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a b s t r a c t

The Central and Eastern Precordillera form oppositely verging thrust systems on the western and eastern
sides of the Matagusanos-Maradona-Acequión valley, establishing a thick-skinned triangle zone with
significant changes in the axis position along strike. Between the del Agua and the de La Fecha rivers, the
axis of this triangular zone is located in the eastern portion of the depression. Changes in the position of
the triangle zone axis along strike, whether to the east or to the west, took place during Pliocene
ePleistocene times. Geophysical and geodetic data indicate a subsurface structure striking NE, oblique to
the general direction of the foreland with dextral displacement. Accordingly, the change in the location of
the triangular area could be attributed to stress transfer controlled by heterogeneities in the basement.
By analytic signal analysis of magnetic anomalies, it is possible to assess the regional structural coupling
between Pie de Palo and Eastern Precordillera. The oblique arrangement of basement blocks could
explain transverse lineaments and the sigmoidal geometry of the Eastern Precordillera. Geophysical and
geological evidence shows that the depression is crossed by several EeW strike-slip faults. These faults
possibly controlled the position of the triangle zone axis until NeogeneePleistocene times by transferring
displacements and provoking its jump along strike.

Basement structures might have also played a primary role in the location of Quaternary faults
trending NeS. Finally, the eastewest cross-section geophysical model shows the triangular zone,
responding to the different controls imposed by the pre-existing basement structures.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Between 27� and 33� South latitude and with a convergence
azimuth of around 78� (Vigny et al., 2009) (Fig. 1a and b), the Nazca
plate is being subducted at a rate of 6.3 cm/year beneath the South
American plate to depths of up to 100 km (Barazangi and Isacks,
1976; Pilger, 1981; Ramos, 1988; Kendrick et al., 2003). The flat
geometry of the subducted slab is attributed to the oblique sub-
duction of the Juan Fernández ridge beneath the South American
plate (Pilger, 1981; Yañez et al., 2001; Anderson et al., 2007;
Alvarado et al., 2009; Martinod et al., 2010; Rosenbaum and Mo,
2011). In this area, Late MioceneeQuaternary tectonics have
resulted in the development of the Principal and Frontal Cordil-
leras, Precordillera and the Sierras Pampeanas in the eastward
foreland region (Ramos, 1988) (Fig. 1b). Beck et al. (2008) and
raperucca@yahoo.com.ar (L.
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Alvarado et al. (2009) refined the location of earthquakes in the
flat-slab near 30�e31�S and showed that the shallowest portion of
the slab is associated with the subducting Juan Fernandez ridge.

The convergence between the Nazca and South America plates
resulted in a thin-skinned fold-and-thrust belt in the Central Pre-
cordillera, and a thick-skinned tectonic style in the Sierras Pam-
peanas (Jordan et al., 1983b; Jordan and Allmendinger, 1986;
Smalley et al., 1993; Ramos et al., 2002; among others). Therefore,
the Eastern Precordillera and the western Pampean Ranges are
made of a west-verging thrust system, whilst the Central Pre-
cordillera comprises east-vergence thrusts (Figueroa and Ferraris,
1989; Von Gosen, 1992; Ramos et al., 1997). These two morphos-
tructural units, with opposite vergences, formed a thick-skinned
triangle zone, with its Eastern side involving foreland basement
in the deformation (Jordan et al., 1993; Zapata and Allmendinger,
1996a, b). According to Zapata and Allmendinger (1996b), this
thick-skinned triangle zone began to grow at 2.6 Ma and seismic
activity also shows that deformation of the Eastern Precordillera is
still active (Smalley et al., 1993). However, Meigs et al. (2006) and



Fig. 1. (a) Map showing the relative location of San Juan province in Argentina and South America, and (d) (Barreal-Las Peñas Belt situation). (b) Location of the Pampean flat-slab
segment between 28� and 32� S with depth-contours of the oceanic slab (modified from Ramos et al., 2002), (c) location Map and shaded-relief image of 90 m-spacing digital
elevation model (DEM derived from SRTM data), highlighting the structural and neotectonic array of the interaction between main thrusts. 1 e Las Osamentas thrust, 2 e Maradona
fault, 3 e Papagallos fault, 4 e Cerro Bayo thrust, 5 e Cerro Bachongo thrust, 6 e Cerro Punta del Cerro thrust, 7 e Cerro La Chilca Fault, 8 e El Mocho fault, 9 e Zonda-Pedernal
thrust, 10 e La Flecha fault, 11 e Guanacache fault, and 12 e Cruz de Caña fault. (d) Geological scheme of Barreal-Las Peñas Belt situation (modified from Cortés et al., 2006).
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Vergés et al. (2007) interpreted that the Eastern Precordillera faults
are back thrusts triggered by basement wedging caused by a low-
angle, east-verging blind fore-thrust ramp at depth and the west-
ern vergence of Eastern Precordillera is apparent.

This study aims at interpreting the geometry of neotectonic
deformations developed in the linkage zone between antithetic
thrust systems of different nature and its evolution among oblique
EeW faults, as described above. A further aim is to contribute to a
better understanding of the Quaternary tectonic evolution of this
segment of the Andean thrust front.

