° 3.40 - 2500 315
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. ol Table 4
Crustal model (Mooney and \Veaver.‘ 989) used to generate the synthetic P,y sngnals at statlon C‘OR. The
“values of Qﬁare from (l) Lm (1989); (2) Al-Khatib and Mitchell (1991);
and (3) the

alues of (2), except for a low Qﬂ in the half-space.

Layer Density (1) Qp Density (2,3)
. g/cm3 . (¢9) g/cm3
1 330 60 248
2 2.70 500 2.75.
3 2.85. 600, 2.86
4 ‘30 | 2500 . 3.0
Table 5

Crustal model (Mooney and Weaver, 1989) used to generate the synthetic £,/ signals at station 'SA0. The
values of Qﬂare from (1) Lin (1989): (2) Al-Khatib and Mitchell (1991);: .

and (3) the same values of (2), except for a low Qﬂ in the half-space. N

Layer Thickness Vo Vs Density (1) Qp Density (2,3) - Qpn ‘Qﬂ
km km/s km/s a/cm3 o) . glem3 @ .3
1 3 450  3.60 330 €0 . 248. .. ..28. . 38
2 2 5.50  3.18 2.40 500 265 . 28, .28
3 6 6.10  3.53 260 600 S2747 290 g
4 6 6.80  3.93 270 600 ‘282 0 29 a9l
5 6 730422 2.85- . 600 " 2985 .. 30 40"
6 Half-space =~ 8.00- . 4.62 330 . 2500 330 . | 2500 80

165



Determination of focal mechanisms using regional data

Table 6
Crustal model (Mooney and Weaver, 1989) used to generate
the synthetic P, signals at stations CMB, ISA. and PAS.
. The values of Q[,vare from Lin (»l989). '

Layer Thickness ) Vp Vs Density Qp
km km/s’ km/s g/cm3 )
6’ 4.50 2“.60 2.30 » 60
2 2 5.50 3.18 . 2.40 - 500
3 6 610" - 3.53° . 260 600
4 6 " 6.80 3 2.0 600
5 67 . 7.300 ‘600 "
6 Half;-épaée' 8,00 2500 =

Table 7=

Crustal model (Mooney and Weaver. 1959) hsed fo génerate the
synthetlc P,,[ s1gnals at statxons cm ISA a'v d PAS. The values of Qﬂ are from

(2) Al Khatlb and Mltchell (1991) and (3) the same values of(").

. (3) except for a Iow op in the half-space.

Lnye‘r Thlckness .Vp Vs ... Density (2,3) Qﬁ = Qp‘
) "o Km km/s - km/s g/cm3 @) 3
1T 3 520 .. 3.01 2.60 28 - 28
2 19 "6.20 7 3.58 2.75 20
3 23 " 6.90 " 3.99 2.85 200
4 Half-space [ .7.90 ° 4.57 320 2500
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. : Table 8
Crustal model (Pakiser, 1989) used to generate the synthetic /%, signals at station DUG .
The values of Qgare from (1) Lin (1989); (2) Al-Khatib and Mitchell (1991):

- and (3) the same values of (2). except for a low Qg in the half-space.

Layer Thickness 7 ¥  Demsiy (D Q@5 Densin G325 @5
Sl kmE T kmfs . kmis g/cm3 ) g/cm3 @) @)
19 600 347 340 150 371 335 5
2. itz e70 | 3.87 2.70 500 2.83 135 135
3 Half-space  ©.8.00 ~ 4.62 . 3.0 '2500 3.30 2500 ' 470
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- Table 9. .

