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Abstract

The Andes between 36◦30′ and 37◦S represent a Cretaceous fold and thrust belt strongly reactivated in the late Miocene. Most
of the features that absorbed Neogene shortening were already uplifted in the late Cretaceous, as revealed by field mapping and
confirmed by previous fission track analysis. This Andean section is formed by two sectors: a western-inner sector generated by
the closure of the upper Oligocene-lower Miocene intra-arc Cura Mallı́n basin between the middle and late Miocene (Guañacos
fold and thrust belt), and an eastern-outer sector, where late Triassic-early Jurassic extensional depocenters were exhumed in two
discrete phases of contraction, in the latest early Cretaceous and late Miocene to the Present, respectively (Chos Malal fold and
thrust belt). Late Miocene deformation has not homogeneously reactivated Cretaceous compressive structures, being minimal south
of 37◦30′S through the eastern-outer sector (southern continuation of the Chos Malal fold and thrust belt). The reason for such
an inhomogeneous deformational evolution seems to be related to the development of a late Miocene shallow subduction regime
between 34◦30′ and 37◦45′S, as it was proposed in previous studies. This shallow subduction zone is evidenced by the eastward
expansion of the arc that was accompanied by the eastern displacement of the orogenic front at these latitudes. As a result, the
Cretaceous fold and thrust belt were strongly reactivated north of 37◦30′S producing the major topographic break along the Southern
Central Andes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

During the Mesozoic, south of 22◦S a long history of subduction has been recorded along the western margin of
Gondwana, not linked to mountain building processes. Back-arc extension and a poorly evolved arc have been the
common elements during most of this time, characterized by a negative roll-back velocity. The Andes started to form
in the latest early Cretaceous, around 120 Ma, when South America began to move to the west (Silver et al., 1998).
However, since then the western margin of Gondwana was shortened with contrasting intensities. The Central Andes,

∗ Corresponding author. Tel.: +54 114576 3300/3309x316; fax: +54 114576 3329.
E-mail address: folguera@gl.fcen.uba.ar (A. Folguera).

1 Tel.: +54 115071 3918; fax: +54 115071 4041.

0264-3707/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jog.2007.02.003



Author's personal copy

130 A. Folguera et al. / Journal of Geodynamics 44 (2007) 129–148

Fig. 1. Contrasting orogenic morphologies north and south of 37◦S controlled by the late Miocene shallow subduction zone (34◦30′–37◦30′S)
inferred from arc-volcanic products far away from the trench (Kay, 2002; Kay et al., 2006) and basement uplifts in the foreland zone (Ramos and
Kay, 2006). Note a progressive eastward shifting of the arc front in the area of maximum amplitude of the Andean system. Also note that a series
of eastern mountain ranges is incorporated in the fold and thrust belt east of the main Andes north of this latitude associated with a foreland basin,
suggesting that it could be a consequence of the shallow subduction, such as in the neighboring subduction zone (27◦–33◦S) to the north. Isopachs
of Tertiary strata next to the Andean front are in meters and taken from Yrigoyen (1993).

a maximum expression of this process, are highest and broadest next to the Arica bending (22◦S), with decreasing
topography to the south in the Chilean and Argentine Andes.

Although there is regionally a linear trend in orogenic volume variation along Andean strike, directly connected to
the amount of shortening absorbed along the margin (e.g., Ramos et al., 2004), certain anomalies to this regional rule
exist. The present flat-slab system to the north (27◦–33◦S; Pampean flat-subduction zone) has produced an exceptional
eastward expansion of the contractional deformation, which has defined a particularly wide and broad mountain segment
through the incorporation of eastern mountain systems and a series of basement uplifts in the foreland in the fold and
thrust belt (e.g., Jordan et al., 1983; Ramos et al., 2002). Similarly, the Andes north of 37◦S become sharply broader
than to the south as a consequence of the existence of an independent mountain system at the easternmost part of
the fold and thrust belt (Fig. 1). These morphological changes are connected to a stronger inversion of extensional
structures that are only mildly reactivated to the south (Fig. 2) (Ramos, 1998; Zamora Valcarce et al., 2006).

A late Miocene shallow subduction zone (34◦30′–37◦45′S; Kay, 2001, 2002; Kay et al., 2006; Ramos and Kay,
2006) was proposed to explain the presence of arc volcanic rocks more than 500 km east of the trench (Fig. 1). The
section of the Andean fold and thrust belt coincident with its southern part is characterized by a western-inner fold and
thrust belt, called the Guañacos fold and thrust belt (Folguera et al., 2004, 2006), and an eastern independent mountain
system, whose more prominent feature is the Cordillera del Viento. While the former was formed from late Miocene
to Quaternary around the drainage divide in response to the closure of the extensional Cura Mallı́n basin (25–17 Ma;
Suárez and Emparán, 1995, 1997), the later was uplifted during Cretaceous and Neogene times (Kay et al., 2006),
exposing Mesozoic and Paleozoic sequences as a consequence of an important uplift (Fig. 2).

