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ARTICLE INFO ABSTRACT

The Holocene tectonic activity of Latin American countries is poorly constrained because of the short time span
of the instrumental record and the lack of any seismic calendar during pre-colonization times. Therefore, some
areas with low and diffused seismicity have been catalogued as a “seismic gap”. It has been suggested that the
northernmost segment of the Boconé Fault in Venezuela is one of these areas, although a recent MW 7.4 event
that occurred in 1812 has been well documented by a historical investigation. In this study, we mapped the
historical events triggered by the Boconé Fault using a paleoseismological investigation, a geological inter-
pretation of high-resolution satellite images, field mapping as well as ground-penetrating radar (GPR) profiles at
selected trench sites. Our results suggest that at least three seismic events had produced surface ruptures in the
trench site based on the exposed trench stratigraphy as well as the results of radiocarbon dating and age models:
i) a latest event (E3) that occurred between 1545 and 1825 CE, ii) a previous event (E2) that occurred between
1483 and 1743 CE and iii) an older event (E1 before 1456-1636 CE). The E3 event might correspond to the 1812
major earthquake. These results further support the fact that the 1812 event was triggered by the Boconé Fault
and that the rupture reached the surface. The potential slip deficit along the studied segment ranges from 1.7 to
2.3 m and corresponds to Mw ~7, assuming that the 1812 CE earthquake released all of the strain stored earlier.
As the time span between events E2 and E3 is short (< 360 years), it is worth to pay a great attention to the
seismic risk assessment for a densely inhabited Boc-e fault segment.
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1. Introduction areas, it is therefore necessary to know the calendar of the fault activity

during the Holocene so as to assess the seismic hazard. From these

In Latin American countries, the historical seismicity record is quite
brief: from the time of Spanish colonization until the present day. In
Venezuela particularly, it is restricted to after the 3rd trip of Columbus
to the New World, who reached its eastern coasts in 1498 CE. During
the last ~500years of the historical seismicity record, major
Quaternary faults have been reactivated at least once or at most twice
(Audemard, 2014). However, the history of these last 500 years is still
under debate due to the scarcity of archives and thus difficulties to
ascribe a historical event to a fault. Paleoseismological studies allow
researchers to ascribe events and to enlarge the temporal window into
the past, revealing the last 10° to 10* years of main fault activity. Since
these events are associated with My = 7 and occurred in populated

* Corresponding author.

considerations, we excavated a trench across the Boconé Fault, a main
strike slip fault extending 500 km and comprising five segments. We
studied the segment that crosscuts the Yaracuy valley, where on March
26, 1812 a Myy; 7.4 destructive event occurred (Choy et al., 2010; Altez,
2016). Although this event was well reported, this area is considered as
a “seismic gap” due to the low and diffuse instrumental seismicity re-
corded since 1910 (Audemard, 2002). Several faults, likely active,
crosscut this valley and might trigger this event, but along this segment
of the Boconé Fault only two trenches were carried out (Audemard,
2016), and the 1812 event was documented in one of these trenches.
Apart from this event, no other event has been identified since
1200 BCE, conversely to other Boconé Fault segments (Audemard, 2014

E-mail addresses: pousse@cerege.fr (L. Pousse-Beltran), riccardo.vassallo@univ-smb.fr (R. Vassallo), faudemard@funvisis.gob.ve (F. Audemard),
francois.jouanne@univ-smb.fr (F. Jouanne), joropeza@funvisis.gob.ve (J. Oropeza), Stephane.Garambois@univ-grenoble-alpes.fr (S. Garambois),

jaray@funvisis.gob.ve (J. Aray).

https://doi.org/10.1016/j.tecto.2018.09.010

Received 11 January 2018; Received in revised form 14 September 2018; Accepted 18 September 2018

Available online 26 September 2018
0040-1951/ © 2018 Elsevier B.V. All rights reserved.



L. Pousse-Beltran et al.

S0°W HOW

ToW

Tectonophysics 747-748 (2018) 40-53

68w Fig. 1.A) Geodynamic context of

Caribbean
Plate w20 mm/yr

North
Andean

Block-,

10°N

9-1011 |
7-10 141

o_ 2% 500 TR0 1
e — —

<1l

A \k_ Sebastian F.
i Maracaibo=- 7= ==
. B 287 Tock AT i
: <43-7.0*0 || '

4.3-6.1"

<050

7w
- Venezuela. The North Andean Block (in
yellow), composed of minor blocks, accom-
modates part of the relative displacement
between the South American, Nazca and
Caribbean plates. The Boconé Fault is shown
in red, SSF is the San-Sebastian Fault. This
figure is based on Trenkamp et al. (2002),
DeMets et al. (2010), Egbue and Kellogg
(2010) and Monod et al. (2010). B) Qua-
ternary slip rates of the Boconé Fault
(Pousse-Beltran et al., 2017). The color lines
highlight the five segments of the fault

-Bfoc

Methods
ige = C/Trench
e = Paleomagnetism

no dating
N

Major faults
— =<1 mm fyr
— 1-5 mm/yr
— 5 YT

mp Motion considering South American Plate fixed

Slip rates in mm/yr

based on Audemard et al. (2000). The slip

m— Mw > 7, historical earthquake
observed in trenches
= = = Mw > 7, historical earthquake

not observed in trenches
g Mw <5, swarms (\""’.' ’
@ Paleoseismological trenches \g:ﬂ'?‘ ‘/
'é"& ’ oMl
O ” ’
‘z"\‘: 180’1 ’

2015-2016 g

1894

2000
1900
T 1800
]
m
e 1700
1600

Buena Vista, 1 event
Los Manzanos , 5-6 events, 140-600 yrs
La Primavera, 5-6 events, 180-600 yrs