Focal parameters obtained by pr"evious waorkers for the events analyzeﬂ in‘this'stud, 3
Event _.Qrigin : . -Lat, Lon. . . .. Source Alw Depth ;| Strike
T N S P Thm s des
Mar. 25,1993 ~Harvard 56 . 15 .. -
' . Oregon.. 55 13
R&L . . 5.6 22
) This Studv! 5.5 15
This Study2 5.6 5]
Sept. 21,1993 03:28:55.4 42.31 122.01 Harvard 6.0 15
NEIC 59 e
Oregon 6.0 9
R&L 6.0 8
This Studv! 5.8 11
This Studv? 5.8 11
Sept. 21, 1993 05:45:33.7 4235 122.02 Harvard 5.9 15
Oregon 6.0 9
R&L 6.0 8
Dec. 4, 1993 22:15:19.5 42.30 122.01 Harvard 54 15
Oregon 5.5 6
This Study! 5.3 8
This Studv> 5.3 8
Feb.3, 1994  09:05:04.2  42.76 110.98 Harvard 5.8 15
NEIC 5.8 8 .
Oregon 6.0 12 . 1070
R&L 5.7 4 356 S0
This Studv! 8 96 B
This Study> 5.8 8 BT i 6347
Sep. 12, 1994 12:23:43.2  38.82 119.65 ERI — 10 2740 : - 7.48
Harvard 5.9 15 SA2 74 a3 L 8
NEIC 6.0 14 135 . .63 1176 ' . 14.00
This Stucdv! 5.8 10 - 43 68 -3 5.50
This Study? 5.8 10 42 62 -3 5.08
Sep. 12,1994  23:57:09.8 38.76 119.74  7This Srudv! 5.1 10 161 31 -80 4.75
This Stuch= 5.1 10 164 27 -76 .23
Scp. 13. 1994 06:01:23.0 38.15 107.98  This Study! 4.4 10 14 65 -13 0.05
This Study? 4.3 10 38 K -39 0.03
ERJ: Ear e Research Insti Harvard: Harvard University (CMT): NE/C: National Eanthquake Information Center: Oregon:

Oregon State University; R&L: Ritsema and Lay (1995): This Studv!: BASIN crustal model: This Study2: CLS crustal model.
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Tnble 107
Central Umted States (CUS) crustal model

LV ™)

. Table 11 .
Basin and Range (EASIN) crustal model proposed b :

} : i . Patton and Taylor (1984)
Layer Tilil:kﬂness Vp Vs Density .

km km/s km/s glem3
1 19 6.0 3.47. 2.7 o

2 12 6.7 3.87 . 29
3 Half-space 8.0 4.62 ;
Table 12

Stations included in the inversion’_oftﬁey'vl\fiay ch'2 ‘1ll‘s,e'_a'rthquake

Station Epicentral . e-window, s
Distance, km SiEnd

WbC FLY S 300
CMB 799 Ve 350
SAO 923 400"

1S4 1098 400"

R, T, Zare the rad:al transversal and verucal componenl. r:specuvely
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Table 13

Stations included in the ‘inversion of the September 21, 1993 (03:2'8:7'5.4).

Klamath Falls earthquake

Stau‘gp s Epicentral Azimuth, Component ' . Tim_&\'vinddw.s
SRR bistance. km deg S Bcgin lj:m'.l:A
whc . 198 793 RTZ 150
cor 0 273 338 RT Z 150
cirs. U a0s 163 RT.Z: 200
s40" 7 618 175 RTZ: 200
4 798 156 RTZ: 220
DUG-- . 805 104 Sz -5 250

Table: 14
Stations included in the inversion of the
December 4, 1993, Klamath Falls earthquake

Station Epicentral Azimuth, Component Time-window, s
Distance, km deg Begin End
wWDC 197 193 z -5 150
COR 278 336 ] R T Z -5 150
CALB 489 163 R T Z -5 200
S40 617 175 z -3 250
154 798 156 R TZ. -5 .. 250
DUG 804 1047 G iz 5. - 300

R, T. Z are the radial, transversal, and vertical component, respectively
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Table 15
Stations included in the inversion of the

February 3, 1994, Wyoming earthquake

Statioq Epicentral Azimuth, Component Time-window.ys
‘ _ Distance. km deg Begin - End
GOL 580 123 R T Z 5. 250"
NEW. 777 324 RT.Z - .  -5:7.25 "
T ALQ 951 . 154 RTZ e 250"
- CMB 955 240 RT.Z. -5 250

R. T, Z are the radial, transversal, and vertical component, respectively

Table 16
Stations included in the inversion of the

September 12, 1994, California-Nevada mainshock

Station Epicentral Azimuth, Component Time-window, s
Distance, km deg, Begin End
CMB 111 218 R T Z -3 175
SAO 278 216 R T Z -5 175
WwDC 322 309 RT2Z -3 175
1S4 367 164 R T Z -5 175
DUG 600 73 z 5 200 .
GOL 1233 81 R T Z -5 400
ALQ 1244 106 - R T Z -5 . 400

R, T, Z are the radial, transversal, and vertical component. respectively
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Table 17
Stations included in the inversion of the

September 12, 1994, California-Nevada earthquake (aftershock)

Station Epicentral Azimuth, Component Time-window, s

Distance, km deg Begin End

CMB 1 216 R T.Z -5 175

SAO 278 215 R TZ -5 75
wDC - 311 300 - RTZ - M VR
DUG 611 - 7al z_ s 200
Gor * 1233 RT.Z = 150 aco.
ALQ 1286 o RT.Z s a00

