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The structure and tectonics of the retro-arc area of the Andes between 38°30′ and 40°S remains poorly
understood because of the scarcity of previous structural studies. This paper analyzes the styles, distribution
and timing of the deformation in the eastern flank of the Andes between these latitudes, with focus in the
Tertiary tectonics of the area. This Andean section can be divided into an internal and an external domain
based on its distinctive structural evolution. The boundary between them coincides with the Bio Bio and
Aluminé valleys, which separate sectors of the fold-and-thrust belt with opposite vergence and different
structural styles. Structures developed in the external domain during the Andean cycle are associated with a
west-verging fold-and-thrust belt which was controlled geometrically by pre-existing normal faults of the
Mesozoic rift phase.
We also differentiate three segments along the external domain of the inner retro-arc zone at these latitudes.
Each segment is associated with a Tertiary depocenter related to the western border of a structural high
(Copahue–Pino Hachado Block and Cordilleras de Catan Lil and Chachil) which constitutes an outstanding
feature within the study area.
The recognition and interpretation of themain structures and the spatial and temporal distributionof the Tertiary
sequences allowed us to establish a tectonic model in which the uplift of this NNW-trending block during upper
Miocene times, originated a series of intermontane depocenters well represented between 38 and 40°S. As a
result of that, syntectonic and synorogenic deposits accumulated in a compressive regime. These depocenters can
be integrated in a narrowdeposition zone associatedwith thewestern slope of the Copahue–PinoHachado Block
and its southward prolongation in the Cordillera de Catan Lil and Cordillera del Chachil.
On the basis of tectonostratigraphic controlswe define the last Andean contractional phase of the inner retro-arc
area at these latitudes, between 11 and 5.67 Ma for the northern segment, between 10 and 6.2 Ma for the central
segment and between 13 to 8 and 4.3 Ma for the southern segment. After this short-lived compressional stage,
deformation migrated to the west associated with the onset of the Liquiñe-Ofqui strike-slip fault zone along the
intra-arc zone.
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1. Introduction

The Andes extends for more than 7500 km along the western
margin of South America, and they constitute an example of an active
subduction orogen. Compressional deformation, induced by the
convergence between Nazca and South American Plate, is accepted
as the main driving force that uplifts the Andean chain. Several fold-
and-thrust belts with significant along-strike variations in styles,
magnitude and timing of deformation, developed along the entire
Andean chain as a consequence of upper-plate shortening. Some of
the regions inwhich these belts occur, received considerable attention
in the last decades, like the Andean eastern flank between 36° and
38°30′S (Guañacos, Chos Malal and Agrio fold-and-thrust belts), and
the North Patagonian Andes between 41° and 42°S (North Patagonian
fold-and-thrust belt). In spite of that, there are some segments along
the eastern flank of the Southern Central Andes where timing, onset
and style of the deformation remain poorly constrained. This is the
case of the Andes between 38°30′ and 40°S, where the structure and
tectonics of the inner retro-arc area is poorly understood because of
the scarcity of structural studies, with the exception of the regional
surveys made by Lambert (1948, 1956) and Turner (1973, 1976).
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This paper integrates field observations and new structural and
surface data with previous stratigraphic and geochronological data,
enriched by interpretation of remote-sensing images, gravity anomaly
maps and seismic lines, to analyze the styles, distribution and timing
of the deformation in the eastern flank of the Northern Patagonian
Andes, with focus in the Tertiary tectonics of the area. Emphasis is
placed in the Miocene deformation phase.

2. Tectonic setting

The segment between 38°15′S and 40°S (Fig. 1) represents a
transitional domain between the Southern Central Andes and the
Northern Patagonian Andes. It is characterized by significant changes
in topography, structural styles, amounts of shortening, and timing of
the main contractional phases (Kley and Monaldi, 1998; Ramos et al.,
2004). South of 38°S, the Patagonian Andes presents a normal crustal
thickness of about 40 km (Introcaso et al., 1992; Lüth and ISSA 2000
working group, 2003; Bohm et al., 2002), which highly contrasts with
the 70 km reported for the Central Andes (Allmendinger et al., 1997;
Isacks, 1998). Variations in the geometry and physical properties of
the subducted plate have been proposed as first-order variables to
explain major along-strike variations between these segments
(Jordan et al., 1983; Ramos and Aleman, 2000; Folguera and Ramos,
2002; Ramos et al., 2004).
Fig. 1. Tectonic setting, location, and main morphote
In this region, the Nazca Plate is subducting at a normal dip (~30°)
beneath the South American Plate. The continental plate can be
divided from west to east into the fore-arc, main arc and retro-arc
areas. The eastern flank of the Neuquén Andes between these
latitudes is formed by a series of well-defined morphotectonic units
(Fig. 1): (1) the Main Cordillera, where the active volcanic front is
located, (2) the Lonquimay–Aluminé depression, (3) the Copahue–
Pino Hachado Block (Muñoz and Stern, 1988) and its southern
prolongation in the Cordillera de Catan Lil and Cordillera del Chachil,
(4) the Loncopué depression (Ramos, 1978), and (5) the Agrio fold-
and-thrust belt (Bracaccini, 1970) north of 39°S and the Picún Leufú
broken foreland basin (Mosquera and Ramos, 2006) south of the same
latitude, both separated by the Huincul Ridge.

The tertiary evolution of this segment has been strongly influenced
by the development of the Mesozoic Neuquén Basin and the
Oligocene–Lower Miocene Cura Mallín basin. The Neuquén Basin
developed as a Late Triassic to Middle Cretaceous embayment
controlled by rifting and sag stages, and evolved into a foreland
basin related to Late Cretaceous onset of Andean compressional
tectonics (Vergani et al., 1995). The Cura Mallín basin developed as an
extensional basin during Oligocene–Lower Miocene times, as part of a
chain of sedimentary basins recognizable between 33° and 43°S
(Suárez and Emparán, 1995; Jordan et al. 2001; Radic et al., 2002;
Burns et al., 2006). Extensional structures, which controlled the initial
ctonic units of the Andes between 35° and 42°S.
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stages in both Mesozoic and Tertiary basins, strongly influenced the
Tertiary compressional configuration of the study area.

2.1. Copahue–Pino Hachado Block, Cordillera de Catan Lil and Cordillera
del Chachil

An outstanding feature of the Andes within the study area is the
Copahue–Pino Hachado Block, and its prolongation to the south in the
Cordillera de Catan Lil and Cordillera del Chachil. This NW-trending
Fig. 2. A. Main structures of the inner retro-arc area between 38° and 40°S based on field ev
line indicates the limit between the structural domains. B. Structural data (Rose diagrams) of
Late Triassic–Early Jurassic rift phase. Abbreviations: Rh— Rahue, LC— Las Coloradas, Scha—
Atravesada, Tq — Trocoquen, Sal — Salitral, Cal — Calcatré, Ma — Malleo, Au — Auca Pan, Al
structural high is well defined through the retro-arc area, it extends
for about 180 km from north to south reaching higher altitudes than
the Main Cordillera and separated by more than 100 km from the
volcanic arc, and it vanishes south of 39°30′S. It also represents a key
feature to understand the structure and tectonics of the area.
Associated with its western flank, we recognize a belt of Tertiary
depocenters (Lonquimay, Kilca, and Catan Lil depocenters) which
concentrate variable thicknesses of volcaniclastic and clastic
sequences (Fig. 2). Its origin and evolution is loosely constrained, as
idence, remote-sensing image interpretation, and data compilation. The heavy dashed
the internal and external domains: lineaments and faults. C. Extensional architecture of
Chacaico, Mi—Mallín de Ibañez, PS— Piedra Santa, CL— Catan Lil, Cha-At— Chachil–La
— Aluminé, Co — Cochico.

image of Fig.�2
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well as its relationship with the Andean deformational phases. Some
of these volcanosedimentary basins were integrated in a regional
model and interpreted as pull-apart basins related to transcurrent
faults and anastomosed fractures (Dalla Salda and Franzese, 1987;
Spalletti and Dalla Salda, 1996). This model does not match however
our field observations and structural analysis, which show that the
genesis of this deposition zone and the Tertiary history of the
Copahue–Pino Hachado Block and of the Cordilleras de Catan Lil and
Chachil, are closely linked through the last contractional phase that
uplifted the present Andean chain at these latitudes.

