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a b s t r a c t

The right-lateral strike-slip El Pilar Fault is one of the major structures that accommodate the relative
displacement between the Caribbean and South-America Plates. This fault, which trends East–West along
the northeastern Venezuela margin, is a seismogenic source, and shows numerous evidence for active
tectonics, including deformation of the Quaternary sediments filling the Cariaco Gulf. Because the main
El Pilar Fault strand belongs to a set of strike-slip faults and thrusts between the stable Guyana shield
(South) and the Caribbean oceanic floor (North), a GPS network was designed and installed to measure
the relative motion of the El Pilar Fault and other faults. The results obtained from the comparison of 2003
and 2005 surveys indicate: (i) a lack of significant displacement (especially shortening) in the Serrania
del Interior (Neogene cordillera overthrusted above the Guyana craton), (ii) an eastward displacement
elative motion
reep

(relative to fixed south America plate) up to 22 mm/year of benchmarks located north of the El Pilar Fault.
Velocities simulations using dislocations in an elastic half-space show: (1) the concentration along

the El Pilar Fault of the whole Caribbean-South America relative displacement, (2) the existence of an
important component of aseismic displacement along the upper part of the El Pilar Fault. Between 12 km
depth and the surface, only 40% of displacement is locked for the western segment and 50% for the eastern
segment. This last phenomenon may be related to the existence of serpentinite lenses along the fault zone

of Sa
as observed for segments

. Geological and geodynamic setting of the El Pilar Fault.
rief introduction

.1. The Caribbean Chain

Northern Venezuela is bounded by an East-West cordillera,
lmost 1000 km long, with an eastward prolongation in northern
rinidad (Fig. 1). Different review publications provide detailed
eological information (non exhaustive list) on the so-called
Caribbean Chain” and its foreland: the Geological and Structural
ap of Venezuela by Bellizzia et al. (1976), the book by González

e Juana et al. (1980) and the new geologic shaded relief map of
enezuela by Hackley et al. (2005).

Although northern Venezuela (Perijá Range, Mérida Andes,

aribbean Coast Range) has well recorded Paleozoic and Precam-
rian evolutions, we will only focus on its Mesozoic–Cenozoic part.
resent-day geology (Fig. 2) results from a complex polyphase
volution which developed from West toward East, after the

∗ Corresponding author. Tel.: +33 479758887.
E-mail address: fjoua@univ-savoie.fr (F. Jouanne).

264-3707/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jog.2010.11.003
n Andreas and North Anatolian faults.
© 2010 Elsevier Ltd. All rights reserved.

opening of the central Atlantic. The importance of allochtony –
southeastward overthrusting – was underlined by Peirson (1965),
Menéndez (1966), Bell (1971), Bellizzia (1972), Stéphan (1985) and
Beck (1985). In addition, Rod (1956) highlighted the significance
of major strike-slip displacements. The south-Caribbean margin
formed during the middle-upper Jurassic ocean opening between
the North- and South-American Plates (Stéphan et al., 1990). The
boundaries of this passive margin were a combination of E-W-
trending, northward-dipping, growth normal faults, and of NW-SE
transform faults. Inheritance of this pattern strongly influenced
the Cenozoic tectonic evolution of the margin, and is guiding the
present activity in northeastern Venezuela and Trinidad (Fig. 1).
During Cretaceous and Paleogene, different “terranes” from central
eastern pacific (island arc, ophiolites, continental microplate) built
a complex set of tectonic units stacked by transpression (thrust-
ing and lateral accretion) along the southern transform boundary
of the eastward-moving Caribbean Plate. In the Eastern Caribbean

Chain (Fig. 2, section B), the metamorphic units are directly in con-
tact with Early Cretaceous-Paleogene platform sediments, while in
the western Caribbean Chain (Fig. 2, section A), they overthrust
an ancient Paleogene deep sea fan, deformed into an accretionary
wedge (a “proto-Barbados Prism”). The Oligocene-Miocene fore-

dx.doi.org/10.1016/j.jog.2010.11.003
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
mailto:fjoua@univ-savoie.fr
dx.doi.org/10.1016/j.jog.2010.11.003
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Fig. 1. Geodynamic sketch map of the southeastern Caribbean and morpholog

and is deeper in the Eastern Chain, with a prominent negative
ravimetric signature (Graterol, 1988). In the eastern portion (Fig. 2,
ection B), the El Pilar Fault tends to separate the outer sedimentary
elt from the metamorphic units. Nevertheless, this juxtaposition
esults from a Neogene overprinting by the E-W strike-slip move-
ent, as Vignali and Vierbuchen (Vignali, 1977; Vierbuchen, 1978)
entioned local overthrusting of Araya–Paria schists on non meta-
orphosed sedimentary rocks of the Eastern Interior Range. Thus,
e image this situation on sections B (Fig. 1), just north of the El

ilar Fault.