R T.2Z ﬁre the radial, ﬁ-aﬁ;ver;é}! and vertical component, respectively

Table 18 ST
Stations included in the inversion of the September 13, 1994. s

Colorado earthquake

Station Epicentral . Azimuth, Component Tim&winﬂdw;_s :
Distance, km deg ! ; ; i nd e
GOL 378 53 RT.Z o ' ;
ALQ 389 159 R Z
DUG 467 299 'z

R. T, Z are the radial, transversal, and vertical component, respectively
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Fig‘ure Captions

Figure 1. Interactlon of the Carlbbean plate and lts neighboring plates (Allantxc. Cocos.:Nazca.
Nonh America, and South Amenca) The arrows indicate the dlI‘ECthnS of" relanve plate

motions. The digital stations deployed at regional distances (<12°) from western Venezuela

are shown as solid triangles within open circles. Currently. all these stations are in

operation, except CAR (Venezuela).
Figure 2. Major active fault systems in western Veneczuela (after Singer er al/.
1986: Soulas ez al., 1987). The seismicity (11,25.0) occurred during the last three decades

1992; Soulasf

reported by the National Earthquake Information Center (MEJ/C) is shown as circles
(my=<5.3) and squares (mp>5.3). The open symbols represent shallow depth seismicity
(A<70 km) and the solid figures indicate intermediate depth events (4=70 km). The arrows
denote the directions of relative motions of the faults.

Figure 3. Map of the epicentral area (star) and focal mechanisms (lower hemisphere projections)
determined previously for the September 21. 1993 (03:28:55.4), Klamath Falls earthquake.
The CMT is the Centroid Moment Tensor solution of Dziewonski er al., 1994b. The NEIC

is the moment tensor solution of Sipkin and Needham. 1994. The OSU is the Oregon State

University solution of Braunmiller es al., 1995. The R&L is the solution obtained by

Ritsema and Lay (1993). The solid and open small circles on the focal mechanisms indicate
the positions of the P and 7" axes on the focal sphere. Inset shows the C\WT7 solution on a
focal sphere. indicating the azimuth of the stations (open circles) involved in the P, signals
forward modeling. The stations used in this study are indicated as solid triangles. Not
shown are stations DUG and PAS.

Figure 4. Comparison between the theoretical (dashed lines) and observed (solid lines) vertical
(top). radial (middle). and transverse (bottom) component seismog;'ams for the September
21. 1993 (03:28:55.4), Klamath Falls earthquake reéordéd at the station WDC
(azimuth=193°; A=198 k), using the following crustal structures A) one layer over a half-
space: B) crustal model according to Saikia and Burdick (1991). The values of Qg are from
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Lin (1989); C) crustal structures for the path from the‘hypoeenter to every.station. The
values of Qp are from Lin (1989): D) The values of Oﬁ are. Xrom Al-Khatib and Mitchell

(1991): and E) the same values of (D), except for a 1ow O/; in the half-space For each
Figure 5. Waveform fit (dashed lines) to observed (solid 1

's) venlcal (lop) radial (middle). and
transverse (bottom) component waveforms of the S ptembe

217 1993 (03:28:55.4).
Klamath Falls earthquake recorded at the station COR azunuth=:38°' A—"7: km). using
the same crustal structures indicated in Fig. 4.

Figure 6. Comparison between the synthetic (dashed. lmes) and observed (sohd lmes) v\ emeal

(top). radial (middie). and transverse (bottom) component sexsmogr&ms forA
21, 1993 (03:28:55.4),

Klamath Falls earlhquake recorded - at th it
(azimuth=163°; A=495 km), using the same crustal structures mdlcated in Fi

Figure 7. Waveform fit (dashed lines) to observed (solid lines) vertical (top). radlal (mxddle), and

transverse (bottom) component waveforms for the September 21, 1993 (03.._8.55.4).
Klamath Falls earthquake recorded at the station SAO (azimuth=175°;, A=618 krn).f‘usmg
the same crustal structures indicated in Fig. 4

Figure 8. Comparison between the theoretical (dashed lines) and observed (solid lines) vertical

(top), radial (imniddle), and transverse (bottom) component seismograms for the September
21, 1993 (03:28:55.4), Klamath Falls earthquake recorded at the station IS4 (azimuth=156°:
A=798 ki), using the same crustal structures indicated in Fig. 4.

Figure 9. Comparison between the synthetic (dashed lines) and observed (solid lines) vertical

(1op). radial (middle). and transverse (bottom) component seismograms for the September
21, 1993 (03:28:55.4). Klamath Falls earthquake recorded at the station DUG

(azimuth=104°; A=8035 km). using the same crustal structures indicated in Fig.

