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Abstract

Approximately one thousand microearthquakes with body-wave magnitude my, have been located in northern
Venezuela and the southern Caribbean region (912 ° N; 64—70° W) since the installation in 1980 of the Venezue-
lan Seismological Array, together with forty events of my, < 4, one of them with surface-wave magnitude M ~ 6.
Focal depths are in the range of 0 to <15 km. This geologically complex region is part of the boundary between
the Caribbean and the South American Plates. Epicentral locations indicate that this E-W oriented portion of the
boundary is formed by two ~ 400 km long subparallel fault zones: San Sebastian fault zone (SSF), ~ 20 km north
of Caracas along the coast; and La Victoriafault zone (LVF), ~ 25 km south of the city. They are clearly delineated
by the microseismicity. New composite focal mechanism solutions (CFMS) along these faults show right-lateral
strike-dlip (RLSS) motion on nearly E-W oriented fault planes. NW-striking subsidiary active faults occur in the
region and intercept the two main E-W fault zones. These interceptions show high levels of microearthquake
activity and seismic moment rel ease when compared to other portions of both, the main and subsidiary faults. New
CFMS at those fault crossing sites show NW-striking RLSS motion and normal faulting, in an en-echelon-like
structural behavior. Geological data and quantitative comparisons with other transcurrent plate boundariesin the
world suggest that the rate of plate motion in this area is on the order of 20 mm/y. Several moderate and large
shocks have occurred along the SSF and LV F since ~ 1640, including an Mg ~ 7.6 event in 1900 on SSF. Although
the region may be relatively far from arepeat of this earthquake, seismicity data indicate that strong shocks could
take place along segments of the seismically active faultsidentified in this study.

Introduction

The purpose of this paper is to analyze the tectonics
and seismic potential of southern Caribbean and north-
ern Venezuela (9-12° N; 64—70° W], using an entire-
ly new and revised microseismicity data set gathered
by the Venezuelan National Seismological Network,
operated by the Venezuelan Foundation for Seismo-
logical Research FUNVISIS, for the period 1980 to
mid-1995. This region (Figure 1) is part of the E—
W oriented boundary between the Caribbean and the
South American Plates (e.g., Sykes and Ewing, 1965;
Molnar and Sykes, 1969; Jordan, 1975; Burke et al.,
1984). The Caribbean plate moves easterly with respect
to the South American plate, at arate of ~ 20 mm/y or

more (Jordan, 1975; Minster and Jordan, 1978; Dewey
and Suérez, 1991; Deng and Sykes, 1995).

The central portion of the Caribbean-South Amer-
ican plate boundary (Figure 1) is simpler than that
to the west, where it appears to be a multibranched
boundary (Dewey and Suarez, 1991; Deng and Sykes,
1995; Pérez et a., 1997). It is also smpler than the
boundary to the east, where a NW-dipping dab of
Atlantic floor is subducting beneath the Caribbean
in the Trinidad region, accompanied by right-lateral
strike-dlip motion (RLSS) aong the E-W oriented El
Pilar Fault zonein northeastern Venezuela, andinternal
deformation in northeastern Venezuela and Trinidad
(Pérez and Aggarwal, 1981; Russo et a., 1993). Still,
the tectonic fabric in north-central Venezuela exhibits
a complex faulting pattern (Figure 2) that includes the
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Figure1. Study areaand tectonic setting of Caribbean and adjacent lithospheric plates (modified after Dewey and Suarez (1991) and Pérez et dl.
(1997)). Main plate boundaries are shown by single or double lines. Dashed lines denote uncertain boundaries. Segments with teeth indicate
subduction with teeth on overthrust plate. CR: Mid-Cayman Rise. Plates, CAR: Caribbean; NOAM: North American; CC: Cocos; NAZ: Nazca;
SOAM: South American. VLA: Venezuela; COL: Colombia; TRN: Trinidad. BF, MF, SF, PF and SBF are mgjor fault zones in Venezudla:
Bocond, Morrocoy, San Sebastian, El Pilar and El Soldado-Los Bajos, respectively. Solid circles represent short-period, single-component
seismological stations belonging to the Venezuelan National Seismological Array. Arrows indicate general sense of motion along mgjor faults

in Venezuela. Inset shows the location of Figures 2, 3, 4, 8 and 9.

