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Abstract We use Global Navigation Satellite Systems observations in northeastern Venezuela to constrain
the El Pilar Fault (EPF) kinematics and to explore the effects of the variable elastic properties of the surrounding
medium and of the fault geometry on inferred slip rates and locking depth. The velocity field exhibits an
asymmetric velocity gradient on either side of the EPF. We use five different approaches to explore possible
models to explain this asymmetry. First, we infer a 1.6 km locking depth using a classic elastic half-space
dislocation model. Second, we infer a 1.5 km locking depth and a 0.33 asymmetry coefficient using a
heterogeneous asymmetric model, including contrasting material properties on either side of a vertical
fault, suggesting that the igneous-metamorphic terranes on the northern side are ~2 times more rigid
than the sedimentary southern side. Third, we use a three-dimensional elastostatic model to evaluate the
presence of a compliant zone, suggesting a 30% reduction of rigidity in the upper 3 km at the depth of
a 1 to 5 km wide fault zone. Fourth, we evaluate the distribution of fault slip, revealing a widespread partial
creep pattern in the eastern upper segment, while the upper western segment exhibits a partially locked
area, which coincides with the rupture surface of the 1797 and 1929 earthquakes. To supplement these
models, we upgrade the previously published displacement simulation method using nonvertical dislocations
with data acquired between 2003 and 2013. The localized aseismic displacement pattern associated with
creeping or partially creeping fault segments could explain the low level of historic seismicity.

1. Introduction

Interpretations of Global Navigation Satellite System (GNSS) velocity fields across active strike-slip faults
around the world allow determination of mechanical properties of the crust. Geodetic exploration has
contributed to (i) the study of asymmetric velocity gradients related to the spatially variable mechanical
properties of the crust [e.g., Le Pichon et al., 2005; Jolivet et al., 2008, 2009; Houlié and Romanowicz, 2011],
(ii) confirmation of the existence of damage fault zones [e.g., Chen and Freymueller, 2002; Fialko et al., 2002;
Fialko, 2004; Hamiel and Fialko, 2007; Barbot et al., 2009], and (iii) identification of partial or complete
aseismic displacement [e.g., Bürgmann et al., 2000; Lyons et al., 2002;Wdowinski, 2009; Jouanne et al., 2011;
Smith-Konter et al., 2011; Weber et al., 2001].

In this work, we focus on the El Pilar Fault (EPF), a 350 km long strike-slip fault [e.g., Soulas, 1986; Beltrán, 1993,
1994; Audemard et al., 2000] that extends eastward from the Cariaco Trough to the Gulf of Paria (Figure 1).
The deformation associated with the active traces of the EPF has been identified by use of high-resolution
offshore seismic reflection data [Audemard et al., 2007; Van Daele et al., 2011] and trenches [Beltrán et al., 1996;
Audemard, 2011]. Historical records date from the Spanish conquest in the early sixteenth century. Northeastern
Venezuela experienced seismic events in 1530, 1684, 1766, 1797, 1853, and 1929 and on 9 July 1997, with
the Ms 6.8 Cariaco earthquake along the strike-slip EPF [Audemard, 1999b, 2007]. Field reconnaissance of the
ground breaks after the 1997 earthquake confirms that this event took place on the ENE-WSW trending onshore
portion (~80 km) of the dextral EPF, between the gulfs of Cariaco and Paria, which is part of themajor wrenching
system within the Caribbean-South America plate boundary zone [Audemard, 2006]. The slip direction of this
fault has been unequivocally confirmed by the dextral character of the surface break associated with the 1997
Cariaco earthquake [Audemard, 1997, 1999a, 2006] and by focal mechanism solutions for this event and its
aftershocks [Pérez, 1998; Baumbach et al., 1999, 2004; Romero et al., 2002; Audemard et al., 2005].

In this paper, we present results that include GNSS data from late 2003, late 2005, and the more recent early
2013 observation campaign and data from a cGNSS station called CUMA. This recent effort is intended to
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constrain the velocity field along the EPF. We focus on the structure of the crust to better constrain seismic
hazard through the evaluation of locking depth, far-field velocity, and aseismic slip.

This manuscript is structured as follows: In section 2, we describe GNSS data collection and processing. In
section 3 and its subsections, we introduce several modeling approaches and develop the corresponding
methodologies. This section includes the simple elastic half-space model, the asymmetric model, the
compliant zone (CZ) model, the distributed-slip model, and the displacement-simulation method using
nonvertical dislocations. In section 4, we compare the models using the Fisher-Snedecor test, and in
section 5, we discuss several methods used in this paper and their significance for the study of the EPF.

2. Geological Setting

Northeastern Venezuela is part of the complex plate boundary zone of the Caribbean, South American,
and Atlantic Plates. The Caribbean-South American plate boundary is described as a very wide active
transpressional zone [Soulas, 1986; Audemard, 1993, 1998; Beltrán, 1994; Singer and Audemard, 1997] where
plate motion is accommodated predominantly by the right-lateral strike-slip Boconó-San Sebastián-El
Pilar-Los Bajos/El Soldado-Warm Springs fault system [Molnar and Sykes, 1969; Minster and Jordan, 1978;
Pérez and Aggarwal, 1981; Stephan, 1982; Aggarwal, 1983; Schubert, 1984; Soulas, 1986; Beltrán and Giraldo,
1989; Speed et al., 1991; Singer and Audemard, 1997; Pérez et al., 2001a, 2001b;Weber et al., 2001; Pindell and
Kennan, 2007; Audemard, 2009].

Figure 1. Location map of the active faults in northeastern Venezuela [Audemard et al., 2000] showing distribution of the GNSS stations: yellow squares, green
circles, and red triangles are GNSS sites on which the acquisition campaigns were carried out in 2003, 2005, and 2013 respectively; the blue star corresponds
to the cGNSS CUMA station of REMOS-IGVSB Network. We show the epicenter location of 1929 and 1997 events with their respective proposed ruptures
(orange lines) [Audemard, 2007]. (top right) The inset box shows a schematic geodynamic map of the southeastern Caribbean [Audemard, 1999b; Audemard
et al., 2000; Weber et al., 2001]. Legend: BF = Boconó Fault, EPF = El Pilar Fault, OAF = Oca Ancón Fault, SMBF = Santa Marta Bucaramanga Fault, and SSF = San
Sebastian Fault.
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The strike-slip EPF extends for some 350 km; however, its depth is not well constrained. Vierbuchen [1984]
inferred from the steep gravity gradient across the EPF that the fault plane is a nearly vertical density
discontinuity to a depth of at least 5 to 10 km. A depth of approximately 8 km was derived for the fault
plane from seismic reflection profiles [Schubert, 1984] assuming an average P wave velocity of 5.2 km/s
[Baumbach et al., 2004]. Hernández et al. [1987] suggested a depth of 15 to 20 km for the fault plane on the
basis of a joint interpretation of seismic, magnetic, and gravimetric data.