.2. The El Pilar Fault zone

During the Cenozoic, the general kinematics of the Caribbean
ollowed the pattern initiated during the upper Cretaceous: east-
ard drift of the Caribbean Plate, Atlantic oceanic subduction below

he Lesser Antilles volcanic island arc, growth and eastward drift of
he Barbados accretionnary complex (Beck et al., 1990). Fig. 1 shows
he present-day situation, based on structural analysis, seismol-
gy, seismo-tectonics, and GPS measurements (DeMets et al., 2000;
inster and Jordan, 1978; Pérez and Aggarwal, 1981; Audemard et
l., 2000; Pérez et al., 2001a,b; Weber et al., 2001). The present-day
elative displacement and deformations along northern Venezuela
underlined in red in Fig. 2) can be divided into: major strike slip
aults (SW-NE and E-W trending), offshore horizontal N-S to NNW-
SE shortening that resembles an accretionary wedge (related to
e central and eastern Caribbean Chain (Audemard, 1999; Weber et al., 2001).

an incipient subduction?) (Fig. 1). In central northern Venezuela,
the San Sebastián Fault (Figs. 1 and 2), running along the coast,
is responsible for most of the displacement; in eastern north-
ern Venezuela, the El Pilar Fault, which separates the Araya–Paria
Peninsula from the Interior Range, is inferred to play the same role.

The upper kilometers of the simplified sections (Fig. 2) are based
on surface data and seismic reflection profiles for both the off-
shore part and the foreland sedimentary basins. The geometry of
deeper structures is more speculative. However, with respect to
present-day tectonics, the El Pilar Fault system is proposed to have
a northward dip as illustrated in Fig. 2. Prior to the eastward drift
of the Antillean Arc, the northern South-America (passive) margin
developed with NW-SE transform faults and E-W normal growth
faults facing north (Stéphan et al., 1990); the El Pilar system could
thus represent an inheritance of one of the later ones. It is also in
agreement with crustal section modeled by Jácome et al. (2008)
(Fig. 3). The recent activity of this major fault was shown by field
survey on Pleistocene deposits along the fault (Vierbuchen, 1978;
Macsotay, 1976, 1977; Campos, 1981; Beltrán et al., 1996, 1999),
high resolution seismic profiles in the Cariaco Gulf (Van Daele
et al., in press) and, overall, by seismicity (several historical major

earthquakes damaging the city of Cumaná (Paige, 1930; Audemard,
1999, 2007). Detailed studies were conducted after the last major
event which struck the city of Cariaco, located at the eastern end
of the Gulf of Cariaco (Baumbach et al., 2004; Audemard, 2006).
A recently performed high resolution seismic survey of the Gulf
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ig. 2. Simplified sections across the southeastern Caribbean margin (based on map
hevalier (1987); locations in Fig. 1).

f Cariaco (Audemard et al., 2007) confirmed the importance of a
ajor active trace bounding the southern coast of the gulf (Fig. 1),

ut also displayed older active traces along the northern gulf coast.
s different works also evidenced other active faulting between the
raya Peninsula and the Island of Margarita (Pérez and Aggarwal,
981), the seismic hazard assessment along the El Pilar Fault needs
precise knowledge of strain distribution between the Caribbean

nd South-America Plates. The global relative displacement is esti-
ated to 20 mm/year (DeMets et al., 2000; Pérez et al., 2001a,b;
eber et al., 2001). Thus, our investigation program and GPS net-
ork were designed in order to study the major faults of the plate
oundary.
Active tectonics and seismicity of the El Pilar Fault have been

ocumented by trench excavations, revealing the occurrence of
our earthquakes in the last 7–8 ka (Beltrán et al., 1996, 1999),
nd by historical records of destruction. Cumaná has been recur-

ig. 3. Lithospheric cross section across the plate boundary from integrated seismic, flex
ections by Bellizzia et al. (1976), Stéphan et al. (1980), Campos (1981), Beck (1986),

rently damaged, in 1530, 1684, 1766, 1797, 1853, 1929 and 1997
(Audemard, 1999). Reported impacts of the 1797 earthquake indi-
cated the occurrence of a local earthquake, that might be similar
to the 1929 earthquake that occurred east of Cumaná, whereas
the 1766 earthquake has affected a larger area, suggesting an
intermediate-depth earthquake. The 1530 and 1853 events, asso-
ciated with tsunamis, are probably related to off-shore ruptures
(Audemard, 2007). It must be underlined that there are no records
of very large earthquakes during the last five centuries, which
suggests that the segmentation of the fault by transpressional or
transtensional relays reduces the size of the rupture area (Pérez

and Aggarwal, 1981; Audemard, 2007). Focal mechanisms along
the El Pilar Fault indicated right-lateral strike-slip on nearly ver-
tical planes for earthquakes located in the upper crust (Baumbach
et al., 2004; Audemard, 2006; Doser and Vandusen, 1996; Mendoza,
2000; Russo et al., 1993; Speed et al., 1991).