3. Stratigraphic framework

Basedonprevious stratigraphic studies and regional surveys (Lambert,
1948, 1956;Turner, 1973, 1976; Leanza, 1994; SuárezandEmparán, 1997;
Leanza et al., 2003; Cucchi et al., 2005) together with our own
observations, the stratigraphic record of the eastern flank of the Andes
between 38°15′ and 40°S can be divided into three major lithological
associations: (1) pre-Mesozoic basement; (2) Mesozoic volcanic, igneous
and sedimentary rocks; and (3) Tertiary volcanic and sedimentary rocks.

3.1. Pre-Mesozoic basement

The basement of the Neuquén Andes is composed by metasedi-
mentary sequences of late Paleozoic age (Colohuincul Complex
(Turner, 1965) and Piedra Santa Formations (Leanza, 1985)) and
Carboniferous-Permian intrusive rocks (Huechulaufquen and Chachil
plutonic complexes). The sequences of the Colohuincul and Piedra
Santa Formations crop out in discontinuous exposures along the Main
Cordillera and its eastern foothills. The Huechulaufquen and Chachil
plutonic complexes crop out south of 39°S along the Main Cordillera,
and constitute the core of the Cordillera del Chachil and Catan Lil in
the inner retro-arc area (Fig. 3). These rocks form the late Paleozoic
magmatic arc at these latitudes (Ramos, 2008).

3.2. Mesozoic volcanic, igneous and sedimentary rocks

The granitoids that crop out between 38° and 40°S along the Main
Cordillera represent the northernmost exposures of the North Patagonian
Batholith, with a range of ages from Mesozoic to Miocene. Cretaceous
intrusive rocksof the IcalmaFormation(Vattuoneet al., 1996)areexposed
west of theAluminé valley, andwere dated at 70 Ma (Latorre et al., 2001).
These rocks can be correlated with the Galletué Plutonic Complex, well
exposed in Chile between 37° and 38°S, which has a wide age range from
148±8 to 80±2Ma (Suárez and Emparán, 1997).

The informal term pre-Cuyo or Precuyano Cycle, is commonly used
to assign the volcanic, volcaniclastic, and associated clastic rocks located
stratigraphically between the basement and the marine sediments of
the CuyoGroup (Gulisanoet al., 1984),whichweredeposited in isolated
half-grabens during upper Triassic–lower Jurassic times (Vergani et al.,
1995; Franzese and Spalletti, 2001). These sequences are well
represented east of the course of the Aluminé river, where they crop
out along the eastern slope of the Cordillera del Chachil, along the
Cordillera de Catan Lil and Sierra de Chacaico, and also south of Catan Lil
(Fig. 3). The term pre-Cuyo refers in this work to all the Triassic
sequences that were controlled by theMesozoic rift phase that affected
part of the area, including rocks referred to as parts of the Choiyoi Group
in previous works, but recently reinterpreted as a lower section of the
pre-Cuyo sequences (Leanza et al., 2005; Franzese et al., 2006). Absolute
indicators of the age of the synrift sequence in the study and
neighbouring areas range between 219 Ma and 182 Ma (Rapela et al.,
1983; Pángaro et al., 2002; Schiuma and Llambías, 2008).

The Mesozoic sedimentary sequences are associated with marine
transgressions from the Pacific and show its best exposures east of the
Rio Aluminé. The Cuyo Group (Pliensbachian–Bathonian) includes deep
marine shales (Los Molles Formation), shallow-marine to deltaic
deposits (Lajas Formation), and fluvial deposits (Challaco Formation).
The shales of Los Molles Formation are equivalent to the Nacientes del
Bio Bio Formation (Suárez and Emparán, 1997), exposed in the western
slope of the Andes north of 39°S. The Cuyo Group shows its best
exposures at the northern and southern extremes of the Cordilleras del
Chachil and Catan Lil (Fig. 1). The Lotena Group includes deltaic to
shallow-marine deposits represented by conglomerates, sandstones
and shales, which crop out in the southeastern part of the study area.
The Mendoza Group (late Kimmeridgian–Barremian) is composed of
continental sandstones and conglomerates (Tordillo and Fortin 1 de
Mayo Formations), marine shales and limestones (Vaca Muerta and
Picún Leufú Formations), continental to shallow-marine conglomerates,
sandstones and limestones (Bajada Colorada Formation), and marine
clastics and limestones (Agrio Formation).

3.3. Tertiary volcanic and sedimentary rocks

The oldest record of the Tertiary volcanism in this region is
represented by intrusive porphyric bodies of andesitic–rhyodacitic
composition emplaced in the Cuyo Group, the Choiyoi Formation and
the Chachil Plutonic Complex, as well as lavas of andesitic, dacitic and
rhyolitic composition, volcanic breccia and agglomerates. It has been
dated in 61±2 and 62±3 Ma next to the junction between the Rio
Kilca and the Rio Aluminé (Lagorio et al., 1998), and can be correlated
with the Naunauco belt (Ramos and Folguera, 2006; Zamora Valcarce
et al., 2006), present north of 39°S along the inner sectors of the Agrio
fold-and-thrust belt, and with the Pilcaniyeu volcanic belt, developed
south of 40°S (Rapela and Llambías, 1985).

The Auca Pan Formation represents a younger magmatic event
which took place during Eocene–Oligocene times, showing its best
outcrops along the southern sectors of the inner areas. Many of its
exposures, which range between 33±2 Ma and 20±3 Ma (Uliana,
1979; Rapela et al., 1983), show evidence of synextensional
accumulation, particularly across the northern Collón Cura basin.

The lower Tertiary sedimentary sequences comprise the conti-
nental conglomerates, sandstones and shales of the Lolog Formation.
These rocks crop out in the eastern margin of the Lolog Lake,
immediately south of the study area and in the margins of the
Chimehuin valley, and were assigned to the upper Eocene by Turner
(1965, 1973) and to the Oligocene–Lower Miocene by Uliana (1979).
Based on the ages presented by Uliana (1979) and on similar
lithological characteristics, the Lolog Formation can be correlated
with the pre-tectonic Oligocene to Middle Miocene volcaniclastic and
sedimentary rocks grouped in the Cura Mallín Formation north of
39°S. These sequences represent lacustrine and fluvial deposits
interfinged with volcaniclastic and volcanic rocks (Suárez and
Emparán, 1997) which were interpreted to have accumulated in an
extensional regime that occupied the intra-arc region from 33° to 43°S
(Godoy et al., 1999; Jordan et al., 2001; Charrier et al., 2002; Folguera
et al., 2003). In this area, the volcanic, alluvial and lacustrine deposits
were formed between 19.9 and 10.7 Ma (Suárez and Emparán, 1997).

Theupper Tertiary sedimentaryunits are distributed in anarrowbelt
which is developed parallel to the courses of the Bio Bio, Aluminé and
Catan Lil rivers. Farther south these units cover most of the inner retro-
arc area (Fig. 2). They are represented by continental sandstones,
conglomerates and paleosoils interfingered with contemporary volca-
nics, as denoted by tuffs of andesitic and dacitic composition (Fig. 10).