The Cordillera del Viento is the westernmost part of what is known in the literature as the Chos Malal fold and thrust
belt (Bracaccini, 1970; Ramos, 1977). This belt is the northern expression of the Agrio fold and thrust belt, which has
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Fig. 2. Main morphotectonic features of the study area. The main Andes were formed by inversion of the Cura Mallı́n basin (25–17 Ma) in the late
Miocene to Quaternary by the Guañacos fold and thrust belt. The eastern ranges and particularly their western part, the Cordillera del Viento, reveal
an episode of late Cretaceous deformation and a phase of uplift in the late Miocene coeval with the closure of the Paleogene basin to the west.
Geology of the Chilean side was compiled from Muñoz and Niemeyer (1984), and main structural features of the Argentinian side were taken from
Zollner and Amos (1982), Ramos (1998), Narciso (2004).
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been extensively studied by the oil-industry (Figs. 1 and 2) (e.g., Ramos, 1977; Zapata et al., 1999, 2002; Cobbold
and Rossello, 2003; Zamora Valcarce et al., 2006). The Cordillera del Viento is not developed south of 37◦15′S, where
it is replaced by gently inverted half-grabens of the Agrio fold and thrust belt (Fig. 2; Zapata et al., 1999; Zamora
Valcarce et al., 2006), documenting a dramatic change in regional uplift at this latitude (Zapata and Folguera, 2005).
Previous studies, based on cross cutting relationships between igneous bodies and deformed strata, have shown that
these structures are related to an initial and a main stage of deformation that occurred between the latest early and
late Cretaceous (Zapata et al., 1999, 2002; Zamora Valcarce et al., 2006). Similarly, from Ar/Ar cooling ages in the
Cordillera del Viento (Figs. 2 and 3), Kay (2001, 2002), Burns (2002) and Kay et al. (2006) demonstrated that a main
episode of exhumation had approximately occurred at 70 Ma.

The morphological change occurring at 37◦15′S between mildly inverted halfgrabens to the south and denuded
basement uplifts to the north (Fig. 2), could have been inherited from a period of late Miocene shallow subduction in
this area. This deformation would be analogous to that over modern Precordillera in the flat subduction zone between
27◦ and 33◦S. The main objective of this paper is to identify sections of the fold and thrust belt between 36◦30′ and 37◦S
related to the first stage of uplift during latest early–late Cretaceous, and those related to the late Miocene compressive
deformation. Detailed mapping and description of the structures are used to link major plate interactions with variable
along-strike Andean morphology.

2. Temporal relationships across the Andean fold and thrust belt between 36◦30′ and 37◦S

The western-inner part of the Andes at these latitudes is formed by a Paleogene basin, the Cura Mallı́n basin
(25–17 Ma; Suárez and Emparán, 1995; Jordan et al., 2001; Burns, 2002; Burns et al., 2006). The inversion of this
basin was achieved in a phase of deformation during the middle to late Miocene first, and another in the late Pliocene
to Quaternary (Folguera et al., 2006) that formed the Guañacos fold and thrust belt, which grew in an out-of-sequence
order respect to the rest of the fold and thrust belt to the east (Figs. 2 and 3). The eastern part of the orogen has a
more complex history of deformation that started with the uplift of the Cordillera del Viento in late Cretaceous times
as evidenced by Ar/Ar cooling ages in Permian to Mesozoic rocks (Kay, 2002) and fission track ages (Burns, 2002;
Burns et al., 2006). Deformation in mid to late Miocene sequences has been mentioned from the seventies (Uliana et
al., 1973; Llambı́as et al., 1978a,b; Pesce, 1981) on both sides of the Cordillera del Viento, indicating a last phase of
uplift of this sector during Neogene times (Fig. 2) (Kozlowski et al., 1996). A constraint to this youngest compressive
pulse of deformation at the easternmost part of the Andes is given by the undeformed Cerro Negro volcanics, east of
Cordillera del Viento, dated at 11.7 ± 0.2 Ma (Fig. 3) (Kay, 2002; Kay et al., 2006).

2.1. Main Andes

2.1.1. Guañacos fold and thrust belt
This belt, described by Folguera et al. (2006), has an average NW trend in map view (Figs. 2 and 3) at 36◦–37◦45′S.

This trend resembles those of the late Triassic-early Jurassic and Paleogene extensional basins observed all along the
Southern Central and Northern Patagonian Andes, which has led many authors to propose a basement control on the
compressive structure (Charrier, 1973; Dalla Salda and Franzese, 1987; Mpodozis and Ramos, 1989; Vergani et al.,
1995; Ramos et al., 1996). South of 37◦S this basement control has been verified through seismic lines for the early
Mesozoic units immediately to the east of the main Andes, out of the Guañacos fold and thrust belt (Kozlowski et
al., 1996; Ramos, 1998; Zapata et al., 1999; Zamora Valcarce et al., 2006), and at the easternmost part of this belt
in Oligo-Miocene sequences (Jordan et al., 2001; Zapata and Folguera, 2005; Folguera et al., 2006). Furthermore, a
basement control through most of the Andean fold and thrust belt at these latitudes has been inferred even where no
seismic coverage existed, through the recognition of: (1) quadrangular patterns in many reverse faults at map view,
(2) high amplitude folds, (3) normal relationships in reverse faults, (5) changes in vergence along the compressive
structure absorbed by narrow transfer zones, (6) sudden thickness variations in strata associated with faults (Ramos,
1998; Folguera et al., 2003; Zapata and Folguera, 2005). North of 37◦S thin-skinned deformation becomes an important
mechanism during Neogene shortening in the Guañacos fold and thrust belt. Even though quadrangular patterns persists
and NNW to NW directions constitutes the main trends of the Guañacos fold and thrust belt (Figs. 2 and 3), at least
the most superficial sequences were stacked in a thin-skinned regime.
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Fig. 3. Geological map of the main Andes (Guañacos fold and thrust belt), where mainly younger than 25 Ma sequences are exposed, and eastern ranges from Cordillera del Viento to the Palao
region (Chos Malal fold and thrust belt), where Mesozoic and Miocene sequences were exhumed through two episodes of deformation. Radiometric ages are from Pesce (1981, 1983, 1987), Burns
(2002), Kay et al. (2006). Present mapping is partially based on previous surveys of Llambı́as et al. (1978a,b), Burns (2002), Franchini et al. (2003).
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Fig. 4. Structural cross-section of the area displayed in Fig. 3. Note the unconformity in the eastern area between folded Mesozoic deposits and
Miocene volcanic rocks and the contrasting mechanics of deformation of these two sequences. Capital letters indicate different segments through
which the structural profile was performed (see Fig. 3 for location). Topography is not vertically exaggerated.