ural and gravity modeling (Jácome et al., 2008) at the level of the Cariaco Gulf.
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ig. 4. Active faults in eastern Venezuela and velocities expressed in the South Am
rror ellipses are drawn for a 1� confidence level assuming a flicker noise. Rupture
rey.

.3. The Central Range Fault in Trinidad

Geodetic investigations (Weber et al., 2009) and Neotectonics
tudies (Prentice et al., 2010; Soto et al., 2007) suggest that the
rincipal fault of the plate boundary, west of Venezuela, in Trinidad

sland is the Central Range Fault of Trinidad. Triangulation/GPS
omparison between 1901–1903 and 1994–1995 allows to deter-
ine a velocity field suggesting that the Central Range Fault is the
ain structure of the plate boundary with a 12 ± 3 mm/year dextral

trike-slip. It remains unclear if this fault is affected by a significant
reep but it must be noticed that the preferred model of the authors
uggest a fault with a 1–2 km locking depth. Nevertheless, no creep
elated offsets have been observed in the field (Prentice et al., 2010).

Neotectonic investigations indicate that the last earthquake
long the Central Range Fault took place between 2710 and 550
r BP which is in accordance with the lack of historical seismicity
eported since 1800 for this fault.

. Data collection

A dense GPS network (Fig. 4) has been installed and measured
n December 2003 and re-measured in December 2005 using direct
entering benchmarks. Each point has been measured during at
east two sessions of 24 h, whereas one point, AUD0, was measured
ontinuously during the full data acquisition program. Ashtech
hoke ring antennas were used during the two field acquisitions
ith ZXtrem Ashtech dual frequency receivers.

. Data analysis

Results were obtained using IGS final precise orbits, as well as
GS Earth rotation parameters and data from nearby permanent
PS stations defined on the ITRF2005 reference frame. We used

he absolute antenna phase center offsets models.
Data have been analyzed with the Bernese 5.0 software using

he following strategy: (1) initial ionosphere-free analysis with

esiduals computation, (2) residuals analysis; (3) resolution of the
ide-lane ambiguities using the Melbourne–Wubbena linear com-

ination (Melboume, 1985; Wubbena, 1985); using DCB files when
vailable, (4) computation of ionosphere free solution introducing
he resolved Melbourne–Wubbena linear combination ambiguities,
plate reference frame, using the rotation pole proposed by Altamimi et al. (2007).
e 1929 Cumaná and 1997 Cariaco earthquakes (Audemard, 2006) are indicated in

and (5) computation of normal equations. Troposphere-induced
propagation delays were estimated from the observations every
2 h. Each daily solution has been transformed in the ITRF2005
reference frame (Altamimi et al., 2007) with a seven parameters
Helmert solution using the IGS stations BOGT, BRAZ, BRMU, CHPI,
CORD, CRO1, FORT, KOUR, PUR3, SSIA. Outliers detection has been
performed with Bernese 5.0 software, using ITRF2005 sites coordi-
nates and velocities constrained at their ITRF2005 values for points
defined in the ITRF2005. The uncertainties estimated from this
procedure assume a white noise source of error. It has long been
recognized that the main source of error in GPS time-series is in
fact a flicker noise (Zhang et al., 1997). Williams et al. (2004) have
shown that flicker noise is a factor of 2–3 times higher than the cor-
responding white noise level. Based on that observation, we have
increased our formal estimated error by a factor of 3.

Finally, we expressed velocities relative to the South America
plate (Table 1 and Fig. 4) using the rotation pole between ITRF2005
and south America plate proposed by Altamimi et al. (2007). The
influence of the choice of Altamimi’s et al. rotation pole has been
tested with others rotation poles (Drewes, 2009; Kreemer et al.,
2003; DeMets et al., 2010) for selected points representing the net-
work (Table 2). The tested models ITRF2005 (Altamimi et al., 2007),
APKIM2005 (IGN) and APKIM2005 (DGF) (Drewes, 2009) and GSRM
(Kreemer et al., 2003) are consistent for the east component at
0.2 mm/year and at 1.8 mm/year for the north component which
is acceptable and smaller than error ellipses. The MORVEL (DeMets
et al., 2010) model based on geological data differs significantly
from the others models with differences reaching 1.2 mm/year for
the east component and 3.3 mm/year for the north component. We
have then adopt the ITRF2005 model as representative of most of
the models, to express velocities in the South America reference
frame.

