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Abstract The Boconé fault is a strike-slip fault lying between the North Andean Block and the South
American plate which has triggered at least five M,, > 7 historical earthquakes in Venezuela. The North
Andean Block is currently moving toward NNE with respect to a stable South American plate. This relative
displacement at ~12 mm yr~" in Venezuela (within the Maracaibo Block) was measured by geodesy, but until
now the distribution and rates of Quaternary deformation have remained partially unclear. We used two
alluvial fans offset by the Boconé fault (Yaracuy Valley) to quantify slip rates, by combining '°Be cosmogenic
dating with measurements of tectonic displacements on high-resolution satellite images (Pleiades). Based
upon a fan dated at >79 ka and offset by 1350-1580 m and a second fan dated at 120-273 ka and offset by
1236-1500 m, we obtained two Pleistocene rates of 5.0-11.2 and <20.0 mm yr~', consistent with the
regional geodesy. This indicates that the Bocond fault in the Yaracuy Valley accommodates 40 to 100% of the
deformation between the South American plate and the Maracaibo Block. As no aseismic deformation

was shown by interferometric synthetic aperture radar analysis, we assume that the fault is locked since the
1812 event. This implies that there is a slip deficit in the Yaracuy Valley since the last earthquake ranging
from ~1 to 4 m, corresponding to a M,, 7-7.6 earthquake. This magnitude is comparable to the 1812
earthquake and to other historical events along the Boconé fault.

1. Introduction

Quantifying the loading strain rate along a fault within faulted system is the most essential aspect of active
tectonism. This is of primary importance in the estimation of the accommodation of the deformation.
Estimation of the loading strain rate can be achieved through two main methods: (i) geodetic investigations
and (ii) geological studies. Geodetic studies are often used to constrain the large field velocity, allowing the
estimation of the fault slip below locking depth [e.g., Fialko, 2006; Reinoza et al., 2015]. However, in regions
with a sparse GPS network spanning several active faults, estimating the loading strain rate of an individual
fault becomes impossible. In such regions, geological studies are mandatory to estimate slip rates smoothed
over several seismic cycles on individual faults [e.g., Ritz et al., 1995, 2003; Van der Woerd et al., 2002; Ferry
et al.,, 2007; Frankel et al., 2015]. Although it is quite challenging to find markers covering the whole fault zone,
the obtained geological slip rate can be used to estimate slip deficit improving seismic hazard assessment
[Fattahi et al., 2007; Chevalier et al., 2016].

This study focuses on an active fault in Venezuela, the Boconé fault, which is a ~ 500 km long NE-SW right-
lateral strike-slip fault (Figure 1). This fault has triggered some of the M,, > 7 earthquakes of the regional
historical seismicity [Audemard, 2016, and references therein], including the most destructive historical event
in Venezuelan history in 1812 [Audemard, 2002, 2016; Altez, 2006; Choy et al., 2010]. The Yaracuy Valley is the
least understood of the areas crosscut by the Boconé fault, due to (1) the existence of numerous faults, (2) the
lack of GPS stations, and (3) the lack of instrumental seismicity (Figures 2 and 3). Nevertheless, there are
numerous morphological markers offset by the Bocond fault, which allow to record the fault displacements,
to determine the spatial pattern of the deformation and to estimate a Quaternary fault slip rate. To exploit
these records, we (1) carried out detailed mapping of Quaternary deposits and morphotectonic markers off-
set by the fault on high-resolution images (Pleiades), (2) performed '°Be terrestrial cosmogenic nuclide (TCN)
dating on reliable offset markers, and (3) compared these results with new interferometric synthetic aperture
radar (InSAR) measurements and published GPS velocities. Slip rates and surface ground motion obtained will
then be used to quantify the slip deficit value. Finally, slip rates will be compared to other slip rates estimated
on the North Andean Block in order to discuss the tectonic framework.

POUSSE-BELTRAN ET AL.

PLEISTOCENE SLIP RATES OF THE BOCONO F. 1207


http://orcid.org/0000-0003-2833-411X
http://orcid.org/0000-0003-2046-5916
http://orcid.org/0000-0001-9374-7880
http://orcid.org/0000-0002-3662-0784
http://orcid.org/0000-0002-5184-0304
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9194
http://dx.doi.org/10.1002/2016TC004305
http://dx.doi.org/10.1002/2016TC004305
http://dx.doi.org/10.1002/2016TC004305
http://dx.doi.org/10.1002/2016TC004305
http://dx.doi.org/10.1002/2016TC004305
mailto:pousselea@gmail.com

@AG U Tectonics 10.1002/2016TC004305

20°N 20°N
N

Caribbean 9 cm/y*
Plate

North Andeani
Block ‘

10°N+

Venezuela

4 a_‘i‘_ AA: Afiladores-Algeciras F.

;:;ﬂ AUFZ : Atrato-Uraba F. Zone

~ CRF:Central Range F.

DGM : Dolores Guayaquil Megashear
. EAZF: East Andean Front F. Zone
EPF: El Pilar F.

GF : Guaicaramo F.

MEF : Merida Foothills

| OAF:Oca-Ancon F.

¢ PF:Pirital F =
PM : Panama Microplate -0
SAFFZ: Sub-Andean Front F. Zone

SCDB : South Caribbean Deformed Belt
SMBF : Santa Marta Bucaramanga F.

SSF : San Sebastian F.

500 750 1000 RF : Romeral F.

C———— = wammmmm K PPCC : Puna-Pallatanga-Cosanga-Chingual F.

90°W 70°W 60°W
. Motion considering South American Plate fixed

|
|
|
]
| F1o°N
I
]
]
]
|
]

0°4

Carnegie
Ridge

Figure 1. Geodynamic context of Venezuela. The North Andean Block (in yellow) composed of minor blocks accommo-
dates part of the relative displacement between the South American, Nazca, and Caribbean plates. The Boconé fault is
represented in red. This figure is based on Trenkamp et al. [2002], DeMets et al. [2010], Egbue and Kellogg [2010], and Monod
et al. [2010].

2. Geodynamic Context

Geodynamics in the northern region of South America results from the interaction of three tectonic plates. If
the South American plate is considered as being fixed, the Nazca and Caribbean plates move to the east at
6 cm yr~ " and at 2 cm yr ™, respectively [DeMets et al., 2010]. Plate boundaries from Ecuador to Venezuela
are difficult to identify, thus Pennington [1981] defined the North Andean Block as a wide zone composed
of minor blocks (Figure 1). The North Andean Block bounded by several active faults is escaping to the NE
relative to the stable South American plate [Kellogg et al., 1995; Trenkamp et al., 2002; Egbue and Kellogg,
2010; Pérez et al., 2011; Alvarado, 2012].

In Venezuela, the Northern Andean Block is composed of the Maracaibo Block and the Bonaire Block. These
blocks are bounded by active faults (Figure 2a). Between the Maracaibo block and the South American plate
lies the NE-SW Bocond fault system, whose strike-slip and thrust faults accommodate part of the regional
transpressive tectonics [Colletta et al., 1997; Audemard and Audemard, 2002; Pérez et al., 2011; Dhont et al.,
2012]. The right lateral strike-slip Bocono fault described by numerous geologists [Rod, 1956; Bellizzia et al.,
1976; Giraldo, 1985; Soulas, 1986; Ferrer, 1991; Beltran, 1994; Audemard, 2005, 2009] has been divided into five
segments (Boc-a, Boc-b, Boc-c, Boc-d and Boc-e) (Figure 2b) [Audemard et al., 2000]. These segments have
been defined geometrically; a segment is a portion of the fault (or collection of faults) that has different char-
acteristics (e.g., strike and segmentation) than adjacent portions [Audemard et al., 2000]. The segments are
separated by the large (> 4 km long) releasing bends and step overs (La Gonzalez, Mucuchies, Las Mesitas,
and Cabudare in Figure 2b).