Most of the previous stratigraphic studies (Turner, 1973, 1976)
integrated these sequences in the Chimehuin Formation, which groups
the Collon Cura and Rio Negro Formations (González Díaz and Riggi,
1984), of middle–upper Miocene and Pliocene ages respectively. We
will use the term Chimehuin Formation to refer to these sequences,
differentiating older Tertiary continental deposits (Tc1) from younger
ones (Tc2) whenever possible. Similar Tertiary sequences crop out in
Chile along the southern course of the Bio Bio valley, where they are
referred to as the Mitrauquén Formation. This unit is formed by



Fig. 3. Geologic map of the inner retro-arc area between 38°30′ and 39°40′S (modified from Turner, 1973, Suárez and Emparán, 1997, Cucchi et al., 2005, Melnick et al., 2006). Areas
of Figs. 4, 5, 6, and 12 are indicated by boxes. Cross sections in Figs. 7, 8, 10, and 11, and position of the seismic line of Fig. 13 are shown.
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Fig. 4.Northern segment. A. View to the SW of the unconformity between theMitrauquén and the volcanic rocks of the Cola de Zorro Formation along the Cajón de las Lagunas valley
(Garcia Morabito and Folguera, 2005). B. View to the south of the Pino Seco thrust (Suárez and Emparán, 1995), which overlaps Jurassic marine sequences correlationable to the Cuyo
Group over the Mitrauquén Formation. This structure is sealed by volcanic rocks of the Cola de Zorro Formation dated in 5.6 Ma (Suárez and Emparán, 1997).
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ignimbrites, andesitic and basaltic lavas, and conglomeratic sequences
interpreted as deposited in an alluvial fan which evolved gradually in a
braided river system (Suárez and Emparán, 1997).

The upper Tertiary volcanic rocks are present all along the eastern
slope of the Andes between 38°15′ and 40°S; they are characterized
by sequences of upper Miocene–Pliocene age (Rancahue and
Tipilihuque Formations) as well as younger basalts, stratocones and
monogenetic volcanoes. The Rancahue basalts appear in some areas
intercalated in the upper members of the Chimehuin Formation, and
Fig. 5. Chachil fault system. A. View to the east of the SW-vergingMallín de Ibañez fault, whic
the Cerro Mesa fault, which is interpreted as a footwall shortcut associated to the inversion of
pre-Cuyo sequences (see also Fig. 11). C. Partial view to the north of the imbricate fault syste
View to the east of the La Atravesada inverted depocenter. A NNW-trending and east-dip
volcaniclastic rocks of the pre-Cuyo Group (see also Fig. 11).
the younger basalts in most of the cases uncorformably overlie the
Mesozoic or the Tertiary units.

4. Regional structure and segmented tectono-stratigraphy and
structural evolution

Important sectors of the retro-arc area between 38°15′ and 40°Swere
characterized by a suite of discrete half-grabens developed in the early
stages of the Neuquén Basin between the Late Triassic and Early Jurassic.
h constitutes the southwestern extreme of the Chachil fault system. B. View to the east of
a Mesozoic normal fault which controlled the accumulation of more than 1000 m of the
m developed at the western slope of the Chachil Hill, modified from Lambert (1948). D.
ping inverted normal fault controlled the deposition of about 750 m of volcanic and

image of Fig. &INS id=
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Fig. 6. Part of the structures which controlled the uplift of the Cordillera de Catan Lil (Lonqueo fault system). A. View to the NE of the Lonqueo Fault, which overlaps the Pre-Cuyo
deposits over shales of the Cuyo Group. B. View to the southeast of the southern Kilca depocenter and Catan Lil Range. Note the position of the Llamuco syncline. C. Progressive
discordances in the syntectonic deposits of the Chimehuin Formation associated to the Llamuco syncline, note the upward decrease in dip. D. View to the north of a west-verging
fault-propagation fold developed in the Jurassic sequences of the Los Molles Formation at the northern extreme of the Cordillera de Catan Lil. E. View to the east of two west-verging
faults north of Pampa del Leon. F. View to the SE of the eastern margin of the Kilca depocenter and of the Catan Lil Range. Note in the box the upward decrease in dip of the lower
outcrops of the Chimehuin Formation associated to a west-verging fault developed in the western slope of the Cordillera de Catan Lil.
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Such fault bounded depocenters were not homogeneously distributed
across the studyarea, leading to a configurationwhichplayedakey role in
the evolution of the fold-and-thrust belt at these latitudes. Where they
developed, subsequent shorteningwas accommodated by a combination
of inversion of pre-existing normal faults, development of footwall
shortcuts, and lesser important thin and thick-skinned thrusting, leading

image of Fig. 6


Fig. 7. Geological cross section across the Main Andes and the Copahue–Pino Hachado Block at about 38°30′S constructed on the basis of surface geology and geophysical crustal
models (modified from Zapata et al. (1999) and Melnick et al. (2006)). The trace of the cross section is indicated in Fig. 3.
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to a complex structural framework. Where these systems are absent,
shortening resulted in a relative simpler geometry. This contrasting
situation allowed us to define an internal and external domain based on
the mentioned differential structural characteristics. The boundary
between them coincides with the valley of the Rio Aluminé, which
separates two sectors of the fold-and-thrust belt with opposite vergence
and different structural styles (Figs. 7 and 8). In the internal domain,
contractional structures are represented essentially by N–S-trending
faults, which mostly affect the granitic outcrops, defining a relatively
simple geometry where the basement is involved without inversion.

Structures developed in the external domain during the Andean
cycle are associated with a west-verging fold-and-thrust belt which
was controlled geometrically by pre-existing basement faults of the
Mesozoic rift phase. First-order NNW to NW-trending extensional
faults were preferentially reactivated as contractional west-verging
faults, leading to the uplift of a series of basement blocks which
represent the main topographic features along the study area.

Although tectonic inversion seems to be the principal deformational
mechanismwhich configured the external domain, there are along-strike
differences in the resulting configuration of the area. Andean inversion
produced uplift and exposure of fault bounded Mesozoic depocenters
along the Cordillera de Catan Lil, Cordillera del Chachil, and Sierra de
Chacaico, providing good exposures of the synrift succession and of the
basement aswell. Topographic values are alsomarkedlyhigher compared
to the northern and southern sectors, where the same synrift units are
buried below high thicknesses of Mesozoic sedimentary sequences. Such
along-strike topographic, stratigraphic, andstructural variationswouldbe
expressing differences in the structural relief, and lead us to divide the
external domain in three segments: a northern (38°15′–38°45′S), a
central (39°00′–39°25′S), and a southern one (39°30′–39°48′S).

The western slope of each segment is also associated with a
Tertiary depocenter, each of one concentrate variable thicknesses of
volcaniclastic sequences. Although the Tertiary sedimentary record is
exposed in a relatively continuous way along the principal valleys,
there are some local interruptions given by topographic and structural
perturbations, which allowed us to individualize different Tertiary
Fig. 8. Geological cross section across the Main Andes and the Cordilleras de Catan Lil and C
thrust surface in the west is considered to lay at a depth of 17 km (Zapata et al., 1999). The
depocenters (Lonquimay, Kilca, and Catan Lil depocenter). These
small basins, together with other morphostructural features here
recognized, have their expression in the isostatic residual field map
obtained for this segment of the retro-arc area (Fig. 9).