The frontal part of this narrow belt of deformation forms the Nahueve triangle zone that coincides with the Nahueve
fluvial basin (Figs. 3 and 4).

To the east, a series of east-dipping high angle reverse faults uplift a mid Miocene sequence, the Cajón Negro
Formation (Pesce, 1981, 1987), partly equivalent to the oldest section of the Charilehue Formation (Fig. 3) (Uliana et
al., 1973; Llambı́as et al., 1978a,b). This is a 20 km-long section of backthrusts and west-verging folds in the frontal
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Fig. 5. From west to east along Las Lagunas transect (Fig. 3). (A–C) Guañacos fold and thrust belt that resulted from the closure of the Cura
Mallı́n basin. (A) Two faults uplift the Miocene batholith over the late Oligocene sequence at the drainage divide; (B) open folding of the Paleogene
sequences as a result of stacking of duplexes; (C) front of the Guañacos fold and thrust belt at the Nahueve fluvial basin. LO Cm: late Oligocene
Cura Mallı́n formation; Mg: Miocene granitoids.

part of the northern Guañacos fold and thrust belt. Jordan et al. (2001) have demonstrated through the analysis of
industry seismic lines that the late Oligocene-early Miocene sequences, imbricated in the Guañacos fold and thrust
belt, do not extend further east of the Nahueve triangle zone beneath the mid Miocene successions (Fig. 4). The series
of west-verging faults and folds east of the Nahueve fluvial basin are the foothills of the main basement uplift related
to the Cordillera del Viento (Figs. 3 and 4).

West of the Nahueve valley, low-angle thrusts and a series of duplexes were emplaced. They alternate with some
high-angle reverse faults that exhumed a mid to late Miocene batholith (Figs. 3 and 4) dated at 15 ± 2 Ma (K/Ar) near
the Cajón Vaca Lauquen (Figs. 3 and 5) (Pesce, 1981). In detail, the structure of the eastern side of the Guañacos fold
and thrust belt at these latitudes includes from west to east: (1) two in-sequence thrusts, (2) a broad syncline formed by
the stacking of three duplexes, and (3) an out-of-sequence thrust. All affect late Oligocene-early Miocene sequences of
the Cura Mallı́n basin (Figs. 5 and 6). Finally, two high-angle reverse faults to the west exhumed part of the Miocene
batholith refolding previous thrusts (Fig. 5).

No upper age constraint exists on this deformation east of the drainage divide. Angular unconformities like those
between late Miocene deformed strata and overlying early Pliocene flat-lying volcanics on the western side of the
Andes at the same latitudes are absent (Niemeyer and Muñoz, 1983; Muñoz and Niemeyer, 1984; Melnick et al.,
2006). A fission track age of 8 Ma was obtained from 26 Ma old granite, in the first thrust sheet west of the Nahueve
triangle zone (Burns, 2002; Cordillera Blanca, Fig. 3). Further, late Oligocene ignimbrites override 12–9 Ma old tuffs
at the orogenic front in the Buraleo valley (Fig. 3) (Burns, 2002). To the south, the frontal part of the Guañacos fold
and thrust belt formed in Quaternary times, as shown by younger than 1.7 Ma sequences affected by the deformation
(Folguera et al., 2004, 2006). In detail, the western part of the Guañacos fold and thrust belt, mainly located at the
western side of the Andes, was stacked during the mid to late Miocene, whereas the eastern slope was constructed in
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Fig. 6. Guañacos fold and thrust belt along the Buraleo transect (Fig. 3). (A) 25–22 Ma ignimbrites and tuffs of the Cura Mallı́n formation overriding
12–9 Ma ash fall deposits (Burns, 2002) of the Cajón Negro Formation along the eastern edge of the Guañacos fold and thrust belt; (B) folding in
the Guañacos fold and thrust belt.

two discrete pulses, one constrained by fission track data around 8 Ma (Burns, 2002), and a second in the Quaternary
(Folguera et al., 2004).

