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ABSTRACT

The Chilean Frontal Cordillera, near 28°45’S, provides a remarkable example to explore the evolu-
tion of the Central Andes; this area provides conspicuous pediment surfaces and continental depos-
its, which allowed us to analyse the timing and propagation of deformation which controlled the
Andes building during the Cenozoic using structural, geomorphological, sedimentological, strati-
graphic and geochronological data. The study area is characterized by outcrops of the Cerro del
Burro Gravels, a continental deposit which is surrounded by four morphostructural mountain sys-
tems. Based on a 46 Ma tuff affected by a syncline, which is sealed by a 44 Ma tuff, we recognized
an Focene fault activity that contributed to the uplift of the western and northern systems, which
have remained inactive during the last 44 Ma. The deformed lithologies during the last pulse of
activity of the western fault and the youngest lithology carved by pediment processes (21 Ma) indi-
cate a pediment surface developed during the Late Eocene and Oligocene. This pediment extended
below the Cerro del Burro Gravels associated to a base level which drained to the east. We also recog-
nized Miocene fault activity that played a main role in the uplift of the eastern and southern systems.
Geochronological, stratigraphic and geomorphological data suggest a first pulse of fault activity
between 19 and 13 Ma, which interrupted the pedimentation processes, developed an intramontane
depocenter, and forced the accumulation of the LLaguna Grande Succession in an alluvial-braided
fluvial environment. After 13 Ma, an erosive event evidenced by the incision of valleys, resulted after

the change in the extension and configuration of the hydric network.

INTRODUCTION

The evolution of the western margin of South America in
Northern Chile and Argentina has been governed by a
generalized subduction regime since the Jurassic (Coira
et al., 1982). Nevertheless, the growth of the Andean oro-
gen started during the Late Cretaceous and occurred dur-
ing several discrete episodes of crustal thickening
separated by periods of tectonic quiescence and/or exten-
sion (Steinman, 1929; Charrier e al., 2007). Since the
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Late Cretaceous, crustal thickening in the Central Andes
resulted in uplift and progressive widening of the chain
(Gubbels er al., 1993; Armijo et al., 2015). To explain
this late (compared to the long history of oceanic subduc-
tion) and episodic growth of the Cordillera, it has been
proposed that the phases of tectonic shortening occurred
either during periods of rapid and orthogonal conver-
gence between South America and the subducting plate
(Pardo-Casas & Molnar, 1987; Charrier ez al., 2009), or
during periods of rapid absolute westward motion of the
South American continent (Silver ez al., 1998; Sobolev &
Babeyko, 2005). Another factor that may also constrain
the intensity and location of continental shortening is the
geometry of the slab, possibly affected by the subduction
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of topographic disruptions (e.g., Pilger, 1984; Yanez
et al.,2001; Espurt et al., 2008). Horizontal slab segments
may favour both an increase in the continental shortening,
and the migration of shortening within the continental
plate (e.g., Gutscher e al, 2000; Ramos er al., 2002;
Martinod et al., 2010; Ramos, 2010).

During the widening of an orogen, foreland areas are
incorporated as intramontane basins, which are filled with
sediments as their base level disconnects from the fore-
land (Sobel et al., 2003; Ballato ez al., accepted). This
process has been largely studied on the eastern side of the
Central Andes that constrain the eastward migration of
the orogene (Sobel et al., 2003; Strecker ez al., 2009). In
contrast, the eastward migration is poorly documented on
the present-day western slope of the Andes. In this article,
we analyse the tectonic, sedimentary and geomorphologi-
cal evolution of an intramontane basin situated in north-
ern Chile close to 28°45’S, above the northern part of the
present-day Chile-Argentina flat-slab segment. The grav-
els that fill the studied basin are known as the Cerro del
Burro Gravels, and have only been studied at a regional
scale (Reutter, 1974; Nalpas ez al., 2009; Moscoso et al.,
2010). The geological and geomorphological evolution of
each morphostructural system conforming the study area
and its records (erosion, gravel deposits, development of
low relief surfaces) can help to unravel the tectonic history
of the basin and therefore can contribute to understand
the mechanisms and timing involved in the Cenozoic con-
struction of the Andes. With this aim, we present a mor-
phostratigraphic analysis of gravel successions, the paleo-
environment in which these series deposited, and analyse
the sedimentary provenance of sediments taking into
account grain counting of sands and geochronological data
of their U-Pb detrital zircons.

Geodynamic setting

The continental shortening responsible for the growth of
the Andean Cordillera has been attributed to the final
break-up of Western Gondwana, the opening of the
South Atlantic Ocean, and the beginning of the westward
drift of South America in the hot-spot reference frame
(e.g., Ramos, 2010). Following this, the Andean margin
has been subject to several discrete episodes of crustal
thickening (the so called tectonic phases), separated by
periods of tectonic quiescence and/or extension (Stein-
man, 1929; Charrier et al., 2007). The first two phases
correspond to the Peruvian and K-T orogenies, which are
recognized along the present day Coastal Cordillera and
in the western margin of the Frontal Cordillera, respec-
tively (Charrier et al., 2007; Salazar et al., 2013; Martinez
et al., 2016). During the Eocene a compressive event took
place in the Central Andes (the “Incaic” phase; Steinman,
1929; Jaillard & Soler, 1996; Lamb ez al., 1997). Later on,
during the late Oligocene-late Miocene, the Andean mar-
gin was affected by the “Pehuenche” compressive phase
(Yrigoyen, 1993), which has been related to the “Quechua
phase” identified further north (Steinman, 1929; Salfity
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et al., 1984; Charrier e al., 2009). This episode of crustal
shortening has been attributed to the sudden change in
the subduction parameters, the obliquity and velocity, fol-
lowing the rupture of the Farallon plate. The end of this
episode is associated to the beginning of the relief incision
in the forearc in the western slope of the Andes (Charrier
et al., 2009). Between the Incaic and Pehuenche phases,
the area along 30-36°S was controlled by a generalized
extensional regime (Charrier ez al., 2007, 2009; Winocur
et al.,2014).