Mesa del Caballo, 13 events, 400-450 yrs

Morro de los Hoyos, 6-8 events, 1100-1500 yrs
Quinanoque, ? events, 400-450 yrs

rate references quoted are: [a] Wesnousky
et al. (2012), [b] Wesnousky et al. (2012)
and Carcaillet et al. (2013), [c] Giegengack
et al. (1976) and Egbue and Kellogg (2010),
[d] Audemard et al. (1999); [e] Soulas
(1986), [f] Audemard (1997), [g] Singer and
Beltran (1996). C) Spatio-temporal dis-
tribution of the historical seismicity and lo-
cation of the trench sites carried out along
the Boconé Fault (modified after Audemard
(2014)). This figure summarizes the fault
segment characteristics: historical events,
trench sites, number of events dated in the
trenches and return period. References are
A aleoseismological for the “Mis Delirios” and “La Grita” tren-
Z trenches : ches: Audemard (1997, 1998), for the
B “Quinanoque” and “Pantaleta” trenches:
Alvarado et al. (2008), for the “Morro de los
Hoyos” trench is Audemard et al. (1999), for
the “Mesa del Caballo” trench is Audemard
et al. (2008), for the “La Primavera” and
“Los Manzanos” trenches is: Audemard
(2008), for the “Buena Vista” trench is
Beltran et al. (1990), and finally for the
“Quigua” and “Yaritagua” trenches is
Audemard (2016). See Fig. S1 in the sup-
plementary material for the detailed chron-
ology of the events dated in the trenches.
(For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)

BEW

Quigua, 6 events
Yaritagua, 1 event (1812)

Pantaleta, 6 events, 659-8B50 yrs (pre-historical) & 280 yrs (historical)
La Grita, 2 events (probably 1610 and 1894 events)

Mis delirios, 3 events, 3000-3500 yrs

and references therein). Since InSAR analysis shows no aseismic slip
along the fault (Pousse-Beltran et al., 2017), the regional deformation
should be accommodated seismically if no slow slip event occurred.
Considering the minimum Quaternary velocity estimated in this area,
5.0mma~ ' (Pousse-Beltran et al., 2017), this implies that between
1812 and 1200 BCE, there is a slip deficit minimum of ~15m. This
important deficit should be accommodated by several earthquakes,
which may indicate that a significant part of the paleoseismological
calendar is missing. Consequently, the purpose of our manuscript is to:
1) improve the Holocene activity calendar of the northernmost Bocond
Fault segment, and 2) ratify the occurrence of the destructive 1812
event on this fault segment.

2. Geological setting
2.1. Quaternary active tectonics setting

The geodynamics in the southern limit of the Caribbean Plate result
from the interaction of three tectonic plates: the South American,
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Caribbean and Nazca Plates (Freymueller et al., 1993; Trenkamp et al.,
2002) (Fig. 1-a). Within this complex plate boundary, Pennington
(1981) defined the North Andean Block as a wide zone composed of
minor blocks and active faults (Kellogg et al., 1995; Trenkamp et al.,
2002; Egbue and Kellogg, 2010). There is a general agreement in geo-
detic studies that in Venezuela, the North Andean Block (comprising the
Triangular Maracaibo Block) escapes to the NNE at an average velocity
of ~12 mmryr ! with respect to the stable South American Plate (Pérez
et al., 2011; Reinoza, 2014; Symithe et al., 2015).

In Venezuela, between the Northern Andean Block and the South
American Plate lies the NE — SW Boconé Fault system, whose right-
lateral strike-slip motion (the Boconé Fault) together with sub-parallel
thrust faults, accommodate part of the regional transpressional tec-
tonics (Colletta et al., 1997; Audemard and Audemard, 2002;
Audemard, 2005; Pérez et al., 2011; Dhont et al., 2012). The right-
lateral strike-slip Boconé Fault described by numerous geologists (Rod,
1956; Bellizzia et al., 1976; Giraldo, 1985; Soulas, 1986; Ferrer, 1991;
Beltran, 1994; Audemard, 2005; Audemard, 2009) has been divided
into five segments (Boc-a, Boc-b, Boc-c, Boc-d and Boc-e (Audemard
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et al., 2000), see Fig. 1-b).

Fig. 1-b summarizes the Quaternary slip rate estimations along the
Boconé Fault, whose rates range from 0.5 to 20 mm-yr ~ *. Four of them
are based on < 20 ka offset moraines in the central part of the Boconé
Fault dated by Carbon-14 (**C) (Salgado-Labouriau et al., 1977; Soulas,
1986; Audemard et al., 1999) or by Beryllium-10 (*°Be) (Wesnousky
et al., 2012; Carcaillet et al., 2013; Pousse-Beltran et al., 2017). A fifth
slip rate has been estimated in a paleoseismologic trench (Audemard,
1997) along the Boc-a segment. In the Yaracuy Valley, based on '°Be
dating and offset alluvial fans, two very recent Pleistocene rates have
been estimated at 5.0-11.2mm-yr ' and < 20 mmyr~?, respectively
(Pousse-Beltran et al., 2017).

Along this 500 km long fault, among the eleven trenches carried out
(Fig. 1-c), seven trenches can be used to estimate an average return
period (Beltran et al., 1990; Audemard, 1997, 1998, 2008, 2016;
Audemard et al., 1999, 2008; Alvarado et al., 2008). Among these
studies, a short return period of < 600 years was determined for four
southern segments (in five trenches), and a much larger period for the
Boc-e segment studied in this contribution.

2.2. Historical events

From the analysis of historic archives (e.g., Cluff and Hansen, 1969;
Altez, 2006), the application of Bakun and Wentworth's method for
estimating intensities (Bakun and Wentworth, 1997; Palme et al., 2005;
Choy et al., 2010) and paleoseismological studies (Audemard, 2014 and
references therein), it was concluded that each of the segments of the
Boconé Fault has triggered at least one Mw = 7 historical earthquake
since 1600 (Audemard, 2014, 2016) (Fig. 1-c). Based upon these his-
torical events, Audemard (2014) proposed that along the Boconé Fault
the rupture propagates from south-west to north-east following the
geometrical segmentation (Fig. 1-c). The geometrical discontinuities
that limit the five main segments, according to this author, could be
barriers to rupture propagation. However, this hypothesis is only based
on the last seismic cycle corroborated by historical seismicity and pa-
leoseismicity.

