
Geological Society, London, Special Publications Online First

February 5, 2014; doi 10.1144/SP399.8
, first publishedGeological Society, London, Special Publications

 
M. A. Zárate, A. Mehl and L. Perucca
 

 33° and 34°S Mendoza, Argentinac.between 
Quaternary evolution of the Cordillera Frontal piedmont

service
Email alerting

new articles cite this article 
 to receive free e-mail alerts whenhereclick 

request
Permission

part of this article 
 to seek permission to re-use all orhereclick 

Subscribe

Collection 
London, Special Publications or the Lyell 

 to subscribe to Geological Society,hereclick 

How to cite
First and how to cite articles 

 for further information about Onlinehereclick 

Notes

© The Geological Society of London 2014

 at MINCYT on February 10, 2014http://sp.lyellcollection.org/Downloaded from  at MINCYT on February 10, 2014http://sp.lyellcollection.org/Downloaded from 

http://www.lyellcollection.org/cgi/alerts
http://www.lyellcollection.org/cgi/alerts
http://www.geolsoc.org.uk/permissions
http://www.geolsoc.org.uk/permissions
http://www.lyellcollection.org/site/subscriptions
http://www.lyellcollection.org/site/subscriptions
http://www.geolsoc.org.uk/sp-citing-onlinefirst
http://www.geolsoc.org.uk/sp-citing-onlinefirst
http://sp.lyellcollection.org/
http://sp.lyellcollection.org/
http://sp.lyellcollection.org/
http://sp.lyellcollection.org/


Quaternary evolution of the Cordillera Frontal piedmont

between c. 3388888 and 3488888S Mendoza, Argentina
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Abstract: The piedmont of Cordillera Frontal between c. 338 and 348S (Mendoza, Argentina) is a
highly populated area deeply modified by human activities, known as Valle de Uco. It is situated
within the borderland region of the geological provinces of Cordillera Frontal and Cuyo basin. The
landscape is dominantly composed of both erosional and depositional landforms made of fluvio-
aeolian deposits fractured and folded by tectonic processes together with some landforms of vol-
canic origin. Alluvial fans, related to several aggradational cycles of Quaternary age, are the most
remarkable geomorphological units. Several tectonic features are present giving rise to conspicu-
ous morphological features. Some of the streams are structurally controlled by faults while several
drainage anomalies that indicate active tectonic processes have been identified. The Late Quatern-
ary alluvial sequences, dominantly comprising sandy and silty deposits of volcaniclastic compo-
sition and secondarily metamorphic rocks, represent the fine-grained sedimentary facies of the
fluvial systems accumulated in a distal fan environment. The alluvial deposits have been incised
by several episodes of erosion since Pleistocene time.

The Andes Cordillera and the piedmont of Men-
doza province (Argentina) are an active tectonic
area characterized by a complex geological setting
that determines a heterogeneous landscape. Of
particular environmental and human significance
is the piedmont of Cordillera Frontal between c.
338 and 348S. Known as Valle de Uco, it is a highly
populated area deeply modified by human activities
and constitutes one of the three man-made agri-
cultural oases of Mendoza province (Fig. 1). Con-
sequently, the reconstruction of the piedmont
evolution and the understanding of the processes
involved are essential to evaluate possible envi-
ronmental responses under the present climatic
fluctuations in a densely populated area. Several
contributions have demonstrated the environmen-
tal sensitivity of the region during Quaternary time
as documented by the record of Pleistocene and
Holocene glacial advances in the Andean head-
waters of the fluvial systems (e.g. Espizúa 2004,
2005; Espizúa & Pitte 2009; Messager 2010)
along with geomorphological, palaeoenvironmental
and palaeoclimatic studies (Baker et al. 2009; Paez
et al. 2010).

In order to understand the nature and character-
istics of the present landscape, analysis of the Late
Pleistocene and Holocene period is especially
important. This key time interval covering the

recent geological past includes a dramatic climatic
change: the transition of the last glacial cycle to
the present interglacial (Saltzman 2002). In
addition, the Cordillera Frontal piedmont is con-
sidered as one of the source areas of the aeolian
deposits of central Argentina (Zárate 2003; Mehl
et al. 2012). Knowledge of the sedimentary record
is therefore significant to validate the current mod-
els of aeolian sedimentation. These issues have
renewed interest in the area and instigated mul-
tidisciplinary analysis by our research team. The
studies, still under progress, include stratigraphical,
sedimentological, geochronogical, morphostruc-
tural and palaeontological analysis, with the gen-
eral aim of reconstructing the environmental and
climatic conditions during Late Quaternary time
across the Cordillera Frontal piedmont (e.g. Mehl
& Zárate 2012; Rojo et al. 2012) and the eastern
piedmont of San Rafael block, situated to the
south (Tripaldi et al. 2011). Simultaneously, other
authors (e.g. Pepin 2010; Pepin et al. 2013; Casa
et al. 2011) have focused on tectonic, geomorpholo-
gical and geochronological analyses in the study
area (e.g. Cordón del Carrizalito piedmont, Las
Tunas fluvial system).

The purpose of this paper is to provide a gen-
eral overview of the Quaternary stratigraphy and
evolution of the Cordillera Frontal piedmont at
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Valle de Uco. Special emphasis is placed on Late
Pleistocene and Holocene alluvial sequences that
exhibit a suitable stratigraphic resolution for palaeo-
environmental reconstructions. The chronology and
morphotectonic of the area are also analysed, along
with the composition and provenance of the sedi-
ments. The final aim is to contribute to the under-
standing of the landscape dynamics in an active
tectonic setting within the context of the Quaternary
climate cycles.

Environmental setting

The piedmont sector of Valle de Uco, located c. 80
km south of Mendoza city, included the areas
that Polanski (1963) called Graben de Tunuyán
(Tunuyán Depression in this paper) and Valle
Extenso del Campo Bajo (Figs 1, 2a, b). The current
climate is dominated by arid–semiarid conditions
resulting from the interaction of atmospheric circu-
lation systems related to the South Pacific and the
South Atlantic anticyclonic centres along with the
low-pressure continental centre (Garreaud et al.
2009). The mean annual temperature is c. 12 8C and
the average annual rainfall 350 mm at the locality
of San Carlos (Fig. 2b). The vegetation cover is
dominated by a xerophytic shrubland (Rojo et al.