E-W-oriented RLSS San Sebastian and La Victoria
fault zones (Rod, 1956; Bellizzia, et al. 1976; Schu-
bert, 1981; Beltran, 1993); as well as a series of faults
oriented in a NW-SE direction. Moreover, the role
played by each one of these faults in accommodat-
ing the relative motion between the Caribbean and the
South American plates is not well known, and thus it
has been difficult to evaluate the seismic potential of
the region.

This lack of knowledge stems in part from the
scarcity of seismological data for the area, which
has a relatively low background earthquake activity
when compared to other regionsin the country and the
world (e.g., Fielder, 1961; Suarez and Nabelek, 1990).
Indeed, only onelarge shock, with acorrected surface-
wave magnitude Ms ~ 7.6 (Pérez and Scholz, 1984;
Pacheco and Sykes, 1992) has occurred in the region
this century (October 29th, 1900), rupturing large por-
tions of San Sebadtian fault (Fielder, 1961; Kelleher

et a., 1973; Y. P. Aggarwal, unpublished data, 1987).
However, moderate events (e.g., on July 29th, 1967,
Ms = 6.5; April 10th, 1989, Ms = 6.0; see Figure 2)
have caused strong damage to several towns, particu-
larly to Caracas in 1967, with atoll of more than 200
deaths and over US $500 million in damage.

Inthispaper, using precisely located microearthquakes

that occurred from 1980 to mid-1995, newly deter-
mined composite fault plane solutions, an analysis of
historical and teleseismic data, and geological evi-
dence, we show that in this region the Caribbean-
South America plate boundary is mainly formed by
two ~ 400 km long, E-W-oriented RL SS subparallel
fault zones: San Sebastian fault zone (SSF), ~ 20 km
north of Caracas along the coast; and La Victoriafault
(LVF), ~ 25 km south of the city. In our interpretation,
the main plate boundary — that is, the fault zone along
which most of the Caribbean-South American motion
isreleased during great earthquakes—is the SSF zone.
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Figure 2. Faults with activity during Quaternary times in north-central Venezuela (from Beltran, 1993). Faults names as follows: BF: Boconb,
MF: Morrocoy, OF: Oca, LVF: La Victoria, SSF: San Sebastian, GF. Rio Guarico, TF: Tacata, AF: Araguita, PF: El Pilar. Arrows indicate
sense of motion. TI: Tortuga Island. CAR: Caracas. Closed triangles indicate short-period, single component seismological stations belonging
to the Venezuelan National Seismologica Array. Circles are events with body wave magnitude myp, > 5 from 1965 to 1995, located by the
World Wide Standardized Seismological Network — WWSSN —. Larger circles correspond to events with surface wave magnitude Ms > 6 in
1967 and 1989. Thick line adjacent to the 1967 main epicenter indicates the extend of its rupture zone (Suarez and Nabélek, 1990).

Our observationsindicate, however, that moderate and
large earthquakes have aso taken place along LVF,
contributing significantly to the motion between the
two plates. We also show that NW-SE striking, seis-
mically active faults occur in the region and intercept
the two main E-W-oriented fault zones. New compos-
ite focal mechanism solutions (CFMS) at these fault
crossing sites show a combination of NW striking
RLSS motion and normal faulting, in an en-echelon-
like structural behavior. On the basis of the historical
seismicity and seismotectonic interpretations, we also
concludethat although the region may berelatively far
from a repeat of the 1900 shock, strong earthquakes
could occur along segments of the seismically active
faultsidentified by means of the microseismicity data.

First we present the new microseismicity data set.
Then we show our seismotectonic interpretations and
an analysis of the historical seismicity of the region.
Based on these observations and interpretations, we
evaluatethe seismic potential of theregion under inves-
tigation.

Microseismicity data analysis

Figure 3 showsthe spatial distribution of microearthquakes
(circles) with body-wave magnitude my, > 2.5 located

innorth-central Venezuel a, obtained by the Venezuelan
National Seismological Array from 1980 to mid-1995.
The seismological station sites are shownin Figures 1
and 2. All eventslocatedintheregion havefocal depths
h<20 km. A cut-off magnitude of m, = 2.5isusedin
this map because earthquake locations are more pre-
cise for this magnitude range, dueto the fact that these
shocks are typically well recorded at four to six (or
more) nearby seismological stations; and because our
initial aim isto find faults showing earthquake activity.
Thiswasaprimary reasonfor installing the Venezuelan
Seismological Array in 1980. We should point out that
we relocated most of the events reported in the FUNVI-
sisearthquake catal ogs, including those corresponding
to three surges of seismic activity in 1986, 1989 and
1990, associated with events with my, > 5 east of
~ 69° W (Figure 2), and with an earthquake swvarm in
1995 that took place around 10.2° N, 67.8° W, at the
interception of the Rio Guarico (GF) and La Victoria
(LV) faults.

