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RESUMEN 

El análisis de la sismicidad superficial (mb2:5.4) ocurrida en el occidente de Venezuela y de 

la sismicidad de profundidad intermedia (mb>4.2) generada al norte de Colombia y occidente de 

Venezuela durante el período 1964-94. permitió mejorar el conocimiento sobre el régimen 

tectónico de la región y proponer un modelo que explica el comportamiento de los diferentes 

fallan1ientos existentes en la zona. Primeramente. se evaluó la sismicidad de profundidad 

intermedia al norte de Colombia y occidente de Venezuela. lo cual pern1itió identificar la 

presencia de una placa litosférica subducida por más de 400 km de longitud por debajo de .la.costa 

suroeste del Caribe. La geometría de esta placa se definió en el rango de 60 a l 80 km de 

profundidad, con una dirección aproximada NNE-SSfV y un bu=iento hacia el este con una 

pendiente promedio de 25°-32º. en ese rango de profundidades. 

Luego. se evaluaron los parán1etros focales de los sismos superficiales con magnitud 

mb2::5.4 ocurridos en el occidente de Venezuela durante el periodo 1964-94. Los mecanismos 

focales obtenidos sugieren dos diferentes direcciones del can1po de esfuerzos compresivo en el 

occidente de Venezuela: al suroeste. un campo de esfuerzos compresivo orientado E-íV y en el 

noroeste de Venezuela. aproximadamente al norte de la latitud lOºN. una rotación de los ejes P 

desde el l\·E-SE hasta l\llVE-SSíV. La correlación entre los mecanismos focales y las fallas activas 

muestran que la liberación de energia sísmica en el occidente de Venezuela no ocurre en un 

sistema de fallas único. sino que la sismicidad se genera en fallas con diferentes orientaciones. 

distribuidas sobre un gran volumen sismogénico. El cálculo de la deformación volumétrica de 

esta región muestra que en la parte norte. la tasa de deformación compresiva se orienta casi N-S y 

se debe a la subducción de la placa del Caribe por debajo de Sur América: mientras que la tasa de 

deformación compresiva en la parte sur se define en la dirección E-íV y se asocia con la 

convergencia entre las placas Nazca y Sur América. En todo el volumen deformado. la tasa de 

deformación compresiva se orienta en la dirección 1V-S. 

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

Venezuela es la ocurrencia de eventos sísmicos complejos de magnitud moderada. originados por 
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fuentes múltiples. Además de la ocurrencia del sismo de El Tocuyo en 1812 y el de Caracas en 

1967, existe la secuencia sísmica 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 nlúltiples que indujeron la licuación de los suelos en el área epicentral. 

La evaluación neotectónica de las fallas en el occidente de Venezuela, aunado a la 

determinación de los mecanismos focales y a la direcciones de los principales ejes de esf"uerzos. 

permitieron proponer un modelo cinemático conocido con el nombre de .. bookshelf". Al actuar 

los sistemas de fallas de Boconó y Oca-Ancón. en forma individual o como pareja de esfuerzos 

con desplazamiento lateral derecho. las fallas N,VE-ssrv que separan los bloques alargados en esa 

1nisma dirección. experimentan un deslizamiento lateral izquierdo y se produce una rotación 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 

Boconó y con el Cinturón Deformado del Caribe Sur. Por lo tanto, se pudiese estar presente ante 

una frontera de placas definida por toda una zona de deformación. comprendida entre los Andes 

Venezolanos y el Cinturón Deformado del Caribe Sur. 

La presencia de una tectónica regional compleja en el occidente de Venezuela, motivó un 

intento de evaluar el comportamiento de la sismicidad superficial con magnitud mb<S.4 

utilizando sisn1ogran1as regionales. Se analizaron dos metodologías para obtener los mecanismos 

focales de esos eventos menores y de esta manera recopilar mayor inf"ormación para validar las 

conclusiones alcanzadas y los modelos propuestos. Lnnlentablemente la escasez de información 

en las estaciones sismológicas ubicadas a distancias regionales del occidente de Venezuela, no 

permitió cubrir ese objetivo. En su lugar se analizaron varios eventos ocurridos en el occidente de 

Estados Unidos. los cuales permitieron ensamblar un procedimiento que servirá en un f"uturo 

cercano cumplir con la meta propuesta~ a raíz de la reciente instalación 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 implantó 

para desarrollarse de una manera automática. 
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ABSTRACT 

The analysis of the shallow, moderate-sized seismicity (mb2'5.4) that have occurred in 

"vestern Venezuela and the intermediate-depth seismicity (mb>4.2) originated in northern 

Colombia and western Venezuela during the 1964-1994 period. wcre evaluated to understand the 

complex tectonic environment in this region and its relationship to the interaction between the 

Caribbean antl South American plates. Firstly, the recent intermediate-depth seismicity in 

northem Colombia and ""'stern Venezuela was analyzed to understand its origin. and its 

presumed relationship to a subducted lithospheric slab in north,vestern South Arnerica. The 

isodepth curves reflecta slab striking in a NNE-SSIV direction and dipping approximately .at 25º-

32º to the southeast. This observation is corroborated by the tlirection 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 shallo""· moderate-sized seismicity occurred in western Venezuela· was 

analyzed. The results indicate that most of the earthquakes nucleated on secondary fault systems, 

instead of on the major fault systems of Boconó and Oca-Ancón. The average direction of the P­

axes clearly divides the region of western Venezuela into two zones: north and south of. latitude 

IOºN. In the northem area, the P-axes rotate from a NJV-SE to N;VE-SSJV direction; whereas in 

the southem zone, the P-axes are approximately oriented E-IV. The determination of the 

cornpressional strain rate in the overall region over 30-years period of time is oriented aln1ost ;V­

S. According to the seismic activity on the secontlary faults. the border bet"veen the Caribbean 

and South American plates rnay be distributed over a wide zone of deformation instead of a rnajor 

single fault. The correlation between the left-lateral. strike-slip faults trending roughly l\~VE-SSJV. 

the focal mechanisrns and the Quatemary geological data suggest that the kinematics of the 

faulting pattcm behave as a bookshelffaulting mechanisrn. 

Another evidence of being in a high deformed and faulted region is the occurrence of 

earhquakes originated by n1ultiple rupture processes. Besides the El Tocuyo 1812 and the Caracas . 

1967 earthquakes, there "vas the Boca del Tocuyo seismic sequence on April and !v1ay.· 1989. 
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which had a special significance in assessing the seismic hazard of nonhern Venezuela. The 

mainshock and its Jargest aftershock induced intense Jiquefoction in most of the coastal towns 

near the epicentral area. Both eanhquakes presented body-wave trains "·hich are much Jonger 

than those expected for a single event of that magnitude. 

The existence of a complex tectonics environment in western Venezúelri' motivated us to 

evaluate the behavior of the shallo'\.v seismicity with magnitude- mb<s.4; using regional 

seismograms. \Ve analyzed hvo methodologies to obtain the foult plane so!ution-for those smaller 

events in order to compile more infonnation to validate the conclusions and the_models proposed 

in this study. Unfonunately. we could not reach that objetive, since the infonnation rccorded at 

stations Jocated at regional distances in western Venezuela was deficient. Instead. we analyzed 

severa! earthquakes that occurred in western United States. that pennit us to assembly a 

methodol&gy that it may be used in the near future. due to the deployment of new stations at 

regional distances from western Venezuela. The resu!ts obtained from the analysis ofthe 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. Introducción 

El régimen' tectónico· del Occidente de Venezuela está íntimamente relacionado con la 

interacción°de-las-placas Caribe y Sur América. El movimiento relativo entre estas dos placas es 

principalmente del -tipo transcurrente dextral, y ocurre a una velocidad promedio aproximada de 2 

cm/año (Fig •. J). Sin embargo. el movimiento promedio relativo medido en los sistemas principales 

de rallas transcurrentes dextrales de El Pilar y Boconó, postulados como frontera entre estas placas 

al este y occidente de Venezuela respectivamente. no exceden los 1.3 cm/año (Schubert. 1982: 

Soulas, 1986). 

Con base en esta dif"erencia de velocidades y a la presencia de sistemas de fallas secundarios 

conjugados, §e ha sugerido que este borde de placas parece no manif"estarse a lo largo de un sistema 

simple de fallas. sino que se distribuye sobre una amplia zona de deformación. Todo esto ha traído 

como consecuencia. que el régimen tectónico de esta región haya sido un punto de controversia 

durante los últimos años. en los cuales, direrentes autores han sugerido al sistema de rallas de 

Boconó (e.g .• Dewey. 1972; Soulas, 1986) y al Cinturón Deformado del Caribe Sur (e.g .• Kellogg y 

Bonini, 1982; Ladd el al .• 1984; Freymueller el al. 1993), como la frontera actual entre las placas 

Caribe y Sur América (Fig. l). 

Esta discusión sobre el ambiente tectónico de la región motivó el desarrollo del presente 

estudio sobre la evaluación sismotectónica del occidente de Venezuela. Se planteó como objetivo 

principal el analizar con métodos robustos. los parámetros focales de los sismos ocurridos en la 

zona y correlacionarlos con los accidentes estructurales identificados a través de los estudios 

neotectónicos de campo. El hecho que la tasa de sismicidad del área de estudio sea relativamente 

baja y dispersa. se dispuso de diferentes metodologías para cumplir con los objetivos planteados. 

Algunos estudios se han realizado previamente con este misn10 propósito. De,vey (1972). 

mediante la instalación de una red sismológica local y utilizando datos telesismicos. analizó la 

sismicidad del occidente de Venezuela y norte de Colombia. incluyendo el Nido de Bucaramanga. 

Además. determinó algunos mecanismos focales basados en las polaridades de las primeras 

llegadas y concluyó que la zona de rallas de Boconó es sismicamente activa. Luego. Kafka y 
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\\'eidner ( 1981) evaluaron los mecanismos focales determinados por Dewey ( 1972). realizando una 

inversión del .'tensor de momento sísmico utilizando ondas Rayleigh. Sus mecanismos focales 

sugirieron· un f'"allamiento transcurren te dextral paralelo a la falla de Boconó. Pcnnington ( 1981 ). 

tomando en. cuenta los mecanismos focales determinados previamente y otros obtenidos por él con 

base en primeras llegadas. sugirió que el bloque norte de los Andes se mueve hacia el nor-noreste 

con respecto al resto de la placa de Sur An1érica. a lo largo de un sistema de follas ubicado al frente 

de la Cordillera Oriental de los Andes. Kellogg y Bonini (1982), Ladd et al. ( 1984) y Freymueller et 

al. (1993). utilizando difcn:ntes metodologías propusieron al Cinturón Dcfom1ado del Caribe Sur 

como la frontera actual entre las placas Caribe y Sur America. y consideran la falla de Boconó 

como producto de la def"ommción intraplaca. 

En los estudios de la sismotectónica del occidente de Venezuela, es indispensable considerar 

que la mayoría de los sismos se originan en la corteza terrestre {h<30 km). como consecuencia de 

fallamientos superficiales. Sin embargo, existen también eventos de profundidad intermedia 

(50ShS180 km). que se han originado por la extensión·deJa placa litosférica subducida en el norte 

de Colombia y noroccidente de Venezuela hacia esta región. Es por ello que resulta necesario 

analizar ambos tipos de sismicidad, incluyendo la mayoría de los sismos (mb>4.8) de prof"undidad 

intermedia que ocurren en el norte de Colombia. 

En el Capitulo 2 de este estudio, se determinó la orientación y geometría de Ja placa 

litosf"érica subducida al norte de Colombia y noroccidente de Venezuela. a través del análisis de los 

sismos de profundidad intermedia en esa región. Las profundidades focales de los eventos de menor 

magnitud (mbS5.3) se obtuvieron mediante Ja lectura de las diferencias de llegada de las ondas P y 

pP, en sismogramas de la \Vorld-Wide Standarized Seismograph Network (1V1VSSlv). de la Global 

Digital Seismograph Net'l.vork (GDSN). del Yellow Knifü Array en Canadá (YKA) y del Norwegian 

Seismograph Array (,VORSAR). Los mecanismos locales de estos sismos de menor magnitud. se 

determinaron mediante las polaridades de las primeras llegadas observadas en esos sismogramas. 

Para los eventos de mayor magnitud. las prof"undidades focales y los mecanismos de fallas se 

obtuvieron mediante la inversión del tensor de mon1ento sísmico. utilizando sismogramas grabados 

a distancias telesismicas (Nábelek, 1984). 
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Introducción 

Luego. para evaluar la sismicidad superficial del occidente de Venezuela. en los Capítulos 3 y 

4 del presente trabajo se analizaron los parán1etros de la fuente de los sismos superficiales de 

magnitud lllb:2:5.4 ocurridos en la zona de estudio durante el período 1964-1994. Esta evaluación se 

efectuó n1ediante la inversión del tensor de momento sísmico utilizando ondas de volumen 

grabadas a distancias telesísmicas (30SL'l.S90) (Nábelek. 1984). En total. se estudiaron 16 sismos. 

los cuales permitieron proponer un modelo cinemático que explica la subsistencia de los diferentes 

sistemas de fallas principales y secundarios, en un régimen tectónico tan complejo. Igualmente, los 

resultados d" <!Ste estudio permitieron definir el campo de esfuerzos con1presiYo cxist<!ntc en la 

región. y la tasa y orientación principal de la deíormación compresiva promedio. Los sismos 

ocurridos dfirante 1989 en Boca del Tocuyo, noroccidente de Venezuela. se evaluaron 

detalladamente en el Capítulo 3, ya que se originaron mediante rupturas múltiples que produjeron 

trenes de ondas muy largos. Estas ondas indujeron la licuación de los suelos cercanos al área 

epicentral. ocasionando ligeros daños a las estructuras existentes. 

Finalmente. en el Capítulo 5 se incluyeron dos metodologías para la modelación e inversión 

automática del tensor de momento sísmico. utilizando sismogramas grabados a distancias 

regionales (ti.<12º). La idea original de llevar a cabo este estudio. con base en sismos con magnitud 

mbSS.3 ocurridos en el occidente de Venezuela. no pudo realizarse. Esto fue debido a la baja 

relación señal-ruido en Jos sismogramas de las estaciones ubicadas a distancias regionales. En su 

lugar. se analizaron siete (7) sismos ocurridos en el occidente de Estados Unidos de América. 

durante el periodo 1993-94. utilizando datos de la red sismológica de ese país y de otras estaciones 

ubicadas en la región. Sin embargo. con la implantación de nuevas estaciones sismológicas de 

banda ancha en la zona del Caribe, Centro América y Sur América. existe la posibilidad a corto 

plazo que puedan analizarse eventos futuros con estas metodologías. 

El análisis de la sismicidad con magnitud 111b'5.5.3 de la zona tiene un valor agregado muy 

important" en la validación del modelo tectónico propuesto para la región. ya que algunos de ellos 

se han generado posiblemente en fallas donde no han ocurrido sismos de mayor magnitud. De todas 

formas. Jos sismos con magnitud 111b:2:5.4 generados en el período 1995-96 y no incluidos en el 

presente estudio. avalan el modelo sugerido. 
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Descripción de Figuras 

Figura 1. Sismicidad (mb"<!:S.0) relacionada con la interacción de la placa del Caribe con sus. 

placas vecinas (Atlántico. Cocos, Nazca. Norte América y Sur Améric:;i) .. Las flechas 

indican las direcciones de los movimientos relativos de las placas. La :.~isrnicldad ·~e. 
muestra como círculos 

concentración de sismos. 

abiertos; por lo que las áreas oscuras reflejan·· una . alta 

Figura 2. Sistemas mayores de fallas activas en Venezuela (Beltrán, 1993; Singer et al .• 1992: 

Soulas, 1986: Soulas et al., 1987). Las flechas indican las direcciones de movimientos 

relativos de las fallas. 

Figura 3. Sistemas mayores de fallas activas en el occidente de Venezuela (Beltrán, 1993: Singer et 

al., 1992; Soulas, 1986; Soulas et al., 1987). Se muestra la sismicidad (mb<!:S.O) ocurrida 

durante los últimos 30 años en la región. reportada por el Centro Sismológico de los Estados 

Unidos de América (NEIC). Los círculos corresponden a sismos con magnitud mb:SS.3; los 

cuadrados. con magnitud mb<!:S.3. Los símbolos claros representan la sismicidad superficial 

(h<70 kin), mientras que los símbolos oscuros indican los eventos de profundidad intermedia 

(h<!:70 kin). Las flechas denotan las direcciones de los movimientos relativos de las fallas. 
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11. Sismicidad de profundidad intermedia al norte de Colombia y oeste de Venezuela y su 

relación con la subducción de la placa del Caribe 

lntermediate-depth seismieity in northern Colombia and western Venezuela 

and its relationship to Caribbean plate subduction 

Gustavo Malavé 1 and Gerardo Suárez 

Instituto de Geoflsic~ Universidad Nacional Autónoma de México. Mexico City. f\..1exico 
1 Also at: INTEVEP, S.A .• Apartado Postal 76343, Caracas 1070A 

Abstract. The recent intermediate-depth seismicity in northern Colombia and 

western Venezuela was analyzed to understand its\~rig.in, and its presumed 

relationship to a subducted lithospheric slab in;northwestern South Arnerica. 

The area included in this study is located to the north and east of the 

Bucaramanga Nest, which is a particular region beneath Bucaramanga. 

northem 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 (mb~5.I). Thus. only twenty-three 

earthquakes were large enough to be investigated using teleseismic data. The 

focal parameters of the t'vo largest events (mb;;;:5.4) vv·ere obtained from the 

formal inversion of long-period bodywaves recorded at teleseismic distances. 

The focal mechanisms of ten more events were detennined from first-motion 

data. In total, the focal mechanisms of t'velve events 'vere determined from 

both the inversion of P and SH waveforms and from the polarities of first 

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

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

dircction and dipping approximately at 25°-32° to the southeast. This 

obscrvation is corroborated by the direction and plunge of the T-axes of the 

focal mechanisms. which are gencrally parallel to the gradient of the slab 

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

tbe intermediate-depth earthquakes in western Venezuela and northern 

Colombia are apparcntly related to the prcsence of a continuous lithospheric 

slab subducted near thc nonhem coast of Colombia. The two largest 

earthquakes. !ocated at a significant distance from the Bucararnanga .nest. 

present similar fault p!ane solutions. Moreover. they also agree with those·of. ·· 

the two Jargest earthquakes reported inside the nest. This similarlty suggests 

that the Bucararnanga nest lies on the same subducted slab where the ,other. 

earthquakes occur. There is not enough shallow seismicity to define ·the 

location where the Caribbean lithosphere subducted beneath. the·. South 

American plate. However, the extension of the slab towards the surfac·e. 

inferred from the intermediate-depth seismicity. suggests that .the 'subducted 

lithosphere may still be attached to the Caribbean plate. 
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Introduction 

Thc seismicity in western Venezuela is characterized mainly by the occurrence of shallow 

earthquakes (h<30 km) of nloderate magnitude (mb<S.4). associated with a 'vide zone of 

deformation dominated by the right-lateral. strike-slip nlotion on the Boconó and Oca-Ancón 

f"ault systems. Ho,vever. severa! earthquakes v.;ith depths ranging from 140 to 190 km have 

occurred in the region since 1964. They are located near the Venezuela-Colon1bia border. beneath 

the Sierra de Pcrijá and to the north and east of the Bucaramanga nest (Figure 1 ). 

Thc seismicity (mb2:4.0) of northern Colombia and western Venezuela reponed by the 

National Earthquake lnforrnation Center (NEIC) since 1963. shows that the seismic activity to the 

north of latitude 8ºN is sparsc (Figure !). To the south of that latitude. two clusters of seismicity 

may be identified: the Bucaran1anga 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 1 7 and 18. 1992 (Af s=6. 7 and 7 .3. respectively). 

associated probably with the east-·west convergence of the Nazca plate beneath South Anlerican 

plate. 

The Bucaran1anga nest has been a point of interest and intense study far severa! years. The 

origin of this highly concentrated. interrnediate-depth seismic source and its relationship to a 

presumably subducted lithosphere in northem Colon1bia have motivated severa! authors to 

analyze the seismicity of the area [e.g., Dewey. 1972; Pe1111ingto11, 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 ofthe hypoccnters obtaincd by 

the international seismological agencies (/SC: International Seisn1ological Centre; ,VE/C) seems 

to define a larger volume for the Bucaramanga Nest (Figure 1 ). Ho-..vever. hypocenters 

determined by local. temporary seismological networks and by the rclocation of data collected by 

those agencies delineate a volume of-10 km in diameter ofthe Bucaramanga Ncst. 

Dewey [ 1972] investigated severa! intermediate-depth eanhquakes beneath the Cordillera 

Oriental and Sierra de Perijá. and concluded that ifthose events occurred in the same lithospheric 

12 
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slab as that containing the _Bucaramanga source, the slab must have a strike of NI OE and dip 

to,vards the cast. His dataset, however, was insufficient to accurately- 1nap the supposed 

subducted lithosphere. Later. Pcnnington [1981] studied other intermediate-depth earthquakes 

and defined a Bucaramanga segrnent dipping to the NI09E at -20°-25°. Kellogg and Bonini 

[ 1982; 1 985] suggested that the Caribbean oceanic lithosphere is actively underthrusting beneath 

South Arnerica 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 kn~ beneath 

the l'vlaracaibo Basin. More reccntly. Sclmcidcr cr al. [ 1987] analyzed severa! intermediate-depth 

microearthquakes near the Bucararnanga nest and defined a Wadati-Benioff zone, spanning 

depths from 11 O to 190 km. striking N 1 OE. and a dip increasing from 30ºE at shallower depths to 

near-vertical beneath the nest. 

In this study, the hypocentral location and the focal mechanisms of several_interrnediate­

depth earthquakes in western Venezuela and northern Colombia are analyzed to understand their 

presumed relationship to Caribbean pinte subduction. Since most of the events included here 

occurred in the last two decades. only a few ofthem have been considered in previous studies. As 

mentioned above, the seisrnicity in this area is sparse and most ofthe events are ofmagnitude mb 

:S.5.1. As a consequence of that low rnagnitude. the signa! to noise ratio of the- available 

teleseismic data was relatively low, but still good enough for hypocentral and focal mechanism 

analysis. 

The only two earthquakes of magnitude mb>5.4 were evaluated through the f"ormal 

inversion of Iong-period bodywaves recorded at teleseismic stations [Nábclck. 1984]. The 

earthquakes of" smaller magnitudes were investigated by reading the arrival time diff"erence 

bei-ween the P and pP phases to calculate the focal depths; the polarities of" the P-waves were 

used to detern~ine the f"ault plane solutions. In total, the focal depths oftwenty-three earthquakes 

were estimated. and the f"ocal mechanisms of" twelve events v.·ere constructed (Table 1 ). In 

addition to these, the focal mechanisms of three events determined by D=icwonski cr al. [ 1 987a; 

1987b; 1988] are included in the study. 

13 
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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 (mb=S.7). that occurred near 

the nest [Pennington. 1981] and the event of November 17. 1968 (mb=S.8). located -200 km to 

the north of the first one 'l.vere the t\Vo earthquakes for which a formal inversion was perfom1ed. 

Their source parameters 'l.vere compared with thosc of other events reportcd inside the 

Bucaramanga source. and \Vith those of other interrnediate-depth earthquakes that are located far 

fron1 the nesL 
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Data 

Diílerent dataseis were used to evaluate the source parameters ol the earthquakes studied. 

according to their range ofmagnitude, the data available, and the date when they occurred. Short 

and long-period analog seismograms from the \Vorld-\Vide Standardized Seismograph Nct,vork 

(W1VSSN). and short-period digital records from the Global Digital Seismograph Network 

(GDS,\!). the Yellow Knife Array in Canada (YKA). and the Norwegian Seismogmph Array 

(,VORSAR) were collected. For earthquakes that oecurrcd b.:fore 1978. analog seismograms from 

the IV1VSSN were used. However, for events occurring after 1978. digital data available from the 

GDSJV and from regional digital networks were analyzed in addition to the IV1VSSl\' analog 

seismogrruns. The JSC earthquake database was utilized for recalculating the hypocenters of most 

of the earthquakes, except for an event that occurred in 1992. lor which the ,VEJC database was 

used. 

Analogdata 

The analog seismograms were copied and amplified from microfilms to facilitate the 

digitization of the waveforms lor the inversion, the readings ol polarities and the measurement of 

pP-P interval times. Due to the Iarge number of those analog stations installed worldwide. 

sufficient inlormation was obtained to constmin the source parameters. Since 1 978, the lormat to 

record the 1V1VSS,V seismogran1s in microfilms "'as changed to a compressed one. Consequently. 

it was dffficult to identify the smaller events that occurred after 1978 on the 1V1VSSJV 

seismogran1s. Fortunately. the number ofdigital stations ofthe GDSN increased worJd,vide since 

that time. which permitted to complernent this study by using those stations and data recorded at 

the YKA. and the NORSAR seismic arrays. 
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Digital datCI 

The digital data was the most useful type of information for earthquakes that occurred after 

1978. 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. AIJ digital 

seismograms were high-pass filtered to eliminate long-period noise. The cut-off frequency varied 

in according to the level ofthe noise on the seismograrns. 