2012) that belongs to the Chacoan phytogeographic
domain (Dominio Chaqueño; Cabrera 1971). It
is situated in an ecotone fringe called South
American Arid Diagonal (Bruniard 1982), an envir-
onmentally sensitive area that has shown changes
in its geographical extension in response to past cli-
matic conditions (Abraham de Vazquez et al. 2000).

The piedmont at Valle de Uco is a relatively
narrow plain, 30–50 km wide, that descends from
c. 2000 m asl at the mountain front to nearly
700 m asl eastwards. The eastern limit is marked
by a steep and dissected escarpment that determines
the western margin of Meseta del Guadal (Fig. 2b).
The piedmont is drained by the Tunuyán River
and its tributaries that are streams of perennial dis-
charge generated either by springs (Arroyo La Esta-
cada and its affluents) or highly seasonal snowmelt
in the mountain headwaters (e.g. Tunuyán River,
Las Tunas River, Arroyo Papagayos). The Tunuyán
River is a major tributary of the Desaguadero–
Salado fluvial system located eastwards (Fig. 1).

Geological and tectonic setting

The study area is situated within the borderland
region of the geological provinces of Cordil-
lera Frontal and Cuyo basin (Ramos 1999).

Fig. 1. Location map and drainage system of Mendoza province in the eastern Andean belt side.
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Cordillera Frontal is largely composed of Neopa-
laeozoic deposits that unconformably overlie a
middle Proterozoic basement made up of gneissic
rocks (Caminos 1993; Ramos 1999). The Neopa-
laeozoic sequence consists of marine and continen-
tal sediments (Ramos 1999). It is intruded by
plutonic bodies (granodiorites, tonalites, gabbros)
and interlayered with volcanic rocks that belong to
the Choiyoi Group, a calcoalkaline orogenic
complex including basalts, andesites, dacites and
rhyolites (Llambı́as et al. 1993; Ramos 1999). Cor-
dillera Frontal is a mountain block uplifted during
the Late Miocene along the west-dipping fault
system of La Carrera (Polanski 1963; Caminos
1979; Cortés 1993) (Fig. 2a, b).

A great part of the piedmont is developed across
the Cuyo Basin, a Triassic rift generated by a
general extension process that occurred at the south-
western margin of Gondwana; its location was

structurally controlled by the suture of terranes
accreted during Palaeozoic time (Kokogian et al.
1993). The Cuyo Basin was reactivated as a foreland
basin during the Cenozoic (Ramos 1999), and
underwent several successive episodes of defor-
mation characterized by a dominant compressive
regime during Late Neogene and Quaternary time
that resulted in the formation of several mor-
phostructural units (Figs 2, 3) (González Dı́az &
Fauqué 1993).

The Huarpes depression (Polanski 1963) is a
250-km-long tectonic basin along the eastern mar-
gin of Cordillera Frontal formed by the Mio-
cene uplift (Fig. 2a). The basin was then filled
with 1500–1800 m (Polanski 1963) of synorogenic
deposits (Yrigoyen 1993; Irigoyen et al. 2002).

The Tunuyán depression (Tunuyán graben sensu
Polanski 1963) is a tectonic basin formed in the
northern part of the Huarpes depression during

Fig. 2. (a) Main geomorphological units of Mendoza province (adapted from González Dı́az & Fauqué 1993).
(b) Digital elevation model of the Frontal Cordillera piedmont at 338–348S.

Fig. 3. Transverse Frontal Cordillera piedmont schematic profile showing the main morphostructural units. Vertical
and horizontal distances are approximated; the vertical scale is exaggerated to highlight piedmont morphostructural
features.

QUATERNARY EVOLUTION OF THE CORDILLERA FRONTAL PIEDMONT
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Pleistocene time (Fig. 2a, b). It was interpreted
initially as a basin limited by normal faults (Polanski
1963). Later, other authors (Caminos 1979; Legar-
reta et al. 1992; Devizia 1993; Ploszkiewicz 1993)
pointed out that the basin is bound by reverse
faults. It evolved under east-vergent thrusts as
suggested by its non-symmetrical shape and the
eastern location of the depocentre (Perucca et al.
2011). The general basin architecture is due
to deformation caused by thrusts that uplifted the
Miocene–Pliocene deposits exposed at Meseta
del Guadal (Cerrilladas Pedemontanas) where the
active thrust front is located. It is hypothesized
that the Tunuyán depression is a piggy-back basin
formed on active thrust downstepping sheets
(Perucca et al. 2011).

The Cerrilladas Pedemontanas (piedmont hills)
is a positive morphostructural unit composed of
Neogene synorogenic deposits intensely deformed
by folding and thrusting (Yrigoyen 1993). The
unit presently undergoes active fluvial dissection,
which gives way to a badland topography.

La Travesı́a depression is a large sedimentary
basin with its uppermost section composed of
Neogene deposits and a blanket of exposed Quatern-
ary deposits. At the latitudinal fringe of the study
area, the western boundary is formed by the Cerril-
ladas Pedemontanas and the eastern boundary by the
Desaguadero–Salado system.

To date, at a regional geomorphological scale,
the Tunuyán depression and the Cerrilladas Pede-
montanas are regarded as the proximal piedmont
of Cordillera Frontal whereas La Travesı́a depres-
sion is the most distal piedmont environment
(Figs 2b, 3).

Quaternary stratigraphy and general

geomorphology

The piedmont landscape is dominantly composed of
both erosional and depositional landforms consist-
ing of fluvio-aeolian deposits that were fractured
and folded by tectonic processes. In addition, pied-
mont volcanic activity generated minor cones at
some sectors whereas major eruptions at Cordil-
lera Frontal (see Pyroclastic deposits (APP) below)
gave way to the accumulation of thick pyroclastic
sequences in the southern part of the study area
(Valle Extenso del Campo Bajo sensu Polanski
1963). Pediments are developed close to the moun-
tain front at heights of c. 2000 m asl. These ero-
sional surfaces cut through the Cordillera Frontal
bedrock and form relatively wide interfluvial sur-
faces, partially covered by accumulations of coarse
conglomerates at more distal locations (Fig. 4a;
González Dı́az & Fauqué 1993; Polanski 1963).
Alluvial fans, laterally coalescing and correspond-
ing to the Tunuyán River, Las Tunas River, the

Arroyo Grande and the Arroyo Anchayuyo, are the
most remarkable piedmont landforms (Fig. 5).