Figure 10. Waveform fit (dashed lines) to observed (solid lines) vertical (top). radial (middle)
and transverse (bottom) component waveforms for the September 21. 1993 (03:28'55.4)
Klamath Falls earthquake recorded at the station PAS (azxmuth—l 59°: A—967 km). using the
same crustal structures indicated in Fig. 4.
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Figurc 11. Comparison between the calculated (dashed lines) and observed (solid lines) vertical
(top). radial (middle). and transverse (bottom) component seismograms for the July 22,
1993, Colombia-Venezue)a border earthquake recorded at the station SJG (azimuth=23°;
A=1396 km), using the modified crustal mode! of Saikia and Burdick (1991)

Figurce 12. Map of epicentral locations (stars) of earthquakes in western United States analyzed
through the moment tensor inversion. using regional seismograms. The solid triangles
indicate the seismological stations that were utilized in this study.

Figure 13. Epicenter location (star) and focal mechanisms (lower-hemisphere projections)
determined in this study and by previous workers of the March 25, 1993, Scotts Mills
earthquake. CMT is the Harvard University solution. OSU is the Oregon State University
focal mechanism. R&L is the solution obtained by Ritsema and Lay (1995). CUS and
BASIN are the fault plane solutions obtained in this study using the Central United States
(Table 10) and the Basin and Range (Table 11) crustal models, respectively. The solid and
open small circles on the focal mechanisms indicate the positions of the P and T axes on the
focal sphere, respectively. The stations COR and WDC are exhibited as solid triangles. The
other stations are out of the figure. Inset shows the CUS solution on a focal sphere,
indicating the azimuth of the stations (open circles) involved in the moment tensor
inversion.

Figure 14. Results of the moment tensor inversion using regional seismograms of the March 235,
1993, Scotts Mills earthquake. The crustal structure utilized is the CUS model shown in
Table 10. The predicted (dashed lines) and observed (solid lines) seismograms are indicated
for each component/station included in the inversion. } . :

Figure 15. Results of the moment tensor inversion using regional seismograms of the March 25,
1993. Scotts Mills earthquake. The crustal structure utilized is the B4SZV model i:n‘;dibca'ted )
in Table 11. The theoretical (dashed lines) and observed (solid lines) wqye\fér;ﬁs’ iare :

indicated for each station/component included in the inversion.

Figurc 16. Map of the epicentral location (star) and focal mechanisms (lower? 1sphere

projections) determined in this study and by prevxous workers of the September '7X 1993
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(03:28:55.4), Klamath Falls earthquake. CMT is the Hnrvard Umversnv solunon. NEIC is

the National Earthquake Information Center mecharusm. OSU is the Oregon State
University focal mechanism. R&L is the solution obtamed by Ritsema and Lay (1995).
CUS and BAS/N are the fault plane solutions obtained in this study using the Central United
States (Table 10) and the Basin and Range (Table 11) models. respectively. The solid and
open small circles on the focal mechanisms indicate the positions of the P and T axes on the
focal sphere, respectively. The stations COR and WDC are exhibited as solid triangles. The
other stations are out of the figure. Inset shows the CUS solution on a focal sphere,
indicating the azimuth of ;he stations (open circles) included. in the monient tensor
inversion. . B : ! ‘. ' V

Figure 17. Epicenter location (star) and focal mechanisms (]oxver~hemispﬁéfe "préjecti‘ons) of the
September 21, 1993 (05:45:34.0), Klamath Falls earthquake. This: event is the second
mainshock of ‘the seishﬁc sequence that occurred during that.day near ‘Klamath Falls,
Oregon. CMT is the Harvard University solution. OSU is the Orégon State University focal
mechanism. R&L is the solution obtained by Ritsema and Lay (1995). The solid and open
small circles on the focal mechanisms indicate the positions of the £ and T"axes on the focal
sphere, respectively. The stations COR and W.DC are exhibited as solid tnangles The other
stations are out of the figure. : -

Figure 18. Results of the moment tensor inversion of the September 21,
Klamath Falls earthquake using the CUS model. The symhenc (dashed) and observed

1993 °(03:28:55. 4,

(03:28:55.4), Klamath Falls earthquake, using the B’ASIV«.mo

indicated for each station/component involoved in the inversion.” /"
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Figure 19a. Companson between the predncled (dashed lmes) and observed (sohd lines)

selsmograms obtamed from the moment tensor inversion_ of the September "1. 199_>'

(O_v 28: 55 4), Klamnth Falls eanhquake. usmg the BASIN model (Com ).