More recently, other efforts have been made to constrain the EPF. Studies related to the 1997 Cariaco
earthquake have limited the seismogenic portion of the EPF to the first 12 km at depth on the basis of the
depth distribution of aftershocks [Baumbach et al., 2004]. Clark et al. [2008] on the basis of wide-angle
onshore-offshore reflection/refraction modeling, ascertained a Moho depth of 48 km beneath the EPF. This
depth corresponds to a depth increase of 16 km, coinciding with the dextral strike-slip system between
the Coche Fault and the EPF. However, the region is mainly characterized by shallow intracontinental
seismicity (in the first 20 km) associated with the EPF. Seismicity deeper than 40 km is related to the
southern tip of the Lesser Antilles subduction zone under Trinidad and Tobago, the Paria Peninsula, and
the active island arc of the Lesser Antilles (Figure 2).

The EPF roughly separates two very different geological provinces. On the northern side lies the Eastern
Cordillera de la Costa, made up of Lower Cretaceous metasediments, metavolcanics, igneous rocks, and
ophiolite remnants. These rocks have been metamorphosed into greenschist and blueschist facies and
deformed by imbricated folds and thrust faults. On the southern side of the EPF, the Serranía del Interior
exposes a fold-and-thrust belt, made up of nonmetamorphosed Cretaceous and Paleogene sediments

Figure 2. Distribution of seismicity in northeastern Venezuela from the 1910–2010 FUNVISIS catalog. The active faults are
from Beltrán [1993] and focal mechanism from Audemard et al. [2005], and Palma et al. [2010].
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[Metz, 1965; Vierbuchen, 1984; Jacome et al., 1999]. A three-dimensional velocity tomography by Grosser
et al. [2001] reveals that the material north of the EPF has a higher shear strength than the material south of
the fault. Baumbach et al. [2004] point out that the aftershock distribution of the 1997 Cariaco earthquake
had a very sharp boundary on the northern side of the EPF, contrasting with the more diffuse boundary on
the southern side. From wide-angle seismic reflection/refraction, Clark et al. [2008] also report velocities
decreasing southward to the EPF from 3.5 km/s to 2.2 km/s and a shallow region of relatively high velocities
(>6.5 km/s), probably related to the exhumed metamorphic rocks of Margarita Island and the Araya-Paria
Peninsula. Using a similar methodology, Christeson et al. [2008] present the results of a regional wide-angle
seismic profile, indicating the transition from allochthonous terrane of fore-arc affinity to the passive margin of
northern South America. The suture farther east between the Caribbean and South American Plates could be
marked by the North Coast fault zone, transferring the present-day strike-slip motion between both plates
some 30 km to the south.

3. Previous Studies

Deformation in northeastern Venezuela, based on geodetic measurements, has been recently described
in several articles. Pérez et al. [2001a, 2001b] estimated the coseismic slip at depth responsible for the
1997 Cariaco earthquake by application of boundary element methods [King and Nostro, 1999] to derive
surface-fault displacements [Okada, 1985]. The best solution corresponds to a fault plane segmented
into three patches of 14 km±2 at depth and striking N84°E, with coseismic slips estimated at approximately
1m. Current-derived velocities of the EPF by GNSS studies have been simulated in Jouanne et al. [2011] by
the use of the Okada formulations [Okada, 1985] for an isotropic homogeneous half-space. Interseismic
velocities simulated by Jouanne et al. [2011] indicate asymmetric velocity gradients on each side of the EPF
as a result of dipping fault segments, as well as a lack of significant displacement (particularly shortening)
in the Serranía del Interior on the southern side. That work demonstrated an eastward motion of up to
22mm/yr (relative to the fixed South American Plate) of benchmarks on the northern side of the EPF and
also the existence of substantial creep along the upper part of the EPF. Localized aseismic displacement
along the fault has been revealed by the displacement of markers (roads, gutters, sidewalks, constructions, etc.)
observed in the field in the years 1997–2003 after the 1997 earthquake [Audemard, 2006].

4. GNSS Data Collection and Analysis

To monitor and determine present-day displacements in northeastern Venezuela, a GNSS network was
established in 2003 (Figure 1). Early in 2003, Venezuelan Foundation for Seismological Research (FUNVISIS)
personnel installed 36 new brass benchmarks covering eastern Venezuela from the islands in the north to
the stable Precambrian craton in the south (south of the Orinoco River). Four existing sites (one from
Petroleos de Venezuela S.A. (PDVSA) and three from the University Navstar Consortium) were included to
complete a set of 40 campaign stations. The Cumaná station (CUMA) belonging to the Red de Estaciones de
Monitoreo Satelital GPS (REMOS, GPS Satellite Monitoring Station Network of Venezuela) from Instituto
Geográfico Venezolano Simón Bolívar (IGVSB, Geographic Institute of Venezuela) was also included in this
study. The GNSS network was measured in late 2003, late 2005, and early 2013 (Figure 3), providing data
for 32 sites on at least two occasions. We used direct centering benchmarks with dual-frequency receiver
and geodetic antennas, measuring at least two 24 h sessions for each site, while the AUD0 station was
measured continuously throughout the campaigns. The available data from cGNSS CUMA (2008.5–2008.7,
2012.5–2013.5) was included.