In this paper, gravity and magnetic analyses have been used to
define the subsurface structure of the area and to obtain information
on location, density and magnetization distribution of the upper
crust in the Precordillera andwestern Sierras Pampeanas of San Juan.
The magnetic analytic signal (Nabighian et al., 2005) superimposed
on a geological structural map allows a strengthened interpretation
of lineaments associated with Quaternary tectonic activity.

2. Geological and neotectonic setting

The study area is located in the south-central region of the
province of San Juan, Argentina, about 50 km SW of the city of San
Juan (Fig. 1a). It comprises the transition zone between the Pre-
cordillera and western Sierras Pampeanas within the active defor-
mation belt of the southern central Andes (Fig. 1b).

The Central Precordillera is formed by mountain ranges running
from latitudes 29� to 32�S. It has been described by several authors
(Jordan et al., 1983a; Allmendinger et al., 1990; Von Gosen, 1992;
Jordan et al., 1993; Cristallini and Ramos, 2000) as a typical thin-
skinned thrust-and-fold belt due to Neogene crustal shortening
on west dipping, imbricated structures that root down to a 10e
15 km deep main decollement (Fig. 1c).

The ranges forming the Eastern Precordillera trend NeS and
these outcropping structures are in general large asymmetric an-
ticlines, whose axes are sub-parallel to the mountain chains. Their
axial planes are steeply inclined to the east, and most of their
western flanks are vertical, overturned or have been eliminated by
high angle reverse faults sub-parallel to the structural axes. The
longest of these faults corresponds to the western limit of the
Eastern Precordillera (Villicum-Zonda-Pedernal thrust), high-
lighting the sinusoidal shape of Eastern Precordillera at Sierra Chica
de Zonda (Figs. 1c and 2a).

The Sierras Pampeanas basement appears to influence the ge-
ometry of the structures reactivated during the Pliocenee



L.P. Perucca, F. Ruiz / Journal of South American Earth Sciences 50 (2014) 1e11 3
Pleistocene at the Eastern Precordillera, since the development of
flat subduction, therefore inducing modifications in the style of
compressive deformation within the Precordillera fold-and-thrust
belt (Jordan et al., 1983a; Ramos et al., 2002; Zambrano and
Suvires, 2008).

Siame et al. (2006) described the role of Pie de Palo in the par-
titioning of the Plio-Quaternary deformations, within the structural
context of the Andean back-arc at about 31�S. La Flecha fault,
trending N70�W, nearly perpendicular to the NeS structures has
been recognized in the area, with a dextral slip (Vaca, 1977).
Zambrano and Suvires (2008) analyzed information from electrical
resistivity geophysical measurements and wells drilled for ground
water in the Tulum Valley pointing out the Quaternary activity of
the La Flecha fault.

Several evidence of Quaternary activity for this structure has
been recognized in the La Flecha river area. For example, WeE
calcite-filled veins with horizontal fresh striae were recognized in
the northern portion of cerro La Flecha (Figs. 3a and 4a); besides,
WeE trending brecciated trachyte dikes of Triassic age (Castro de
Machuca et al., 2013) were located in the contact between the
trachytes dikes and Ordovician limestones, indicating a post-
Triassic tectonic activity (Figs. 3a and 4b). Further west, several
faults with trends from 100� to 130� and dips from 45� to 89� south
and north affect Neogene rocks (Figs. 3a and 4c). Further west, an
Fig. 2. (a) Landsat TM image centered on the study area (Matagusanos-Maradona-Acequió
lineaments were indicated. (b) Analytic signal map of total magnetic anomalies upward conti
horizontal GPS velocity (CSJ1-CSLO).
EeW trending Quaternary fault places a vein of calcite over Qua-
ternary alluvial deposits (Figs. 3a and 4d), at the northwestern flank
of cerro La Chilca. Here, the 65�N dipping plane trending 100� in-
tersects a vein of calcite (Paleozoic) over Quaternary deposits.

Other evidence of transversal Quaternary faulting was identified
to the north of the La Flecha River, on the eastern piedmont of Sierra
Chica de Zonda. In this area, Vaca (1977) and Martos (1995)
described the Cruz de Caña fault, that trends N50�E with an
uphill-facing fault scarp (Figs. 1c and 2a). Martos (1995) recognized
at least four fault reactivations from the Middle Pleistocene to the
Holocene. The Cruz de Caña reverse fault dips 60� SE and according
to Martos (1995) shows evidence of dextral displacement.

Further south and coincident with the Del Agua River, Zambrano
and Suvires (2008) described another EeW structure, called the
Guanacache mega-fracture, to which they assign a dextral
displacement (Fig. 2a and b). They established that the NeS Tulum
fault system results in a tectonic horst structure, segmented by
many normal and/or strike slip faults transverse or oblique to the
horst strike (Fig. 2b). They interpreted a change to compressive
tectonics beginning with the Miocene and inferred that these faults
had tectonic activity during the Quaternary.