The area studied in this work is located above the Chi-
lean flat-slab region (27-34°S; Fig. 1), where the Nazca
Plate is subducting subhorizontally beneath the South
American Plate (Barazangi & Isacks, 1976). Such configu-
ration has been attributed to the subduction of the Juan
Fernandez Ridge during the Neogene (Yanez et al.,
2001). Petrological and geochemical studies, as well as
geodynamic reconstructions, suggest that between 12 and
10 Ma the ridge arrived to the northern part of the flat-
slab region (Kay et al., 1988; Yanez et al., 2001; Kay &
Mpodozis, 2002). After the beginning of ridge subduc-
tion, a significant decrease in the volcanic activity has
been observed in the region (Bissig et al., 2002; Kay &
Mpodozis, 2002). The end of arc volcanism occurred
5 Ma ago (Bissig et al., 2002; Kay & Mpodozis, 2002;
Ramos ez al., 2002), indicating a delay of 7 Ma between
the beginning of ridge subduction and the configuration
of the present day flat-slab (Espurt ez al., 2008). In addi-
tion, the development of the flat subduction also deter-
mined the propagation of the deformation front to the
east (Ramos er al., 2002; Charrier et al., 2007; Espurt
et al., 2008; Martinod et al., 2013). The Pliocene and
Pleistocene crustal shortening was restricted to the Sierras
Pampeanas and the Precordillera in Argentina (All-
mendinger ez al., 1983; Jordan ez al., 1983; Ramos ¢z al.,
2002), nearly 200 km eastwards from the subduction
margin (Fig. 1; Pardo et al., 2002).

Local geology

The study area is located within the Frontal Cordillera
(Fig. 1), a series of NS thrusting belt that expose Late
Paleozoic basement trending blocks of crystalline base-
ment unconformably covered by Mesozoic and Cenozoic
strata (Fig. 2). The crystalline basement is made up of
granitic plutons, grouped in the Chollay Plutonic Com-
plex (Lower-Middle Triassic) intruding the Permian vol-
caniclastics and Devonian metasediments of the Las
Placetas Formation (Salazar er al., 2013; Salazar &
Coloma, Accepted). The Mesozoic cover is comprised by
the dacitic to andesitic volcanics of the Guanaco Sonso
and the La Totora formations (Middle to Upper Trias-
sic); the marine limestones and sandstones of the Lautaro
Formation (LLower to Middle Jurassic); the alluvial silici-
clastics of the late Jurassic Lagunillas Formation (Early to
Middle Jurassic; Mora, 2014); and fluvial to alluvial silici-
clastic of the Pucalume Formation (Upper Cretaceous;
Salazar & Coloma, Accepted). The Cenozoic cover in the
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Fig. 1. Morphostructural units and tectonic configuration of the Central Andes. CC, Coastal Cordillera; FC, Frontal Cordillera; CD,
Central Depression; DR, Domeyko Range; Pc, Precordillera; PC, Principal Cordillera; SP, Sierras Pampeanas; AP, Altiplano-Puna.
White lines show main faults: AF'S, Atacama Fault System; VSFF'S, Vicuna-San Félix Fault System; Valeriano-Chollay Fault Sys-
tem; LCEPFS, La Coipa-El Potro Fault System; SRPFS, San Ramén-Pocuro Fault System. Black box shows the location of the stud-
ied area. Black dotted lines indicate the geometry of the Wadati-Benioff zone as contours of depth, according to Cahill & Isacks (1992).
Black segmented line shows the international limit between Chile and Argentina. Image modified from Charrier e al. (2007) and
Rodriguez et al. (2014); faults extracted from Salazar ez al. (2013); Creixell ez al. (2013), Jara & Charrier (2014) and Contreras & Schil-

ling (2012).

area includes the siliciclastic and volcaniclastic rocks of
the Quebrada Seca Formation (Paleocene; ca. 63 Ma,
Fig. 2); an Eocene volcanic and intrusive complex located
at the northwest corner of the study area (The El Gaucho
beds and the Tres Morros Plutonic Complex); alluvial
siliciclastics to the east (Manflas Beds) and the volcanics
of the Escabroso Formation, of ca. 21 Ma, in the eastern
half of the study area (Salazar & Coloma, Accepted). The
semi consolidated Cerro del Burro Gravels (CBG) is
unconformably deposited above these series (Moscoso
et al., 2010). Further details of this gravel deposit are
presented in the next section.

The structural style of the study area is controlled by
the uplift of four morphostructural systems through

© 2016 The Authors

bivergent reverse faults (Salazar & Coloma, Accepted)
that surround the main Miocene depocenter (Fig. 2).
The western system was uplifted by the east vergent Vale-
riano Fault. This fault is sealed by the Laguna Grande
Succession and deforms a Paleocene volcanic sequence in
a footwall syncline, which constrains its activity between
63 and 21 Ma. (Fig. 3a). The hanging wall of this major
fault is composed or Permo-Triassic basement and Meso-
zoic rocks, all unconformably covered by the Eocene El
Gaucho beds, indicating an Eocene uplift of this system.
This fault does not present any morphological expression.
The northern morphostructural system was uplifted by
two opposite vergent reverse faults (Fig. 4), which gener-
ated a wide anticline in the Mesozoic to Eocene strata.
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Fig. 2. Geological map of the Laguna Grande Lake area. Red stars show the location of the outcrops described in this work, and white
triangles and rectangles show the U-Pb zircon ages reported by Ortiz & Merino (2015) and Salazar & Coloma, Accepted, respectively.

This structure is unconformably covered by ca. 21 Ma
volcanic rocks and by the CBG (Fig. 2). Additionally, an
internal tight syncline within this uplifted relief affects a
46 Ma tuff and is sealed by another 44 Ma tuff (Fig. 3b;
Mpodozis & Gardeweg, 2008; Salazar & Coloma,
Accepted), thus defining the age of last pulse of deforma-
tion to the Eocene. The eastern morphostructural system
was uplifted by a series of west-vergent reverse faults
grouped in the La Coipa-El Potro Fault System (Salazar
& Coloma, Accepted; Fig. 2) which extends approxi-
mately for 200 km. This fault system is characterized by a
thick-skinned deformation style that uplifts deep base-
ment blocks over the Cerro del Burro Gravels (Salazar &
Coloma, Accepted). The southern morphostructural sys-
tem was uplifted mainly by west vergent reverse faults
(Salazar & Coloma, Accepted).

METHODOLOGIES
Geomorphological analysis

In the study area, low relief surfaces (slope <20° and relief
<600 m) define several pediment relicts in the watersheds
interfluves of the morphostructural systems and terraces
in the slope of valleys (Bissig ez al., 2002; Aguilar et al.,
2011; Rossel, 2014). These surfaces were mapped based
using a morphometric data
extracted from a digital elevation model, where we evalu-
ate elevation and slope (SRTM, ~90 m of pixel size), and
observations of Google Earth images. We also mapped
the contact between the CBG and the basement to obtain
an approximation of the surface below these gravels. This
was done based on field observations, and using a series of

on field observations,
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Fig. 3. Photographs showing Eocene deformation recognized in the study zone. (a) NW view, showing the deformed Paleocene Que-
brada Seca Formation, overlain by Permo-Triassic basement uplifted by the Valeriano Fault, which in turn is covered by the CBG; (b)
S view showing the internal syncline affecting a 46 Ma tuff, which is sealed by a 44 Ma tuff.