The fault is located between Colombia and Venezuela in the prolongation of the Colombian Llanos foothills
(segment Boc-a). Starting from the SW and traveling NE, the fault crosscuts the Venezuelan Andes (Boc-b,
Boc-c, and Boc-d segments) and then delimits the Yaracuy Valley (Boc-e) before curving E-W to connect with
the San Sebastian-El Pilar fault system. Each of these segments has triggered at least one M,, > 7 historical
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Figure 2. (a) Seismotectonic map of Venezuela: mapping of faults is based on Audemard et al. [2000], geodetic velocity is
based on DeMets et al. [2010], and seismicity data are provided by the Advanced National Seismic System’s comprehensive
earthquake catalog (ANSS ComCat) [U.S.Geological Survey, 2017]. CLF: Colombian Llanos Foothills, CRF: Central Range
Fault, EPF: El Pilar Fault, OAF: Oca-Ancon Fault, SMBF: Santa Marta-Bucaramanga Fault, and SSF: San Sebastian Fault.
(b) Seismotectonic map of western Venezuela, the fault slip rates come from Late Quaternary studies recompiled in
Audemard et al. [2000]. The Bocond fault crosscuts the Venezuelan Andes and is divided into five segments [Audemard
et al., 2000]. The red star represents the supposed epicenter of the 1812 historical earthquake [Choy et al., 2010]. Arrows
display GPS velocities reported by University NAVSTAR Consortium (UNAVCO) [2017] relative to a stable South American
plate. The dashed square is the location of Figure 3.

earthquake since 1600 [Audemard, 2014, 2016] and has also been well identified in the instrumental
seismicity (Figures 2a and 3). Among the most destructive events, the 1812 earthquake affected the
Bocond and San Sebastian faults and caused severe damage from Merida to Caracas, especially in the
Yaracuy Valley [Altez, 2006; Choy et al., 2010].

There is general agreement in geodetic studies that the Maracaibo Block is moving to the NNE at an average
velocity of 12 mm yr~' [Pérez et al,, 2001; Weber et al,, 2001; Trenkamp et al,, 2002; Pérez et al., 2011; Reinoza,
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Figure 3. Seismotectonic context of the Yaracuy Valley. Fault mapping is based on Audemard et al. [2000]. The thick line
represents the Bocon6 fault defined in Audemard [2016]: the blue portion is the Triste-Albarico segment, the white
portion is the Albarico-La Virgen segment, and the green portion is the La Virgen-Yaritagua segment. The orange dashed
line is IX intensity contour for the 1812 event drawn by Grases [1980]. Dots represent instrumental seismicity provided
by FUNVISIS and by International Seismological Centre [2013]. The dashed rectangle represents Figure S2.

2014; Symithe et al., 2015]. Therefore, assuming that the Santa Marta-Bucaramanga left-lateral fault (SMBF in
Figure 2), the Oca-Ancon right-lateral fault (OAF in Figure 2), and the Boconé fault are the main faults implies
that the SMBF and the OAF have a slower geodetic slip rate than the Boconé fault (as shown by the block
model of Symithe et al. [2015]). However, there are other active faults in this region, and the scarcity of
geodetic velocities (Figure 2b) does not allow either fault geodetic slip rates or the locking depths of
individual active faults (e.g., the Bocondé fault section in the Yaracuy Valley) to be determined. In terms
of Quaternary deformation, slip rates at four different locations along the central part of the Boconé fault
have been estimated using absolute dating methods on offset markers [Audemard et al., 1999; Wesnousky
et al, 2012; Carcaillet et al., 2013]. These rates will be presented and discussed in section 6.3. However,
there is no comparable data for the other Boconé fault segments, especially in Yaracuy Valley in the area
of the epicenter of the 1812 event.

3. The Yaracuy Valley: Geological and Tectonic Setting

The Yaracuy Valley is 80 km long and 15 km wide. This valley is bounded by the Sierra de Aroa mountain chain
to the NW and the Sierra de Nirgua to the SE (Figure 3). The mountainous reliefs are composed of Paleozoic to
Cretaceous age metamorphic rocks (Figure S1 in the supporting information) [Bushman, 1959; Bellizzia and
Rodriguez, 1976; de Juana et al., 1980; Urbani, 2008; Coello, 2012; Nevado, 2012]. The Yaracuy Valley is
filled by Quaternary fluvial deposits dipping toward the SW with several fans offset by the Boconé fault
[Coplanarh, 1975; Schubert, 1982; Casas-Sainz and Diederix, 1992; Gonzdlez et al.,, 2008, 2012]. From longi-
tude 69°07'W to 68°42'W the Bocond fault delimits the southeastern flank of the Sierra de Aroa with a
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N50-60° direction, and then from longitude 68°42'W to 67°47'W it crosscuts the valley with a N80° direc-
tion. From longitude 68°37'W to 68°05'W, the Mordn fault delimits the northwestern flank of the Sierra de
Nirgua (Figure 3).

Many geologists have mapped the Boconé fault in this valley, and they all reported a predominantly dextral
movement and a Quaternary activity suggested by offset alluvial fans. However, they had different interpre-
tations for the dip-slip component of the fault (normal or reverse). Schubert [1983] postulated that the slip of
the fault is mainly right lateral with a normal component based on the presence of grabens and triangular
facets (but the geographical locations for these observations are not given). He proposed that the valley is
a pull-apart resulting from the dextral and normal movements of the Boconé and Mordn faults. Casas-
Sainz [1992] proposed that the fault is segmented into two parts, with a significant reverse component. He
also assumed that the valley results from the diachronous movement of the two dextral and reverse border-
ing faults: the Morén fault which was active until the Mio-Pliocene and the Boconé fault which was active dur-
ing the Quaternary. More recently, Audemard [2016] identified three principal segments along the Bocond
fault in the Yaracuy Valley (Figure 3), the existence of a reverse component of slip and numerous parallel
and truncated traces. The three principal segments are (1) Triste-Albarico segment (N70-N80°) crosscutting
the Yaracuy Valley, (2) Albarico-La Virgen segment (N60°) which borders the Sierra de Aroa, and (3) La
Virgen-Yaritagua (N60°) segment which also borders the Sierra de Aroa but where the fault trace is more rami-
fied [Audemard, 2016]. The lack of morphological expressions in La Virgen justified the distinction between
the two last segments (e.g., in Figure S2).

Quaternary offset alluvial fans were used to estimate a slip rate on the Bocon6 fault in the Yaracuy Valley.
However, investigators did not date them with absolute method. Schubert [1982] estimated a slip rate of
several cm yr~', Casas-Sainz [1991] assessed a slip of 1 431’8:2 mm yr”, and finally Casas-Sainz [1995] proposed
arate of 2.6 mm yr~ . In detail, the estimation of Schubert [1982] is based on the Yaritagua fan, offset of 1.5-
2 km. By proposing a correlation with other dated alluvial fans in the Andes, he assigned to this fan a Late

Pleistocene-Holocene age. The assessment of Casas-Sainz [1991] (1.3*38 mm yr ") is also based on the

Yaritagua fan. He measured an offset of 12507720 m. He supposed that the fan was formed during a glacial
period at 0.95 Ma. Finally, Casas-Sainz [1995] used an alluvial fan near Campo Elias; he determined an offset
of 915 m (750 m of horizontal displacement adding a vertical component). He supposed that the fan was
formed during a glacial period at 0.35 Ma. Unfortunately, there are no uncertainties reported on the slip rate
estimation (2.6 mm yr—"). These known rates are inconsistent among themselves, since these authors did not
use dating methods. Therefore, uncertainties based on the deposit ages are not proposed. Our study using

absolute dating method will allow us to solve this inconsistency.