Cortés et al. (2006) recognized in the eastern flank of the Central
Andes, between 31� 300 and 33� 30’ SL, a regional NW striking
structure, called the Barreal-Las Peñas belt (Figs. 1d and 2b). The
n corridor). Main west-vergence and east-vergence Quaternary faults and main EeW
nued to 1.5 km altitude and structural interpretation (white). Brown vector: differential



Fig. 3. (a) Satellite image centered on the study area and field photographs location. Field photographs showing: (b) trench located in the north portion of El Mocho fault, showing
Miocene sediments which have been thrusted onto Pleistocene fanglomerates dipping 70�E, (c) exposure of Cerro La Chilca fault that dips 25�e30� W, showing Pleistocene
fanglomerates underlying Neogene bedrock and (d) exposure of a thrust fault that dips 30�W and puts Carboniferous rocks over Pleistocene fanglomerates.
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structure developed as a consequence of gradual flattening of the
Nazca Plate in the last 20 Ma. The authors interpreted that its
orientation and complex structural geometry are a result of the
interference of the Late Cenozoic Andean deformation with the
NW-trending rift structure of the Triassic Cuyo basin and the
ancient collisional suture zones of Paleozoic age. The belt is formed
by partially overlapping faulted mountainous blocks with a left-
stepping array. They recognize blocks bounded by reverse faults
with an azimuthw160� to NeS of both East andWest vergence and
oblique sinistral faults (azimuth w140�). The association of thrust
and strike-slip faults, the stepped arrangement and their oblique
orientation to expected regional efforts in plate convergence di-
rection, helped these authors to interpret a transpressive character
for the region. Fazzito et al. (2009) mentioned that the Southern
Precordillera has evolved under the influence of structural anisot-
ropies as oblique mega-shear zones with NW trending and paleo-
geographic features of Paleozoic and Triassic age (Cortés et al.,
2005, 2006).

Giambiagi et al. (2011) made a detailed investigation of the
structure and evolution of the Precordillera southern sector (South
of 32�S) and described a west verging style characterized by
partitioned transpression with a high shortening component, and
an oblique strike-slip dominated subdomain. They concluded that
the CambrianeQuaternary units of the Precordillera at this latitude
contain complex patterns of both superimposed and reactivated
structures.

2.1. Neotectonic structures between La Flecha and Guanacache
faults

Rolleri (1969) described the Matagusanos valley as a compres-
sional graben that continues to the south between the eastern rims
of the outer most range of the Eastern Precordillera and the fault
which passes along the western flank of cerros Valdivia and Salinas
(Tulum Fault?), (Fig. 2a). However, Perucca (1990) called Mata-
gusanos-Maradona-Acequión corridor to a tectonic depression
elongated N to NNE. That depression is situated between the
morphostructural units Central Precordillera to the west and
Eastern Precordillera to the east (Fig. 2a). This tectonic corridor
separates two different structural domains: an eastern west-
vergent one, where reverse faults show west facing scarps, and a
western east-vergent domain, where scarps face west (Perucca,



Fig. 4. (a) WeE calcite-filled veins with horizontal striae, (b) WeE brecciated trachyte dykes showing post-triassic activity of the fault (b) Fault trending EeWand showing a vein of
post ordovician calcite over Quaternary deposits, (c) faults trending EeW and affecting neogene rocks, and (d) fault trending EeW showing a vein of Paleozoic calcite over
Quaternary alluvial deposits.
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1990; Siame et al., 2006). Virtually most of the Quaternary defor-
mation in the area is characterized at the surface by reverse faulting
parallel to bedding.

To the north, in theMatagusanos depression (Fig. 2a), Costa et al.
(1999) observed sub-parallel reverse faults with west vergence and
high dip angles close to the surface in the western flank of Pre-
cordillera Central. These authors stated that these structures could
be the result of displacements between bedding planes. Paredes
and Perucca (2000) made a detailed analysis and fieldwork of the
Quaternary faults of the western portion of the depression and
interpreted that these structural changes in vergence take place at
least 1.5 km east of the Central Precordillera ranges.

Gardini (1993) developed a balanced structural section of the
Zonda valley south of the San Juan River (Fig. 2a). He interpreted
deep regional structures affecting the basement to the east,
beneath the sierra Chica de Zonda (Eastern Precordillera) and
structures to the west closer to the surface in the Central Pre-
cordillera (Fig. 2a) outlining a triangular zone in a transverse sec-
tion to the Precordillera between the Eastern and Central
Precordillera.

Several authors (Amos, 1954; Amos et al., 1981; Perucca, 1990;
Perucca et al., 1990; Moreiras and Banchig, 2008; Perucca and
Onorato, 2011) carried out studies in the eastern piedmont of the
Central Precordillera, and recognized east-verging reverse faults
situated north of the study area. South of the Del Agua River
(Fig. 1a), Giampaoli and Cegarra (2003) interpreted that the
regional structure in this area consists of an imbricated sequence of
fault propagation folds and out of sequence thrusts related to the
uplift of the Eastern Precordillera, with a main detachment level
near the top of the Cambro-Ordovician deposits.

South of 32�S, Ahumada and Costa (2009) and Ahumada (2010)
identified the end of the triangular zone in the region where the
Eastern, Central and Southern Precordillera interact. They state that
Quaternary deformations north of the 32�S are predominantly
expressed by west-vergence, NNE striking thrusts, belonging to the
Eastern Precordillera. South of this latitude, thrusts are predomi-
nantly east-vergent and strike NNW, related to the Southern Pre-
cordillera (Fig. 2a). According to these authors, this structural
arrangement determines an interaction of the antithetic over-
thrusts, in which the Quaternary displacement is transferred from
one system to the other (Ahumada, 2010).