ASTER RGB band combinations. Subsequently, the con-
tact and the low relief surfaces were interpolated, sepa-
rately, using the Natural Neighbour method (Sambridge
et al., 1995). This allowed us to reconstruct the current
geometry of the paleotopography before the deposition of
the CBG and also the surface that represents to the top of
this deposit.

Depositional environment and sedimentary
provenance

In order to establish the depositional environment of the
Cerro del Burro Gravels (CBG), we carried out a compre-
hensive sedimentological and stratigraphic study. Three
outcrops were studied in detail during field work (Fig. 2),
where three stratigraphic columns were constructed and a

© 2016 The Authors

series of lithofacies were defined, following the facies code
of Miall (1996) and Horton & Schmitt (1996).

The composition of sediments was analysed during
field work and on 9 thin sections extracted from sand lens
and sand matrix of gravels. We also performed a prove-
nance analysis using the Gazzi-Dickinson point count
method developed independently by Gazzi (1966) and
Dickinson (1970). This method minimizes variation in
composition with grain size, thus eliminating the need for
sieving and multiple counts of different size fractions
(Ingersoll er al., 1984). Three hundred points were
counted per section, using the maximum grid spacing that
resulted in coverage of the entire slide section, which
yielded statistically reliable values for all parameters (Van
der Plas & Tobi, 1965). Matrix and cement were not
counted (Ingersoll et al., 1984).
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Fig. 4. Simplified map, showing active structures and uplifted areas: (a) Eocene faults and N and NW mountain system uplifted by
these structures. Volcanic and clastic deposits developed during Eocene are also shown; (b) Miocene faults, which uplifted the E and S
mountain system. Volcanic and clastic deposits developed during Miocene are also presented.

Age determinations in zircons were performed in three
samples (see Table S1, Table S2 and Table S3 of
Appendix S1) in order to obtain a better understanding of
the geological framework for the gravels deposition. We
also performed a morphological study of zircons through
cathodoluminescence (CL.) images to improve the selec-
tion of crystals and points of determinations and helping
to establish their origin, as intrusive or extrusive.

Zircons separation and U-Pb detrital zircon analysis
were performed in the Chilean Geological Survey (Servi-
cio Nacional de Geologia y Mineria). Zircons separation
was done using standard mineral separation techniques.
After crushing and sieving, zircon grains were separated
using a Gemini Table, a Frantz magnetic separator and
heavy liquids (bromoform and methylene iodide). Final
zircon selection was achieved by hand-picking using a
binocular microscope. For U-Pb analyses, zircon grains
were firstly mounted in an epoxy resin that was polished
to expose the grains. U-Pb analyses were conducted by
laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS; Servicio Nacional de Geologia y
Mineria) in a Thermo Fischer Element XR spectrometer
with a Photon-machines Analyte G2 laser.

Detrital zircon age diagrams were elaborated using the
geochronological toolkit Isoplot (Ludwig, 2003) and the
age peaks were determined using the Excel macro Age-
pick program (Gehrels, 2009). To determine the source of
each zircon, Th/U rates were plotted, following the
parameter defined by Rubatto (2002). Determinations
with discordance over 25% or reverse discordance over

294

5% were considered unreliable and were not used. Analy-
ses with an error greater than 10% were also excluded.
For further details of U-Pb determinations see the
Appendix.

RESULTS
Geomorphology

In the study area, several low relief surfaces were recog-
nized. In the western morphostructural system is recog-
nized an extending erosive low relief surface (Figs 5 and
6a), called the Las Pintadas Surface. This surface tilts to
the south and east, with elevations between 3.2 and 4.5 km
a.s.l. and between 1.6 and 0.8 km above the bottom of the
main present-day valley. To the east, this surface is covered
by the Cerro del Burro Gravel (CBG) deposit (Figs 5 and
6a). The interpolated contact between the gravels and the
bedrock indicates the continuity to the east of the smooth
covered erosive surface. This surface shows a southward
average slope of 5°, being generally less than 10°, and is
between 0.2 and 0.6 km above the bottom of the main val-
ley. The interpolation also shows a bedrock high, to the
north, which limits the basin. Such higher bedrock corre-
sponds to the Eocene structure that uplifted the northern
morphostructural system (Figs 4a and 5). Large outcrops
of Permo-Triassic rocks have been carved by the Las Pin-
tadas Surface, as well as volcanic Eocene to lower Miocene
successions, indicating a long-term evolution of this pedi-
ment surface, which developed until Miocene.

© 2016 The Authors
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Fig. 5. Shaded relief map with the Las Pintadas Surface, the interpolation of the covered surface under the gravel deposit (covered
Las Pintadas Surface) and the Las Taguas Surface. Colours represent the height of these two degradational low relief surfaces. Black
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The top of the gravels deposit defines the aggrada-
tional Laguna Grande low relief surface. This surface is
only preserved from erosion in the interfluves between
the Laguna Grande and Laguna Chica lakes (Figs 5 and
6a). The altitude of this aggradational surface varies
between 3.6 and 4.4 km a.s.l., which is between 1 and
1.4 km above the bottom of the main valley. The distri-
bution of gravel thickness reveals a major accumulation
to the south with up to 840 m and a progressive north-
ward decrease up to 400 m (Fig. 3).

Low relief surfaces and gravel deposits are interrupted
by the LLa Coipa-El Potro Fault System, which uplifts the
eastern morphostructural unit (Figs 4b and 5). In this
system, erosive low relief surfaces are only preserved in
the interfluves. These surfaces, grouped in the ILas
Taguas Surface (Fig. 5), are between 4.9 and 5.4 km
a.s.l., which is between 1.7 and 2.2 km above the bottom
of the main valley. As the Las Pintadas Surface, this sur-
face has been carved in lower Miocene volcanic succes-
sions (Fig. 2), but it does not have a gravel cover.
Therefore, we propose that the Las Taguas surface corre-
sponds to the eastern extension of the Las Pintadas Sur-
face, uplifted by the La Coipa-El Potro Fault system.
These observations indicate that the paleogeography and
the evolution of the CBG depocenter has been controlled
by the uplift of the eastern morphostructural system.

Along the slopes of the main valley, the Las Pintadas
Surface has been exhumed and partially covered by
reworked gravels. The exhumed surface was affected by
geomorphic processes, forming terraced and talus flatiron,
which define the Quebrada Larga Surface (Figs 6b—d).
Upstream of the valley, this surface progressively disap-
pears and the gravels are reworked by quaternary colluvi-
ums and alluvial fans (Fig. 6e), which construct the
terraces near of valley bottom, only eroded by the most
recent incision (Aguilar, 2010).