In order to characterize the structural configuration and the
relationships between the main morphotectonic units and the Tertiary
accumulations, gravimetric maps, field observations, cross sections and
subsurface data interpretation of respective key areas will be described
for both domains and for each defined segment. From the detailed
relationships between structural features and synorogenic strata, we
will also determine the temporal range of the last contractional phase
that uplifted the modern Andes Mountains at these latitudes.
4.1. Analysis and interpretation of gravity data

The gravity data used to calculate an isostatic residual field from
the observed Bouguer gravity of the retro-arc area between 38° and
41°S are part of a database that includes more than 54,000 data
measured along roadswith an average spacing of 3–5 kmbetween 36°
and 42°S. The available database stems from a compilation of data of
different sources which include those of the Collaborative Research
Center, SFB-267 entitled “Deformation Processes in the Andes” (e.g.
Oncken et al., 2006). In particular the SFB-267 database consists of the
station complete Bouguer Anomalies of the MIGRA 2000 field
campaign (Schmidt and Götze, 2006), data released by Repsol-YPF
and gravity data measured by the Universidad de Chile and compiled
by Araneda et al. (1999).

The effect of isostatic compensation on topography was calculated
using the regional compensation model by Vening-Meinesz with the
following parameters: crustal density: 2.67 t m−3, mantle density:
3.2 t m−3, water density: 1.03 t m−3, crustal thickness at sea level:
35 km, and a crustal rigidity: 1023 N m (refer e.g. to Götze et al., 1990,
1994). The gravity effect of the density model was processed by using
fast Fourier techniques. The resulted regional isostatic was then
subtracted from the (station complete) Bouguer anomaly at station
hachil at 39°15′S. The section was constructed on the basis of surface geology. A basal
trace of the cross section is indicated in Fig. 3.

image of Fig. &INS id=
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Fig. 9. Correlation between topography, isostatic residual field and geological features of the retro-arc area between 38° and 41°S. A. Isostatic residual field. B. Topography.
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level. The resulting isostatic residual field is shown in Fig. 9A together
with additional information which is draped on the residual field.

The gravity effects of geological structures are commonly
associated with maximum (gravity highs) and minimum values
(gravity lows) of the residual isostatic field, which usually reflect
shallow density distributions. Therefore, a correlation between near-
surface geology and anomalies expressed in the isostatic residual field
is always possible. Fig. 9 shows an isostatic residual map based on the
above data sources.

Although there seems to be no clear correspondence between
anomalies and near-surface features in general terms, there is a
striking feature which we find remarkable. The gravity field at these
latitudes is characterized by the presence of a series of N–NW-
trending gravity lows which follow the trend of the low density
Tertiary exposures along the principal valleys of the studied segment,
defining the limits of the different depocenters which were partially
identified through surface observations (Fig. 9A).

Densities measured from different samples of the Miocene
sequences along these depocenters range between 2.20 t m−3 and
2.37 t m−3. These gravity lows are located between the Copahue–Pino
Hachado Block and the Lonquimay massif in the northern part
reaching values of about −30×10−5 m/s2, in coincidence with the
southern extremeof the CuraMallín basin andwith the upperMiocene
Lonquimay depocenter. They are bounded by gravity highs between 5
and 40×10−5 m/s2 along the Copahue–Pino Hachado Block, and
values between 0 and 20×10−5 m/s2 along the Lonquimay massif.
Farther south, the location of a gravity low with values between −30
and −5×10−5 m/s2 is coincident with the position of the Kilca
depocenter. Gravity lows between −15 and −5×10−5 m/s2 approx-
imately follow the trend of Catan Lil depocenter, and are bounded to
the north by a gravity high of about 40×10−5 m/s2. This high may be
caused by masses of the Cordón de la Piedra Santa, an uplifted
basement block controlled by east–west and NW-trending faults,
where density values between 2.70 t m−3 and 2.71 t m−3 were
obtained from samples.

There seems to be also a spatial coincidence between the west-
verging uplifted blocks of the Sañico massif farther south, and gravity
highs of about 60×10−5 m/s2. These values decrease gradually to the
west, ranging from −5 to 20×10−5 m/s2 over the Collón Cura basin.

We interpret a gravity low of −25×10−5 m/s2 centred along the
Loncopué depression, as a depocenter related to the Cura Mallín basin
and covered with Pleistocene to Holocene basalts which constitute
the surface infill of this depression. Two gravity lows with values
between −30 and −10×10−5 m/s2 located east of the Cordillera de
Catan Lil coincide partially with the Laguna Blanca back-arc volcanic
field (Fig. 3). There seems to be no straightforward explanation for
these negative values. They could be in part related to high Mesozoic
thicknesses which characterize the eastern slopes of the main
topographic features at these latitudes. We can also correlate these
negative values with clusters of low density highly conductive masses
located at crustal levels, such as those determined from magneto-
telluric data across the area (Brasse and Soyer, 2001; Folguera et al.,
2007). Folguera et al. (2007) associated these clusters with remnant
crustal melts from where significant volumes of young back-arc
volcanism were derived.

This last interpretation of the eastern negative values, could also
explain the anomalous location of gravity lows over granite exposures
across the eastern sector.

Along the main Cordillera, we do not observe any clear correlation
between the features of the calculated isostatic residual field and the
regional features of surface geology.

Our analysis only addressed a partial correspondence between
near-surface features imaged by geophysical methods and those
observed at the surface. A detailed description of surface structures
would therefore complete the characterization of the retro-arc area at
these latitudes.
4.2. Internal domain

The internal domain is characterized by north–south trending
faults (Fig. 2A and B) which mainly affect the igneous rocks of the
North Patagonian Batholith. These faults and fractures define a series
of blocks with higher relative elevation in the axial part of the
Cordillera. A topographic break with good expression between 38°30′
and 40°S along the 71°15′W longitude coincides along discrete
segments with north-trending faults that define the east-verging
front of the Main Cordillera (Fig. 2A) in coincidence with the western
border of the Bio Bio–Aluminé depression and with the Collón Cura
basin farther south.

Along the eastern margin of the Rio Bio Bio, Melnick et al. (2006)
interpreted the contact between the Lonquimay Massif and the Cura
Mallín Formation as awest-dipping thrustwhich controlled the uplift of
this basement block. Gräfe et al. (2002) reported an apatitefission-track
age of 5.8 Ma for a Miocene granite within the massif, Thomson et al.
(2008) reported alsofission-track ages of 11.3 and 7.43 Ma for the same
block. Farther south, next to the Aluminé Lake, a north-trending fault
which produces a topographic break along an east–west transect,
involves Cretaceous granites in the deformation, and truncates
continental deposits of the Chimehuin Formation and volcanic rocks
of the Rancahue Formation, both of upper Miocene age. This structure
loses expression farther south, where it is covered by basalts of Pliocene
age which seal the compressional deformation.

The southern segment of this deformation front is represented by
an east-verging thrust (Piedras Paradas fault) with morphological
expression north of Lago Huechulaufquen, and well represented at its
southern margin (Fig. 2A), from where it extends for over 80 km
reaching the Lago Traful (González Bonorino, 1979). This fault
incorporates the Paleozoic metasedimentary rocks of the Colohuincul
Formation and the Cretaceous intrusive rocks in the deformation, and
truncates along its front the volcanic sequences of the Ventana
Formation and the Tertiary continental deposits of the Chimehuin
Formation.

A north-trending frontal syncline developed in the Tertiary
volcanic sequences is associated with this fault next to the Curruhue
Chico Lake. It extends for over 15 km and overlaps the Tertiary
sequences of the Chimehuin Formation along the Curruhue fault,
which can be interpreted as a footwall shortcut thrust which reaches
the surface 4 km east of the Piedras Paradas fault. The Curruhue fault
puts along its trace the westward-dipping Tertiary volcanic sequences
of the Ventana Formation over the continental deposits of the
Chimehuin Formation.