In our study, two areas with opposite vergence of Quaternary
faulting were analyzed between La Flecha and del Agua rivers. The
first one is located, in the eastern portion of the depression and SE
of the cerro La Chilca, in the so called El Mocho fan (Uliarte et al.,
1987) (Fig. 3a and b). The second area to the west is situated
south of the cerro La Chilca (Fig. 3c) in the eastern piedmont of the
Las Osamentas range (Fig. 3d). In the El Mocho fan, five faults with
Quaternary activity are characterized by their straight traces and
parallelism. Their scarps face against the runoff, and fault planes
affecting this alluvial landform coincide with the bedding of the
Neogene sedimentary rocks, trending N20�E. These faults are west
verging, with high dips (>60�). Four of these faults affect only the
oldest alluvial level (Pleistocene) but the main fault in its southern
prolongation disturbs younger deposits (Pleistocene-Holocene
age). This fault continues further to the north, trending NeS and
affecting Neogene (Miocene) rocks (Fig. 3a).

The main fault, called El Mocho, is an N20�E striking fault that
dips 70�E in average, but locally shows values nearing 80�E (Fig. 3a
and b). At surface, this structure affects Miocene rocks, which have
been thrusted onto Pleistocene conglomerates. The scarp, which
reaches 18 m in height is subdued and rounded, indicating possible
absence of Holocene reactivations. The trace prolongs south beyond
the El Mocho fan (Perucca and Onorato, 2011).

The Cerro La Chilca fault is located few meters west of the El
Mocho fault (Fig. 3c). It is 11 km long and strikes N15�E, south of the
La Flecha River. Situated in the depression between the Cerro
Bachongo and Punta del Cerro in thewest and the Loma Redonda in
the east, close to the La Chilca cattle station, it extends as far south
as the Del Agua River. La Chilca is a reverse fault that dips 25�e
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30�W and superimposes Neogene sedimentary rocks on Pleisto-
cene alluvial levels (Perucca and Onorato, 2011).

Reverse faults with Quaternary tectonic activity are also found
(Fig. 3d) in the eastern piedmont of the Cordón de Las Osamentas
that is in the Central Precordillera and in the western sector of the
Bachongo plain (31�450S and 68� 550W). This piedmont covers a
much greater area than the Eastern Precordillera piedmont, due to
the greater dimension of its hydrographic basin (Fig. 1a). Two
generations of Quaternary alluvial fans and a current accumulation
level produced by channel fill were identified in this eastern
piedmont. The thickness of the Quaternary alluvial cover varies
from 30 m in the apical-middle sector to 10 m in the distal zone
(Perucca and Onorato, 2011). Within the study area the fanglom-
erate alluvial cover, which is strongly incised, lies upon Carbonif-
erous (Harrington, 1971) and Neogene (Leveratto, 1968)
sedimentary rocks. NeS trending thrust faults affect the lower or
distal part of the alluvial fans; east-facing scarps up to 10 m high
underline the fault trace. The westernmost fault in the study area,
named Las Osamentas fault by Perucca and Onorato (2011), has a
350� azimuth and dips 30� west. It displaces Carboniferous deposits
over Pleistocene sedimentary rocks with strong dips (Fig. 3a and d).
No field evidence has been found proving any tectonic activity on
the Holocene units. This could suggest a lower tectonic activity for
the region during the upper Pleistocene and Holocene.

In addition, Ruiz et al. (2011b) have shown gravity time varia-
tions (4D gravity) produced by ongoing tectonic activity from a
geodetic network extended over an area of 3500 km2 centered on
San Juan City. These gravity changes obtained during the years
2000e2009 from periodic gravity measurements support the cur-
rent uplift of the Eastern Precordillera. The authors identify three
segments with higher activity: (a) La Laja fault with strong de-
creases of gravity, (b) Maradona-Cerro Bayo segment, with in-
creases of gravity westwards of the Sierra Chica de Zonda, and (c)
decreases of gravity at La Rinconada fault. The data show tectonic
activity in the Tulum fault system and gravity changes that are
consistent with the Cerro ValdiviaeCerro BarbozaeSierra Pie de
Palo lineament and increased to the east (Fig. 2b). The largest
gravity variations are observed eastwards of Cerro Barboza with a
minimum of gravity changes.

3. Geophysical methods

The present study is based on gravity and magnetic anomalies
from the Instituto Geofísico Sismológico (IGSV), Universidad
Nacional de San Juan database.

Terrain corrected Bouguer anomalies were calculated from 5000
gravity stations collected by IGSV (Ruiz and Introcaso, 2004; Ruiz
et al., 2011b). The total field magnetic anomaly mosaic was pre-
pared by merging data from two aeromagnetic surveys (SEGEMAR,
1999, 2001). The merged grid was controlled and leveled by means
of terrestrial magnetic data (Ruiz et al., 2011a).