Data from 33 stations (including the CUMA station) were analyzed by the application of Bernese 5.2 software
[Dach and Walser, 2013], utilizing absolute antenna phase center offset models, together with the International
GNSS Service (IGS) final precise orbits [Beutler et al., 1999], IGS Earth rotation parameters, and data from
nearby permanent GNSS stations. We used the FES2004 ocean tidal model to calculate corrections for all
GNSS stations using the Hans-Georg Scherneck web tool (http://www.oso.chalmers.se/~loading/). Velocities
(Table 1) were estimated in the IGb08 frame of reference (an IGS-specific realization of ITRF2008) and
expressed in the South America reference frame by the use of the ITRF2008 absolute plate rotation pole
proposed by Altamimi et al. [2012]. We followed the resolution strategy with (1) initial ionosphere-free
analysis with computation of residuals, (2) residuals analysis, (3) code-based widelane ambiguity resolution
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Figure 3. Observed velocities (white arrows) derived from comparison of 2003, 2005, and 2013 GNSS campaignmeasurements
with error ellipses drawn for 66% confidence level [Jouanne et al., 2011] and expressed within the South America Plate
reference frame using the rotation pole proposed by Altamimi et al. [2012]. The red vector is the CUMA station (REMOS-IGVSB).
The active faults in northeastern Venezuela are from Audemard et al. [2000]. Topography and bathymetry data are from
Lindquist et al. [2004].

Table 1. Velocities Expressed in the IGb08 Reference Frame

Station Longitude (deg) Latitude (deg) Ve (mm/yr) Vn (mm/yr) σVe (mm/yr) σVn (mm/yr)

ARI0 �63.749 10.511 11.07 12.32 0.2 0.2
ARR0 �64.291 10.370 0.80 13.18 0.3 0.2
ARY0 �64.236 10.571 10.75 14.28 0.2 0.2
AUD0 �64.081 10.447 1.32 14.29 0.1 0.1
BIC0 �63.965 10.770 13.52 14.95 0.2 0.2
CAC0 �63.837 10.553 11.63 12.80 0.3 0.3
CHA0 �64.156 10.841 13.69 15.08 0.3 0.2
COI0 �63.116 10.415 �1.59 14.99 0.4 0.4
COR0 �64.184 10.831 13.88 15.10 0.3 0.2
COV0 �63.603 10.136 �2.74 13.16 0.2 0.2
CUMA �64.195 10.429 13.69 14.90 0.1 0.1
GAL0 �64.188 10.802 14.61 15.62 0.2 0.2
HOR0 �64.291 10.965 �3.29 16.89 0.2 0.2
IPU0 �63.751 10.122 �2.91 12.00 1 0.9
ISL0 �63.896 10.884 14.66 14.72 0.2 0.2
MAN0 �63.895 11.156 14.99 14.61 1 0.9
MARG �64.360 11.042 16.65 16.48 0.2 0.2
MCH0 �63.811 10.707 13.24 14.95 0.2 0.2
MOC0 �64.344 10.346 �1.27 15.26 0.2 0.2
PAR0 �64.231 10.508 8.67 14.36 0.2 0.2
PCN0 �63.637 10.636 14.03 13.94 0.2 0.2
PER0 �63.767 10.446 �2.42 13.30 0.4 0.3
PIG0 �64.083 10.637 11.86 13.81 0.3 0.2
PPI0 �62.404 10.547 12.67 14.02 1.0 0.9
RAG0 �62.974 10.582 15.00 15.10 0.4 0.4
RES0 �64.209 11.053 14.73 15.17 0.2 0.2
RIC0 �63.120 10.701 15.01 15.33 0.2 0.2
SAL0 �62.274 10.604 12.60 17.78 1.5 1.3
SMI1 �63.519 10.492 2.78 14.54 0.2 0.2
SUL0 �63.910 10.757 14.13 14.65 0.3 0.2
TAC0 �63.977 9.954 �3.75 16.30 0.3 0.3
TET0 �64.127 10.963 14.94 15.66 0.3 0.3
TOR0 �63.569 10.352 �3.82 16.88 0.2 0.2
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for all the baselines [Melbourne, 1985;Wübbena, 1985]; using differential code bias (DCB) files when available
and computation of the ionosphere-free solution with the introduction of the resolved Melbourne-Wübbena
linear combination ambiguities, (4) phase-based widelane (L5) ambiguity resolution for baselines< 200 km and
computation of the ionosphere-free solution with the introduction of resolved ambiguities, (5) resolution of
the previously unresolved ambiguities for baselines < 2000 km using the quasi ionosphere-free strategy of
resolution, (6) direct L1/L2 ambiguity resolution for baselines < 20 km, and (7) computation of the normal
equations. The daily GNSS solutionswere transformed in the IGb08 reference frame [Altamimi et al., 2012] with a
six-parameter Helmert solution (three translation parameters and three rotation parameters) using the IGS
stations BOGT, BRAZ, BRFT, BRMU, CIC1, CRO1, FORT, GLPS, GMAS, GUAT, MANA, MAS1, MDO1, SANT, SCUB, and
SSIA. We detected outliers with the Find Outliers and Discontinuities in Time Series tool in the Bernese software
that reduces, step by step, the discrepancy between the functional model and the time series from statistical
adjustment [Ostini et al., 2008]. The Bernese software underestimates the daily coordinate errors because
systematic errors or mismodeled parameters are not included in the formal error [Hugentobler et al., 2001]. To
obtain a realistic estimated error, we rescaled the formal errors multiplying by a factor of 10.

5. Modeling Approaches

The velocity field across the EPF zone exhibits two separate patterns. Sites south of the EPF show smaller
displacements than those north of the fault (Figures 3 and 4). The IPU0 site velocity with respect to South
America does not exceed 3mm/yr. Similarly, velocities at other sites range from ~4mm/yr (COV0) to ~8mm/yr
near to the fault segment. The SMI1 site close to the rupture zone of the 1997 Cariaco earthquake presents
a velocity of ~9mm/yr. By contrast, immediately upon crossing the EPF, the ARI0, and PAR0 sites exhibit
velocities of ~15mm/yr. This pattern continues to Margarita Island, where a velocity of ~21mm/yr is observed
at the MAN0 site. A few kilometers on either side of the EPF, a high-displacement gradient crossing the fault
suggests a shallow locking depth or an aseismic component along the upper part of the EPF. As mentioned
above, the asymmetric displacement gradients on each side of the EPF have been associated with dipping
fault segments [Jouanne et al., 2011].

A first-order model of interseismic deformation [Chinnery, 1961; Weertman and Weertman, 1964; Savage and
Burford, 1973] (equation (1)) is given by

v xð Þ ¼ VT
π

tan�1 x
D

� �
; (1)

where v(x) is the velocity at a distance x from the fault, VT is the far-field velocity, and D is the locking depth of
the fault. Our results show a 1.6 km locking depth and a far-field velocity of 20mm/yr, according to the most
widely accepted Caribbean-South American Plate motion values [DeMets et al., 2000; Pérez et al., 2001a,
2001b; Weber et al., 2001].

