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The La Cantera Fault System (LCFS) is the most active Quaternary structure in the Central Precordillera of San
Juan, in central-western Argentina; the system extends for 47 km along the intermountain valley that separates
the Sierra de La Cantera and La Invernada, north of the San Juan River. The average fault trend is 20°; it dips at
angles varying between 15° and 30° W in the northern section, to approximately 40° W in the central section,
and up to 60° W in the southern section. The fault affects Holocene to recent alluvium deposits in the western
piedmont of the Sierra de La Cantera and is defined by a series of landforms found in compressive tectonic
environments, including simple and compound counterslope fault scarps, staircased alluvial terraces, sag
ponds, flexural scarps, aligned springs, broom-shaped drainage patterns, river diversions, beheaded channels,
changes in incision depths, sinuosity and a river gradient along channels. Trench investigations indicated that
at least three events occurred in the past 1.1–10.1 ky. The topographic profiles of the selected channels and
interfluves cutting across the northern and central trace of the fault were analyzed using a Stonex Vector GPS dif-
ferential system to establish the relationship between the topography and slope of the rivers. Thismorphometric
analysis of scarps indicates that active tectonics have played an essential role in controlling the drainage pattern
in the piedmont, leading the rivers to adjust to these slope variations. Based on the analyzed geomorphologic,
stratigraphic and structural characteristics, the LCFS is considered to be a relevant seismogenic source in the in-
traplate portion of southern South America, with a recurrence interval of at least 2000± 500 years for moderate
magnitude earthquakes during the last 11,000 years.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Andean Precordillera of western Argentina is a first-order
morphotectonic unit of the Pampean Segment of the flat subduction
between 27° S and 33° S, being one of the most seismically active zones
of thrust tectonics in the world. This area has more than 90% of the
Quaternary deformation documented in Argentina (Costa et al., 2006),
where crustal seismicity is characterized by high levels of earthquake
activity with hypocentral depths ranging from 5 to 35 km (Smalley and
Isacks, 1990; Smalley et al., 1993). Nevertheless, there are no clear
relationships between main Quaternary deformations and these seismic
events.

Up to now, papers describing Quaternary deformations in this por-
tion of Central Precordillera are very scarce. For example, Whitney and
Facultad de Ciencias Exactas,
. Ignacio de La Roza y Meglioli,

).
Bastías (1984) described several features with Quaternary tectonic ac-
tivity in the western piedmont of the Sierra de La Cantera. More recent-
ly, Mingorance (1998) analyzed two sections along the fault trace and
identified that at least three individual seismotectonic events of varying
magnitudes and located along the La Cantera fault were generated by
the fault in prehistoric and historic times. Millán and Perucca (2011)
also carried out a brief analysis of natural trenches and drainage anom-
alies located in the northern section of the fault section and Perucca
et al. (2014a,b) described the morphotectonic and neotectonic controls
on river pattern along Sierra de la Cantera piedmont. This fault system,
however, lacked fault chronology associated with accurate topography
that could constrain its geodynamic significance. In addition, more
field-based studies are necessary to address the problems of fault
recurrence and the chronology and magnitude of paleoseismic events
along Quaternary-active faults in the region.

The purpose of this work is to analyze and date Late Quaternary tec-
tonic activity along the La Cantera Fault System (LCFS), especially in its
central and northern sections and address the relationship between this
fault system and the regional deformation and neotectonic setting for a



Fig. 1. a) Geological sketchmap of central-western Argentina, from 30° to 32° SL (modified from Ramos and Vujovich, 2000); b) Google Earth image, onwhich natural exposures or trench locations along the LCFS are reported, yellow rectangle shows
location of c. c) Detailed Google Earth image showing main fault trace, on which natural exposures, topographic profiles areas and geomorphic features like multiple counterslope scarps, unpaired terraces, springs and sag ponds are indicated.
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better understanding of the neotectonic evolution of this portion of the
Central Andean thrust. The study area is located in a tectonic valley be-
tween Sierra de La Invernada and La Cantera in the Central Precordillera
geological province (31° 04′–31° 10′S and 69° 01′–68° 58′W), north-
west of San Juan, Argentina (Fig. 1a). The Sierra de La Invernada is a
mountain chain that trends north–south, with a maximum height of
3700 m asl. The Sierra de La Cantera also has a north–south trend and
a height of 3100 m asl.