Among the most destructive events, the March 26, 1812 earthquake
caused severe damage from Merida to Caracas, especially in the
Yaracuy Valley (Altez, 2006; Choy et al., 2010) This earthquake was
associated with several ruptures (Fiedler, 1961, 1972; Centeno Graii,
1969; Audemard, 2002; Altez, 2006, 2016). Two main studies have
characterized these ruptures: i) Choy et al. (2010) using the metho-
dology described by Bakun and Wentworth (1997) based on individual
intensity observations and ii) Altez (2005a, 2005b) who studied the
historical archives. These two contributions showed that the 1812 event
was composed of three sub-events (Fig. 2-a).

1) At around 4 pm on March 26, 1812, a first rupture occurred, which
destroyed the city of San Felipe (in the Yaracuy Valley), with an
estimated My 7.4 = 0.35 (My; magnitude determined using in-
tensities and calibrated with moment magnitudes; Choy et al.
(2010)) and a main epicenter located near 10.20°N 68.95°W. These
authors also proposed that the rupture propagated over a length of
90 to 100 km along the Boconé Fault (segment Boc-e). This state-
ment seems to be confirmed by the archives collected by Altez
(2005b) which provided evidence that the rupture reached the
surface since open cracks and offset drainage were reported.
Audemard (2016), in a paleoseismological trench carried out near
Yaritagua, determined that the 1812 event occurred in association
with Boc-e (cf. Section 2.3 and Fig. 2-b).

2) A second rupture occurred and destroyed the capital city of
Venezuela, Caracas. For this second event, Choy et al. (2010) esti-
mated a My 7.1 *+ 0.33 with an epicenter located at 10.60°N,
67.10°W. They stated that the rupture propagated over 70 km and
that it occurred along the San Sebastian Fault, an offshore fault lo-
cated in the continuity of the Boconé Fault.
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3) One hour later (around 5 pm) after these main events, a localized
earthquake occurred in Merida (Mw 5.6-6.0) at 350 km from San
Felipe (Rodriguez and Audemard, 1997; Laffaille and Ferrer, 2003;
Palme et al., 2005). This event has not yet been correlated with a
particular fault, likewise the link with this subevent and the two
main subevents (above) remains unclear.

Given that the archives reported that the subevents in San Felipe
and near Caracas occurred at the same time or probably just several
minutes apart, it has been proposed that there is a relationship between
the two (Audemard, 2002; Choy et al., 2010). However, as there is no
archive stating which rupture occurred first, we cannot exclude that the
rupture may have propagated ~380 km from Barquisimeto (southern
tip of the Boc-e segment) to Caracas (near the San Sebastian Fault,
Fig. 2).

Another seismic event was documented in 1736. Martinez Silva
et al. (2016) documented three churches damaged by this event in the
cities of Barquisimeto, Santa Rosa del Cerrito and Guama (Fig. 1 and
Fig. 2). These towns are located near the Bocon6 Fault. However, the
intensity data gathered so far has been insufficient to make a proper
intensity map in order to derive a magnitude estimate.

2.3. Previous paleoseismological studies in the Boc-e segment (Yaracuy
Valley)

Along this fault segment, two trenches were carried out by
Audemard (2016). From west to east they are called the Yaritagua
trench (N10°06’11.8”, W69°05’48.3”) and the Quigua trench
(N10°17’55.1” W68°51718.2”) (red triangles in Fig. 2-b and Figs. S7, S8
in the Supplementary material). The Yaritagua trench was excavated in
the eastern prolongation of a north facing fault scarp, in which
Audemard (2016) identified an event through a filled open crack that
reaches the modern surface soil. The open crack affects aligned pebbles
dated between 1450 and 1650 CE. This date corresponds to the
minimum age of the latest deformation. The organic material in the
crack was dated between 1520 and 1950 CE Consequently, the author
attributes the open crack to the 1812 event. In the Quigua trench site,
the fault is divided into two parallel traces crosscutting an alluvial fan
(Audemard, 2016). Excavation was carried out across the SE trace
which exhibits a SW facing scarp. Trench logs show faulted conglom-
erate deposits (fluvio-torrential deposits), aligned pebbles, colluvial
wedges and open cracks indicating the succession of several ruptures.
Based upon the trench logs and radiocarbon ages, Audemard (2016)
observed a succession of 6 to 8 events that occurred between 20 ka and
1ka B.C.E.

From these two trench analyses, Audemard (2016) concluded that
the time interval between events oscillates between 1500 and
5000 years and that the average return period ranges from 2500 to
3000 years (which corresponds to the time interval between the two
last events). The minimum Quaternary slip velocity estimated in this
area is 5.0mm-a~! (Pousse-Beltran et al., 2017) which implies a po-
tential slip accumulation of 7.5 to 25 m between these time intervals.
Several earthquakes are missing and therefore, as proposed by
Audemard (2016), part of the deformation is missing in the Quigua
trench due to one or any combination of the following factors:

- Erosion induced by debris flow events, partially removing previous
events of the same nature (incomplete sedimentary record),

- Absence of sediment yield since the alluvial fan was disconnected
from the catchment outlet,

- Difficulties to identify stratifications in conglomeratic deposits,

- Slow transport deposit processes disabling colluvial wedge forma-
tion,

- Deformation distribution on the parallel fault trace located to the
NW, or on another unmapped fault trace.
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Fig. 2. A) Sub-events and epicenters associated with the 1812
event. The yellow line marked as 1812a corresponds to the
rupture inferred along the Boc-e segment which destroyed the
cities of Barquisimeto and San Felipe. The yellow line de-
marcated as 1812b corresponds to the rupture along the San
Sebastian Fault which destroyed Caracas. The yellow dot
denoted as 1812c in the right top frame is the localized event
that occurred near the city of Merida (Choy et al., 2010). The
dotted yellow line represents the possible rupture between
the 1812a and 1812b events in the case of a continuous
rupture. The ruptures and epicenters of the 1900 and 1967
events are drawn following Audemard (2002), Choy et al.
(2010) and Colén et al. (2015). The fault mapping is based on
Audemard et al. (2000). B) Seismo-tectonic context of the
Yaracuy Valley. The stars represent cities where an earth-
quake has been reported since 1802, the filled purple stars
correspond to cities where the 1812 event was felt most
strongly (Casas-Sainz, 1991; Choy et al., 2010). The purple
lines represent isoseismal contours extrapolated from the
intensity reported in the cities (stars on the map) in 1812 and
the isoseismal map in Altez (2016). The dots represent the
instrumental seismicity recorder by FUNVISIS and the
International Seismological Center (2013) between 1978 and
2014. The blue and white triangle indicates the trench site
studied in this contribution. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to
the web version of this article.)
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The missing part of the deformation in the trench can also be used to
explain: (i) the absence of the 1812 Mw > 7 event and (ii) a long re-
turn period compared to the other Boconé Fault segments (Fig. 1-c).
The paleoseismological calendar derived from these two trench studies
carried out by Audemard (2016) is therefore incomplete. It is then
necessary to carry out other trenches along the Boc-e segment. There-
fore in this contribution, we propose a new paleoseimological study in
order 1) to further confirm the Holocene activity of this Boconé Fault
segment, 2) to identify historical events in the trench record, and 3) to
ratify the ascription of the 1812 event to the segment and to constrain
the 1812 CE rupture extension.
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3. Study site and methods
3.1. Site