Map of eplcentral location (star) and focal mechamsms (lower-hemlsphere

Flgurc g "0.‘_
pro_jecuons) of the December 4, 1993, Klamath Falls earthquake. CA/IT is' the Harvard
.University solution. OSU is the Oregon State University focal mechanism. CUS and BASIN
are the fault plane solutions obtained in this study using the Central United States (Table
10) and the Basin and Range (Table 11) models. respectively. The solid and open small
circles on the focal mechanisms indicate the positions of the 2 and 7 axes on the focal
sphere, respectively. The stations COR and WDC are exhibited as solid triangles. The other
stations are out of the figure. Inset shows the CUS solution on a focal sphere, indicating the
azimuth of the stations (open circles) involved in the moment tensor inversion.

Figure 21. Comparison between the predicted (dashed lines) and observed (solid. lines)
seismograms obtained from the moment tensor inversion of the Deceml:':er, 4, 1993,
Klamath Falls earthquake using the CUS model. The waveforms are inqicafed fof each
station/component included in the inversion. . o 5 .

Figure 22. Comparison between the predicted (dashed. lines) a.nd observed“(solxd lines)

seismograms obtained from the moment tensor inversion: of the December 4 1993,
Klamath Falls earthquake using the BAS/N model. The waveforms are mdxcated for each
station/component included in the inversion. R ’

Figure 23. Epicenter location (star) and focal mechanisms (lower-hemisphere projections) of the
February 3. 1994, Wyoming earthquake. CMT is the Harvard University solution. OSU is
the Oregon State University focal mechanism. NEJ/C is the National Earthquake
Information Center mechanism. R& L is the solution obtained by Ritsema and Lay (1995).
CUS and BASIN are the fault plane solutions obtained in this study using the Central United
States (Table 10) and the Basin and Range (Table 11) models. respectively. The solid and
open small circles on the focal mechanisms indicate the positions of the P and 7" axes on the

focal sphere, respectively. The station DUG is exhibited as solid triangle. The other stations
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are out of the figure. Inset shows the CUS solution on a focal sphere; indicz‘niﬁg”the azimuth
of the stations (open circles) involved in the moment tensor inversion.

Figure 24. Results of the moment tensor inversion of the February 3, 1994, Wyoming ézinhquake
using the CUS model. The synthetic (dashed lines) and observed (solid lines) seismograms
are shown for each station/component included in the inversion.

Figure 25. Results of the moment tensor inversion of the February 3, 1994, Wyoming earthquake
using the BASIN model. The theoretical (dashed lines) and observed (solid lines)
seismograms are indicated for each station/component involved in the inversion.

Figure 26. Map of epicentral location and focal mechanisms (lower-hemisphere projections) of
the September 12. 1994, California-Nevada mainshock. CAf7T is the Harvard University
solution. OSU is the Oregon State University focal mechanism. ERJ is the Earthquake
Research Institute solution. CUS and BASIN are the fault plane solutions obtained in this
study using the Central United States (Table 10) and the Basin and Range (Table 11)
models, respectively. The solid and open small circles on the focal mechanisms indicate the
positions of the P and 7 axes on the focal sphere, respectively. The stations CMB, IS4, and
SAO are exhibited as solid triangles. The other stations are out of the figure. Inset shows the
CUS solution on a focal sphere, indicating the azimuth of the stations (open circles)
involved in the moment tensor inversion.

Figure 27. Epicenter location and focal mechanisms (lower-hemisphere projections) of the
September 12. 1994, California-Nevada aftershock. CUS and BASIN are the fault plane
solutions obtained in this study using the Central United States (Table 10) and the Basin
and Range (Table 11) models, respectively. The solid and open small circles on the focal
mechanisms indicate the positions of the P and T axes on the focal sphere. respectively. The
stations CMB. IS4. and SAO. are exhibited as solid triangles. The other stations are out of
the figure. Inset shows the CUS solution on a focal sphere, indicating the azimuth of the
stations (open circles) involved in the moment tensor inversion.

Figure 28. Comparison between the predicted (dashed lines) and observed (solid lines)

seismograms obtained from the moment tensor inversion of the December 4. 1993,
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Klamath Falls earthquake using the CUS model. The waveforms are mdxcaled for each

station/component included in the inversion.