Composite focal mechanism solutions were
obtained for several groups of events in the region
(Figure4). They are shownin lower hemisphere, equal
area projections, with dark areas indicating the com-
pressional quadrants. The corresponding fault plane
parametersare givenin Table 1. The detailed solutions
for mechanisms numbers 1 to 7 in Figure 4 are shown
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Figure 3. Epicentral distribution of seismicity (circles) located by the Venezuelan National Seismological Array from 1980 to mid-1995. The
small-size circles indicate events with body-wave magnitudes my, in the range 2.5 < my, < 3; medium-size circles are events in the range
3 < myp < 4; large circles are events with mp > 4. Other symbols as in Figure 2. Note the alignment of earthquake activity along La Victoria

(LVF) and San Sebastian Fault zones (SSF) in north-central Venezuela.

Table 1. Focal mechanism parameters

Plane 1 Plane 2 Paxis T axis ref
Event date Lat (°N) Long (°W) h(km) mb S D S D Tro/Plo Tro/PI°
1 1985,87,94 10.7 67.0 <15 3t039 N5°W 60°ENE NB85°E  90° 314/21 216/21 1
2 1990 10.8 65.5 <15 3t058 NBI°E 70°SW N9°W  90° 304/14 38/14 1
3 1985,87,90 9.9 68.7 <15 3t039 N12°W 84°SW N78°E 90° 123/04 33/04 1
4 1995 10.2 67.9 <15 3to4+ N-S 80°E E87°EW 74°N 224/19 133/5 1
5 Sep/94 10.2 67.9 <15 3to4 N58°E 68°SE  N22°W 67°SW 109/01 18/33 1
6 1986 10.2 67.0 <15 31058 N48°E 65°SE  N39°W 84°SW 07/22 272/13 1
7 1988,89,90 10.3 67.0 <15 3to4 N39°W 75°SW N42°E 60°SE 05/33 267/10 1
8 1986 950 69.2 <20 3to4+ N45°E 90° N45°W 60°NE 274/21 176/21 2
9 Apr/89 112 68.2 <15 31058 N45°W 65°SW  N45°W 81°SE 359/24 98/11 2

1. Composite mechanisms, this study; 2. Pérez et al., [1997]. S: strike; D: Dip; Tr: Trend; Pl: Plunge

in Figures 5 and 6. Mechanisms 8 and 9 are reported
elsewhere (Pérez et al., 1997).

Most of the shocks shown in Figure 3 are located
within the seismological array. In general, uncertain-
tiesin epicentral locationsand focal depthscan be con-
servatively estimated as much lessthan 10 km (J. Men-
doza, personal communication, 1995). The crustal and
upper mantle structure used by FUNVISIS and in this
study is similar to the one derived for the Venezue-

lan region by Pérez and Aggarwal (1981). Hypocen-
tral locations show insignificant variationswhen some-
what different crustal structures are used. All reloca-
tions were done using an improved version (J. Men-
doza, unpublished data, 1995) of the single event loca
tion program of Mendoza and Morgan (1985). The
techniques we used to relocate the events, as well as
to obtain the composite mechanism solutions and to
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Figure 4. Composite focal mechanism solutions (lower hemisphere, equal area projections; dark areas are the compressiona quadrants) for
several groups of seismic events (solid symbols), obtained for north-central Venezuela. Numerals are keyed to Figures 5 and 6 and Table 1,
where the corresponding parameters are listed. Mechanisms 1 to 7 are new and their detailed solutions are given in Figures 5 and 6. Solutions 8
and 9 are from Pérez et al. (1997). Arrows indicate sense of motion on selected fault planes, as discussed in the text. Events denoted by open
circles were not used in any of the nine solutions. All epicenters (solid and open symbols) correspond to earthquakes with my, > 3. Other

symbols asin Figure 2.

check the quality of the data, are described in detail in
a separate paper (Pérez et al., 1997).