Figure 4. Velocity field across the EPF. Fault-perpendicular profile (solid line) showing the best fit model for the classic
half-space dislocation model.
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Although the fault-perpendicular profile based on the homogeneous elastic half-space model shows a
relatively good fit (Figure 4), we propose to model this velocity field using four approaches that include other
considerations: (1) the possibility of explaining the asymmetric velocity gradients by contrasting material
properties on each side of a vertical fault, (2) the presence of a compliance zone (a near-fault low-rigidity
tabular zone) on either side of the fault caused by cumulative damage from repeated earthquakes, (3) a
distributed-slip estimation through utilization of multiple finite discrete fault patches to simulate a gradual
transition of slip rates rather than a sudden jump, and (4) an upgrade by the use of 2013 data of the
displacement simulation method described in Jouanne et al. [2011] by application of nonvertical dislocations
to simulate the deeper parts of the EPF.

5.1. Change in Elastic Properties on Each Side of the EPF

Here we explore the asymmetry of elastic properties on each side of the EPF. We consider a single vertical
fault separating two geologic terrains with contrasting Young’s moduli. We use the half-space model
modification [Jolivet et al., 2009] to the asymmetric dislocation model proposed by Le Pichon et al. [2005] to
calculate an asymmetric surface velocity field on each side of the vertical fault located at x= 0 (equations (2)
and (3)). We consider three parameters: the rigidity contrast between the two sides of the fault, the horizontal
offset between the fault zone at depth and its surface trace, and the fault slip rate:

v xð Þ ¼ 2KVT
π

tan�1 x
D

� �
; x < 0; (2)

v xð Þ ¼ 2 1� Kð Þ VT

π
tan�1 x

D

� �
; x ≥ 0; (3)

where, again, v(x) is the velocity at a distance x from the fault, VT is the far-field velocity, and D is the
locking depth of the fault. The asymmetry coefficient K= V1/(V1 + V2); K= V1/VT ranges from 0 to 1 and
can also be expressed as E2/(E1 + E2), E1 and E2 being the Young’s moduli on both sides of the EPF.
Equations (2) and (3) are equivalent to K= 0.5, meaning there is no rigidity contrast. To evaluate the quality
of our models, we calculate an RMS or the quadratic mean value of the misfit (equation (4)) as follows:

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X Veobs � Vemodelð Þ2
σ2Veobs

 !vuut ; (4)

where σ2Veobsis the variance of the observations, Veobs is the eastern component velocity from interseismic
velocities of the northeast Venezuelan GNSS network, Vemodel is the simulated velocity, and N is the number
of GNSS stations along the EPF.

The best fit for an unconstrained model suggests a far-field velocity of 17mm/yr, with a 1.5 km locking
depth and an asymmetry ratio of 0.33. To enhance the robustness of our results, we evaluate trade-offs
between the rigidity ratio and locking depth, rigidity ratio and slip rate, and locking depth versus slip rate
(Figures 5a–5c) for this model. We determine that the rigidity contrast is almost constant, whereas the locking
depth can vary between 1.5 and ~5km, and the fault slip rate can vary between ~15 and 18.5mm/yr.
Nonetheless, there is a significant trade-off between locking depth and slip rate, with deeper locking depth
leading to higher far-field velocities.

Likewise, we evaluate two possibilities, starting from the following two sets of conditions: (1) a far-field velocity
constrained to 20mm/yr similar to the classic half-space dislocation model and (2) a second test fixing the
locking depth at 12 km, according to the distribution versus depth of microseismicity [Baumbach et al., 2004]. The
best fit for the first model is a 3.0 km locking depth with a K ratio of 0.37. For the second model, the best fit is
a 24mm/yr far-field velocity and an asymmetry ratio of 0.36. For both models, trade-off between the rigidity
ratio versus locking depth and slip rate, respectively, reveals no significant variation in rigidity contrast, with
decreasing or increasing locking depth and slip rate (Figures 5d and 5e). Fault-perpendicular velocity profiles
show a good fit for all models (Figure 6a). The observed velocities with their eastern component from GNSS
campaigns and unconstrained model simulated velocities are shown in Figure 6b.

5.2. Compliant Fault Zone Model

Crustal faulting can often be associated with the development of highly fractured and damaged rocks around
the main slip surface. The cumulative damage caused by repeated earthquakes might generate a weaker
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zone than the surrounding medium [Ambraseys, 1970; Wilson et al., 2005; Chester et al., 2005, Peng and
Ben-Zion, 2006]. We investigate the influence of a CZ around the EPF using a semianalytic iterative procedure
based on a three-dimensional model of elastostatic deformation in a semi-infinite solid, with a free-surface
boundary condition and three-dimensional variation in elastic properties [Barbot et al., 2009]. This method,
adapted to the case of three-dimensional deformation, is based on a numerical approach presented by
Barbot et al. [2008]. This procedure simulates the deformation caused by faulting in the presence of arbitrary
variations in material properties that are modeled with equivalent body forces and equivalent surface
traction in a “homogenized” elastic medium. The surface displacement is obtained in the Fourier domain by
application of a semianalytic Green function. In this work, we explore models that include a CZ that is
shallower than the locking depth [Jolivet et al., 2009] extending downward from the surface and following
the strike of the EPF. González et al. [2004] report that damage from the 1997 Cariaco earthquake is most
pronounced along the EPF because of a strong anisotropy or directivity effect caused by fault orientation and
rupture propagation as well as the general W-E alignment of the regional structure.

The input model parameters include the gradient of Lamé parameters Δ λ and ΔG, the CZ width (fault-normal
dimension), and depth (downdip dimension), together with EPF geometry. We constrain several parameters
such as strike, dip, and rake directions for the EPF on the basis of earlier work [e.g., Audemard et al., 2000;
Mendoza, 2000; Pérez et al., 2001a, 2001b; Baumbach et al., 2004; Jouanne et al., 2011]. The asymmetric velocity
gradient on either side of the EPF is considered an important feature to fit the data. We have controlled this
parameter by introducing dipping fault segments [Jouanne et al., 2011]. The transition between the upper
seismogenic and lower ductile dislocations was fixed at 12 km on the strength of the aftershock depth
distribution of the 1997 Cariaco earthquake [Baumbach et al., 2004].