3.1. Analytic signal of magnetic anomalies

In this paper, the total magnetic gradient (analytic signal) of
magnetic anomalies has been used to enhance anomalies of tec-
tonic interest and to obtain some preliminary information on
source location and magnetization distribution. The use of analytic
signal amplitude (Nabighian, 1972) allows for the geophysical
prospecting in lowmagnetic latitudes. Conveniently, the amplitude
peaks exactly at the edge of the buried dipping contact causing the
magnetic anomaly (Nabighian, 1972; Roest et al., 1992; Nabighian
et al., 2005). The analytic signal is independent of inclination,
declination, remaining magnetization and dip, when the magnetic
sources are 2D (Blakely, 1995). The only disadvantage is that the
analytic signal anomalies are relatively much broader than the
lateral extent of the buried target.

To identify the possible subsurface geological structure within
the study area, the total field magnetic anomaly data needs to be
upward continued to 1.5 km before the total magnetic gradient
amplitude is calculated (Fig. 2b). A cursory examination of the
magnetic map reveals the following structural patterns.

(1) The magnetic fabric of Central and Eastern Precordillera
shows a sigmoid geometry with regional NeS trending. The
long-wavelength band is dominated by low-amplitude fea-
tures (cold colors). In the southwestern region, this pattern
converges sharply in a linear crest (hot colors) trending
NNW, coinciding with the beginning of the Southern Pre-
cordillera (Barreal-Las Peñas Belt).

(2) The Pie de Palo-Precordillera magnetic contact appears as a
semi-linear anomaly pattern trending NE from the north of
Southern Precordillera to the western Pie de Palo range
(Tulum fault system). There is an evident contrast in mag-
netic fabric across the contact line. To the east, the Pie de Palo
buried basement is dominated by trending lineaments par-
allel to the contact (NE) and transverse to it (NW). At least the
first 10 km of the magnetic belt stretching from the outcrops
of western Pie de Palo range to the Cerro Valdivia, have the
same magnetic characteristics.

(3) The limestone rocks of the Eastern Precordillera produce
low-amplitude analytic signal. The same pattern is shown in
the Tulum Valley basin, except for a maximum possibly
representing a local high of basement below San Juan City.
These anomalies consist of long wavelength and come from
deeper sources (basement sources). The San Juan City base-
ment block has high vertical crustal mobility, the boundaries
of which agree with three 4D gravimetric gradients of
about �0.005 mGal/yr (Ruiz et al., 2011b). The contour lines
of gravity time variations in are show in Fig. 2b.

(4) The analytic signal map reveals regional lineaments running
transversal to the orogenic front: (a) Salinas Grandes Mega-
fracture, (b) Barboza-Médanos Grandes lineament (Ruiz
et al., 2011b), (c) La Flecha fault, (d) Guanacache fault, (e)
Acequión Fault and (f) Barreal-Las Peñas Belt. These trans-
versal lineaments show displacements in its trend through
the PrecordilleraePie de Palo contact, inferred from the
anomaly patterns.

(5) Short-wavelengths of maxima (hot colors) are related to
rocks with high content of magnetite (crystalline rocks, red
sediments). These magnetic highs delineate: (a) the Cerro
Blanco pluton, (b) the Sierra Pie de Palo ophiolitic complex
(Vujovich, 2003), (c) Cerro Valdivia and Cerro Salinas, (d)
Carboniferous and Neogene deposits and (e) possible minor
intrusive subsurficial bodies.

Ruiz et al. (2011b) using 4D gravity data combined with gravity
and magnetic anomalies analysis have shown the existence of a
conspicuous lineament of maxima that connects the western
margin of Sierra Pie de Palo with Barboza and Valdivia hills and
converging to the Eastern Precordillera at the latitude of La Flecha
River. This lineament is the geophysical evidence of the Tulum fault
system, with Quaternary tectonic activity which represents a
basement structural high, buried bellow the Tulum basin. This
structure coincides with the contact (Pattern 2) analyzed in this
paper (Fig. 2b) and is highly correlated with more superficial
interpretation of Zambrano and Suvires (2008).

We interpret the magnetic contact between Precordillera and
Pie de Palo as an oblique coupling at the basement level of the
Caucete Group with meta-sedimentary rocks outcropping at the
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western slope of Sierra de Pie de Palo (Vujovich, 2003) as part of Pie
de Palo basement against Precordillera basement. Since faulting in
shallower sections is often controlled by reactivation of basement
faults, it is possible to expect that the modern shallow structures
reflect the basement fabric (Fig. 5). The oblique coupling of these
terranes with possible differential strain transfers could generate
structural complexities which could partly explain the sigmoidal
geometry of Eastern Precordillera and, by reactivation of ancient
basement structures, the faults transversal to the regional thrust.

In the last four years, four permanent GPS stations have been
installed in the area under study. Preliminary geodetic velocity field
reveals that the northern velocity component of Precordillera is
slightly greater than Western Sierras Pampeanas velocity (IGN,
2013). By calculating the horizontal vector difference between
CSJ1 (31�59’S, 68�26’W) and CSLO (31�45’S, 69�18’W) GPS stations
during the 2010e2012 records, we find 9.7 mm/yr, Azimuth 234�

(Fig. 2b). Temporary GPS data of Klotz et al. (2001) close to both
permanent stations allowed us to obtain 7.9 mm/yr, Azimuth 226�.
Part of this deformation (w5.0 mm/yr, Az 240�, obtained from
stations located at both edges of Precordillera (Brooks et al., 2003))
has been accommodated within the Precordillera (Siame et al.,
2006). The remnant SW directed dextral slip of w4.5 mm/yr, re-
inforces the idea of oblique basements convergence with strain
partially absorbed by transcurrent deformation and shortening,
deflecting the Eastern Precordillera westward.