4. Velocities field

Points located south of the network do not show significant

velocities (2 ± 3 mm/year). Surprisingly, points TOR0, AUD0, PERO,
and ARR0, located at a few kilometers south of the El Pilar Fault
(Fig. 7), did not reveal significant velocities with respect to South
America with a 3 mm/year uncertainty. The network south of the
El Pilar fault presents then a 3 mm/year rigidity. A strong displace-
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Table 1
Velocities in the ITRF2005 reference frame. Ve: east component of velocity, Vn: north component of velocity, �Ve: standard deviation of Ve, �Vn: standard deviation of Vn.
Locations of stations in Fig. 4.

Long Lat Ve Vn �Ve �Vn
Station (deg) (deg) (mm/year) (mm/year) (mm/year) (mm/year)

ARI0 −63.749 10.511 12.1 6.3 3 3
ARR0 −64.291 10.370 −4.7 12.6 6 6
ARY0 −64.236 10.571 11.3 11.8 3 3
AUD0 −64.081 10.447 −1.5 10 1.5 1.5
CHA0 −64.156 10.841 11.6 13.7 3 3
COI0 −63.116 10.415 2.5 11.8 6 6
COV0 −63.603 10.136 −4.1 10.4 3 3
GAL0 −64.188 10.802 13.4 13 3 3
HOR0 −64.291 10.965 12.4 14.6 3 3
IPU0 −63.751 10.122 −3.9 9.5 3 3
ISL0 −63.896 10.884 12.7 12.5 3 3
MAN0 −63.895 11.156 14.6 12.9 3 3
MCH0 −63.811 10.707 13.3 9.6 3 3
MNG0 −63.875 10.314 3.1 8.9 3 3
MOC0 −64.344 10.346 0.8 9.7 6 3
PAR0 −64.231 10.508 9.4 10.1 3 3
PCN0 −63.637 10.636 12.8 10.7 3 3
PER0 −63.767 10.446 −6.3 9.7 3 3
PPI0 −62.404 10.547 14 12 3 3
RES0 −64.209 11.053 9.3 10.8 3 3
RIC0 −63.120 10.701 18.3 12.6 3 3
SAL0 −62.274 10.604 14.5 15.8 3 3
SMI1 −63.519 10.492 6 9.7 3 3
TOR0 −63.569 10.352 −5.1 13.9 3 3

Table 2
Comparison of the velocity measured for the point IPU0 (southern part of the network), MAN0 (northern point of the network) and SAL0 (eastern point of the network)
using different models of plate motion: ITRF2005 (Altamimi et al., 2007), APKIM2005 (IGN) and APKIM2005 (DGF) (Drewes, 2009), GSRM (Kreemer et al., 2003) and MORVEL
(DeMets et al., 2010). Differences for the east component of velocity appear to be no larger than 0.2 mm/year excepted for the model MORVEL for which this difference
reach 1.2 mm/year. Differences for the north component of velocity reach 1.8 mm/year between models ITRF2005, APKIM2005(IGN), APKIM2005(DGF), GRSM1.2, but this
difference reach 3.3 mm/year for the model MORVEL that differs significantly from the others models.

ITRF2005 APKIM2005 (IGN) APKIM2005 (DGF) GSRM v1.2 MORVEL

Ve Vn Ve Vn Ve Vn Ve Vn Ve Vn
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19.68
19.46
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IPU0 0.85 −2.27 0.72 −1.77
MAN0 19.44 1.15 19.33 1.65
SAL0 19.23 3.9 19.11 4.36

ent gradient across a few kilometers is observed on both sides
f the fault (thus on both sides of the Cariaco Gulf) which sug-
ests a shallow locking depth or an aseismic component along the
pper part of the El Pilar Fault. North of this strong gradient area,
regional gradient is documented up to Margarita island where

elocity of 23 mm/year relative to South America is recorded for
he RIC0 point located on the north coast of Araya–Paria peninsula.
he asymmetry of displacement gradients on both sides of the El
ilar Fault suggests that the fault is not vertical at a lithospheric
cale. Aseismic displacement could affect the ductile part of the
l Pilar Fault dipping north below the Araya–Paria peninsula and
he Margarita, Coche, Cubagua islands, as suggested by the cross-
ections shown in Figs. 2 and 3 (Jácome et al., 2008). There is no
lear evidence of current activity along the other strike-slip faults
f the plate boundary (Fig. 4).