The trenching site (10°16"24”N, 68°52’56”W, altitude of ~636 m) is
located near the La Gotera village on a road that leads to the Higuerén
village. The site is located 3-4 km from the Quigua trench. Toward the
SW, the main fault trace crosscuts the Neoproterozoic-Paleozoic gneiss of
Yaritagua (Nevado, 2012). This main trace offsets several drainages and is
observed through a 6-8 m high scarp. Toward the NE, the main fault trace
exhibits several 50 to 100 m long shutter ridges. These features laterally
divert drainages by several tens of meters and attest to the major dextral
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Fig. 3. Mapping of the Boconé Fault in the trenching site (black arrow). A)
Aerial photograph (1:35000, No. 144 — mission 020317), the white arrows
show the morphological markers of the fault's activity (shutter ridge, fault
scarp). To the NW of the trenching site, several drainages are offset. B) DEM
shaded (light at the NO, azimuth 45°). The red lines represent the principal fault
trace characterized by a dextral component. The dashed yellow lines indicate
parallel fault traces with a reverse component. The DEM has been constructed
with two Pleiades images at a resolution of 50 cm with the AMES-Stereo
Pipeline software (Moratto et al., 2010). The DEM is also shown in the sup-
plementary material (Fig. S2) without interpretation. C) Block diagram of the
studied zone; the crests, drainages and fault trace are represented, respectively,
in black, blue and red. The shutter ridges are shown in orange. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

component of the fault. Southward, a minor branch parallel to the pre-
vious trace shows a reverse component that creates a meter-scale scarp.
(Fig. 3 and Fig. 4-a). The area is not known for being concerned by ice
glaciers during cold periods. In Venezuela, glacier advances have been
documented at an altitude of at least 2600 m in the Early Merida Glacia-
tion (~60-90ka) and during the Last Glacial Maximum (LGM) (Ceballos
and Angel, 2016; Kalm and Mahaney, 2011; Schubert, 1974).
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Fig. 4. Pleaides images at a resolution of 50 cm in the trenching site. A)
Morphological markers (shutter ridges, fault scarp) indicating the Boconé Fault
trace (shown by white arrows). The trenching site is indicated by the black
arrow. The image is a Pleiades image at a resolution of 50 cm. B) Zoom on the
trenching site. C) Same image, the black rectangle represents the excavation
and white lines indicate the drainages. The DEM constructed with two Pleiades
images is transparent in color and the elevation contours, spaced 5m apart, are
represented by black lines.

The trenching site corresponds to a shutter ridge oriented N75°. The
shutter ridge chosen for the excavation is ~70 m long and 1.50 m high.
It offsets a gully by ~40 m and creates a pond (Fig. 4-b-c and Fig. 5).
The drainage supplies centimetric to decimetric clasts, originating from
the schists (Fig. 5-b) in the Paleozoic formation known as the Yaritagua
Complex (Hackley et al., 2005).
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Fig. 5. Photographs of the trenching site. The dashed black
lines represent the fault trace corresponding to the slope
change due to the presence of the shutter ridge. The dashed
white lines correspond to the principal drainages. A) The
reconstituted picture of the trenching site using drone video.
B) Sediments transported by drainage (arenites, decametric
to centimetric angular schistose boulders). C) Offset talweg.

D) Photograph taken from the north looking toward the
shutter ridge located in the south.

3.2. Ground-penetrating radar acquisition

We performed ground-penetrating radar (GPR) profiles using 2D
constant-offset data across the fault trace to (i) detect the fault position
(in plan view and in depth) and (ii) to estimate the distribution of the
faulting, with the intention of pre-sizing the trench. We used two
shielded IDS antennas connected to a RIS system: a 200 MHz antenna to
observe shallow units with a high resolution and an 80 MHz antenna to
observe deeper units with a lower resolution. We performed two
transects perpendicular to the fault trace, and for each section, two GPR
surveys were carried out using each of the two available antennas.

We processed the GPR data using the Seismic Unix software (Cohen
and Stockwell Jr., 2001). The main processes were 1) filtered using a
“dewow” filter and “background removal” to remove a continuous bias
in the data (Fischer et al., 1994), signal reverberation (Annan, 2009)
and direct waves (Cassidy and Jol, 2009), 2) band pass filtering de-
pending on the antenna to improve the signal-to-noise ratio, 3) auto-
matic gain control (AGC) or time power gain amplification in order to
amplify late arrivals that have been naturally attenuated due to geo-
metrical spreading and soil attenuation. Finally, since no common mid-
point (CMP) surveys were carried out with the shielded antennas, we
had to assume a constant GPR velocity of 10 cm/ns, a standard value in
this type of unsaturated formations. This velocity value was used to
perform time to depth conversions and topography corrections. Due to
the weak lateral reflectivity variations and the absence of diffraction
hyperbolas in the images no migration was applied to the data.

3.3. Trenching and dating method

The Higuerdn trench was excavated perpendicular to the fault trace.
We obtained a high resolution image of the trench, with several pho-
tographs taken in different luminosity conditions. We used the
Photoscan software to construct 3D images (PhotoScan).