The main magnetic lineaments, transverse to the direction of
the orogen are shown in Fig. 2b. These lineaments show a dextral
displacement on both sides of Tulum fault system. Furthermore,
based on the Analytic Signal map and surface geological evidence,
we have identified the location of the triangular zone, associated in
our interpretation to a high in the basement that has been high-
lighted by the second derivative of the Analytic Signal (Fig. 5) and
can be followed throughout the map. This high is also observed in
the Matagusanos-Maradona-Acequión valley as a linear maximum
with NS direction laterally offset by transverse lineaments.

3.2. Gravi-magnetometric inversion model

In order to make a gravi-magnetometric model of the area sepa-
rating the oppositely verging thrust systems of Precordillera, we
analyzed the total field magnetic anomalies and residual Bouguer
anomalies in an EeWsection, crosscutting the triangular zone (Fig. 5).
Fig. 5. Balanced structural cross-section calculated by 2D gravimetric inversion adjusted wi
anomaly (line) and residual anomaly (broken line). Bottom: crustal model. (For interpretation
of this article.)
Werner deconvolutions (red symbols) and Analytic Signal con-
tact depth solutions (black symbols) were carried out from the
magnetic field along the profile (Fig. 5). The solutions were
computed using PDEPTH software (Phillips, 2007). The Werner
deconvolutions and analytic signal (Nabighian et al., 2005)
methods for magnetic profiles have been widely used as part of an
automated interpretation routine system (Hartman et al., 1971; Ku
and Sharp, 1983; Tsokas and Hansen, 1996; Nabighian et al., 2005;
Gimenez et al., 2009; Ruiz and Introcaso, 2011). Assuming hypo-
thetical source geometry, the Werner-based deconvolution of the
recorded field yields a two-dimensional geological source distri-
bution and an associated magnetic parameter distribution: Wern-
er’s depths, horizontal locations, dip angles, and magnetic
susceptibility contrasts (Blakely, 1995). The Werner horizontal
gradient solution is a good indicator of the edge of a thick interface
body (contact). The use of these types of solutions leads to a close
approximation to depth estimation, and reveal the geometry of the
different magnetic bodies.

Sweeping the deconvolution operator along the magnetic field
profile, different series of solutions can be estimated (Fig. 5). Depths
are indicated by crosses, orientation vectors are indicated with the
same dip angles of each solution (dip angle of the body interface
with 90� ambiguity) and susceptibility contrasts proportional to the
vector size (Fig. 5). Contact solutions on the profile have been
analyzed, the foreland basin structural style has been identified and
major structures have been recognized, in particular the depth to
basement and edges of clastic continental (reddish) rock units.

Werner solutions are grouped into faults and strata layers. We
have interpreted a system of faults dipping to the east beneath the
Eastern Precordillera outcrops. Immediately to the west of this
structure, east-verging basement faults are interpreted. This is a
magnetic evidence of the tectonic triangular zone involving the
crystalline basement.

Residual decompensative gravity anomalies (Ruiz et al., 2011b)
have been used to calculate the inversion model. A two-step pro-
cess to isolate the upper crust signal from the gravity anomalies
was applied. First, an isostatic residual anomaly mapwas generated
by removing the gravity resulting from a modeled crustal root of
topography from the Bouguer anomalies, assuming Airy isostasy
(purely local compensation). Decompensative correction includes
removing the gravity contribution of the crustal compensation for
the geological load from the isostatic residual anomaly, to yield the
th Werner (red symbols) and analytic signal (black symbols) solutions. Top: calculated
of the references to color in this figure legend, the reader is referred to the web version



Table 1
Mean density from exploration wells on Tulum and Matagusanos
valleys. Wells of YPF: YPF-SJMA-1 (1961), YPF-SJ-M-es-1 (1981), YPF-
SJ-SP-es-1 (1985).

Mean density from hydrocarbon exploration

Layers Density g cm�3

NeogeneeQuaternary 2.35
Carboniferous 2.47
Devonian 2.50
Cambro-Ordovician 2.61
Cristalline basement 2.75
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decompensative anomaly (Cordell et al., 1991). We have approxi-
mated this correction by extending the isostatic anomaly upwards
by 35 km to filter out the upper- and mid-crust gravity contribu-
tions (Ruiz et al., 2011b).

The 2D gravity model was adjusted by the magnetic contact
distribution, and the structurally balanced cross-section based on a
seismic section located 10 km to the south (Giampaoli and Cegarra,
2003). The mean depth to the basement has been obtained in the
frequency domain from the logarithmic graph of the radially aver-
aged power spectrum versus wavenumber of the gravity and mag-
netic anomalies (Blakely, 1995). The long wavelengths of both
Bouguer and magnetic anomalíes have been analyzed in 65 kmwide
square windows (with the modeled cross-section in the center). By
fitting a straight line through the high-wavenumber part of the
spectrum we calculated a 5.2 km depth to the magnetic basement
and a 5.9 km mean depth to the gravity basement (Fig. 6).