Figure 28a. Comparison between the predicted (dashed lines) ahdv'db_s'erved:(solid’_'lines) ,

©1993,

seismograms obtained from the moment tensor inversion oflhe Decerﬁber, 4,
Klamath Falls earthquake using the CUS model (Cont.). ’
Figure 29. Comparison between the predicted (dashed lmes) zmd 'ob‘servedfr(goulfid: lines)
seismograms obtained from the moment tensor mversu)n e 'Decexf{:i_ber 4, 1993,

Klamath Falls earthquake using the BAS/N model. The wavefo’rm_ ‘are ndi?:z;ied fbr each

station/component included in the inversion. . o
Figure 29a. Comparison between the predicted (dashed lmes) and observed (sohd lmes)
seismograms obtained {from the moment tensor inversion of Lhe Dece;nber,; 4, ,1993,
Klamath Falls earthquake using the B4SIN model (Cont.). » e '

Figure 30. Results of the moment tensor inversion of the September 12, 1994 Callfomxa-Nevada :

earthquake (aftershock) using regional seismograms and the CUS model ‘The synthencv

(dashed lines) and observed (solid lines) seismograms are mdlcated ,for K each ’

station/component included in the inversion.
Figure 30a. Results of the moment tensor inversion of the September:12

Nevada earthquake (aftershock) using the CUS model (Cont.).

inversion.
Figure 31a. Results of the moment tensor inversion of’ the September 1'7 1994 Callfomm—‘
Nevada earthquake (aftershock) using the BAS/N model (Conl D). i ‘
Figure 32. Map of epicentral location (star). and focal mechamsms (lower—hemxsphere
projections) of the September 13, 1994, Colorado earthquake. CUS and BASIN are the fault
plane solutions obtained in this study using the Central United States (Table 10) and the

Basin and Range (Table 11) models, respectively. The solid and open small circles on the
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focal mechanisms indicate the positions of the P and 7 axes on .the focal sphere.
respectively. The station GOL is shown as solid triangle. The other stations a.re out of the

figure. Inset shows the CUS solution on a focal sphere. indicating the aztmuth of the
stations (open cxrcles) included in the moment tensor inversion.

earthquake using the ' BASIN m"del

station/component included i in'the inversion
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- September 21, 1993 - CUS model? (Cont.)
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September 21, 1993 - BASIN model
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December 4, 1993 - CUS model
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February 3, 1994 - CUS model . . =
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September 12, 1994 - CUS model
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September 12, 1994 - BASIN model
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September 12, 1994 - CUS miodel (aftershack)
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September 12, 1994 - BASIN model (aftershock)
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Scptember 12, 1994 - BASIN model (aftershock)
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Scptember 13, 1994 - CUS model

—_— A0 dspr
s |k - -z ALGY gwpr
2
e = o ~ =3 e = s = [T o
~— 431 asdz — G2 g
1 — - p AT dip o e p AOU T daplt
e
-
N -
—COLl #p.s -
— -p GOLT ¢z
? & : 4
° o
-2 K t
2 .
20 2 ) ) o 120 140 Tod s [ x < -0 ~ 100
Figure 33



11

G. Malavé, C. Mendoza and G. Sudrez

September 13, 1994 - BASIN model
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VI. Conclusiones

El estudio de la sismicidad superficial (/#15=5.4) ocurrida en el occidente de Venezuela y de
la sismicidad de profundidad intermedia (72,>4.2) generada al norte de Colombia y occidente de
Venezuela durante el periodo 1964-1994, ha permitido mejorar el conocimiento sobre el régimen

tecténico de la regiéon y proponer un modelo que explica la cinematica de los diferentes

fallamientos existentes en la zona. Ademais, la reciente instalacién de nuevas estaciones

* sismolégicas de banda ancha en la regidn del Caribe, Centro América v norte de Sur Ameérica. ha

abierto las posibilidades para la puesta en marcha de una herramienta que permita la
determinacion de los parametros focales de sismos de magnitud intermedia, mediante la inversion

del tensor de momento sismico utilizando sismogramas regionales.
Subduccion de 1a placa del Caribe al norte de Colombia y noroccidente de Venezuela

El analisis de la sismicidad de profundidad intermedia al norte de Colombia y occidente de
Venezuela, muestra la presencia de una placa litosférica subducida por mas de 400 km de
longitud por debajo de la costa suroeste del Caribe. La geometria de esta placa se definid en el
rango de 60 a 180 km de profundidad. mediante la evaluacién de los pardmetros focales de los
sismos con magnitud mp=4.2 ocurridos al norte de Colombia y noroccidente de Venezuela
durante el periodo 1964-94. Las lineas de igual profundidad muestran una placa con direccién
aproximada NNVE-SSW y que buza hacia el este con una pendiente promedio de 25°-32°, en ese
rango de profundidades. La orientacién de los ejes 7 en los mecanismos focales. indican