In the western piedmont of the Sierra de La Cantera, rock outcrops
corresponding to the lower andmiddlemembers of the Pachaco Forma-
tion (Uppermost Oligocene–Miocene) are exposed (Levina et al., 2014).
The Neogene strata have a westward-dipping homoclinal arrangement
and trend north–south. The dip of the strata ranges from 21° W in the
eastern portion to approximately 50° near the fault zone. The Quaterna-
ry deposits correspond to alluvial fans that are affected by the La Cantera
fault, as well as river terraces, colluvial fans and debris cones on the
slopes of themountain fronts. Rivers and streams located on the eastern
foothills of the Sierra de La Invernada and the western piedmont of the
Sierra de La Cantera drain fromMogote La Leona hills north to Pampa de
Gualilán, by the Gualilán River (Fig. 1b). South of the Mogote La Leona,
streams from both the Sierra de La Invernada and Sierra de La Cantera
drain to the south through the La Cantera gorge to the San Juan River
(Fig. 1b).

The western piedmont of the Sierra de La Cantera has an average
width of 1.64 km, decreasing to only 400 m in the south at the La
Cantera River mouth in the San Juan River. In this piedmont, alluvial
fans with evidence of active faulting associated with the La Cantera
Fault System (LCFS), are the dominant landform (Fig. 1b, c). The
morphotectonic expression of this system includes subparallel
Quaternary-active faults, simple and compound counterslope fault
scarps, strath and fill terraces, flexural scarps, progressive unconfor-
mities, alluvial Quaternary folding and anomalous drainages (Perucca
et al., 2014a,b). The fault scarp height varies along the fault between
0.30 m and 13.0 m, representing the highest elevations in the central
section. The morphotectonic evidence in the Quaternary deposits is
more evident and increase from south to north of the fault, where the
latest evidence of the Holocene and potential historic activity was
found.
2. Tectonic setting

2.1. General tectonic features of the Precordillera region

Between 29° and 33° S, with a convergence azimuth of approximate-
ly 78° (Vigny et al., 2009), the Nazca plate is being subducted at a rate of
6.3 cm/year beneath the South American plate to depths up to 100 km
(Barazangi and Isacks, 1976; Kendrick et al., 2003; Pardo-Casas and
Molnar, 1987; Yáñez et al., 2001).

The flat geometry of the subducted slab can be attributed to the
oblique subduction of the Juan Fernández ridge underneath the South
American plate (Martinod et al., 2010; Pilger, 1981; Rosenbaum and
Mo, 2011). In this area, Late Miocene–Quaternary tectonics has resulted
in the development of the Frontal Cordillera, Precordillera and the
Pampean Ranges in the eastern foreland of San Juan (Ramos, 1988,
1999; Ramos et al., 2002).

The Central Precordillera comprises mountain ranges extending
from 29° to 32° S latitudes. It has been described by several authors
(Allmendinger et al., 1990; Cristallini and Ramos, 2000; Jordan et al.,
1993; von Gosen, 1992) as a characteristic thin-skinned, thrust-and-
fold belt resulting fromNeogene crustal shortening onwestern dipping,
imbricated structures that root down to a 10–15 km deep main
décollement. In this region, most of the active structures are related to
compressional faulting (Siame et al., 2006). However, earthquakes on
these active reverse faults are not always accompanied by surface
ruptures.
A series of geologic and tectonic factors are occurring where the
Nazca Plate is subducting sub-horizontally, between 29° and 33° S and
substantial part of the Quaternary deformations in Argentina is concen-
trated in this region (Costa et al., 2006). Here, the main seismogenic
sources can be located and defined with certitude. Such sources show
different degrees of activity. Generally, they are sub-parallel faults, pre-
dominantly N–S trending. It is precisely in this intraplate setting that the
most important destructive earthquakes take place. They were related
to surface ruptures, such as the earthquakes of 1894 (M 7.5), 1944
(Mw7.0) and 1977 (Mw 7.4) (Alvarado and Beck, 2006), all of them oc-
curred between these latitudes (Perucca et al., 2006). On theother hand,
the last historic event that occurred in the northern portion of LCFS was
the 1924 earthquake (Ms=6.0) (Mingorance, 1998). However, there is
no evidence of surface rupture for this event, behaving the structure like
a blind thrust.