In the gravity inversion model, the well known 2D GM-SYS
software based on Parker’s algorithm (Parker, 1972) was used. We
computed a model of five layers: topography (with lateral variation
of density obtained from outcrops); NeogeneeQuaternary layers
with a mean density of 2.35 g cm�3; Carboniferous deposits with a
mean density of 2.47 g cm�3; Devonian with a mean density of
2.50 g cm�3; Cambro-Ordovician layers with a mean density of
2.61 g cm�3; and a basement density of 2.75 g cm�3 (Table 1). The
layer densities were computed from sonic logs from Matagusanos
and Las Peñas oil exploration wells (YPF, 1961, 1981, 1985). Both
wells are located no more than 70 km of the modeled gravity
section. By means of Gardner’s velocityedensity relations (Brocher,
2005) we calculated the weighted average density of each layer.
The resulting model demonstrates that the basement crystalline
geometry and the most important structures of the upper crust can
be interpreted using this approach. The error between calculated
and observed anomalies in this case is very small (about 2.07%).

Faults were inferred from deconvolutions, considering the sur-
face geology. The most conspicuous result of the study is the tec-
tonic wedge facing the two vergences which was modeled as a high
on the faulted basement folding the younger sediments. Here, the
fold-thrust belt detachment is present in the lower Ordovician
shale. The model interpretation shows the influence of basement
structures in the change of vergences and the anomalous position
of the wedge, which runs toward the axis of the Zonda regional
fault south of the Quebrada de La Flecha. The main control of these
previous structures corresponds to the location of ramps in the
basement along which deep detachment thrusts propagating to-
ward the Quaternary sedimentary cover.
Fig. 6. Spectral depth estimates for the Precordillera basement from the logarithmic radial a
centered in El Mocho fan (Fig. 2c). Estimated mean depths to the top of the basement: Left
anomalies.
4. Discussion

The interpretation of the data centered in the area between the
La Flecha and Del Agua rivers produced the following results:

In the eastern edge of the depression, the Zonda regional fault
uplifted the Loma Redonda limestone range, where geomorphic ev-
idence (drainage patterns anomalies and several different alluvial
levels) suggests Quaternary tectonic activity (Fig. 3a). This west-
vergence thrust is deeply rooted affecting the basement by bringing
it close to the surface (Comínguez andRamos,1991;VonGosen,1992)
as it is shown in our inversion geophysical model (Fig. 6). The faults
observed in the El Mocho fan area and in its southern prolongation,
between the La Flecha and Del Agua rivers, show similar character-
istics to thosedescribed inMatagusanosbyParedes et al. (1996), Costa
et al. (1999) and Paredes and Perucca (2000). They are sub-parallel
reverse faults with high angle at the surface dipping to the east, in
coincidence with the Neogene sedimentary rocks bedding, high-
lighted by a peak of maxima in the analytic signal map (Fig. 2b).

In the Central Precordillera, conversely, the Cordón de Las Osa-
mentas is characterized by an east mountain front elevated by an
east-vergence thrust, whose plane is inclined between 20 and
50�W. This mountain front has a marked rectilinear trace and
shows faceted spurs, indicative of Quaternary tectonic activity.
Other faults in this region, as the Las Osamentas thrust and those
affecting the Cordón del Infiernillo and the Cerro Bachongo in the
east, have east vergence too.

Jordan et al. (1983a) pointed that one of the questions that must
be answered to understand the role of plate tectonics in deforming
continents concerned the extent of inherited structures such as
faults predetermining and controlling location of structural prov-
ince boundaries.

Milana (1990) pointed that Pie de Palo Norte lineament (Fig. 2)
bounds the northern end of the sierra de Pie de Palo and crosses the
verage power spectrum (ln P) as a function of wavenumber (K), window length 65 km
: fitting straight line through high K of total magnetic anomalies; right: from Bouguer
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Eastern Precordillera where it causes left-lateral offsets of Tertiary
units. Zapata and Allmendinger (1996a,b) and Zapata (1998)
considered that this sinistral fault may either branch off the
Eastern Precordillera decollement or cut deeper into de crust.

Paredes and Perucca (2000) indicated an eastward shift of the
triangular zone axis in the Matagusanos depression, bounded by
the Pie de Palo Norte Fault, and the Salinas Grandes mega-fracture
on the north and south, respectively (Fig. 2).

Siame et al. (2002, 2006) recognized that north of 31�S, the
Eastern Precordillera is characterized by thick-skinned, blind
thrusts and folds developed within the Neogene strata of the
Bermejo valley, whereas it is marked to the south by thick-
skinned emergent thrusts carrying mostly Paleozoic rocks.
These authors concluded that the location of this change in the
structural style of the Eastern Precordillera coincides with the
north Pie de Palo Fault, which trends WSW (Fig. 2a). Therefore,
the change of the triangle zone axis defined by the Central and
Eastern Precordillera interaction in this area may be partially
influenced by the Sierras Pampeanas active broken-foreland. The
authors concluded that the Andean back-arc of western
Argentina can be regarded as an obliquely converging foreland
where Plio-Quaternary deformations are partitioned between
strike-slip and thrust motions. These strike-slip and thrust mo-
tions are localized on the east-verging thin-skinned Argentine
Precordillera and the west-verging thick-skinned Sierras Pam-
peanas, respectively.