Local seis111ic arra_vs 

The Y.KA and NORSAR seismic arrays are located at teleseismic distances of approximately 

60º and 80° from the arca 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 'vere made 

accurately at ali the stations ofthe array and then averaged. In the case ofthe NORSAR array, as a 

result ofthe larger epicentral distance, a stacking (plain sum) ot'the seis1nograms ofthe array was 

used to improve the signal to noise ratio. 
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1\-lcthodology 

The deterrnination 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 /SC. including its pP-P depth deterrnination when available. and those reported by l\'EIC 

(Table 1 ). Next. the hypocenters were relocated using the single-event location program (SE89) 

of Dewey [ 1971] with both the /SC and NEIC earthquake data bases (Table 1 ). This was done as 

an cffort to reduce the errors in the hypocentral locations deterrnined by JSC and iVEIC. since this 

method perrnits a better constrained estímate of the focal depth "vhen a considerable nun1ber of 

pP phases are included. In addition to this. we analyzed the source parameters of the two larger 

earthquakes (mb2'5.4) by using a formal inversion ofbodywaves. In the case ofthe smaller events 

(mbS5.1 ). the pP-P interval times were read directly from the seisrnograms to estímate the focal 

depths, as were the polarities. of first arrivals to obtain the focal mechanisms. A more detail 

explanation ofthe procedures used in this study is presented in the following sections. 

Body1vave inversion 

The source parameters of the earthquakes that occurred on Novernber 17, 1968 (mb=5.8). 

and August 30, 1973 (mb=5.7) (events 2 and 4 on Table 1), were analyzed through the inversion 

of long-period P and SH waves recorded at teleseisrnk distances by stations of the IVIVSSN 

(Figures 2 and 3). These events are two of the largest intermediate-depth earthquakes recorded in 

"vestern Venezuela and northern Colombia. 

Only seismograms of stations within an epicentral distance range of 25° to 90° "vere 

included in the study: 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 .• 1Vcibelek. 1984]. The 

analog records were hand-digitized "vith a sampling rate of0.5 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 

rnantle structure beneath the recording stations "vas assumed to be a half-space "vith a 
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compressional wave velocity of 6 krn/s; a Poisson ratio of 0.25; and a density of 2.6 g/cm3. The 

crustal and mantle structure at the source region is shown on Table 2. The anelastic attenuation 

along the propagation· path'was p::Írameterizcd usi;.,g·a t"';,.1-'s .for P i.\•aves and ·a t"'=4 s for SH 

waves. A priori single point source "vith a source time function duration of 4 s was uscd for both 

cvents. 

The inversion procedure is discussed in detail by ;Vábe/ek [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 severa! point sources 

(subevents) separated in time and space. For each subevent. the model paran1eters include the 

focal mechanism (strike, dip, and rake), centroidal depth. seisn1ic 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 seismograrns are iteratively 

matched to the observed seismograrns using a least squares criterion until a prescribed variance 

reduction is achieved. 

Focal depths andfaulr plane solmionsfor earthquakes ofsmall magnitude (mbS5.J) 

As mentioned above, the hypocenters ofall the events included in this study "\Vere estimated 

using a single-event method (SE89) [Dewey. 1971). In general. the hypocentral !ocations 

determined using SE89 are similar to those obtained by the JSC (Table 1 ). In addition. the focal 

depths of earthquakes with nlagnitude mbS5.I. for which a formal inversion was not possible, 

were calculated cornparing the observed pP-P interval times read frorn the seisrnograrns with the 

theoretical travel-time tables published by the Intemational Association of Seisn1ology and 

Physics of the Earth's Interior (JASPE]) [Kennett. 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 [Kenneu. 1 991] for a 

similar range of depths (Figure 4 ). 
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On thc other hand. ten focal mechanisms of these earthquakes were determined by plotting 

the polarities of the first motions in a lower-hemisphere projection (Figure 5). The readings of 

pP-P times and polarities of the first arrivals were made mostly on short-period seismograms 

recorded by the IVWSSN and the GDSN networks, and Y.KA and NORSAR arrays. The ve\ocity 

model utilized to calculate the take off ang\e corresponding to each station is the same that used 

in the inversion scheme. In general. the focal mechanisms are wel\ constraincd because they show 

opposite polaritics separating the nodal planes. However. the nodal planes of sorne of those 

mechanisms could vary but ·without interfering the conc\usions. 

To validate the results obtained using the methods dcscribed 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 deterrnined 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 exarnple. 

the synthetic and observed filtered-seismograms recorded at the GDSN stations BCAO and 

ANfl,fO for the earthquake of October 28, 1 980 are shown on Figure 6. In general, the comparison 

ofthe waveforms and ofthe arrival time ofthe phases P,pP, and sP in both stations coincide and 

corroborate the results obtained. 
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Rcsults of thc Analysis 

The results obtained from the bodywave inversion of the earthquakes that occurred on 

November 1 7. 1968. and August 30. 1973. are shown on Figures 2 and 3. In both cases. the lit 

bet"veen the synthctic seismograms and the observed data is good. Although most of the stations 

used in the inversion are located to the north and to the nonheast ofthe 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 rnechanisms far both 

earthquakes. 

The fault plane solution deterrnined in this study for the event of Novem:ber l 7. 1968. 

shows a T-a.xis dipping to the N140E at 44°. This mechanism agrees well with that reponed by 

Ke/logg and Bonini [1982]. which was calculated by O. Pérez, rv. R. ;\1'cCann, and A. J. Murphy 

[Larnont-Doheny Geological Observatory. Palisades. New York. unpublished data, 1978] using 

first arriva!s. lt differs. however. frorn 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 fau!t plane solution reporte~ by these latter 

authors. On the other hand. the focal mechanisms of the earthq uake of August 30. 1973, reponed 

here and by Pennington [1981] are very similar. Funherrnore. this mechanism agrees with the 

fault p!ane solutions obtained by ,\lolnar and Sykes [1969] and by Dewe>' [1972) far an event that 

occurred in the Bucaramanga nest on July 29. 1967 (Figure 7). The focal rnechanism of the event 

of August 30. 1973 shows a T-a.xis oriented N 11 OE and dipping 46°. 

The seisrnic moment resu!ting from the bodywave inversion for the events ofNovernber 17. 

J 968. and August 30. 1973. are 8.1x1O
17 

Nrn and 2.Sx 1O
18 

Nm. respective!)'". and correspond to 

1nomcnt-magnitude estimations of .'vfw=5.9 and 6.:2 [Hanks and Kanamori. 1979]. Their focal 

depths are 166±1and175±1 km. respectivcly (Table 3). 

!'111ost of the focal mechanisms of the events obtained frorn first rnotion data, sirnilarly to 

those deterrnined by the inversion. show predominantly T-a.xes oriented to the southeast (Figure 8 

and Table 3). On!y three of the earthquakes considered in this study (events l. 5. and 18 on 
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Figure 8 and Table 3) show T-a.xes striking in a different direction. Coincidently. they are three of 

the shallower events. The tault 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 

Dziewunski et al. [l 987a; 1988]. Dziewonski et al. [1987b] also exarnined the focal mechanism of 

an earthquake that occurred offshore Colombia. on April 28. 1978 (Event 24 on ·Figure 8). that 

presents a T-a.xis trending practically north-south. 

In general. the local depths estimated in this study by bodywave inversion. single-event 

method. and readings of pP-P are similar to thosc calculatcd by ISC (Tables 1 and 3). Ali ofthem 

are in thc range of errors that have been implicitly introduced by the velocity models utilized. 

errors in reading seismograms. and in the computation. Our conclusions. ho'l.vever. are not 

sensitive to these small difterences in focal depth. Far the analysis, we selected the focal depths 

obtained in this study from the inversion ot bodywaves and readings ot pP-P (Figure 9 and Table 

3). We do not include our epicentral relocations on Table 3 because. as mentioned bef'ore. they 

are very similar to those calculated by /SC (Table 1 ). 
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Discussion 

Gcometry ofthe sinking slab based on thefocal depth ofthe earthquakcs 

Thc results obtained in this study show that there is a clase spatial and tectonic relationship 

between the intermediate-depth earthquakes in western Venezuela and those in northern 

Colombia. Apparently, all of these events lie within a lithosphere slab which presumably 

subductcd beneath the southcrn Caribbean coast. Thc geometry of this slab was determined from 

the analysis of twenty-three earthquakes with depths ranging from 49 km to 1 89 krn (Figure 9). 

The isodepth Unes 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 wcre made to estímate the dip ofthe slab; two on aplane trending 

118° that include the events that occurred in the northern zone (A-A'; B-B') and another profile in 

an E-\V 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 Arnerica and Panama. This pinte 

boundary between the Caribbean and South American plates is probably the Southern Caribbean 

Deformed Belt [Ladd et al .. 1984: Freymuel/er et al., 1993]. The three cross-sections show 

seismic zones dipping approximately 25°-32° to the ESE, down to a ma.ximum depth of about 

200 km. The profiles also reflect an increase in the dip of the slab from south to north. The 

dispersion ofhypocenters observed in cross-section A-A' may be the result ofthe curvature ofthe 

subducted slab when projected onto the profile. 

Focal mechanisms and thc geomctry ofthe subducred slab 

. . 

Most of the fault ;Íane solutÍons determined in this study (Figure 5) and those calculated by 
- - - - . 

Dziewonski et al. [l 987a;_ l 987b; l 988]consistently show tensional faulting with T-a.xes oriented 
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in the downdip direction of the presurned slab (Table 3). The focal rnechanisms were projected 

onto the two cross-sections mentioned above. on side-looking lower hernispheric projections 

(Figure 9). This sho·ws the trend ofthe T-axes as a function of depth. In general. the pi unge of the 

T-axes increases consistently with depth. ranging frorn 22º to 46º. The plunge of the T-axes 

coincides with the gradient of the subducted slab defined by the relocated canhquakcs. The 

coineidence between the dip ofthe slab and the orientation ofthe T-a.xes has been reponed also at 

interrnediate depths in others slabs [Isacks- and Afolnar. 1971; Apperson and Frohlich. 1987; 

Arauja and Suáre=. 1994]. 

The Bucaramanga source and the intermediare-depth seismiciry o'utside the nest 

The interrnediate-depth seismicity outside of the Bucaramanga'.source takes place as 

isolated earthquakes, rather than occuriing in a tight cluster as it does i;:._th.;, -Bucarrunariga nest 

(Figure l); Consequently. it is important to understand whether there' i.s a'~orrel~tion betWeen the 

focal mechanisms of eanhquakes located within the nest with those· of;e;~ents.:outside the nest 

[e.g. Dewey. 1972; Sclmeider et al .• 1987; Rivera. 1989]. .., 

Schneider et al. [I 987] obtained the focal mechanisms of fifty-nine microeanhquakes 

occurring within the Bucararnanga nest; they did not identify, however. any dominant trend in 

them. Furthermore. their effons to correlate those fault plane solutions ""ith a regional stress 

pattem or '\Vith previously deterrnined rnechanisms from teleseismic data were unsuccessful. 

The comparison betv.:een the results obtained in this study and those of previous '\Vorkers 

shows interesting aspects. The inversion results of the P and SH '\Vaves of the November 17. 

1968. earthquake. located approximately 250 km to the north ofthe Bucaramanga nest. and ofthe 

August 30. 1973. event. located very clase to the nest. present a very similar focal nlechanisn1 

and orientation of the T-a.xes (events 2 and 4 on Figure 8). In both cases. the T-axes are oriented 

northwest-southeast and dip towards the southeast. 

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

reported far two or the largest events that occurred inside or near the nest on February 26. 1965 
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(m¡,=5.7). and July 29, 1967 (m6=6.0) [Afo/nar ancl Sykes. 1969; /sadcs and Afolnar. 1971; 

Dewey. 1972]. However. they dif"fer from the mechanisms. ()f the. events that occurred on 

September 11. 1966 (m6=5.9). and on July 8. 1973 (m6 '."'5.4) [Dewe_v, l 9T2; Penningron. 1981] 

(Figure 7). 

Those four earthquakes have been reported to occur. presurnably inside the nest [e.g. }vfobwr 

and Sykes, 1969; Dewey, 1972; Penningron. 1981 ]. However, according to Schneider el al. 

[1987], the last two events n1entioned above are the only ea.rthquakes that are really within the 

nest itself. This conjccture is bascd on thc fact that the focal mechanisms of these two latter 

carthquakes have a N\V-SE striking nodal plane that is parallel to thc alignment of the ncst. 

Neverthcless. due to the small and limited volume of the Bucaramanga sourcc and considering 

the errors present in the hypocentral determination, it is difiicult 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 T-a.xes to that of" the largest events occurring 

outside of"the nest suggests that the Bucaramanga nest lies on the sarne subducted slab where the 

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

The subducted slab 

The distribution of the relocated hypocenters in northem Colombia and 'vestern Venezuela 

clearly suggest the presence of a subducted lithosphere in the region. This slab. oricnted in a 

NNE-SS\V direction, extends f"or a distance of" over 400 km and dips to the southeast. The 

orientation and geometry of the slab strongly suggcst that its presence is due to the subduction of 

the Caribbean plate beneath northem Colombia. Furthermore. the inf"erred isodepth curves and 

the oricntation of" the T-a.xes of the focal mechanisms. suggest that the Bucaramanga nest occurs 

within the same slab. However, considering the existence of local mechanisms in the 

Bucaramanga nest that diff"er from those of thc rest of" the slab and the remarkable high 
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concentration of seismcity. evidently something unusual and not yet dctem1ined is occurring in 

this part ofthe slab. 

The timing and combination of relative pinte motions that produced the subduction which 

"º'" is responsible far the slab present in northem Colombia and western Venezuela are not fully 

understood. However. the slab appears to be the product ofthe same typc ofrelative pinte motion 

that resulted from the collision ofthe Panamanian are with South America. Although it can not be 

unequivocally stated with the data on hand. the low rate of shallow seismicity and the abscnce of 

undcrthrusting earthquakes along thc coast of northwcstcm Colomhia. suggest that subduction is 

not occurring today; however. if subduction takes·place today. it probably occurs ata very lo'v 

rate (<I cm/yr). rcflected by the lo'v seismicity ofthe aren. 

Undoubtedly. the neotectonic regime in northern Colombia and western Venezuela has 

changed since the collision between the Pannn>anian are and South America took place 

[Freymueller et al .• 1993). Apparently, the subduction ofthe Nazca and Caribbean plates beneath 

the Northem Andes block continued after the initial collision took place [Kellogg and Bonini. 

1985). According to rVadge and Burke [1983]. the deformation. uplift, and suturing of the 

Panamanian are onto Colombia began betwcen 15 and 10 m.y.a. }vfann and Burke [1984], and 

more recently Mann and Corrigan [ 1990]. suggested that the best estímate· of the age of the 

collision appeared to be latest !\.1iocene to early Pliocene. 

Si/·ver et al. (1990] suggested 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 assurne a rate of subduction of 2 cm/yr, the 

occurrence of intermediatc-depth earthquakes at a depth of approximately 200 km in this region, 

suggests that underthrusting of the Caribbean lithosphere beneath South American plate may 

ha ve taken place as recently as 1 O 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 atan angle of -25° at depths of less than 100 km. At that dcpth. 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 -1 7° determined by 1·a11 der Hilst and Mann [ 1994] based on 
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seismic tomography. The steeper dip angle of the subducted slab observed here does not.support 

the hypothesis that the shallow subduction angle of the Caribbean plate beneath South America 

results in "Laramide-style" deformation on vertical block uplifts in the ovcrriding plate [K<!llogg 

and Bonini, 1982; Ke/logg. 1984; van der Hilst and lvfann, 1994]. 

van der Hilst ami J\Iann (1994) identified a shallo\v velocity anomaly that together ·with the 

extension of the seismicity towards the surfacc. in the NW direction (cross-sections A-A' and B­

B'). suggests that thc location of the trench or paleotrcnch coincides with the location of thc 

Southern Caribbean Dcformed Belt. considered by Freymue/ler et al. [1993] as a major plate 

boundary. This is also corroborated by the occurrence of" events 1 O. 1 1. 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 to the Caribbean lithosphere. 

Towards the southwestern part of the study area,. understanding the geometry of the slab is 

more complicated. The dip of the slab appears to change near the suture zone due t.o the collision 

ofthe Panamanian are. 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 \Vith certainty to which tectonic plate the 

earthquakes are related to: the Caribbean or Nazca plates. 

The lack of intem1ediate-depth earthquakes north of approximately 1-1.SºN suggests that the 

subduction zone terminated near this latitude [Dewey. 1972]. Nevertheless. an earthquake 

(mb=4.8) with a rcverse-faulting source rnechanism occurred on June 11. 1984 (event 12 on 

Figure 8 and Table 3). ata latitude of approximately I0.8ºN. and ata depth of 61 km. Another 

earthquake with similar fault plane solution and depth \vas reponed by Vierbuchen [1978] (event 

25 on Figure 8). This event occurred on March 12. 1968, and is located of"fshore northem 

Colombia (13.2ºN; 72.3°\V) at a depth of 58 km. The depths of these earthquakes seem to 

indicate the shallowest and northernmost portion ofthe slab. 
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Summary and Conclusions 

The analysis of intennediate-depth earthquakes in western Venezuela and northem 

Colombia shows the presencc of a continuous lithospheric slab over 400 km long. subducted 

beneath the southem 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 (4.2:9nbs 

5.8). The Jong-period bodywaves ofthe two largest earthquakes (mb>5.4) were formally inverted. 

whcrcas thc focal dcpths for thc snlaller events (mbs5. I) wcre determined by comparing thc 

observed data with the theoretical travel times. Thc fault plane solutions of the smaller 

carthquakes ,,,·ere obtained by plotting thc polaritics of thc first motions on a lower-hcmisphcre 

projection. 

Based on the exarnination 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 T-axes indicate 

tensional faulting and are generally aligned parallel to the gradient of the slab inferred from the 

seismicity. The results obtained fron1 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). sho~v similar focal mechanisn1s and thcy agrce with other fault plane solutions of 

two moderate-magnitude events rcported inside thc nest. Thus it appears that the seismicity in the 

Bucaramanga nest is pan of a seismic zone reflecting the presence of a subducted portian of the 

Caribbean plate beneath the overriding South American plate. 
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Figure Captions 

Figure l. Seismicity (m¡,:2:4.0) of northem Colombia and western Venezuela reported by thc 

National Eanhquake Information Center (NEJC) 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 shov .. ·n as crosscs (0<h'5.70 

km.) and shaded circles (h>70 km.). 

Figure 2. Results of the sin1ultaneous inversion of the (top) P and (botton1) SH wa,·es of thc 

Novembcr 1 7. 1968. eanhquake. using a point source with a so urce time function duration 

of 4 s. The theoretical seismograms (dashed lines) and observed waves (solid Jines) match 

very well the waveforms in ali the stations considered. The focal mechanisn1s 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 of40°. Abbreviations are thc names ofthe seismological stations. 

Figure 3. Comparison bet"'een the theoretical seismogran1s (dashed lines) and observed (top) P 

and (bonom) 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 -'· An example of the method used in this study to determine the value of the focal depth 

using the difference bct"·een the arrh·al 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 fron1 the observed data. The dashed 

lines indicate thc linear least squarc fit from the theoretical data for specific depths. 

Figure 5. Focal mechanisn1s detcrmincd in this study (m¡,'5.5. 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 shov.n in a lower 

hemisphere projection. The event numbers are the same those in Table 1. 
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Figure 6. Observed and synthetic shon-periodseismograms _far the event on October 28. J 980 in 

nonhern Colombia. recorded at thc Global Digital Seismograph Network (GDS,V) stations: 

BCAO (Bangui. Central Africa; epicentral distance 93°) and ANJv!O (Albuquerque. New 

Mexico: epicentral distance 40°). The first and. thirc:i . seisi:nograms are observed and the 

second and fourth are synthetic waveforms. The seismograms 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 severa! intermediate-dcpth earthquakcs that occurred in northem 

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 so lid 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 1 7, 1968. reported by Kellogg and Bonini [ 1 982] was taken from 

their Figure 11. 

Figure 8. Fault plane solutions detem1ined in this study for 12 intermediate-depth events which 

occurred in northern Colombia and western Venezuela. The centroidal mon1ent tensor 

solution of the April 24. 1978. eanhquake (event 24) [Dziewonski et al .• l 987b] and the 

mechanism of thc l'vlarch 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 proponional to the magnitude (mb) of the events (Table 3). The 

solid quadrants indicate compressional arrivals. The solid and open circles correspond to 

the position of the P and T axes. respectively. on the focal sphere. The numbers are the 

san1e as those in Tables 1 and 3. 

Figure 9. lnterrnediate-depth seisn1icity of northern Colombia and western Venezuela analyzed 

in this study. The dashed lines shov .. · the isodepth curves of the subducted lithospheric slab. 

The so lid 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 rneters. The salid lines in the profiles indicate the 

position of the slab inferred from the relocated seismicity. The focal mechanisms in the 

cross sections are projected anta the profiles on side-looking hemispheric projections. The 

solid quadrants indicate cornpressional arrivals. The solid and open circles correspond to 

the P and T a.xes. respectively. on the local spheres. 
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Table t. Focal Parameters ofthe Events Reported by /SC and Calculated by the Program SE89 

ll'-·C'nt O ate Lautudc.• Long1tudc.• lkpth.· Oc:pth fpP·P), • Dcpth (SJ::i!i9J. Magnnudc.• 

ºN •w km km •m mh 

March :?S. 1964 7 6:? 15 39 47::t:7.0 60=3 o '" So 

" No'' 17. 1968 9 S7 7::?.63 ISO:t:3.4 11..i:1 o 176 •• 
Dc:c. 14. 1970 999 72 68 l6S::t:3 5 160:1 o 167 s 1 .. Aug_ JO. 1973 7 ::?4 7:?.8S 17~23 18~1 o 187 S.7 

s May 1::?. 1976 743 74.95 61.:l:J.7 47:3 8 56 5.1 

6 Oct. 31, 1979 8 00 74.10 1:?3::t:l4 o 4.9 

Mari;:h 9, 19SO 7 48 73 9.; 101::1:::? 3 94:z:l.-l 101 'º 
O<t ::s. 1980 7.:?6 

'"' 76 
69.::::?.S 61.>= 1 1 .. su 

9 Aug :?J. 1981 8 6S 74 16 129z.J30 4.2 

10 Jan 13. 1983 11.90 73.59 :?0:t:.i.s :?6:i:8 o S.I 

11 Aug. 14. 1983 9.13 73.90 86:.3.7 76.:l .4 88 4.9 

I:? Junc 11. 1984 10.8:? 74.20 69:1:3.0 6:?%6.0 70 •.8 

13 Oct. 27. 1984 9.82 74.73 6J::t:9.7 S7 so 
14 Nov 18. 1984 8.8:! 73.18 14~.::? 143::t:l.8 146 •9 

IS Aug. 13. 1986 7.70 74.71 So:6.9 S4.:t:9.0 60 S.I 

16 Scp IS, 1986 7.46 74.Q6 68.:t:7.4 54.:t:l. l .. 4.8 

17 Apnl IZ. 1987 7.86 73.18 IS:!=l:7.:! IS8 4,S 

18 Aug. 9. 1987 10.09 74.:?7 43±6 6 ZS=4 O ,. s 1 

I<> ,r\pnl 1 S, 1988 8 47 73 . .:?0 140s:ZS O 136 •.3 

w Nov 6. 1988 S.Z6 73.10 18:? 4.2 

"' Jan. 12, 1990 8.SO 72.40 ::?0~6.0 4.3 

-- ~.19,1990 8.09 73.91 94.:t:l:!.O 4.6 

::.3.,. Fcb 6. JQ9Z s.::.1 1::..so 11::.:1:3 6 167 4.S"t 

JSC is thc 1111~111auunm SéJSihUIUgic:u Léiiüe. diiU SE'.39 IS die sliiglr.:: E\~lh IOCUCIUH progtiilii ól vc:u2y (191 l]. 

lnfonnation reportcd by /SC 

T lnfonmuion reponed by National Eanhquakc lnformation Centcr (.VE/C). 
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Table 2. Crusta\ and Mantle Structúre at the Sout"cc Rcgion for the lnversion ofthe Events of Novcmbcr 17. 1968 and 

August 30. 1973 

3 

Thickncss. 