East of the Nahueve triangle zone, into the zone of west-verging faults and folds (Figs. 3 and 4), two high-angle
reverse faults, the Arroyo Colorado and Aguas Calientes faults (Figs. 3 and 4), affecting mid Miocene beds of the
Cajón Negro Formation, are associated with neotectonic activity (Fig. 7). The Aguas Calientes hanging wall fault
is associated with Pliocene to Quaternary growth strata (Fig. 7), which are covered by Quaternary horizontal beds
indicating that the deformation is not active. Fresh fault scarps are more important in this part of the fold and thrust
belt, associated with blind and emergent backthrusts (Fig. 7), than in the inner east-verging sector (Guañacos fold and
thrust belt), indicating that the area of young compressional tectonics is located in the foothills of the Cordillera del
Viento.

The last phase of deformation in the northern part of the Guañacos fold and thrust belt is of different nature at
these latitudes. A series of W to NW oblique extensional faults are cutting and displacing the compressional structure
formed after 12–9 Ma (Figs. 3 and 8). These faults are concentrated near the Chillán lineament (Dixon et al., 1999;
Radic, 2006), a volcanic chain that joins late Pliocene strato-volcanoes and small cones in the retroarc to the volcanoes
in the modern front (Figs. 2 and 3). The nature of this structure is poorly known, although it produces a major trend
change in the eastern part of the Guañacos fold and thrust belt (Fig. 2). This suggests a probable connection between
this lineament and the Paleogene rift structure, as was early proposed by Groeber (1929, 1938) for the easternmost
projection of this lineament, the Cortaderas lineament (Ramos, 1981), into the foreland zone.

2.2. Chos Malal fold and thrust belt area

2.2.1. Cordillera del Viento
The Cordillera del Viento, located at the western part of the Chos Malal fold and thrust belt, represents the deepest

level of exposure of the entire fold and thrust belt at these latitudes (Figs. 2–4). Early Paleozoic schists (Zappettini et
al., 1986), south of the study area, are unconformably covered by tightly folded Carboniferous marine shales, that are
in turn unconformably covered by the Permian to Triassic Choiyoi Group (Zollner and Amos, 1973) and early Jurassic
to early Cretaceous marine and continental strata (Figs. 3, 4 and 9).
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Fig. 7. Backthrusts and west-vergent folds along the Pichi Neuquén transect (Fig. 3). The unit deformed at the surface is the Cajón Negro Formation
(15–9 Ma), a partial equivalent to the oldest part of the Charilehue Formation in the Chos Malal fold and thrust belt. (A) Triangular zone in the
Nahueve fluvial basin (Fig. 3) between the east-vergent napes of the Guañacos fold and thrust belt and the west-vergent structure east of the Lumabia
valley; (B and C) growing strata at the hanging wall of a backthrust in the Pichi Neuquén transect. These syntectonic sequences are located over
Pliocene sequences of the Quebrada Honda volcanic shield, constraining the last age of deformation at the late Pliocene to Quaternary interval.
Mcn: middle Miocene Cajón Negro Formation; Pl/Qt: Plio-Quaternary sediments; (D–F) NW west-facing scarps affecting late Miocene to Pliocene
volcanic rocks in the Pichi Neuquén valley (see Fig. 3 for regional location).

Even though there is a clear west-verging geometry of the structure (given by steeply dipping beds on the eastern
flank of the range and gently dipping Paleozoic units on the western limb; Zapata et al., 1999) there is no a direct
evidence of an east-dipping fault on the western side of the Cordillera del Viento. On the contrary, latest Cretaceous to
Paleocene volcanic rocks of the Serie Andesı́tica unit (Llambı́as et al., 1978a,b; Franchini et al., 2003) seal the western
topographic break (Figs. 3 and 4). This implies that the Cordillera del Viento could have acquired its shape in pre-late
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Fig. 8. Quaternary extension of the NW Chillán lineament. (A and B) Extensional fault and roll-over at the northern extreme of the 15 ± 2 Ma Torres
de la Laguna massif (Pesce, 1981) (see map view at (C and D)); (C) Chillán volcanic lineament with the Quaternary Chillán volcanic complex at its
western end and the late Pliocene Los Cardos volcano at the eastern one; (E) EW extensional scarp at the northern face of Los Cardos Volcano; (F)
compressional structure derived from Cura Mallı́n basin inversion affected by EW and NW Quaternary extensional faulting associated with Chillán
lineament; (G) field view of the Chillán lineament (see map view at C).
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Fig. 9. Eastern flank of the Cordillera del Viento (Chos Malal fold and thrust belt). The Cordillera del Viento is a backthrust inherited from late
Cretaceous times that exposed an early Paleozoic sequence unconformably covered by Permian to early Cretaceous sequences (A and B). Ages of
the Cuyo Group were determined from fossil studies: the interval 183–176 Ma corresponds to Toarcian times determined from Harpoceras sp. (A)
Marine early Jurassic fossil-bearing sequences at the axial part of the Cordillera del Viento; (B) Permian to Triassic non-marine volcanic sequences
of the Choiyoi Group covered by early Jurassic sequences; (C) the east dipping Paleozoic to Mesozoic sequences of the Cordillera del Viento were
eastwardly thrust over Miocene sequences of the Charilehue Formation along the Curileuvú fault in late Miocene times. Cerro Pelán age comes
from Franchini et al., 2003. PTch: Permian to Triassic ChoiYoi Group; Tjc: late Triassic to early Jurassic Cuyo Group (183–176 Ma); Jt: Jurassic
Tordillo Formation; Klm: lower Cretaceous Mendoza Group; Mch: mid Miocene Charilehue Formation; Pp: Pliocene to Quaternary volcanic rocks.
(Ammonoid determinations made by Beatriz Aguirre Urreta (2005).)