Results

Figure 3 displaysthe spatial distribution of earthquakes
(circles; my, > 2.5) locatedin the study areafrom 1980
to mid-1995. All events have focal depths, h<20 km.
Solid linesindicate thetraces of major faults occurring
intheregion (Bellizziaet al., 1976; Beltran, 1993), that
show activity during Quaternary times (Beltran, 1993).
As indicated in Figure 1, the region under investiga-
tion is located between the NE-trending Bocono fault
zone and NW-oriented Morrocoy fault (BF and MF in

Figures 1 to 3, respectively), west of ~ 69° W; and the
E-W striking El Pilar fault zone (PF) east of ~ 65° W.
Seismotectonic studiesof these RL SSfault systemsare
reported elsewhere (e.g., Pérez and Aggarwal, 1981;
Russo et al., 1993; Pérez et al., 1997). Thus, in this
paper we will concentrate most of our work in the
region between longitudes 65 an d69° W.

Epicentral locations in this area (Figure 3) define
a ~ 400 km long, ~ 70 km wide, easterly oriented
belt of seismic activity. At first glance, this activi-
ty may be divided into two subparallel branches: one
aligned along the San Sebastian fault zone (SSF) onthe
coast; and another onestraddling LaVictoriafault zone
(LVF) inland. Earthquake activity also occurs on NW-
oriented faults however, namely Rio Guarico (GF),
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Figure 5. Composite focal mechanism solution (lower hemisphere, equal area projection) for group of events no. 1 in Figure 4 and Table 1.
Solid circles are compressions, and open circles are dilatations. P-axis (pressure), T-axis (tension), and the relative sense of motion (arrows)
adong the chosen fault plane are indicated. Seismograms show the high quality of the seismic signals generally used in this investigation.

Araguita (AF) and Tacata (TF) faults. We also note
that LVF is clearly delineated by the microseismicity
from the region SW of La Tortuga Idand (TI), down
to the Bocono fault zone (BF) in the west, near 9.5°N,
69.5°W, actualy intercepting it. This fact was previ-
ousdly unknown from surface geology (A. Bellizzia,
personal communication, 1995). We finally note in
Figure 3 that although portions of the SSF show no
microearthquake activity during the 15 year time-span
analyzed, this fault zone along the coast is still well
delineated by the microsei smicity betweenitsintercep-
tion with the main traces of the Bocond and Morrocoy
faults, inthewest, and theregion south of Tl. Inthislat-
ter region both, SSF and LV F terminate against a series
of NW-oriented RLSS faults (Bellizzia et a., 1976;
Beltran, 1993). Considering the SSF, LVF and PF to
the east, as forming the easterly oriented Caribbean—

South American plate boundary in the region (as will
be discussed in alater section), then what occurs south
of Tl isaright-stepping offset al ong the plate boundary
itself (Pérez and Aggarwal, 1981).

In an attempt to seek more definitive correlationsof
earthquakes with faults, we divided the epicenters of
eventswithmy, > 3into several groups(Figure4). The
division was done on the basis of either a spatial cor-
relation of epicenters with fault traces, or because the
eventsarelocated at fault crossing sites. For each group
wedetermined compositefoca mechanismsusing only
unambiguous P-wave first motion data (Figures 4, 5
and 6), and constructed vertical profiles of focal depth
distribution (Figure 7). A cut-off magnitude of mp = 3
was used to get fault plane solutions, so that only high
quality data are used in our interpretations. Different
symbols and numerals are used for different groupsin
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Figure 6. Composite focal mechanisms solutions for groups of events 2 to 7 in Figure 4 and Table 1. Description of symbolsisidentical to that

in Figure 5.

Figure 4, and the same numbers are retained through
Figures4—7. We discuss bel ow theresults of thiseffort.

San Sebagtian Fault Zone — SSF

Prior to our study, only one focal mechanism had ever
been reported along thisfault zone: That corresponding
tothe Ms = 6.5, Caracasearthquake of July 29th, 1967
(Ria, 1978), whose rupture occurred (Figure 2) NW

of Caracas (Suarez and Nabélek, 1990). The mecha-
nism shows RL SS motion on an easterly oriented fault
(Suarez and Nabélek, 1990). Figure 4 shows two new
composite focal mechanisms (CFM) aong SSF (solu-
tions 1 and 2). These solutions indicate RLSS motion
on easterly-oriented vertical faults, essentially parallel
to the SSF. Note that this fault zone in Figures 24 is
not asimplelinear structure but may be best character-
ized as a shear zone about 25 km wide. For these two
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Figure 7. Vertica cross sections showing the focal-depth distribution (larger circles, mb > 3) for the groups of events nos. 1 to 7 in Figure 4.
Smaller circles are events with mb in the range 2.5 < mb< 3 located in the same corresponding region. Traces of fault zones are shown in the
upper part of each profile. Faults: SSF: San Sebastian, LVF: La Victoria, TF: Tacata, RSF: right step faults where LVF is intercepted by Rio

Guarico fault (GF) in Figure 4. See text for explanations.

groups of events, the vertical cross sections (sections 1
and 2 in Figure 7) perpendicular to the strike of SSF
strongly support the ocurrence of earthquakes on this
fault zone. Both profiles define faults that, are almost
vertical. It is noteworthy that in these and other pro-
filesin Figure 7, the observed maximum depth does
not exceed about ~ 15 km, a maximum depth limit
similar to that observed for the San Andreas fault in
Cdlifornia.