'k,m, 

:'º 
160, 

Half-sp3.cc 

. ..::. 
km/s 

6.00 

8.00 

·s.20 

Vs. 
km/s 

3.46 

4.62 

4.73 

V p and Vs are th,e compressi~~~l and shcar vclo'?ities respcctivcty. 
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Table 3. Focal l\t1echanisms and Depths Oetermined in This Study 

Date· 

J\.farcJ:i 2.S~ 1964 

Nov. 17. 1968 

Occ. 14, 1970 

Aug. 30. 1973 

~fny 12. 1976 

Oct. 31. 1979 

J\.1a.rch 9, 1980 

Oct. 28. 1980 

Oct. 28. 1980 

,.'\ug. 23. 1981 

Jan. 13. 1983 

Aug. 14. 1983 

Junc 11, 1984 

OcL 27. 1984 

Nov. 18, 1984 

Aug. 13. 1986 

Aug. 13. 1986 

Sep. 1 5, 1986 

April 12, 1987 

Aug. 9, 1987 

April 15. 1988 

Nov. 6. 1988 

Jan. 12. 1990 

Dcc. 19. 1990 

Fcb. 6. 1992 

April ~8. 1978 

Slrikc. 

dcg 

331 

Dip. 

deg 

48 

Rakc. 

deg 

-72 

149;t:4 8:t:2 -179±4 

159 14 .. 122 

183±1 86±1 107±1 

323 42 -89 

114 12 173 

215 32 -91 

36 58 -55 

Pa.~is Taxis 

Tr°/PIº Tr°/PI'" 

312177 

336145 

291/56 

2S8139 

220/87 

312/42 

0/60 

48/2 

140/44 

96/33 

110/46 

52'3 

109/45 

126113 

Dcpth. 

km 

65::t:3 

166::1:1 

158±2 

175±1 

49±2 

l37±S 

95±3 

62±3 

72 

126±5 

28±4 

321 

88 

12 

46 

23 

80 

288139_. .130/46' 118±4 

228 

307 

.16 .. 

259 

70 

27' 

32 

76 

85 

84 

Sil,. 100/83 61:1 

-53 25.1162".: é 1¡,1'22 
-1 ···2s0iJ7.~:. ·.<1s6i36'·. 

49.;i:l 

136:5. 

-140 ·.::.~-~·'.243138>;--·, 1401i6 ... 
63±1 

91 

59±3 ·-; -:<·:. ···':>- ,~,·$·· ~~~·-··· -._. 
, .. _ _. 3os121 :. : :·207¡·,-9 

1;r •.-.-.. , • ··,;<, 

<;·;'':~•t.;:,. r--
iE'_·-~/. ?~--

-112 

144±2 

50%1 

144±2 

179±3 

189=5 

.,-,J22±3 

168::5 

62 

J\.1clhod/Data tbr 

Focal Dcpth • 

pP-P(ll) 

P .. SI/ ln'\.'crsion (G) 

pP-P(ll) 

P. S// lnvcrsion (G) 

pP-P(G, lf) 

pP-P(GJ 

p/•.p (G. lf) 

pP-P(G, 11') 

C.\fTS 

pP-P(G, I) 

pP-P(G,Y) 

pP-P (G, S. IO) 

pP-P (G, N, W. >') 

pP-P(G. W. Y) 

pP-P (G. N, W, Y) 

pP-P(G. 11) 

c.~ns 

pP-P(G.111 

pP-P(Y) 

pP-P(G. w. n 
pP-P(G. l) 

pP-P(I) 

pP-P IG. S. 1) 

pP·P(G. >) 

pP-P(G) 

C.\fTS 

Abbreviations are Tr .. trcnd and P9 plunge. 

* G is the Global Digital Seismograph Ncn.vork (GDSJ\')~· N is th~· No~eg·i~. ~~ismograph Arr.ly (~VORSAR): IV is the 

\.Vorld-\.Vide Standarized Seismograph Network (IVJJ-'SS~V): Y is the·-YcUOW ·Knife ·Array (Y.KA): C~\ITS is the ccntroida.I 

moment tensor solution. 
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111. Características complejas de la fuente de los sismos de 

Boca del Tocuyo de 1989. en el noroeste de Venezuela 

Complex Sourcc Characteristics of thc 1989 Boca del Tocuyo Earthquakes in 

North·wcstcrn Venezuela 

by Gustavo Malavé• and Gcrardo Suárcz 

Instituto de Geofisica. Universidad Nacional Autónoma de México. Mexico City. l\.1exico 

•Now 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 seisrnic hazard ofnorthem Venezuela. Although it 

\Vas an event of rnoderate rnagnitude (Afw=6.2). the mainshock and its largest 

aftershock (Mw=5.6) produced considerable darnage in low-rise structures 

mainly due to soil failure and induced intense liquefaction in most of the 

coastal tovms 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 

fom1al inversion of the P, SH. and SV waves recorded teleseisrnically. The 

results show that the Boca del Tocuyo main event and its largest aftershock 

\Vere generated by multiple rupture processes composed of at least three and 

t\vo 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 (mb<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-s!ip faulting in a 

NW-SE direction. The Boca del Tocuyo earthquakes were apparently generated 

on a system of conjugate faults that are ob!ique to the east-'1.'l."est-trending. major 

fault systems in northem Venezuela. 
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Introduction 

On April 30, 1989. Boca del Tocuyo and several neighboring coastal to,vns in north,vestern 

Venezuela were sevcrely darnaged by a moderate-sized e~hquake (mb=5.7; Afs=6.0) (Fig. 1). 

This is the largcst earthquake in central and western Venezuela since the magnitude 6.6 (Afw) 

Caracas event occurred on July 30. 1967. Four days later. on May 4. 1989. the largest aftershock 

(mb=5.4;. }'1's=5.2) took place (Table 1). This aftershock caused concern among the inhabitants of 

this region and lightly darnaged several low-rise dwellings. 

The epicentral arca of the Boca del Tocuyo seismic sequence lies close to the zone whcrc 

the Oca-Ancón. Boconó, and Morón fault systems converge (Fig. 1 ). These fault systems have 

been proposed to represen! the border bet'Ween the Caribbean and South Arnera:an plates in 

western Venezuela (e.g .• Molnar and Sykes. 1969; Soulas, 1986). However, th·e present rates of 

motion of the Oca-Ancón fault system (2.5-4.0 nun/yr) (Soulas et al., 1987) and of the Boconó 

fault system (0.3 cm/yr-1.4 cm/yr) (e.g.. Schubert, 1982; Soulas. 1986) are ;ower than the 

predicted relative velocity bet'Ween the Caribbean and South American pintes (-2 cmlyr) 

proposed from kinematics pinte rnotions (Jordan. 1975; Minster and Jordan. 1978; Stein ~t ·al .• 

1988; Sykes et al., 1982). Thus, the relative rnotion between the Caribbean and · South .American·.· 

plates is apparently not absorbed on a single fault .. This motion appears to be distributed over a 

wide zone of deformation along rnajor right-lateral, strike-slip fault systems (e.g .• Soulas, J 986) 

(Fig. 1). 

Besides these major fault systems. severa) 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 N'\V-SE direction and they have been identified at sea. where they appear to 

cut the seafloor (Barbot et al.. 1979; Barbot et al., 1 980) (Fig. 1 ). As discussed la ter. this fault 

syst.;m 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 eanhquake and its largest aftershock sho'v several interesting aspects. 

The focal mechanisms reponed by Dziewonski et al. (1990). the National Earthquake 
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Information Center (NEIC) (Sipkin, 1991). and FUNVISIS (Venezuelan Seismological Research 

Foundation) are ali different (Fig. 2). The determination of a reliable fault plane solution for these 

events is importanl to correlate them with the active tectonics ofthe aren. 

The 1989 Boca del Tocuyo earthquakes are the only events reponed in this región dúring 

both historien! and instrumental seismological periods (Singer et al .• 1992). Furthermore. both 

earthquakes induced intense liquefaction in an aren located -25 km a'l.vay from the epicenter. 

According to the relations proposed by Ambraseys ( 1988) Uvfw vs. distance from the epicenter to 

the site liquefied). events of this magnitudc are capable of causing the observed liquefaction. 

Howcver. this phenomenon 'l.Vas particularly strong and widespread in Boca del Tocuyo. 

In this study. the epicentral locations of the Boca del Tocuyo carthquake and its largest 

afi:ershock wcre evaluated. Furthermore. a detailed analysis of the long-period body waves using 

a formal least squares inversion algorithm (Nábelek. 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 cvents originated from unusually complex and long rupture processes for earthquake 

ofthat magnitude. 
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Epiccntral Location and lntcnsity Distribution 

Epicentral Location ofthe l'vfainshock and ofthe Largest Aftershock 

The epicentral locations of the main event and its largest aftershock were determined with 

the program SE89 (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 et 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 bener quality control over the stations included in the ; 

database. After the last iteration, the number of stations in the database was reduced to 249 and 

232 for the mainshock and aftershock. respectively. 

There are sorne differences beti.veen these locations and those reported by the Inte~ational 

Seisrnological Centre (JSC). NEIC. and FUNVISIS (Table l ). The epicentral locations · of the 

rnainshock reponed by ISC and NEIC are on land, near the rnost severely damaged towns. 

whereas the locations reported by FUJVVIS/S 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 epicenters ofthe 

largest aftershock calculated by /SC and JVEIC líe. on average. 5.5 km away from the coast and 

are very clase to the mainshock epicentral location determined in this study (Fig. 2). FUNVISIS 

used in their hypocentral estimations only local seisn1ological stations distributed to the south of 

the epicenter. In the determination of the epicentral locations in this study, besides the local 

stations used f"or FUNVISIS. rnany other regional and teleseisrnic stations "vere included to 

complete a good azirnuthal coverage 

Due to the variations obtained in the individual epicentral deterrnination 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 (JHD) method (Dewey. 1971). 

The results sho"v that the relocated epicenter of the largest aftershock lies two km to the N\V of 
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the mainshock (Fig. 2). Unfortunately, no conclusive evidence may be drawn about the fau\t 

orientation based only on the location of the largest aftershock. However, the depth distribution 

of about 60 aftershocks (mb<4.5) located by FUNVJSJS increases from NE to SW, suggesting a 

fault plane dipping towards the S"\V (Singer et al., 1992) (Fig. 2). An attempt to re)ocate also a 

fo.reshock (mb=4.9) and two other smaller aftershocks (mb=4.6) 'vas .unsuccessful bec.ause they 

were not big enough to be detccted by an adequate number of stations, resulting in epicenter 

locations 'vith large 90% confidence ellipses. 

lntensity Distribution 

The intensity information collected by De Santis et al. (1991) shows a maximum .. value of 

VII Modified Mercalli lntensity (MM!) near the towns.of.Boca del Tocuyo .• Tocuyo de la, Costa. 

Chichiri".iche, Boca d<:I Mangle, and San' Juan de los Cayos (Fig. 2). Most of the damage 

observed corresponds to fissures or .to the collapse of 'valls in houses of defective masonry, and 
' ,:· .: •: ,• ', •, ; '• : ; r ' 

tilting of houses and water-tanks due to soil failure (De Santis et al.. l 991: Audema.rd and De 
. . .~: . - ' . . . . -' . . 

Santis, 1 991 ) .. 

Both the main event and the largest aftershock induced liquefaction in the coastal area el.ose 

to thc epicenters. lsolated and aligned sand-boils, and vent-fractures were observed within a 

radius of about 25 km from the epi central regían. 

The most spectacular liquefaction features occurred in the to";n of Boca del Tocuyo. There. 

the volume of water ejected inundated a zone of approximately 5000 m'.! with a ".-ater layer of 1 O 

to 15 cm. The fact that the largest aftershock also induced liquefaction is demonstrated by the 

presence of overlapped sand-boils, where younger sand-boils cut older oncs. No strong motion 

records are available in thc near field and the accelerations estimated from empírica) correlation 

and field observations are in the range of0.25-0.30 g (De Santis et al.. 1991). l\1alaver (1990) 

estimated a ma.ximum average acceleration of 0.38 g where liquefaction took place. and a value 

ot'0.09 g outside this region. 
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lnversion of Body '\Vaves 

Data Preparation and Inversion Méthod 

The source parameters of the Boca del Tocuyo eanhquake and its largest aftershock were 

analyzed through the inversion of long-period P. SH, and SV waves recorded by the Global 

Digital Seismograph Network (GDSN). Only seismograms of stations within an epicentral 

distance range of 27° to 90° ·were includcd in the study. Al! seismograms were high-pass filtered 

with a cut-off period of 60 s in arder 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 of6 krn/s, a Poisson ratio of0.25, anda density of2.75 g/cm3. The 

anelastic anenuation 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 Nábelek (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 severa! point 

sources (subevents) separated in time and space. For each subevent, the modelpararneters include 

the fault plane solution (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 allo·wed to take an arbitrary shape. Theoretical seismograms are 

iterativcly 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. 

lnversion Strategy 

The observed '\vaveforms strongly suggest that the Boca del .Tocuyo mainshock 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. t,.;·ice as long as that cxpected for an earthquake ofthat magnitude. As a 

first step, the t'vo events were analyzed assuming a single point source v.rith 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 mcchanism for 

the inversion was the centroidal moment tensor solution (Dziev • ..onski et al .• 1990) (Table 1: Fig. 

2). Attempts to use the NEIC 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 n1odeled 

(Table 4 and Fig. 3). Thus in order to synthesize the longer body-,~·ave trains, wc first 

investigated the possibility that the long duration was caused by local reverberation of body 

waves in the upper crust. Because the velocity structure ofthe Boca del Tocuyo region is not well 

kno'-"'Il. a realistic velocity model of neighboring zones with similar conditions 'vas used. 

Therefore, several inversions were anempted using the velocity model reported by Gajardo et 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 v.:ere testcd as follo,vs. First. 

·a two-km-thick, !ow-velocity !ayer 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 

!ayer with a thickness of 3 km and with a P-wave velocity ratio ( V¡/V2) of 6.0/4.2 km/s ·was 

included in the upper crust. anda second low-velocity !ayer with a P-wave velocity ratio (V2/V3) 

of 4.2/8.2 km/s --.vas placed above the Moho. Ali these attempts. ho"·e,·er. were unsuccessful to 

reproduce the complexity and long duration of the observed waveforms. 

There are severa! cases of modcrate-sized earthquakes that have generated ·complex P 

--.vaves. but very simple SH waveforms. Two recently studied examples are: the two aftershocks 

located north of Atka lsland that occurrcd after the Andreanof Island earthquake of May 7. 1986 

(Boyd and Nábelek. 1988), and the two events of January 10. 1979. that occurred in the ?v1akran 

region (Byrne et al .• 1992). In both cases. because of the similarity of the P waveforms for each 

pair of events, and taking in to account the simplicity of the SH 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 Nábelek (1988). however. were unable to duplicate 

the waveforms adding low-velocity Jayers and a high-contrast !ayer above the Moho to the 

velocity structure. Byme et al. ( 1 992). on the other hand, were able to improve the fit of the 

waveforms adding a low-velocity zone to their prescribed velocity model. 

lt is worth stressing that contrary to the examples mentioned above. the Boca del,Tocuyo 

earthquakes show an anomalously long duration and complexity not only in the P ·waveforms. but 

also on the SH and SV signals. Thus the possibility that the complexity of these waveforms is thc 

result ofa 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 Suárez and Nábelek (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 mechanisn1 for ali 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 ofthe largest aftershock. where at Jeast two subevents are needed to model the 

"vaveforrns .. 

As a second step. each of the three subevents that resulted from the previous inversion 

using a single. long source time function was analyzed independently by freeing the parameters 

related only to a particular subevent. For exrunple, in the case ofthe firstsubevent;'the,tirÍle series 

were inverted ·within a time frame that included only, that,particúlar ,subevent. After'an:adequate 

fit was obtained for this first subevent. .the inversion ~·as ,,:pplied to the time frame correspoilding 
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to thc second subcvcnt. and finally to the time "vindo"v of the third one. Once this ·stepwise 

invcrsion of the "'aveforms "vas eompleted. ali parameters "vere freed and the inversion was 

allo,ved to iterate freely to the best fining solution using the complete waveforms (Figs. 5 and 6). 
The final results showing the parameters ofthe subevents ofboth earthquakes are summarized on 

Table 4 and Figure 7. 

In the case ofthe mainshock. the second and third subevents triggered 12.4 s'and 27.6 s 

after the origin time. The depths ofthe subevents decrease from 17.5 km for the first one to 10.8 

km for the last. Thc total scismic moment release (tensor sum) of the mainshock is 2.4 x 1018 

Nm. "vhich corresponds to a momcnt n1agnitude Af,.. =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 

ofthe subevents are 11 km and 12 km respectively and the total seismic moment (tensor sum) of 

the aftershock is 2.9 x 1017 Nm (Mw=5.6). The first subevent ofthe aftershock has a strike-slip­

faulting mechanistn similar to the mainshock. The second subevent. however. has a normal­

faulting mechanism. The focal mechanism of the second subevent is not "vell resolved because 

the "vavetrains arrive late and "vithin the coda of the first burst of moment release. Nonethcless. in 

arder 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. severa! 

inversions were carried out fixing the initial parameters of the second subevent with a focal 

mechanism identieal to thc first subevent. The results of these inversions showed that the fit 

betv.:een the synthetics and observed seismograms was acccptable for P-waves. but not for the 

SH-"Vaves. Furthennore. when the initial parameters of the second subevent were freed. the 

inversion continuously converged to a nonnal-foulting fault plane solution. 

During the inversion, it was attempted to identify the direction of rupture propagation ofthe 

Boca del Tocuyo mainshock. based on a potential correlation with the preferential orientation of 

the aftershocks and "vith the strike indicated by the average focal mechanism. This was done by 
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testing whether a directivity pattem was observed in the body waves when the second and third 

subevents were displaced with respect to the first one. However; ·no· pre.Ierred orientation of the 

rupture could be gleaned from the inversion by allowing the. sub!"'vents· to move relative to one 

another. The absence ofa directivity pattem in the waveforms· suggests that the three subevents of 

the mainshock nucleated very clase to one another. probably. as·:i: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 

(De,vey, 1971) suggests that the Boca del Tocuyo earthquakes occurred offshore. very close to 

the coastal towns that v.:ere most damaged. The relocation ofthe largest aftershock 'vith respect to 

the main event indicates that the aftershock was initiated approximately t'vo km to the N\V of the 

rnainshock. Furtherrnore. the -60 srnaller aftershocks (mb<4.5) recorded by FUNVISJS using a 

local seismological network were also located at sea. with depths increasing from O 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 cornplexity 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 epicentral region for 

over thirty seconds. That strong shaking was produced by the three subevents cornposing the 

rnainshock, with the second and third subevents triggering about 12 and 28 s after the first one. 

The strike-slip focal mechanisrns obtained from the inversion of the Boca del Tocuyo 

rnainshock 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 fault is 

important from a tectonic point of view. As mentioned above. no historien! or instrumental 

earthquakes had been reported in this aren before the occurrence of the Boca del Tocuyo seismic 

sequence. Furtherrnore. recent studies of the active gcological features in this region (Barbot et 

al.. 1979; Barbot et al., 1980; Singer et al.. 1992) show evidence of a complcx tectonic 

environn1ent, related to the convergence of the major right-lateral. strike-slip fault systerns 

(Boconó, Oca-Ancón, and Morón) and a set of smaller N\V-SE oriented conjugate faults (Figs. 1 

and 7). 
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A N'\V-SE oriented fault plane was selected as the nodal plane of the possible rupturc 

process for the Boca del Tocuyo events based rnainly on the depth distribution (0<h<24 km) of 

Lhe -60 smaller aftershocks (mb<4.5) located by FUNVJS/S (Singer et al .. 1992) (Fig. 2). The 

depths of Lhese aftershocks increase from NE to S\V. suggesting a fault plane dipping to the S\V. 

Further" '.•r.,;. rn.it fault plane coincides 'vith the orientation ofthe NW-SE conjugate fault systcms 

;mt . , ..irently control thc shape of the coastline in this region (Fig. 7). The focal mcchanism of 

t;." Boca del Tocuyo earthquake could indicate right-lateral. strike-slip motion on a N\V-SE 

, ·1ented fault. Severa! right-lateral. strike-slip faults with a N\V-SE orientation have been 

<uentified in northwestern Venezuela on both sides of the Peninsula of Paraguaná (Soulas et al .• 

1987; Singer et 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. systerns . is 

important in understanding the tectonic regime in northern Venezuela. As mentioned· before, 

th,·n:: is an appreciable difference between the rate of motion of the Boconó and Oca-~cé>~·.fault 
systems and the predicted relative velocity between the Caribbean and South :~~rid~.~l~t~s. 
That difference in motion between those plates is possibly being absorbed\b~ :·sli~;ó'n/thC::se 
conjugate fault systems.. in a complex volurnetric deforrnation. 

Earthquakes with multiple rupture processes seem to be a relatively comrnon occulTence in 

this cornplex tectonic environment of northern and western Venezuela. In addition to the 

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

suggested: the great earthquake of l'vfarch 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 two 

distinct events (Kelleher et al .• 1973). On the other hand. the Caracas earthquake of 1967. has 

been interpreted as the sum of at least three subevents (Rial. 1978; Suárez and Nábelek. 1990). 

These earthquakes reflect the presence of a cornplicated regional pattern associated with a.,vide 

deforn1ation zone along the Caribbean-South An1erica border. 

The liquefaction induced by the Boca del Tocuyo earthquakes appears to be more intense 

and 'videspread than e:>q>ected for earthquakes ofthat range ofmagnitudes. Liquefaction occurs in 
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soils when the pore-water pressure builds up under ground shaking and equals the confining 

prcssure of the saturated and unconsolidated deposits. This produces a Ioss of the shear strength 

of the soil (e.g .• Ambraseys and Sarma, 1969). This increase of pore prcssure may be originated 

either by a rapid pulse of high stress or by a long train of comparatively wcak pulses. In the latter 

case, liquefaction depends on the continuity and duration of thc seismic excitation. both of which 

allo'v the pore-water pressure to build up gradually. 

lt could be speculated that the intcnsity and arca! extcnt of the observed liquefaction 

induced by the Boca del Tocuyo events occurrcd mainly as a rcsult 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 rupture process 

induced by this complex source, probably resulted in anomalously rich high-frequency 

waveforms. Unfortunately, no local recordings exist to confirm this. 

In contras!. on July 12, 1988, a shallo'l.v event ofmagnitude mb=S.4 occurred beneath Lake 

Maracaibo, in western Venezuela. near severa! places where soil conditions are very similar to 

those in Boca del Tocuyo. This event, ho'l.\<·ever, did not produce liquefaction. The reason is 

perhaps that the 1988 Lake J\,1aracaibo earthquake was a simple event (l\falavé. 1992: l'vlalavé and 

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

ofthe body-wave trains. 
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Summary and Conclusions 

The Boca.del To.cuyo earthquake of 1989 (mb=5.7) is one of the largest instrumentally 

recorded events i.n ·western Venezuela. Both historical and instrumental records sho'v a dearth of· 

earthquakes. in this coastal area befare the seismic sequence of April and May. 1989. The 

inversion of the P. SH, and SV wavcs indicates that the source time functions of these two 

earthquakes are composed ofthree and two subevents, respec.tively. distributed overa time span 

of30 s. The focal mechanisms ofthe three subevents ofthe mainshock show right-lateral. strike­

slip faulting 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. 

lt v.:as not possible to unequivocally identify the direction of rupture propagation using the 

inversion algorithm. However. the hypocenter distribution of about 60 small aftershocks (mb <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 

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

boundary between Caribbean and South American plates. 

One nlay speculate that the intense liquefaction caused by these two earthquak.es apP,earsto : 

be a consequence of the presence of water saturated. unconsolidated sedirnent~~ ~erihar16~d·:.~Y. the 

long and sustained duration of strong ground shaking induced by the rnultiple'>rupfuré0.pr6b~ss. 
Also, the resulting seismic waves near the epicentral area were probably rich in.·hi.~h.:freqilency 
content dueto the complexity ofthe source time function. 
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Table 1 

Focal Paraineters- ofthe Boca dCI To-cuyo EanhCauake- and its Lnrgest Aftershock 

Event Source Lat Lon Depth "'b Strike Dip Slip Mo 

ºN ºW km deg. . deg • deg I0 18 Nm 

Apr. 30. 1989 ISC 10.99 68.31 20.0 S.7 

NEJC 10.96 68.33 20.0 S.9 242, ·36 147 0.81 

FUNVJSJS 11.10 68.18 11.1 s:7 ·.·7s 
.. 

4s ·~149 

CMTS 10.88 68.08 IS.O 166. ;62 ·-168 0.98 .· .. ,, 
Thisstudy 11.01 68.2S 14.0• 162·· 82• -177• 3.50• 

May4. 1989 JSC 11.07 68.26 10.0 S.4·: --
NEJC 11.04 68.27 16.0 ·s.4 

·' FUNV/SJS 11.14 68.21 13.6 s.o 75 .4S -149 

C/'.ITS 10.96 68.42 IS.O i4S' SI -174 0.21 

Thiss1udy 11.06 68.23 12.0• 130• 90• -172• 0.24• 

JHDS9 10.98 68.34 17.4 

CA/TS: Centroidal moment tensor solution (Dziewonski et al .• 1990). 