Westwards, the Main Cordillera is dominated by the Liquiñe-Ofqui
fault zone, which extends for about 1200 km between 38°S and
46.5°S. A strike-slip regime and both transpressional as well as minor
transtensional tectonics at least since the Pliocene were defined on
the base of fault kinematics data (Lavenu and Cembrano, 1999;
Rosenau, 2004) based on 40Ar/39Ar ages of syntectonic micas south of
39°S (Cembrano et al., 2002). Neotectonic activity associated with this
fault zone can be recognized within the internal domain of the study
region until the valley of the Río Aluminé (Rosenau, 2004).

4.3. External domain

Within the study area, NW and NNW-trending and associated NE-
trending extensional faults controlled deposition of the pre-Cuyo
Group rocks in a suite of discrete half-grabens (Catan Lil, Chachil, and
La Atravesada depocenters, among others) (Fig. 2C). This situation,
defined the presence of a fold-and-thrust belt with a clear west-
verging geometry and subordinated east-verging thrusts, associated
with inverted blocks, which are bounded by NW–NNW-trending
medium to high-angle reverse faults which mostly represent
reactivations of these pre-existing basement structures. In order to
better evaluate the role of Mesozoic extensional structures during
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Andean deformation, and the relationships between structures here
developed, and Tertiary accumulations, we focus on key areas of the
three different segments defined along the external domain.

4.3.1. Northern segment — Lonquimay depocenter (38°15′–38°45′S)
The Copahue–Pino Hachado High is the main topographic feature

of this segment and constitutes the drainage divide at these latitudes,
reaching altitudes that exceed 2000 m. It is bounded to the east by the
Loncopué depression and to the west by the southern Cura Mallín
basin and the Lonquimay depocenter (Fig. 1). The structure and
stratigraphy of its western flank have been largely described by
Suárez and Emparán (1997) and byMelnick et al. (2006). The western
margin of this block is controlled by the north-trending Pino Seco
thrust (Fig. 4B) (Suárez and Emparán, 1997), which overlaps the Late
Miocene Mitrauquén Formation with Jurassic turbidites (Nacientes
del Bio Bio Formation) that can be correlated with the Los Molles
Formation. Lonquimay is the name for a small narrow depocenter
superposed on the Oligocene–Miocene Cura Mallín intra-arc basin
and developed in the western border of this west-verging uplifted
block which concentrates about 400 m of volcanic sequences and
clastic sediments (Fig. 7).

Thickening and decreasing east-dip of individual beds of the
Mitrauquén Formation were observed. The progressive upward
decrease in dip from 20°E to horizontal along the Mitrauquén valley,
together with upward coarsening sequences, led Melnick et al. (2006)
to interpret these deposits as syntectonic sequences that were
deposited in the forelimb of a fault-propagation fold related to the
east-dipping Pino Seco thrust next to the Chile–Argentina border.
Interbedded ignimbrites yielded K/Ar ages between 9.5±2.6 Ma and
8.0±0.3 Ma (Suárez and Emparán, 1997). Basalts and andesites of the
Cola de Zorro Formation whose lower members were dated in 5.67±
0.14 Ma (Linares et al., 1999) and 4.8±5 Ma (Suárez and Emparán,
1997) unconformably cover this unit sealing the compressional
deformation in the area. Subsequent structures that affect this volcanic
succession are mostly related to the LOFZ and indicate extension and
dextral transtensional faulting. Thomson et al. (2008) reported an
apatite (U–Th)/He age of 11±0.7 Ma in the western slope of the
Copahue–Pino Hachado Block.

Hence, the Andean contraction that gave rise to the uplift of the
Copahue–Pino Hachado Block and resulted in the inversion of the
Oligocene–Miocene Cura Mallín basin at these latitudes can be
constrained between 11 and 5.67 Ma.

4.3.2. Central segment — Kilca depocenter (39°00′–39°25′S)
Along this segment the entire fold-and-thrust belt consists of three

main basement blocks (Cordillera de Catan Lil, Cordillera del Chachil,
and Sierra de Chacaico) (Fig. 3), which were uplifted in successive
pulses since Late Cretaceous times.

We recognize the Cordilleras de Catan Lil and Chachil as the
prolongation of the Copahue–Pino Hachado Block to the south (Fig. 1).
This N–NW-trending system represents a deep level of exposure of
the fold-and-thrust belt where the synrift successions and the
structures which controlled their accumulation are well exposed. It
produces a topographic break along a W–E transect as well as a
change in the amplitude of the orogen at these latitudes. The Tertiary
Kilca depocenter lies parallel to the western border of the Cordillera
de Catan and extends for about 80 km from north to south
concentrating ~450 m of ignimbrites, conglomerates and sandstones
of the Chimehuin Formation (Fig. 10).

The area in which this segment of the fold-and-thrust belt occurs is
characterized by a complex structure, product of the interaction
between the Mesozoic rift geometry and the superimposed Andean
compressional stages. The extensional architecture is represented by a
series of NNW-trendingmajor faults and complementary NE-trending
faults, highlighted by the distribution on the synrift in outcrops and in
subsurface data (Fig. 2C). Unlike the southern segment, where
evidence of fault reactivation and inversion come from subsurface
data, the identification of inversion structures across the central
segment was possible through field surveys.

Several featuresmay be considered as indicators of fault reactivation
and inversion across this sector of the belt. These evidence are mainly
related to abrupt changes in topography and stratigraphy associated
with major tectonic boundaries, and common features developed in
inversion tectonic environments like bypass faults and footwall short-
cuts (McClay and Buchanan, 1992).

Structures within the central segment are highly variable along
strike. The most conspicuous structural features are related to a set of
stepping NNW–NW-trending faults and fractures which segment the
main topographic elements across this area. Its relative continuity and
orientation suggest an influence of first-order Mesozoic normal faults.

Some of these structures integrate the Chachil fault system,
essentially developed along the western slope of the homonymous
range. NNW-trending faults separate variable thicknesses of the
synrift succession in the hanging wall from the granitic pre-rift
basement in the footwall. The footwall pre-rift blocks show no record
of the synrift succession, and early post-rift sequences of the Cuyo
Group directly overlie the Palaeozoic basement. East of the faulted
margin of the Chachil depocenter, minor structures affect the synrift
successions, reflecting a series of down-stepping blocks toward the
east (Franzese et al., 2006).

Most of these structures suffered different degrees of inversion,
overriding in some cases the granitic basement or the synrift
sequences over the marine shales of the Cuyo Group. Good examples
of this inversion are the west-verging Casa Mayor and Mallín de
Ibañez faults (Fig. 11A′ and B). Where inversion was partial or
mechanically non-viable, deformation was solved by the develop-
ment of footwall shortcuts and hanging wall bypass thrusts (McClay
and Buchanan, 1992). Good examples can be observed immediately
east of La Atravesada and SW of the Cerro Chachil, where faults
associated with major inversion structures are developed in the
hanging wall and footwall respectively (Fig. 11B and C).

A similar pattern was distinguished a few kilometers to the west,
where three NNW-trending faults (Rahue, Lonqueo, and Trocoquen
faults) grouped in the Lonqueo fault system segment the Cordillera de
Catan Lil along its strike (Fig. 3). These structures correspond to major
tectonic boundaries which correlatewith abrupt changes in topography
and stratigraphy, suggesting a contractional reactivation of pre-existing
normal faults during Andean compression.

Structural inversion is conspicuous along the SW-verging Lonqueo
and Trocoquen faults, which uplift different portions of the Cordillera
de Catan Lil. The Lonqueo fault separates about 1000 m of the synrift
succession in the hanging wall from the sedimentary sequences of the
Cuyo Group in the footwall. It bends at the western edge of the range,
from where it continues as a north-trending fault which truncates the
Tertiary sequences of the Chimehuin Formation along its trace.

The Trocoquen fault overlaps the Tertiary sediments of the
Chimehuin Formation with the synrift successions.