According to Polanski (1963), the evolution
of the piedmont landscape was marked by the gen-
eration of four main Quaternary aggradational
cycles that he grouped into lithostratigraphic units
differentiated on the basis of their topographic pos-
itions, stratigraphic relationships and the general
geological reconstruction of the region (Fig. 5).
The resulting stratigraphic scheme (Table 1) was
correlated with the global model of Quaternary
glacial cycles (i.e. European glaciations, Mindel,
Riss, Würm, North American Illinoian, Wisconsin)
valid at the time. Except for some radiocarbon dates
reported for Holocene deposits, no other numerical
ages were then available. The stratigraphic scheme
by Polanski (1963) has been widely accepted, and
became an unavoidable reference for later geologi-
cal studies. In the last years, geochronological
analysis together with detailed field work has pro-
vided new evidence to partially reinterpret the Qua-
ternary stratigraphy, and hence the evolution of the
piedmont landscape during this interval. Note that
detailed structural and geochronological analysis
of Neogene deposits also provided new insights on
the piedmont evolution during the Late Miocene
and Pliocene (e.g. Yrigoyen 1993; Irigoyen et al.
2002). Notwithstanding, some important disagree-
ments are evident in the field recognition of the
units revealed by the interpretations and mapping
carried out by later authors, as described below.

Aggradational cycles

The aggradational cycles make up major alluvial
fan systems called fanglomerates by Polanski
(1963) who interpreted that the alternating erosional
cycles were the result of tectonic activity. The allu-
vial fan systems show a stepped geometry with suc-
cessive terrace levels that yield a telescopic-like
relationship (Bowman 1978; Janocko 2001), in
which the younger fans lie at lower topographic pos-
ition. This feature is distinctly illustrated at the basin
of Arroyo Anchayuyo (Fig. 6).

The first aggradational cycle (Los Mesones
Formation) consists of a series of isolated con-
glomerate outcrops in the mountain front area
along with well-developed and preserved exposures
in the piedmont (Fig. 4a, b; Polanski 1972). The
highest remnants are found at an altitude of 2450–
2400 m asl in the headwaters of La Estacada Basin
(Arroyo Anchayuyo; Fig. 6). A Lower Pleistocene
age was assigned to Los Mesones Formation con-
sidering that the unit unconformably overlies the
deformed deposits of Los Mogotes Formation of
likelyPlioceneage(Polanski1963).Yrigoyen(1993)
later interpreted that the conglomerates exposed
at various hills of the Tunuyán depression (Lomas

M. A. ZÁRATE ET AL.
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de Gualtallary, Jaboncillo, del Peral), mapped as
Los Mesones Formation by Polanski, belonged
to Los Mogotes Formation. In turn, these same out-
crops were mapped as La Invernada Formation by
Garcı́a (2004). Further north in the area of La
Pilona anticline, Polanski (1963) mapped several
exposures of Los Mesones Formation but none
were identified there by Irigoyen et al. (2002).

The second aggradational cycle (La Invernada
Formation) is a conglomerate deposit lithologically
similar to that of Los Mesones Formation, but com-
posed of generally smaller boulders and clasts
(Polanski 1963, 1972). Field observations indicate
a rather heterogeneous lithology that varies from
conglomerates cemented and capped by calcium
carbonate (Arroyo Yaucha in the surroundings of
Los Alamitos; see location in Fig. 2) to conglomera-
tic fine-grained deposits (Las Carreras valley) (Figs
4b, 6). It was interpreted as a younger level than Los

Mesones considering that the outcrops are located at
lower topographic levels, accumulated in the Upper
Pleistocene (Polanski 1963, 1972). The correlation
of distant exposures of La Invernada Formation is
rather problematic because its field recognition is
mostly based on its relative altitudinal setting in
relation to Los Mesones and Las Tunas formations.
If one of these two units is not present, the identifi-
cation of isolated exposures of La Invernada For-
mation becomes rather doubtful at some areas.

The third aggradational cycle (Las Tunas For-
mation) is an extensive unit across the piedmont
composed of coarse and fine fluvial sediments
(Fig. 4c). Its surface represents the Bajada Joven al
Graben de Tunuyán according to Polanski (1963,
1972). In the type area of Las Tunas Formation at
the mouth of Las Tunas River at the mountain
front, Polanski identified three terraces interpreted
as the result of cyclic erosion. Recently, the

Fig. 4. (a) View of Los Mesones Formation at Estancia San Pablo, near its type area. The conglomerate deposits rest on
a pediment on basement rocks at the foothills of Frontal Cordillera. (b) Las Carreras Valley: view of Los Mesones
Formation lying on top of Neogene deposits, and of a narrow valley infilled with La Invernada Formation deposits.
Frontal Cordillera is seen at the background. (c) Las Tunas Formation outcrop at the Las Tunas river banks. (d) El
Zampal Formation and Regional Aggradational Plain at the Arroyo Anchayuyo. The present arroyo floodplain is seen in
the foreground. (e) Deposits of the APP exposed in a quarry at the Valle Extenso del Campo Bajo area. (f) La Invernada
Formation and the Asociación Piroclástica Pumı́cea (APP) at Los Alamitos locality in the Valle Extenso del Campo
Bajo area defined by Polanski (1963).

QUATERNARY EVOLUTION OF THE CORDILLERA FRONTAL PIEDMONT
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highest terrace level was mapped either as La Inver-
nada Formation by Garcı́a (2004) or Los Mesones
Formation by Pepin (2010). Las Tunas Formation
was chronologically assigned to the Upper Pleisto-
cene, and placed at the end of the last intergla-
cial just before the last maximum glaciation of
Cordillera (‘. . .postrimerı́as del último interglacial

que precede la máxima glaciación de Cordillera. . .’,
Polanski 1972, p. 81). Recently, Pepin (2010) and
Pepin et al. (2013) reported cosmogenic dates
from the uppermost sections of the three terraces
identified by Polanski (1963) at the piedmont apex
of Las Tunas River, and an Ar/Ar date of pyro-
clastic deposits embedded in the unit. The highest

Fig. 5. Digital elevation model of the Frontal Cordillera piedmont at 33–348S. Transversal topographic profiles with
the main geomorphological and lithostratigraphic units distribution in two different tectonic locations of the piedmont:
the Tunuyán Depression (A–A′) and the Valle Extenso del Campo Bajo (B–B′).