Best doub1e-couple ofthe moment tensor sum ofthe subevents. Parameters ofthe subevents ar.e resumed on 

Table4. 
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Table:? 

Seismic Stations Used in the lnversion ofBoca del Tocuyo Mainshock 

Station Azimuth Epicentral Wave Type Network 

deg Distance º 

KEV 20.5 81.7 P.SH DIVWSSN 

KONO 31.0 74.5 P.SV.SH ASRO 

GRFO 41.4 75.0 P.SV. SH SRO 

TOL 50.9 63.3 P. SV. SH DIVIVSSl\' 

BCAO 86.3 86.f P. SV. SH SRO 

ZOBO 179.6 27.f P.SH ASRO 

AN,itO 310.8 42.1 SV.SH SRO 

LON 319.0 57.4' P. SV. SH DU'JYSS1V 

COL 334.4 75.7,, p DWWSSN 

SCP, 345.8 30.9,: P. SV. SH DWWSSN 

GAC 351.3 35.2 P,SV.SH SRO 
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Table 3 

Seismic Stations Used in the lnversion of Boca del Tocuyó Aftershock 

St::J.tion Azimuth Epicentral WnveType ·Network 

dcg Dist::J.nce º 

KONO 31.0 74.4 SH ASRO 

GRFO 41.4 74.9 SH·. SRO 

ANTO 49.1 91.3 SH· SRO 

BCAO 86.3 86.0 SH SRO 

ZOBO 179,7 27;1 p ASRO 

ANMO 310.7 42~1 P.SH SRO 

LON 319.0 57.4 SH vwwss,v 
SCP 345.7 30.8 p DWIVSSN 

GAC 351.3 35.2 P,SH SRO 
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Table4 

Source Parameters ofthe Boca del Tocuyo Earthquakes Dctem1ined by the lnversion of Long-Pcriod Body Wavcs 

Seismograms 

Evcnt Subcvcnt Strikc Dip Slip Dcpth 

dcg dcg dcg km 

Apr. 30. 1989 SSTF 1 162.:::2 78::!:.l -178±1 17.0±0.4 

162:!:::2 77::!:.1 -179±2 17.S=0.4 

2 159±8 41±4 -161±12 12.5:::::?.0 

3 164±2 83::!:.1 -174:::1 10.8=0.7 

Average::? 162::1 82±1 -177:1 14.3=0.3 

~lay 4. 1989 SSTFI 133±2 83::!:.1 -172=1 10.2:0.7 

137±1 76:1 -172±1 11.0=0.S 

2 178::2 56±1 -72±2 12.4:::C0.6 

Avcrag.e2 130::!:.2 9(),:2 -172±1 12.0:ct.4 

1 SS"ÍF: Bcst double-couple using a short sourcc time function. 

2Avcrng.e: Bcst doublc-couplc ofthc momcnt tensor sum ofthc subcvcnts. 
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1ol8Nm 

1.32%0,06 

1.20:::0.06 

0.2S±O,O.i 

0.98±0.06 

3.S 

0.17±0.01 

0.15±0.01 

0.14±0.01 

0.2.i 

De lay 

scc 

12.4.::t:0.5 

27.6±0.2 

26.9±0.2 

Duration 

scc 

4.00±0.04 

4.00:0.0S 

4.00:0.16 

4.00.::t:0.06 

30 

4.oo:::o.o.i 

4.00±0.03 

4.00:0.04 
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Figure Captions 

Figure l. Majar active fault systems in northern Venezuela(afier Singer el cll .• 1992; Soulas, 

1986; Soulas el al .• 1987). The salid triangle·shows the.·epicentral location ofthe Boca del 

Tocuyo seismic sequence. where a ma.ximum ¡i{ien.sity of VII · (MMI) was assigned by De 

Santis el al. (1991). The opposing arrows indicate the relative motion of the faults. 

Bathymetry is in meters. 

Figure 2. Epicentral locations determined by the /SC (triangle). NEJC (square). FUJ\'VJSJS 

(diamond). Dziewonski el al. (1990) (cross; mainshock is offshore). and this study (circle) 

for the Boca del Tocuyo main event (so lid symbolsr· and its largest aftershock (open 

symbols). The uncertainties in the epicentral locations determined in this study are shown 

as 90"/o 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 

(mb<4.5) are shown for depths ranging from O to 9 km (open circles) and from 10 to 24 km 

(salid circles). The black quadrants in the focal mechanisms indicate compressional arrivals 

projected in a lower hemisphere projection. The open and salid circles in the mechanisms 

correspond to the position ofthe T and P axes on the focal sphere, respectively. The dashed 

lines are active fault traces (Singer el al., 1992). Salid lines at sea are bathymetric curves in 

meters. 

Figure 3. Results of the simultaneous inversion of the long-period (top) P, (middle) SH; and 

(bottom) SV waves of the Boca del Tocuyo mainshock using a single point source. with a 

source time function duration of 4 s. The theoretical seismograms (dashed lines) match well 

only the first part of the observed waveforms (salid lines) at ali the stations. The focal 

mechanisms are sho'vn 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 geometrical spreading 

corresponding to an epicentral distance of 40°. 
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Figure 4. Comparison between long-period theoretical seismograms (dashed lines) and observcd 

(top) P, (middle) SH, and (bottom) SV waves for the Boca del Tocuyo mainshock. using a 

point source ·with a single. long sourcc time function (same focal mcchanism 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 norn1alization 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 thrcc point sources (subevents): a) P waves; b) SH waves: and c) 

SV "·aves. The focal mechanisn1 of thc first subevent is shown together with the theoretical 

seismograms (dashed lincs) 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 '\.Vaves P and SH 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 planc solution ofthe second subevem 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 (lvll. }vf2. and Af3 are the mechanisms of the three 

subevents) and for the largcst aftershock (Al and A2). The solid quadrants in the fault plane 

solutions indicate compressional arrivals. The open and solid circles in mechanisms 

correspond to the position ofthe T and P a.xes. respectively. "n the focal sphere. The dashed 

lines are possible active faults in this region (aftcr Singer et al .• 199::?). 
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IV. Deformación cortical y sismicidad superficial reciente al oeste de Venezuela: 

implicaciones tectónicas regionales 

Crustal deformation and reccnt shallow seismicity 

in western Venezuela: regional tectonic implications 

Gustavo Malavél and Gt!rardo Suárez 

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

1 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 environrnent 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 Boconó and Oca-Ancón. The 

average direction ofthe P-a.xes clearly divides the region ofwcstern Venezuela 

into two zones: north and south of latitude 1 OºN. In the northern area, the P­

axes rotate from a N\V-SE to NNE-SS\V direction; whereas in the southern 

zone. the P-a.xes are approximately oriented E-\V. The determination o:f the 

compressional strain rate in the overall region over 30-years period of time is 

5.9x10-10 yr.-1 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 de:formation instead of a major 
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single fault. The correlation between the left-lateral. strike-slip faults trending 

roughly NNE-SS\V. the focal rnechanisrns and the Quatemary geological data 

suggest that the kinernatics of the faulting pattem behave as a bookshelf 

faulting mechanism. 
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Seismicity in \.Vestern Venezuela. 

lntroduction 

The. location .and the nature of the border bet,veen the Caribbean and South American pi ates 

in western• Venezuela has been a source of controversy for severa! years and is crucial in 

underStaJ)ding. the tectonics of the Caribbean region (Figure 1 ). The motion on the southeastem 

Caribbean. pinte boundary is presumably accommodated mainly by the major right-lateral. strike­

slip faults of El Pilar and Morón. Towards the west. ho,vever. the continuation of the pinte 

boundary is unclear. The Boconó fault system. also characterized by right-lateral strike-slip 

faulting. has been postulated to be the current boundary between these two plates in 'vestem 

Venezuela [e.g .• Dewey. 1972; Schubert. 1982; Sou/as. 1986]. Other workers. hov.rever, have also 

proposed the Southern Caribbean Deformed Belt as the limit between pintes and consider the 

Boconó fault systern 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 Boconó fault systern [Centeno-Grau. 1940] (Figure 2). The rate of rnotion 

between the Caribbean and South American plates is relatively low (-2crnlyr). and this probably 

irnplies long recurrence periods f'or large earthquakes. Moreover, the occurrence of' rnoderate-size 

events (5.4Smbs6.2) is sparse. rendering more difficult the interpretation ofthe tectonic regirne and 

seisrnic hazard in this zone. 

Severa! previous studies have been carried out to understand the tectonic deformation in 

western Venezuela. Sorne of these studies were based on the evaluation of the seisrnicity recordcd 

either locally by temporary networks or by using teleseisrnic information. neotectonic field 

evidence, and focal mechanisms determined from first motion data and frorn Rayleigh-wave 

inversion. For exarnple, Dewey [1972] relocated all the teleseismically recorded seismicity that 

occurred in western Venezuela frorn 1930 to 1970 and evaluated 540 days of' data obtained with 

local seismographs near the Boconó f'ault. Moreover. he determined the f'ault plane solutions of five 

shallow events. based on the polarities of first arrivals (Table 1) and concluded that the Boconó 

fault zone is seisrnically active. Ka.fka and IVeidner [1981] analyzed the sarne five focal 
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rnechanisms studied by Dewey [1972). using a rnoment-tensor inversion of the Rayleigh waves. 

Their resulting focal rnechanisrns suggest right-lateral. strike-slip faulting parallel to the Boconó 

fault. Table 1 and Figure 3 show compiled fault-plane solutions frorn Dewey [ 1972). Ka.fka and 

fVeidner [1981 ]. Pérez and Aggarwal [1980]. Pennington [1981). D=iewonski et al. [ 1985; l 987a. 

1987b. 1987c; 1987d; 1988a. 1988b; l 988c; 1989; 1990. 1992). and Sipkin and ,Veedham [ 1991 ). 

Besides the right-lateral. strike-slip Boconó and Oca-Ancón fault systems. there are others 

faults in western Venezuela that may be capable of generating earthquakes of rnoderate size 

[Soulas. 1986) (Figure 2). Sorne of them are oriented NE-S\V. parallel to the Boconó fault (e.g .. 

Capara. NW Piedemontc. SE Piedcmonte); other faults. however. show a NNE-SS\V orientation 

and splinter off the Boconó fault (e.g., Valera. Carache, Hurnocaro. lcotea). 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 [Barbo! et al .• 1979; 1980) and severa! moderate-magnitude 

events have occurred in this region recently, but only a few ofthem 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 

[Nábelek, 1984). In most cases. long-period body waves were used in the inversion scheme. 

However, sorne events were analyzed through the waveform inversion of short-period P-waves 

because. dueto their small magnitude, the signal-to-noise ratio on the long-period scismograrns was 

too low. The motivation for recomputing the previously-determined focal mechanisms was to use a 

more reliable and po'l.verful methodology than those utilized by previous workers. 

Consequently, 'l.ve combined the Quaternary geological data (e.g .. active faults. rate of 

motion) with the source parameters of the recent shallow seisrnicity, in an effort to understand the 

complex tectonic deformation occurring in this zone of interaction betwecn two majar pintes and its 

relationship with the ditrerent sets of fault systems mentioned abovc. In total. the focal parameters 

of fourtecn earthquakes of magnitude mb2::5.4 that occurred in western Venezuela since 1964 'l.vere 

- analyzed. and then correlated 'l.Vith the mapped active faults. On the basis of that correlation. a 

kinematic model was proposed to explain the mechanism controlling the tectonic environrnent in 

western Venezuela.. 
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Tectonies and Seismicity of\Vestern Venezuela 

Tectonic Selling. 

Severa! alternative models have been proposed to explain the motion of the Caribbean 

relative to its neighboring pintes [Jordan. 1975; lvlinster and Jordan. 1978; Stein et al .• 1988; Sykes 

et al., 1982]. In general, these difíerent models conclude that the Caribbean pinte has a lov .. · absolute 

velocity in a hot-spot reference frame. and that it is moving in a south-southwest direction 'vith 

respect to the Cocos pinte, and predominantly eastward with respect to both the North and South 

American pi ates [e.g., Dewey and Suáre:. 1991 ]. However, the models differ in the relative pi ate 

velocities and in the direction of plate nlotion. 

The southeastern Caribbean plate boundary is generally considered 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 system as a transform fault. Apparently. 

the motion is distributed over a wide zone of deformation along the Boconó, Morón, and El Pilar 

fault systems [e.g., Sou/as, 1986] (Figure 2). 

;\,faJor Active Fau/ts in TVestern Vene=uela 

The major active faults in central and western Venezuela are the Morón. Boconó, and Oca­

Ancón right-lateral. strike-slip fault systems (Figure 2). These faults have been well · studied by 

marine high-resolution seisrnic profiles and by neotectonic field works onshore. 

The Morón fault zone presurnably defines the pinte boundary between the Caribbean and 

South American pintes in north e.entra! Venezuela (Figure 2). It is a system of en-echelon. right­

lateral strike-slip faults oriented east-west [Schubert and Krause. 1984; Sou/as. 1986]. lt has been 

suggested that during the earthquake of 26 March 1812, in addition to slip on the Boconó fault. a 

segrnent ofthe Morón fault zone rnay have been involved in the rupture [Dewey and Suáre:. 1991 ]. 

Also, the Caracas earthquake of 30 July 1967 probably occurred on one of these east-west. strike-
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slip faults [i\folnar and Sykes, 1969]. Ria/ [ 1978] originally proposed a north~south fauli: "orientation 

for the source of the Caracas earthquake on the basis of modeling P and S waveforrns";, Suúrez and 

Núbelek [1990], however, showed that an east-west fault matches the P and S wavefonns better and 

agrees 'vith the observed intensity data and thc location of aftershocks. 

The Oca-Ancón fault system sho"·s right-lateral. strike-slip movement from the Paleocene to 

Pliocene times [e.g .• Vásquez and Dickey. 1972; So u las et al., 1987]. Geologic data suggest that the 

Pliocenc average rate ofmotion ofthe Oca-Ancón fault system 'vas higher than 6.4 n1m/yr. [Soulas 

et al .• 1987]. However, the present rate of motion on the Oca-Ancón fault system is in the range of 

2.5 to 4.0 111m/yr. [Soulas et al., 1987]. This rate of motion is about one arder of magnitude lo,ver 

than the predicted relative velocity between the Caribbean and South American plates. Also, no 

large earthquakes have been associated with this fault during this centur)'. 

The Boconó fault system supposed1y accommodates an important fraction of the 

displacement between the undeformed interiors of the Caribbean and South American p1ates 

[Schubert, 1982]. Slip rates of the Boconó fault, measured from the offset of Pleistocene moraines, 

range from 0.3 cm/yr. to 1.4 cm/yr. [e.g., Schubert, 1982; Soulas, 1986]. Aggarwal et al. [1983] 

postulated that the Venezuelan Andes represent the border between the Caribbean and South 

American p1ates, and that they are the result ofthe oblique collision between these two lithospheric 

plates. Aggarwal et al. [1983] also suggested that the present movement observed in the Boconó 

fault system began probably on1y since the Pliocene or Pleistocene. They suggested that before that, 

the border between the Caribbean and South American p1ates 'vas a convergent margin where the 

Caribbean lithosphere was being subducted be1o'v the South American plate. The last great 

earthquake (A4s=7.8) on the Boconó fau1t zone occurred on 26 March 1812 [Centeno-Grau. 1940; 

Grases. 1980]. According to Soulas [1985]. the lower velocity observed on the southwest segment 

ofthe Boconó fault takes place because the Caparo fault to the south. absorbs a fraction ofthe right­

lateral. strike-slip motion. 
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Data and l\letbodology 

Hypocentra/ Relocation 

The hypocenters of" the events studied here were recalculated utilizing the single-event 

method (SE89} of Dewey [1971]. and both the /SC (lntemational Seismological Centre} and the 

JVEIC (National Earthquake lnfom1ation Center) earthquake databases. This was done in an cffort to 

reduce the errors in the hypocentral locations detem1ined by /SC and iVEIC. For this purpose. 

readings showing high residuals 'vere filtered out in order to have a better quality control over the 

stations Iisted in the catalogs. In general. the epicentral locations detem1ined here are similar to 

those reported by /SC and JVEJC (Table !). For most events. these latter epicent..:rs are in rnost 

events within the 90% confidence ellipses estimated by SE89. The focal depths obtained frorn the 

single-event method were used as a priori information in the inversion scherne. 

Body-1Vave lnversion 

The f"ocal rnechanisrn. depth. and seisrnic-rnoment of the earthquakes studied here 'vere 

analyzed through the inversion of body waves recorded teleseismically by the \Vorld-\Vide 

Standardized Seisrnograph Network UVIVSSN) and/or by the Global Digital Seisrnograph Network 

(GDSN). In most cases, long-period body waves were used in the inversion scheme. Ho,vever. due 

to a low signal-to-noise ratio in long-period seismograms of several srnallcr events. the short-period 

P-waves were inverted. Only seisrnograrns of stations 'vithin an epicentral distance range of 27 to 

90 were included in the inversion. Within this distancc range. the Green's fi.mctions for a source 

ernbedded in a Jayered earth are simple to calculate and can be accurately estimated [e.g .• Nábelek. 

1984]. 

The Jong-period seisrnograms were high-pass filtered with a cut-offperiod of 60 s in order to 

rernove long-period noise. The analog records were hand-digitized 'vith a san1pling rate of 0.5 s. 

The shon-period seisrnograrns 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 krrils. a Poisson ratio of 0.25. and a density of 2. 75 

g/cm'. The anelastic attenuation along the propagation path was parameterized for the long-period 

body waves using a t"=l s for P ·waves. and a tº=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 'vith a variable source-time function duration was used in the inversion scheme. 

Although this procedure is discussed in detail by Nábelek [1984]. the method may be 

explained briefly as follows. According to the size of the earthquake. the source time function is 

parameterized as a single point source oras an event composed of severa! 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 

seismograrns using a least squares criterion until a prescribed variance reduction is achieved. 
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Seismicity in western Venezuela 

Focal l\·lechanisms and their Correlation 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 o:f the region. This correlation between the Quaternary geological :features and the 

focal mechanisms will be the basis to detem1ine the average. regional orientation o:f the stress field 

and suggest a kinematic tectonic model of this rcgion. The main charactcristics and the results of 

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

Boconó Fau/t System 

During the last 30 years, only the 19 July 1965 earthquake (event 1) appears to take place on 

the Boconó :fault system. indicating a right-lateral, strike-slip :focal mechanism. Due to the 

magnitude ofthis event (ISC: mb=S.4; NEIC: mb=S.3), the signal-to-noise ratio on the long-period 

seismogratns is relatively lo'l.v. Nevertheless, severa! P, SH. and SVwaves were used to per:form the 

inversion and constrain the focal depth and the :fault-plane solution (see Appendix). The :focal 

mechanism resulting frorn the inversion agrees in general with those solutions determined by 

Dewey [1972] and by Kafka and fVeidner [1981] (Figure 3). The resulting focal depth is 14 km. The 

mechanism suggests a trend ofapproxin1ately N38E in agreernent 'l.vith the Boconó :fault. 

Oca-Ancón Fault System 

Along its whole length o:f -500 krn, from western Colombia to Golfo Triste in Vene.zuela. 

there is little seismic activity directly correlated to the Oca-Ancón :fault system. To the :west o:f 

Jongitude 69ºW, no clear seismic evidence is sho'l.vn and to the east o:f that longitude. only the 

earthquake that occurred on 19 May 1970 (event 6) rnay be an indication o:f seismic activity on the 

Oca-Ancón fault system (Figures 3 and 4). 
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The epicenter ofthe earthquake of20 October 1969 (mb=5.7) (event 4) is located about 30 km 

south of the Oca-Ancón fault systern and approximately 25 km west of El Tigre fault (Figure 3). 

Dewey [1970] suggested that this event rnay have occurred on the Oca fault. Later. Pennington 

[1981] obtained a rnainly tensional focal mechanisrn for this earthquake and interpreted it as the 

result of a complicated local stress pattem near the southem 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-Ancón fault systern [e.g .• Vcisque= 

and Dickey. 1972; Soulas et al., 1987] or to the lcft-lateral, strikc-slip rnovcment of the El Tigre 

fault [Rod. 1956]. 

Another earthquake occurred near the Oca-Ancón fault system on 18 July 1986 (mb=5.8) 

(event 18) (Figure 4). The inversion ofthe P, SH, and SVwaves show a shallow (7 km) reverse­

faulting focal rnechanism, with nodal planes trending approximately in a NE-SW direction (see 
. :_.-"'. -·" 

Appendix). The. ~~lllt plane soluiion obtained in this study agrees with the mechanism determined 

by D=iewonski' el al. [1987d]. Due to its focal mechanism. it is not clear whether this event 

origiriatec{:ori·.th~. Oca~Ancóri fault system. Nevertheless, the trend of the P-a.xis on the source 

rnechanism Ó28º) presents an orientation similar to the compressive field currently acting over the 

Oca-Ancón fault system. 

The event of 19 May 1970 (event 6) may be correlated to the Oca-Ancón fault system (Figure 

3). Unfortunately, dueto its low rnagnitude (mb=S.I), a formal teleseisrnic, body-wave inversion to 

determine its focal mechanism was riot possible in this study. Furthermore, an attempt to obtained a 

fault plane solution from first-motion polarities 'l.vas unsuccessful. Dewey [1972]. from first-motion 

data. determined for this event a right-lateral, strike-slip focal rnechanism that could correspond to 

the relative movement described for that fault. Ka.fka and 1Veidner [1981], ho'l.vever. obtained a 

mechanisrn different to that estirnated by Dewey [1972] (event 6). There are no arguments to define 

at this point which mechanisrn is correct. since there are other conjugate faults striking roughly 

NW-SE in the region that may agree 'l.Vith either rnechanism. 
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Caparo Fault 

The Caparo fault is one of the most seismically active fcatures in thc region during the last 

three decades. According to Soulas [ 1985]. this fault plays an important role in absorbing a large 

fraction of the Caribbean-South American rclative movement. The earthquake of 5 !Vlay 1 979 (ISC: 

mb=5.4; ,VE/C: mb=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. SH. and SV waves 

recorded in three digital telescismic stations werc availablc. 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 Soulas [1985]. 

There are t"vo other eanhquakes 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 Aggarwa/ [1980] reponed a composite 

fault-plane solution that corresponds to a northeast-trending reverse fault. However. the focal 

mechanisms obtained in this study for the earthquakes of27 January 1970, 5 May 1979, and 4 July 

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

with depths ranging from 1 1 km to 1 7 km. 

SE Piedemonte Fault 

The eanhquakes of 5 March 1975 and 11 December 1977 (events 7 and 9) are apparently 

related to the SE Piedemonte fault. Pennington [1981] proposed that the northern Andes is pan ofa 

separare crustal block that is being compressed and underthrust from the east by the South 

American plate. Nevertheless, both focal mechanisms (see Appendix) sho\v reverse faulting instead 

of the expected low-angle faulting that would reflect the underthrusting indicated by Pennington 

[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-plane solution determined by 

Pére= and Aggarwal [1980] for the earthquake of 5 March 1975. shows ·pure reverse-faulting 

trending N43ºE. 

NNE-SSW Secondary Fault System 

Humocaro fault. One of the. more recent earthquakes of rnagnitude mb:2:5.4 in western 

Venezuela occurred on 1 7 August 1991 (event 22). Both. this earthquake and that of 5 April 1975 

(event. 8) (mb=.5.5), .appear, to ha ve nucleated on the Humocaro fault. a NNE-SS'l.V left-lateral. 

strike-slip fault (Figure .. 4). The recent seismic activity ofthis fouh is appreciable. Besides these two 

moderate-sized events analyzed here. another earthquake (mb=5.2) (event 1 7) occurred on 14 June 

1984; whose focal mechanism was detennined by D=iewonski et al. [1985]. 

The results from the inversion of the 5 April 1975 and the 1 7 August 1991 earthquakes 

(events 8 and 22) show fault-plane solutions that correspond to left-lateral, strike-slip foulting. The 

difference in the orientation ofthe fault planes between the event of 5 April 1975 (NNE-SSW) and 

the earthquakes of 14 June 1984 (event 17) [D=iewonski et 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 northem 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 ofthe Humocaro fault is discussed below. 

Icotea fault. On 12 July 1988 (mb=5.4) (event 19). a predorninantly tensional event occurred 

beneath Lake Maracaibo (see Appendix and Figure 4). The structural pattem in this area is 

relatively well known from the oil exploration efforts undertaken in the past 40 years. 

Unfortunately. the epicenter of this earthquake lies on a broad fault systern. making it difficult to 

correlate it with a specific fault. Ho'l.vever. the regional trend in Lake JMaracaibo shows severa! en­

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

these pull-apart basins. 

Fau/ting in thé Southwestern Terminus ofthe Boconó-Caparo Faúlt System 

The southwestern region oí the study area is the most active from a seismic point of view. 