Figure 5. Trade-offs between (a) asymmetry ratio and locking depth, (b) asymmetry ratio and slip rate, and (c) locking depth versus slip rate for the unconstrained
model (Results. VT = 17mm/yr, D = 1.5 km, and K = 0.33). (d) Trade-off between the asymmetry ratio and the locking depth on the EPF for the model with far-field
velocity fixed at 20mm/yr. (e) Trade-off between the asymmetry ratio and the slip rate on the EPF for the model with locking depth fixed at 12 km. Contoured values
are the RMS values and the black dot indicates the best model.
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First, to identify the best fitting model, we explore a range of different widths and depths for the CZ, ranging
from 0 to 3 km and 0 to 12 km, respectively, according to the W= L/6 ratio presented by Barbot et al. [2008]
who assumed that the CZ width is 6 times smaller than the depth extent of the coseismic slip, where L is the
nominal locking depth. Nonetheless, we extend the range of CZ width (to 12 km) in line with Cochran et al.
[2009] who report that width differences of damaged zones may be related to intrinsic variations along sections
of the same fault. In addition, we evaluate the rigidity reduction, ranging from �30% to �60% (we assume the
same values for the ΔG and Δ λ parameters for each calculation) relative to the surrounding lithosphere.

We evaluate the quality of our models with an RMS of the misfit on the basis of comparison between simulated
and observed interseismic velocities of the northeast Venezuelan GNSS network (equation (5)), as follows:

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X Veobs � Vemodelð Þ2
σ2Veobs

þ
X Vnobs � Vnmodelð Þ2

σ2Vnobs

 !vuut : (5)

To improve our evaluation, we test several possibilities, considering EPF as a one-to-four-segment fault
(two, four, six, and even eight dislocations, respectively). However, the best models according to the
number of segments (from one to four segments) show a good adjustment between observed and simulated

Figure 6. (a) Fault-parallel velocity profiles showing the acceptable models from the asymmetric modeling in the EPF zone
and the E-W observed velocities from 2003, 2005, and 2013 GNSS campaign measurement data (including cGNSS CUMA
station). (b) Observed velocities (white arrows) with their eastern component (yellow arrows) from GNSS campaigns and
simulated velocities (black arrows) from the unconstrained parameters asymmetric model. All displacements are based on the
South America reference frame.
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velocities, with similar responses to the CZ parameter variations. Our preferred models, independent of
the number of EPF segments, indicate a CZ within the upper 3 km depth and 1–5 km wide, with a slight
improvement by application of a rigidity reduction of ΔG=�30% (Figures 7a and 8).

Nevertheless, to evaluate the improvement in the models according to the number of fault segments, we
compare the best solutions for each number of segments using the Fisher-Snedecor variance test. This
evaluation, based on different degrees of freedom and RMS values, is used to estimate the probability of
differences between two comparable models (Table 2). To perform this test, we consider the strike-slip

displacement component only for the interseismic
slip, ruling out the dip-slip contribution for the EPF
(the vertical displacement has not been evaluated
in this work) in accordance with Audemard [2006]
who, using a set of geological and structural
observations gathered along the surface rupture
of the Cariaco 1997 earthquake, has indicated
that the overall direction of motion on the EPF is
right-lateral with no visible vertical component.
Results show that the “CZM 4 dislocations: two
segments” model with its range of 58% to 87% is
probably better than the others. The trade-off
between CZ depth and width reveals a reduction
in adjustment with an increase in these
parameters. The differences for several rigidity
reduction values are almost imperceptible. For
this reason, we do not show the respective
contour plots.

The EPF geometry for this preferred model shows
in the upper segments an 85° northward dip for

Figure 7. (a) Diagram of a CZ within the upper 3 km in depth and a 5 km width surrounding and following the strike of the
EPF. (b) Distribution of right-lateral slip on the northern side of the EPF and (c) cross sections of western and eastern
segments of the EPF according to two-segment CZ dislocation model. The western and eastern segments are shown with a
northward and southward dipping fault, respectively, and substantial aseismic slip along the upper part of the fault.

Figure 8. Trade-off between depth and width CZ for a rigidity
reduction ΔG of 30%. Contoured values are the RMS values,
and the rectangular zone indicates the preferred models.
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the western segment and an 85° southward dip for the eastern segment, with 12mm/yr and 10mm/yr of
displacement, respectively. The dextral strike-slip component along the deeper dislocations was constrained
at 20mm/yr to represent the ductile creep at depth. Dip was fixed with an 80° northward dip for the western
segment and an 80° southward dip for the eastern segment (Table 3 and Figures 7b and 7c). From the
comparison of upper displacement values with the 20mm/yr relative velocity motion between the Caribbean
and South American Plates, we find 40% of the locked displacement (20–12= 8mm/yr, 40% locked) in the
western segment and 50% of locked displacement in the eastern segment (20–10 = 10mm/yr, 50% locked),
which is consistent with the observation of creep at the surface along the fault [Audemard, 2006] and the
model proposed by Jouanne et al. [2011]. In Figure 9, we show the comparison between observed and
simulated velocities for a two-segment CZ model.

5.3. Distributed-Slip Model From GNSS Observations

Based on the fact that friction along the fault plane is not uniform in intensity, the fault slip distribution can be
evaluated in multiple finite discrete fault patches to detect variations in slip along the fault. The presence of
stuck or locked zones, partially locked zones, and creeping zones is evaluated from interseismic displacements
by the use of a procedure based on the constrained least squares method [Wang et al., 2013]. This method of
slip inversion is performed by application of SDM2011 software, which has recently been applied in other
geodetic studies [Motagh et al., 2008, 2010;Wang et al., 2009, 2011; Xu et al., 2010; Diao et al., 2010, 2011]. The
observed slip data are related to the discrete fault displacement using a Green function of the Earth model
calculated through the linear elastic dislocation theory. The ill-posed inverse problem is regularized by
enforcing smoothness of solution by the use of Laplacian damping. The objective function is defined as follows:

F bð Þ ¼ Gb� yk k2 þ α2 Hτk k2; (6)

where G is the Green function, b is the slip of subfaults, y indicates the ground observation, τ is the shear
stress drop related to the slip distribution on the whole fault plane, H represents the finite difference
approximation of the Laplacian operator multiplied by a weighting factor proportional to the slip amplitude,
and α2 is the positive smoothing factor.