Table 1. Aggradational cycles, lithostratigraphy and piedmont numerical ages according to Polanski (1963)
and Zárate & Mehl (2008)

Aggradational cycles, lithostratigraphy and ages
(Polanski 1963)

Zárate &
Mehl (2008)

Numerical ages

Los Alamitos Formation
El Zampal Formation
La Estacada Formation
Fourth aggradational cycle

Holocene
(1400 14C yr BP)

Holocene
Early Holocene–Late

Pleistocene

El Zampal
Formation

�35 ka
�50 ka

(Zárate & Mehl 2008;
Mehl & Zárate 2012)

Las Tunas Formation/El
Totoral Formation
Third aggradational cycle

Late Pleistocene
Wisconsin/Wurm

glaciation

—

.0.30 ka
0.60 Ma
0.70 Ma
1.2 Ma

(Pepin 2010)

Asociación Piroclástica
Pumı́cea (APP)

Sangamon interglacial c. 0.45 Ma (Guerstein 1993)

La Invernada Formation
Second aggradational cycle

Illinoian/Riss
Beginning of the
Late Pleistocene

None

Los Mesones Formation
First aggradational cycle

Early Pleistocene None

M. A. ZÁRATE ET AL.
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and then relatively oldest terrace of Las Tunas
Formation (mapped as Los Mesones Formation by
Pepin 2010) yielded an age suggesting that the
unit is at least as old at 1.2 Ma. In the uppermost sec-
tions of the lower two terraces of Las Tunas For-
mation, Pepin (2010) and Pepin et al. (2013)
reported cosmogenic ages between c. 15 and 20 ka
(15 500 + 700 a T1 and 20 000 + 800 a T2),
while the pyroclastic deposits embedded in the
unit yielded a date of 0.6 + 0.2 Ma suggesting
that the volcanic event occurred between 0.4 and
0.8 Ma. The numerical dates obtained by Pepin
(2010) and Pepin et al. (2013) therefore widen
considerably the time interval attributed to Las
Tunas Formation by Polanski (1963).

The third aggradational cycle is completed by El
Totoral Formation, defined on the basis of drilling
information at the Tunuyán depression (Polanski
1963). The up-to-600-m-thick unit is composed of
sandy, silty and clayey deposits with conglomeratic

levels, and carbonate layers that include redeposited
pyroclastic sediments of the APP at the lower part.
Polanski (1963) attributed an Upper Pleistocene
age to El Totoral Formation and interpreted that
the unit, correlatable with Las Tunas Formation,
recorded the finer sedimentary facies that filled up
the Tunuyán depression.

The fourth aggradational cycle is represented
by La Estacada and El Zampal formations which
are considered to be accumulated at the very
end of the Late Pleistocene and the Holocene
(Polanski 1963). Zárate & Mehl (2008) redefined
the stratigraphy of these deposits and grouped
them into a single lithostratigraphic unit named El
Zampal Formation that also includes the peaty
deposits of Los Alamitos Formation (Polanski
1963) at Arroyo Yaucha.

El Zampal Formation is dominantly composed
of fine fluvial facies, subordinated conglomerates
and aeolian facies (Fig. 4d). The latter includes a

Fig. 6. Frontal Cordillera piedmont at 33–348S, digital elevation model and (a–k) views of the faults, scarpt faults and
thrusted-faulted deposits of the study area.

QUATERNARY EVOLUTION OF THE CORDILLERA FRONTAL PIEDMONT
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surface loessial drape that also covers the surface of
older units. Relatively thick (up to 20 m) and exten-
sive outcrops are exposed along the riverbanks of
the tributaries of the Tunuyán River, mainly the
arroyos La Estacada, Anchayuyo and Las Torreci-
tas. As the lower stratigraphic contact is not
exposed, it has been speculated that the sedimen-
tation started likely during the last interglacial
(Zárate & Mehl 2008). Alluvial aggradation domi-
nated from c. 50 ka onwards according to the
Optically Stimulated Luminescence (OSL) ages
obtained at the alluvial sequence exposed at
Arroyo Las Torrecitas (Toms et al. 2004). In turn,
the nearby Arroyo La Estacada alluvial sequences
record sedimentation since c. 35 ka to the present
according to radiocarbon and OSL ages (Zárate
2002; Zárate & Páez 2002; De Francesco et al.
2007; Zárate & Mehl 2008; Mehl & Zárate 2012).

Polanski (1963) also mentioned the occurrence
of an epicycle of erosion (epiciclo de erosión) that
corresponds to the last fluvial incision and the for-
mation of the present channels and floodplains.

Pyroclastic deposits (Asociación Piroclástica

Pumı́cea or APP)

The deposits of the APP extend across an area of
23 000 km2 in Chile and Argentina (Stern et al.
1984). They cover the southern sector of the study
area (Valle Extenso del Campo Bajo sensu Polanski
1963), forming a wide pyroclastic plain dissected
by the fluvial systems of the arroyos Papagayo and
Yaucha (Fig. 4e, f). The APP has been genetically
related to the Diamante stage, a catastrophic event
related to the Diamante caldera formation at
0.45 Ma; this was followed by the Maipo stage
that represents the evolution of the Diamante–
Maipo volcanic complex during the last 100 ka
(Sruoga et al. 2005). On the basis of drilling infor-
mation, Polanski (1963) also reported the unit at
the Tunuyán depression where the APP is inter-
layered and redeposited with fluvial sediments at
the lower section of El Totoral Formation. In the
southernmost part of the Tunuyán depression (Las
Pareditas locality; see location in Fig. 2), drilling
information (Abraham, J., pers. comm. 2010) indi-
cates that the APP is at nearly 30 m of depth
buried by fluvial conglomerates that are correlatable
with Las Tunas Formation. Polanski (1963) con-
sidered that the APP was formed after the second
aggradational cycle (La Invernada Formation) and
prior to the fourth aggradational cycle (Las Tunas
Formation), placing the unit during the Mindel–
Riss interglacial (Table 1). However, the chronol-
ogy of the APP remains controversial. Fission
track analysis carried out on zircons yielded an
age of 0.45 Ma (Stern et al. 1984). Ignimbritic
flows (Pudahuel ignimbrite) exposed on the

Chilean side and supposedly attributed to the APP
yielded ages of 150 ka by U–Th–He on zircons
from pumice pyroclasts (Lara et al. 2008),
whereas ages as old as 2.3 Ma were previously
obtained (Wall et al. 2001 in Lara et al. 2008).