fallamientos tensionales y generalmente estdn alineados paralelos al gradiente de la placa

subducida. inferido a partir de la sismicidad.
En una primera aproximacién, la baja tasa de sismicidad superficial y la ausencia de sismos
de subduccién a lo largo de la costa norte y noroeste de Colombia, sugieren que la subduccién de

la placa del Caribe no esti ocurriendo actualmente. Sin embargo, medidas'geodésicas recientes
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han demostrado una tasa de convergencia relativa entre la’ placa del Caribe y el Bloque Norte de
los Andes de | a 2 cm/aio. Quizais, la ausencia de sismicidad superficial en €l norte de Colombia
se deba a que la subduccidén es muy lenta (<1 cm/afio) y esta tomando lugar por debajo de un
prisma acrecionario de hasta 10 km de espesor. compuesto de sedimentos con alta presiéon de

poros. Ahora, si se asume una tasa de subduccién de 2

cm/afio, la ocurrencia de sismos hasta
profundidades de hasta 200 km en esta region, sugiere que la subduccion de la litdsfera Caribefia

por debajo de Sur América puede haber tomado lugar desde hace 10 millones de afios.
Los resultados de los mecanismos focales y orientaciéon de los ejes T de eventos fuera y
cerca del Nido de Bucaramanga. sugieren que esta concentraciéon de sismicidad ocurre en la

misma placa litosférica donde se originan los otros sismos de profundidad intermedia al norte de
Colombia y occidente de Venezuela.

Oprientacién regional del campo de esfuerzos

El ambiente tectdonico complejo en el noroeste de Sur Ameérica ha motivado que la direccién
del campo de esfuerzos compresivo en esta zona haya sido un punto de discusion por los ultimmos
20 afios. Varios autores han concluido que la direccién del campo de esfuerzos compresivo esta
orientado este-oeste debido a la subduccién de la placa de Nazca por debajo de la placa
Suramericana. Sin embargo, otros autores han reportado una direccidén principal del campo de
esfuerzos compresivos NW-SE inducido por la subduccion de la placa del Caribe por debajo de la
placa Suramericana al norte de Colombia y noroccidente de Venezuela. Ambas direcciones del
campo de esfuerzos sugeridas concuerdan en general con €l campo de esfuerzos esperado para
inducir el movimiento relativo dextral entre las placas Caribe y Sur América.

Los mecanismos focales obtenidos en este estudio claramente sugieren dos diferentes
direcciones del campo de esfuerzos compresivo en el occidente de Venezuela. Los sismos
localizados al suroeste de Venezuela, indican un campo de esfuerzos compresivo orientado £-W.
Sin, embargo. los mecanismos

focales de los sismos en el noroeste de Venezuela,
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aprommadameme al none de la lamud 10°N. muestran una rotacién de los ejes P desde el NE-SE
hasta NNE-SSW

Estas dos conjuntos de direcciones del campo de esfuerzos compresivo bien definidos que
- nctuan en el occidente de Venezuela ha motivado una comparacién entre las tasas de deformacién

en las'zonas norte y sur del area estudiada.
Zona de deformacién altamente fallada y deformada

La correlacion entre los mecanismos focales determinados en este estudio y las fallas activas
muestran que la liberacion de energia sismica en el occidente de Venezuela no ocurre en un sistema
de fallas unico, tal como en Boconé o en Oca-Ancdn; sino que la sismicidad se genera en fallas con
diferentes orientaciones, distribuidas sobre un gran volumen sismogénico. El calculo de la
deformacién volumétrica de esta regidn considerada como un solo bloque mediante la uulxmcxon
del tensor de momento sismico, muestra una tasa de deformacién compresiva de 5.6x10-10 afo-!
orientada casi N-S (N4°E). Al separar la region en dos sectores al norte y sur de la latifud‘lO“N los
principales valores de la tasa de deformacidn fueron 1.6x10-2 afio-! en la direccién N5°E'y 1. 7\10 -9
afio-! orientado ~N99°E, respectivamente.

Estos resultados muestran que cuando la region se dividié en dos secciones. la tasa de
deformacién compresiva tuvo un comportamiento similar a las orientaciones promedios de los ejes
P. En la parte norte, la tasa de deformacion compresiva orientada casi norte-sur se debe
probablemente a la subduccién de la placa del Caribe por debajo de Sur América: mientras que la
tasa de deformacion compresiva orientada en direccidn este-oeste en la parte sur esta posiblemente
asociada a la convergencia entre las placas Nazca y Sur América. Sin embargo, en todo el volumen
deformado, la tasa de deformacion compresiva esta orientada norte-sur.