Facies associations and depositional
environments

The Cerro del Burro Gravel (CBG) deposit is composed
mainly of polymictic coarse clast and matrix supported
gravels with intercalations of lenticular and tabular sands
(Rossel, 2014). Two distinct successions were defined
separated by erosional unconformities and correlated
with the previous geomorphologic analysis of low relief
surfaces. These, from older to younger, have been
grouped in the Laguna Grande and Quebrada Larga suc-
cessions (Figs 5 and 6). The 21 Ma dacitic tuff under the
Laguna Grande Succession and the 13 Ma tuff interca-
lated with the Quebrada Larga Succession allowed us to
constrain the deposition age for the CBG deposit
(Fig. 2).

Laguna grande succession

The Laguna Grande Succession corresponds to the thick-
est deposit, which overlays a 21 Ma dacitic tuff and
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basaltic flows. This succession occurs in a topographical
N-S trending depression flanked by uplifted mor-
phostructural systems configuring an intramontane basin
(Fig. 2). As described before, the depression is flanked to
the west by Eocene structures. To the east, some of the
recognized faults cut the Laguna Grande deposits, sug-
gesting a Miocene to present activity (Fig. 4b). The
thickest outcrop of the Laguna Grande Succession (col-
umn A; ~300 m) is exposed next to the Laguna Grande
Lake (Fig. 2). In this location, although the same lithofa-
cies were identified along the section, a general vertical
variation on their distribution is observed.

The basal part (0-150 m) of the succession consists
of thick series of stratified, clast-supported and
unsorted gravels showing sub-rounded to sub-angular
clasts, with diameters up to 0.8 m, in a matrix com-
posed of medium to coarse sand. These series are
inferred to represent clastic rich debris flow deposits
(facies Gci, Gen and Gem; Table 1; Figs 7 and 8).
Subordinately, matrix-supported unsorted gravels (fa-
cies Gmm and Gmg), interpreted as pseudoplastic deb-
ris flow deposits, are intercalated within the clast-
supported facies. Both clast- and matrix-supported
gravels occur as tabular layers that vary laterally to
decimetric to metric fillings of previously carved chan-
nels (Fig. 7al and a2), representing the backfilling
stages on the cyclic evolution of the alluvial system
(Schumm ez al., 1987). Massive decametric tabular and
lenticular shaped beds, with erosional bases of medium
to coarse sands (facies Sm), are inter-fingered with the
debris flow deposits. These are inferred to represent
stream and flood flows desiccated, and channel infill
facies, respectively, suggesting a shallow braided sys-
tem. Such systems are developed widely on the “dis-
persion” stages of the cyclic evolution of an alluvial
fan system, and are usually linked to the release of an
entrenched flow, whether from the main feeder canyon
or by the generation of a distal depositional lobe
(Schumm ¢z al., 1987; DeCelles et al., 1991). The
basal section also contains minor centimetric intercala-
tions of silt and mud with occasional desiccation
cracks, which are interpreted as overbank and aban-
doned channel deposits (facies Fm). Finally, discrete
levels of carbonate indurated strata occur within the
sandy matrix of gravels (facies P), which are inter-
preted as carbonated paleosols revealing periods of rel-
ative stability and hiatus in the deposition. The
observed facies in this basal section suggest a proximal
alluvial fan environment dominated by aggrading
debris flow deposits with important coarse sediment
supply in a dry environment.

The upper part (150-300 m) of the Laguna Grande
Succession is also made up of debris flow deposits, but
it is dominated by the stacking of matrix-supported
gravels (facies Gmm and Gmg; Figs 7 and 8). The clasts
and matrix are similar in composition to the basal mem-
ber but the matrix is more abundant and block diameters
reach up to 1.2 m. Massive parallel and tabular strata
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Basin Research © 2016 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists



Chilean Frontal Cordillera Building

Quaternary _
alluvial-fan = _

Fig. 6. (a) 3-D oblique GoogleEarth view showing the following surfaces: Las Pintadas (red), Las Taguas (yellow), Laguna Grande
(blue), Quebrada Larga (pink), Los Tambillos (green). Black stars show the locations from where photographs b, ¢ and d were taken.
(b) NW view showing the relation between the Las Pintadas, Laguna Grande and Quebrada Larga surfaces. (c) E view towards the
eastern mountain system, showing the Las Taguas, I.aguna Grande and Quebrada Larga surfaces. (d) N view showing the relation
between aggradational surfaces. (¢) Oblique 3-D display (GoogleEarth) showing approximate location of photograph f; (f) N view of
the Los Tambillos Succession folded by the La Coipa-El Potro Fault System.
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Table 1. Description of the observed lithofacies. Facies based on Miall (1996)

Code

Facies

Description

Depositional processes

Gmm

Matrix supported, massive
gravels

Gmg Matrix supported gravels

Geci Clast supported, inversely graded

gravels

Gen Clast supported normally graded

Sub-angular to sub-rounded, ungraded
gravels, in a sandy matrix.

Sub-angular to sub-rounded, inverse to
normal grading gravels, in a sandy
matrix.

Sub-angular to sub-rounded gravels,
showing inverse grading.

Sub-angular to sub-rounded gravels,

Sub-angular to sub-rounded, ungraded

Plastic debris-flow (Miall, 1996).

Pseudoplastic debris-flow (Miall, 1996).

Clastic rich debris flow or pseudoplastic
debris flow (Miall, 1996).

Hyper-concentrated flow, high-density
turbidity currents (Horton & Schmitt,
1996).

Plastic or pseudoplastic debris-flow
(Miall, 1996).

Minor channel fills, transverse
bedforms, deltaic growths from older

gravels showing normal grading.

Gem Clast supported, massive gravels

gravels, in a sandy matrix.

Gpt Planar and trough cross-stratified Matrix supported gravels with trough
gravels and planar cross-beds.

Spt Planar and trough cross-stratified Planar and trough crossbedded sands
sand

Sm Massive sand Unstratified fine to coarse sand.

Fm Mud, silt

P Paleosol carbonate

Massive mud with desiccation cracks.

Indurated carbonate strata.

bar remnants (Miall, 1996).
Lower-flow-regime conditions (Miall,
1996).
Subaereal waning flood flows (Horton &
Schmitt, 1996) and desiccation.
Overbank, abandoned channel or drape
deposits (Miall, 1996).
Soil with chemical precipitation (Miall,
1996).

and lenticular shapes of sands (facies Sm) are more
abundant than in the base of the succession. Thinner to
medium lens of clast-supported gravels are interfingered
with the matrix-supported gravels. Carbonate cemented
strata (facies P) are also present. These facies also sug-
gest a proximal alluvial fan environment, although the
increased abundance of clast-poor debris flows suggests
a more evolved stage than that from the basal section
(Blair & McPherson, 1994).