Figure 3 shows that numerous other faults crosscut the Yaracuy region: La Victoria-Guacamaya, Socremo, El
Guayabo, Aroa, Duaca, and Moron faults. Neotectonic studies reported that the La Victoria-Guacamaya fault is
mainly dextral with a Quaternary slip rate of ~0.6 mm yr~' estimated from right-lateral drainage offsets
[Audemard et al., 2000, and references therein]. The Socremo fault is mainly reverse with a right-lateral com-
ponent, with an extrapolated slip rate of less than 2 mm yr ™' (assessed by paleoseismology) [Audemard et al,,
2000, and references therein]. The two traces of El Guayabo dextral fault limit a transpressive relief strongly
dissected [Urbani, 2014; Baquero et al., 2015]. Its activity probably stopped after the Mio-Pliocene [Casas-
Sainz, 1992]. The Aroa fault affects Miocene units [Coello, 2012; Hernandez S, 2013]. The Duaca fault has
Pre-Miocene activity. [Coello, 2012; Hernandez S, 2013]. Since the Quaternary activity of the Morén fault
and Quaternary deformations associated to the Boconé fault are still debated, we remapped faults and
morphological markers using several data sets of high-resolution satellite images and aerial photographs.

4. Methods
4.1. Mapping of Faults and Quaternary Morphological Markers

Mapping of markers offset by the fault was carried out using several high-resolution data sets: aerial photo-
graphs, satellite optical images, or digital elevation models (DEM). These data sets were combined to detect
deformation at different scales [Zielke et al., 2015]. We used (1) 1:35 000 aerial photographs, (2) SPOT 4 satel-
lite images on which the pixel size is 20 m, (3) SPOT 5 images on which the pixel size is 5 m, (4) Shuttle Radar
Topography Mission digital elevation models on which the pixel size is 30 m spatial resolution, (5) DEMs
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Table 1. Description of Each Generation of Alluvial Fans Description Based On Amplitude of Incisions and
Geometrical Interrelationships

Depth of Separation

Generations Geomorphological Descriptions Incisions  Between Incisions Age
A Alluvial fans only incised by the active main stream Younger
B Alluvial fans incised (but not necessarily over their whole <~4m ~ 100 m

area) <~7m ~200 m
C Alluvial fans incised (but not necessarily over their whole <~10m ~ 100 m

area) ~20m ~ 500 m
D Alluvial fans strongly incised over their whole area >~10m ~100 m Older

acquired from the DLR’s TanDEM-X satellite (DLR: German Aerospace Center) on which the pixel size is 12 m,
and (6) DEMs with 2 m resolution generated from Pleiades stereo images on which the pixel size is 0.50 m
(constructed with AMES-StereoPipeline, an open-source software [Moratto et al, 2010]). Comparison of
these data sets combined with fieldwork analysis enables us to correlate geomorphic markers on either
side of the faults on a larger scale, to determine their geometry before deformation using the method of
back slipping restoration at fault scale [e.g., McGill and Sieh, 1991; Klinger et al., 2005; Beauprétre et al.,
2012; Scharer et al., 2014; Rizza et al, 2015], and to determine the original shapes of markers before
denudation (needed for cosmogenic nuclide dating). We used ArcGis® tools to determine the slope, shape,
and surface area of catchment and alluvial fans. We then analyzed the amplitude of incisions and the

68°50'W
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p
Zradl |
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Figure 4. Quaternary mapping of the Yaracuy Valley based on aerial photographs and on a 12 m resolution DEM. The
catchments are rotated clockwise, which suggests a significant dextral slip along the fault since the establishment of this
catchments system. Emphasized catchments and fans are those clearly offset by the Bocono fault (see restoration of
their connection in Figure 6).
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geometrical relationships between
fans in order to propose a relative
chronology of their formation. We

- gz‘(‘igsic’fl‘:e—c defined four principal generations of

— Cocorote alluvial fans: A, B, C, and D (see
catchment . i

o Outlet Table 1 for their descriptions), from

e Apex youngest to oldest. In addition,

% Sampling site where possible, we defined a more

accurate relative chronology ranging
from 0 (youngest) to 2 (oldest) within
fans of the same generation. For
instance, in generation A we defined
fans Ag, A;, and A,.

Uncertainties for back slip recon-
structions are determined by the
range of plausible offsets for a parti-
cular marker. This range mostly
depends on the image resolution
(£ 1 pixel equal to 0.5 m for Pleiades

Figure 5. (a) Three-dimensional diagram near Jaime City. The topographic
contours were obtained with the DEM constructed with Pleiades images

using an ArcGis® tool. Surface mapping was based on field work and analysis ~ image), the preservation of the
of high-resolution images. The fault geometry at depth is an interpretation of  marker, and the marker's geometry
these observations. (b) Field photo of the scarp associated to a reverse with respect to the fault zone direc-
kinematic. The dashed red line represents the fault trace. tion [Peltzer et al, 1988; Yeats and

Prentice, 1996]. For example, in the
case of an alluvial fan offset with respect to the catchment outlet, uncertainty is mainly due to the partial ero-
sion of its apex, which is the best piercing point.

4.2. Cosmogenic '°Be Dating

4.2.1. Sampling Strategy and Production Rate

To date offset alluvial fans, we used in situ terrestrial cosmogenic Beryllium 10 nuclides. This dating method
provides an exposure age for Quaternary quartz-rich sediments using the attenuation law of Lal [1991].

X —t(%+/1> _ X —r( i +i)
Pn .e Ln l1—e Ln P/J,SlOW .e L,uslow l1—e L pslow
N(x,e,t) = +
P KA
Ln L/J.S|0W (1)
xp . ( ep N i)
P;zfast .e L,ufast l11—e L,ufast
+ +No-e !
Pt
Lyfast

where nuclide concentration N(x,s,t) (at-g~") is a function of depth x (cm), denudation rate & (cm yr~"), and
exposure age t (year). P, Pusiows Puast (at-g’1 yr’1) are production rates of neutrons, slow muons, and fast
muons. p is the density (g cam ). L, Lusiows @and Lgaq: are the attenuation lengths of neutrons, slow muons,
and fast muons (160, 1500, and 4500 g cm ™2, respectively) [Heisinger et al., 2002a, 2002b]. A is the radioactive
decay constant (4.997 x 10~7 yr~"), and N, is the inherited nuclide concentration (at-g™").