To invert the velocity field, we use the observed displacement data related to the discrete fault slips utilizing a
homogeneous Earth model with a Poisson ratio of 0.25. We constrain the input geometry of the EPF to a
western segment of ~96 km and an eastern segment of ~144 km, but we test several dip values as follows:
(a) a geometry similar to the preferred CZ model (discussed above) with a northward dip for the western
segment and southward dip for the eastern segment, respectively, 85° and 80°, for the upper and lower
segments; (b) a geometry with the previous dips for the shallower segments but with a vertical segment

Table 3. Summary of Fault Geometry Input Parameters for Better Models

Upper Segments Lower Segments

Azimuth Dip Slip Azimuth Dip Slip

Compliant zone model and Western 90° 85° northward 12mm/yr 90° 80° northward 20mm/yr
Distributed slip (model a) Eastern 90° 85° southward 10mm/yr 90° 80° southward 20mm/yr
Displacement simulation Western 88° 87° northward 12mm/yr 88° 53° northward 20mm/yr
Jouanne et al. [2011] Eastern 89° 77° southward 10mm/yr 89° 80° southward 20mm/yr

Table 2. Selection of Best Compliant Zone Model (CZM) According to Fisher-Snedecor Variance Test

Model N Data N Parameters Degree of Freedom RMS

CZM 2 dislocations (one segment) 66 11 55 1.291
CZM 4 dislocations (two segments) 66 15 51 1.144
CZM 6 dislocations (three segments) 66 23 43 1.228
CZM 8 dislocations (four segments) 66 27 39 1.211

Comparison of Models Test Probability Results

Is the CZM 4 model better than the CZM 8 model? 1.384 0.86 Yes
Is the CZM 4 model better than the CZM 6 model? 1.273 0.80 Yes
Is the CZM 4 model better than model the CZM 2 model? 1.046 0.56 Maybes
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below 12 km; and (c) a geometry for which all segments are considered to be vertical faults (Figures 10a–10c).
In all cases, the upper segments are discretized into an array of ~2 km by 2 km patches and the lower parts are
discretized into ~20 km by 20 km patches, with 90° strike and �180° rake values. Patch size is selected
according to the length of subfaults used in previous studies and the maximum number of point sources
permitted by the code. The larger patches were used for the lower parts to constraint the far-field velocity to
a few iterations. We extend the area limits considerably to avoid any artificial boundary effect.

The fit to the data for all models is quite good, with ~95%–97% by the use of a standard linear least squares
minimization when the interseismic velocities are compared with the simulated velocities. All segments are
characterized by significant creep. Nevertheless, the upper western segment exhibits a significant decline in
slip close to Cumaná City and in a minor area south of the CAC0 site, and the remainder of the segment
exhibits a widespread partial creep pattern with creep larger than 12mm/yr. In the upper eastern segment,
we observe a zone (10–12 km in depth) with decreasing slip values, possibly related to the discontinuity
effect at 12 km dislocation. We avoid this effect by considering all segments with a similar dip (Figure 10c).
The contact between western and eastern upper segments displays a similar pattern near the city of Cariaco.
If we dismiss these effects, the eastern upper segments exhibit widespread partial creep of ~8–12mm/yr.
Figure 11 shows the comparison between observed and simulated velocities for the vertical fault model.

5.4. Displacement Simulation Method Using Nonvertical Dislocations

Here we propose an upgrade of the model presented by Jouanne et al. [2011] including the 2013 data to
supplement data from the 2003 and 2005 campaigns. To simulate the velocity field, we present a set of
dislocations in a uniform elastic half-space for rectangular sources [Okada, 1985]. The inversion procedure is
based on iterative least squares adjustments of free parameters such as dip, azimuth, dip slip, strike slip,
and rake.

For this study, we increase the number of GNSS stations from the 23 stations simulated by Jouanne et al.
[2011] to 33 stations (Figure 12). Nonetheless, we keep two segments (western and eastern) representing the
EPF with upper and lower dislocation separations at 12 km, in line with the depth distribution of the 1997
event. We consider as free parameters the dip of the deeper dislocation dip and the slip rates along both
parts (upper and lower) of the EPF, whereas the location, orientations, and upper dislocation dip are
considered to be fixed parameters. Similar to the results of Jouanne et al. [2011], our preferred model shows

Figure 9. Observed velocities (white arrows) with error ellipses for 66% confidence level and simulated velocities (black arrows) according to the two-segment CZ
modeling. All displacements are based on the South America reference frame.
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the western segment to have an almost vertical upper segment and a 53° northward dipping deep
segment. The eastern segment is characterized by a 77° southward dipping upper segment and an 80°
southward dipping lower segment (Table 3) [see Jouanne et al., 2011]. Likewise, the 12mm/yr and
10mm/yr of interseismic displacements are calculated for the western and eastern upper segments,
respectively, and the dextral strike-slip component along the lower dislocations is fixed at 20mm/yr.

6. Comparison of the Various Models

To discuss the best solution frommodels analyzed in this paper, we plot the E-W velocities versus the distance
to the fault and residuals for different models (Figures 13a and 13b). A better fit of the unconstrained

Figure 11. Observed velocities (white arrows) with error ellipses for 66% confidence level and simulated velocities (black
arrows) according to the distributed-slip model for the vertical fault geometry (Figure 10c). All displacements are based on
the South America reference frame.

Figure 10. Distribution of right-lateral slip (mm/yr) on the EPF from distributed-slip modeling for (a) an input geometry
similar to the preferred CZ model (Figure 7c). (b) Lower segment dip (>12 km depth) fixed to 90° and (c) upper and
lower segments fixed to 90°.
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asymmetry model and the simplest half-space elastic model can be observed mainly on the north side of
the EPF with respect to other inversions. Nevertheless, for the south side of the EPF, a best model is difficult
to identify at first sight. For this reason, we apply a Fisher-Snedecor variance test to compare our best
results from the homogeneous model, asymmetric model, near-fault reduced rigidity zone model, and

Figure 12. Observed velocities (white arrows) with error ellipses for 66% confidence level and simulated velocities (black
arrows) according to the upgrade of displacement-simulation method. All displacements are based on the South America
reference frame.

Figure 13. (a) Velocity field across EPF for several models applied in this work. We show E-W observed velocities
and simulated velocities from the classic half-space dislocation model, the unconstrained asymmetric model, the
displacement-simulation method, the distributed-slip model, and the two segment compliant zone model. (b) Residuals
for the different models.
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displacement-simulation method using nonvertical dislocations. We omit the distributed-slip model from
this comparison because the discretization of segments into patches generates a much lower degree of
freedom, making it incomparable with the other models.