Cretaceous times, when an east-dipping fault, now buried beneath late Cretaceous sequences, exhumed Paleozoic to
Mesozoic strata, in accordance with fission track ages (Burns, 2002; Burns et al., 2006). The Serie Andesı́tica in turn
dips to the west along the entire west slope of the Cordillera del Viento (Figs. 3 and 4), which could imply the presence
of a deep west-dipping ramp into the basement tilting the Cretaceous structure during the Tertiary.

The eastern slope of the Cordillera del Viento is composed of ammonite-bearing early Jurassic sequences interbedded
with volcanic layers, covered by Middle Jurassic limestones of the La Manga Formation, late Jurassic evaporite
facies and continental sandstones of the Auquilco and Tordillo Formations, and littoral facies of the Mendoza Group
(Figs. 3 and 4) (Zollner and Amos, 1973). This 5-km thick sequence dips to the east and is bounded by the Curileuvú
fault that puts the entire Mesozoic sequence over the middle to late Miocene Charilehue Formation (Figs. 3 and 4). The
axial part of the Cordillera del Viento is crossed by a west-facing scarp (Atreuco fault; Figs. 3 and 10) associated with
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Fig. 10. Last phase of deformation in the Chos Malal fold and thrust belt, along the Atreuco fault in the axial part of the Cordillera del Viento. (A)
Rock avalanche in the Domuyo area with its break-away zone over the Atreuco fault; (B) slope break corresponding to the tectonic escarpment of
this fault in the Domuyo area (hyphens indicate descended block during faulting); (C and D) deformation at the Atreuco fault; note the relatively
high angle of the faults as well as the co-existence of extensional and compressional faults, probably indicating limited amounts of strike-slip
displacements; (E) morphological expression of the Atreuco fault and spatial relationship with the main rock avalanches in the region.

neotectonic activity and seismicity in the western slope of cerro Domuyo. There, a fluvial incision in post-Miocene
units exposes the fault scarp (Fig. 10), where compressional and extensional minor faults coexist, which could be a
consequence of a large almost vertical fault with minor splays of variable orientation.

2.2.2. Chos Malal fold and thrust belt
East of the Curileuvú fault, that flanks the eastern slope of the Cordillera del Viento north of 37◦S (Figs. 2–4),

mid-Miocene volcanic sequences of the Charilehue Formation are broadly folded. A major anticline with a North
trend, La Cruzada high (Figs. 2 and 3) is formed at a more detailed scale by a series of four aligned tectonic domes
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Fig. 11. Palao anticline in the Chos Malal fold and thrust belt. Note the long wavelength of the folding and the deformation of the middle Miocene
sequences of the Charilehue Formation. Note also the intrusion of igneous bodies along the axial part of the structure corresponding to La Cruzada
and Azufre hills. Cerro Nevazón ages come from Franchini et al. (2003). Klm: lower Cretaceous Mendoza Group; Mch: middle Miocene Charilehue
Formation; Pliocene to Quaternary intrusives.

(Figs. 11 and 12). These are in turn intruded by Pliocene to Quaternary sub-volcanic bodies such as Domuyo (K/Ar
2.5 ± 0.5 Ma; Miranda, 1996), Palao (K/Ar 1 ± 0.2 Ma; 4 ± 1 Ma; Linares and González, 1990), La Cruzada and
Azufre (Fig. 3) (Llambı́as et al., 1978a,b; Miranda, 1996; Linares and González, 1990; Pesce, 1983, 1987; Miranda
et al., 2006). These magmatic bodies were post-tectonically emplaced as inferred from cross-cutting relationships
(Fig. 13A) (Llambı́as et al., 1978a,b; Miranda, 1996; Miranda et al., 2006), which indicate at least a pre 4–5 Ma age for
the folding affecting the Charilehue Formation. The oldest constraint for this deformation is given by non-deformed
Cerro Negro volcanics (11.7 ± 0.2 Ma; Kay et al., 2006) (Fig. 3) unconformably overlying Cretaceous folded strata.
Therefore, shortening in the Chos Malal fold and thrust belt would have occurred between 15 Ma, oldest K/Ar age of
the Charilehue Formation in this area (Uliana et al., 1973; Llambı́as 1978a,b), and approximately 12 Ma.

A syncline in the Charilehue Formation was formed east of the Palao and Domuyo regions (Figs. 4 and 12), at the
main topographic break in the Chos Malal fold and thrust belt. This syncline separates two contrasting domains: (1) a
deeply incised western sector where the basement under the Miocene sequences is exposed down to the mid Jurassic,
and as far as the early Paleozoic in the Cordillera del Viento, and (2) an eastern area where topography is low and
deformation does not expose sequences older than mid Cretaceous.