La Victoria Fault Zone— LVF

Figure4 showsthefirst focal mechanismsever reported
along thisfault zone. These composite solutions can be
dividedin two groups: onethat indicates RLSS motion
along easterly oriented fault planes (solutions 3 and 4);
and another group that shows predominantly a combi-

nation of NW=SE striking RLSS motion and normal
faulting (solutions5 to 7). The former mechanismsare
for shocks along the main trace of La Victoria fault
(LVF). The latter mechanisms are for events located
at or nearby sites where LVF is intercepted by NW-
oriented subsidiary faults.

Corresponding vertical cross sectionsare displayed
in Figure 7. Sections 3 and 4 are for solutions 3 and
4, respectively (we remind the reader that numerals
are retained through Figures 4—7). These profiles, per-
pendicular to the strike of LVF, define near vertical
fault planes. Thus, our observationsare consistent with
almost pure easterly-oriented RLSS along the main
trace of La Victoria fault. Sections 5-7 are NE-SW
profiles showing the focal depth distribution of events
used to obtain mechanisms 57, respectively, at or
nearby siteswhere LVF isintercepted by NW-oriented



faults. These profilesdefine near vertical faults, consis-
tent with the strike and dip of the NW-trending nodal
plane indicated by their corresponding focal mecha-
nismin Figure4. Thus, in our interpretation, La Victo-
riafault is being offset (right stepping) at those places
where it is intercepted by NW-trending faults, in an
en-echelon like structural behavior that also includes
a component of normal faulting at the interception
sites. This structural behavior is also indicated by the
neotectonic activity shown by a series of frequently
offset morphological features along La Victoria fault
zone (Schubert, 1986, 1988), including offset ridges
and drainage, shutter ridges, fault scarps and steps,
fault saddles and trenches, and alluvial terraces. This
tendency appears to have a regional character: Pérez
and Aggarwal (1981) point out (see their Figure 11)
that the E-W oriented San Sebastian and El Pilar fault
zones (SSF and PF in Figure 4) are part of the easterly
trending Caribbean—South American plate boundary
in north central Venezuela, with the SSF being offset
(right stepping) south of Tortugaldland (Tl in Figure4)
to become PF farther east.

Itis possible that this segmentation of the main E—
W faultsis due to the existence of a bend in the main
plate boundary, that changesfrom a nearly E-W strike
in north-central Venezuela to a NE-SW trend along
the Bocono fault in the west (Y. P. Aggarwal, person-
al communication, 1987; Suarez and Nabélek, 1990);
and to a NW-SE strike along Los Bajos-El Soldado
fault zone farther east, in the Trinidad region (Fig-
urel; see Figure 11 of Pérez and Aggarwal, 1981). An
alternate explanation could be that the strike-azimuth
of the SSF and LV Ffault zones (< 80) islarger thanthe
azimuth of the Caribbean—South American dlip vector
(~75°) (eq., Deng and Sykes, 1995), which results
in a transtensional component of deformation along
those fault zones. As we will discuss below, this fault
geometry somehow delimits the location and size of
the largest events that could take place along them.

Other mechanisms

Finally, solutions8 and 9in Figure4 (from Perez et al..,
1997), are for events on the NE-striking Bocon6 and
NW-trending Morrocoy faults, respectively, in west-
ern Venezuela. These solutions indicate RLSS along
thosefault systems, which are part of acertainly multi-
branched and complicated Caribbean-South Ameri-
can plate boundary in northwestern Venezuelaand the
southwestern Caribbean region (Dewey and Suérez,
1991; Deng and Sykes, 1995; Pérez et al., 1997). In
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northeastern Venezuela, Pérez and Aggarwal (1981)
and Russo et al. (1993) report several composite fault
plane solutions for microearthquakes associated to the
easterly oriented El Pilar fault (PF). Their solutions
show RLSS motion on nearly E-W oriented vertical
faults.