We select our preferred result for each category of model (Table 4). Using the Fisher-Snedecor test of
variances, we determine the probability of one model being better than another. The asymmetric model
is most likely the best model, with 82% probability of being better than the homogeneous model. Likewise,
the homogeneous model is shown to be a better model than the CZ model, and this last model is probably a
better model, with more than 70% probability, with respect to the displacement simulation models. This
outcome indicates that the asymmetric model is the best model from the statistical point of view. However,
the existence of progressively displaced markers suggests the occurrence of substantial creep, and this
aspect is not included in the asymmetric model.

7. Discussion

In this paper, we have applied five different methods of analyzing the velocity field across the EPF. From
observation of parallel-fault velocities and the Fisher-Snedecor variance test, we have identified the
asymmetric model as the best model. Nonetheless, each inversion test shows an interesting approach that
we discuss in the following subsections.

7.1. Change in Elastic Properties on Each Side of the Fault

Asymmetric interseismic strain, recognized in major faults around the world (e.g., North Anatolian Fault,
San Andreas Fault, and Great Sumatra Fault), has been explained by lateral variations in the depth of the
brittle-ductile layer [Schmalzle et al., 2006; Chéry, 2008; Fulton et al., 2010], lateral variations in viscosity
[Malservisi et al., 2001], and the juxtaposition of materials with different physical properties [Le Pichon et al.,
2005; Jolivet et al., 2008, 2009; Houlié and Romanowicz, 2011]. We have tested the hypothesis that asymmetric
elastic properties may explain the observed velocity field on both sides of the EPF. From the results of
this work, we show that the heterogeneous model, assuming a single vertical fault separating two blocks
with different elastic properties, can provide a possible answer to the asymmetry of displacement gradients,
and it can be an alternative to the assumption of dipping fault segments presented by Jouanne et al. [2011].
In this study, we evaluate this explanation for the asymmetric velocity field, taking into account the fact that
the discontinuously changing elastic effect across the fault produces an asymmetry that can be quantified.
We evaluate this model on the basis of the idea that the EPF roughly separates two very different geologic
provinces. The different tests applied to the EPF point out a contrast of rigidity between the northern and
southernsidesof theEPF. TheK ratio valuesof0.33, 0.37, and0.36 (Figure6a) showthat the igneous-metamorphic
northern side has a rigidity of 2.0, 1.7, and 1.8 times, respectively, higher than the southern sedimentary side.
Therefore, the idea of geologic property differences on each side of the EPF helps explain the asymmetric
velocity field.

The marked displacement gradient across a few kilometers on either side of the fault suggests the possibility of
a shallow locking depth or an aseismic component along the upper part of the fault plane [Jouanne et al., 2011].
As results from the asymmetric model, we find a 1.5 km locking depth for the unconstrained asymmetric model.
The locking depth value is significantly shallower than the seismogenic depth of 12 km. However, geodetic

Table 4. Comparison of the Various Models According to Fisher-Snedecor Variance Test

Model N Data N Parameters Degree of Freedom RMS

Homogeneous model 33 2 31 0.542
Asymmetric model 33 3 30 0.375
CZM 4 dislocations (two segments) 66 15 51 1.144
Displacement simulations 66 20 46 1.242

Comparison of Models Test Probability Results

Is the asymmetric model better than the homogeneous model? 1.399 0.82 Yes
Is the homogeneous model better than the CZM 4 model? 1.283 0.77 Yes
Is the asymmetric model better than the CZM 4 model? I 1.794 99.96 Yes
Is the CZM 4 model better than the displacement simulations model? 1.204 0.74 Yes
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locking depths that are shallower than the seismogenic depths have also been observed along the creeping
segment of the San Andreas Fault [Smith-Konter et al., 2011] and the San Jacinto fault zone [Wdowinski, 2009].
Moreover, closer to the EPF, Weber et al. [2011] discuss a similar behavior on the Caribbean-South America
plate boundary, specifically in the Central Range Fault of Trinidad and Tobago, obtaining a best fit single-fault
elastic dislocation model with a 1–2 km locking depth and 12±3mm/yr of dextral strike slip, suggesting
essentially fault creep across that fault. The shallow locking depth indicates that steady motion along the fault
also occurs within the seismogenic crust of the EPF (0–12 km depth), in accordance with the idea that a
significant slip associated with creeping or partially creeping fault segments can also occur within the
seismogenic crust, and it is related to seismic or microseismic activity. Although eastern Venezuela is the
most seismically active area on the southern Caribbean plate boundary, as documented by the FUNVISIS
1910-to-date instrumental seismicity catalog, most of the earthquakes are of magnitude 2–3. The main part of
the Cariaco earthquake aftershocks (~80%), with magnitudes between �0.5 and 4.1, occurred in the depth
range of 4.5 to 12 km [Baumbach et al., 2004], below the shallow locking depth obtained in this present study.
The discrepancies between the maximum seismicity depths and the geodetic locking depth could be related
to the possibility of shallow creep or temporary variations in strain release throughout the earthquake
cycle [Smith-Konter et al., 2011].

7.2. Compliant Zone Modeling

As a consequence of crustal faulting, CZs have been observed around major faults (e.g., San Andreas Fault and
North Anatolian Fault). The damage fault zones have been observed geologically in the field [e.g., Chester
and Chester, 1998; Ben-Zion and Sammis, 2003; Faulkner et al., 2003; Oskin and Iriondo, 2004; Dor et al., 2006].
In addition, theoretical models [e.g., Kachanov, 1986; Lyakhovsky et al., 2001; Turcotte et al., 2003] and
geodetic [e.g., Chen and Freymueller, 2002; Fialko et al., 2002; Fialko, 2004; Hamiel and Fialko, 2007; Barbot
et al., 2009] and seismic observations [e.g., Li et al., 1994; Ben-Zion et al., 2003; Thurber et al., 2003; Cochran et al.,
2009] have predicted and evidenced the reduction in the effective elastic shear modulus of the fault zone
material related to intense damage. In specific relation to the EPF, the surface breaks at different sites associated
with the 1997 Cariaco earthquake [Audemard, 2006] reveal possible damage related to previous events. Besides,
earlier studies have shown the reduction in effective elastic moduli associated with reduction in seismic
velocities [Cochran et al., 2009]. The EPF has been imaged as a low-velocity zone from the surface down
to 14 km by use of seismic tomography [Grosser et al., 2001] and a reduced-velocity layer has been identified
with a maximum depth of 5 km below the unconsolidated sediments of the village of Cariaco by use of
deep seismic refraction [Liuzzi et al., 2006].