The Palao dome and the other minor anticlines (La Cruzada and Azufre) expose at their cores a major unconformity
between Mesozoic and middle Miocene sequences (Figs. 3 and 4). At their core, Miocene beds of the Charilehue
Formation cover west-verging folded marine sequences assigned to the Mendoza Group (Figs. 3, 4 and 13) (Llambı́as
et al., 1978a,b). At the Palao dome, the lower part of the Mendoza Group is Tithonian in age based on the presence
of Virgatosphinctes mendozanus in the Vaca Muerta Formation. The upper part corresponds to the Agrio Formation
based on ammonoids, an equivalent unit to the youngest levels in the eastern slope of the Cordillera del Viento

Fig. 12. Palao anticline and frontal syncline. Note that even though an angular unconformity exists between Miocene and Mesozoic sequences
(latest early Cretaceous is the youngest exposed sequence beneath the unconformity in the eastern flank of the anticline), the last deformed sequence
is the Charilehue Formation, showing a less than 15 Ma age for this structure. Ja: Jurassic Auquilco Formation; Jt: Jurassic Tordillo Formation;
Klm: lower Cretaceous Mendoza Group; Kh: mid Cretaceous Huitrı́n Formation; Kr: mid Cretaceous Rayoso Group; Mch: late Miocene Charilehue
Formation.
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Fig. 13. Unconformity between tightly folded early Cretaceous sequences and mid Miocene volcanic rocks west of Cerro Palao. Ages were
determined from fossil associations: two determinations at the bottom and top of the Cretaceous sequence have shown that the entire lower
Cretaceous interval is represented in deep sea facies. Klm: lower Cretaceous Mendoza Group; Mch: mid Miocene Charilehue Formation. (Ammonoid
determinations made by Beatriz Aguirre Urreta (2005).)

(Figs. 3 and 13). In the southern part of the Palao dome, Miocene beds are directly on Tithonian beds, while to the
north the unconformity progressively covers younger beds up to the Agrio Formation (Figs. 4 and 13). To the east,
the western flank of the syncline that affects up to the Charilehue Formation exposes even younger units beneath the
unconformity corresponding to non-marine mid Cretaceous Rayoso Formation (Figs. 4 and 12).

3. Tectonic evolution of the southern central Andes at 36◦30′–37◦S

Several stages of deformation are recognized that contributed to the final structure of the fold and thrust belt
at 36◦30′–37◦S. This structure mainly results from tectonic inversion of normal faults associated with Paleogene
sequences in the western axial part of the orogen, and late Triassic-early Jurassic sequences in the eastern part. The
inversion of these structures was achieved during late Miocene times, although evidence for an older deformation
is visible beneath Tertiary sequences in the Chos Malal fold and thrust belt. The fold and thrust belt has a complex
evolution with periods of eastward progression of deformation during the (1) late Cretaceous as determined by the
unconformity between Mesozoic marine sequences and late Cretaceous to Paleocene Serie Andesı́tica, and (2) late
Miocene as recorded by the angularity separating Miocene and Pliocene beds.

3.1. Late Cretaceous deformation

The late Cretaceous deformation can be seen on both slopes of the Cordillera del Viento (Fig. 13). On the
eastern flank of this range, Mesozoic sequences are intensely deformed beneath Miocene beds of the Charilehue
Formation (Figs. 4 and 14). Evidence for a late Cretaceous compressive stage comes from the western slope of the
Cordillera del Viento, where late Cretaceous-Paleocene sequences are unconformably overlying deformed Permian
and Triassic rocks (Figs. 3 and 4). Triassic beds are conformably covered by Jurassic to mid Cretaceous strata at
the axial and eastern flank of the Cordillera del Viento (Fig. 9), indicating that the deformation occurred some-
time between the mid and late Cretaceous. This is in accordance with Ar/Ar cooling ages in plutons and fission
track data (Burns, 2002; Burns et al., 2006; Kay et al., 2006) showing that important exhumation occurred around
70 Ma.
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Fig. 14. Evolution of the western part of the fold and thrust belt during the last 120 Ma. During the latest early to late Cretaceous the only evidence
for deformation comes from fission track data and Ar/Ar ages in the eastern flank of the Cordillera del Viento (Burns, 2002; Kay, 2002). The
unconformity between the middle to late Miocene and the Mesozoic sequences in the Palao region could be related to this phase of deformation as
well as the Rayoso-Neuquén (latest early–late Cretaceous) foreland (?) basin. During the middle to late Miocene the Guañacos fold and thrust belt
formed, probably through more than one episode of deformation that ended with emplacement of the Miocene batholiths and the reactivation of
extensional faults beneath the Chos Malal fold and thrust belt. The late Pliocene to Quaternary is characterized by renewed compression through a
series of backthrusts west of the cordillera del Viento.



Author's personal copy

144 A. Folguera et al. / Journal of Geodynamics 44 (2007) 129–148

Fig. 15. Integrated profile of the entire fold and thrust belt at 37◦S. The outer section was taken from Zapata et al. (1999, 2002) and the western-inner
part of the profile is interpreted from Muñoz and Niemeyer (1984) mapping. Topography has no vertical exaggeration.

Partial exposures of the Cretaceous structure are common in the study area. An early style of deformation charac-
terized by the detachment of late Jurassic evaporites forming tight and narrow anticlines is seen in the Cerro Palao
region (Figs. 4, 13 and 14). The main features formed at that time are two basement structures, (1) a paleo-Cordillera
del Viento west of the previous belt of deformation (Fig. 3), which was associated with an east-dipping basement fault,
and (2) a paleo-Palao high to the east, where mid Jurassic evaporites were exhumed at the core of a high-amplitude
anticline. These structures are connected to the inversion of late Triassic-early Jurassic extensional structures to the
south, as emphasized by many authors (Kozlowski et al., 1996; Vergani et al., 1995; Zapata et al., 1999, 2002; Guerello,
2006; Zamora Valcarce et al., 2006). Therefore, the fold and thrust belt at 37◦S during the late Cretaceous was already
marked by the involvement of basement-related faults into the orogenic wedge accompanied by thin-skinned deforma-
tion in the areas limited by the basement highs (Fig. 14). Other basement structures are present to the east of the Palao
region such as La Yesera high, Sierra de Reyes and Sierra de Tril uplifts (Fig. 2). These structures are onlapped by
latest Cretaceous marine sediments by their eastern flanks, indicating that part of those uplifts were achieved during
pre-Tertiary times (Figs. 14 and 15).