Besides the t"\.VO events described above that were possibly originated on the southwestcrn extremity 

oí the Capara fault (the 27 January 1970 and the 4 July 1982 events). severa! carthquakcs have 

nucleated in this region. including the recent 31 l'vlay 1994 evcnt of magnitude 6.1 (mb)· In this 

area. the Boconó íault system sharply changes direction and turns to the south, modif)'ing its style 

oí deíonnation to almost purely reverse íaulting with an important component oí left-lateral, 

horizontal displacement [Sou/as. 1985) (Figures 2 and 3). The complexity of this zone of 

deíonnation is dcrnonstrated by the higher rate oí seismicity relative to the northeastern area and 

the diversity ofíocal rnechanisms obtained from the inversion. 

The event oí 3 l l'v1ay 1 994 ( event 24) is one oí the larger earthquakes in Venezuela in the last 

thirty years. The focal mechanism of thc 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 

aftershock of magnitude 5.6 (mb) a fev.· hours later. The fault-plane solution of this aftershock 

(event 25) detennined by D=iewonski et al. [quick solution] shows a mechanism similar to that oí 

the mainshock (Figure 3). On the other hand, earthquakcs with fault-plane solutions corresponding 

to reverse íaulting combined "•ith left-lateral, strike-slip motion also occur in this zone. That is the 

case oí the earthquake of 18 October 1981 (mb=5.4) (event 15) (see Figure 4 and Appendix). 

On 22 July 1993 (mb=6. l ). an earthquake occurred about 60 km south of the Colombian­

Venezuelan border (event 23) (Figure 4 and Appendix). The inversion of the body "vaves shows a 

tensional íocal 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 rnainshock. which is reflected by the source-time íunction obtained from the inversion. 

The epicenter oí this earthquake is located clearly outside (-80 km to the east) of the compression 
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zone related to the southwestem terrninus of the Boconó fault system. lt was not possible to 

correlate this earthquake with.a specific tectonic feature in the region bccause no faults have been 

mapped in this area. However. severa) tensional foults trending NE-S\V that have been identified in 

the Barinas-Apure basin (southeastem Venezuelan Andes) could extend to the region ·where this 

earthquake occurred. The origin of these faults could be associated with bending in the upper crust 

dueto the overriding ofthe Venezuelan Andes over the plains. 

Offehore NJV-SE Trending.Fau/ts 

There was an important seismic sequence in northwestem Venezuela during· April-May 1989 

(events 20 and 21). The ~~nshock (mb=S.9) and its largest aftershock (;nb=s.4) .ºcfurred .:;n 30 

April 1989 and 4 May 1989. respectively. Both earthquakes had the peculiarity of being multiple 

rupture processes that originated long, body-wave trains. These earth_quakes ~ere gen.erated 

apparently on a fault system trending in the NW-SE direction, with a right-lateral~ strike-slip 

mechanism [,Ha/avé and Suárez, 1996]. 

94 



Seismicity in western Venezuela. 

Stress Ficld and Caribbcan-South America Plate Interaction in '\Vcstcrn Venezuela 

The orientation ··of the stress field in a region where lithospheric pintes are interacting is a 

crucial observation in understanding the tectonic processes induced by the relativc movement ofthe 

plates. The complex tectonic environment in northwestem 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 years. Severa! authors concluded that the direction ofthe compressive stress field is orientcd 

east-west due to the underthrusting of the Nazca pinte bcneath thc South American plate [e.g .. 

Dewey. 1972: Pennington. 1981: Kq{ka and l·Veidner. 1981. Sou/as. 1985]. Other workers. 

ho·wever. reported a principal comprcssive direction oriented in thc northwest-southeast direction 

induced by the underthrusting of the Caribbean plate beneath the South American plate in northem 

Colombia and northwestem Venezuela [e.g .• Kcllogg 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 pintes. 

The focal mechanisn1s obtained in this study clearly suggest two dif:ferent direction of the 

comprcssive stress field in western Venezuela. The earthquakes located in southwestem Venezuela 

consistently indicate a compressive stress field oriented east-west. However. focal mechanisms o:f 

earthquakes in northwestern Venezuela (approximately north o:f latitude lOºN) sho"v a general 

rotation of P-axes from the NW-SE to NNE-SS\V direction (Figure 5). 

These two well defined sets of directions o:f the cornpressive stress field acting over ""·estern 

Venezuela rnotivated a comparison between the rate of strain in both northem and southern areas 

considered individually "vith that in the whole region. The correlation between the focal 

mechanisn1s and the active mapped faults shows that seismic energy release is not occurri~g on a 

single. 1najor fault boundary such as the Boconó or the Oca-Ancón system. lnstead. seisn1icity 

nucleates on faults with difforent orientations distributed over a large seismogenic volume. In this 

case. it is more convenient to follow Kostrov [1974] and use the seismic nloment tensor (,\'fij) to 

calculate the strain resulting frorn the volurnetric deforrnation of the region. Kostrov [ 1974] showed 
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that the mean rate of irrotacional strain &ij in a volume u over a time period r produced by the slip 

on n different faults is 

In this analysis; the region was studied first as .one block and then divided into t'l.VO sections: 

north and· south of lOºN. The areai·dimensions of.the deformed volume are shown on·Figure 6. A 

thickness. Of· 15 km• Was assumed in accordi;,g ·to the average Of the depths of the earthquakes 

analyzed in this study. A time period of30 years (1964-1994) was considered in the estimations. 

Ffrstly, ali events studied here were included in the analysis. The results suggest a principal 

value of.compressive strain rate of 5.9xl0-10 yr.-1 oriented almost N-S (about 1 º 'l.vest of north). 

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

generated in a different tectonic environment than the other events. The result is a compressive 

strain rate of 5.6xl0-10 yr.-1 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 l.6x1Q-9 yr.-1 

oriented about N5ºE and 1.7xl Q-9 yr.·1 oriented -99º east of north. respectively. 

The results obtained from this study show that "vhen 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 northem 

part; the almost N-S maxitnum compressive strain is probably due to the underthrusting of the 

Caribbean plate beneath northwestem South America [e.g .• Ke/logg and Bonini. 1982; Ladd et al. 

1984. Freymue/ler et al .• 1993]; '1.Vhereas the approximately E-'.V ma.ximum 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. 

ln the effort to estimate a relative velocity between the Caribbeari plate (north of Oca-Ancón 

fault system) and South American plate (south of Boconó fault system) based on the seismic 
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mon1ent tensors. the earthquakes · studied here were assumed that occurred · a long Bocorió fault 

system instead of others faults. According to Jackson and 1'-tcKen=ie [ 1988]. the relative velocity 

bet'\veen two pintes ( V¡2). when the length (/) of the deformation zclne is much'··greater than its 

'\vidth. can be calculated by 

l ..... 
v iz=-

11 
L lv/12 

µr. 1 n•J 

where Tis the ti;:ne perlad ánd h is the,depth cfrth~ fauÍt: The calculation shows a relative velocity 
i '• ... ,·, ,: . ' . • ...• 

of 2. l 2x lQ-3 c~'llyr: .fo~ the. 1.:i:s1 30 yefils. -,.~hich
0 

is thr.;,;,'' orders of magnitude lo,ver that the relative 
:,. • -.,,:.•··.···· :, »''• • «'. •·• .• 

velocity measured on the Boconó fault _system.· This difference may be the result. as suggested by 

Dewey and S~;dr~~ ri'g91]/ of m'.~~- 's'oc~;:;_ó .fault system ruptures infrequently in very large 
', - -', . . 

earthquakes b.ut.thatis qui~scent_atboth hi.gh and low-magnitude. 
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Tectonic in Western Venezuela: A Bookshelf Faulting Case 

As mentioned. _above. the predicted relative mo_vement betv.reen the Caribbean and South 

American plates is on the order of2 cm/yr. However. the rates ofmotion measured on the Boconó, 

El Pilar, and Oca-Ancón fault systems during the last 1.8 m.y. are not greater than 1.3 ctn/yr. [Pére= 

and Aggarwal. 1981; Schubert, 1982; Sou/as, 1986; 1987]. That means that a fraction of the 

relative motion between those plates is being either acumulated in seismic energy or absorbed by 

interna! volumetric deformation associated ~vith 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 lvlorón fault systems [Soulas, 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 arca of deformation is highly faulted and contains severa! sets of 

conjugate faults trending in different directions: E-W, NE-SW. NNE-SS\V. and NW-SE. The fact 

that most of the recent earthquakes in western Venezuela are occurring on these faults "'ithin the 

deformation zone may indicate that part of the relative motion be~veen the Caribbean and South 

American plates is being accommodated by interna! volumetric deformation related to the 

secondary faults. The manner of ho~v 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 (El Tigre, 

Icotea, Valera. Humocaro. Carache) appear to define elongated blocks. These blocks are apparently 

limited by the Oca-Ancón fault system to the north and the Boconó fault system to the south 

(Figure 7a). The current left-lateral slip in severa! ofthese NNE-SS'..V faults has been demonstrated 

by geological field works, by seismic reflection profiles. and by neotectonic studies and trenching 

[e.g., Sou/as. 1985]. Moreover. sorne focal mechanisms determined in this study indicate that kind 

of displacement. 

The Humocaro fault is an excellent exan1ple of the current sinistral motion cm these faults. 

Three earthquakes that probably originated on that fault (5 April 1975. 14 June 1984. and 1 7 
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August 1991) reflect that motion. As discussed befare. the orientation of thc· fault plane of the event 

of 5 April 1975 indicates a change in direction towards the east in the northeinmost:segment·of the 

Humocaro fault relative to its southern trace. On the other hand. the earthquaké ,;[. 2() Oct~b.er 1969 

(event 4), whose epicenter is located near the El Tigre fault. may have been·· nuclé'ated on 'that fault 

indicating recent left-lateral motion. 

Kinematically, the geological and seismological evidence suggest th.at the deformation 

observed in northwestcrn Venezuela may be explained as bookshelffaulting. This type ofbookshelf 

mechanisn1 occurs whcre faults oriented at high angles have left-lateral slip antithetic to the right­

lateral shear couple, rotating individual blocks clockwise [e.g .• ,Handl. 1987; Kli!inrock 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 Boconó and 

Oca-Ancón fault systems are not paral!el. Furthermore. we have to take into account that those 

shear faults are not moving at the sarne rate; there is approximately a 3: 1 ratio of relative velocity 

between them. On Figure 8. an schematic representation of the bookshclf model in western 

Venezuela is shown. \Vhen applying the shear stress. either individually on each shear fault or on 

both. the NNE-SSW faults separating the blocks experience left-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 northem and southern extremities into 

NE-SW to E-\V trending thrusts as they approach the Oca-Ancón and Boconó 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 Boconó fault. He also cited the Valera fault asan 

exan1ple of this sinistral transformation into thrusting as the Boconó system fault approaches. That 

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

Boconó and Oca-Ancón faults. The presence of horizontal P-axes oblique to either Boconó and 
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Oca-Ancón 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. Afandl [1987] used the lcotea fault as an example to explain tectonic 

deformation by rotating parallel fault using a bookshelf mechanism. He described a set of rotated 

parallel faults. "vith predominant dip-slip, associated "vith shearing along two subparallel branches 

of the lcotea fault. More recently, Lugo [ 1992] presented a dctailed anal y sis of the tectonic 

evolution ofthe Jcotea fault in the Maracaibo basin. He concluded that the Icotea fault, fron1 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 northcrn lcotea fault-bounded blocks. 

Furthermore, mere is evidence mat the Maracaibo Basin has rotated -45° since tlle Middle 

Cretaceous [Perarnau et al., 1988]. Lugo [1992] also proposed that since the Pleistocene, the 

northern segment of tlle Icotea fault has behaved as a west-vergent compressional fault associated 

wim a regional E-W compressive regime. 

lt is possible that during me Late Eocene-Pliocene times the NNE-SS\V faults could have 

experimented larger slip than during the present due to the higher average velocity of the Oca­

Ancón fault during that period. Nevertheless. both Boconó and Oca-Ancón fault systems continue 

moving at the present time, suggesting tllat the bookshelf mechanism is still occurring today. lt 

could be speculated tllat the recent compressional regime identified by Lugo [1992] in the northern 

segment of lcotea fault could be possibly related to the transformation of sinistral to thrust faulting 

reported by James [1985]. 

In sununary. tlle resulting deformation from the interaction between tlle Caribbean and South 

American plates in western Venezuela is being absorbed through a ""ide zone of deformation 

t~··! 

r 

instead ofa single major fault. This deforrnation zone rnay be defined frorn the northernmost part of '-

Colombia and Venezuela to the .Venezuelan Andean region. This argument seems to resol ve the old 

problern of why the Caribbean-South American pote is unconstrained (large 95% confidence 

ellipse) by using data along the Boconó fault system [Jordan. 1975], which rnotivated others 

workers to suggest another pole that could adjust much better. 

100 



Seismiciry in w_estem Venezuela 

Summary and Conclusions 

The source parameters of shallow (h<30 km). moderate-sized (5.4SmbS6.1) earthquakes 

occurred in western Venezuela during the last three decades were analyzed to understand the 

complex tectonic environment in this region and its relationship to the interaction 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 ofthe earthquakes are apparently associated with secondary fault systems and only the 19 

July 1965 event nucleated on the Boconó fault system. considered by severa! authors as the main 

plate boundary in the region. 

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 1 OºN. In the northern area. 

the direction ofthe P-axes, in general, rotate from a NW-SE to NNE-SSW direction; whereas in the 

southem zone, the P-axes are approximately oriented E-\V. The determination ofth.; compressional 

strain rate in the overall region over 30-years period of time is 5.9xJ0-10 yr.-1 and is oriented 

almost N-S. This result is probably due to the underthrusting of the Caribbean plate beneath 

western South America. 

According to the seismic activity occurring on the secondary foults. 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 ofthe reasons for the large uncertainties in the determination of 

the instantaneous Caribbean-South Anlerican pole. 

The left-lateral. strike-slip faults trending roughly NNE-SS\V in western Venezuela define 

elongated small blocks limited by the Oca-Ancón füult system to the north and the Boconó fault 

system to the south. The focal mechanisms and the Quatemary geological data suggest that the 

kinematics ofthe faulting pattem behave as a bookshelffaulting mechanism. 
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TnbJe t. Compilation_ofResults Obtained by Previous Workers and in This Study • 

Dale 

Jul.19.1965 

Dic. :!l. 1967 

May 13+ 1968 

Oct .. W.1969 

Jan. 27. 1970 

May 19. J•no 

Mar. 5. 1975 

Apr. 5. 1975 

Dic. 11, 1977 

Jan. :?l. 1978 

Aug.8. 1978 

,.Lay 5. 1979 

May 2. 1'>80 

Nov. :?6. 1980 

Oc1. u. 1981 

Jul. 4. 1982 

Jun. 14. 198-t 

Jul. 18. 1986 

Jul. I:?. 1988 

Apr. 30. 1989 

?l.1ay. 4, 1989 

Au~ 17, 1991 

Jul. 22. 199J 

L•t Lona:. l>eplh "'b ~lril..e Uip ... .Slip . .. º\V km dq 

9.:?0 

9.25 

9.25 

70.:?8 

70.44 

70_11 

lU 

7 .04 72.0:? 29 

7 .04 . 72.06 55 

9.00 71.06 29 

9.06 71.08 1 

10.90 7:?.40 36 

11.00 72.38 •"8±1 

7.5.i 

7.49 

7.51 

10.89 

10.99 

9.04 

9.06 

10.10 

10.01 

9.52 

9.52 

6.38 

6.96 

8.36 

8.38 

7.21 

8.05 

8.12 

8.13 

7.66 

7.65 

,10.01 

10.72 

10.76 

9.8.5 

9.83 

11.00 

10.96 

11.01 

11.07 

11.06 

10.02 

6.50 

71.95 

72.09 

7:?.08 

68.93 

68.92 

69.95 

69.90 

69.60 

69.67 

69.56 

69.54 

7:?.38 

72.I.$ 

70.99 

70.94 

72.17 

7:?.44 

7:?~3 

72.47 

72.19 

7:?.11 

69.74 

69.51 

69.41 

71.37 

71.34 

68.32 

68.33 

68.25 

68.28 

68.:?3 

69.91 

71.22 

49 .. 
12±1 .. 
14±1 

10.,1 

18 

hl 

" 
" 22 

16.sl 

" 40 

26 
28±1 

96 

Jh1 

18 

" 7•1 

" 13±1 

" 
l4:t:I 

" 
" 15±1 

l4 

5.3 

5.3 

145 

240 

38±1 

•u 
.60 

82a:I 

5.4 58 . 83 . 

5.4 240 60 

4.8 228 60 

4.9 240 60 

5.7 

5.6 

'"' 5.1 

5.5 

154 67 

15±1 73:t.I 

l40 

36:1 

88 

285 

43 

66 

60 

61::1:1 

58 ,, 
45 

184*3 47±1 

l04 

. 21.sl 

5,6 170 

80 

75::t.I 

38 

173.:t::? 4:?.:t:I 

5.1 94 35 

5.1 161 35 

5.6 119 53 

29.&I 89.&1 

5.1 226 28 

5.0 51 64 

5.4 251 43 

349.sl 77±1 

5.5 52 69 

5.2 

5.8 

5.4 

5.9 

46::2 

340 ... 
49::1 .. 
83::1:4 

166 

78±1 

65 

41 

41:1 

16 

5:?:t:2 

62 

36 

·160' 
172::1:1 

166 

-160 

118 

-150 

·131 

-22::1:1 

90 

·ISO 

171:t.I 

·143 

20 

90 

93::1:1 

10 

·2:t.1 

H3 

7.S:t.l 

·12 

90 

161.:t:I 

147 

170 

173 

28:t.I 

169 

166::1:1 

-11 

106 

78:1 _,, 
-13::1:3 

-168 

1'7 242 

162.:1=1 

145 

18.z.1 -178a:l 

5.5 .51 .174 

5.5 

6.1 

108 

, ••• ,,,~ T·••b 

TrºIPIº Tr0 1P1º 

10017 

97134 

264,Q 

IOS/.5 

97134 

:?98111 

9.5141 

18150 

334127 

90r.!I 

95/41 

:?60114 

30:?147 

238114 

133/0 

27212 

15810 

33719 

8Sn 

94/4 

73142 

71/10 

79123 

76116 

95126 

28:?112 

109r.!7 

118110 

27Sn 

9311 

300125 

32315 

32815 

91/SS 

59/$6 

25128 

113120 

lMIO 

11:.0 

3.58111 

29915 

l'>3122 

124/84 

10·7 

192,8 

3S4'1 I 

LUIS 

192.8 

186,63 

188.'J 

188'3 

357126 

3~1 

137139 

º"'° 
140/87 

68114 

1.-5112 

296182 

3.-2179 

312/30 

251180 

336128 

341119 

17125 

22013.5 

214129 

11122 

2118 

205,10 

78'7R 

207:81 

:?94133 

12111:? 

232.53 

117,7 

IO:S/ll 

26711 

20911 

26.'7 

0.78 

1.10 

1.19 

0.21 

''··'º 
1.09 

1.49 

1.17 

2.90 

9.5 

1.87 

10.06 

1.59 

0.66 

1.52 

4.06 

1.29 

0.86 

9.16 

8.2 

1.21 

1.68 

1.02 

1.78 

1.40 

0.78 

O.JO 

9.83 

8.10 

35.10 

2.13 

2.40 

2.58 

1.20 

13.20 

Souree-

" 11 

... 
" ... 
JI .. 
JI 

,, 
JI 

B 

R 

H 

r 
H ,, 
H 

F. 
L. 

1' 

H 

" ,.. 
" H 

" H 

/:" 

H 

H ,. 
H 

H ,.. 

F. 

G 

H 

H 

1' 



Seismicity in western Venezuela 
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Sourcc: (A) DeU"f!Y [ 197::::!]: (8) Ka.fka and JVeicJm.•r I 1981 ]; (C} Pennington ( 1981 ]; (D) Pére: and Aggarwal ( 1980); (E) llar~:ard 

ccntroid-momcm tensor solution; (F) USGS momcnt-tcn.sor solution; (G) Afalaviand Suáre: [ 1996): (/{) This study. 

Convcntion of focal mcchanisms follows .-tki and Ric:hard~· [ J 980). 

Short-pcriod P .. ,·aves invcrsion (only wavcform). 

Long-pcrimJ wa\cfonn invcrsion only. 

?\.1ultiplc sourcc e" cnt. 

Tr: Trcnd; PI: Plungc; ?\.t0 Scismic-momcnt (X 1017Nm). 
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Table 2: Types of waves used and source time function for the moment tensor invcrsion 

ofthe eanhquakes analyzed in this study 

E'\'CDt Date lnstrument '\'aves ln'\·crtcd STFD (s) 

Jul. 19. 1965 Long-period P.SV,SH 4 

4 Oct. 20. 1969 Long-period P. SV,SH 4 

5 Jan. 27, 1970 Shon-period p 

7 Mar. s. 1975 Long-period P. SV. SH 3 

8 Apr. 5, 1975 Long-period P,SV,SH 6 

9 Dic. 11. 1977 Long-period P. SV. SH 4 

12 May. 5, 1979 Long-period P. SV. SH 4-

15 Oct. 18, 1981 Long-period P,SV,SH 4 

16 Jul. 4, 1982 Shon-period p 

18 Jul. 18, 1986 Long-Period P. SV. SH 2 

19 Jul. 12, 1988 Long-period P. SV,SH 4 

22 Aug. 17, 1991 Long-period P. SV. SH 4 

23 Jul. 22, 1993 Long-period P,SH 4 

24 May 31, 1994 Long-period P,SH- 3 

STFD: Source time function duration 
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Figure Captions 

Figure l. Seismicity (mb<!=5.0) related to the interaction of" the Caribbean pi a.te. and hs neighboring 

plates (Atlantic. Cocos. Nazca. North America, and South America). Th'e arro~s indicate the 

direction of" relative pinte motion. The seismicity is shown as· open ~irÍ::l.es.; the. darker areas 

thus reflecta high concentration of"earthquakes. 

Figure 2. Majar active fault systems in northern Venezuela [attiir silli¡;;:~t ~l.:\ 992; Sdíllcis: 1986; 

Soulas et al .• 1987]. The rectangular areas indicate'the';p¡a°.;~5.;',,vlÍ~!r·e'\nóst C>rthe' mnjor 

historical earthquakes (befüre 1900) occurred. Thé numbe~~ ne'ai th~s~; regi6ns ·are'ihe y~ars 
when these large earthquakes occurred. The arrows indic~te the- r¿lati~;¡,; motl6n 6'1 th~ ra'ults. 

Bathymetry is in meters. 

Figure 3. Compilation of f"ocal mechanisms of earthquakes that occurred in western· Venezuela 

reported in previous studies. The· fault plane solutions are shown in a lo\ver-hemisphere 

projection. The numbers nearby the mechanisrns are the same as those on Table l . The Jetters 

are the identification of" the inf"ormation source: (A) Dewey [1972]; (B) Ka.fka and Weidner 

(1981]; (C) Penningron (1981]; (D) Pére: and Aggarwal [1980]; (E) D:iewonski et al. (1985; 

1987a, 1987b. 1987c; 1987d; 1988a, 1988b; 1988c; 1989; 1990. 1992]; (F) Sipkin and 

Needham [1991]. The faults are from Soulas [1986] and Singer et al. (1992]. The arro,vs 

denote the direction of" relative motion of the f"aults. The black quadrants in the focal 

mechanisms indicate compressional arrivals. The small open and salid circles in the 

mechanisms correspond to the position of the T and P axes on the f"ocal sphere. respectively. 

Bathymeuy is in meters. 

Figure 4. Focal mechanisms determined in this study for earthquakes 11lb<!=5.4 that occurred in 

western Venezuela since 1964. The fault plane solutions are shown in a lower-hemisphere 

projection. The faults are from Soulas (1986] and Singer el al. (1992]. The arrows indicates 

the direction of" relative motion of the faults. The black areas in focal rnechanisms indicate 

compressional arrivals. The small open and salid circles in the mechanisms correspond with 

the position of" the T and P axes on the f"ocal sphere respectively. The numbers near the 

111 



G. f\.1alavé and G. Suñrez 

mechanisms are ihe same on Table 2. The solid triangles are the epice-nters of_ the eaí-thquakes 

of magnitude S.OSJ>1bS5.3 reported by the NEIC in western, Venezuela _sinée 1964. 

Bathymetry is in meters. 

Figure 5. Lower hemisphere projection of the P and T-a.xes of the focal mechanisms determined in 

this -suidy. The axes are plotted in t'vo ·groups:· Northwestern Venezuela (left) and 

Southwestern Venezuela (right). In the former region.· the P-axes rotate from the N\V-SE to 

NNE-SSW direction. 'vhereas in the latter area the P-a.xes are oriented in a E-W direction. 

Figure 6. Arca! dirnensions considered to estimate the ma.ximum compressive strain rate in western 

Venezuela. f"ollowing Kostrov [1974]. The thick solid line shows the overall zone. The dashed 

line at latitude 1 OºN divides the region in north and south sections. In the north section is 

where the focal mechanisms show P-a.xes trending approximately in the NW-SE direction; 

whereas in the south section the P-axes are oriented roughly in the E-W direction.· 

Figure 7. An exarnple 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 rnotion. Notice the left-lateral shear on the planes separating the books; c) The 

books rotate as the right-lateral shear couple continues displacing. 