Piedmont morphotectonic

Several tectonic features occur across the piedmont
(Fig. 6), some of which give rise to remarkable mor-
phological landforms. Polanski (1963) pointed out
the occurrence of tectonic deformation features at
several hills (Lomas del Gualtallary, Jaboncillo
and Peral; Fig. 6), later interpreted as two folding
structures (Yrigoyen 1993). More recently, these
structures were considered anticline ridges formed
by a very-low-angle thrust that deformed Cenozoic
sedimentary rocks, active until Holocene time
(Garcı́a 2004; Garcı́a et al. 2005).

Perucca et al. (2009, 2011) pointed out that
the nearly north–south-trending faults of this area
affected the middle and lower reaches of alluvial
fans, most of them having the free face to the east
(Tupungato fault; Fig. 6a–c) with some counter-
slope scarps with the free face to the west (Chupa-
sangral fault; Fig. 6d). A clear connection to the
La Carrera fault system is not observed at the
surface, although a mechanical linkage in the sub-
surface with the southern segments of the fault
system might be possible (Casa et al. 2011), such
as La Aguadita zone fault (Polanski 1963; Cortés
et al. 1999).

Garcı́a et al. (2005) analysed a digital elevation
model and found that the drainage network located
south of Lomas del Peral and Jaboncillo (Fig. 7)
shows some anomalies, such as a subparallel
stream pattern that incised the regional aggradation
plain composed of El Zampal Formation (Zárate &
Mehl 2008). Further south, the fluvial channels
diverge slightly southwards towards the regional
aggradational plain in response to sagging. This
type of anomaly is frequently observed in associ-
ation with growing anticlines or synclines (sagging
areas; Audemard 1999). These observations allow
the southern extension of the Tupungato thrust to be
inferred, involved in the structuring of Lomas del
Jaboncillo and Peral, and suggest a likely Holocene
activity in the area (Garcı́a & Cristallini 2011).

At the southern part of the Tunuyán depression,
the Chalet reverse fault (Bastı́as et al. 1993; Tello
1994, 1998; Costa et al. 2000) uplifted Pleistocene
fanglomerates and a group of aligned granitic hills
(Cerro Chalet and others) (Fig. 6f). The downslope
fault scarp dips 608W and trends 3208. The
highest scarps are located in the central section of
the fault that exhibits a slightly sinuous pattern.
No strike-slip displacement was observed dur-
ing fieldwork since the free face along the scarp
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looks to the east and the displacement is verti-
cal (reverse). A lateral component related to the
Papagayos fault zone (transtensive) (Fig. 6g, h)
situated further south (Bastı́as et al. 1993; Tello
1994; Cortés & Sruoga 1998) might be possible.
No evidence has been found to determine the kin-
ematics of the Papagayos fault. However, the exist-
ence of scarps alternating in their direction of facing
along-strike (scissoring), its rectilinear trace and the
existence of associated volcanism point to a trans-
tensive kinematic along pre-existent faults reacti-
vated by Quaternary tectonics. New evidence of
Quaternary deformation have been reported north
of the mouth of Arroyo del Rosario related to the
WNW-trending Los Alamitos fault zone (Fig. 6i),
which is more than 25 km long (Casa et al. 2011).

Although thrust fault scarps are the most remark-
able geomorphological evidence in compressive
continental environments, in the study area a great
deal of seismic events were generated by ruptures
that did not reach the surface; they therefore do
not show direct surface indicators. However, some
geomorphological features are able to reflect very
subtle topography modifications. In this regard, the
analysis of the drainage characteristics is a valuable

tool to study tectonic activity at fault and thrust belts
since they are highly sensitive to vertical tectonic
processes related to folds and thrusts (Audemard
1999). Ollarves et al. (2006) pointed out that
second-order rivers are more efficient indicators of
underlying tectonic activity. In this regard, several
streams of the drainage system are structurally con-
trolled by faults; this is illustrated by Arroyo La
Estacada and its tributary the Arroyo Anchayuyo,
close to a major fault trace (Totoral fault, Polanski
1963, figure 6) that bounds the Tunuyán depression
on the NE. Further, drainage anomalies reported as
indicators of active tectonic processes (Audemard
1999) have been identified in the piedmont area.
They include river pattern inversion, river diversion,
beheaded drainages and stream captures, changes in
incision depth and channel gradient, abandoned
river gaps, broom-shaped river patterns and the tele-
scoping fan shapes mentioned in ‘Agraddational
cycles’ (Fig. 7).

In general, the drainage pattern of the piedmont
is dominantly dendritic-divergent, typical of alluvial
fans. Where the rivers cross the counter-slope scarps
at the tectonic landforms of Lomas del Jaboncillo
and Peral, there is an increasing degree of channel

Fig. 7. Sketch of the main Quaternary faults developed on the northern tip of the Tunuyán depression (modified from
Perucca et al. 2011) and (inset) Google Earth oblique view showing a broom-shaped river pattern in the counter-slope
scarp of the Chupasangral.
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incision together with a modification of the drainage
pattern that includes palaeochannels abandoned by
migration. A noticeable feature is illustrated by
the broom-shaped drainage pattern developed by
small tributaries that cross the counter-slope escarp-
ment of the Chupasangral fault (Fig. 7). The minor
streams are orthogonally arranged and gather into
a single large river downstream to overcome the
structure, opposed to the natural runoff. The broom-
shaped pattern is also present at the mid-segment of
the Arroyo Chupasangral alluvial fan (Fig. 7) where
the small and deeply incised channels are grouped
to cross the escarpment. At Lomas del Jaboncillo
(Figs 6d & 7), drainage anomalies also occur
including displaced, adapted and deflected channels
caused by regressive erosion, capture or obturation.
These anomalies were reported at active thrust
systems of Venezuela and Colombia, emphasizing
their importance as indicators of vertical motion
produced by thrusts (Audemard 1999). Another
example is found in the hanging block of the Chupa-
sangral fault, where the channels are strongly
incised and exhibit increased sinuosity downstream.