Seismic moment releasein North Central
Venezuela (1983-1995)

Figure 8 shows the gpatial distribution of seismic
moment release in the study area from 1983 to
mid-1995. This map was obtained by dividing the
whole region into square cells with dimensions of
[~25x 25 km], and adding up the moments corre-
sponding to every event with my, > 3 that occurred
within each cell, in the time span analyzed. The blank
areasin Figure 8 correspond to regionswherethe seis-
mic moment release calculated for each cell islessthan
10'®> Nm. The dotted and hatched areas correspond to
regions where the seismic moment release is relative-
ly high, in the range of 1 to 10 x 10*®> Nm and 10
to 40 x 10% Nm, respectively. The black cell corre-
spondsto the Ms = 6 event that occurred in the region
in 1989 and its aftershock sequence, with amoment of
~ 10 Nm.

The seismic moments for these events are cal-
culated and listed by Mendoza and Pérez (1995; in
preparation, 1997). A cut-off magnitude of mp = 3
was used because the FUNVISIS earthquake catalog
shows a constant rate of listing for the whole coun-
try for shocks with my > 3 since 1983 (Mendoza and
Pérez, 1995). This, according to the results of sever-
al researchers (e.g., Habermann, 1982; Pérez, 1984;
Pérez and Scholz, 1984), suggests that the catalog is
largely complete for that magnitude range and time
span. Thisalso allows usto comparethe seismic activ-
ity in a given region relative to another in the country,
without introducing artifacts dueto inhomogeneitiesin
the catalog, e.g., man made changes in the seismicity
rates of thetypedescribed by Habermann (1982, 1987),
Pérez (1983, 1984) and Pérez and Scholz (1984, 1997).
The moments were calculated from my, according to
the relation:

Log(M,) = (0.96my + 0.08) + (18.19 4+ 0.16) (1)

Mgy, dyn —cm; 2.3 < myp < 6.
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Figure 8. Spatia distribution of seismic moment released in north-central Venezuela from 1983 to mid 1995. Areas in blank correspond to
regions releasing less than 101> Nm. Dotted and hatched areas correspond to regions where the seismic moment released is relatively higher, in
the range of 1-10 x 101> Nm and 10-40 x 1015 Nm, respectively. The black cell corresponds to the Ms = 6 event that occurred in the region
in 1989 and its aftershock sequence, with a moment of ~ 108 Nm. Note the absence of seismic moment release in the Caribbean Sea regions
of north central Venezuela, and the existence of several places with relatively high moment release (dotted and hatched areas), when compared
to other places (blank areas) in the region. Seetext for further explanations.

Toget relation M, wasfirst obtained using the spec-
tral analysis of Swaves (Brune, 1970) for a series of
eventswith my intherange 2.3 < my, < 4.2, digitally
recorded by at least four seismological stations from
1990-1995; and moments reported by Archuleta et al.
(1982) for earthquakes in therange 4 < mp < 61in
Mammoth Lakes, California.

Itisclear that these seismic momentsfor the period
1983-1995, though accurate enough, are not repre-
sentative of the long term seismic activity, and that
they reflect only a small transient within the whole
seismic cycle. The region, however, shows avery low
background earthquake activity (Figure 2), and thereis
no homogeneousand sufficiently long-term earthquake
catalog to be used for an in-depth seismological analy-
sis. Bearing in mind these limitations, the following
observations are made.

We first notein Figure 8 the absence of significant
seismic moment release in the Caribbean sea regions
of north-central Venezuela. Seismicity is constrained
to occur in the southern regions of the San Sebastian
fault zone (SSF), that is, in continental South Amer-

66
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-Mo > le+l8

, Mo in Nm

ica (see aso the teleseismic locations for events with
mp > 5 from 1965-1995 in Figure 2), in general at
depthsh < 15 km (Figure 7). This suggeststhat SSFis
the northernmost limit of the E-W oriented Caribbean-
South America plate boundary in this region, and that
south of it seismicity isoccurringin theupper continen-
tal crust of the South American plate, in materials that
are weaker than those forming the oceanic Caribbean
plate (C. H. Scholz, personal communication, 1995).
This phenomenon appearsto betypical of transcurrent
plate boundaries that put an oceanic plate into contact
with a continental plate (Pérez and Sanz, unpublished
data, 1995), like in California and the east coast of the
Mediterranean Sea, i.e., San Andreas and Dead Sea
faults.