2.2. Local geology of La Cantera Fault System

The geology of the area is characterized by fine and coarse
sandstones to fine conglomerates of the Pachaco Formation from the
Oligocene to Late Miocene age (Levina et al., 2014; Milana et al., 1993)
that outcrops into the western piedmont of the Sierra de La Cantera
and is commonly associatedwith the fault system. The sandstone delin-
eates a westward-dipping homoclinal structure that was produced by
reverse faulting of the west-dipping La Cantera active fault. Neogene
rocks are covered by Quaternary alluvial deposits composed of coarse-
grained loose sandy-gravel layers with an average total thickness of ap-
proximately 1–3 m. The regional structure consists of an east-verging
imbricated fan comprised of an array of separated to overlapping
fault-propagation folds and out-of-sequence structures (Ramos et al.,
1997). Morley (1988) pointed that out-of-sequence faults show
hinterland propagation and are caused by the development of new
thrust faults through a deformed thrust sheet. According to von Gosen
(1992), younger faults formed in front of the stack of imbricates, where-
as the earlier-formed imbricates continued their movements along the
preexisting thrust faults, which were steepened or overturned.

LCFS is an out-of-sequence fault (Cristallini, 1998),where the upper-
most part of the Ordovician carbonates (San Juan Formation) form the
base of the imbricate sequence. This is imaged in the central section of
the fault system at two outcrops where Ordovician limestones thrust
onto Neogene deposits and Quaternary alluvial levels (Fig. 2a).
Although the fault planes are not clear, calcareous megaboulders along
the fault trace and fault breccias with calcareous cement and very
angular limestone clasts, ranging from 1 cm to 70 cm, were observed
in the counterslope scarp (Fig. 2b–d). However, on surface, this fault
zone primarily affects Neogene and Quaternary formations.

The geometry of themountain ranges and the kinematics of the LCFS
exhibit an almostW–E oriented compression responsible for the current
processes of relief formation, which corresponds to the direction of the
vector of deformations associated with the Nazca-South America
collision proposed by Pardo et al. (2002) and Anderson et al. (2007),
among others.

3. Data and methods

Because of the great sensitivity of alluvial rivers to variations of the
topographic gradient we carried out a morphotectonic analysis of the
alluvial fans and rivers that cross the LCFS. High resolution elevation
sections were performed in order to highlight the topography of the
terrain and document the Holocene tectonic evolution of the area.

As was pointed by Perucca et al. (2014a) in the northern portion of
the LCFS, counterslope scarps affect the river courses of a piedmont
modifying their courses according to the meso and micro-topographic
changes due to the differential uplift-subsidence patterns. In this
way, under certain conditions, rivers tend to evolve, increasing their sin-
uosity or modifying their pattern and flow direction (Holbrook and



Fig. 2. a)Ordovician limestones thrust over theNeogene succession forming the base of east-verging thrusts. Yellow circle: person is for scale; b) highest counterslope scarpwith limestone
megaboulders, c) calcareous brecciated boulders along the fault trace; c) Detail of limestone breccia found in the contact area between the fault blocks.
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Schumm, 1999). In this study, we analyzed several rivers and their in-
terfluves in the northern and central portion of LCFS as this behavior
is influenced by tectonic movements.

Detailed fault scarp data were acquired using a differential GPS by
measuring high-resolution topographic profiles perpendicular to the
LCFS scarps (named in this work as North and Central sections)
(Fig. 3a, b). In the north section, seven NW–SE and W–E profiles were
carried out, from which three were surveyed along rivers and four in
the interfluves. To highlight the topography of the terrain through
detailed high-resolution elevation sections, the profiles were selected
using easy-access sections to improve coverage with the measurement
devices. A detailed photo-interpretation of the area allowed for the final
selection of several transects perpendicular to the fault scarps, and
longitudinal profiles along the rivers that cross the faults to highlight
particular morphological patterns, like scarp heights, changes in the
gradient of the alluvial fans, anomalous slopes, which could be related
to the Quaternary tectonic activity of faults. The topographic profiles
were carried out with a GPS differential system, with a high perfor-
mance GPS/SBASS L1 receiver that also has EVEREST signal filtering
technology. The measurements were obtained using the following pa-
rameters: positioning and configuration of each device in manual
mode, selection of a record at 2-second intervals, a mask angle of 10
and track times of 2 s. For the field data collection, one of the devices
was stationed at one point and the otherwas used as a rover. Processing
thefield data involved correction, using software provided by the differ-
ential GPS system. The data from the high resolution elevation profiles
perpendicular to the fault scarp (North and Central sections; Fig. 3)
were also applied to determine the slope changes in each transect.