Schumm (1986) stated that stream channels are
sensitive to variations in their longitudinal slope,
probably in relation to lithological contrasts or as
a result of tectonic activity. Hanging channels
(hanging drainage) have been identified in the
hanging block of the fault at Lomas del Jaboncillo.
To the south, the Papagayos and Los Alamitos
fault zones (Fig. 6h, i) may have controlled the
location and formation of peat deposits as seen in
arroyos Papagayos and Yaucha; these streams also
exhibit increasing sinuosities and valley widening
when crossing the faults. The existence of anoma-
lous ponds and marshes and also the widening of
the streams are likely indicators of active tectonics.
Faults influencing the valley slope will affect the
sinuosity of the channel, since the river tries to
keep the channel slope constant in a self-organized
manner; down-throwing faults result in increased
meandering downstream (Ouchi 1985; Keller &
Pinter 1996). Anomalous reaches that are not
related to artificial controls or to tributary influences
may be reasonably assumed to be the result of active
tectonics (Schumm 1986; Schumm et al. 2002).

Late Quaternary sedimentary records and

palaeoenvironmental conditions

From a morphostratigraphic perspective, the depos-
its of El Zampal Formation (Zárate & Mehl 2008)
comprise several geomorphological units. The most
extensive is the Regional Aggradational Plain
(RAP), referred to as the Loessic Plain by Polanski
(1963). It is a piedmont alluvial plain mostly com-
prising silty sands, silts and sandy silts resulting

from the distal coalescence of alluvial fans (Fig.
8a, c, d). The aggradational process was mainly
related to fluid sheet overflows that affected over-
bank areas and likely temporary inactive channels
of sandy-like braided streams (Mehl & Zárate
2012). Secondary deposition by hyperconcentrated
flows, channel lag deposits or longitudinal bar
development has been inferred from the occurrence
of gravel deposits included in the alluvial sequences
(Mehl & Zárate 2012).

Alluvial sedimentation was punctuated by
Andean volcanic eruptions that gave way to the pres-
ence of discrete tephra layers, along with soil form-
ing intervals documented by palaeosols and lapses
of significant limnic accumulation. An interval of
more dominant aeolian deposition in overbank
areas, represented by c. 1.5 m of sandy loess, is
recorded between 17 110 + 70 14C yr BP until c.
11 709–12 075 cal yr BP, suggests dominant arid
conditions (Mehl & Zárate 2012). A soil-forming
interval documented by a discrete palaeosol occur-
red between c. 11 709–12 075 cal yr BP and
c. 10 685–11 144 cal yr BP (Mehl & Zárate 2012).
It is traceable along nearly 12 km of the arroyos La
Estacada and Anchayuyo and developed on top of
the aeolian deposits. The resulting palaeosol is a
remarkable stratigraphic layer that suggests a gen-
eral stabilization of the fluvial basin during the
Pleistocene–Holocene transition. Pollen spectra
from the palaeosol and overlying sediments record
a major vegetation change from halophytic plant
communities towards Monte communities. The for-
mation of the palaeosol therefore might indicate the
prevailing influence of the Atlantic anticyclonic
centre in central Argentina at the Early Holocene
(Zárate & Páez 2002; Markgraf et al. 2009;
Piovano et al. 2009). After the soil interval, alluvial
sedimentation was characterized by numerous over-
bank episodes (flooding events) of different magni-
tude and the more frequent development of limnic
layers, suggesting an increase in fluvial variability
(Mehl & Zárate 2012). The occurrence of palaeosols
at the top of the overbank deposits indicates sedi-
mentary pauses between the overbank depositional
episodes and hence stability intervals (Mehl &
Zárate 2012). It is hypothesized that the flood
events responsible for overbank depositional epi-
sodes might have been related to heavy summer
rainfalls generated by storms from the Atlantic, as
happens at present (Zárate & Páez 2002; Markgraf
et al. 2009; Piovano et al. 2009). The higher veg-
etation productivity in the floodplains or overbank
environments of the eastern Andean piedmont
could have been related to these climatic conditions
(Mehl & Zárate 2012). The RAP was incised up to
c. 20–25 m by an erosional episode that occurred
sometime during the interval bracketed between
8454–8968 cal yr BP and 5758–6186 cal yr BP.
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As a result, the surface of the RAP became sta-
ble as recorded by a carbonate-gypsum crust of
unknown origin. This was later blanketed by an
aeolian mantle that is the parent material of the
surface soil (Zárate & Mehl 2008; Mehl & Zárate
2012).

The incision event was followed by alluvial
aggradation that makes a distinct filled terrace
along Arroyo La Estacada composed of El Zampal
Formation (Fig. 8b, c). Its surface is c. 18 m above
the present channel and c. 6 m below the surface
of the RAP. The terrace consists of a fining-upwards
sedimentary sequence related to a sinuous stream.

Gravel and coarse sand deposits at the lower
part indicate the occurrence of fluvial processes
restricted to the fluvial channel (e.g. channel
fills or build-up of point bars) and likely the most
proximal floodplain area to the channel belt (Mehl
2011; Mehl & Zárate 2012). The accumulation
of these coarse facies occurred sometime before
5758–6186 cal yr BP as suggested by a radiocar-
bon date on vegetation remains 2 m above in the
sequence. A palaeosol formed on top of the sandy
fluvial deposits probably as a result of a cut-off
event and the abandonment of a meandering belt. The
end of the soil-forming interval occurred during

Fig. 8. (a) Regional Aggradational Plain (RAP) at Arroyo Anchayuyo: Puente El Zampal lithostratigraphic profile and
calibrated radiocarbon ages (*). (b) Fill terrace (FT) at Arroyo La Estacada: La Escala lithostratigraphic profile and
calibrated radiocarbon ages (*). (c) Arroyo La Estacada: RAP and FT deposits of El Zampal Formation. The
stratigraphic contact between the RAP and the FT is indicated (dotted line). (d) Arroyo La Estacada: RAP deposits of El
Zampal Formation and present floodplain dominated by (1) cortaderales and (2) xerophytics shrublands (adapted from
Rojo et al. 2012). (e) Arroyo Grande deposits: La Riojita lithostratigraphic profile and calibrated radiocarbon ages (*).
(f, g) Arroyo Yaucha Late Pleistocene and Holocene deposits: Los Alamitos 1 and 2 lithostratigraphic profiles and
calibrated radiocarbon ages (*). (*Views of the deposits are shown).
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c. 4008–4406 cal yr BP. Dominant overbank depo-
sitional episodes followed including the frequent
development of limnic levels. The occurrence of
several palaeosols documents stabilization intervals
of the floodplain surface during the aggradational
process. The uppermost sedimentary layers were
deposited during c. 333–506 cal yr BP at La
Escala section. The pollen analysis of the alluvial
record indicates the presence of hydrophytic and
shrubby xerophytic communities which show vari-
ations in response to the fluvial dynamic of the
arroyo (Rojo et al. 2012). The incision occurred
sometime after c. 333–506 cal yr BP, resulting in
the formation of the present floodplain and channel.