We sampled charcoals in the horizons surrounding the ruptures to
date the seismic events (Table 1). Charcoals were dated in the Labor-
atoire de Mesure du Carbone 14 at the CEA in Saclay (Gif-sur-Yvette,
France) using a mass spectrometer (AMS) called ARTEMIS. The ages
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were calibrated using OxCal 4.2.3 (Lienkaemper and Ramsey, 2009;
Bronk-Ramsey and Lee, 2013) and -calibration curve INTCAL13
(Reimer, 2013).

4. Results
4.1. Results of the shallow geophysical survey

Two GPR acquisitions were carried out (80 MHz and 200 MHz an-
tennas) along two profiles perpendicular to the fault trace (LO and L1,
see localization in Fig. 5-d and Fig. 6-a). We observe lateral dis-
continuities of some reflectors on these four GPR profiles, located below
the main break of the topography slope (Fig. 6-b). These discontinuities
are dipping (mostly northward) and recurrent, and are not due to the
presence of noise in these areas. The two compartments separated by
the discontinuities also show a large and abrupt change in the wave
penetration, probably due to lithological variations marked by con-
ductivity changes. Therefore these discontinuities are probably due to
ruptures which bring together two different stratigraphic units. These
ruptures are distributed in a 5m strip, which allows us to pre-size a
15m long excavation.

4.2. Trench description

The trench was excavated nearly perpendicular to the fault trace
oriented N75°. The trench is oriented N170°, it is 14 m long, 1.5 m wide
and up to 2.5m deep. In the following, “MM” will be used as an ab-
breviation for Meter Mark, and represents the unit on the 1m X 1m
reference grid fixed on the trench walls to make it possible to study and
draw them as precisely as possible. Overall, the stratigraphy consists of
two sets (whitish and brownish) comprising series of individualized
units. These two layered sets are separated by the main active de-
formation zone (MM7-MMBS8) located where the topographic slope
change occurs (Fig. 7 and Fig. 8). The different layers are thick
(> 50 cm), clastic and homogeneous. Nineteen units have been iden-
tified, and labeled from “a” to “s” (where “a” is the youngest unit).

In the northern part of the trench (MMO0-MM?7), the units are deep
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Table 1

Mass spectrometry measurements made at the Laboratoire de Mesure du Carbone 14 at CEA Saclay. The
charcoal ages were calibrated using OxCal 4.2.4 (Bronk-Ramsey and Lee, 2013) and calibration curve
INTCAL13 (Reimer, 2013). Samples marked with an * are out of stratigraphic order, and were probably
reworked (cf. supplementary material Text S1). BCE-CE = Before Commun Era-Commun Era. Radio-
carbon dating on soils is more complex. However, it is possible that this average age (AMRT age) takes
inherited or remobilized components into account. Several methods exist to calibrate these AMRT ages:
1) no calibration since the age is an average (Schaetzl and Anderson, 2005), and 2) calibration with a
curve and by doubling the uncertainties measured by the laboratory (Nelson et al., 2006; DuRoss et al.,
2008). For this study, we will not calibrate the ages. For surface soil, it is quite common for the AMRT
age to be older than an age obtained from charcoal sampled in the soil (e.g., Nelson et al., 2006). Several
authors have subtracted an inferred mean residence time from the AMRT age (MRT correction). This
MRT correction is based on an inferred age of the soil when it was at the surface. To obtain this MRT,
they compare the AMRT age of the soil at the surface and an AMS age of the charcoal sampled within the
soil (e.g., Nelson et al., 2006; DuRoss et al., 2008; DuRoss et al., 2014). Unfortunately, this method
cannot be applied here, since the difference between the ages of the charcoal and soil is 3000 years in
average, which implies that the uncertainty is too high (e.g., in unit “a”, Hi-CE18 yields an age of
85 =+ 30 BP, whereas Hi-SE6 gives an age of 3000 = 30 BP). Therefore, we will use a soil age assuming
it reflects a weighted mean of the ages of the various organic components.

Samples | Type Mg C | Delta pMc Error Age Error Age | Age Calibrated | Units
C13 pMC B.P. B.P. (2-0) in BCE-CE.
HI-CE2 Charcoal | 0.27 -21.9 75.05 | 0.63 2310 70 * a
HI-CE4 Charcoal | 1.45 -23.5 81.31 | 0.31 1660 30 * b
HI-CE5 Charcoal | 1.47 -24.6 89.20 | 0.27 920 30 * a
Hi-CE6 Charcoal | 0.86 -29.6 97.84 | 0.31 175 30 1656 - ... a
HI-CE9 Charcoal | 1.81 -22.9 88.42 | 0.26 990 30 * b
HI-CE10 | Charcoal | 1.62 -25.0 89.20 | 0.28 920 30 * e
HI-CE13 | Charcoal | 1.09 -26.2 88.74 | 0.28 960 30 * e
HI-CE17 | Charcoal | 0.68 -26.9 98.73 | 0.31 105 30 1681-1937 c
Hi-CE-18 | Charcoal | 1.38 -26.4 98.96 | 0.30 85 30 1688-1927 a
HI-CE21 | Charcoal | 0.78 -23.6 99.11 | 0.32 70 30 1691-1924 a
HI-CE22 | Charcoal | 1.48 -23.3 33.86 | 0.19 8700 45 * E
Hi-CE23 | Charcoal | 1.78 -25.9 79.48 | 0.27 1845 30 * e
HI-CE24 Charcoal | Failed to prepare e
HI-CE27 | Charcoal | 1.31 -25.3 29.60 | 0.19 9780 50 * h
HI-CE28 | Charcoal | 1.52 -27.4 30.09 | 0.19 9650 50 * h
HI-CO1 Charcoal | 1.41 -27.7 95.68 | 0.28 355 30 1453-1635 h
HI-CO2 Charcoal | 1.52 -24.7 98.10 | 0.29 155 30 1666- ... a
Hi-CO6 Charcoal | 0.36 -27.0 98.12 | 0.33 150 30 1666- ... b
HI-CO7 Charcoal | 1.44 -22.8 31.44 | 0.18 9295 45 -8699 - -8347 i
Hi-SE-01 | Bulk 0,629 | -22,93 64,95 | 0,25 3465 30 b
Hi-SE-02 | Bulk 1,061 | -20,88 77,71 | 0,29 2025 30 b
Hi-SE-03 | Bulk 0,843 | -17,43 24,31 | 0,18 11360 | 60 f
Hi-SE-04 | Bulk 0.97 -19.8 43.94 | 0.20 6605 40 c
Hi-SE-06 | Bulk 0.90 -19.7 68.79 | 0.25 3005 30 a
Hi-SE-07 | Bulk 1,071 | -19,11 50,91 | 0,24 5425 35 e
Hi-SE-08 | Bulk 0.97 -19.4 52.28 | 0.23 5215 35 a
Hi-SE-09 | Bulk 0,812 | -15,94 32,79 | 0,21 8960 50 n
Hi-SE-10 | Bulk 0,437 | -19,11 44,57 | 0,26 6490 45 |
Hi-SE-11 | Bulk 0,962 | -19,94 43,76 | 0,26 6640 50 q
Hi-SE-12 | Bulk 0,935 | -19,94 63,84 | 0,28 3605 35 m
Hi-SE-21 | Bulk 0,702 | -14,07 14,77 | 0,18 15360 | 100 m
Hi-S0-01 | Bulk 1,332 | -17,71 53,79 | 0,32 4980 50 p
AMS-E1 Bulk 1,36 -22,0 71,77 | 0,25 5040 35 a
AMS-E2 Bulk 0,17 -22,1 39,40 | 0,28 2665 30 d
AMS-01 | Bulk 0,79 -22,8 77,07 | 0,25 7480 60 m/a
AMS-02 | Bulk 1,36 -22,0 71,77 | 0,25 2095 30 a