Four natural exposures, located in river channels of the North and
Central section of the LCFS, were analyzed and dated to know the kine-
matics of the fault and the age and characteristics of the alluvial levels
affected by faults (Fig. 1b). All of the samples were analyzed using an
Accelerator Mass Spectrometry (AMS) method at Beta Analytic. All of
the results that fell within the range of available calibration data were
calibrated to the calendar years (cal BC/AD) and calibrated to the
radiocarbon years (cal BP). Calibration was performed using one of
the databases associated with the 2013 INTCAL program.

4. Results

4.1. Tectonic topography of the LCFS

As McCalpin (2009) already pointed out, topographic profiling is
often the easiest method of documenting the vertical component of
paleoseismic faulting. These profiles recorded across fault scarps and
along rivers running through the fault trace provide a measurement of
vertical surface offset, which is related to fault displacement and stream
anomalies. So, wemeasured several topographic profiles across the fault
trace in order to characterize scarpmorphology and help constrain fault
behavior.

The slope average obtained in the topographic profiles of the mid
and distal sections of theWestern piedmont of the Sierra de La Cantera
is between 5° and 8°. This result partially encompasses alluvial fans
slopes values that were measured under normal conditions, which var-
ied from 12° to 2° from the apex to the distal section (Gutiérrez Elorza,
2008). However, these could be considered high slope values for distal
sections.

In the North portion (Fig. 3a), the topographic height of the inter-
fluve profiles decreases towards WNW. The topographic profiles of
the interfluves exhibit disruptions, such as small bulges with an asym-
metric shape, which caused a steep slope on the East face and a smooth
slope on theWest face. These are identified as fault scarps, which have a
free face to ESE with maximum heights of 8 m that decrease to ESE
down to 0.5 m. In the fault scarps, the values of the slope measured in
the profile exceeded 9°, reaching values of up to 45° (Fig. 3a). In the
case of the river profiles the topographic height also decreases towards



Fig. 3. High-resolution topographic profiles perpendicular to the LCFS trace (north and central sections) along small temporary streams (1, 4, 5 and 8) and interfluves (2, 3, 6, 7 and 9).
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WNW. The topographic profiles of the rivers present a linear trend, and
small knickpoints are observed. In this case, the observed disruptions
correspond to counterslope steps and laterally coincide with fault
scarps; however, this pattern was more conspicuous in profile 5,
where there are waterfalls. The slope in the disruption segments
reaches values of approximately 16°. Topographic anomalies in the in-
terfluves are more obvious than along river profiles, which may result
from fluvial erosion reducing themorphological pattern. Taking into ac-
count the height of the higher scarp, it was possible to calculate a net
maximum vertical displacement of 15 m for a fault in this area during
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the Quaternary. Furthermore, these topographic profiles along inter-
fluves helped to obtain the shortening of thewestern piedmont of sierra
de La Cantera, which is around 4%.

In the central portion (Fig. 3b) the profile of the interfluve shows
that topographic height decreases to the west and a remarkable hunch
can be observed with an asymmetric shape, having an abrupt slope on
the east face and smooth slope to the west. The observed hunch is a
fault scarp with a free face to the east, which has a height of 13 m
(Fig. 2b) that was generated by a Quaternary fault and modifies the
local slope to values between 9° and 15°, although sometimes it exceeds
15°. The netmaximum vertical displacement produced by the fault dur-
ing Quaternary in the area was 16 m, and the shortening around 3%. As
in the north (Fig. 3a), it is not easy to recognize topographic changes
along the river. Furthermore, when the gradient was calculated for the
river profiles, several knickpoints were identified but could not be relat-
ed directly to fault activity. Finally, in the north portion, morphological
markers are more abundant in the interfluve and rivers, like multiple
counterslope scarps (Fig. 1c), incised and sinuous rivers in the hanging
block, sag ponds (Figs. 1c, 4), alluvial terraces entirely located in
the hanging block and aligned springs (Figs. 1c; 5a, b), whereas in
the South, although there are few, fault scarps exhibit the highest
topographic height.