At Arroyo Grande (La Riojita site), El Zampal
Formation makes up an alluvial landform deeply
altered by human activities that have modified and
masked its original morphology (Fig. 8e). Its
surface is c. 10 m above the present channel. The
deposits consist of a fining-upwards sequence with
an unexposed basal contact, probably related to a
sinuous fluvial system (Mehl 2011; Mehl & Zárate
2012). It mainly records overbank events, with
organic matter inputs to the floodplain area reflected
by limnic levels and two episodes of soil formation
at 2068–2329 cal yr BP and 672–764 cal yr BP at
the uppermost part followed by c. 2 m of sandy
deposits. The chronology of the sequence suggests
that is correlatable with the Holocene fill terrace
of Arroyo La Estacada. The incision of the terrace
and the development of the present channel and its
floodplain took place very recently, sometime after
the end of the soil-forming interval dated at 672–
764 cal yr BP (Mehl 2011; Mehl & Zárate 2012).

In the northern part of the pyroclastic plain com-
posed of the APP, two fill terraces composed of
El Zampal Formation deposits occur at Arroyo
Yaucha in the locality of Los Alamitos (Fig. 8f, g).
These landforms are situated upstream from the
intersection of Los Alamitos fault zone with Arroyo
Yaucha. Both terraces consist of a general fining-
upwards sedimentary sequence related to a sinuous
fluvial system. The lower sections (basal contact
not exposed) are dominated by gravel lenses of a
stream channel overlain by fine sediment layers.

The relatively higher terrace with a surface 7 m
above the present channel of Arroyo Yaucha
includes numerous limnic levels formed during
Early Holocene time that are dominant in the
lower section as well as palaeosols, more frequently
present at the middle and upper sections. This
terrace was formed by an incision event that
occurred sometime during a time interval bracketed
between 6304–6492 cal yr BP and 2622–2857 cal
yr BP (Mehl 2011; Mehl & Zárate 2012).

The lower terrace consists of Late Holocene
deposits with abundant limnic levels and two con-
spicuous palaeosols. Its surface is c. 3 m above the

present stream channel. The lower terrace is the
result of a very recent incision event, placed some-
time after the end (c. 339–535 cal yr BP) of the
upper palaeosol formation (Mehl 2011; Mehl &
Zárate 2012).

Compositional signature of Late

Quaternary deposits

The compositional signature (rock fragments and
mineral clasts) of the Late Quaternary piedmont
deposits, expressed throughout the composition of
the very fine-grained sand fraction, is dominated
by the presence of abundant volcanic glass, mixed
pyroclasts, rock fragments and quartz, all of them
in association with heavy minerals such as amphi-
boles (green type hornblendes and basaltic horn-
blendes), pyroxenes, euhedral biotites (although
scarce) and olivines (Fig. 9a, f). This mineral assem-
blage allows a volcaniclastic source to be inferred.
The presence of mica grains, quartz grains with
undulose extinction (tectonic fabric), hornblende
and epidote grains also indicates a metamorphic
source. The very fine-grained sand composition of
the alluvial sediments therefore reflects two geolo-
gically distinct sources in the catchment areas at
Cordillera Frontal volcaniclastic and metamorphic
rocks. This compositional signature shows a posi-
tive correlation with both the tectonic regime of
the region and also with the Q:F:Rf (being Rf
rock fragments) composition of the Argentine
Association of modern sands (Mehl et al. 2012),
dominated by volcanic rock fragments (average
Q:F:Rf ratio 26:18:56) and included in the Andean
family of sands of South America (Potter 1994)
(Fig. 9g).

The sediments come from the erosion of both
types of source rocks at the headwaters of the drai-
nage system in Cordillera Frontal and the sub-
sequent transport towards the piedmont by fluvial
and aeolian processes. However, some sediment
could derive from the transport of primary and/or
secondary volcanic ash (Mehl et al. 2012). Even
when the three main volcanic zones of the Andes
favour the production of volcaniclastic sands, the
metamorphic outcrops of Cordillera Frontal are also
a productive source of sediments, for example, the
wide Proterozoic metamorphic exposures. Potter
(1994) highlighted the importance of metamorphic
rock fragments as a secondary but not insignificant
component of the Andean family sands. Addi-
tionally, the extensive Neogene sedimentary depos-
its exposed to the east and north of the study area
and the bedrock of the analysed piedmont
fluvial systems constitute another plausible source
for the Late Quaternary alluvial sequences. The
main volcanic signature of the Late Pleistocene–
Holocene alluvial lithic and mineral clasts supports
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the inferred Andean source of detritus currently pro-
posed for the wide sedimentary Late Cenozoic cover
of the central Argentina foreland (Zárate & Blasi
1993; Etchichury & Tófalo 2004; Iriondo & Krohl-
ing 2007; Visconti 2007).

Final remarks

The Quaternary evolution of the Cordillera Frontal
piedmont is the result of a complex history of tec-
tonic and climatic processes, complemented by
episodes of volcanic activity that generated a promi-
nent depositional landform in the southern part
(APP pyroclastic plain) and minor volcanic cones
at a restricted sector. The stratigraphic relationship
and timing of the aggradational cycles and erosional
events is still debatable, primarily because the
chronological calibration of the Quaternary pied-
mont record is a major hindrance, particularly for
the pre-Late Quaternary deposits. The recognition
and mapping of the aggradational units is also a
major source of confusion with notorious different
interpretations in the field recognition. As a result,
the numerical ages and the new available infor-
mation generate controversies and challenge the
stratigraphic relationships and the chronology by
Polanski (1963). As an example, the age attributed
to the APP and those recently obtained for Las
Tunas Formation are in disagreement with the stra-
tigraphic relationships proposed by Polanski (1963).
In Polanski’s scheme the APP is older than Las

Tunas Formation; new dates are evidently necessary
to shed light on this discrepancy.