Production rate contributions of slow and fast muons were calculated using the parameters and methods
published in Braucher et al. [2011]. For the neutronic contribution, we evaluated existing references on spal-
lation production in Low-Latitude High-Altitude sites [Blard et al., 2013; Kelly et al., 2013; Martin et al., 2015]
and selected the Kelly et al. [2013] production rate assigned by the CRONUS Calculator V2.2 (3.64 + 0.08 at
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Figure 6. Examples of simple restorations using the geometry shape of each

marker and assuming that (1) the apex and outlet can be identified with

catchments and alluvial fan shapes and incisions, (2) catchments were ori-

ginally situated at the east of the fans, and (3) catchments and fans have

similar surface areas. In each restoration, we highlighted the reconstructed
markers in black. (a) Restoration of Jaime, Guama, and one of the Yaritagua
alluvial fan’s (filled in red) paleo-positions using an offset of ~1.4 + 0.2 km.

(b) Restoration of paleo-position of another Yaritagua alluvial fan (filled in

orange) using an offset of 1.7 to 2.0 km. This restoration is less accurate as
the fan is strongly dissected and its apex is probably partly eroded or covered

by another deposit.

"%Be-gquarz | yr~ ') in order to be
compatible with other users of
CRONUS and because the sampling
site is nearest to Venezuela. Finally,
we scaled this production for latitude
and elevation [Stone, 2000].

In equation (1), the unknown para-
meters are exposure age, denudation
rate, and inherited nuclide concen-
tration. Thus, to solve it, we carried
out “depth profiles” in order to mea-
sure 'Be nuclide concentrations of
samples at different depths in the
sedimentary deposit (as explained in
Anderson et al. [1996]).

4.2.2. Depth Profile Simulations
To fit our data to equation (1) and to
determine the free parameters
(exposure age, inheritance, and
denudation), we performed models
calculated using the Monte Carlo
approach of Hidy et al. [2010].
This approach determines the para-
meters that minimize the difference
between the observed and the theo-
retical '°Be concentration values using

the x° test (2 =30, (—C"f(c,fx"’"”)/\z

where C; is the measured '°Be con-
centration at depth xi, C(x; ¢, t) is the
modeled '°Be concentration deter-
mined using equation (1), o; is the
analytical uncertainty at depth i, and
n is the total number of samples in
the profile). Minimum »? values thus
correspond to the best solutions
[Siame et al., 2004; Braucher et al,
2009]. However, as proposed by
Ruszkiczay-Riidiger et al. [2016] the
code was modified in order to take
into account the theoretical muo-
genic production of Braucher et al.
[2011] and the chosen spallation pro-
duction rate. For each data set, free
parameters were first constrained by
thresholds (see section 5), and then

we accepted fits that satisfied the condition: y2in < %* < y2in + 1 [e.9., Braucher et al., 2009; Delmas et al.,
2015], which is considered as a substitute of 1o confidence interval [Bevington and Robinson, 2002].

5. Results

5.1. Quaternary Morphotectonic Mapping

We used aerial photographs to study 65 km of the Boconé fault trace in the Yaracuy Valley, in which we iden-
tified 18 segments separated by geometric discontinuities (> 100 m), such as overlaps and relay zones. Along
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Figure 7. Yaritagua fans. (a) Shaded DEM constructed with high-resolution Pleiades images. (b) Topographic lines with
20 m spacing. (c) Quaternary mapping of alluvial fans and fault traces. The Quebrada de Los Santos catchment is out-
lined in black continuous line.

these segments—which range in length from 1 to 16 km—we noticed several truncated and parallel traces
(Figures S2 and S3). We also observed multiple deformed Quaternary markers showing right-lateral
displacement (Figures S2-5S4 and 4). In some areas reverse fault segments deformed Quaternary surfaces
(for example, Jaime City, see Figure 5). On the scale of the mountain ranges, river catchments in the Sierra
de Aroa have been passively rotated clockwise, consistent with a dextral movement along the fault
(Figure 4).

Along the Mordn fault, we observed triangular facets and tectonic deformation in Miocene units (Urama,
Maporita Formations) (Figures S1 and S5). In the Sierra de Nirgua massif, most of the catchments in contact
with this fault have an elongated shape perpendicular to the front (up to 25 km long) compared to catch-
ments in Sierra de Aroa (up to 10 km long) (Figure 3). Valleys are relatively wide (up to 1.3 km) compared with
valleys in the Sierra de Aroa massif (up to 0.1 km) (Figure 3). At the mountain-piedmont transition zone, river
slope is very gentle and vertical incision within the flood plain is low and constant along several kilometers.
We also did not observe alluvial fans at the outlets of the catchments.

5.2. Offset Measurements

We found four principal fan generations in the Yaracuy Valley: A, B, C, and D (Table 1). Near the cities of
Yaritagua, Guama, and Jaime, fans C and D are disconnected from their respective catchments (Figure 4).
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Figure 8. Examples of two back slip reconstructions, with black lines repre-
senting morphotectonic markers (e.g., incisions, ridges, or relief that fit
between each other after back slip reconstruction). (a) Original image.

(b) Restoration of fan Sabanita_B; paleo-position with an offset of 520-670 m.
(c) Restoration of fan Yaritagua_C paleo-position with an offset of
1350-1580 m. For each back slip reconstruction the fan and the catchment
analyzed are outlined in white. See Figure S9 for the minimal and

maximal offsets.

At the regional scale, to measure
these offsets, we restored the original
connections between the fans and
their catchments on the 12 m resolu-
tion DEM. This simple restoration
using the geometry shape of each
fan apexes and corresponding
outlets allowed us to measure an off-
set of ~1.4 £ 0.2 km for three fans
(Figure 6a). This measurement
on three separate and similar
markers shows that the offset is
reliable and can be used to estimate
the fault slip rate. To be more
accurate, we restored independently
two catchment-fan systems, the
Yaritagua and Jaime ones. Especially
as these fans are less incised we
avoid uncertainties on back slip
reconstruction and on surface expo-
sure dating. Uncertainties for back
slip reconstructions are determined
by the range of plausible offsets for
a particular marker. In our cases of
study this range mostly depends on
the image resolution (+ 2 m for our
satellite images), the preservation of
the marker, and the vegetation
which is intense in our area.

5.2.1. Yaritagua Alluvial Fans
Distribution of the faulting. Between
the cities of El Salto and Yaritagua,
in the alluvial plain, we observed a
2 km long scarp oriented N70°
(Figures 7 and S6). The scarp
decreases progressively in height
from 2 to 3 m at El Salto to
Yaritagua where it disappears. Two
drainages on the southern flank of
the scarp seems to be beheaded
(Figure S6) as they incise 6-8 m of
the main scarp and as they can be
restored (see Figure 8), and this sug-
gest that the scarp origin is due
to tectonic.

Fan characteristics and offset measurements. Four generations of fans were identified within the piedmont:
some fans characterized by a lack of or relatively small offsetting (Yaritagua_A and Yaritagua _A;) and other
fans disconnected from their original catchment (Yaritagua _C and Yaritagua _D fans). Dade and Verdeyen
[2007] relation states that a fan and its respective catchment should have similar areas.

Fan Yaritagua_A: This relation is satisfied for the Quebrada de Los Santos catchment (~2.9 km?) and the fan
Yaritagua_A (~3.1 km?) which is still active and is not offset by the fault.