3.2. Late Miocene deformation: inversion of the Cura Mallı́n basin and final contraction of the Chos Malal fold
and thrust belt

A large amount of information exists on the late Oligocene-lower Miocene extensional stage that affected this part
of the Andes and formed the Cura Mallı́n basin (Figs. 14 and 15) (Suárez and Emparán, 1995, 1997; Jordan et al., 2001;
Burns, 2002; Zapata and Folguera, 2005; Burns et al., 2006; Folguera et al., 2006). However, detailed descriptions
related to the closure of the basin, and the deformation recorded further to the east, are still scarce. Studies of the
Cordillera del Viento are mainly from the southern sector (Kozlowski et al., 1996; Zapata et al., 2002), where the
Curileuvú fault (Figs. 3, 4 and 9) is inserted in Mesozoic sequences producing thin and thick-skinned deformation
(Kozlowski et al., 1996; Guerello, 2006). Based on Ar/Ar cooling ages and fission track data (Burns, 2002; Kay, 2001,
2002; Burns et al., 2006; Kay et al., 2006) a late Cretaceous pulse of deformation has been determined for the uplifts
east of the Guañacos fold and thrust belt (Fig. 2). Mapping presented here shows that, at least in the northern part of the
Cordillera del Viento, important uplift after 15 Ma is related to the activity of the Curileuvú fault (Figs. 3, 4, 9 and 14).
Therefore the Chos Malal fold and thrust belt, including the Cordillera del Viento, and the Palao and Tromen regions
where Miocene beds are deformed, have been reshaped during the late Miocene with a much higher intensity than the
area south of 37◦S (Fig. 2).

To the west, the Cura Mallı́n basin was inverted at the time of late Miocene reactivation of the Chos Malal fold and
thrust belt, when late Oligocene to early Miocene synrift wedges were thrust over the Cretaceous fold and thrust belt.
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Evidence comes from fission track ages yielding 9 Ma in late Oligocene intrusives in the Cordillera Blanca (Fig. 3)
(Burns, 2002), and a regional unconformity between the Cura Mallı́n basin fill and early Pliocene volcanic rocks on
the Chilean side of the Andes at these latitudes.

3.3. Plio-quaternary deformation

Determination and description of the youngest compressional deformation in the area shed light on the extent of the
anomalous eastward migration of deformation and consequent expansion of the fold and thrust belt achieved in late
Miocene (Fig. 14).

The last uplift of the Andes at these latitudes is concentrated between the eastern part of the Guañacos fold and thrust
belt and the Cordillera del Viento in a series of east dipping high angle reverse faults that affected the late Miocene
Cajón Negro Formation at the surface (Figs. 3, 4 and 14). Most of these faults are buried beneath thick piles of Pliocene
to Quaternary volcanic rocks of the Quebrada Honda Formation (Fig. 3), indicating that they are mainly late Miocene
in age. Small offsets on the youngest sequences and post-Miocene growth strata (Fig. 7) imply that some uplift has
occurred in the last 5 Ma.

These faults, part of the western foothills of the Cordillera del Viento, reactivated Cretaceous backthrusts deforming
Tertiary sequences (Figs. 4 and 14). The easternmost structure of this fan of faults is the Atreuco fault in the axial part
of the Cordillera del Viento that deforms post-Miocene strata (Figs. 3, 10, 14).

Faults with an extensional component in the vicinities of the Chillán-Cortaderas lineament (Fig. 2) next to the arc
front (Figs. 3 and 8) offset the compressive structure related to the closure of the Cura Mallı́n basin. Their orientation
and location indicate a local phenomenon associated with the reactivation (extensional–transtensional) of crustal
heterogeneities in the basement beneath the arc, rather than a widespread orogenic collapse at the area.

4. Discussion

Late Cretaceous deformation has been a widespread phenomenon in the entire Southern Central Andes (Fig. 2)
(Ramos and Folguera, 2005a,b; Zamora Valcarce et al., 2006). At that time, the orogenic front migrated toward the
foreland, accompanying the broadening volcanic arc and inverting late Triassic to early Jurassic extensional structures
(Fig. 14). Even though Cretaceous structure has been highly modified and reactivated in the Tertiary, remnants of the
Cretaceous fold and thrust belt suggest that segmentation related to variable degrees of shortening at that time does
not account for the present morphology. Instead the variable amplitude and height of the Southern Central Andes
strongly correlate with different degrees of Neogene shortening (Kley et al., 1999; Ramos et al., 2004). In this context,
abrupt morphological changes at 37◦S have been considered as being related to contrasting angles of subduction of
the Nazca plate beneath the South American plate, from nearly flat in the north to normal (40◦–30◦E) south of this
latitude (Ramos and Folguera, 2005b; Folguera et al., 2006; Ramos and Kay, 2006). The Guañacos fold and thrust belt,
which was entirely formed during the Neogene and north of this latitude, could be a direct consequence of shallowing
of the Nazca plate beneath South America (Fig. 2). Similarly, the Chos Malal fold and thrust belt acquires its main
morphological expression, defined by a deeper level of exhumation and increased amplitude, north of 37◦S.