Figure 8. Bookshelf-faulting rnechanism in western Venezuela: a) Regional-f"aulting pattem frorn 

Soulas [1986] and Singer et al. [1992]; b) Diagram of the bookshelf-faulting méchanism in 

western Venezuela. The Boconó and Oca-Ancón fault systerns act as a right~latet;al ·shear 

couple. The dashed Unes show the original position of the N-S trending fauits;--~hereas the 

salid lines are the current fault traces. The arrows indicate the relative rnovement•of the faults. 
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Figure 4 
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APPENDIX 

Results ofthe inversion ofthe "..-aveforms determined in this study. The focal mechanisms are 

shown in a lower hemispherc projection. The theoretical seismograms are indicated by dashed lines. 

'1.vhereas the observed 'l.vaveforms are sho"vn 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 to an epicentral 

distance of 40º. A single point source was used in ali inversions. 
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V. Determinación de mecanismos focales mediante sisrnogramas regionales de período 

largo. Factibilidad de aplicación de esta técnica al oeste de '-'cnczucla 

Determination of focal mechanisms using long period regional seismograms. 

Feasibility to apply this technique in western Venezuela 

By Gustavo Malavé•.2. Carlos Mendozal. and Gerardo Suárezl 

I tnstituto de Geofisic~ Universidad Nacional Autónoma de México. México. D.F.045 JO 

2(NTEVEP, S.A., Apartado Postal 76343. Caracas 1070A, Venezuela 

Ju. S. Geological Survey, NEIC. Oenver Federal Center MS 967, Denver. CO. 

Abstract Forward mo~eling and rnoment-tensor inversion ·, pr?ces.ses were 

analyzed in this study to o.b~in foc~I n1echanisms using long~perfod ,seismograrris 

recorded at regional distances; The rnotivation of this study wrui'to dete~ine the 

fault plane solutions Óf moderate earthquakes (mbSS.3) occurred in western 

Venezuela. However. due to· only two broadband stations were deployed at 

regional distances frorn ·western Venezuela during the development of this study, 

seven moderate earthquakes that occurred in western United States during 1993 

and 1994 were evaluated, instead. Only far an earthquake nucleated on July 22, 

1993, near the Colombia-Venezuela border. '\.Ve were able to access a recorded 

seismograrn at station SJG. located at -1400 km fron1 the epicenter. In general, 

the results obtained from the moment-tensor inversions, using regional 

seismograrns recorded from earthquakes originated in western United States, 

satisfled the initial expectative prescribed at the beginning of this study. In most 
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of the cases studied, the focal rnechanisrns obtained frorn the inversion using the 

Central United States and the Basin and Range rnodels, agreed with the fault plane 

solutions deterrnined by previous workers. In conclusion. considering the initial 

condition of developing a too! for working as an a u toma tic routine, the results are 

acceptable. Nevertheless. the results obtained from the fonvard modeling and the 

rnoment-tensor inversion rnethodologies clearly show .the irnportance of knowing 

realistic crustal structures to reach better results. 
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Octcrminntion of focut mcchnnisms using regional da1n 

lntroduction 

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 ofthe events ofmoderate magnitude (mb<!=S.4) are occurring on secondary 

fault systems located in a "vide deformation zone between the major fault systems ofBoconó and 

Oca-Ancón (e.g .• Dewey. 1972; Kafka and \Veidner, 1982; Malavé and Suárez. 1997). The 

epicenters dctermincd by the National Earthquake lnformation Center (NEIC) for the low­

rnagnitudc seismicity (5.0Smb:55.3) also show a similar behavior (Fig. 2). Only three of -30 

events appear to have nucleated on the Boconó fault system. Furthermore. sorne smaller event~ 

originated apparently on faults where no moderate or large events (mb<=S.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 ofthose smaller events was considered in this study. 

Severa! 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 et al .. 1981; Sipkin. 1982; Nábelek. 1984). also ata 

very close distances (.ó.<l º) when strong-motion data are available (e.g .• Hartzell and Heaton. 

1983; \Vald et al .• 1991). Nevertheless. a few attentions have been paid to evaluate earthquake 

source parameters using seisrnograms at regional distances ( 1 °-12°). due to the cornplex 

propagation effects in the earth crust. 

The availability of regional waveforms has contributed the development of nurnerous 

methodologies for analyzing the regional signals for earthquake source parameters. Sorne of the 

recent developments include inversions ofbroadband Pn/ signals (e.g .• \Vallace and Helmberger. 

1982; Dreger and Helmberger. 1993; Lay et al .• 1994a. l 994b). simultaneous broadband body 

and surface waveform inversions (e.g .• Zhao and Helrnberger. 1994). spectral inversions of short-
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period surface waves (e.g .• Patton. arid Zandt. I 991; Romanowicz et al .• 1993: Thio and 

Kanamori. 1995), near-fleld: waveform in~f!~siciri (Kariarnori et al.. J 990; Uhrharnrner. J 992). 

empirical Green;.s füncticin deconvol.iti<:ms Ce~g.;' Kanarnori et al .• I 992b; Arnrnon et al .• 1993). 

and complete time cÍornain. waveforni in.ver;iori_:ofl.;ng-period signals (e.g .• Ritserna and Lay. 

1993; Giardini et ;,1.; 1993). 

In thi~ éa'se. we co~centrat~ effürts to evaluate two of the rnethodologies rnentioned above. 

First ~f:aJI; wé analyzed a fÓrward rnodeling, using the Saikia and Burdick (1991) code for 

generating'accuracy regional seisrnograrns. This prograrn is a rnodified version of the \Vang and 

Herrmann ( 1980) rnethod and Herrmann and Wang (1985) regional seisrnograrn's code. Severa! 

tests were achieved using the September 2 1. 1993. Klarnath Falls earthquake and an event that 

occurred near the Colornbian-Venezuelan border on July 22, 1993. Second, we rnade a regional 

seismogran1. rnornent-tensor inversion for earthquakes occurred in western United States. 

thinking on an autornatic routine that rnay be used in regional seismological networks. The focal 

rnechanisrns deterrnined in this study were compared with those obtained by previous 'vorkers 

(e.g., Dziewonski et al., l 994a; I 994b; l 994c; l 994d; 1995; Sipkin and Needharn, 1994; Nábelek 

and Xia. 1995; Braunmiller et al .. 1995; Ritserna and Lay, 1995; Sipkin and Zirbes. 1996). 

Finally, the feasibility of applying this inversion scheme for earthquakes occurred in 

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

in the Caribbean, Central and South American regions. 
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Regional Seismograms Forward J\fodeling 

Methodology 

An evaluation of Pn/ seismograms forward modeling was considered as a first step in this 

study. Pn¡waveforrns can be synthesized at regional distances by a variety oftechniques. The two 

most practica! are generalized rays and wavenumber integration. The generalized ray approach is 

the most effieient for a !ayer over a half-space model and has been used in most previous Pn/ 

studies. ·It becomes difficult to obtain exact results in a multilayered model because the ray sum 

becoines intractably large. Alternate approaches to computing synthetic seismograms are the 

frequency-wave number if-k) scheme (Wang and Herrmann. J 980; Bouchon, 1 98 J) and the 

reflectivity approach (Kennett, 1980; Mallick and Frazer. J 987). 

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 Hemnann (1980). The synthetic signals are generated through a two-step procedure: 

first, the programfilon calculates the theoretical seismogrruns in the frequency domain and then 

the prograrn wvint produces the time series. The input parameters for filon are: source depth, 

epicentral distance, sample rate, number of points. crustal structure (thickness. Vp, Vs. density), 

attenuation values for P and S waves, and a phase velocity filler. The input parameters for w>'int 

are the output of filon, and sorne aspects regarding to -.vhether the seismograms nill be in 

displacement, velocity or acceleration. the source type (in1pulse, trapezoid or parabolic). and 

duration. 

The output of. the. Saikia and Burdick (1991) code generales the following ten Green· s 

functions: venical and radial components for a 45° dip-slip mechanism (strike: 0°: dip: 45º. rake: 

90º): venical. rodl~l_' and. transverse components for a vertical dip-slip faulting (strike: Oº. dip: 

90º. rake: 90º); ve~i·c~<radial, and transverse components f"or a venical strike-slip mechanism 

(strike: Oº, dip:90º, rake: 0°); and vertical and radial components for an explosion. These Green"s 

functions are then coinbined to calculate three-component seismogrmns for a specific fault plane 
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solutio.n. and .seis1T1ic moment .. The. three-component signals. were configured to be plotted using 

both the Buplor· Íibraries developed by R; Buland at the U.S. Geólogical; Survey. Goldcn. 
. .. -· . . 

Colorado. and the SAC.:(Lawrence Livermore National Laboratory: Seismic Analysis Code) 

prograrn. 

Due to the .exÍsteitce· of only two stations located at regional distances · from western 

Venezuela (BOCO. Colombia; SJG, Puerto Rico), we decided to Iook for another event that 

occurred in a different place that had been recorded for severa! stations at regional ranges. The 

September 21. 1993. Klarnath Falls earthquake "·as the one selected to evaluate this 

methodology. Nevertheless. we generated synthetic seismograrns for an event that occurred on 

July 22. 1993, near the Colombia-Venezuela border (Fig. 2). 

The September 21. 1993, Klarnath Falls Earthquake 

The September 21, 1993, (03:28:55.4). Klamath Falls earthquake is an event ofmagnitude 

mb=5.8 (NEIC) that occurred at 25 km northwest of K.larnath Falls, in the southern part of the 

state of Oregon (Fig. 3). This was one of severa! events that occurred in that state during 19.93 

and the first of two stronger shocks that originated on September 21. The focal mechanisms 

deterrnined by Dziewonski et al. (l 994b), Sipkin and Needham (1994). and Braunmiller et al. 

(1995) show a tensional faulting striking approximately in the N"V-SE direction (Fig.3). These 

fault plane solutions agree with the tectonics of the region. which is dominated by normal-faults 

trending in the north to northwest direction. 

Crustal kfodelsfor 1Festern Unired States Events 

Severa! crustal structures were evaluated to estímate a preferred model. First, we used the 

simplified crustal model composed of a simple one !ayer over a half-space (Table 1 ). introduced 

by Helmberger and Engen (1980). This simplified crustal structure has been used in severa( 

studies to model Pn/ globally. The general success of this simple model is due to the fact that at 
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long perfod _the earth behaves like a layer overa half-space at these ranges;_The_ detailed 'nature of 

the crust is not significan! (Saikia and Burdick. 1991 ). 

Second,_we.used a variation ofthe preferred crustal model selected bySaikia and Burdick 

(1991): ThC:' v¡iriation consisted in the substitution oftheir first 9 layers of 0.67km ~h.kkeach one, 

foronly one layer of 6 km thick. The parameters of this crustal model are shown in'-TaJ>le' 2::The 

neár surfoce Qp structure was taken from Lin (1989) and is appropriate fcir Bas'in'-'imd:R~g.;;·c.;f 

the _western United States. A relationship of Qa=2Qp was used for Q.,. 
(';,::; .. :;:;.-,:, 

Third. we selected independent crustal structures for the path from the hypoc-erit~~-í~;:.;;~.,fry 
st~¡ion considered in the modeling. trying to generate the theoretical seismograrit~'~~¡tJi::~eaÍi~tl;, 
models (Zueca et al., 1986; Mooney and Weaver. 1987; Pakiser. 1989).-Jn this·'~~;;-,:\~~::aJso 
varied the values of Qa and Qp proposed by Lin (1989), Al-Khatib and Mitchell (~991), anda 

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

Forward modeling 

The stations included in the fonvard modeling were: ¡vDC (azimuth=l 93º: A=l 98 km), 

COR (azimuth=338°; A=273 km), c,WB (azimuth=l63°; A=495 km). SAO (azimuth=l 75º; A=618 

km). ISA (azimuth=l56º; A=798 km), DUG (azimuth=l04º; .ó.=805 km), arid . pAS 

(azimutl1=157º; .ó.=967 km) (Fig. 3). 

The data recorded at the stations mentioned above was retrieved from IRIS (Il1corpo-rated 

Research lnstitutions for Seismology) database at a sample rate of 20 samples/s. The Ú1stnlinenÍ 

response was removed from the data and filtered with a four-pole Buttenvorth band-pass- filter 

with corner frequencies of0.01 and 8 Hz and cutofffrequencies of0.005 and 10 Hz. 

The synthetic seismograms calculated from the Saikia and Burdick ( 1 991) were obtained in 

displacement. ~vith a so urce depth of 11 km, and using a triangle. so urce time function of 2 s. To 

anenuate thc presence on the theoretical signals ofwave trains arriving after the P-waves. a phase 

velocity filtcr was included in the input parameters. The high cutoff and comer velocities of the 

phase velocity filler were fixcd to 10000 and 30 km/s respcctivcly in ali cases considered in the 

fonvard modeling. However. the low comer and cutoff velocities varied according to the crustal 
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structures. For the low comer and cutoff velocities. we used the maximum yalue of Vs.and the 

91 % of that figure respectively (Tables 3-8). The focal meéhatlism'and the ;;~islllic. ~oment 
determined by Dziewonski et al. (1994b) were utilized¡to gene~até •. the -~lrr~e..:co~ponent 
seisrnograms for each station (Table 9). .",.,. 

The theoretical and observed signals were filtered:u~ing~~.third~order Butterwonh lm'-·-pass 

frequency of0.2 Hz. The time window ofinterest in.this f'nl ~tudy varied from 60 to 150 s after 

the first arrival. according to the epicentral distance. 

At station IVDC, the results show a good visual correlation between the predicted and the 

observed seismograms for ali the crustal structures considered in the modeling (Fig. 4). However. 

there are sorne differences related to the nla.ximurn amplitude of the signals. The srnaller 

difference was obtained with the Zueca et 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 rnodified Saikia and Burdick ( 1991) crustal model. the rnaxirnurn 

amplitude of the synthetics and data were almost identical, whereas the larger difference was 

reached with the realistic rnodel obtained from Mooney and Weaver (1989). but including a lower 

value of Qp in the half-space. Also at station CMB. the rninor difference in amplitude was 

observed when the rnodified Saikia and Burdick (1991) crustal rnodel was used (Fig. 6). Here. on 

the contrary that we i.vere expecting. the larger differences between the predicted and the 

observed data were reached i.vith the three different more reliable rnodels. 

In general. the theoretical signals fit very well the recorded data in rnost of the models 

considered for station SAO; however, the rnodified Saikia and Burdick (1991) rnodel reproduced 

better the waveforrns and showed the second srnaller difference in the amplitude (Fig. 7). At 

station ISA, undoubtedly the better visual correlation and the srnaller diff"erences in amplitude 

were achieved with the realistic crustal rnodel taken from Ivlooney and Weaver (1989). cornbined 

with the Qp values obtained frorn Al-Khatib and Mitchell (1991) (Fig. 8). 

Ali the theoretical seismograrns rnatched well the recorded signals at station DUG. except 

for that generated with the simplified crustal rnodel (Fig. 9). The maximurn amplitudes of the 
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predicted seismograms determined in this study coincided with the ma.xi.Oium amplitude of the 

recorded data. 

The wavefonns of the predicted seismograms calculatéd i.ising :ch~ realistic crust,;;I structure 

proposed by Mooney and Weaver (1989). combined witll the yalú~s of Q~ deterÍ'nined by Al­

Khatib and Mitchell ( 1 991 ), fit very well the recorded data at staÚ~n P.4s (Fig. l O).· Nevertheless. 

they presented the Jarger differences in amplitude. 

On the basis of the results sho\"TI on Figures 4-1 O and the kriowledge that the Earth has a 

strong, though laterally varying. free surface gradient. we attempted to select a preferred model 

from those sho\"TI in Tables 1-8. The comparison revealed that the best visual correlation bet\veen 

the synthetic and the observed signals corresponds with the reliable crustal structures selected 

frorn the references. Nevertheless. for the case that we are interested on. that is the detennination 

of a reliable fault plane solution. all the rnodels utilized in the forward modeling perrnitted a very 

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

parameters mentioned at the beginning ofthis section. 

The July 22, 1993, Colombia-Venezuela Border Earthquake 

The July 22, 1993, Colombia-Venezuela earthquake is an event o:f magnitude mb=6.I 

(NEIC) that occurred at about 60 km frorn the border of Colombia and Venezuela (Fig. 2). This 

has been one of the Jarger earthquakes that has occurred in this region during the last three 

decades. The :focal mechanisrns deterrnined by Dziewonski et al. ( l 994b). · by ·. Sipkin and 

Needham ( 1994 ). and by Malavé and Suárez ( 1 997) show a tensional fauÜing striking 

approximately in the N-S direction. 

Only the station SJG (azirnuth=23°; .ó.=1396 km) \Vas included in the forivard.'rnodeling. 

Unfortunately the another station available at regional distance frorn ·western Venezuela (BOCO. 

Colombia) was not in operation during the occurrence of this event. The data recorded · at the 

station SJG was retrieved from IRIS database at a sarnple rate of 20 samples/s. The instrument 
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response was removed from the data and filtered with a four-pole Butterworth band-pass filler 

with comer frequencies of0.01 and 8 Hz and cutofffrequencies of0.005 and 10 Hz. 

The synthetic seismograms calculated from the Saikia and Burdick (1991) were obtained in 

displO:cement.. using the modified version of the preferred crustal structure suggested by them 

(Table 2). The source parameters obtained by Malavé and Suárez (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. anda focal mechanism defined by a strike of 331 º.a dip 

of 43º, and a rake of -131°. To attenuate the presence on the theoretical signals of "vave trains 

arriving after the P-waves, a phase velocity filler was included in the input parameters. The high 

cutoff and comer velocities of the phase velocity filter were 10000 and 30 krn/s respectively; 

whereas the low comer and cutoff velocities, were the rnaximum value of Vs (4.5 krn/s) and the 

91o/o ofthat figure (4.1 km/s), respectively. 

The theoretical and observed data were filtered using a four-pole Butterworth band-pass 

filter with a Jow comer frequency of O.O! Hz and a high comer frequency of 0.1 Hz. The time 

window ofinterest in this Pn/ study was 150 s after the first arrival. 

At station SJG, the results show a good visual correlation between the calculated and the 

observed seismograms (Fig. 11). However, there is a considerable difference. between the 

maximum amplitudes measured on the theoretical (2.0lxlO-') and on the observed (3.4lx10-') 

seismograms. It could be a consequence of being very clase to the limit on distance of using the 

Pn/ waves (12.6°). 
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1\-toment Tensor lnversion Using Regional Seismograms 

In this section. we outline a technique to analyze the regional "vaveforrns through out the 

moment tensor inversion and its application to severa! earthquakes occurred in western United 

States during 1993-94. The earthquakes included in this study are: the March 25. 1993. Séotts 

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 September 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 auwmatic routine, using regional seismograms. In that sense, for each event. the following 

procedure was followed. The observed waveforrns were retrieved from the USNSN (United States 

National Seismographic Network). using the program ttimes, based on the tau-spline method of 

Buland and Chapman (1983) to determine the stations included at regional ranges (6$12º) from 

the epicenter. The data was transformed from the Retrieve format to S.-IC format. since most of 

the other codes in the procedure use that format. In sorne cases. the data was retrieved from the 

IRIS database in the SEED format and then converted to SAC format. The instrument response 

""as removed from the broadband data and filtered with a four-pole Butterworth band-pass filter 

vdth comer frequencies of0.01 and 8 Hz and cutofffrequencies of0.005 and 10 Hz. 

The synthetic seismograms ""ere generated using a code (mijkennett) '\....-ritten by Randall 

(1994). The input parameters for mijkennett are: the source depth. the epicentral distance. the 

station azimutb. 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 phase velocity 
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filler. In the automatic procedure. the number of points in the seismograms 'l.Vas estimated in 

according to the epicentral ranges. For distances bet'l.veen O and 499 km. the time series· were 

defined for 256 points; wherea.s for ranges greater than 500 ktn. 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. 'l.ve used a crustal structure suggested by Ammon ( I 994. personal 

communication) f"or the Central United States (CUS) (Table l O) and the Basin and Range 

(BASEN) crustal model proposed by Patton and Taylor ( 1984) (Table l 1 ). In both cases. the phase 

velocity filler was designed to permit the entire seismograms. 

The output ofthe m{jkennelt program is the file mspec. which contains the spectral Green's 

functions that are transformed to time-domain Green·s f"unctions by the program tsynrh. ln rsynrh. 

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 rsynth 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 f"or the three basic focal mechanisms: vertical 

strike-slip (0,90,0). vertical dip-slip (0.90.90). and 45° dip-slip (0.45.90). 

The observed and theoretical seismograms 'l.vere band-pass filtered and \~indowed using 

macros running on the SAC code, and then. they were prepared for the inversion. The Iow-pass 

cutoff frequency ·was chosen on the basis of the initial magnitude estimated. A single band-pass 

filler was applied to the entire waveforrn. Thus, high-amplitude fundamental mode surface wave 

seismograms dominate the inversion. 

The beginning ofthe time-'l.vindow 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 m{jkennerr to generate the synthetic seismograms. The beginning of 

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

determined by the iVEIC. 
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The moment-tensor inversion scheme was achieved through a program '"Titten by Ammon 

(1994. personal communication) called mtinv; The observed and synthetic seisrnograms must 

ha ve the same amount of points in arder to ha ve the inversion routine to 'vork. The predicted and 

observed signals were not realigned during the inversion. Thus. the resu/ts are strong(v 

dependent on the crusta/ mode/s and on how well the theoretical rrave/-times match tite NE/C 

first-arrival readings. No source depths ""·ere 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 arder to have the 'vhole process working as an automatic routine. severa( shell programs 

and SAC macros were developed to fo!low the procedure described previously. 

The March 25, 1993, Scotts Milis Earthquake . · 

The Scotts Milis earthquake of March ·25. 1993 (mb=5.5; NEIC), was the first of severa! 

unusually strong earthquakes felt in Oregon during · 1993 · (Nábelek and Xia. 1995). lt occurred in 

the foothil!s of the Cascade mountains. at -35 km east of Sa!em. Oregon. The fault plane 

solutions of this event determined by Dziewonski et al. (l 994a) and by Nábelek and Xia (1995) 

sho'v a compressional faulting. combined with a cornponent of lateral movernent;striking in the 

northeast direction: whereas the focal mechanism calculated by Ritserna 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 IRIS 

database at 20 samples per second. and then converted to SAC forrnat. The synthetic seismograms 

were deterrnined assuming a so urce depth of 15 km. The theoretical and observed waveforms 

were filtered using a four-pole Butterworth band-pass filter with a lo'v comer frequency of0.010 

Hz and a high comer frequency of 0.033 Hz. The time window of interest in this study varied 

from 5 s befare to 400 s after the first arrival, according to the epicentral ranges (Table 12). 
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TI1e results obtained from the moment tensor inversion using regional seismograms are 

shown on Figures 14 and 15: The predicted seismograms at the transverse component of ali 

stations fit very welL the observéd data. However. at the radial and vertical coinporients. the 

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

procedure using both the CUS_;,,_;dthe BASINmodels are similar (Table 9: Fig. 13). They indicate 

a compressional' faultin-g/as-'cÍet;,,r'm:ined by Dziewonski et al. (l 994a) and by Nábelek and Xia 

(1995). but with nodalpÍaries ~trlking in the almost north-south direction. 

The September 21. 1 993, Klamath Falls Earthquake 

As mentioned before, severa) earthquakes ruptured in the State ofOregon during 1993. On 

September 21, 1993, two stronger shocks of magnitude mb=5.8 and 5.5 (.NEIC) occurred at 25 

km northwest of Klamath Falls. in the southem 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 

ofthese events obtained by Dziewonski et al. (1994b). Sipkin and Needh;im (1994). Braunmiller 

et al. ( 1995). and Ritsema and Lay ( 1 995) show a tensional faulting striking approxirnately in the 

NW-SE direction (Fig.16). The fault plane solutions of the second earthquake estimated by 

Dziewonski et al. ( l 994b). Braunrniller 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. Ali these fault plane solutions agree with the tectonics of the region, which 

is dominated by normal-faults trending in the north to northwest direction. In this study. we 

analyzed only the first ofthose events. whose results are presented later. 

The regional stations and components used in the moment tensor inversion of this 

earthquake are shown in Table 13. The records of those stations were retrieved from US1VSiV 

database in the Rerrie"e forrnat at 20 samples per second, and then converted to SAC format. The 

synthetic seismograms were calculated assuming a source depth of 1 1 km. deterrnined by the 

iVEIC using broadband displacement seismograms. The predicted and observed waveforms were 

filtered using a four-pole Butterworth band-pass filter with a low comer frequency of 0.01 O Hz 
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and a high comer 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 13 ). 