Fan Yaritagua_A;: The Dade and Verdeyen [2007] relation is also satisfied for the same catchment (~2.9 km?)
and the fan Yaritagua _A; (~2.6 km?). This fan is offset by less than 120 m.
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Figure 9. Jaime fans. (a) Shaded DEM constructed with Pleiades images (light gray) and shaded DEM of 12 m resolution
(dark gray). (b) Topographic lines at 20 m intervals. (c) Quaternary mapping of alluvial fans and fault traces. The
Cocorote catchment is outlined in black.
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Figure 10. (b) Original image. (b) Back slip reconstruction of the alluvial fan
Jaime_C. The brown line emphasize the Cocorote catchment. Black lines
represent morphotectonic markers (incisions, ridges, or relief that fit
between each other after back slip reconstruction), and red lines represent
active faults with movement indicators. Offset 3 is measured on the fault
trace separating the apex and the outlet, and it gives the minimum lateral
displacement. Offsets 1 and 2 are measured on other parallel traces that
may have been active after the fan deposition, in which case reconstructions
give a maximum lateral displacement. See Figure S10 for the minimal and
maximal offsets.

Fan Yaritagua_C: Its area is ~3.7 km?
which is comparable to the
Quebrada de Los Santos catchment
area (~2.9 km?). This fan is also issued
from this catchment, as shown in
Figure 4. One also may argue that
the Yaritagua_C fan is in reality com-
posed of two geomorphic surfaces:
an incised fan in the distal area
which is in part buried by a second
younger fan poorly incised. Under
this assumption these two fans can-
not come from the same catchment.
The older fan was probably con-
nected to the Quebrada de Los
Santos catchment, and the younger
fan was connected thus to a smaller
catchment. However, the younger
fan's area is 1.5 km? whereas the
hypothetic associated catchment
area is 0.5 km?, this is in contradiction
with the Dade and Verdeyen [2007]
relation. In addition, we performed
several topographic profiles showing
that there is no discontinuity of slope
along the incised (lower) part and
the flat (upper) part of the fan
(Figures S7 an S8). Therefore, we
interpret this morphology as that of
a single fan undergoing retrogressive
erosion. To enhance the offset mea-
surements, we used back slip res-
toration on high-resolution Pleiades
images of (i) alluvial fan and its
catchment and (i) drainages and
ridges. These reconstructions allows
us to estimate an offset of 1.36 to
1.58 km for the fan Yaritagua_C
(Figure 8b).

Fan Yaritagua_Dg and Yaritagua_D;:
The fans have a similar area (~2.3
and ~2.7 km?, respectively) which
are comparable to the Quebrada
de Los Santos catchment area

(~2.9 km?). These fans are thus also probably issued from this catchment (Figure 4). For the fan Yaritagua _Dg

we measured an offset ranging from 1.7 to 2.0 km (Figure 6b).

Fan Sabanita_B;: This fan derives from a smaller catchment (located to the west of the Quebrada de Los
Santos catchment). It is cut by the fault along its longitudinal direction. Back slip reconstruction to connect
the two parts separated by the fault shows that the fan Sabanita_B; is offset by 520 to 670 m (Figure 8b).

5.2.2. Jaime Alluvial Fans

Near Jaime, the Boconé fault is segmented into several parallel and truncated segments. Within uncertainties
due to the vegetation cover, we mapped three parallel traces crosscutting the relief and a main reverse fault
within the piedmont (Figures 5 and 9). We also mapped an alluvial fan which is highly dissected in its down-
stream part and disconnected from the Cocorote catchment outlet (Jaime_C in Figure 9). The area of the fan
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Table 2. Local Surface Production Rates by Spallation, Slow Muon Capture and Fast Muon Radiation (at-g_1 yr_1) for Each Sampling Site

Sampling Site Latitude Longitude Altitude Pressure® Shielding Factor® Production Rate
(°N) (W) (m) (hPa) (atoms-g_1 yr_1)
Spallation Fast Muons Slow Muons
Fan Yaritagua (Ya_C) 10.09997 69.09438 525 952.42 0.999397846 343 0.044 0.015
Fan Jaime (Ja_C) 10. 3094 68.8057 563 948.32 0.999 3.53 0.044 0.015

@pressure has been estimated using the offline MATLAB code CRONUS calculator (NCEPatm_2.m).
Shielding scaling factors have been calculated following Dunne et al. [1999] method.

(~14.2 km?) is slightly less than that of the catchment area (~18.7 km?), but they are of the same order of
magnitude. Back slip reconstructions on high-resolution Pleiades images allows us to connect the alluvial
fan apex to the outlet of the catchment (Figure 10). Considering only the offset on the trace separating
the apex and the outlet (offset 3 in Figure 10), the reconstruction yields a minimum offset of 1236 m.

Lt

e |
Yal3-03
Depth (cm)

® Sample Soil i Clay with angular quartz
pebbles and oxydes

1 No possible solutions
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« Simulations < x? min +

400

Depth (cm)
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) ) ) \ Minimum age
0 1 2 3 4 0 0.5
Concentration (atoms g-.10 %) Denudation rate (cm ka-*)

Figure 11. Photos of the sampling site (in fan Yaritagua_C) (see in Figure 8 location of the view direction). (a) Sample site
location. (b) The sedimentary deposit from which the six quartz cobbles were sampled. Results of the depth profile simu-
lations for the fan Yaritagua_C using the Monte Carlo approach of Hidy et al. [2010] modified by Ruszkiczay-Riidiger et al.
[2016] (see method 4.2.2). (c) Concentration versus depth plot showing the best fit depth profile for equation (1) using our
sample concentrations (black dots). (d) Exposure age-denudation rate plot for the simulations using the parameters in
Table 4. The solid and dashed black curves mark 100 and 500 cm of total denudation, respectively.
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Table 3. Beryllium 10 Data for the Yaritagua Site®

Samples Depth Quartzb °Be Carrier 108e/%Be” 198e Concentration
Value Uncertainty Value Uncertaintyd
(cm) @ (mg) (107" (%) (x10% atgquartz )
Yaritagua: Quartz Cobbles
YA13-1 15 18.79 0.3001 3.491 3.27 370 12.1
YA13-2 40 17.18 0.3002 2.141 3.29 247 8.2
YA13-3 70 18.45 0.2999 1.423 5.25 152 8.0
YA13-5 200 15.02 0.3008 0.9139 9.57 119 114
YA13-6 240 17.94 0.3005 1.075 541 118 6.4
YA13-7 285 19.16 0.3007 0.758 6.37 77 4.9

@Results have been corrected according to the chemical blank (mBe/gBe blank = 2.63844 x 10-"> with 33.72% of
uncertainty). Beryllium 10 concentrations were calibrated against National Institute of standard and technology (NIST)
standard reference material 4325 using a 1986/%Be ratio of (2.79 £ 0.03) x 107 [Nishiizumi et al., 2007].

Chemical extraction was performed in the cosmogenic ISTerre Laboratory (Grenoble, France) following procedures
adapted from Brown et al. [1991] and Merchel and Herpers [1999]. The 08¢ half-life used is (1.387 £ 0.012) x 10" years
[Chmeleff et al., 2010; Korschinek et al., 2010].

“To estimate analytical uncertainty propagations, we used the methods of Davis et al. [1999] and Gosse and
Phillips [2001].

Measured at the French National AMS facility (accelerator mass spectrometry) in ASTER located in CEREGE, Aix-
en-Provence [Arnold et al., 2010].

However, the other parallel traces may have been active after the fan deposition, in which case the
reconstructions imply a maximum lateral displacement of 1500 m.

5.3. Exposure Age Determinations

To estimate slip rates, we chose to date the abandonment of fan Yaritagua_C and fan Jaime_C (Table 2), off-
set by 1350-1580 m and 1236-1500 m, respectively.