A series of north–south and NNW-trending faults that developed
along the western slope of the Cordillera de Catan Lil complete the
structural scheme of the area. These west-verging faults incorporate
the pre-rift and synrift sequences and propagate the deformation into
the Tertiary sequences which crop out along the western slope of this
range.

Specific and minor structural features of the central segment are
embodied in thedifferentfigures andmapspresented in this contribution.

The Kilca depocenter is closely related to the Lonqueo fault system. It
has a latitudinal extent of 80 km and is 30 km wide. The Tertiary
sequences here accumulated, are essentially formed by ~450 m of dacitic
ignimbrites, fluvial conglomerates and sandstones, and paleosoils
(Fig. 10). The conglomeratic sequences form lenticular bodies which are
coarse grained with a clast-supported texture, and also tabular bodies of
massive conglomerates with a matrix-supported texture. Massive bodies
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of tuffaceous sandstones up to 1 m thick alternate with the conglomer-
ates. This facies contains numerous clasts of rhyolitic and andesitic rocks
reworked from the pre-Cuyo Group sequences, as well as clasts of shales
and sandstones of the Cuyo Group and fragments of Cenozoic basaltic
rocks. Levels of paleosoils and ignimbrites of dacitic composition
complete the succession, which is interpreted to have been deposited in
a context of steep slopes, where alluvial fans and fluvial braided systems
linked to a contemporary volcanic activity developed.

Next to the Llamuco valley, conglomerates of the Chimehuin
Formation show progressive upward-sequence decrease in dip from
38° ESE at the bottom to a subhorizontal disposition at the top (Fig. 6C)
associated with the eastern flank of a NW-trending frontal syncline
(Fig. 6B). At the Limenco valley, next to a west-verging fault which
overrides the granitic basement over the Chimehuin Formation, a
progressive decrease in dip from10°E at the bottom tohorizontal on top
can be observed as well (Fig. 6F). These evidence suggest a syntectonic
deposition related to theuplift of the CordilleradeCatan Lil immediately
east of this depocenter. The numerous clasts with basement lithologies
incorporated into the sediments indicate a supply area related to the
erosion of the rocks which form this range.

A 10±1 Ma aged basalt of the Rancahue Formation (Vattuone and
Latorre, 1998) is intercalated in the Tertiary sequences next to Pampa
del León, constraining their late Miocene age. Similar basalts were also
dated in 10±1 Ma next to Aluminé town (Linares and González, 1990).

Immediately NE of this sector, the Zapala Basalt, which can be
correlated with the Rancahue Basalt, is intercalated in Tertiary
conglomeratic sequences and yielded an age of 8.6±3.5 Ma (Valencio
et al., 1970). Ages between8.8 and8 Ma (Valencio et al., 1970)were also
obtained for the Zapala Basalt farther south. Basalts of the Tipilihuque
Formationwhich are sealing the compressional deformation in the area
were dated in 6.2±0.3 Ma (Re et al., 2000) and 3.4±0.1 Ma (Vattuone
and Latorre, 1998). Hence, the final uplift of the Cordillera de Catan Lil
can be constrained for the Central Segment to an interval between 10
and 6.2 Ma, restricting the last phase of contraction in the area to the
Late Miocene (Fig. 15).

4.3.3. Southern segment — Catan Lil depocenter (39°30′–39°48′S)
The Catan Lil depocenter is a north-trending small basin developed

along the lower course of the Catan Lil river between 39°30′ and
39°50′S (Fig. 12). It is filled by about 400 m of andesitic and dacitic
ignimbrites, fluvial conglomerates and sandstones, and levels of
paleosoils. Massive bodies of tuffaceous sandstones and gravels up to
1 m thick alternate with lenticular bodies of coarse grained conglom-
eratic sequences with a clast-supported texture and ignimbrites of
dacitic and andesitic composition (Fig. 10). The epiclastic facies
contain numerous fragments of Cenozoic basaltic rocks and clasts of
shales and fosiliferous limestones reworked from Mendoza Group
sequences which crop out all along the eastern margin of the
depocenter. Therefore, the Tertiary succession can be correlated to
the sequences described in the northern and central segments
(Mitrauquén and Chimehuin Formations).

The genesis of this narrow basin is related to the inversion of a
Mesozoic N–NW-trending half-graben system. An asymmetric fault-
propagation fold developed in theMesozoic sequences is associated to
a west-verging thrust developed by compressional reactivation of a
pre-existing normal fault of the Mesozoic rift phase as we can observe
in east–west trending seismic lines. Line 93-114, located east of Las
Coloradas town, crosses the eastern border of the Catan Lil depocenter
and the Las Coloradas anticline (Fig. 13). It shows two anticlines
associated with west-verging faults which are interpreted as a
compressional reactivation of two rift-bounding Mesozoic normal
faults which controlled the deposition of the pre-Cuyo and lower Cuyo
Groups. At the footwall of the western fault, which concentrated most
of the compressive deformation, we interpret a series of east-dipping
linear reflectors as a footwall shortcut thrust that propagated the
deformation to the west. We recognize similar structures in other

image of Fig. 10


Fig. 11. Geological map and cross sections along the central segment. Evidence of inversion tectonics, such as thickness and facies changes, preserved faults, and shortcuts and bypass thrusts, are shown. Locations of cross sections indicated in
Fig. 3. A. Geological map of the Espinazo del Zorro area. A′. Cross section across the Mallín de Ibañez fault, which overlaps the granitic basement over the Jurassic sequences of the Cuyo Group. B. Cross section of La Atravesada. Note the
stratigraphic differences on both sides of the CasaMayor fault. A footwall shortcut propagates the deformation into the Jurassic successions. C. Cross section of the Chachil depocenter. Extensional faults are moderately inverted. Note a series of
down-stepping blocks toward the east, which were partially inverted. The compression of the system was mainly solved by the development of a footwall shortcut which is also shown.
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seismic lines located north and south of line 93-114, and in field
observations next to Fortin 1° de Mayo, where a west-verging thrust
repeats the sequences of the Lotena andMendoza groups 5 kmwest of
the northern end of the Las Coloradas anticline (Fig. 12). The line
shows an approximately symmetric basin in coincidence with the
Catan Lil depocenter, with a maximum thickness of 0.25 s (TWT). The
Tertiary sequences present onlap terminations to the east and are
interpreted as deposited syntectonically to the uplift of Las Coloradas
anticline (Fig. 12E).

The seismic information shows that the basement was involved in
the deformation as well as the Mesozoic strata which were strongly
folded and transported to the west, generating the conditions for the
deposition of volcanic and fluvial strata of the Chimehuin Formation
in onlap relation with the frontal limb of the anticline (Fig. 12D). Next
to the contact, at the eastern margin of the Tertiary depocenter, the
Chimehuin Formation crops out in a narrow belt which contains
growth strata and progressive discordances as mentioned by Leanza
et al. (2003). The dip of the strata decreases from steeply overturned
to subhorizontal (Fig. 12B), which confirms that the deposition of
the Chimehuin Formation was simultaneous with the growth of this
west-verging anticline and with the last phase of tectonic inversion in
the area.
Fig. 12. Southern segment — Catan Lil depocenter. A. View to the south of growth strata in th
the Catan Lil valley (modified from Cobbold et al., 2006). At the western extreme of the pictu
river is represented as well. B. Detail: Dips of strata decrease from steeply overturned to sub
circles represent minor fault planes and striae arrows indicate the direction of relative motio
Principal stress direction indicated by dot (σ1), square (σ2), and triangle (σ3). D. Geologic c
geology, seismic, and borehole data. At thewestern margin of the Catan Lil river strata dip to t
were folded passively as the deformation propagated to the west. E. Geologic map of the C
Farther west of this contact, the dip of the Chimehuin Formation
increases from subhorizontal up to 30°E, forming a wide frontal
footwall syncline developed parallel to the Las Coloradas anticline
that extends over 35 km. We interpret the western strata as passively
folded as the deformation propagated to the west affecting the
Mesozoic sequences, as well as the volcanic rocks of the Rancahue
Formation which were faulted and folded.