To the east of the column previously described,
another outcrop (~150 m) of the Laguna Grande Suc-
cession was studied near a trace of the La Coipa-El
Potro Fault System (Fig. 2). The upper part of the suc-
cession (~500 m thick) is covered by modern colluvial
deposits and is not exposed. The remaining parts con-
sists almost exclusively of matrix-supported gravels (fa-
cies Gmm and Gmg) inter-fingered with a few thinner
lenticular sands (facies Sm) and clast-supported medium
gravels (facies Gei, Gen and Gem; Figs 7b1, b2, and 8).
The diameter of blocks reaches up to 1.2 m and clasts
and matrix are similar in composition to the western
succession. Carbonate strata (facies P) are persistently
present throughout the entire succession, reflecting hia-
tuses during the deposition. The eastern column corre-
lates well with the upper member of the western column
but the abundant sandy facies suggests a more distal
position to the east (Blair & McPherson, 1999). How-
ever, more subangulous clasts are observed in the east-
ern column, as well as brownish less dense and
disaggregated beds, indicating load casts, which were
not present in the other outcrops. These clasts and load

casts suggest a contribution from a nearby source, prob-
ably from the east, from the block uplifted by the La
Coipa-El Potro Fault System.

Quebrada larga succession

The Quebrada Larga Succession outcrops surrounding
the Laguna Grande Succession, in a lower elevation, but
several meters above the current valleys (~300 m). Most
of the Quebrada Larga Succession are recognized along
the Quebrada Larga Creek and near the Laguna Grande
and Laguna Chica Lakes (Fig. 5). Minor deposits in the
Cajon del Encierro have a ca. 13 Ma Dacitic tuff interca-
lated near its base (Fig. 2; Ortiz & Merino, 2015), which
represents the maximum age of this succession and a min-
imum age for the deposition of the ILaguna Grande
Succession.

The studied column for the Quebrada Larga Succes-
sion (~90 m) is located near the head of the homonymous
river (Fig. 2). This succession includes thick layers of
massive and cross-bedded sands (facies Spt and Sm;
Fig. 7¢2), minor intercalations of matrix-supported grav-
els, unsorted massive gravels and cross-bedded gravels
(facies Gem, Gpt; Fig. 7c2). Clasts of the gravels are sub-
rounded to sub-angular and the matrix is composed of
medium to coarse sand. Intercalations of many levels of
gravel and sand, with lenticular shapes and erosional bases
are frequent. Desiccation cracks developed on silt (facies
Fm) and layers with chemical precipitation (facies P) are
also observed, which suggests abandoned channels and
periods of stability. The common development of cross
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Fig. 7. Outcrop photographs of the stratigraphic sequences. The names of the lithofacies are adapted from Miall (1996), and
described in Table 1. (al) lithofacies association of the base of the Laguna Grande Succession (Column A), represented by thick clast-
supported gravels; (a2) lithofacies association of the top of the LL.aguna Grande Succession (Column A), characterized by a greater con-
tent of matrix-supported gravels and sands; (bl) lithofacies association observed to the east of Column A, mainly composed by matrix-
supported gravels and sand layers (Column B); (b2) brownish less dense and disaggregated load casts only observed in Column B; (c1
and c2) lithofacies association of the Quebrada Larga Succession, where predominant sandy facies are observed.

lamination and stratification indicates the dominance of
turbulent flows, as well as the abundance of gullies carved
in older deposits. This suggests a sheet flood dominated
alluvial fan environment (Blair & McPherson, 1994).

The Quebrada Larga Succession is composed predomi-
nantly by fine sediments, which were deposited as diluted
flows with channel infill (lens shaped bodies), and minor
occurrences of matrix-supported debris flows (Fig. §),

© 2016 The Authors
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which differs from the facies identified in the Laguna
Grande Succession.

Sand composition and sedimentary
provenance

In general, the gravels are composed of granitic, granodi-
oritic, dioritic and extrusive fragments. Granitic clasts
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include monzogranite and syenogranite, both with middle the syenogranite present muscovite and amphibole, and a
to coarse grain. Monzogranite presents biotite and scarce reddish colour. Middle grain granodiorite fragments pre-
amphibole, and a pinkish characteristic colour, whereas sent amphibole and biotite, and a white-greyish colour.
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Dioritic fragments have a fine to middle grain, and a grey-
ish appearance. On the other hand, volcanic clasts include
effusive and tuff fragments. In general, they correspond
to andesites, with minor content of dacites and basalts.
The tuffs are crystalline and have a greyish colour.

In general, in the western column of the Laguna
Grande Succession, the most abundant gravel fragments
are the granites, followed by lavas, granodiorites and dior-
ites and tuffs. To the east, this proportion is maintained,
although in some cases the lava fragments exceed the
granitic clasts.

Samples of sands of the Laguna Grande Succession are
composed by variable amounts of lithic fragments (2—
20%), quartz (20—-50%) and feldspar (40—65%). Obtained
data were plotted on the provenance discrimination dia-
gram of Dickinson ez al. (1983). Considering only the
lithic fragments, most of the samples show a predomi-
nance of intrusive grains, followed by volcanic grains and
scarce sedimentary grains (Fig. 8). In some cases volcanic
content is intermediate (samples GR-14, 26A and 28A).
The basal and top samples of Section A (Samples GR-4A
and GR-22) have more volcanic content, with minor plu-
tonic contributions, indicating an arc signature (Fig. 9).
In contrast, the rest of the samples show an uplifted base-
ment signature (Fig. 9).

Volcanic rocks outcrop in all morphostructural systems
surrounding the CBG. Some of them are partly intruded
by Permo-Triassic granitic plutons (Laguna Chica and
Guanaco Sonso Formations), while others are uncon-
formably overlying them (La Totora Formation, El Gau-
cho Beds and Escabroso Formation). Therefore, the
relative abundance on volcanic fragments on the top sam-
ple may be explained by the unroofing of any of the base-
ment blocks or simply by the growth of the drainage
network by regressive erosion through a heterogeneous
bedrock. On the other hand, the basal volcanic rich sam-
ple could proceed from the erosive surface carved in the
Eocene El Gaucho Beds, northwest of the CBG, or from
the early Miocene volcanic succession located below the
gravels and to the east. Sedimentary grains observed

Chilean Frontal Cordillera Building

under the microscope are derived from Mesozoic series,
whose outcrops are scarce and are only present in the
western mountain system. Coarse grained granitic pluton
is the dominant lithology around the CBG, where perthi-
tic and myrmekitic textures are common (Salazar et al.,
2013; Salazar & Coloma, Accepted), determining their
dominance on the grain counting analysis. Chloritized,
fine-grained dioritic grains are scarce. These fragments
are similar to the Eocene plutons, which outcrop mainly
to the northwest of the gravels. However, these grains are
not abundant, which suggests that although there was a
contribution from this area, it was not significant. Finally,
these results show a local provenance for the CBG, con-
sistent with the proximal alluvial fan environment inter-
preted from the sedimentological analysis.