MNG0 point is affected by a significant eastward displacement
hereas the others points of the Eastern Interior Range are not

ffected by such displacement. Possibly some instability in the site
r the area/block which contains the monument may explain such
nomalous displacement, we have not considered for modeling this
uspicious point.

The lack of significant velocities for points IPU0, COV0

± 3 mm/year located in the Eastern Interior Range relative to
outh-America plate clearly underlines the lack of significant veloc-
ties along the thrusts of the Eastern Interior Range over the Llanos
South America plate). The plate boundary is characterized by a
ure dextral strike-slip solely along the El Pilar Fault.
−0.49 0.9 −0.64 1.98 1.04
2.93 19.52 2.78 20.59 4.46
5.64 19.3 5.48 20.39 7.15

5. Method displacement simulations

We used a set of dislocations in a uniform elastic half-space
(Table 3) to simulate current velocities (Okada, 1985). We have
used an inversion process based on an iterative least squares
adjustments (up to 6 iterations) of free parameters as indi-
cated in Table 3. The weighted differences between observed
and simulated velocities using the Okada formulations of Green’s
functions have been minimized. We have minimized the number
of free parameters using (1) geometrical constrains: the geo-
metrical continuity between upper and deeper dislocations has
been assumed, (2) geophysical constraints: the locking depth
and the dip of the upper part of the fault have been deter-
mined with the distribution versus depth of microseismicity
(Baumbach et al., 2004), (3) geological data: the location and ori-
entation of the fault at surface have been determined by field
data or high resolution seismic profiles (Van Daele et al., in
press).

We have tested two categories of models: (i) with a unique El
Pilar Fault segment, (ii) dividing the latter into two segments. Each
segment, or sub-segment, is modeled following two dislocations:
an upper one representing the upper and seismogenic part of the

fault, where the slip may be locked, and a lower one affected by
aseismic slip representing the part of the fault being in ductile con-
ditions (Table 3). These two dislocations representing a segment
of the fault have the same orientation and are connected at depth
(Fig. 5).
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Fig. 5. Observed (white) and simulated (black) velocities using two segments (model 6) to represent the El Pilar Fault. Observed velocities are plotted in white with errors
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llipses drawn for 66% confidence level and simulated velocities are plotted in blac
f dip for the deeper dislocations between eastern and western segments, probably
passive margin, as well as the existence of an important aseismic slip along the up

The transition between the upper and lower dislocations has
een fixed at 12 km according to the depth distribution of after-
hocks (Baumbach et al., 2004). The location of the El Pilar has
een determined with the precise location of the outcrops of the
ault. Strike-slip components along the upper dislocations have
een determined through an inversion process, whereas the dis-
lacements rates along the deep dislocations have been fixed at a
0 mm/year dextral strike-slip component, representing the rel-
tive displacements between the Caribbean and South-America
lates.

Several hypotheses were tested with one or two segments for
he El Pilar Fault (2 or 4 dislocations) (Table 3), and the best fitting

odel has been chosen using the Fisher–Snedecor variances test
Table 3), that allows comparison of models with different degrees
f freedom and to estimate the probability of differences between
wo compared models. To perform this test, we have supposed
hat the location and orientation of the two dislocations repre-
enting a fault segment can be considered as a single parameter
et.

Models 4–6 (Table 3) incorporate two segments (Fig. 5) with
wo dislocations per segment, an upper nearly vertical dislocation

etween the surface and 12 km depth, and a lower dislocations
lane face below 12 km. The dextral strike-slip component along
he lower dislocations has been fixed at 20 mm/year whereas the
isplacement rates along the upper part of the fault were deter-
ined by the inversion.
p dislocations have been drawn by grey areas. Cross sections illustrate the change
inheritance from the normal fault stage of the El Pilar Fault when this margin was

art (0–12 km) of the fault.

6. Models comparison

Among the tests considering a single segment (Table 3), with
one upper dislocation representing the seismogenic part of the
fault (0–12 km depth), and one lower dislocation representing the
deeper part of the fault supposed to be in ductile condition (thus
affected by aseismic creep), the nearly vertical fault hypothesis
used in previous studies (Pérez et al., 2001a,b) is probably not
the best model as indicated by the Fisher–Snedecor test (Table 4).
The model with a 70◦ northward dip of the lower dislocation is
probably better (probability 60%) than this model. In any case,
model 6 (Table 3), with two segments (4 non-vertical dislocations
planes) appears better than model 1 with two vertical dislocations
(Table 3).

The comparison of the two categories of models, one or two
segments, through the Fisher test (Table 4), clearly demonstrates
that models with two segments (models 5 and 6) are better than
the best model with a single segment (model 2).