This scenario led us to interpret the Catan Lil depocenter as a small
piggyback basin which was passively carried by the fold-thrust belt
(Fig. 12D) after the deposition of the lower members of the
Chimehuin Formation.

Farther south, two synclines developed in the Tertiary sequences
are closely related to north-trending anticlines (Fig. 12E). The eastern
ones, which involve the sequences of the Mendoza Group, are linked
to back-thrusts that are probably related to the reactivation of east-
dipping normal faults of the Mesozoic rift stage, taking into account
the seismic evidence examined immediately north of this area. These
structures involved the Tertiary volcanic sequences in the deforma-
tion, which are gently faulted and folded along its trace. Similar
basalts are sealing the compressional deformation farther north,
which would be indicating that the last pulses of contraction are
slightly younger along the southern segment.
e Chimehuin Formation associated to a west-verging anticline at the eastern margin of
re, a syncline developed in the Tertiary sequences parallel to the course of the Catan Lil
horizontal. C. Stereoplots show kinematics analysis of minor faults. Stereoplot 1: Great
n of the hanging wall. Stereoplot 2: Results of fault kinematics analysis by “beachballs”.
ross section along the Catan Lil depocenter. The interpretation is constrained by surface
he east conforming awide syncline developedwest of the Las Coloradas anticline. Strata
atan Lil depocenter (modified from Cucchi et al., 2005).

image of Fig.�12


Fig. 13. Line 93-114 and structural interpretation (for location see Fig. 3). Two west-verging anticlines are interpreted as a compressional reactivation of east-dipping rift-bounding normal faults which controlled the deposition of the pre-
Cuyo and lower Cuyo Groups.
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Fig. 14. Progressive discordances in the Tertiary sequences along the Collón Cura basin. A. Thickening and upward decrease in dip of the Chimehuin Formation next to the Rio Collón
Cura. Strata decrease from 12°W to horizontal. B. Progressive upward decrease in dip of individual members of the Miocene continental sequences next to the Rio Malleo associated
to the inversion of Oligocene normal faults.
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We also recognize progressive discordances in the Tertiary
sequences immediately southwest and south of the Catan Lil
depocenter, along the northern and western margins of the Collón
Cura basin (Fig. 14).

Growth strata in continental and volcaniclastic sequences associ-
ated with SE-verging inverted Oligocene normal faults next to the Río
Malleo are shown in Fig. 14B. A decrease in dip from 45°E to 5°E is
observed next to SE-verging inverted faults, whose activity was
simultaneous with the deposition of the Tertiary deposits.

Thickening and upward decrease in dip of individual members of
the Chimehuin Formation from 12°W to horizontal positions were
observed as well immediately west of the Río Collón Cura (Fig. 14A).
They are probably associated with the west-verging basement blocks
that define the eastern border of the Collón Cura basin at 40°S. Thus
we interpret these deposits as syntectonic sequences deposited in the
footwall of a west-verging fault.

Ignimbrites of the Chimehuin Formation yielded ages of 13±3 Ma
(Linares and González, 1990), 8 Ma (Mazzoni and Benvenuto, 1990),
8±0.2 Ma (González Díaz et al., 1990), and 7.4±0.2 (Linares and
González, 1990) immediately southwest of CatanLil. Similar ignimbrites
which crop out farther south at the margins of the Collón Cura valley,
present ageswhich range between 14.4 and 8 Ma (Marshall et al., 1977;
González Diaz and Lizuain, 1984; Mazzoni and Rapela, 1991).

Basalts exposed south of Catan Lil and Sañico, which can be
correlated with those affected by the last pulses of deformation in the
Catan Lil depocenter, were dated in 6.7±0.3 Ma (Linares et al., 1991),
5.7±0.4 Ma (Valencio et al., 1970) and 4.3±0.1 Ma (Linares et al.,
1991). Hence, the Andean contraction that resulted in the last phase of
inversion of theMesozoic half-graben system in the area, and generated
the conditions for the development of the Catan Lil intermontane
depocenter can be constrained between 13 to 8 and ~4.3 Ma (Fig. 15).

5. Late Miocene deformation (shortening and uplift)

Geologic and structural evidence here presented show that at least
in the Copahue–Pino Hachado Block and in the Cordillera de Catan Lil,
important uplift after 11 Ma is related to the activity of the Pino Seco
thrust and the Lonqueo fault system and to the inversion of a
Mesozoic half-graben system farther south (Fig. 16A).

Hence, this NW-trending structural high has been reshaped mostly
by reactivation of basement faults during the Late Miocene, after a
previous phase of compressional deformation during Late Cretaceous–
Paleocene times (Cobbold and Rossello, 2003; Zamora Valcarce et al.,
2006; GarcíaMorabito, 2010). Different levels of exposure fromnorth to
south, together with along-strike differences in styles andmagnitude of
the deformation, suggest a differential uplift across this regional high.
The Cura Mallín and Collón Cura basins were closed at this time. The
present Main Cordillera was also built during this compressional stage,
partially related to the activity of an east-verging deformation front
located a few kilometers west of the Aluminé and Bio Bio valleys, and
well expressed in: i) the Piedras Paradas fault, developed between
Huechulaufquen and Traful lakes, ii) in an east-verging fault developed
south of the Aluminé Lake and, iii) its prolongation in Chile along the
eastern slope of the Lonquimay massif.

Shortening resulted in uplift and exhumation along the main
Cordillera and the Copahue–Pino Hachado Block and its southern
prolongation to the south in the Cordilleras de Catan Lil and Chachil
(Fig. 16A). Apatite fission-track data and cooling ages along the main
Cordillera and theCopahue–PinoHachado Block at these latitudes range
between 12.5 and 5.8 Ma (Gräfe et al., 2002; Thomson et al., 2008),
constraining further ages for the Miocene orogenic phase in the area.

Deformation along the external domain was characterized by
compressional reactivation of Mesozoic rift-bounding normal faults,
which strongly controlled the deformation style in this belt. This
compressional phase resulted in a west-verging thick-skinned fold-
and-thrust belt with subordinated east-verging thrusts. The Cordillera
de Catan Lil, Cordillera del Chachil, and Sierra de Chacaico, where the
basement and older Jurassic rocks crop out, are good examples of rift
fault reactivation.