U-Pb ages of detrital zircons

We obtained 292 U-Pb age determinations of the Laguna
Grande Succession: 63 were performed in a basal sample
(GR-4A) from the western succession, while 110 and 119
were respectively performed in samples (GR-23 and GR-
29) from the middle and top of the unit from the oriental
succession (Fig. 6). Results from the morphological study
of zircons through cathodoluminescence (CL) showed
that most zircons have morphologies indicating an intru-
sive origin (Fig. 10), according to Corfu et al. (2003),
which is consistent with grain compositions observed in
thin sections (I'ig. 8). Some zircons show distinctive mor-
phological characteristics of volcanic origin, with Triassic,
Eocene and Miocene ages. In addition, the Th/U ratio
suggests an igneous nature for most of the analysed zircon
grains, and only one zircon grain shows a Th/U ratio near
the igneous-metamorphic limit (Rubatto, 2002).

The three analysed samples show very similar detrital
zircon age patterns (Fig. 11). Nearly 90% of the analysed
zircons in each sample are of Permo-Triassic age
(Fig. 11), with a prominent main peak of Early to Middle
Triassic age. However, there are differences between the
three samples. The stratigraphically upper sample

Transitional
Continental

Basement
Uplift

Fig. 9. QFL plot, after Dickinson et al.
(1983), for stratigraphic columns A and
B. Q = total quartz grains; F' = total

Craton interior

Simbology

Recycled
Orogenic
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Dissected Arc
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Fig. 10. Cathodoluminescence images of selected zircon grains in samples GR-23 and GR-29. The location of analysed spots and the

measured ages are shown.

(GR-29) shows a peak at 246 Ma, with a dispersion tale of
younger ages, while the stratigraphically lower samples
(GR 23 and GR-4A) have peaks at 234 Ma and 238 Ma,
respectively, with a tale dispersion of older ages. The
main early to middle Triassic peak is consistent with the
ages determined for the Chollay Plutonic Complex (248—
237 Ma; Salazar et al., 2013), the most widely exposed
unit around the CBG (Fig. 2). The middle to late Per-
mian ages may correspond to relicts of the wall rocks of
the latter complex, which crop out near the Laguna Chica
Lake and west of the CBG. Finally, the late Triassic zir-
cons agree well with the age of the I.a Totora Formation,
which unconformably overlies the Chollay Plutonic Com-
plex.

A few Eocene zircons were identified in each sample
with no statistical significance (Fig. 11). However, their
systematic presence in every sample suggests a detritus
supply from a source of this age. The only Eocene rocks
in the area are restricted to the northwest of the CBG,
corresponding to the El Gaucho Beds and the Tres Mor-
ros Plutonic Complex (Fig. 2).

The youngest zircon age population is recorded in a
sample collected at the middle of the section (GR-23)
with a peak at 20 Ma (Fig. 11). The basal sample GR-4A
also shows two zircons with ages around 20 Ma. This data
allow us to constraint the age of the CBG to a maximum
of 20 Ma. Rocks of this age are those from the Escabroso
Formation, which underlies the CBG and crops out in the
eastern morphostructural system.

Detrital zircon and grain counting analyses indicate
proximal sources for the Laguna Grande Succession of

the CBG, which is consistent with the proximal alluvial
fan environment inferred from the sedimentological anal-
ysis. Furthermore, the age of detrital zircons suggests
sources of detritus coming mainly from the west and
northwest of the CBG.

DISCUSSION

Gravels depositional environment, age and
provenance

The facies observed in Laguna Grande Succession sug-
gest a proximal alluvial fan, dominated by aggrading deb-
ris flow deposits with important coarse sediment supply
in a dry environment, which grades to a more distal envi-
ronment to the east and to the top. This diminution of
energy with time may have occurred during the filling of
the basin, due to the generalized erosion and pediplana-
tion of the western mountain system. Sedimentation may
have retrograded above a pediment surface formed by
scarp retreat towards the west. Point counting in sands
reveals dioritic and granodioritic fragments, which agrees
with the identified facies. These fragments, indeed, are
indicative of a contribution from the west and northwest,
where pediments are described by the geomorphologic
analysis (Las Pintadas low relief Surface; Figs 5 and 6).
The youngest age in the detrital zircon is 19 Ma, indicat-
ing the maximum possible age of the Laguna Grande Suc-
cession. These Miocene ages correspond to the volcanic
Escabroso Formation. This formation outcrops to the east
of the gravel deposits, in the mountain system uplifted by

© 2016 The Authors
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Fig. 11. Concordia diagrams and probability diagrams of detrital zircons ages for different samples.

the La Coipa-El Potro Fault System, and is partially cov-
ered by gravels.

The clast composition of the Quebrada Larga Succes-
sion is similar to that observed in the TL.aguna Grande
Succession, although is composed predominantly by fine
grain sediments deposited as diluted flows. This

© 2016 The Authors
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succession resulted from a sheet flood dominated alluvial
fan environment, suggesting a development due to the
remobilization and redeposition of the Laguna Grande
Succession, instead of a common provenance. The Que-
brada Larga Succession is located in a lower elevation
compared to the Laguna Grande Succession, because it
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formed following the incision and rework of this unit.
The 13 Ma-old dacitic tuff intercalated in gravels of the
Quebrada Larga Succession, in addition to geomorpho-
logical and stratigraphic observations, indicates an ero-
sional discordance between these successions, and
confirms that the Quebrada Larga Succession deposited
after the Laguna Grande Succession. According to the
youngest age in the detrital zircons and the age of the
dacitic tuff the deposition of the Laguna Grande Succes-
sion occurred between 19 and 13 Ma, implying that the
incision and reworking started close to 13 Ma.

Mountain building and landscape evolution

Many studies in Northern Chile, Southern Pera and Boli-
via, have shown that the Central Andes have grown dur-
ing the Cenozoic in response to crustal shortening and
thickening processes (Isacks, 1988; Garzione ez al., 2008;
Strecker et al., 2009).

In the following sections we analyse the morphostrati-
graphic and tectonic evolution of the studied area
(Fig. 12), constrain the timing of mountain building, the
landscape evolution resulting from the erosive response,
and compare with other studies in neighbouring regions
(Fig. 13).