The results obtained from the moment-tensor inversion using the CUS and BASIN crustal 

structures are very similar (Figs. 18 and 19). The fit between the predicted and the observed 

wavef'orms is good in almost all the station/components. The f'ocal mechanisms calculated in this 

study exhibit normal f'aulting trending in the N-S direction (Fig. 16; Table 9); whereas the nodal 

planes of' the previous workers in average strike in the NfV-SE direction .. However. the solutions 

determined in this study ha ve nodal planes as those estimated by previous ·workers f'or .the second 

shock 

The December 4, 1993, Klamath Falls Earthquake 

On December 4, 1993 (22:15:19.5), another moderate earthquake of' magnitude mb=S.2 

(NEIC) occurred in the area oí Klamath Falls, State of' Oregon. The focal mechanisms determined 

by Dziewonski et al. (1994c) and Braunmiller et al. (1995) are similar than those obtained by 

them f'or the events ruptured on September 21, 1993 (03:28:55.4) (Fig. 20). Those mechanisms 

indicate normal f'aulting 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 IRIS 

and the USNSJl.'databases ata sample rate of20 samples per second. The theoretical seismograms 

were calculated assuming the source depth oí 8 km estimated by the J1.'EIC. The theoretical and 

the recorded data were filtered using a f'our-pole Bunenvonh band-pass filter with a Jow comer 

frequency of 0.010 Hz anda high comer frequency oí 0.033 Hz. The time '\Vindow of' interest in 

this study varied from 5 s bef'ore 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 venical 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 dete.rmined by Dziewonski et al. ( l 994c) and Braunmiller et ci/. 

( 1995) (Fig. 20; Table 9). Ali of them show t.ensional füulting with nodal planes trending in the 

NJV-SE direction. 

The February 3. 1994. Wyoming Earthquake · 

On February 3. 1994 (09:05:04.::?). an earthquake of magnitude n!b=;'5A (NEIC) nucleated 

close to the·Idaho~Wyoming border (Fig. 23) . .This event was felt in the,epicentral.area. where 

some damage (VII) was reported. The focal mechanisms calculated for this earthquake by 

Dziewonski et al. (1994d). Oregon State University. Ritsema and Lay (1995). and 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 sho'vn in Table 15. The records of those stations were retrieved from IRIS 

database at 20 sarnples per second. The synthetic seismograms were assuming a so urce depth of 8 

lan. estimated from broadband displacement seismograms by the NEIC. The synthetic and 

observed data 'vere filtered using a four-pole Buttenvorth band-pass filter with a low comer 

frequency of0.010 Hz anda high comer frequency of0.033 Hz. The time window ofinterest 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 25). Only 

in the transverse component of station ALQ, and the vertical and radial components of station 

,VEJV. the predicted seismograms matched well the first arrivals. but not the entire seismograrns. 

The f"ocal mechanisms calculated in this srudy 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 orientation ofthe nodal planes obtained here differ by almost 90° fron1 those 

determined by previous workers. 

The September 12. 1994. California-Nevada Earthquakes (Mainshock and Aftershock) 

On September 12. 1994 (12:23:42.2). an earthquake ofmagnitude mb=5.l (A·h=6.3: NEIC) 

occurred clase to the California-Nevada border. at about 30 kn1 east-southeast of South Lake 

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

magnitude mb= 4.6 {M¿=5.3. NEIC) occurred (Fig. 27). This aftershock was felt in the epicentral 

area and as far ª"vay as San Francisco. California. The focal mechanisms obtained íor the 

mainshock by Dziewonski et al. (1995). the Earthquake Research lnstitute. 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 momentCtensor inversion of the 

mainshock and aftershock are sho'\.vn in Tables 16 and 1 7. The records of those stations were 

retrieved from the USNSN database at a sample rate of 20 samples per second. The synthetic 

seismograms were calculated assuming a source depth of 1 O knl. estimated from broadband 

displacement seismograms. The predicted and the recorded data were filtered using a four-pole 

Buttel"'\.vorth band-pass filler "";th a low comer frequency of O.O 1 O Hz and a high comer frequency 

of 0.05 Hz f'or the mainshock and a low comer frequency of 0.010 Hz and a high comer 

frequency of 0.033 Hz for the aftershock. sThe time window of interest in this study varied from 

5 s before to 400 s after the first arrival, according to the epicentral ranges (Tables 16 and 1 7). 

The comparison between the synthetic and the observed data for the mainshock are shown 

on Figures 28 and 29. In general. the fit bet,veen the theoretical and recorded waveforms is not as 

good as in other events The íocal 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 oftensional movement. 
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The match between the predicted and the recorded scismograms. éven though is better than 

that for the mainshock. is not as good as cxpecting (Figs. 30 and 31·)~ The focal _mechanisms 

obtained from the inversion procedure are exhibit in Fig. 27 and in Table 9; In this case. we did 

not have any fault plane solution to compare. since no foult·plime·.solution was detennined by 

another worker before this study. Any·way. the focal mechanisms calculated using both the CUS 

and the BASIN models show normal faulting trending in the northwest-southeast direction. 

The September 13. 1994. Colorado Earthquake 

On September 13. 1994. a moderate eanbquake of magnitude mb=4.5 (AifL=4.6; NEIC) 

occurred in western Colorado. at about 30 km south-southwest of Montrose. Colorado (Fig. 32). 

This earthquake was felt strongly in the epicentral area and as far north as Grand Junction. 

Colorado. No focal mechanism of this event was reported previous\y due to its low magnitude. 

which did not permitted to be recorded 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. Tbe records of those stations were retrieved from USNSN 

database in the Retrieve format at a sample rate of 20 samples per second. and then converted to 

SAC fonnat. The theoretica\ seismograms were assuming a source depth of 10 km. The synthetic 

and observed data were fi\tered using a four-po\e Butter.vorth band-pass fi\ter 'vith a \o,v comer 

frequency of0.01 Hz anda high corner frequency ofO. l 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 windo'v 

in the seismograrns considered in this study varied from 5 s before to 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 the components of station GOL. 

The fault plane solutions obtained for this event are included on Table 9 and Figure 30. Tbis 'vas 

the only case of all events studied here that the focal mechanisms differ from the CUS to the 
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BASIJV models. The. first one corresponds with an almost v.;rtical ·dip-slip. füulting. whereas 1he 

rnechanisrn obtain with the BASIN model indicates a predorninant st~ike-slip ·r'1ult plane. 
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Attempts to.Analyze Earthquakes in.\Vestern Venezuela 

One ofthe critical aspects in applying the technique~;d~scribed above in western Venezuela 

is the amount of stations available at regional distanées/As ,;. firsb;tep. we decided to analyze the 

earthquakes with magnitude mb'?!5.4 for which ·an · inversion of teleseismic body-waves was 

achieved by Ji,fa/awf and Suáre= ( 1997). 

For earthquakes that occurred before 1 978, onl)• the ·seismograms recorded at stations from 

the IVIVSSN(\Vorld-\Vide Standard Seismograph Network) were available. At regional distances. 

we considered the stations: BOG (Colombia). CAR (Venezuela). QUI (Ecuador). UPA (Panama). 

SJG (Puerto Rico). and TJLJV (Trinidad). None of the earthquakes that occurred from 1 964 to 1 978 

could be analyzed due to the low signa1-to-noise ratio on the seism6grams. 

For earthquakes that occurred after 1978, seismograms at stations from the GDSJV (Global 

Digital Seismograph Network) were collected. Unfonunately. only a few stations were available 

at regional distances during this time perlad. The station BOCO (Colombia) \vas 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 seisrnological stations at regional distances from western Venezqela are: SJG. deployed in 

San Juan. Puerto Rico, on May 26. 1993; SDV, which has been operating in Santo Domingo. 

Venezuela. since August 19. 1994; JTS; deployed in Costa Rica on April 23. 1995: PTG.-1.. '-vhich 

has been operating in Brazil since November 15, 1995. The station (CAR) is plann.ed to be 

installed in Caracas. Venezuela. on July. 1997. 

'Vith the stations mentioned above in operation, we "ill be able to test the · routines 

considered in this study (forward modeling and moment tensor inversion) for earthqúakes 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 using long-period seismograms recorded at regional distances. The motivation of 

this study was to determined fault plane solutions of moderate-sized earthquakes (mb:S5.3) 

occurred in western Venezuela.. that help us to understand the complex tectonic environment in 

this region. However. only t'vo broadband stations were deployed in 'vestem Venezuela during 

the development of" this study. Instead. severa[ moderate-sized earthquakes that occurred in 

'vestem United States during 1993 and 1994 were taken into account to evaluate the 

metodologies. Only fbr an earthquake nucleated on July 22. 1993. near the Colombia~Venezl.Íela. 

border. we were able to access a recorded seismogram at station SJG. Iocated at -1400 km from 

the epicenter. 

For the Pn/ forward modeling analysis. we used the September 21. 1993; ·KJamath· Fálls 
- - ... _. - ' 

earthquake and the July 22. 1993, Colombia-Venezuela border. For the first one •. ':we. generatéd 

synthetic wavef"orms using different crustal structures that varied from a simple: )ayer o ver· a 

halfspace to more reliable crustal models obtained by previous workers f"or evei:-y.station included 

in this study. The waveforms obtained f"or all the crustal models. in general. matched _very well 

the recorded seismograms. Ho,vever. they differ in the ma.ximum amplitude 'of" the signals. 

reflecting anenuation problems related to the crustal structures. 

The results obtained f"rom the moment tensor inversions. using regional seismograms 

recorded from earthquakes originated in "·estern United States. satisfied the initial .expectative 

established at the beginning of" this study. In most of" the cases srudied. the focal mechanisms 

calculated from the inversion using the CUS and the BASIN models are consistent ''ith the fault 

plane solutions determined by previous workers. In conclusion. considering the. initial condition . 

of" developing a tool f"or working as an automatic routine. the results are acceptable of" using "ith 

the models mentioned above. 

Severa! 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 uncenainties in the estimation ofthe 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 sarnpling of the Love and Rayleigh 

wave radiation must be available for stable inversions (Fukushima eral .. 1989). but this is ensure 

by the regional distribution ofstations. In nlost ofthe 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 thc 'vaveforms. No source depth tests were made in this study. but the source depths 

considered in ali the cases can be considered as reliable values. since most· of them 'vere 

computed using broadband displacement seismograms. Moreover. long-pe:riod .surface waves are 

relatively insensitive to source depth varlations. 

The advantage of this moment-tensor inversion method over the fo~ard p1odefü1g ~sing 

body waves is that it is easier to be made into an automatic proéess suitable·· fo~ ~eal-.time 
purposes. Another advantage is the determination of reliable estimates of sei~mic rt16riterits .;,n a 

routine basis for moderate-sized events. 

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 anear­

real time. automatic routine in this region due the unavailability of data in a shon time after the 

occurrence of an earthquake. However. the fact of having access to those tools that perrnit us to 

obtain focal mechanisrns using regional seismograms. could be a great contribution to the 

kno,vledge and understood ofthe regional tectonics in western Venezuela. Funhermore. it would 

be useful for severa! post-eanhquake hazard response activities. We accept that we need to do 

several test to have this too! ready 'vorking 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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Table 1 

Simplitied crusta.1 model used i.n it1e for"'¡ird modeÍing 

Qp 

; 600' 300 

•5áoo · 2500 

A variationofth~ cÍ-us~lm~del used by Saikia and B~rdi~k (1991) . 

Layer 

2 

3 

. Thickncss ;-

6 
;'26···· 

·,·.,Vp 

k..;,~· 

5.80' 

Vs 
km/s 

3.28 

3.50 

4.50' 

Table3 

Dcnsity ,.· Qa: 

g/cn;'~·>· •\·:·: 

'' 2.:i :· ' .•••• ~ :}7.º 
·~2s , , . 1200 

Qp 

.,60 

600 

·2500 

Crustal model (Zueca et al .• 1986) used to generáte ·the synthetic P 11¡ signa Is at station TVDC. 

The values of Qpare 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. 

Layer Thickncss Vp Vs Density (1) Qp Density (2.3) Qp Qp 
km km/s km/s g/cm3 (1) g/cm3 (2) (3) 

3 5.50 3.18 2.40. 40 2.65 28 28 

2 11 6.40 3.70 2.70 150 2.79 29 29 

3 26 7.00 4.05 2.85 600. 2.86 80 80 

4 Half-space 8.00 4.62 3.40 2500 3.40 2500 315 
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Table 4 

Crustal model (Mooney,;ind \V_ea\/er~:I989) used to generate the synthetic Pnf signals at station COR. The 

value_s of Qparéf°~orll(l) Lin (1989); (::?) Al-Khatib and Mitchell ( 1991 ); 

Layer" 

::? 

3 

4 

. and .<3?0the~~~<;, .. v~lues of(:?), except for a low Qp in the half-space. 

Thickness. : c,'.;.J::'!'." Vs Density (l) Qp Density (2,3) 

:?.6~/: 6.:?0 

13 ,,:x 7.00 

Half-spa~~· .:7. 70 

km/s 

:?.60 

• 3.58 

4.05 

4.45 

g/em3 

:?.20 

2.70 

2.85 

3.10 

Table 5 

(1) 

60 

500 

600 

2500 

g/cm3 

2.48 

2.75 

2.86. 

3.10 

.Qp 
"(3) 

28, 28 

. 35 '.·35 

:100: :100 

25(}c), , · 315 

Crustal model (Mooney and Weaver, 1989) used to generate the synthetic Pnf signals at station SAO. The 

values ofQpare from (1) Lin (1989); (:?)Al-Khatib and Mitchell (1991);. 

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

Layer Thickncss Vp v.~ Density (l) Qp Density (2,3) Qp Qp 
km km/s krn/s g/cm3 (1) g/cm3 (2) (3) 

6 4.50 :?.60 2.30 60 2.48 :?8 28 

2 2 5.50 3.18 2.40 500 :?.65 28 :?8. 

3 6 6.10 3.53 2.60 600 2.74•· 29 29 

4 6 6.80 3.93 2.70 600 2.82 29 29 

5 6 7.30 4.:?:? 2.85. 600 2.95 40 40 

6 Half-space 8.00. 4.62 3.30 2500 3.30 2500 80 
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Table 6 

Crustal model (Mooney and \Veaver. 1989) used to generare 

the synthetic P 11¡ signals at stations C.WB. ISA. and PAS. 

The values of Qpare from Lin ( 1989). 

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 6.10 3.53 2.60 600 

4 6 6.80 3.93 2.70 600 

5 6 7.30 4.22 2.85 600 

6 Half-space 8.00 4.62 3.30 2500 

Table 7-_-

Crustal model (Mooney and Weave~.' 1989) used to géncrate the 

synthetic Pn/ signals at stations CMB, ISA, ~lld PAS. The values of Qp are from 

(2) Al-Khatib and Mitchell (1991) and (3) the same values of(2). 

(3) except for a lów Qp in the half'-space. 

Layer Tbickness Vp Vs Density (2.,3) Qp Qp 
km km/s km/s g/cm3 (2) (3) 

6 5.20 3.01 2.60 28 28 

2 19 6.20 3.58 2.75 29 29 

3 23 6.90 3.99 2.85 200 200 

4 Half'-space 7.90 4.57 3.20 25_00 31s 
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Table 8 

Crustal model (Pakiser. 1989) used to generate the synthetic P 11¡ signals at station DUO . 

The values of Qpare from (I) Lin ( 1989); (2) Al-Khatib and Mitchell (1991 ): 

and (3) th~ same values of(2). except for a low Qp in the haJt:.space. 

Layer Thickness -Vp Vs Density (1) Qp Density (2.3) Qp Qp 
km km/s km/s g/cm3 (1) g/cm3 (2) (3) 

19. 6.00 3.47 2.40 150 2.71 55 55 

2 12 6:7o 3.87 2.70 500 :?.83 135 135 

3 Half-space 8.00 4.62 3.30 2500 3.30 2500 470 
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Table 9 
Focal parameters Obtained by previous workers far the events analyzed in.this-studv·. 

E'"·ent OriJ:;_in · Lat. Lon. Source "'"" l>eplh . Strike:· .. Dip lb1S.(e . __ :\l_o 

TimC· ="" :"' \\'.· km ~e~>: .,tl¡:i:,~;~.: tle~ 1 .\.~ 10 1"~-
Mar. 25. J 993 13:34:35.4 45.04 . ' 122.61 lfarvard S.6 

Oregon 5.5 

R&L S.6 

This Studyl 5.5 

This S1udy~ 5.6 

Sept. 21. 1993 03:28:55.4 42.3 1 122.01 Han.·ard 6.0 

.\"E/C S.9 

Oregon 6.0 

R&L 6.0 

7ñis Studyl S.8 

niis Stud_v2 S.8 

ScpL 2t. 1993 05:45:33.7 42.35 122.02 Harvard 5.9 

Oregon 6.0 

R&L 6.0 

Dcc. 4~ 1993 22:15:19.5 42.30 122.01 Harvard 5.4 

Oregon 5.5 

This Stud_vl 5.3 

7ñis Stud_v2 5.3 

Feb. 3. 1994 09:05:04.2 42.76 110.98 Harvard 5.8 

Sep. 12. 1 994 12:23:4-3.2 38.82 1 19.65 

NEIC S.8 

Oregon 

R&L 

This S1ud_vl 

6.0 

S.7 

7ñis Srud_..,~ 5.8 

ERI 

Han•ard 5.9 

XEIC 6.0 

nlis S1ud_¡.·I S.8 

This S1udy2 S.8 

Sep. 12. 1994 23:57:09.8 38.76 119.74 niisStudyl S.I 

niis Stud_,,~ 5.1 

Sep. 13. 1994- 06:01:23.0 38.15 107.98 7ñisStudyl 4.4 

niis Stud_,.2 4.3 

IS 

13 

IS 

IS 

IS 

11 

9 

11 

11 

IS 

9 

8 

IS 

6 

8 

IS 

8 

12 

4 

8 

8 

10 

IS 

14 

10 

10 

10 

ID 

10 

10 

... SI 

S6 

:74 _,;-:·-· 32·.: 
. 6~·-,:.i '.: .. 45 

310' '7$ ~<'',::173_1 .~.4º~· 

3~'? "~ ~·~·,~.:;·_:'-{~·~?>+·,.·. ·.i.3o'.;_·:i 
.,352'·" 62·,.,·-~ .. i'·.80·"7·" '3.01 

170 · ··~1 ;;:::~76·,: -1i:i:ss 

164 ;25 };.:·~71~ . 1ó.10 .. · 

i7::?" 4~· '·i:/:!5, . , {·1~40 
343 · · :.46 ·(".!':83 < . 1 1.00 
.... · '; .:·'73 ·,~::;_8j,:•' :6.09. 

. ¡94 <' ~ 12<- ~ -87 .· 

182 ··34 ~85. · IO.o7 

1n 48 · · -s9. 11.30 

1 · · ·46'. (. :s3 , · 11.00 
,· •"'··· 

139 .. \ ·41 ··:104. 1.60 

•l.8S i'62··'· -. .i~-.. ~- 't·'-79 

134 : . ·52 > ~104 .1.04. 

·55 ·:104·· .0.93, 

40 :L~~9 . S.58 . 

. 4S .·.: . :~2: · .. ;:.-63. 2.90 

4 

. 356'· 

. 96 

101 

40 

42 

13S 

43 

42 

161 

164 

14 

38 

'¡g ...... -8?·· 10.70 

·32· -93 4.20 

81 :'-96 

82 . "· .-99 

74 

6.34 

7.48 

74. -13 8.41 

63 -176 1-1.00 

68 -3 5.50 

62 

31 

27 

6S 

4 

-4 

-80 

-76 

-13 

-39 

S.05 

4.7S 

4.23 

o.os 
0.03 

ERJ: Earthquakc Research lnstitutc: J/an:ard: l-lan:ard Univcrsíty (Cl\tT): SE/C: National E;tnhquakc Inform.ation Cc:ntc:r: Oregon: 

Oregon State Unh,.crsity; R&L: Ritscma and Lay ( 1995 >: This Stud_vl: BAS/X crustal rnodcl: This Stud_,,-2: CL"S crustal modcl. 
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Tiible 10 

.Central Un.ited St:ltes (C".LJ~ c~usta~model 

Thickncss_ · · 

'km 

lÓ 

9. 

20 : _., 3.87 

Half-space .. :·S.lS 4.70 

-_;,_. 

·Table 11 

3.0 

3.4 

Qa. Ql3 

- -,-:, 
·300 

600 . 1300'· 

600:· .300 .. · 

lOÓO .:5_00 

1000 .500 

Basin and Range (BASIN) crustal model proposed by-: 

Layer 

2 

3 

Pntton and Taylor ( 1984) 

Tbickness Vp Vs Density 

km km/s km/s g/cm3 

19 
12 

Half-space 

6.0 

6.7 

8.0 

3.47. 

3.87 

4.62 

Table 12 

2.7 

2.9 ,,,, 

.3.4 ,•··:-

:300 

íoo~: 500 
.·-' ', 

ioció' .>5cio 

Stations included in the inversion ofthe March 25: 12:93±,~jó,J;; Mills~earthquake 
Station 

WDC 

Ci\,/B 

SAO 

ISA 

R. 

Epicentral 

Distance., km 

494 

799 

923 

1098 

Azi~u~~~. _ ,-:, C~~ponent_:,~-:5!;; .. Time-,,·indow., s 

deg . · · " , ·. ::;'.]' ,;¡- Begin ·· End 

166,:. 

174,_' 

R.~ i'z) · . -5 

'R..';~?: :_,i ·Y -5 
J6o -;~_ .(,:·. ··:R_· T.zi•' · · · -5 
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Table 13 

Stations included in the ·inversion ofthe September 21. 1993_ (03:28:55.4). 

Klamath Falls eanhquake 

Station Epicentraf Azimuth. Component Time-u·indon·. s 

Begin'::. 
: 

Distance. km deg End 

WDC 198 193 R. T. z -s ISO· 
•' .. '.·· -- :s :: -COR 273 338 R. T. z -- ISO 

CAfB 49S 163 R. T. z -S 200 

SAO 618 17S R. T.Z --s· 200 

ISA 798 IS6 R. T.Z -s 220 

DUO 80S 104 z -s 2SO 

R T. Zare the radial. transversal. and ven~_caJ ... c,omponent. rc:specrively 

Table 14 

Stations incJuded in the inversion o:fthe 

December4. 1993. Klamath Falls eanhquake 

Sration Epicentraf Azimuth,. Component Time-window. s 

Distance,. km deg Begin End 

11'DC 197 193 z -S ISO 

COR 278 336 R. T. Z -S ISO 

C.MB 489 163 R. T. Z -S 200 

SAO 617 17S z -S 2SO 

ISA 798 IS6 R. T.Z -s 250 

DUG 804 104 z -S 300 

R T. Zare the radial. transversal. and venical component. respectively 
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Station 

GOL 

NEW 

ALQ 

c,wn 

Table 15 

Stations included in the invcrsion ofthe 

February 3. 1994. Wyoming earthquake 

Epiccntral Azirnuth,. Con1poncnt 

Distance. km dcg 

580 124 R. T. z 
777 3~4 R. T.Z 

951 154 R. T. z 
955 240 R. T. z 

G. !\1a1a,·i:. C. ~t~m.107.a and G. Su;lrcz 

Timc-"\\-·indow,. s 

Begin End 

-5 250 

-5 250 

-5 : ... • 250 

-5 250 

R. T. Z are the radial .. transversal .. and venical compon~nt~ respecti.~~ly 

Station 

C.MB 

SAO 

WDC 

ISA 

DUG 

GOL 

ALQ 

Table 16 

Stations included in the inversion ofthe 

September 12. 1994. California-Nevada mainshock 

Epiccntral Azimuth,. Component Timc-,,·indo,,·,, s 

Distance,. km dcg Bcgin End 

111 218 R. T. z -5 175 

278 216 R. T.Z -5 175 

32::?. 309 R. T. z -5 175 

367 164 R, T. Z -5 175 

600 73 z -5 200 

1233 81 R. T. Z -5 400 

1244 106 R. T. Z -5 400 

R, T. z are the radial. transversal .. and venical component~ respectively 
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Table 17 

Stations inc\uded in the invcrsion ofthe 

September 12. 1994, California-Nevada earthquake (af~ershock) 

Station Epicentral Azintuth. Componcnt Timc-,,·indow .. s 

Distance. km deg Begin End 

ClvfB 111 216 R. T. Z -5 175 

SAO :?78 215 R. T. z -5 175 

WDC 311 309 R. T. Z -5 ·175 

DUO 611 .74 z -5 . 200 

GOL 1233 81 R. T. Z -5. 400 

ALQ 1256' 106 R. T. z -5 400 

R. T. Z are the rndin\. transver.sa~ •. and vertical componen~ respectively 

Table 18 

Stations inc\uded in the inversion ofthe September \3, 1994. 