Figure 8 also shows concentrations of seismic
moment release at most of the fault crossing sites in
the region. For instance, along La Victoriafault (LVF)
there are areas of high moment release at its intercep-
tion with the Bocono fault (BF) near 9.8° N; 69.7° W;
and also at thesiteswhereit isoffset by the Rio Guarico
(GF) and Tacatafaults (TF). Along San Sebastian fault



(SSF) there are areas of high moment release near its
interception with the Morrocoy fault (MF); a so south-
west of Tortugalsland (T1), whereit isintercepted and
offset by RLSS faults; and at two sites northwest and
north of Caracas, where it is intercepted by transverse
faultsoccurring in both, the Caribbean floor and inland.
Actually, these two latter sites were the nucleation and
end of the 1967 rupture along SSF (see Figure 2). In
our interpretation, these fault crossing or interception
sites are just ‘seismic barriers’ subjected to high con-
centrations of stress. This results in a higher level of
earthquake activity at those placesalong SSF and LVF,
in comparison with other portions of these faults. In
terms of thefindings of Pérez and Scholz (1997), these
barriers may mechanically control the location (nucle-
ation and end) of future major seismic ruptures, as it
was apparently the case during the 1967 Caracas earth-
quake.

Earthquake history and seismic potential of North
Central Venezuela

Earthquake history

Figure 9 summarizes the location of the strongest
shocks that have occurred in north central Venezuela
since AD 1640, between the rupture zone of the
March 26th, 1812 earthquake along the Bocond fault
in the west, and the rupture zone of the 1766 event
associated with the El Pilar fault in the east (Field-
er, 1961; Kelleher et ., 1973; Gonzalez and Rangel,
1973; Pérez, 1980). The magnitudes of these events
are estimated to be in the range 7.5-8 (Grases, 1979;
Pérez, 1980).

Two strong shocks have taken place (Figure 9)
along San Sebastian fault zone (SSF) this century. On
October 29th, 1900, acorrected Mg = 7.6 event (Pérez
and Scholz, 1984; Pacheco and Sykes, 1992) ruptured
largeportionsof thisfault zone (Y. P. Aggarwal,, unpub-
lished data, 1987; see Figure 1 of Suérez and Nabélek,
1990], causing strong damage along the coast and in
Caracasitself. The size of this shock strongly suggests
that the SSF plays amajor role as part of the boundary
between the Caribbean and the South American plate
in this region. The other strong earthquake on SSF
took placein 1967 (M,, = 6.6), rupturing a ~ 50 km
segment of thisfault zone NW of Caracas (Suarez and
Nabélek, 1990). We pointed out above that the nucle-
ation and end of the 1967 rupture occurred at seismic
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barriers where SSF is intercepted by transverse faults
occurring in the Caribbean sea floor and inland.

Strong earthquakes have also taken place along La
Victoria fault zone (LVF) in the past 350 years (Fig-
ure 9). Centeno-Grau (1940) and Grases (1980) report
at least two damaging quakes associated to LVF, in
1641 and April 12th, 1878. Judging from their intensi-
ty reports, the 1641 event broke the portion of LVF in
between the Rio Guérico (GF) and Téacata (TF) faullts,
where Mercalli Intensities were as high as VIII. The
magnitude of this event is estimated in the range of
6.4-7 (Y. P. Aggarwal, unpublished data, 1987; Suarez
and Nabélek, 1990). The shock in 1878, originaly
described by Ernst (1878), is of particular interest.
The London Times (04—14-1878) reports a toll of 600
deaths and over £ 300,000 in damage. In Figure 9 we
have assigned a Mercalli Intensity VIII-IX to those
towns that, according to various Venezuelan and for-
eign newspapers of thetime, were totally destroyed by
that event. The sites are indicated by solid stars. These
intensity values clearly suggest a~ 50 km break along
La Victoria fault, southeast of Caracas. This rupture
length corresponds to that of an event with a moment
magnitude in the range of 6.5—7, similar to the 1967
Caracas earthquake.

Tectonic style and seismic potential

From the discussion above we conclude that moderate
to large earthquakes have occurred in the past on both,
San Sebastian (SSF) and LaVictoria(LVF) fault zones,
and that most of the Caribbean-South American plate
motion isaccommodated along this series of nearly E—
W-oriented RL SS faults. This conclusion is supported
by the occurrence of microseismicity and the nature
of motion deduced above from fault plane solutions,
along them. In our interpretation, the SSF is the main
plate boundary, that is, the fault zone along which
most of the relative plate motion is taken up during
great earthquakes, like the onein 1900.