Tectonic processes are responsible for the gener-
ation of a major accommodation space represented
by the formation of the Tunuyán depression. The
resulting basin was filled by c. 600 m at least since
the Diamante caldera event, if Polanski’s interpret-
ation (APP clasts redeposited at the lower section)
is assumed correct. Further, tectonic activity seems
to have caused several morphological changes in
different landforms and the drainage system, includ-
ing segmentation, head incision, development of
erosional gullies, uplift of deposits and the for-
mation of telescopic alluvial fans. Again, the chron-
ology of tectonic events is currently somewhat
uncertain. In general, the evidence suggests tectonic
activity during the Quaternary sensu lato but a more
detailed calibration is needed because of the still-
poor chronological control of the stratigraphic
record together with the difficulties in recognizing
some lithostratigraphic units.

The uplift pulses of Cordillera Frontal seem
to be the triggering mechanisms that initiated the
main aggradational cycles (Polanski 1963). Los
Mesones Formation, traditionally considered the
first Quaternary cycle, is the oldest considering
its topographic position, but its age is dubious
(ranging from Pliocene to early Middle Pleistocene,
according to different interpretations). Although
likely accumulated during Quaternary time, the
second aggradational cycle, La Invernada For-
mation, is interpreted as being younger than Los

Fig. 9. View of sand clasts from the eastern Andean piedmont at 33–348S (from Mehl et al. 2012). (a) Volcanic glass
under plane-polarized light (PPL) from Puente El Zampal study site. (b) Mixed pyroclast under PPL from Los
Alamitos 2 study site. (c) Polycrystalline quartz, under cross polarized light (XPL), from Los Alamitos 2 study site. (d)
Lithic clast under PPL from Los Alamitos 2 study site. (e) Biotite under PPL from Los Alamitos 1 study site. (f)
Muscovites under PPL from Puente El Zampal study site. (g) South American three great families of modern sands
(according to Potter 1994).
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Mesones Formation, with a stratigraphic position
somewhat uncertain at several localities. Except
for the descriptions by Polanski (1963), no detailed
studies have been performed on these deposits at a
regional scale. Las Tunas Formation, the third
aggradational cycle, is the best exposed and most
extensive. Glacial climatic conditions were appar-
ently involved during the accumulation of Las
Tunas (Polanski 1963; Pepin 2010; Pepin et al.
2013). The unit would record a much longer span
than previously interpreted ranging from c. 1.2–
0.6 Ma, comparing the mappings by Polanski
(1963) and Pepin (2010), to the Late Pleistocene
before c. 20–15 ka (Pepin 2010). Considering
these ages, the accumulation of the uppermost
section of Las Tunas Formation is synchronous
with El Zampal Formation (Zárate & Mehl 2008).
The dominant sandy and silty deposits of El
Zampal Formation therefore represent the distal
fine-grained sedimentary facies of the Late Quatern-
ary fluvial systems; the proximal coarse-grained
sedimentary facies dominantly composed of con-
glomerates would be documented by the uppermost
part of the alluvial cones of Las Tunas Formation. In
this context, El Zampal Formation is part of the
aggradational cycle of Las Tunas Formation
(Polanski 1963).

In relation to the fluvial terrace formations,
the Pleistocene incisions of Las Tunas river ter-
races have been interpreted as the result of climatic
changes, being formed at the end of glacial periods
(Polanski 1963; Pepin 2010). Baker et al. (2009)
also proposed that the fluvial terraces incision in
the Diamante River further south corresponded to
the beginning of interglacial periods. Further work
is required to establish if these upstream episodes
of erosion are reflected in some way, such as
changes in sedimentation rate or grain size, in the
downstream fine-grained alluvial sequences of El
Zampal Formation.

Two other distinct Holocene episodes of incision
are recorded in the fluvial system of the Tunuyán
depression and the pyroclastic plain; the older
occurred during Middle Holocene time and the
younger at very recent times (less than 300–
500 cal yr BP). Two Holocene terraces have also
been reported at the Atuel River, south of the area
under analysis (Zárate & Mehl 2011). The regional
occurrence of the older fluvial terraces in different
tectonic settings allows us to suggest that climate
has been a possible controlling factor (Bull 1991).
The process of incision was diachronic as revealed
by the dates obtained, which likely reflects the vari-
able responses of the different streams analysed.
In this respect it is hypothesized that one of the
degradation episodes might have been triggered
by a climatic fluctuation occurring prior to c.
5700 cal yr BP (Mehl & Zárate 2012). The youngest

degradational episode that gives way to the for-
mation of the present channels and floodplain
environments is regionally recorded at several
streams of central Argentina. It is thought to be
possibly related either to climatic conditions
(Little Ice Age), human activities at the time of
the Spanish arrival or a possible combination of
both factors (Mehl & Zárate 2012).
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Hervé, F. (eds) Geoscientific Cooperation with
Latin America Zeitschrift für Angewandte Geologie.
Schweizerbart Science Publishers, Stuttgart, Sonder-
heft SH1, 55–62.

Audemard, F. 1999. Morpho-structural expression of
active thrust fault systems in the Humid Tropical Foot-
hills of Colombia and Venezuela. Zeitschrift fur Geo-
morphologie, 118, 1–18.

Baker, S. E., Gosse, J. C., Mc Donald, E. V., Evenson,
E. B. & Martinez, O. 2009. Quaternary history of the
piedmont reach of Rı́o Diamante, Argentina. Journal of
South American Earth Sciences, 28, 54–73, http://
dx.doi.org/10.1016/j.jsames.2009.01.001.

Bastı́as, H., Tello, G., Perucca, L. & Paredes, J. 1993.
Peligro Sı́smico y Neotectónica. In: Ramos, V. A. (ed.)
Geologı́a y Recursos Naturales de Mendoza. XII Con-
greso Geológico Argentino & II Congreso de Explo-
ración de Hidrocarburos, Mendoza. Asociación
Geológica Argentina, Buenos Aires, Relatorio, VI.1,
645–658.

Bowman, D. 1978. Determination of intersection points
within a telescopic alluvial fan complex. Earth Surface
Processes, 3, 265–276.

Bruniard, E. D. 1982. La diagonal árida argentina: un
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Córdoba, 1, 397–453.

Caminos, R. 1993. El basamento metamórfico
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