The maps of residuals for the models 1–6 (Fig. 6), clearly indi-
cate that residual velocities for the models 1–4 are significantly
greater than the residual velocities obtained for the model 5 and 6.

Moreover, for the models 1–4 residuals present coherent tenden-
cies, as by example un-modeled eastward velocities north of the
fault and westward velocities south of it, which strongly suggested
that these models are not satisfactory. The vertical fault hypothesis
(model 1) does not allow to accurately model the recorded veloci-
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Selection of best model using Fischer–Snedecor test of variances to determine the
probability for two models with different degrees of freedom to be significantly
different. This test allows to compare models with a single fault (models 1–3), rep-
resent by two dislocations, with models with two segments of fault (models 4–6)
represent by four dislocations and to select among these models the most probable
one.

Model N data N parameters Degree of freedom �2

1 46 10 36 0.876
2 46 10 36 0.811
3 46 10 36 1.208
4 46 20 26 0.665
5 46 20 26 0.385
6 46 20 26 0.319

Comparison of models with
Fisher–Snedecor test

Test Probability Results

Is model 2 better than model 1? 1.080 60% Maybe
Is model 2 better than model 3? 1.490 89% Yes
Is model 2 better than model 4? 1.135 65% Maybe
Is model 5 better than model 2? 1.520 86% Yes

Is model 6 better than model 2? 1.839 94% Yes
Is model 6 better than model 5? 1.210 69% Yes
Is model 6 better than model 4? 2.088 97% Yes

ties as indicated by Fig. 6 and also by the projected velocities along
a NS section as shown in Fig. 7.

We then modeled the El Pilar Fault as made of: a 50◦ northward
dipping deep western segment, and an 80◦ southward dipping deep
eastern segment (model 6). The upper part of the western segment
is affected by a 12 mm/year displacement whereas the upper part
of the eastern segment is affected by a 3–10 mm/year displacement
(respectively model 5 and model 6 and Fig. 5). During the interseis-
mic period, displacement along the upper, seismogenic part of the
El Pilar is then modeled as 40% locked (12 mm/year of creep and
20–12 = 8 mm/year of locked displacement) for the western seg-
ment or at 50% (creep of 10 mm/year compared to 20 mm/year of
relative velocity of Caribbean plate/South America plate) for the
eastern segment (Fig. 5).

7. Interpretation

Our models show a good agreement between observed and sim-
ulated velocities, although only dislocations along the El Pilar Fault
are taken into account. This implies that the relative displacements
between the Caribbean plate and the South American plate are con-
centrated on the El Pilar Fault. There is then a lack of significant
displacements along the other strike-slip faults in the plate bound-
ary and a lack of significant shortening across the thrusts of the
Serranía del Interior at present (Figs. 5 and 7).

This modeling also underlines the existence of important aseis-
mic displacements along the upper part of the El Pilar Fault.
Between 12 km depth and the surface, only 40% of displacement
is locked for the western segment and 50% for the eastern segment.

The upper and seismogenic part of the fault, represented by the
upper dislocations (Table 3), are nearly vertical for the two seg-
ments; our favoured solution is compatible with the published focal
mechanisms indicating right-lateral strike-slip on nearly vertical
planes for earthquakes located in the upper crust (Baumbach et al.,
2004; Deng and Sykes, 1995; Doser and Vandusen, 1996; Mendoza,
2000; Russo et al., 1993; Speed et al., 1991). As an example, for
the 1997 earthquake, the hypocenter depths were respectively
estimated by the Bulletin ISC (BISC, 1998), by Pérez (1988), and

by Romero et al. (1999), at 5 ± 2.3, 11 ± 1.5, and 9.4 km, whereas
the aftershocks are located between the surface and 12 km depth
(Baumbach et al., 2004). The main shock and the aftershocks are
then all localised along the upper dislocation of the eastern seg-
ment.
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learly better than models considering a single segment for the fault (models 1–3).
is clearly the best: (1) residuals are less important than the residuals computed

endency remains in the residual velocities.

.1. Western segment
The model we favour for the western segment presents a
5◦ northward dipping lower dislocation (Table 3); this geome-
ry reflects the geometry at depth of the western part of the EL

ig. 7. E-W components of velocities with 1� error bars projected along a NS cross sect
ault for the eastern segment, and fault dipping northward for the western segment). Poin
he model testing the hypothesis that the El Pilar fault is a vertical strike-slip fault (mode
ilometer 25 and the kilometer 50, on the other hand, the model 6 considering a western
nd simulated velocities. This model considers two segments, one eastern nearly vertica
elow 12 km, dips northward.
is study. Models with two segments (models 4–6) representing the El Pilar fault are
g the models considering that the El Pilar fault presents two segments, the model
other models which is not the case for the model 4 by exemple, and (2) no clear