5.3.1. Fan Yaritagua_C

At the sampling site (black star in Figure 8), we observed one sedimentary unit in the deposit composed of
unbedded sparse quartz clasts in a lateritic matrix (Figure 11). We carried out a “depth profile” using indivi-
dual clasts of quartz (no other suitable materials were available for dating). We collected six samples from
15 to 285 cm depth (Table 3).

Depth profile simulations were performed to estimate an exposure age (see section 4.2.2). To constrain the
simulations, we first supposed a density ranging from 1.8 to 2.2 g cm™> as the deposit is mainly composed
of clay [Veihmeyer and Hendrickson, 1948]. We had no prior assumptions with respect to the denudation rate
and to the total denudation; however, we must define a range for the simulation. Therefore, it was con-
strained, respectively, between 0 and 5 cm ka™' and between 0 and 5 m. The maximum values are overesti-
mated considering the flat and poorly incised surface sampled (Figures 8 and 11b). The minimal 2 obtained
was 62.4; therefore, we chose a y° cutoff of 63.4 (x2n + 1) and calculated 100,000 models (Table 4).

The Monte Carlo approach of Hidy et al. [2010] yields a minimum exposure age of 79 ka and then a trade-off
where several simulations reach a steady state (Figures 11c and 11d). In this case we can only determine a

Table 4. Parameters Used in the Monte Carlo Search Routine of Hidy et al. [2010] to Determine the Exposure Age of Fan
Yaritagua_C and Fan Jaime_C

Fan Yaritagua _C Fan Jaime _C

Thresholds Min Max Min Max
Denudation rate (cm ka71) 0 5 0 5
Total denudation (cm) 0 500 0 500
Age (ka) 0 600 0 500
Inheritance (10° at-g ™) 0 200 0 200
Density 1.8 22 2 24
22 cutoff = y2in + 1 62.4 634 43138 43238
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Figure 12. (a-c) Location of the sample site within the alluvial fan Jaime_C (see Figure 10 for the site location). The deposit
is composed of quartz cobbles and mica schist clasts in a clayey matrix, in which there is no graded bedding or
stratification. (d and e) Same as in Figures 11c and 11d but for the fan Jaime_C.

minimum exposure age, considering no denudation, which is 79 ka. Therefore, it implies a slip rate
<200 mmyr "

5.3.2. Fan Jaime_C

We sampled the alluvial fan on a preserved surface (not influenced by gully’s incisions) and far from urba-
nized zones (Figure 10). The sampled deposit is composed of unbedded quartz cobbles and mica schist clasts
in a clayey matrix. There is no evidence of interposed deposits within the depth profile chosen for the sam-
pling (Figure 12). To be consistent with the Yaritagua sampling, we only selected quartz cobbles. Six samples

were collected from 35 to 300 cm depth (Table 5).

We performed depth profile simulations with the free parameters constrained by reliable values (see Table 4).
Density was constrained to a range from 2 to 2.4 g cm™° as the deposit is mainly constituted of pebbles
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Table 5. Beryllium 10 Data for the Jaime Site®

Samples Depth Quartzb °Be Carrier 108e/%Be” 198e Concentration
Value Uncertainty Value Uncertaintyd
(cm) ) (mg) (x 107 "3) (%) (x10% atgquartz )
Jaime: Quartz Cobbles
CL-00 35 20.7911 0.3034 4.505 3.06 438 134
CL-01 45 20.2651 0.3042 4.149 338 414 14.1
CL-02 60 19.5066 0.3004 2.092 11.69 213 249
CL-03 90 24.2031 0.3049 1.964 4.67 165 7.6
CL-04 100 19.2094 0.3021 0.794 3.84 81 3.1
CL-05 300 19.9221 0.3038 0.323 6.06 31 1.9

@Results have been corrected according to the chemical blank (IOBe/gBe blank = 2.63844 x 10-15 with 19.31% of
uncertainty). Beryllium_ 10 concentrations were calibrated against the ASTER standard (STD11) with a 198e/”Be ratio of
(1191 + 0.013) x 10-"" [Braucher et al.,, 2015].

See Table 3.

“See Table 3.

See Table 3.

(Figure 12). Age, inheritance, and denudation were constrained as for simulation of the fan Yaritagua_C. The
minimal ;(2 is 431.8, so we chose a ;(2 cutoff of 432.4. Based on these assumptions, the Monte Carlo approach
determines a range of ages between 134 and 248 ka (solutions contained within the [Min yZin: %ain + 1]
bracket) (Figures 12d and 12e). This yields a slip rate of 5.0-11.2 mm yr’1.

5.3.3. Uncertainties on Exposure Ages

Exposure ages were determined by minimizing the difference between the observed and the theoretical
'%Be concentration values (y? test) (see section 4.2.2). The minimum 72 values used in our simulations
(xﬁm ~ 60-432) are relatively high values that are due to the scattering of the concentrations with respect
to the theoretical model. This scattering is probably explained by different inheritance in each sample,
and, as we sampled one quartz cobble at each depth (no other suitable materials were available for
dating), this effect is probably amplified.

5.4. Homogenization of Beryllium 10 Dates

To assess a slip rate in the Central Venezuelan Andes between the Boc-b and Boc-c Bocond sections,
Wesnousky et al. [2012] and Carcaillet et al. [2013] sampled moraines offset by the fault (La Victoria and Los
Zerpa moraines in Figure S11). They sampled several boulders on the surface of both moraines and measured
their '°Be concentration. In order to compare it with our results, we reevaluate the exposure ages of all
samples using the same production rate determined for low latitudes and new muogenic production rates
(see section 4.2.1 and Table S1). Concerning moraine TCN dating, in a population of ages, the estimation of
the true age is matter of debate. Putkonen and Swanson [2003] explain that the oldest date represents the
true age arguing that the prior exposure is rare. However, several authors choose to take into account the
arithmetic mean [e.g., Wesnousky et al, 2012] or the peak of the summed probability function [e.g.,
Carcaillet et al., 2013]. In this paper, we will use the arithmetic mean for the following reasons: (1) there is
few samples by site and (2) the dates obtained are generally clustered (Figure S11).

On the La Victoria moraine crests, Audemard et al. [1999] reported an offset of maximum 100 m. Considering
the recalculated exposure ages, we chose a significant exposure age of 18.7 + 4.3 ka (n = 4) (arithmetic mean).
Based on these assumptions the reevaluated maximum slip rate is between 4.3 and 7.0 mm yr_1 (published
age is 16.5 + 4.0 ka in Wesnousky et al. [2012] which yielded a maximum slip rate of 4.8-8 mm yr").

On Los Zerpa moraine crests, Audemard et al. [1999] evaluated an offset of 60-100 m. Using the '°Be concen-
trations measured by Wesnousky et al. [2012] and Carcaillet et al. [2013], we reevaluated the exposure ages.
We determine an exposure age of 18.1 + 3.3 ka (n = 6), which yields a slip rate ranging from 2.8 t0 6.7 mm yr™"
(the arithmetic mean of all published ages in Wesnousky et al. [2012] and in Carcaillet et al. [2013] is
15.6 + 2.8 ka which yielded a slip rate of 3.2-7.8 mm yr~").
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6. Discussion

6.1. Distribution of the Deformation in the Yaracuy Valley

6.1.1. Quaternary Activity of the Boconé and the Morén Faults

Morphotectonics analysis on the Bocon6 fault geometry, segmentation, and geomorphology allows us to
identify 18 segments as well as several and truncated parallel traces (Figures S2 and S3). This puts in evidence
a fault immaturity [Manighetti et al., 2015; Ansberque et al., 2016]. The passive clockwise rotation of
catchments in the Sierra de Aroa is similar to catchment geometries (in terms of topographic elevation
and rotation) along the right strike-slip faults of the Southern Alps in New Zealand, modeled by Castelltort
et al. [2012]. In addition, we observed multiple Quaternary deformation markers and reverse fault segments
along the fault. This suggests that the fault has been active during the Quaternary, with mainly dextral kine-
matics and a minor compressive component.