brown and constituted of centimetric to decimetric angular schist clasts.
The basal units are mostly characterized by a compact clayed matrix. In
the upper sequence, the matrix is less compact. The quarzitic basement
(unit “s”) appears at the northernmost extremity of the trench (MM1-
MM2), and is wrapped by an orangey brown compact layer composed
of decimetric angular schist clasts in a clayey matrix.

In the southern part below the shutter ridge (MM7-MM13), the
whitish layers are carbonated, friable and composed of angular schist
blocks. These blocks are larger (> 40 cm®) toward the upper units. The
bedrock (unit “r”) appears in the trench bottom and consists of a fo-
liated, friable and weathered rock with a patina ocher grey. Between
MMS8 and MM9 the bedrock appears crushed.

Two zones of active brittle deformation can be identified in the
trench, annotated ZONE-1 and ZONE-2. ZONE-1 is located between
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MM1 and MMS5, the deformation is accommodated by vertical faults (F1
to F5 and F22 to F25), dipping faults (F6 and F7) and by one open crack
(between F2 and F3). The second zone of faulting is the main de-
formation zone, which is located between MM6 and MM9 in the eastern
wall and between MM7 and MMS8 in the western wall. It is the zone
separating the two sedimentary sets, coinciding with both the slope
change in the topography and where the deformation is identified in the
GPR profiles (Fig. 6 and Fig. 8). The deformation is accommodated by
vertical or north highly dipping faults (F8 to F16 and F17 to F19).
The charcoals were primarily sampled in units “a”, “b”, “c”, “e” and
“h” (Table 1) and radiocarbon dating was performed following the
method given in Section 3.3; some charcoals are out of stratigraphic
order, and have probably been reworked (see supplementary material
Text S1). It was more difficult to interpret the radiocarbon dating
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Fig. 6. A) L0 and L1 GPR profiles and relative location to the trench. The main fault trace appears as a dashed red line. B) LO profile (oriented N175°) carried out with
the 80 MHz and 200 MHz antennas, respectively, MATA LO80 profile and MATA L0200 profile. The MATA LO080 profile shows the first 4-5m in depth. At higher
resolution, the MATA L0200 profiles shows the first meter in depth. The black arrows indicate discontinuities. (L1 profiles are shown in Fig. $3). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

results on soils as soil is composed of several organic components at
various ages and at different states of decomposition. Dates given by the
radiocarbon measure are called AMRT ages (Average Mean Residence
Time) and reflect a weighted mean of the ages of the various organic
components (Machette et al., 1992; Schaetzl and Anderson, 2005). It is
quite common that the AMRT age for surface soil is older than an age
obtained from charcoal sampled within the soil (e.g., Nelson et al.,
2006). In this trench, the difference between the ages of the charcoal
and the soil is 3000 years in average (e.g., in unit “a”, Hi-CE18 yields an
age of 85 * 30 BP, whereas Hi-SE6 gives an age of 3000 + 30 BP).
Given that this difference is difficult to explain and to correct, we will
consequently not use soil ages.

4.3. Description of the units and seismic events

The units were deposited within different conditions (see the stra-
tigraphic column in Fig. 7). Units “h”, “p” and “q” are alluvial in origin
since they comprise rounded to regular aligned (or semi-sorted) gravels.
Units “e”, “i”, and “j”, were deposited in a pond environment since they
are constituted of fine and organic sediment and are localized in a
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topographic depression. Units “b”, “c”, “f?, “k”, “I”, “m”, “n”, and “0”
are gravitational deposits filling open cracks, likely created by seismic
events. Units “e” and “g” are interbedded: “g” is a sheet flood or a debris
flow deposit due to its high amount of decimetric schists and oriented
blocks and “e” is probably a pond deposit. Finally, unit “d” is probably a
gravitational deposit such as a colluvial wedge.