The smoothing of topographic anomalies observed in rivers has been
related to the ability of fluvial dynamics to adapt to slope variations.
Small temporary rivers that drain the western piedmont of the Sierra
de La Cantera often reflect subtle topographic modifications (Fig. 5a).
Perucca et al. (2014a) analyzed several river anomalies related to the
northern segment of the LCFS and described the relationships between
stream sinuosity and slope in these rivers, observing that the most sin-
uous channels have lower slopes and are located on the hangingwall of
the fault (Fig. 5a). Morphometric analysis of the scarps indicates that
Holocene tectonics have played a major role in controlling the drainage
Fig. 4. a) Viewof a tectonic depression filledwith fine sediments (sag pond) and a ~30 cm count
to the west showing the very recent scarp, c) detail of the sagpond and little scarp facing to th
pattern in the piedmont, leading the rivers to adjust to these slope
variations.

Perucca et al. (2014b) investigated the deformational style varia-
tions along the La Cantera Fault System, describing a series of landforms
typical of active compressive tectonics. These authors noted flexural
counterslope fault scarps, with heights ranging from 0.3 m to 8 m,
corresponding to vertical displacements accumulated during the Late
Pleistocene–Holocene. The highest elevations were recognized in the
central section of the fault. The minimum displacement measured on
the fault plane in natural trenches varied between 0.50 m and 1.80 m.
Both erosional and depositional terraces are present; only three levels
of unpaired terraces are identified in the hanging block, on the right
bank of streams that cross the fault (Fig. 5a, b).

The drainage pattern anomalies in the area reflect subtle changes of
topography that have been induced by active tectonics, such as river di-
version, beheaded and captured streams, changes in the incision depth,
sinuosity and river gradient along streams, wind gaps, sag ponds,
tectonic gutters and broom-shaped river patterns (Perucca et al.,
2014a, b). Therefore, an analysis of the drainage pattern is an important
tool in the study of tectonic activity in thrust fault systems because they
are highly sensitive to vertical tectonic uplifts related to folds and
thrusts (Audemard, 1999, 2003; Ollarves et al., 2007).

Along the entire trace of the LCFS, small sag ponds and springs
directly related to fault trace were located (Figs. 4a, 5a). A sequence of
silt–mud beds was deposited in a small sag pond along the La Cantera
Fault Scarp during the late Holocene (Fig. 4b). A sample (CA1) collected
in one of these charcoal detritus beds was radiocarbon dated at Cal
2600 ± 30 years BP, establishing that the fault has been active within
the recent geologic past controlling piedmont drainage pattern
(Table 1). Fig. 4 (c and d) shows a counterslope scarp, ranging from
0.30 cm to 1.70 cm of height, that deflected a stream when it met the
scarp. This 0.30 cm scarp could be related to that mentioned by
erslope scarp that diverts a recent stream. Location of sample CA1 is also indicated; b) view
e east and d) view to the west of the counterslope scarp and river flow deflection.



Fig. 5. a) Google Earth oblique viewshowing the adjustment of rivers (black arrows) to the
fault scarp changing in some cases from straight to sinuous or/and increasing density of
channels. Three unpaired terraces (pointed with white arrows) were recognized only in
the northern bank of the streams, b) unpaired terraces were only identified in the
northern margin of streams, in the hanging block of LCFS.
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Mingorance (1998), which was originated during the 1924 earthquake
rupture.

4.2. Kinematics and chronology of faulting events

Fault exposures have been analyzed along the LCFS to assess their
kinematics and other characteristics. Data were gathered from metric
scale outcrops located along river cuts. In all of the natural trenches,
the east-vergent faults trendbetween 150° to 190° and dip 10° to 40°W.

Perucca et al. (2014b) studied three natural exposures along the entire
fault trace and observed that the faults cutHolocene deposits in the north,
whereas to the south, they affect older levels of possible Pleistocene
deposits. Holocene deposits are not deformed at this site, behaving as
Table 1
Radiocarbon ages for faults discussed in text.