Along the Morén fault, observation of triangular facets and analysis of the catchment’s and valley’s geo-
metries suggest an extensional setting. This setting and the presence of deformation in Miocene units sug-
gest that during the Miocene the Mordn fault was active and mainly normal. During the Quaternary,
erosion and sedimentation processes hid any tectonic evidence. Conversely, along the Boconé fault in
the same climatic and lithological contexts there are numerous deformed markers (e.g., scarp within alluvial
surfaces and offset fans). If we suppose that the human activities did not hide tectonic evidence, we can
therefore infer that active deformation along the Moron fault is either absent or negligible compared to
the Boconé fault.

6.1.2. Off-Fault Deformations

With respect to the offset estimations, several coseismic measurements have demonstrated that part of the
strain energy can be released by off-fault deformations [e.g., Rockwell et al., 2002; Gold et al., 2015]. Studies on
several faults and laboratory morphotectonic experiments showed that the total displacement accounted by
off-fault displacement can range from 0 to 45% [e.g., Shelef and Oskin, 2010; Rockwell and Klinger, 2013; Zinke
et al., 2014; Graveleau et al., 2015]. Thus, some Quaternary slip rate measurements are probably underesti-
mated. To avoid this, our markers (catchments and fans) cover the whole fault zone, and they are offset by
~1.4 + 0.2 km, as measured on separate and similar markers. In comparison with other slip rate estimations
along the Boconé fault (see section 6.3), we can postulate that our markers are those that record the slip
within the larger fault zone along the Boconé fault.

However, the catchment are all rotated, this rotation can suggest an off-fault deformation within the catch-
ments. Numerical modeling could be performed to determine if rivers are passive features and recorded a
large-scale tectonic activity [e.g., Castelltort et al., 2012].

6.1.3. Comparison Between Regional Geodetic Data and Pleistocene Slip Rates

To investigate the distribution of the deformation in the Yaracuy Valley, we compare the most probable fault
slip rate along the Boconé fault with the regional geodetic velocities.

Previous studies along the segment Boc-e of Schubert [1982], Casas-Sainz [1991] and Casas-Sainz [1995] esti-
mated without absolute dating slip rates, respectively, of several cm yr™',1.373% mmyr~"and 2.6 mmyr~".
In comparison our study gives a fault slip rate based on absolute dating method and on high-resolution
images. This methodology yields a probable right-lateral slip rate of 5.0-11.2 mm yr~' and <20 mm yr~".

Our two slip rates are consistent within each other and integrate dating uncertainties unlike previous studies.

GPS studies show an ENE movement of the Maracaibo Block at a velocity of ~9-13 mm yr~" (direction N60°)
and a compression rate at ~2-4 mm yr~ ' (direction N330°) with respect to the stable South American plate
[Pérez et al., 2011; Reinoza, 2014] (e.g., Figure 2b). Assuming the following points (1) the long-term slip rate
along the Bocondé fault represents 40 to 100% of the ENE geodetic rate, (2) the Bocond fault is mainly dextral
with a minor compressive component, (3) active deformation along the Mordn fault is either absent or neg-
ligible compared to the Bocon6 fault, and (4) neotectonic studies imply <2 mm yr’1 of slip rate for the other
faults (see section 3), we can postulate that the Boconé fault accommodates 40 to 100% of the deformation in
the Yaracuy Valley between the North Andean Block and the South American plate.

This postulation is however based on the geodetic measurements which are scattered in this region [Pérez
etal, 2011; Reinoza, 2014]. Therefore, it is highly recommended to densify geodetic measurements for future
studies in order to propose a more specific and accurate percentage.
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Figure 13. The 45 m resolution InSAR line-of-sight velocity map estimated over a 3.5 year period (2007-2011). This map
results from the processing of ascending track A133 (ALOS-1). Positive velocities are oriented away from the satellite
whereas negative velocities are oriented toward the satellite. RMS values map for each pixel, estimated over 3.5 years,

is shown in Figure S12. ALOS-1 data were obtained from Japan Space Systems © METI and JAXA.

6.2. Slip Deficit Along the Boconé Fault in the Yaracuy Valley

The last historical event in the Yaracuy Valley was the 1812 event [e.g., Altez, 2006; Audemard, 2016]. Choy
et al.[2010] assigned a My, of 7.4 and a rupture length between 90 and 100 km to this earthquake. Slip deficit
estimation has to take potential aseismic slip into consideration, by which strain is progressively released into
the seismogenic layer [Ryder and Biirgmann, 2008; Shirzaei et al., 2013]. As GNSS (Global Navigation Satellite
System) data are sparse in time and space in this area and give only a rough estimation of the present defor-
mation (Figure 2b), we performed an InSAR analysis of the Yaracuy region using 16 synthetic aperture radar
(SAR) images spanning the 2007-2011 period.

These SAR images from the L band ALOS1 satellite were processed following the same methodology of
Pousse Beltran et al. [2016] (see Text S1 for detailed method) with the NSBAS (New Small BASeline)
method [Doin et al., 2011]. Despite the lack of data in several areas, in the obtained velocity map
(Figure 13), there are some localized area of subsidence deformation patterns near the cities (e.g., at
the west of San Felipe), this could be due to groundwater pumping. However, absence of high-velocity
jump crossing the Bocond fault implies the lack of aseismic slip during the spanned period. If we extra-
polate this locked behavior to the last 204 years, and if we consider that our estimated Quaternary slip
rate (5-20 mm yr~") corresponds to the present-day slip rate, by multiplying this rate by the elapsed
time locked we obtain a slip deficit of 1 to 4 m. Using the regression for strike slip faults of Wells and
Coppersmith [1994], this slip deficit corresponds to a M,, 7.0-7.6 earthquake. This magnitude is
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Figure 14. Published and/or modified geological slip rates along the Boconé fault, colored lines highlight the five
segments of the fault based on Audemard et al. [2000]. Slip rate references quoted are Giegengack et al. [1976], Soulas
[1986], Singer and Beltan [1996], Audemard [1997], Audemard et al. [1999, 2000], Egbue and Kellogg [2010], Wesnousky et al.
[2012], and Carcaillet et al. [2013]. Slip rates with an asterisk are those modified or estimated in this work.

comparable to the 1812 earthquake and to the other historical events along the Boconé fault. However,
to better assess the seismic hazard along this fault segment, a complete paleoseismic calendar is needed
[Audemard, 2016]. Moreover, other faults with slower loading rates (e.g., La Victoria Guacamaya fault)
should also be studied in detail as this kind of faults can trigger unpredictable and destructive seismic
events [Newman et al, 1999; Gupta et al, 2001; Yano et al., 2014].

6.3. Bocono Fault Behavior and North Andean Block Tectonic Setting

Figure 14 summarizes Quaternary slip rate estimations along the Bocon¢ fault. Four of them are based on
<20 ka offset moraines dated by "*C [Salgado-Labouriau et al., 1977; Soulas, 1986; Audemard et al., 1999] or
'9Be (recalculated from Wesnousky et al.[2012] and Carcaillet et al. [2013]). A fifth slip rate has been estimated
in a paleoseismologic trench [Audemard, 1997]. Other investigations have also proposed slip rates along the
fault but without absolute dating methods [Giegengack et al., 1976; Schubert, 1982; Casas-Sainz, 1995; Singer
and Beltran, 1996; Egbue and Kellogg, 2010].