We are proposing a similar condition for the region between the
La Flecha and Del Agua rivers, but with a moremoderate jump. This
could have been caused by a faster advancement to the west of a
Paleozoic basement block that would have been limited to the
north by the La Flecha fault and to the south by the Guanacache
fault. The la Flecha fault dextrally offsets about 1 km the Sierra
Chica de Zonda front in relation to the Loma Redonda mountain
front, and almost 400 m to the Plio-Pleistocene deposits upstream
of La Flecha River.

From well data and electric resistivity surveys, Zambrano et al.
(2005) proved that the La Flecha fault continues several km to
the SE into the subsurface of the Tulum valley and that the Gua-
nacache fault, parallel to the La Flecha fault, coincides rather well
with the Del Agua River course. The authors noted that the Gua-
nacache fault continues to the SE in the subsurface of the Tulum
valley affecting Quaternary deposits (Fig. 2). These faults trend
more or less transverse to the NeS system. Probably those faults
orientedWNW have had diverse strike slip values, as it seems to be
shown in the surface and the subsurface structures and on our
results in the analytic signal map.

Fieldwork focused in the Del Agua Creek showed a reverse fault
affecting Carboniferous sedimentary rocks with a 275� azimuth,
which dips 87� to the north (Guanacache fault). Horizontal striae on
the fault plane (pitch 0�) support a strike-slip component. Although
it is unclear whether the fault directly affects Quaternary deposits,
it does control the drainage pattern in this area.

According to Ruiz et al. (2011b) the Caucete Group, as part of the
Pie de Palo basement, is related with a high of the basement buried
beneath Tulum basin. This lineament is named the Tulum fault
system (Zambrano and Suvires, 2008) and has evidence of high
tectonic activity with a topographic uplift of more than w10 cm in
the last ten years. By the analytic signal evidence, the Tulum fault
system (Fig. 2b) shows a conspicuous rectilinear lineament that
suggests an oblique coupling between both the Eastern Pre-
cordillera thrust and Western Sierras Pampeanas basement. This
structural complex interaction could generate a high seismic ac-
tivity (i.e. La Rinconada 1952, 6.8 Mw earthquake) by stress transfer
between both terranes in a regional thrust regime, generating
reactivation of pre-Neogene transverse faults.
Eastern Precordillera interacts at La Flecha and del Agua rivers
latitude with the Tulum dextral strike-slip fault system (SW
w4.5 mm/yr horizontal GPS velocity), involving basement. This
oblique basement convergence could have generated small rota-
tions in areas of basement weakness. It could have also generated
the shortening and the sigmoidal geometry of the fold-and-thrust
belts of Sierra Chica de Zonda and Pedernal ranges. Both buried
basement systems converge and strike with the Southern Pre-
cordillera at 32�100S, generating stress transfer and favoring the
reactivation of Triassic transcurrent NW structures such as that
described by Cortés et al. (2006) for the Barreal-Las Peñas belt.

The modeled cross-section shows the influence of basement
faults in the location of the tectonic wedge, in the form of a high on
the basement which would propagate toward the Quaternary
sedimentary cover.

5. Summary and conclusions

Neotectonic features between the La Flecha and Del Agua rivers
include several fault traces, developed within Quaternary deposits,
which are the result of the interaction of two morphostructural
fronts with opposite vergence. The west-vergence blocks of Eastern
Precordillera would have produced NNE-trending reverse faults
with the footwalls toward the west (El Mocho and parallel thrusts),
whereas the Central Precordillera thrust belt would have generated
NNE-trending reverse faults with downthrown blocks to the east
(Las Osamentas and La Chilca thrusts). Some EeW trending faults
show evidence of neotectonic activity, like the Cruz de Caña and La
Flecha faults. Analysis of recent structural data supports the argu-
ment of basement-involved tectonics on the foreland fold-and-
thrust belt whereas new geophysical work supports the thick-
skinned model for the Eastern Precordillera thrust belt. We have
therefore distinguished areas where prominent shallow deforma-
tion occurs (Central Precordillera) and those where basement
involvement dominates (Eastern Precordillera). In the studied area,
neotectonic activity is focused along Pampean-type thrusts, which
constitute the reactivation of the Sierras Pampeanas fabric, where
the orogenic front was displaced into its current position.

The change in the position of the triangle zone axis from N to S,
alternating to the east or the west along the Matagusanos-Mar-
adona-Acequión tectonic corridor, would have taken place during
the Quaternary and would possibly have been related to transversal
structures and to the Pie de Palo mountain range. These inherited
features could be explained by geodetic and geophysical evidences
of the oblique contact between the Eastern Precordillera and the
Pie de Palo basements. The stress transfer must have generated
significant neotectonic activity as the measurement of gravity
temporal changes related with uplift of Tulum faults system re-
veals. These transversal lineaments would have exerted a strong
control on the structural segmentation of Quaternary tectonic ac-
tivity along the northesouth mountain fronts of Central and
Eastern Precordillera.

Finally, this overall geometric framework provides new insights
about a classic area, illustrated by several field evidences and
geophysical and geodetic data.
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