Colorado earthquake 

Station Epicentral Azimuth. Component Time-window,.· s 

Distance, km dcg aé~in· ~~i E;¡d 
GOL :?78 53 R. T. z .:-5 •. ·,..;_ 100 

:,--,-··--··" 
: .. :/·150 ALQ 389 159 R. z -5. 

DUG 467 299 z -5 175 

R. T, Z are the radial. transversal. and vertical component.. resp~ctively 
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Figure Captions 

Figure l. lnteraction ofthc Caribbcan plate and its neighboring pintes (Atlantic. Cocos. Nazca. 

Nortlt Arnerica. and South America). Tite arrows indicate the directions of relative pinte 

motions. Tite digital stations deployed at regional distances (<12º) frorn western Venezuela 

are shown as solid triangles within open circles. Currently. ali tltese stations are in 

operation, except CAR (Venezuela). 

Figure 2. Major active fault systems in 'vestem Venezuela (after Singer et al .• 1992; Soulas. 

1 986: Soulas et al •• 1 987). The seisrnicity (mb~5.0) occurred during the last three decades 

reponed by tite National Earthquake lnformation Center (NEIC) is sho'''" as circles 

(mb:SS.3) and squares (mb>S.3). The open symbols represen! shallow depth seisrnicity 

(h<70 km) and the solid figures indicate intermediate depth events (h~70 km). Tite arrows 

denote the directions ofrelative rnotions ofthe faults. 

Figure 3. Map of tite epicentral area (star) and focal rnecltanisms (lower hernisphere projections) 

determined previously for the September 21. 1993 (03:28:55.4), Klamath Falls earthquake. 

Tite ClvfT is tite Centroid l'v1oment Tensor solution of Dziewonski et al., J 994b. The ;VE/C 

is the moment tensor solution of Sipkin and Needham. 1 994. The OSU is the Oregon State 

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

Ritserna and Lay (1995). The solid and open small circles on the focal rnechanísrns indicate 

the positions of the P and T axes on the focal sphere. lnset shows the C,\fT solution on a 

focal sphere. indicating the azimuth ofthe stations (open circles) involved in the P 111 signals 

fonvard rnodeling. The statíons used in this study are indicated as solid tríangles. Not 

shown are stationsDUG and PAS. 

Figure 4. Comparison ben .... een the tl1eoretical (dashed Iines) and observed (solid lines) venical 

(top). radial (rniddle). and transverse (bottom) component seis_mograms for the September 

21. 1993 (03:28:55.4), Klamath Falls earthquake recorded at the station TVDC 

(azimuth=l 93º; ~=198 km). using the following crustal struc,tur~s: A) one !ayer overa half­

space: B) crustal model according to Saikia and Burdick (1991). The values ofQpare from 
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Lin ( 1989); C) crustal structures for the- path from the -hypocenter -to every station. The 

values of Qp are from Lin (1989); D) The values ofQp á~e frorn Al-Khatib and Mitchell 

(1991 ); and E) the same values of (D). except for a low Qp in the half-space. For each 

Figure 5. Waveform fit (dashed lines) to observed (solid liri.;s) verti~al (top). radial (middle). and 
••• • ' ·.:: 1 

transverse (bonom) component waveforms of the- s_~ptember 21. 1993 ~03:28:55.4). 

Klamath Falls earthquake recorded at the station COR (azimuth=338º; Ll.=273 km). using 

the san1e crustal structures indicated in Fig. 4. 

Figure 6. Comparison between the synthetic (dashed lines) and observed (solid-'lines) ~·ertical 
(top). radial (middle). and transverse (bottom) component seismograms ro'r'the September 

21. 1993 (03:28:55.4). Klamath Falls earthquake recorded at the - staiion --Cl'v/B 

(azimuth=163º; Ll.=495 km). using the sarne crustal structures i~dic;.ted_in Flg.:4.--

Figure 7. Waveform fit (dashed lines) to observed (solid lines) vertical (top). radial ·(;niddle)-. and 

transverse (bottom) component waveforms for the September 21. 1993 C03:28:S5.4). 

Klarnath Falls earthquake recorded at the station SAO (azimuth=l 75°; Ll.=618 km): using 

the sarne crustal structures indicated in Fig. 4. 

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

(top), radial (middle). and transverse (bottom) component seismograms for the September 

21. 1993 (03:28:55.4). Klan1ath Falls earthquake recorded at the station ISA (azimuth=l56º: 

Ll.=798 km), using the same crustal structures indicated in Fig. 4. 

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

(top). radial (middle). and transverse (bonom) component seismograms for the September 

21. 1993 (03:28:55.4). Klamath Falls earthquake recorded at the station DUG 

(azimuth=104°; Ll.=805 km). using the same crustal structures indicated in Fig. 4. 

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:::?.8:55.4). 

Klamath Falls earthquake recorded at the station PAS (azimuth=159°: ti.=967 km). using the 

same crustal structures indicated in Fig. 4. 
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Figure 11. Comparison between the calculated (dashed lines) and observed (solid lines) vertical 

(top). radial (middle). and transverse (bottom) component seismograms for thc July 22. 

1993. Colombia-Venezuela border earthquake rccorded at the station S.JG (azimuth=23º: 

6=1396 krn). using the modified crustal model ofSaikia and Burdick (1991) 

Figure 12. IV!ap 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 (lo"ver-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 rnodels. respectively. The solid and 

open srnall circles on the focal mechanisrns indicate the positions of the P and T axes on the 

focal sphere, respectively. The stations COR and JVDC 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 rnoment tensor 

inversion. 

Figure 14. Results of the mornent tensor inversion using regional seisrnograrns of the IV!arch 25, 

1993, Scotts Mills earthquake. The crustal structure utilized is the CUS model sho"'m in 

Table 1 O. The predicted (dashed lines) and observed (solid lines) seismograms are indicated 

for each component/station included in the inversion. 

Figure 15. Results ofthe mornent tensor inversion using regional seismograrns ofthe March 25 •. 

1993. Scotts l'vtills earthquake. The crustal structure utilized is the BAS/;V rnodel indicated 

in Table 11. The theoretical (dashed lines) and observed (solid lines) waveíórms ·are 

indicated íor each stationlcomponent included in the inversion. 

Figure 16. Map of the epicentral location (star) and focal rnechanisms (lower~hernisphere 

projections) determined in this study and by previous workers of the Septernber 21.· 1993 
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(03:28:55.4). Klamath Falls earthquake. CJ.n is the Harvard University solution. NEIC is 

the National Earthquake Infbnnation Center mechanism. OSU is the Oregon State 

University focal mechanism. R&L is the solution obtained by Ritsema and Lay (1995). 

CUS and BASl.N are the fault plane solutions obtained in this study using the Central United 

S tates (Table 1 O) and the Basin and Range (Table 1 1) models. respectively. The so lid and 

open small circles on the íocal mechanisms indicate the positions of the P and T a.'<es on the 

focal sphere. respectively. The stations COR and 1VDC are exhibited as solid triangles. The 

other stations are out of the figure. lnset shows the CUS solution on a focal sphere. 

indicating the azimuth of the stations (open circles) included in the moment tensor 

inversion. 

Figure 17. Epicenter location (star) and focal mechanisms (lower-hemisphere projections) ofthe 

September 21. 1993 (05:45:34.0). Klamath Falls earthquake.· This event is the second 

mainshock of the seismic sequence that occurred during that day near Klamath Falls, 

Oregon. C,'vfT is the Harvard University solution. OSU is the Oregon State University focal 

rnechanism. R&L is the solution obtained by Ritserna and Lay (1995). The solid and open 

srnall circles on the íocal mechanisrns indicate the positions ofthe P and T a.xes on the focal 

sphere, respectively. The stations COR and WDC are exhibited as solid triangles. The other 

stations are out oíthe figure. 

Figure 18. Results oí the moment tensor inversion of the September 21, 1993 (03:28:55.4), 

Klarnath Falls earthquake using the CUS model. The synthetic (dashed) "ancl observed 

(solid) seismograms are indicated for each station/component iricluded in ·the inversion. 

Figure 18a. Results of the moment tensor inversion of the Septembér 21. ·Ú~93· (03:28:55.4), 

Klamath Falls earthquake using the CUS rnodel (Cont.). 

Figure 19. Comparison between the predicted (dashed lines) and; obser..:~i:(cs.lÚd lines) 

seisrnograms obtained frorn the rnoment tensor inversion. éi'f"il1e'·:septémbér·21. 1993 

(03:28:55.4). Klamath Falls earthquake, using the BASÍN rnodel.: Tu~·; w.i'.vefo~s are 

indicated for each station/cornponent involoved in the inversion. · 
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Figure 19a. Comparison. between .the predicted (dashed lines) and .;bsenied (solld lines) 
' ' ,·' .'. 

seismogrrinis obtained. from · the. moment tensor inversion. oC the .Septembei- 2 J. 1993 
. . - . 

(03:28;55.4), Klamath Falls earthquake. using the BASINmodel (Cont.) .. 

Figure 20 •. · Map oÍ epicentral location (star) and focal mechanisms (lower~hemisphere 

projections) oÍ the December 4, 1993. Klamath Falls earthquake. Ck/T 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 Íocal mechanisms indicate the positions of the P and T axes on the focal 

sphere, respectively. The stations COR and iVDC are exhibited as solid triangles. The other 

stations are out o:f the figure. Inset shows the CUS solution on a focal sphere, indicating the 

azimuth ofthe stations (open circles) involved in the moment tensor inversion. 

Figure 21. Comparison bet"veen the predicted (dashed lines) and observed (solid lines) 

seismograrns obtained from the moment tensor inversion o:f the December 4, 1993, 

Klamath Falls earthquake using the CUS model. The 'Waveforms are indicated for each 

stationlcomponent included in the inversion. 
·: ·.:;. 

Figure 22. Comparison bet'Ween the predicted (dashed . lin<;'s) and, obser:ved (solid Jines) . ; ·-. .. ,_,, . . 
seismograms obtained :from the moment tensor inversion . of · the Decen1ber 4. 1993. 

Klamath Falls earthquake using the BASIN model. The waveforms are indicated. for each 

stationlcomponent included in the inversion. 

Figure 23. Epicenter location (star) and focal mechanisms (lower-hemisphere projections) of the 

February 3. 1994, Wyoming earthquake. C,'vfT is the Harvard University solution. OSU is 

the Oregon State University focal mechanism. NEIC 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 salid and 

open small circles on the Íocal mechanisms indicate the positions o:f the P and T axes on the 

:focal sphere. respectively. The station DUG is exhibited as solid triangle. The other stations 
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are out ofthe figure. Inset shows the CUS solution on a focal sphere. indicating the azimuth 

ofthe stations (open circles) involvcd in the moment tensor inversion. 

Figure 2-1. Results ofthe moment tensor inversion ofthe February 3, 1994, Wyoming earthquake 

using the CUS model. The synthetic (dashed lines) and observed (solid lines) seismograrns 

are shown for cach station/component included in the inversion. 

Figure 25. Results ofthe moment tensor inversion ofthe February 3, 1994, Wyoming earthquake 

using the BASIN model. The theoretical (dashed lines) and observed (solid lines) 

scismograms are indicated for each station/component involved in the inversion. 

Figure 26. 1"1ap of epicentral location and focal mechanisms (lower-hemisphere projections) of 

the September 12. 1994, California-Nevada mainshock. CNIT is the Harvard University 

solution. OSU is the Oregon State University focal mechanism. ERI 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 T a.xes on the focal sphere, respectively. The stations C,'.,fB. ISA. and 

SAO are exhibited as solid triangles. The other stations are out ofthe 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 foult plane 

solutions obtained in this study using the Central United States (Table 1 O) arÍd 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 a.xes on the focal sphere. respectively. The 

stations C.HB. ISA. 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 wavefonns are indicated lor each 

station/component included in the inversion. 

Figure 28a. Comparison between the predicted (dashed lines) and oJ:>sen!ed::.(solid lines) 

seisrnograrns obtained frorn the moment tensor inversion ol thei D_~_c:,en1be~ .4. · 1993. 

Klarnath Falls earthquake using the CUS rnodel (Cont.). 

Figure 29. Cornparison between the predicted (dashed lines) and obsér::.•ecl (~olid lines) 

seisrnograms obtained from the mornent tensor inversion . of. :lb~·. D·e¿e'mber 4. 1993, 

Klarnath Falls earthquake using the BAS/N rnodel. The wavero'~~: are indicatecl lor each 

station/cornponent included in the inversion. 

Figure 29a. Cornparison between the predicted (dashed lines) and observed (solid lines) 

seisrnograms obtained from -the moment tensor inversion ol the December., .4. 1993, 

Klamath Falls earthquake using the BASIN model (Cont.). 

Figure 30. Results ol the moment tensor inversion ol the Septernber 12. 1994, Calffomia-Nevada 

earthquake (aftershock) using regional seisrnograms and the CUS rnodel. Th'7·, synthetic 

(dashed lines) and observed (salid lines) seismograms are indicated lor each 

station/cornponent included in the inversion. 
.';. __ .. ;:,.~~·,:· .· .;_:,· . . 

Figure 30a. Results ol the mornent tensor inversion ol the Septernber 12~· 1994.::Calffornia-
-- _·---·" , ;.:;_::;·, 

Nevada earthquake (aftershock) using thc CUS rnodel (Conr.). ... ·:';,, ···•;:~· .•·· 

Figure 31. Results olthe moment tensor inversion ofthe Septernb.er 12. 1994,°C~ii'ro·~ií~Nev~da 
earthquake (aftershock) using the BASIN rnodel. The predicted (da5he'cl Ünés)'.fuici,c;bseiVed 

--:· ·-.~'_o._, ._,,:_. ___ '; '"--"'-='·' .:!·> ~''i.'c··· .. -;. 

(solid lines) seisrnograrns are indicated for each station/coi'npo_neni:;; inclu~ecl:j¡.in the 

inversion. 
' .. --

Figure 31a. Results ol the moment tensor inversion ol the Septemb'eir 12. "í-994. California-

Nevada earthquake (aftershock) using the BASIN model (Conr.). 

Figure 32. Map ol epicentral location (star) and local .mechanisms (lo"·er-hemisphere 

projections) ol the Septernber 13. 1994. Colorado earthquake. CUS and BASIJV are the fault 

plane solutions obtained in this study using the Central United States (Table 10) and the 

Basin and Range (Table 11) rnodels. respectively. The salid and open small circles on the 
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íocal mechanisms indicate the positions of the P and T axes on the focal sphere. 

respectively. The station GOL is sho·wn.as solid triangle. 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) included in the moment tensor inversion. 

Figure 33. Comparison between the predicted (dashed lines) ani:I obse..Ved:. (s6iid' unes). 

seismograrns obtained from the moment tensor inversion of Sept~mbei:' i3.199::t::.c~\b'rado 
earthquake using the CUS model. The waveforms are indicated for ea6h'~t~ti6n/d~mporíent 
included in the inversion. "·· •• .. -·•:e· e-•: .. , , 

Figure 34. Comparison between the predicted (dtÍShed lines) ari'd 1~~~¿f'v.:~{';i¿~bti~: li~es) 
seismograms obtained from ihe moment tensÓr inver~ion oí Sep~~~bi!~'\j/í9;~:'éoto.rado 
earthquake using the BÁSIN 'rríoéiel.: '.Tiíe . w~~eroffits; :re •;:¡~di~at;;,d - for each 

station/component included inth~i~v-ersion?. 
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March 25, 1993 - CUS model. 
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March 25, 1993 - BASIN modcl 
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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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Fcbruary 3, 199-t - CUS modcl 
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Fcbruary 3, 1994 - BASIN modcl · 
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September 12, 1994 - CUS model 
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Scptcmbcr 12, 1994 - CUS modcl 
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Scptcmbcr 12. 1994 - BASIN rnodcl 
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September 12, 1994 - CUS model (aftershoek) 
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Septcmbcr 12, 1994 - CUS rnodel (aftershock) 
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Scptcmbcr 13, 1994 - CUS modcl 
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VI. Conclusiones 

El estudio de la sismicidad superficial (mb~5.4) ocurrida en el occidente de Venezuela y de 

la sismicidad de profundidad intermedia (my4.2) generada al norte de Colombia y occidente de 

Venezuela durante el periodo 1964-1994. ha permitido mejorar el conocimiento sobre el régimen 

tectónico de la región y proponer un modelo que explica la cinemática de los diferentes 

fallamientos existentes en la zona. Además. la reciente instalación de nuevas estaciones 

sismológicas de banda ancha en la región del Caribe. Centro América y norte de Sur América. ha 

· abierto las posibilidades para la puesta en marcha de una herramienta que permita la 

determinación de los parámetros focales de sismos de magnitud intermedia. mediante la inversión 

del tensor de momento sísmico utilizando sismograrnas regionales. 

Subducción de la placa del Caribe al norte de Colombia y noroccidente de Venezuela 

El análisis de la sismicidad de profundidad intermedia al norte de Colombia y occidente de 

Venezuela., muestra la presencia de una placa litosférica subducida por más de 400 km de 

longitud por debajo de la costa suroeste del Caribe. La geometría de esta placa se definió en el 

rango de 60 a 1 80 km de profundidad. mediante la evaluación de los parámetros focales de los 

sismos con magnitud mb~4.2 ocurridos al norte de Colombia y noroccidente de Venezuela 

durante el periodo J 964-94. Las líneas de igual profundidad muestran una placa con dirección 

aproximada iVNE-SS1V y que buza hacia el este con una pendiente promedio de 25°-32º. en ese 

rango de profundidades. La orientación de los ejes T en los mecanismos focales. indican 

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

subducida. inferido a partir de la sismicidad. 

En una primera aproximación. la baja tasa de sismicidad superficial y la ausencia de sismos 

de i¡ubducción a lo largo de la costa norte y noroeste de Colombia. sugieren que la subducción de 

la placa del Caribe no está 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 1 a 2 cm/año. Quizás. la ausencia de sismicidad superficial en el norte de Colombia 

se deba a que la subducción es muy lenta (<I cm/afio) y está tomando lugar por debajo de un 

prisma acrecionario de hasta 10 kin de espesor. compuesto de sedimentos con alta presión de 

poros. Ahora. si se asume una tasa de subducción de 2 cm/afio. la ocurrencia de sismos hasta 

profundidades de hasta 200 km en esta región. sugiere que la subducción de la litósfera Caribeña 

por debajo de Sur América puede haber tomado lugar desde hace 10 millones de años. 

Los resultados de los mecanismos focales y orientación de los ejes T de eventos fuera y 

cerca del Nido de Bucaramanga. sugieren que esta concentración 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. 

Orientación regional del campo de esfuerzos 

El ambiente tectónico complejo en el noroeste de Sur América ha motivado que la dirección 

del campo de esfuerzos compresivo en esta zona haya sido un punto de discusión por los últimos 

20 años. Varios autores han concluido que la dirección del campo de esfuerzos compresivo está 

orientado este-oeste debido a la subducción de la placa de Nazca por debajo de la placa 

Suramericana. Sin embargo. otros autores han reportado una dirección principal del campo de 

esfuerzos compresivos NW-SE inducido por la subducción 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 el 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 con,presivo en el occidente de Venezuela. Los sismos 

localizados al suroeste de Venezuela. indican un campo de esfuerzos compresivo orientado E-IV. 

Sin. en,bargo. los mecanismos focales de los sismos en el noroeste de Venezuela, 
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aproximadamente al norte de la latitud lOºN. muestran una rotación de los ejes P desde el NE-SE 

hasta NNE-SSW. 

Estas dos conjuntos de direcciones del campo de esfuerzos compresivo bien definidos que 

actúan en el occidente de Venezuela ha motivado una comparación entre las tasas de deformación 

en las zonas norte y sur del área estudiada. 

Zona de deformación altamente fallada y deformada 

La correlación entre los mecanismos focales determinados en este estudio y las fallas activas 

muestran que la liberación de energía sísmica en el occidente de Venezuela no ocurre en un sistema 

de fallas único. tal como en Boconó o en Oca-Ancón; sino que la sismicidad se genera en fallas con 

diferentes orientaciones, distribuidas sobre un gran volumen sismogénico. El cálculo de la 

deformación volumétrica de esta región considerada como un solo bloque mediante la utilización 

del tensor de momento sísmico, muestra una tasa de deformación compresiva de S.6xlO·IO año~I 

orientada casi N-S (N4ºE). Al separar la región en dos sectores al norte y sur de la latitud'lOºN, los 

principales valores de la tasa de deformación fueron 1.6xl0-9 año-1 en la dirección NSºE y l. 7xlQ-9 

año·I orientado -N99ºE, respectivamente. 

Estos resultados muestran que cuando la región se dividió en dos secciones. la tasa de 

deformación compresiva tuvo un comportamiento similar a las orientaciones promedios de los ejes 

P. En la parte norte, la tasa de deformación compresiva orientada casi norte-sur se debe 

probablemente a la subducción de la placa del Caribe por de~ajo de Sur América: mientras que la 

tasa de deformación compresiva orientada en dirección este-oeste en la parte sur está posiblemente 

asociada a la convergencia entre las placas Nazca y Sur América. Sin embargo, en todo el volumen 

deformado, la tasa de deformación compresiva está orientada norte-sur. 

Otro factor que demuestra la presencia de una zona altamente deformada y fallada es la 

ocurrencia de eventos sísmicos complejos de magnitud moderada. originados por fuentes 

múl.tiples. Además de la ocurrencia del sismo de El Tocuyo en 1812 y el de Caracas en 1967. 

existe una secuencia sísmica compleja originada en Boca del Tocuyo. noroccidente de Venezuela. 
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durante los meses de abril y mayo de J 989. El evento principal del 30 de abril y Ja réplica mayor 

del 4 de mayo se originaron_ mediante fuente múltiples que produjeron trenes de ondas muy largos 

que indujen~n la licuación de Jos suelos en el área epicentral. Esta intensa licuación causada por 

Jos dos even~os parece ser consecuencia de Ja presencia de sedimentos saturados no consolidados. 

acelerados por la larga y sostenida duración del movimiento del terreno inducido por procesos de 

ruptura múltiple. 

1\-lodclo tectónico 

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 tectónico. La evaluación neotectónica de la mayoría de estas fallas, aunado a 

la determinación de los mecanismos focales y a Ja direcciones de los principales ejes de 

esfuerzos. han permitido proponer un modelo cinemático conocido con el nombre de mecanismo 

'·bookshelf" o .. domino". En este caso, al actuar los sistemas de fallas de Boconó y Oca-Ancón en 

forma individual o como pareja de esfuerzos con desplazamiento lateral derecho, las fallas ,V1VE­

SSW que separan los bloques experimentan un deslizamiento lateral izquierdo y se produce una 

rotación de Jos 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 Valera e Icotea. 

Definición del borde suroeste de la placa del Caribe 

Los resultados obtenidos de la evaluación sismotectónica de la región muestran evidencias 

que pudiesen relacionar Ja frontera entre las placas Caribe y Sur América con el sistema de fallas 

de Boconó y con el Cinturón Deformado del Caribe Sur. Por Jo tanto, se pudiese estar presente 

ante, una frontera de placas definida por toda una zona de deformación. comprendida entre los 

Andes Venezolanos y el Cinturón Deformado del Caribe Sur. Este argumento pareciera resolver 
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la vieja incertidumbre sobre el porqué no puede restringirse un polo de rotación para las placas 

Caribe y Sur América. utilizando datos a lo largo del sistema de fallas de Boconó. 

En un esfuerzo para estimar la velocidad relativa entre las placas Caribe y Sur América con 

base en el tensor de momento sísmico. se asumió que los sismos estudiados ocurrieron a lo largo 

del sistema de fallas de Boconó. El movimiento relativo resultante es de 2. l 2x 1 o-3 cm/año. lo cual 

es tres órdenes de magnitud menor que la velocidad esperada. 

l\·lodclación e inversión de sismogramas regionales 

La presencia de una tectónica regional compleja y de una sismicidad superficial con 

magnitud mb~S.4 dispersa en el occidente de Venezuela. motivó un intento de evaluar el 

comportamiento de la sismicidad superficial con magnitud mb<S.4 utili=ndo sismograrnas 

regionales. A tal efecto. se analizaron dos metodologías que permitiesen obtener los mecanismos 

f"ocales de esos eventos más pequeños y de esta manera reunir mayor información para validar y/o 

ref"orzar las conclusiones alcanzadas y los modelos propuestos. Lamentablemente la escasez de 

información en las estaciones sismológicas ubicadas a distancias regionales del occidente de 

Venezuela. no permitió 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 servirá en un futuro cercano. con la reciente instalación de nuevas estaciones 

banda-ancha a nivel regional. cumplir con la meta propuesta. 

Los resultados obtenidos con los sismos analizados son satisf"actorios. si se considera que el 

procedimiento utilizado se implantó para desarrollarse de una manera automática. sin que se 

produzca una realineación de los sismogramas sintéticos y observados. Esto implicó. la 

utili=ción de un modelo de corteza único para las dif"erentes trayectorias de los rayos y para la 

determinación de los tiempos teóricos de llegada de las ondas para el inicio de la inversión. 
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