Sample data Method Material Measured radiocarbon
age

13C/12C ratio

Beta-392411 CA1 AMS Organic detritus 2520 ± 30 BP −20.4‰
Beta-392414 CA2 AMS Organic detritus 1600 ± 30 BP −21.6‰
Beta-392410 CA4 AMS Organic detritus 1720 ± 30 BP −19.9‰
Beta-392412 CA5 AMS Organic detritus 10,160 ± 40 BP −23.8‰
Beta-392413 CA6 AMS Charcoal detritus 4220 ± 30 BP −19.2‰
blind thrusts. They recognize two colluvial wedges, implying the occur-
rence of two seismic events during the Holocene–Pleistocene.

Geomorphological features described in this work, together with
four natural exposures analyzed and dated using the AMS method,
indicate Holocene tectonic activity on the LCFS, which can be traced
to mid- to late-Holocene soil levels (4580 ± 50 BP to 1576 to
1423 Cal years BP) and early to mid-Holocene alluvial terraces
(11,962 to 11,615 Cal years BP to 4865 to 4830 Cal years BP).

In Trench 1, located in the North section of the LCFS, three-hundred
meters west of route 148 (Fig. 1c), a low temperature spring can be di-
rectly related to the fault trace (31° 6′S–68° 59′W). The oldest exposed
unit (Unit Q2) corresponds to angular-to-subangular gravel-dominated
alluvial deposits of unknown base and to amaximumexposed thickness
of 1 m. Spring silt–mud deposits lay over alluvial gravels to a Q2 level.
The 14C dates for these orange-yellowish sediments indicate late-
Holocene ages (Sample CA 2, 1576 to 1423 Cal years BP) (Table 1). An
east-verging thrust cuts across the alluvial level Q2 as well as spring
deposits, striking N17° and dipping 30° W. The whole sequence is
capped by a modern incipient soil (Fig. 6a).

In Trench 2, 200m south of trench 1 (31° 6.7′S–68° 59.3′W), another
natural exposure allows observation of deformation produced by the
fault (Fig. 1c). Surface expression of the main fault here is represented
by a 1 m scarp, but there is no noticeable surface rupture expression
at the site. The trench stratigraphy is composed of five main units
labeled Ne through Ms in Fig. 6b. The oldest exposed unit (Ne) corre-
sponds to pink Neogene sandstones and siltstones of unknown base
and a maximum exposed thickness of 0.70 m. These rocks are partly
overlain by angular-to-subangular gravel-dominated alluvial deposits
(Q2). In the hanging block, Ne and Q2 are partially covered by a beige
incipient paleosoil horizon (S1) and by a light-brownish paleosoil hori-
zon (S2). The uppermost unit (Ms) corresponds to a modern brownish
soil horizon. The boundaries among these beds are not very well de-
fined. The fault, trending 300–320° and dipping 34°–36° W, affects the
Neogene unit (Ne), the alluvial deposits (Q2) and the two soil layers
(S1 and S2). The fault slip has caused clast rotation and an imbricate
fabric subparallel to the fault plane but the fault trace has no noticeable
surface expression at the trench site (Figs. 1c, 6b). Millán and Perucca
(2011) recognized two colluvial wedges in the footwall, inferring two
events during the Holocene on that portion of the fault.

As was previously pointed out by Deng and Zhang (2000), a reverse
fault may rupture repeatedly and each offset event could be associated
with a colluvial wedge and so, they can be used to recognize earthquake
events. In spite of a foot slope colluviumorigin could not be dismissed in
natural exposures analyzed along the La Cantera Fault System, we con-
sider these chaotic deposits as colluvial wedges derived from erosion of
the upthrown block. All of them have angular and unsorted pebbles and
sands that are in-situ deposited, the grain sizes decrease away from the
fault scarp and the contact between the fault and the unsorted deposits
is the plane of the thrust.