South of 38◦S the successive arc fronts from Cretaceous to Quaternary times are condensed in a narrow belt less
than 40 km wide (Fig. 1) (Mpodozis and Ramos, 1989; Ramos and Folguera, 2005a). On the contrary, north of 37◦S,
discrete and separated magmatic belts, which are younger to the east, exemplify the shifting of the arc front in that
direction (Fig. 1) (Kay et al., 2006), coinciding with the area where the Andean system has been deeply reshaped
during the late Miocene (Fig. 14). A linkage between arc-foreland shifting and compressive deformation had already
been proposed for the 9 Ma old flat subduction zone at 27◦–33◦S (Kay and Abbruzzi, 1996; Ramos et al., 2002).
In that zone, the constrained migration of the asthenospheric wedge to the foreland has produced the development
of brittle-ductile transitions and consequently decollements over which the crust has absorbed shortening. A similar
situation might be recorded north of 37◦S, explaining the final uplift of the eastern ranges at 15–12 Ma, synchronous
with the emplacement of the Charilehue and Cajón Negro Formations, associated with the late and mid Miocene arc,
respectively, east of the early Miocene arc (Fig. 1).

The fact that the Andes become wider north of 37◦S by the exhumation of an older polyphase deformational belt can
be explained by late Miocene uplift, following segmentation of the Benioff zone 15–12 Ma ago, when the arc started
to broaden north of this latitude.
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V.A. Ramos and CONICET PIP 5965 “Tectónica Neógena de los Andes Neuquinos” to V.A. Ramos and A. Folguera.

References

Aguirre Urreta, B., 2005. Internal report: ammonoid determinations in the cordillera del Viento and eastern foothills. Universidad de Buenos Aires.
Unpublished report to Universidad de Buenos Aires, Buenos Aires, p. 5.

Bracaccini, O., 1970. Rasgos tectónicos de las acumulaciones mesozoicas en las provincias de Mendoza y Neuquén, República Argentina. Asociación
Geológica Argentina. Revista 35 (2), 275–284.

Burns, W.M., 2002. Tectonics of the Southern Andes from stratigraphic, thermochronologic, and geochemical perspectives [PhD Thesis]: Ithaca
NY, Cornell University, p. 204.

Burns, W., Jordan T., Copeland, P., Kelley, S., 2006. The case for extensional tectonics in the Oligocene-Miocene Southern Andes as recorded in
the Cura Mallı́n basin (36◦–38◦S). In: Kay, S.M., Ramos, V.A. (Eds.), Late Cretaceous to Recent Magmatism and Tectonism of the Southern
Andean Margin at the Latitude of the Neuquen Basin (36–39◦S), GSA Special paper, pp. 163–184.

Charrier, R., 1973. Interruptions of spreading and the compressive tectonic phases of the Meridional Amdes. Earth Planet. Sci. Lett. 20, 242–249.
Cobbold, P., Rossello, E., 2003. Aptian to recent compressional deformation, foothills of the Neuquén Basin, Argentina. Marine Petroleum Geol.

20 (2003), 429–443.
Dalla Salda, L., Franzese, J., 1987. Las megaestructuras del Macizo y la Cordillera Norpatagónica argentina y la génesis de las cuencas volcano-
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Niemeyer, H., Muñoz, J., 1983. Geologı́a de la hoja 57 Laguna de La Laja, Región de Bı́o Bı́o: Servicio Nacional de Geologı́a y Minerı́a. Santiago
de Chile, scale 1:250.000, 1 sheet. Santiago de Chile.

Melnick, D., Rosenau, M., Folguera, A., Echtler, H., 2006. Late Cenozoic tectonic evolution, western flank of the Neuquén Andes between 37◦ and
39◦ south latitude. In: Kay, S.M., Ramos, V.A. (Eds.), Late Cretaceous to Recent Magmatism and Tectonism of the Southern Andean Margin at
the Latitude of the Neuquen Basin (36-39◦S). GSA Special paper.

Miranda, F. J., 1996. Caracterización petrográfica y geoquı́mica del Cerro Domuyo, Pcia. de Neuquén - Argentina. [Licenciatura Thesis]. Buenos
Aires, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires, p. 118.

Miranda, F., Folguera, A., Leal, P., Naranjo, J., Pesce, A., 2006. Neogene deformation in the retroarc area (36◦ 30′-38◦S) based on the study of
Upper Pliocene-Lower Pleistocene volcanic complexes of the Southern Central Andes of Argentina. In: Kay, S.M., Ramos, V.A. (Eds.), Late
Cretaceous to Recent magmatism and tectonism of the Southern Andean margin at the latitude of the Neuquen basin (36-39◦S). GSA Special
paper, pp. 287–298.

Mpodozis, C., Ramos, V.A., 1989. The Andes of Chile and Argentina. In: Ericksen, G.E., Cañas Pinochet, M.T., Reinemud, J.A. (Eds.), Geology
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