The identification of seismic events is based on upward terminations
of cracks and on open cracks (e.g., Fumal et al., 2002; Audemard,
2005). Three main events have been identified (called E1, E2 and E3),
and given that these events ruptured the ground, the magnitude of these
events is probably at least M,, 6-6.5 (McCalpin, 2009). Fig. 9 shows the
proposed chronological succession of events E1, E2 and E3.

e Event E1

E1 refers to various successive events characterized by ruptures and
open cracks located in ZONE-2 with no chronological relationships
among them, but which are all sealed by the same sedimentary unit. In
this zone, there are six deformation features within the eastern wall
(from F9 to F14) and two within the western wall (F17?-F20-F21). They
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Fig. 7. Eastern wall of the Higueré6n trench (log and photographic mosaic). ZONE-1 and ZONE-2 correspond to the main zone of active deformation, the faults are
denoted from F1 to F16 and the deduced events are denoted from E1 to E3. MM corresponds to Meter Mark and is used to find one's bearings in the referenced grid
along the trench walls. At the bottom, GPR profile MATA L0200 carried out with a 200 MHz antenna.

are sealed by unit “h”, dated at 1456-1636 CE (charcoal Hi-C01). Event
El is therefore older than this age. The event is post 8699-8347 BCE
(Hi-CO7 in unit “I”). Unfortunately, we cannot use the samples taken
from inside the cracks (i.e. Hi-SE12 dated at 3605 + 35 BP) since the
dating results for the soil in this trench were not satisfactory probably
due to reworking.

e Event E2

This event is characterized by ruptures F7, F8 (eastern wall) and F22
(equivalent to F7 but in the western wall). This event affected unit “h”.
In the eastern wall, a colluvial wedge was deposited and preserved (unit
“h_CW”). Ruptures are sealed by unit “e” which is not dated but unit “e”
is faulted by event E3, and therefore E2 is older than E3 (Fig. 9-step
Sedimentation). The age model carried out with OxCal, which considers
E2 as younger than the charcoal Hi-CO1 from unit “h” and E2 as older
than E3 (see below), indicates that the event occurred between 1483
and 1743 CE (Fig. 10).

e Event E3

This event is characterized by ruptures F15, F16, F1 to F6 (eastern
wall), F18, F19, F23, F24 and F25 (western wall). Faults F15 (eastern
wall), F18 and F19 (western wall) created a decimetric scarp that is still
visible at the surface. Unit “d_CW”, which is only recognized in the
eastern wall, is interpreted as the preserved colluvial wedge associated
with the scarp, which was then partially eroded and recovered by unit
“a” (Fig. 9-step Erosion and Sedimentation). Faults F15 and F18 affect
unit “h”, which was dated between 1456 and 1636 CE (Hi-CO1). E3 is
older than unit “a”, which is not affected by cracks. This unit is dated by
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four samples (Hi-C02, Hi-CE06, Hi-CE21 and Hi-CE18). An OxCal age
model has been calculated assuming that the four samples have not
been deposited in a stratigraphic order but in “phase”; in this case, E3
occurred between 1545 and 1825 CE (2-sigma) (Fig. 10).

This estimation can be more accurate if the areas located in MM3
(eastern wall) and MM2 (western wall) are considered as open cracks
related to E3 (and today partially colonized by fungus-anthill). Under
this assumption, E3 also corresponds to ruptures F4, F5 (and probably
F1, F2 and F3) in the eastern wall and to ruptures F25 and F23 in the
western wall. Two charcoals (Hi-CO6, Hi-CE17) were collected (apart
from the area colonized by ants) in a material made of centimetric clasts
that should come from the filling of the crack due to the removal of soil
at the surface. Charcoals should therefore be older than event E3, in this
case the OxCal model indicates that E3 occurred between 1696 and
1876 CE (Fig. S5 in the supplementary material).

e Two or three events?

It could be argued that events E2 and E3 are in fact the same event
since the faults attributed to E2 are attenuated strands in units “h” and “e”.
The Oxcal model gives a date of 1502-1782 CE (2 sigma) for this event
(see Fig. S10 in the supplementary material). In this case, unit “e” was
deposited before the event and, in order to achieve the observed config-
uration, the cinematic of the fault F22 and F7 should be mainly dextral
and unit “e” should be deposited in a channel environment (see Fig. S9 in
the supplementary material). In this case, unit “e” should therefore be
faulted by F7 however this is not observed. In fact, F7 is sealed by unit “e”.
We also observe two colluvial wedges in the eastern wall: unit “d_ CW”
associated with event E3 and “h_CW” due to event E2 and sealed by unit
“e” (Fig. 9). Based on this, we suggest that two events occurred.
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Fig. 8. Log of the western wall, GPR profile MATA L080 carried out with an 80 MHz antenna and photogrammetry mosaic. The ZONE-2 ruptures were imaged by the
GPR profile.
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Fig. 9. Reconstructions of the events that occurred in the Higuerdn trench.
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Fig. 10. Age model calculated for events E2 and E3 using OxCal v4.2.4 (Bronk-
Ramsey and Lee, 2013) and calibration curve IntCall3 (Reimer, 2013). The
light grey distributions indicate raw calibrations whereas dark grey distribu-
tions indicate modelled ages. “Phase” sets are sets of samples where no strati-
graphic order is assumed. The age model indicates that younger ages could be
more recent.

5. Discussion
5.1. Capability and limits of ground-penetrating radar in this study

Here in this context, the GPR analysis reveals the main fault zone
which corresponds to the main lithological variation: clayed matrix
layers in contact with carbonated layers. On the one hand, in the clayed
units, the electromagnetic waves penetrate at shallower depths re-
gardless of the antenna frequency. This observation is consistent with
an increase in electrical conductivity in clays. On the other hand, the
main lithological variations are better observed in profiles derived
using the 80 MHz antenna (Fig. 6 and Fig. 8). Secondary or deeper
strands were not revealed in the GPR profiles, nor were the different
units that were identified in the nearby trench; this probably due to the
clay content and the lack of resolution. The different units are probably
characterized by similar electromagnetic proprieties, this avoid to re-
solve unit geometry. However the GPR results also suggest that the fault
zone is active and that it was worthwhile to dig a trench at this site
(e.g., Ercoli et al., 2013; Griitzner et al., 2016).

5.2. Link with historical seismicity and return period

For event E3, following the various assumptions made above, the
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dates calculated by the OxCal age model vary between 1545 and
1825 CE or between 1696 and 1876 CE (Fig. 10 and Fig. S5 in the
supplementary material). This means that this event may correspond to
both the 1736 and 1812 CE historical earthquakes. However, with re-
gard to the magnitude of 7.4 inferred from the archives (Choy et al.,
2010), the 1812 event had a maximum intensity within this area, and it
is likely that here 1) the fault broke reaching the surface; and 2) strong
shaking collapsed most of the previous tectonic scarps into loose ma-
terial. In particular, the damages related to the 1812 earthquake located
near the fault are numerous, well documented, and consistent with a
magnitude Mw > 6, which is not the case for the 1736 event whose
magnitude does not seem to be as large as Mw 7 based on the evalua-
tion of the historical documents (see Martinez Silva et al., 2016). Since
the 1812 event is the last one that ruptured this fault segment, a slip
deficit of 1.7-2.3 m can be estimated using a preferred Quaternary slip
rate of 8.4-11.2mmra~ ' (Pousse-Beltran et al., 2017). This slip deficit
corresponds to a Mw ~7 event according to Leonard's (2010) scaling
relation.