Two fault systems with opposite vergence defined a thick-skinned
triangle zone along the Bio Bio and Aluminé valleys, where a NNW-
trending intermontane basin was developed. The sequences, which
were deposited between 11 and 8 Ma in the different depocenters,
developed as the result of thrust belt loading. They can be correlated
based on their similar lithological characteristics and age, and are
interpreted as syntectonic and synorogenic deposits of this orogenic
phase. A similar Tertiary deposition zone was developed as well along
the Loncopué depression immediately east of the Copahue–Pino
Hachado Block during upper Miocene times. Although there is still no
consensus of the geometry of the boundary between the Agrio fold-
and-thrust belt and the Loncopué depression, this deposition zone
could be related to a west-verging thrust located along the inner
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Fig. 15. Stratigraphic chart of the inner retro-arc between 38°15′ and 40°S divided into northern, central and southern segments, and Collón Cura basin. Plate kinematic data from Somoza (1998) and Silver et al. (1998). Global δ18O marine
isotope record from Zachos et al. (2001) in Vietor and Echtler (2006). Apatite fission-track data and cooling ages in italics, compiled from: 1Thomson et al. (2008) and 2Gräfe et al. (2002). Ages compiled from: 3Suárez and Emparán (1997),
4Linares and González (1990), 5Vattuone and Latorre (1998), 6Re et al. (2000), 7Lagorio et al. (1998), 8Rapela and Llambías (1988), 9Uliana (1979), 10Mazzoni and Benvenuto (1990), 11Linares et al. (1991), 12Linares et al. (1991),
13González Díaz et al. (1990), and 14Valencio et al. (1970).
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Fig. 16. Schematic three-dimensional block diagrams summarizing the Neogene tectonic evolution of the Andes between 38° and 40°S. A. Interpretative diagram which summarizes
the upper Miocene tectonostratigraphic scenario along the retro-arc between 38° and 40°S. Uplift and exhumation along the main Cordillera. Final uplift of the Copahue–Pino
Hachado Block and of the Cordillera de Catan Lil and Cordillera de Chachil, inversion of the Cura Mallín basin. Deposition of syntectonic sequences along the Bio Bio–Aluminé
deposition zone and along the Collón Cura basin farther south. Development of a thick-skinned triangle zone along the Aluminé valley. Activity along the Lonqueo fault system, Pino
Solo thrust and Piedras Paradas fault. Pointed areas indicate the position of Miocene depocenters. B. Pliocene–Pleistocene configuration of the retro-arc after the upper Miocene
compressional phase. Cessation of shortening andmigration of the deformation to the west associated with onset of the strike-slip Liquiñe-Ofqui fault zone (Rosenau, 2004; Melnick
et al., 2006). Extensional and transtensional tectonics along the southern Loncopué depression and along the northern segment of the Liquiñe-Ofqui fault zone (Garcia Morabito and
Folguera, 2005; Melnick et al., 2006). Spreading of basalts which seal the upper Miocene compressional deformation along the Loncopué depression and the Bio Bio and Aluminé
valleys. Strike-slip reactivation along pre-Andean transverse structures.
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sectors of the fold-and-thrust belt (Eisner, 1991; Ramos, 1998;
Cobbold and Rossello, 2003).

At a more regional scale, the Miocene contractional phase resulted
in a valley and ridge morphology, defined by uplifted blocks (from
north to south: Cordillera del Viento, inner sectors of the Agrio fold-
and-thrust belt, Copahue–Pino Hachado Block, Cordilleras de Catan Lil
and Chachil, Sañico Massif), bounded by NW and NNW-trending
west-verging reverse faults, and tertiary deposition zones (from north
to south: Loncopué deposition zone, Bio Bio–Aluminé deposition
zone, Collón Cura basin) (Fig. 1). This configuration shows a good
correlation with the estimated isostatic residual field shown in Fig. 9.

Evidence presented here show that shortening ceased at these
latitudes between 6.7 and 4.3 Ma, associatedwith themigration of the
deformation to the west and onset of the Liquiñe-Ofqui fault zone
(Fig. 16B) (Rosenau, 2004; Melnick et al., 2006).
6. Discussion: Geodynamic implications

The last phase of compressional deformation between 38°15′ and
40°S seems to show some degree of compatibility with the history of
convergence at thePacificmarginof SouthAmerica (Fig. 15), according to
plate reconstructions (Pardo-Casas and Molnar, 1987; Somoza, 1998).
Onset of deformation coincides temporally with a period of relatively
high suborthogonal convergence rate (~11 mm yr−1) (Fig. 15).
However, shortening was not immediately triggered by the impor-
tant increase in convergence rate at about 25 Ma, which was also
accompanied by a decrease in convergence obliquity (Somoza,
1998). Actually, there is a gap of about 15 Ma between the change
in convergence vector and onset of shortening, suggesting that other
possible controlling parameters for subduction orogeny may have
intervened.
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It is not the purpose of this paper to hypothesize about the
mechanisms which triggered Miocene thrusting at these latitudes.
However, we can mention other possible controlling factors for upper-
plate contraction which include: 1) the westward motion of the
South American Plate with respect to the hot-spot reference frame,
2) variations in the coupling of the slab and overriding plate (see Hindle
et al., 2002; Yañez and Cembrano, 2004; Somoza and Ghidella, 2005),
and3) aweakeningof the lithosphere (Jordanet al., 2001) amongothers.

Vietor and Echtler (2006) recently proposed a westward motion of
South America, the only plate kinematics parameter which increases
through theMiocene from about 20 mm yr−1 to ~30 mm yr−1 (Fig. 15),
as themain driving force for subduction orogeny between these latitudes.

Jordan et al. (2001) proposed a weakening of the lithosphere
linked to a phase of moderate extension which affected the active
margin lithosphere of the southern Andes during Oligocene times.
This phase, which is very well documented along the studied segment
(Suárez and Emparán, 1995; Jordan et al., 2001; Radic et al., 2002;
Burns et al., 2006; among others), was responsible for the generation
of the CuraMallín and Collón Cura basins. It could be one of the factors
that enabled the intervals of compression that followed extensional
episodes due to a lithosphere weakened by the extension (Jordan
et al., 2001).

Shortening at these latitudes ceased according to our observations
between 6.7 and 4.3 Ma; this scenario contrasts with the Andes north
of ~34°S, where shortening in the upper plate has been continuous
since the Miocene. Between 6 and 5 Ma deformation migrated to the
west associated with the onset of the strike-slip Liquiñe-Ofqui fault
zone (Rosenau, 2004; Melnick et al., 2006). This change in the
dynamic conditions of the area could be attributed to a decrease in the
convergence rate and a continuously increasing obliquity between
Nazca and South American Plate around 5 Ma (Somoza, 1998).
Waning of shortening in the retro-arc can be also explained by a
reduction of the plate interface strength, caused by an increase in
sediment influx to the trench (Lamb and Davis, 2003) linked to the
combination of exhumation associated to late Miocene tectonic uplift,
and in spreading of ice sheets after 7 Ma (Mercer and Suter, 1982) on
the previously uplifted topography. This possibility is supported by
fission-track data (Gräfe et al, 2002; Thomson, 2002; Thomson et al.,
2008), the absence of Neogene cover sequences in the Main Cordillera
(Jordan et al., 2001), and outcrops of lower-to-middle Neogene crustal
intrusions (Herve et al., 1996), which indicate important erosion rates
for the Northern Patagonian Andes linked to climatic patterns (Vietor
and Echtler, 2006).

7. Concluding remarks

The structure of the inner retro-arc area between 38° and 40°S can be
divided in two main domains. The internal domain has simple geometry
characterized by N–S-trending east-verging basement faults. Our geolog-
ical and structural studies indicate that the structure of the external
domain is best explained as awest-verging thick-skinned fold-and-thrust
belt. These systemswithopposite vergencedefinea thick-skinned triangle
zone which coincides with the course of the Río Aluminé.

Differences in structural styles between the internal and external
domains can be attributed to the Mesozoic extensional architecture,
which mostly developed east of the Aluminé valley.

The last Andean contraction phase that gave rise to the final uplift of
the Copahue–Pino Hachado Block, and to the Cordillera de Catan Lil and
Cordillera del Chachil can be constrained on the basis of tectonostrati-
graphic controls to the Late Miocene – Lower Pliocene. More precisely,
between 11±0.7 and 5.67±0.14 Ma for the northern segment, between
10±1 and 6.2±0.3 Ma for the central segment, and between 13±3 to
8 and 4.3±0.1 Ma for the southern segment.

Thrust-belt loading associated with this deformation phase
produced several internal depocenters by fault reactivation and
flexural subsidence. The volcanic and continental sequences that
constitute the infill of these depocenters represent syntectonic
deposits associated with the final uplift of the Copahue–Pino Hachado
Block and the Cordillera de Catan Lil, and can be integrated in a NW-
trending intermontane foreland basin closely related to the western
margin of this regional structural high.
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