The oldest fault event recorded in the trench is constrained by units
Ne and S1, and, according to the radiocarbon ages of the paleosoil S1, it
might have taken place after 4580 ± 50 BP (Sample CA3 in this work).
When another seismic event would happen, it will produce a new
fault scarp and generate space enough for the development of a second
colluvial wedge (Millán and Perucca, 2011).
Conventional radiocarbon
age

2σ calibrated age

2600 ± 30 BP Cal BP 2750 to 2700 Cal BP 2630 to 2620 Cal BP 2560 to 2540
1660 ± 30 BP Cal BP 1576 to 1423
1800 ± 30 BP Cal BP 1735 to 1590
10,180 ± 40 BP Cal BP 11,962 to 11,615
4320 ± 30 BP Cal BP 4865 to 4830



Fig. 6. a) Trench 1 and a viewof the upper part of the southwall of La Cantera Springwith the location of sample CA2; b) natural trench2,whereNeogene rocks andmid–late Holocene soils
overridefluvial deposits on the north trace of the La Cantera thrust (modified fromMillán and Perucca, 2011). The location of samples (CA3 and CA4) on the hangingwall and two colluvial
wedges in the footwall are indicated. The fault trends 304° to 320° and dips 34° W.

207L. Perucca et al. / Tectonophysics 661 (2015) 200–209
In this research, AMS (accelerator mass spectrometry) 14C measure-
ments were used (Table 1). Upper soil horizon (S2) 14C dates yield late-
Holocene ages (Sample CA4, 1735 to 1590 Cal years BP). Therefore, the
Fig. 7. a) Trench 3, showing an east-verging thrust where Oligocene–Miocene sedimentary roc
plane strikes N17° and dips 50° NW (modified from Perucca et al., 2014a,b). Thrusting does not
alluvial gravels of mid-Holocene age, as well as the location of Sample CA6.
last identified seismic event horizon would have taken place after the
deposition of unit S2. The uppermost soil layer (Ms) seems unaffected
by the fault (Fig. 6b).
ks override the Quaternary alluvial gravels, as well as the location of sample CA5. The fault
show surface rupture; b) natural exposure of trench 4, showing a fault propagation fault in
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In Trench 3 (a natural trench), which is located in the central seg-
ment of the LCFS, 1.5 km east of the road (31° 8′ 53″S–69° 0′ 22″W)
(Fig. 1c) exposes 3.5 m of Q2 alluvial sequence, comprising several
clast-supported tabular beds in its lower half and is rich in angular
pebbles in a sandy matrix. This package rests, non-conforming, on top
of reddish late Oligocene to late Miocene sedimentary rocks and
dips few degrees (5–10°) to the west. An east-verging thrust puts
Oligocene–Miocene sedimentary rocks over Quaternary alluvial gravels.
The fault plane strikes N17° and dips 50° NW. It does not cut the surface,
but a gentle flexure of the terrace top coincides with the brittle defor-
mation displayed in the outcrop (Fig. 7a). A sample collected in the Q2
level yielded 14C Late Pleistocene–Early Holocene ages (Sample CA5,
11,962 to 11,615 Cal years BP) (Table 1).

The thrust fault cuts essentially through angular-to-subangular
gravel-dominated deposits containing sparse large boulders (b30 cm).
The lower and middle parts of the gravel terrace are thrust faulted
towards the east, whereas the younger upper part is only warped and
presents itself as a gentle flexure at the terrace surface. The presence
of two colluvial wedges deriving from the tectonic scarp, a coarser
basal one and a more clayey one above, would also suggest the occur-
rence of two Holocene events on this fault (Fig. 7a).

In trench 4 this exposure is located approximately 340 m south of
trench 3 (31° 9′4.2″S–69° 0′26.2″W) (Fig. 1c). The thrust affects a
~3 m high fill terrace. The exposed trench section reveals a very low-
angle fault affecting the Q2 unit. The fault plane trends 330° to 3° and
dips between 26° W near the surface to 56° W at depth (Fig. 7b). The
terrace gravels are a sub-angular to angular, poorly sorted cobble–
pebble sequence (Q2 level). Internal folding is well represented by the
preferred orientation of the gravel clasts.

The faulting displaces the gravels of Units Q2 and modern soil (Ms
unit) seems to be folded too, although it is not clear. Unit Q2 exhibits
prominent folding along a low-angle fault. The folding of this unit
along the fault suggests that part of the slip has also been consumed
in folding. Besides, Unit Q2 shows more cumulated slip than the upper-
most layers thus indicating than more than one event appears to be
recorded by this Unit. Radiocarbon dating of detrital charcoal from
unit Q2, collected from the hanging wall in the overthrusted block,
yielded a Mid Holocene age (Sample CA6, 4865 to 4830 Cal years BP)
(Table 1). So that it would indicate a last seismic event younger than
the deposition of this sampled layer.