Eocene-Oligocene orogenesis and pedimentation

The evolution of the studied area is largely controlled by
the uplift of the western mountain system above the Vale-
riano Fault (Fig. 12a). Geological observations indicate
that the activity of this fault is bracketed between 63 and
21 Ma, i.e. before the deposition of the L.aguna Grande
Succession (Fig. 3a). However, three main geological
observations indicate a fault activity largely older than the
early Miocene: (1) the presence of the Las Pintadas Sur-
face, which is carved on the western system, (2) the cur-
rent absence of a topographic expression of the fault itself,
and (3) the Focene El Gaucho beds unconformably over-
lying the basement and Mesozoic units in the hanging
wall (Fig. 3). This interpretation agrees with the internal
syncline affecting a 46 Ma tuff sealed by a 44 Ma tuff
observed in the northern basement system (Fig. 3b),
which corresponds to the most recent activity that
affected the western mountain system. Thus, the main
activity of the Valeriano Fault most likely occurred
between 63 and 45 Ma (Fig. 13), and we can constrain
the uplift of this mountain system before ~45 Ma.

Sixty kilometre west of the studied area, geological
observations of Pineda & Emparan (2006), Creixell et al.
(2013) and Salazar et al. (2013), based on contact rela-
tionships and chronological analyses, evidence a late
Eocene activity on a ~150 km-long thrust system (Vicuna
and Rivadavia faults) with both west and east vergences.
Around 110 km to the south, in the El Indio Belt (~30°S),
Martin et al. (1997) described a structural domain in
which north-striking, high-angle, reverse faults were
active between 54 and 27 Ma, which could be related to
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Fig. 12. Evolution of studied area from Eocene to present. (a)
Late Eocene: the “Incaic Relief” dominates the geography in the
west and northwest areas; (b) pedimentation processes following
the “Incaic” orogeny; (c) volcanism developed during early Mio-
cene; (d) accumulation of the Laguna Grande Succession; ()
hydrological reconfiguration, due to the establishment of a climatic
barrier, leading to the Quebrada Targa Succession development; (f)
major effects of hydrological reconfiguration with the development
of the Los Tambillos gravels and the final modern valley incision.

the FEocene deformation described in the studied area.
Recent studies developed near 28°S identify a compres-
sive pulse during the early Paleocene, based on an angular
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unconformity between the synorogenic Quebrada Seca
Formation (65-60 Ma) and the late Jurassic Lagunillas
Formation (Martinez et al., 2015). All these studies indi-
cate that the deformation of the western Frontal Cordil-
lera was accommodated by several thrust systems during
the Paleogene.

Recent reconstructions developed further north
(~20°S) reveal that the main shortening and crustal thick-
ening processes occurred between 50 and 30 Ma (Fig. 13;
Maksaev & Zentilli, 1999; Armijo et al., 2015), under a
thick-skinned structural style (Munoz & Charrier, 1996).
This episode of compressive deformation corresponds to
the “Incaic phase” (e.g., Steinman, 1929; Noble et al.,
1990; Charrier et al., 2007, 2009), and it resulted in the
uplift of the Western Cordillera, the Domeyko Range and
the Frontal Cordillera. The faults geometry and kinemat-
ics in the Western Cordillera indicate that the uplift of the
relief was accommodated by bivergent thrusts (Maksaev
& Zentilli, 1999; Charrier ef al., 2007, 2009). Mountain
systems uplifted during this period correspond to a con-
tinuous 60-100 km wide NNE oriented belt that extends
from southern Pert to central Chile (Charrier et al.,
2009). Eocene shortening also occurred in the Central and
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Eastern Altiplano, and in the Eastern Cordillera, although
with minor shortening rates (Elger et al., 2005; Oncken
et al., 2006).

After the Middle Eocene the deformation decreased in
the Western Cordillera (McQuarrie ez al., 2005; Lamb
et al., 1997). The landscape of the Western Cordillera
and Domeyko Range was characterized by more stable
conditions, evidenced by the development of a pediplain
in the western slope of the range (Segerstrom, 1963;
Galli-Olivier, 1967; Sillitoe et al., 1968; Mortimer,
1973), and by the aggradation of gravels derived from the
erosion of the Eocene range. The latter, in turn, were
deposited in the western (e.g., Nalpas et al., 2008; :
Riquelme ez al., 2007) and in the eastern slope (Charrier
et al., 2009) of the Eocene relief. On the other hand, fur-
ther south (32-36°S) there is no record of Eocene com-
pressive deformation. In addition, there is evidence of the
development of the Abanico Basin in an extensional set-
ting during 36 Ma and late Oligocene-early Miocene
(Charrier et al., 2007, 2009; Rodriguez, 2013; Jara &
Charrier, 2014; Winocur et al., 2014).

Our observations suggest a similar pedimentation con-
text during the Eocene-Oligocene in the studied area.
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Indeed, the landscape was characterized by more stable
conditions after the Eocene uplift of the western moun-
tain system. These conditions allowed the development of
the Las Pintadas Surface between 44 and 21 Ma. It sug-
gests that the base level did not drop significantly (e.g.,
Burbank & Anderson, 2001; Dohrenwend & Parsons,
2009) during the Eocene-Oligocene. 100 km to the south,
in the El Indio Belt (~30°S) pedimentation processes have
also been registered in Argentina and Chile (Bissig et al.,
2002; Aguilar et al., 2011). At this latitude some conti-
nental successions were identified to the east, in the Valle
del Cura in Argentina, deposited during Eocene and early
Oligocene (Limarino ez al., 1999). This deposit could cor-
respond to the aggradational counterpart of the pedimen-
tation of the Eocene relief in this region (Fig. 12b).