Pilar Fault constrained by cross section. This geometry is an inher-

itance of a thrust fault related to the collision stage of the margin
(Fig. 2). Asymmetric velocity field is then probably the result of this
northward dipping lower segment and not the result of asymmet-
ric distribution of material properties on each side of the fault, the

ions and velocities simulated by the model 1 (vertical fault) and 6 (nearly vertical
ts of the eastern part of the network (Paria peninsula) are not plotted on this figure.
l 1) cannot simulated correctly the strong velocities gradient observed between the
part of the fault dipping northward presents a good adjustment between observed
l fault at depth, and one western segment for which the deeper part of the fault,
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ig. 8. Co and postseismic velocities measured by displaced markers (construction
xistence of localized aseismic displacement along the fault. No measurements a
isplacements have ceased before the last measurement (points 1, 2, 5 and 6).

eological cross section supporting the existence of this northward
ipping segment and not the existence of a major change of crustal
hickness.

Aseismic displacements are not related to the post-seismic
eformation after the 1997 earthquake as the western segment is
ainly located west of the area affected by the earthquake. The
estern segment corresponds to the portion affected by the 1929

vent and probably by the 1797 earthquake (Audemard, 2007).
onsequently, a approximate 130-year-long return period can be
reliminarily deduced between these two similar Ms 6.3 events. If
e suppose a 30 km long rupture, a seismogenic part of the fault

ocated between the surface and 13 km depth and a 3.1 × 1019 Pa s
igidity, each earthquake is associated at a 0.25 m coseismic earth-
uake. This value is clearly not compatible with a total locking of the
l Pilar Fault (20 mm/year of slip deficit), and suggests the occur-
ence of important postseismic slips to be in accordance with the
mm/year slip deficit of our prefer model.

Creep in the upper part of the crust, has already been identified
long major strike-slip faults including the San Andreas, Hayward

nd Calaveras faults in California (Steinbrugge et al., 1960; Rosen
t al., 1998; Bürgmann et al., 1998, 2000; Lyons and Sandwell, 2003;
ohansen and Bürgmann, 2005; Schmidt et al., 2005; Johansen
t al., 2006), and the Ismetpasa segment of the North Anatolian
ault in northern Turkey (Cakir et al., 2005). Since the western
d border. . ..) along the surface fault trace between 1997 and 2003 illustrating the
fortunately available after 2003 but for numerous points, important postseismic

El Pilar Fault segment was affected by the 1929 Cumaná earth-
quake, two hypothesis are proposed to explain the creep of this
segment: (1) the fault creep existed before the earthquake and the
1929 event has released stored strain; after a rapid rate of creep
induced by the co-seismic strain release, the system has returned
to the present-day rate of creep (2) the present-day creep is a post-
seismic effect following the 1929 earthquake, after which the creep
must continue to decrease with time, (3) the present-day creep is
a post-seismic effect following the 1997 earthquake that affected
laterally another segment of the fault. The presence of small ser-
pentine bodies which have very low frictional coefficients (Moore
et al., 1997) along this segment of the El Pilar Fault (Metz, 1965)
could explain this behaviour. Similar behaviour was observed after
two intermediate magnitude (ML 5.6 and 5.7) earthquakes on the
Rodgers Creek Fault in California in 1969 and caused significant
creep rates (Funning et al., 2007).

7.2. Eastern segment
The model we favour, for the eastern segment presents a lower
dislocations dipping 80◦ southward (Table 3); we interpret this
nearly vertical geometry as the tearing of the subducted oceanic
lithosphere at the southern extremity of the Lesser Antilles subduc-
tion. At this particular point (Fig. 9, 3D sketch), the South-America
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nd its eastward prolongation and a deep one showing the southern limit of the We
astern segment, probably nearly vertical, as determined by our preferred model, o

late gets torn into a subducted part (oceanic and marginal litho-
phere) and a non-subducted part (continental lithosphere), the
atter bounded by the El Pilar transform system. Microseismicity
Fig. 9, map), as well as few major earthquakes, fairly show this
articular setting with two clearly separated zones: shallow foci
long the El Pilar Fault, besides deep foci underlining subduction.
he western part of the eastern segment coincides with the rupture
f the 1997 earthquake, aseismic displacement may be then related
o the occurrence of after-slip following this event as suggested by
he occurrence of important aseismic displacements observed on
he field along the fault trace (Audemard, 2006) and Fig. 8 during
he first year after the earthquake. This localized after-slips triple
Fig. 8) the observed coseismic displacements during the 5 years
ollowing the 1997 Cariaco earthquake (Audemard, 2006). Postseis-

ic moment release is then at least as important as the coseismic
oment release as also observed for the co and postseismic slip
ssociated with the 2004 Parkfield earthquake (Johansen et al.,
006). The postseismic after-slip along the San Andreas fault near
arkfield requests frictional parameters compatible with the exper-
mental values obtained for serpentinites (Johnson et al., 2006).
s shown in Fig. 8, surface after-slips following the 1997 earth-
tence of two distinct seismicities, a crustal seismicity located along the El Pilar Fault
ies subduction. The seismicity associated at the subduction abruptly ends along the
l Pilar Fault.