The Higuerén trench analysis enables to recognize two other events
not identified by Audemard (2016) in his two paleoseismological stu-
dies: E1 and E2. Event E1 is estimated to occur before 1456-1636 CE
and after 8699-8347 BCE. Event E2 occurred between 1483 and
1743 CE. (2 sigma). As a result, the 1736 earthquake may correspond to
event E2 because although poorly documented, the archives mention
damage (intensity VII) in the cities of Barquisimeto and Guama located
near the fault segment studied here (Grases et al., 1999; Martinez Silva
et al., 2016). Based upon this hypothesis, the slip accumulated from
1736 until the 1812 event was 0.6-0.8 m; this slip deficit does not
correspond to a Mw 7.4 event (according to Wells and Coppersmith's
relation). Therefore, it is possible that: (1) not all of the strain was re-
leased during the 1736 event or (2) the Boconé Fault follows a clustered
earthquake behavior (e.g., Ben-Zion et al., 1999; DiCaprio et al., 2008;
Benedetti et al., 2013; Klinger et al., 2015). Other Boconé segments
seem to show this behavior (Fig. 11). For example, the Manzanos and
Primavera trenches excavated along the adjacent Boc-d segment
(Audemard, 2014) can be used to identify several events that occurred
in a short timespan (every 140 to 600 years).

In the case of E2 not being the 1736 event, event E2 takes place
between 359 and 76 years before 1812 CE. Thus, in any case, the stu-
died segment fault (Boc-e) is able to trigger M,, = 6-6.5 events every
few centuries. Before Common Era, the Quigua trench study (located
3-4km away from the trench studied here) established a return period
of 2500 to 3000 years in average. Two assumptions can be proposed to
explain this paradox: (1) the behavior of the fault changed since
1500 CE and thereupon the fault entered into a period of intense
earthquake activity and/or (2) a part of the Holocene deformation is
missing in the Quigua trench. The second assumption seems much more

Trenches:
18127
£ E3V _—
Higueron
E2? ,‘, QLIj -
gua Boc-e
17367 i
. Yaritagua
=i o % % - Manzanos
ek Boc-d
———i ° + —— Primavera
. ° ° Mesa del Caballo -~ Boc-c
+ older events Quinanoque Boc-b
Pantaleta
2 Boc-a
it L] La grita
0 1000 2000 (yrsinCE)

Fig. 11. Identified events in CE in trenches excavated along the Boconé Fault (Beltran et al., 1990; Audemard, 1997, 1998, 2014, 2016; Audemard et al., 1999, 2008;
Alvarado et al., 2008). Events without error bars are events where the uncertainties are poorly detailed in the studies.
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likely as the preferred Quaternary slip rate estimated by Pousse-Beltran
et al. (2017) of 8.4-11.2mma~ ' is consistent with geodetic data
(~12mma~1) (Pérez et al., 2011; Reinoza, 2014; Symithe et al., 2015).
In the case where events E2 and E3 are the same event (see dis-
cussion “Two or three events?”), the Oxcal age model ranges from 1502
and 1782 (2 sigma). The 1812 event is a candidate for the surface break
considering uncertainties of 3 sigma (1464-1854 CE), however the
1736 event could be also a candidate for this. Since the magnitude of
the 1736 event cannot be evaluated due to the scarcity of data on the
damages (i.e. a totally ruined church in Guama and a severely damaged
one in Barquisimeto (Silva et al., 2016)), it is difficult to discriminate
between the two events. However, as we described earlier in this con-
tribution, several studies have pointed out that the 1812 event had a
magnitude Mw > 7, the rupture reached the surface and the intensity
center was located nearby the trench (Fig. 2-b). The 1812 event was
also inferred to be responsible for the surface break in the Yaritagua
trench (Audemard, 2016). If this is the case, based on the distance
between both trenches, the 1812 event triggered by the Boconé Fault
ruptured the ground surface over a distance of at least ~30 km.

6. Conclusion

Detailed studies on the Higuerén trench site allow us to identify
three events: an event E1 that took place after 8699-8347 BCE and
prior to 1456-1636 CE, a second event E2 that occurred between 1483
and 1743 CE and finally a last event E3 that occurred between 1545 and
1825 CE. Unfortunately, our morphotectonic results in Higuerén did
not allow to shedding light on prehistorical history but provides a new
view in the historical seismicity, although recent (XVIII-XIV centuries)
and still poorly known in Venezuela. Furthermore, based on the his-
torical archives and previous trench studies, we can attribute an age of
1812 CE for the third seismic event (E3), similar to the age inferred at
the Yaritagua trench site (Audemard, 2016).Hence, the 1812 CE seismic
event may have produced a 30 km long surface rupture zone. Moreover,
if the 1812 event had released all of the accumulated strain, a slip
deficit of 1.7-2.3 m can be estimated using a preferred Quaternary slip
rate of 8.4-11.2mm-a "' (Pousse-Beltran et al., 2017). This slip deficit
corresponds to the Mw ~7 event. To consolidate our “slip deficit”
model, a 3D trenching survey will be necessary. This method will be
used to reconstruct the slip per event. This technique will also give a
relevant magnitude value to be compared with the 1812 magnitude
value estimated using the intensity data. Concerning event E2, our in-
terpretation of the present trench supports two distinct events, E1 and
E2, although this interpretation could possibly be disputed in the light
of new trenches or undiscovered archives. Currently, from our point of
view event E2 might correspond to the 1736 event, although this is
poorly documented. If not, two events occurred within a time span of
359 to 76 years. Therefore, future seismic hazard assessments should
consider that the northernmost segment of the Boconé Fault (Boc-e) is
able to trigger Mw 6 + events every few hundred years.
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