Miocene migration of deformation and intramontane basin
configuration

Similar to other regional studies (Reutter, 1974; Nalpas
et al., 2009; Moscoso et al., 2010) our field observations
indicate that the CBG deposits are cut by the La Coipa-FEl
Potro fault System (Figs 2, 4b and 6). The uplift of the
eastern mountain system represented a topographic bar-
rier that triggered the blocking of sediment transport,
resulting in the establishment of an intramontane
depocenter, and giving way to the deposition of the
Laguna Grande Succession between 19 and 13 Ma
(Fig. 12d). This hypothesis is supported by several obser-
vations. On the one hand, the Laguna Grande Succession
shows detrital zircon data that records Miocene ages. It
contains more subangulous fragments next to the trace of
La Coipa-El Potro Fault System, and shows evidence of
deformation. On the other hand, the T.as Taguas Surface,
which corresponds to the eastern continuation of the Las
Pintadas Surface, shows a lack of a gravel cover.
Evidences of early-middle Miocene compressive pulse
have also been documented in the Chilean Frontal Cordil-
lera, immediately to the north and south of the studied
zone. Near 28°S an early Miocene compressive pulse is
evidenced by an angular unconformity between the Que-
brada Seca Formation and the Dona Ana Group, which
also shows deformation and faulting during this period of
time (Martinez et al., 2015). Around 29°S, Martin et al.
(1997) described structures cutting and folding The Escab-
roso Formation that are covered by 16 Ma units, which
indicates that a deformation event occurred between 18
and 16 Ma. Thermal modelling data registered to the
south, in the Elqui and Limari Valleys (30-31°S) also sug-
gest an early-middle Miocene compressive pulse inverting
an Oligocene extensional intra-arc basin (Rodriguez, 2013).
Similar to the Chilean Frontal Cordillera, there are evi-
dences of deformation during late Oligocene and late
Miocene, which contributed to the growth of the central
Andes in other physiographic units (Fig. 13). Further
north (~20°S) evidence of crustal shortening and thicken-
ing has been documented in the whole Central Andes
since the Eocene (Elger ez al., 2005; Oncken et al., 2006).
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However, during the Miocene, deformation was focalized
to the east, in the Eastern Cordillera and Altiplano (Sem-
pere et al., 1990; Lamb et al., 1997; Gregory-Wodzicki,
2000; McQuarrie et al., 2005; Armijo et al., 2015). Fur-
ther south (32-36°S) a regional compressive event
resulted in the partial inversion of the Abanico Basin,
during late Oligocene and late Miocene (Charrier ez al.,
2002, 2007, 2009; Farias et al., 2010; Jara & Charrier,
2014; Munoz-Saez et al., 2014). Miocene inversion is
marked by the progressive migration of shortening from
the boundaries of the former Abanico Basin in the early
Miocene, to the eastern parts of the range following
16 Ma (Farias et al., 2010). Based on the previous
description, Miocene compression and migration to the
east, would be a generalized evolution in the Central
Andes, involving different physiographic units, tran-
scending diverse morphotectonic conditions.

Hydrological reconfiguration and valley incision during late
Miocene and Plio-Quaternary

We propose that the Laguna Grande succession resulted
from the aggradation of sediments in an intramontane
basin (Fig. 12d). Later, the LL.aguna Grande Surface was
abandoned and incised, evidencing a drop in the base
level. Gravels were eroded and the contact surface
between bedrock and gravels (LLas Pintadas Surface) was
exhumed and covered again by the Quebrada LLarga Suc-
cession. Considering the textural characteristic of its sedi-
ments and the location of deposit, we argue that this
incision was connected to a base level that drained to the
west (Fig. 12e). Therefore, the construction of the Que-
brada Larga Surface marks the beginning of a hydrologi-
cal reconfiguration. The tuff intercalated in the base of
the Quebrada Larga Succession suggests that this recon-
figuration began after 13 Ma. It may be a consequence of
the middle Miocene uplift of the eastern mountain sys-
tem, produced by the activity of La Coipa-El Potro Fault
System. Afterwards, bedrock incision developed the
current configuration of valleys (Fig. 12f).

At 28-30°S, erosion of low relief surfaces indicates an
incision event during the late Miocene and Pliocene in the
whole forearc, as evidenced by the Quebrada Larga Sur-
face in the studied area, the Los Rios Surface in the El
Indio Belt (Bissig ez al., 2002), the Corredores Surface in
the Domeyko Basin (Rodriguez ez al., 2014) and the Val-
lenar Terraces in the Huasco Valley (Mortimer, 1973).
Similarly, valley incision also started during late Miocene
to the north (Isacks, 1988; Lamb et al., 1997; Riquelme
et al., 2007; Schildgen et al., 2007; Farias et al., 2008)
and to the south of the studied area (Fig. 13; Farias et al.,
2008; Rodriguez et al., 2014). To explain this incision
event, local and regional processes have been discussed.
Studies developed near 33°S suggest that the incision was
influenced by the shallowing of the slab (Farias et al.,
2008). Although there is a temporal correspondence with
the beginning of the flat subduction and the incision in
the studied area, the incisional event has been described
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in the complete western slope of the Central Andes,
including flat and normal subduction zones (Isacks, 1988;
Lamb er al., 1997; Bissig et al., 2002; Riquelme ez al.,
2007; Farfas et al., 2008; Aguilar et al., 2011), suggesting
that this corresponded to a more regional event. Studies
developed further north, suggest that this incisional event
may have been related to the Brazilian Shield subduction
(e.g., Gubbels er al., 1993; McQuarrie ez al., 2005; Lamb,
2011) and to the uplift and westward tilting of the orogen
produced by important overthrusts with vergences to the
east (e.g., Isacks, 1988; Giambiagi er al., 2001; Farias
et al., 2005; Riquelme ez al., 2007). The erosive response
and valley incision were not necessarily coetaneous to the
uplift and differential delay along the Andes can be attrib-
uted to latitudinal climatic variation and lithology of bed-
rock (Montgomery et al., 2001).

Although most models invoke deep geodynamic pro-
cesses to explain the uplift that triggered valley incision,
it is also possible to explain it by the combination of geo-
morphological and deeper crust processes (e.g., Strecker
et al., 2009). The activity of La Coipa-El Potro Fault
System that uplifted the eastern mountain system, like
several other thrust systems along the Andes, is a factor
that by itself could have widely modified the landscape
evolution and triggered the westward incision. The uplift
of the eastern system led to the westward catchment of
the intramontane basin and the valley incision related to
the increase in relief and drainage area. This has been
documented in the central Andes further north (e.g.,
Schlunegger et al., 2010) and other mountain ranges
(e.g., Willet ez al., 2006). Complementary, the growth of
the Andes increased the climatic barrier (e.g. Hain et al.,
2011), which concentrated the westerlies rainfall on the
western slope of the orogen (Fig. 12e). It also con-
tributed to a glacial environment developed during Qua-
ternary, which is visible in the glacial and paraglacial
geomorphology of the upstream parts of valleys (Zech
et al., 2006; Aguilar, 2010).

SUMMARY AND CONCLUSION

The Cerro del Burro Gravels, and preserved low relief
surfaces in the Chilean Frontal Cordillera near 28°45’S
provide important constraints on the Neogene erosion
and denudation of the Andes. We propose the timing,
magnitudes and styles of the evolution of the mountain
range, which resulted in the eastward migration of the
deformation and reconfiguration of the drainage network.

The evolution of the studied area can be summarized
into three stages:

(1) After the middle Eocene (~44 Ma), following the
uplift of the western and northern mountain systems,
pedimentation processes occurred during a period of
relative tectonic quiescence, which lasted until 19 Ma.

(2) Between 19 and 13 Ma the uplift of the eastern and
southern mountain systems disturbed the pedimenta-
tion processes, interrupted the sediment migration to
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the east, and triggered the accumulation of gravels in
an intramontane basin.

(3) The geological evolution of the study area is com-
pleted by the westward capture of the intramontane
basin following 13 Ma, and by the current valley inci-
sion related to the increase in relief and area of basins.
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