Otro factor que demuestra la presencia de una zona altamente deformada y fallada es la
ocurrencia de eventos sismicos complejos de magnitud moderada. originados por fuentes
multiples. Ademads de la ocurrencia del sismo de El Tocuyo en 1812 y el de Caracas en 1967.

existe una secuencia sismica compleja originada en Boca del Tocuyo. noroccidente de Venezuela.
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durante los meses de abril y mayo de 1989. El evento principal del 30 de abril y la réplica mayor
del 4 de mayo se originaron mediante fuente miltiples que produjeron trenes de ondas muy largos
que inqlujerqn la licuaciéé de los suelos en el drea epicentral. Esta intensa licuacién causada por
los dos evehltos parece ser consecuencia de la presencia de sedimentos saturados no cdnsolidaﬁos.
acelerados por la larga y sostenida duracidon del movimiento del terreno inducido poi‘proces&s de

ruptura muiltiple.
Modelo tecténico

Tal como ha sido mencionado anteriormente, en el occidente de Venezuela existen sistemas
de fallas principales y secundarios, orientados en diferentes direcciones, que subsisten dentro de
un mismo régimen tectonico. La evaluacion neotectonica de la mayoria de estas fallas, aunado a
la determinaciéon de los mecanismos focales y a la direcciones de los principales ejes de
esfuerzos, han permitido proponer un modelo cinemético conocido con el nombre de mecanismo
“bookshelf” o “*domino™. En este caso, al actuar los sistemas de fallas de Boconé y Oca-Ancdén en
forma individual o como pareja de esfuerzos con desplazamiento lateral derecho, las fallas VNE-
SSW que separan los bloques experimentan un deslizamiento lateral izquierdo y se produce una
rotacién de los bloques en sentido horario. Este mecanismo bookshelf se ha observado también en
fallas individuales en el occidente de Venezuela, pero a una menor escala, tal como es el caso de

las fallas de ‘V’alera e Icotea.
Definicién del borde suroeste de la placa del Caribe

. Los resultados obtenidos de la evaluacion sismotectdnica de la regién muestran evidencias
que pudiesen relacionar la frontera entre las placas Caribe y Sur Aritérica con el sistema de fallas
de Bocond y con el Cinturén Deformado del Caribe Sur. Por lo tanto, se pudiese estar presente
ante, una frontera de placas definida por toda una zona de deformacién. comprendida entre los

Andes Venezolanos y el Cinturén Deformado del Caribe Sur. Este argumento pareciera resolver

[N]
o
G



Conclusiones

la vieja incertidumbre sobre el porqué no puede rg;tringirsé un polo de rotacién para las placas
Caribe y Sur América, utilizando datos a lo largo del sistema de fallas de Boconé. 7

En un esfuerzo para estimar la velocidad relativa entre las placas Caribe y Sur América con
base en el tensor de momento sismico. se asumié que los sismos estudiados ocurrieron a 16 largo
del sistema de fallas de Boconé. El movimiento relativo resultante es de 2.12x10-3 em/afio. lo cual

es tres Oordenes de magnitud menor que la velocidad esperada.
Modelaciéon e inversion de sismogramas regionales

La presencia de una tectdnica regional compleja y de una sismicidad superficial con
magnitud mp=5.4 dispersa en el occidente de Venezuela, motivé un intento de evaluar el
comportamiento de la sismicidad superficial con magnitud mp<5.4 utilizando sismogramas
regionales. A tal efecto. se analizaron dos metodologias que permitiesen obtener los mecanismos
focales de esos eventos mas pequefios y de esta manera reunir mayor informacién para validar y/o
reforzar las conclusiones alcanzadas y los modelos propuestos. Lamentablemente la escasez de
informacién en las estaciones sismologicas ubicadas a distancias regionales del occidente de
Venezuela, no permitié cubrir ese objetivo. Sin embargo. en su lugar se analizaron varios eventos
ocurridos en el occidente de Estados Unidos, los cuales nos permitieron ensamblar un
procedimiento que servird en un futuro cercano, con la reciente instalacion de nuevas estaciones
banda-ancha a nivel regional. cumplir con 1a meta propuesta.

Los resultados obtenidos con los sismos analizados son satisfactorios. si se considera que el
procedimiento utilizado se implantd para desarrollarse de una manera automadtica. sin que se
produzca una realineacion de los sismogramas sintéticos y observados. Esto implico. la
utilizacién de un modelo de corteza unico para las diferentes trayectorias de los rayos y para la

determinacion de los tiempos tedricos de llegada de las ondas para el inicio de la inversién.
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