Our model suggests a much wider CZ than theW = L/6 ratio [Barbot et al., 2008]. Nonetheless, Cochran et al.
[2009] reported that the differences may be related to intrinsic variations in the width of damage zones
along the sections of the same fault. The width and depth extent of compliant fault zones are still under debate
in the community [Duan, 2011]. Moreover, other factors there are not developed in this work, such as
the highly porous and permeable fault gouge zone [Lees and Malin, 1990; Byerlee, 1993; Unsworth et al., 1997]
and the brittle-plastic transition [Scholz, 1988], may be associated with development of CZs [Chen and
Freymueller, 2002]. The CZ model also underlines the existence of substantial creep along the upper part of
the EPF (0–12 km), with 12mm/yr in the western segment and 10mm/yr in the eastern segment. According
to these results, the displacement is locked between 40% and 50%.

7.3. Distributed-Slip Model

To assert the idea of a partially locked fault in the upper segments, we determined a slip inversion along
the EPF using a procedure based on fault patches. Our results point to a partial creep in the upper
segments (0–12 km), but the discretization of segments in several patches suggests that the velocity is not
uniform. We identify two main zones with reduced slip values: a first zone roughly 12 km wide and 8 km
deep, close to Cumaná City, and a smaller second area south of the CAC0 site and 32 km west of Cariaco.
The first and larger zone with reduced creep was not affected by the 1997 event, judging from the
distribution of Cariaco aftershocks [Baumbach et al., 2004]. It corresponds rather to the surface rupture of
the 17 January 1929, Cumaná earthquake, as documented by Paige [1930], Rodríguez and Chacín, 1996,
and Mocquet et al. [1996], and probably to the rupture of the 1797 earthquake [Audemard, 2007]. This area
may then correspond to an asperity that previously ruptured during the 1929 earthquake but probably
ruptured during the 1797 event.
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Despite the fact that the 1929 and 1997 ruptures may have completed the total length of a rather continuous
and linear section [Audemard, 2006, 2007] and the EPF segment from the Caigüire Hills (Cumaná) to the
Casanay-Guarapiche restraining bend has been considered as one subdivision of four segments that form the
whole EPF [Audemard et al., 2000] our results indicate that this segment must be analyzed in at least two
separate portions. Unfortunately, the major part of the western subdivision is underwater, precluding the
observation of surface creep.

7.4. Displacement Simulation Method Using Nonvertical Dislocations

In this paper, we reevaluate the set of dislocations in a uniform elastic half-space applied to the EPF and
proposed by Jouanne et al. [2011]. In the upgrade, we do not observe significant changes of relation with the
displacement pattern. In fact, our preferred model shows two segments with four nonvertical dislocation
planes, much as in the earlier work. We take into account the dislocations along the EPF that imply that the
relative displacements for the Caribbean-South America plate boundary in the study zone are concentrated
on the EPF. We reaffirm the idea of sizeable aseismic displacement along the upper part of the EPF with 40%
and 50%, respectively, for the upper western and eastern segments.

8. Conclusions

Modeling from GNSS observations since 2003 has made possible the identification of creep in the upper
part of the EPF. This conclusion is reinforced by the observation of progressively displaced markers
[Audemard, 2006]. Additionally, the simple and asymmetric elastic half-space approaches indicate a shallow
locking depth that suggests fault creep, and the compliant zone model and displacement-simulation
method using nonvertical dislocations indicate between 40% and 50% of locked displacement between
12 km depth and the surface. As suggested by Jouanne et al. [2011], this behavior is probably related to
either the existence of serpentinite lenses [Moore et al., 1997] or deep-seated fluid escape. The weathered
serpentinites have been reported to form a narrow ridge separating two faults near Casanay [Metz, 1965].
The western portion of the western segment of the EPF corresponds to the segment affected by the
1929 event [Audemard, 2007] and the eastern segment is related more to the 1997 Cariaco earthquake
[Audemard, 2006; Jouanne et al., 2011]. Moreover, from discretization of segments into several patches, we
conclude that the interseismic slip is not uniform. We highlight a low-slip rate zone eastward of Cumaná City,
roughly 12 km wide and 8 km deep and probably related to the rupture zone of the 1929 earthquake that
may then correspond to an asperity along the fault. Nevertheless, creep or partial creep is present in both
segments of the EPF. The postseismic afterslip of the 1997 event could help explain the creep in the eastern
segment. For the western segment, the creep might be explained in several ways: a postseismic effect of the

Figure 14. Distribution of 1997 Cariaco earthquake aftershocks [Baumbach et al., 2004] versus depth showing peak activity
in the partially locked seismogenic zone. We show the hypothetic zones versus depth for the EPF according to the results of
this work.
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1929 earthquake, after which the creep must have continued to decrease with time or as a consequence of a
postseismic effect of the 1997 earthquake that affected another segment of the EPF. However, in a recent
study Audemard [2011] revealed at least 13 events aroundMs 7.0 (moderate earthquakes) in the past 5.6 kyr,
representing an average return period of 430 years, which is significantly different from the 195 year return
period estimated in the case of full locking of the upper 12 km of the EPF [Jouanne et al., 2011]. This observation
supports the hypothesis of significant creepduring interseismic periods andnotonly aftermajor earthquakes. As
a consequence, the observed creep cannot be interpreted as “classical” afterslip of a major earthquake. The
seismicity distribution with depth could suggest the occurrence of shallow creep in the upper part, with a
gradual transition to a partially locked seismogenic zone confined between 1.5 and 12 km, and the existence of
ductile shear below 12 km (Figure 14).

From comparisons of fault-perpendicular velocity profiles and using the Fisher-Snedecor test of variances,
we select the unconstrained parameters asymmetric model as the best model. This model is likely the best
model from the statistical point of view than the other models. Nevertheless, field observations and the
results of several models present the creep in the EPF as a significant issue to take into account. This
development leads to the conclusion that the CZ model is a good model from the geological and geodetic
points of view. Likewise, the CZ model is a better model, with more than a 70% confidence level, than the
displacement simulation using the nonvertical dislocation model. The distributed-slip model was omitted
from the comparison because the discretization of segments into patches generates a far lower degree of
freedom, precluding comparison with the other models. Nonetheless, this model, with a quite good fit to the
data, is based on the same EPF geometry as the CZ model.
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