quake determined by markers displacements, such as road borders,
construction. . . are mainly important during the first months fol-
lowings the earthquake. After these first months, localized surface
displacements decreased (points 5 and 6), or present variations
through time with local acceleration (points 3 and 4) during the
last time span. These anthropogenic benchmarks are unfortunately
not measurable any more.

It is then possible that during the 2003–2005 time span, simu-
lated aseismic displacements reveal the occurrence of postseismic
displacements or the occurrence of partial locking of displacement
during interseismic period.

The existence of creep along the Caribbean–South America plate
boundary is consistent with the preferred model of Weber et al.
(2009) that proposes to simulate the velocities field in Trinidad,
in both sides of the Central Range Fault with a single-fault elastic
dislocation locked below 1–2 km and affected by a 12 ± 3 mm/year

dextral strike-slip. In this hypothesis, the Central Range Fault would
be affected by a creep in an interseismic period as shown by the lack
of earthquake during the last 550 years (Prentice et al., 2010).

Once again this specific behaviour of the eastern segment of
the El Pilar Fault may be related to the existence of serpentinites
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odies along the fault; deep-seated fluid-escaping could represent
n alternate or additional factor.

If we consider the 1997 earthquake as a reference which seems
o be reasonable as no larger earthquake has been found by neotec-
onics analysis and in historical seismicity (Audemard, 2007), it has
een associated at a 1.3 m coseismic slip (Baumbach et al., 2004).

f we consider that all the displacement (20 mm/year) is locked
uring interseismic period, a slip deficit corresponding at 1.3 m

s obtained after 65 years only, we must then expect such earth-
uake each 65 years, which is clearly not observed in the historical
eismicity.

If we suppose, on the contrary, that coseismic slip is followed
y an important postseismic that triples the slip as observed in
he field (Fig. 8), a characteristics earthquake would be associated
o a 3.9 m slip. Such slip would be associated to a 195 years time
pan between similar earthquakes if the fault is completely locked,
r at a 390 years time span is the fault is only 50% locked. The
684 earthquake seems to be the precursor of the 1997 earth-
uake (Audemard, 2007) the recurrence time of earthquakes along
his segment would be 313 years moreover neotectonic investi-
ations based on four trenches analysis on this segment of the El
ilar fault indicate a 300–430 yeas time span between magnitude
earthquakes during the last 5600 years (Audemard, 2010). These
bservations clearly reinforce the hypothesis of a fault with impor-
ant postseismic slip and a partial locking of displacement during
nterseismic period.

. Conclusion

Within the surveyed area, the El Pilar Fault probably concen-
rates all the relative displacement between Caribbean and South
merica plates, as illustrated by the simulation of GPS velocities
ith only dislocations representing this fault. The Eastern Interior
ange does not experience significant displacement relative to the
outh-America plate.

Velocities simulations using dislocations in a uniform elastic half
pace underline that the El Pilar Fault is nearly vertical only on the
pper 12 km. Our prefer model suggests that a ∼50◦ northward-
ipping dislocations represents the lower part of western segment
f the fault which seems to be an inheritance from a previous nor-
al fault. In the case of the lower part of the eastern segment of

he fault a 80◦ southward dipping dislocation is expected.
Modeling also underlines the existence of important creep

12 mm/year) along the upper part (0–12 km) of the western seg-
ent, where only 40% of displacement is locked in this seismogenic

art of the fault. This specific behaviour also identified along Cal-
fornian faults or along segment of the north Anatolian fault, is
robably related to the existence of serpentinite bodies along the
ault zone as observed in the herein-studied eastern segment of
he fault, although, along the El Pilar Fault, abundant fluid-escapes
water, mud, gas) may also contribute to this behaviour as shown
y the existence of several hot springs active along the southern
oast of the Cariaco Gulf.

The upper part of the eastern segment is also affected by
mportant 10 mm/year displacement, which may correspond to
he existence of postseismic after-slip following the 1997 Cariaco
arthquake or at a partial locking during interseismic period. With
s much as half locking of the displacement, this could also be
elated to the existence of serpentinite bodies along the fault plane.
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