This style of seismic behavior in a transcurrent
boundary that puts an oceanic and a continental plate
into contact, in which thereisamain fault (SSF) where
great earthquakes occur, and secondary faults in the
continental plate (e.g., LVF) generating moderate to
large earthquakes during the seismic cycle, appearsto
be a phenomenon common to most of the boundaries
of thistypein the world. For instance, seismic activity
(mp > 5) in California aong the segment of Pacific-
North American plate boundary associated with the
1906 great rupture, has mostly taken place in the con-
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70 W 69 68

66 65 64

Figure9. Strongest earthquakes occurred in north-central Venezuela since AD 1640. Thick lines indicate extend of ruptures. Numeralsindicate
year of occurrence. The surface-wave magnitude for the 1900 event on San Sebastian fault (7.6) isindicated. Large ruptures in 1766, 1900 and
1812 arefrom Y. P. Aggarwal, unpublished data, (1987), published by Suarez and Nabélek (1990). Closed circles are the main epicenters of the
1967 (Ms = 6.5) and 1989 (Ms = 6) events. Stars are intensities V111 to 1X assigned in this study to those places where towns are reported to
have been totally destroyed during the 1878 earthquake. Other symbols asin Figure 2. See text for explanations.

tinental North American plate both, before and after
the 1906 event, that is, during the seismic cycle. No
activity has taken place in the oceanic Pacific plate
(see, e.g. Ellsworth, et a., 1981; Pérez 1983; Sykes
and Jaumg, 1990). Also notethat in thisregion, the San
Andreasfault takes up about ahalf of the Pacific-North
American relative plate motion, whereas the other hal f
is distributed along other RLSS subsidiary faults (e.g.,
Herd, 1979; Ellsworth et al., 1981).

A similar case may be occurring in north-central
Venezuela and southern Caribbean. The fault system
conformed by the main traces of the Bocono, San
Sebastian and El Pilar faults (Figure 1) appears to
be moving at a rate of ~10 mm/y (Schubert and
Sifontes, 1970; Pérez and Aggarwal, 1981; Schu-
bert, 1984; Y. P. Aggarwal, unpublished data, 1987),
whereas the full rate of motion along the entire fault
zones (70-100 km wide) is on the order of 20 mm/y
or more (Dewey and Suarez, 1991; Deng and Sykes,
1995; Pérez et a., 1997). Thus, about a half of the
Caribbean-South American plate motion in north cen-
tral Venezuela may be taken up along San Sebastian
fault, whereas the other half may be distributed along
other E-W oriented RLSS subsidiary faults, like La
Victoria fault zone. Schubert (1984, 1986, 1988)
reports firm geological evidence of significant (2 to
3 mm/y) RLSS motion on the main trace of this fault
during Pleistocene and Holocene times. Note also in

Figure 2 that the San Sebastian fault zone is composed
of at least two nearly parallel faults along the coast
(Beltran, 1993). It is clear that new Global Position-
ing System (GPS) measurements are necessary in the
region to help resolve al these uncertainties.
Nevertheless, from the discussion above we con-
clude that the repeat time of the M = 7.6, 1900 event
on San Sebastian fault is on the order of ~ 250 years,
if oneisto expect ~ 2.5 meters of displacement during
abreak of that size (e.g., Sykes and Quitmeyer, 1981),
and assuming arate of motion of ~ 10 mm/y along the
main trace of this fault. This suggests that the region
may be relatively far from a repeat of this event. It
does not mean, however, that destructive shocks will
not occur in the area during the intervening period.
Indeed, we demonstrated the occurrence of moderate
tolargeeventsinthetimesbeforethe 1900 quake. Also,
moderate shocks occurred in north-central Venezuela
(Figure9) in 1967 (M,y, = 6.6) causing extensivedam-
ageto Caracas, and in 1989 (Mg = 6). Thus, it isfea-
sible that other strong shocks may occur in the region
before the repeat of the 1900 event, particularly along
segments of the seismically active faultswe have iden-
tified in this study. These include La Victoria fault,
and the NW-SE-oriented onesthat occur in theregion,
among themthoseto thewest of Caracas. Inthe context
of the findings of Pérez (1983) and Pérez and Scholz
(1997), thefault crossing or interception sites, —* barri-



ers’ —that we haveidentifiedin theregion, arelikely to
control the size, nucleation and ends of such aruptures,
asit was the case during the 1967 Caracas earthquake
and many other events in the world reported by the
latter authors. We hope further seismological and GPS
studieswill lead to abetter understanding of the present
day tectonics and seismic potential in thisregion.
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