Unfortunately, based on these large uncertainties and poorly constrained slip rates, it is difficult to discuss a
possible slip-rate decrease or a temporally different rate. A remaining option to discuss it is to choose from
our results a “preferred” rate. To choose it, we consider that the fault slip rate of the two sites is similar.
This is reliable as the two fault traces have a similar strike (70° and 64°) and there is no parallel traces
observed; therefore, the Boc-e slip rate should range from 5.0 to 11.2 mm yr™". In addition, we can propose
a maximum age probable for the Yaritagua_C fan based on the maximum denudation possible. According to
field observations, the surface fan is flat and not incised; therefore, we can consider that the fan undergone
reasonably less than 1 m of total denudation. This is consistent with the maximum total denudation simu-
lated with the Jaime depth profile (Figures 12d-12e). Indeed, the denudation of these two fans should be
similar as these two fans have similar morphology, slope, and undergo the same climate. By setting this con-
strain in our depth profile simulations (Figure 11d) a maximum age of 161 ka can be determined. Considering
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which are this old (Table S2).
Without absolute dating method several study managed to propose slip rate on several hundreds of thou-
sands years [e.g., Winter et al., 1993; Chorowicz et al., 1996; Dumont et al., 2005; Tibaldi et al., 2007; Witt and
Bourgois, 2010]. Right-lateral slip rates estimated in our study are among the higher slip rates obtained for
the North Andean Block. The other high slip rates were estimated (1) in the South of Colombia along the
Cayambe fault (dot 16 in Figure 15) by Tibaldi et al. [2007] (5.5-12.3 mm yr~') but without absolute dating
and by Ego et al. [1996] (5.2-17.6 mm yr~") (dot 18 in Figure 15) and (2) along the CASF (Cayambe
Afiladores Sibundoy fault) in Ecuador (dot 19 in Figure 15) by Tibaldi et al. [2007] without absolute dating
(5.1-19.5 mm yr”). Geodetic studies within the North Andean Block estimated a NE escape with respect
to the South American plate at a rate of 6-14 mm yr~' [Pérez et al.,, 2011; Alvarado, 2012; Reinoza, 2014;
Symithe et al., 2015; Alvarado et al., 2016; Mora-Pdez et al., 2016]. However, as uncertainties of Quaternary slip
rates are wide and as geodetic data are sparse, it only can be stated that the North Andean Block escape is
localized along the main dextral faults and remains constant at first order since Middle Pleistocene until
nowadays. The North Andean Block is at a first-order stable and homogenous bloc since Middle
Pleistocene. It is thus highly recommended to perform block model for the whole North Andean Block using
available geodetic data. This is in order to detect relative motions between minor blocks and discuss about
the processes driving the NE escape (Carnegie ridge, Panama indentation, etc.).

POUSSE-BELTRAN ET AL.

PLEISTOCENE SLIP RATES OF THE BOCONO F. 1226



@ AG U Tectonics

10.1002/2016TC004305

Acknowledgments

We acknowledge the two reviewers:
Marie-Luce Chevalier especially for
advices and comments on the discus-
sion and figures and the anonymous
reviewer for advice on the organization
of the paper. We thank also J. Martinod,
J.F. Ritz, and Y. Klinger for advices given
in PhD comity. This work is part of the
L. Pousse Beltran PhD thesis (ISTerre,
USMB) funded by the French Ministry of
Superior Education and Research. The
authors thank the Fundacion
Venezolana de Investigaciones
Sismologicas (FUNVISIS) for aerial
photos, topographic maps, archives of
the Venezuela study area, and the
logistical support given during the
fieldwork. We are especially grateful to
J. Oropeza, J. Aray, M. Palma, M-P. Doin
and A. Singer. G. Aumaitre, M. Arnold,
and K. Keddadouche are thanked for
their assistance during '%Be measure-
ments at the ASTER AMS national facility
(CEREGE, Aix-en-Provence), which is
supported by INSU/CNRS, the French
Ministry of Research and Higher
Education, IRD, and CEA. We acknowl-
edge GIAME, FONACIT, and ECOS
(project FONACIT-ECOS Nord PI
2009000818, FONACIT 2012002202 and
2013000361) for economical support
during the field trip. This investigation
was also funded by IRD, Isterre-Sud, and
USBM. This work has been also sup-
ported by a grant from Labex
0OSUG@2020 (Investissements d’avenir-
ANRT10 LABX56). Pleiades images were
obtained through an ISIS project funded
by the CNES. We would like to thank the
LPAIS (Laboratorio de Procesamiento
Avanzado de Imagenes Satelitales),
German Aerospace Centre (DLR), and
ISIS-CNES (Incitation a l'utilisation
Scientifique des Images SPOT program)
for providing satellite images. We are
also grateful for DEM data provided by
the U.S. Geological Survey. The Global
GNSS Network (GGN) is operated by
UNAVCO at the direction of the Jet
Propulsion Laboratory (JPL) for the
National Aeronautics and Space
Administration (NASA) with support
from NASA under NSF Cooperative
Agreement EAR-1261833. The original
ALOS PALSAR data were distributed by
Japan Space Systems (© METI and JAXA).
We acknowledge JAXA for accepting
ALOS 6th RA project Pl 3223. Most of the
computations presented in this paper
were performed using the Froggy and
Luke platform of the CIMENT infrastruc-
ture (https://ciment.ujf-grenoble.fr),
which is supported by the Rhone-Alpes
region (grant CPERO7_13 CIRA), the
0OSUG@2020 Labex, and the
Equip@Meso project (reference ANR-10-
EQPX-29-01) of the programme
Investissements d’Avenir supervised by
the Agence Nationale pour la Recherche.

7. Conclusion

The Boconé fault active during the Quaternary is recognized as a dextral sense segment. Using the offset
of two thoroughly selected alluvial fans from the study area, the activity of the fault has been constrained.
Calculations for the Yaritagua fan yield an age > 79 ka and a lateral offset of 1350-1580 m. The maximal
associated slip rate is 20 mm yr~'. Based upon an age of 132-273 ka and a lateral offset of 1236-1500 m
the Jaime fan shows slip rates ranging from 5.0 mm~yr’1 to 11.2 mm-yr’1. Thus for the Boconé fault we
can estimate two Pleistocene rates of <20.0 and 5.0-11.2 mm-yr~'. These slip rates are those obtained
over a longer timescale along the Bocond fault and along the fault system associated to the North
Andean Block escape. By comparing our rates with geodetic rates it suggests that 40 to 100% of the defor-
mation between the South American plate and the Maracaibo block is localized along the Boconé fault.
However, it must be confirmed by carrying out complementary geodetic measurements and estimations
of other slip rates along the Boconé fault and along other “slower” surrounding faults. Since the last seis-
mic event along the studied Boconé fault segment occurred 204 years ago, and as INSAR does not show
aseismic slip, we infer a slip deficit of 1 to 4 m. This implies that this Boconé fault segment could trigger a
magnitude 7.0-7.6 earthquake. However, hazard assessment would require more information about the
paleoseismic calendar. Finally, this study highlights the necessity to estimate slip rates on wide markers
which cover the whole fault zone.
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