5. Discussion and conclusions

Central Precordillera has a mountainous relief characterized by N–S
trending linear ranges and basins. Thrust faults bound Paleozoic ranges
and narrow linear valleysfilledwithNeogene to Quaternary continental
sediments (Jordan et al., 1993; von Gosen, 1992). Central Precordillera
has been described as a thin-skinned thrust-and-fold belt due to
Neogene crustal shortening on west dipping, imbricated structures that
root down to a 10–15 km deep main décollement (Allmendinger et al.,
1990; Jordan et al., 1993; Ramos and Cristallini, 1995; von Gosen, 1992).

The La Cantera Fault System, located in the intermontane valley be-
tween the Sierra de La Cantera and the Sierra de La Invernada, in Central
Precordillera, provides remarkable geomorphological evidence of
Quaternary tectonic activity. Nine topographic profiles along the river
and interfluves were carried out on theWestern piedmont of the Sierra
de la Cantera. The profileswere grouped into two areas (North and Cen-
tral sections). The topographic profiles of the interfluves exhibited
asymmetric fault scarps with free faces to the East-Southeast. In the
North portion, five parallel scarps were identified with heights from
0.5 m to 8 m. A net maximum displacement of 15 m and shortening of
4% related to the Quaternary identified scarps was obtained. On the
other hand, in the South section only one scarp was recognized, with a
height of 13 m (Fig. 2b) and the net displacement was around 16 m
with a shortening of 3%. The topographic profiles of the rivers exhibited
small steps in the talweg, and a small waterfall was identified in profile
5. These disruptions in both types of profile (river and interfluve) are as-
sociated with Quaternary fault activity. The geographic distribution of
topographic anomalies, which are more profuse in the North than in
the Central section, are themorphological response to a higher quantity
of fault traces in theNorth,whereas they are restricted to one fault trace
in the South.

Recent paleoseismic investigations in the LCFS reveal preliminary
evidence of at least four earthquakes during the past 11,000 years in co-
incidence with results obtained by Mingorance (1998). The observed
deformation of the alluvial Q2 terrace with two colluvial wedges in
the Central segment of the LCFS (11,962 to 11,615 Cal years BP, trench
3) suggests that at least two, pre-1924 paleoearthquakes are preserved
in these alluvial deposits. In the other two trenches located in the
Northern and Central portion of the LCFS, the fault affects the poorly-
developed soil with a mid-Holocene age (4580 ± 50 Cal years BP in
trench 1); furthermore, an organic detritus from a Q2 terrace unit collect-
ed from thehangingwall in the overthrusted block (Central portion of the
LCFS) also yielded a Mid Holocene age (4865 to 4830 Cal years BP, in
trench 4).

A sample collected in a sag pond associated with a 0.30 cm
counterslope scarpwas radiocarbon dated at Cal 2600±30years BP, in-
dicating that the fault was active during the late Holocene. Mingorance
(1998) pointed out that the 1924 earthquake (Ms=6.0) did rupture on
the La Cantera Fault System, creating a 0.30 cm scarp, and that at least
three prehistoric surface rupture events can be recognized based on
fault scarp analysis. Therefore, the 0.30 cm scarp related to the sampled
sag pond could be associated to the last historical event mentioned by
Mingorance (1998). On the other hand, an upper soil horizon (S2) af-
fected by the fault in trench 2 was 14C dated, yielding late-Holocene
ages, similar to the age obtained in the spring deposits at trench 1.
This could indicate that a penultimate earthquake occurred when the
soil and spring deposits were at the surface, between 1700 and
1400 Cal years BP.

Our results indicate that the seismogenic zone accommodates a
recurrent interval of at least 2000 ± 500 years. Even though the age
constraints provided by our study are not good enough to fully test
this assumption, recurrence of multiple events (at least three earth-
quakes) during the last 11,000 years is very significant for seismic
hazard assessment because presently, no sufficient paleoseismic data
in this region of Central Precordillera is available. This information will
play an important role in evaluating seismic hazards in this area.
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