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The hinterland zone of the North Patagonian Andes between 41° and 43°S constitutes a poorly explored sector of
the Andes, where no structural studies and scarce geochronological determinations have been carried out. This
paper focuses on two isolated volcanic sections hosted at the main Andes, in which field evidence indicates a
common synextensional origin. Geochronological data establish that this volcanic event occurred diachronously
at the innermost sector of the evolving fold and thrust belt, during middle to late Miocene times. Therefore, the
event was briefly coeval and postdated compressive tectonics recognized in the deformational front and correl-

ﬁiﬁolﬁﬁ;‘goman Andes ative to the last phase of pluton emplacement of the North Patagonian Batholith. Local-scale topographic swath
Volcanism profiles performed in this work reveal negative topographic anomalies where normal faults were recognized.
Hinterland extensional tectonics Moreover, regional swath profiles show not only a conspicuous depressed zone at the hinterland zone, where
Fold and thrust belt the studied sections are located, but also anomalously high altitudes at the foreland zone. In addition, calculated

orogenic volumes increase in this sector of the fold and thrust belt, which agrees with recent shortening estima-
tions. These topographic along-strike variations, in association with late Miocene extension following the main
compressive stage in the area, are explained by a supercritical stage of the orogenic wedge that would have

led to focused extension at the innermost sector of the fold and thrust belt.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

As was recently stated by Wells et al. (2012), extension within oro-
genic belts is a rather common process during orogenesis. Moreover,
extensional deformation during plate convergence is observed in ele-
vated hinterlands of ancient and present fold thrust belts all around
the world (e.g., the eastern Alps, the Apennines, the Calabria Arc, the
Himalayas, the Scandinavian Caledonides, the Sevier-Laramide orogen,
among others; for a synthesis see Wells and Hoisch, 2008, and refer-
ences therein). Among the few examples of active hinterland extension,
the Cordillera Blanca of Peru in the Andes of South America, probably
constitutes one of the most outstanding examples of active large-scale
extension within the hinterland in a subduction setting (Giovanni
et al.,, 2010; McNulty and Farber, 2002). Even though there is a large
amount of studies focused on this subject, the processes that drive ex-
tensional tectonics at the hinterland during convergence remain poorly
understood and are still matter of debate (see Wells et al., 2012 for a
review).

In the North Patagonian Andes, over the western Nirihuau fold and
thrust belt (Bechis and Cristallini, 2006; Giacosa and Heredia, 2004;
Giacosa et al., 2005; Orts et al., 2012; Ramos and Cortés, 1984), two iso-
lated volcanic sections were previously attributed to the Oligocene (EI

http://dx.doi.org/10.1016/j.tecto.2015.06.032
0040-1951/© 2015 Elsevier B.V. All rights reserved.

Maitén belt; Rapela et al., 1988). However, neither field nor previous
geochronological data support this assumption.

In this work, we present the first geochronological constraint, field
description and geochronological data of these volcanic rocks. The ob-
tained ages indicate that this volcanic episode took place, indeed, during
the middle to late Miocene, briefly coeval to postdating compressive
tectonics recognized through the fold and thrust belt (Bechis et al.,
2014; Bilmes et al., 2013; Orts et al., 2012). Additionally, these sections
show a synextensional character evidenced by the depocenter architec-
ture and the structural analysis. Geochronological determinations indi-
cate that these sections have accumulated coevally with the last phase
of pluton emplacement of the North Patagonian Batholith (Pankhurst
etal,, 1999). Geochemical data were used to compare these occurrences,
east of the arc front, with coetaneous arc and back-arc products through
the area.

This study provides new insights about the late Cenozoic tectonics of
a poorly known segment of the Andes, which indicate the existence of
an extensional phase that affected the inner sector of the fold and thrust
belt during and after the main contractional stage. This study case may
contribute to a general discussion about the mechanisms that eventual-
ly could trigger extension in the hinterlands of a subduction-related
mountain system.
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Fig. 2. Geological map of the North Patagonian Andes between 41° and 43°S (data compiled from Adriasola et al., 2006; Duhart et al., 2000; Diez and Zubia, 1981; Giacosa et al., 2001;
Lizuain and Viera, 2010; and our own data). White arrows indicate Cerro Bastién and Cerro Silvia areas, where this study is focused. Note that late Pleistocene to Holocene volcanoes
(black triangles) are aligned with the Liquifie-Ofqui fault zone (LOFZ), and that the fold and thrust belt presents a characteristic curved shape with a convexity towards the foreland.

2. Geological framework of the North Patagonian Andes

The North Patagonian Andes extend from 39° to 46°S constituting a
relatively low mountain range (Fig. 1A), with a steep relief affected by
Plio-Pleistocene glacial erosion. This Andean segment developed during
the last ~110 Ma by the continuous subduction of a series of oceanic
plates beneath the South American plate (Maloney et al., 2013). At the
end of the Oligocene, a major change in the direction of convergence as-
sociated with the breakup of the Farallon plate occurred (Lonsdale,
2005; Somoza and Ghidella, 2012). The newly formed Nazca plate
began to subduct in a trench-orthogonal direction and the rate of con-
vergence between Nazca and South America plates incremented during
early Miocene times (Somoza and Ghidella, 2012), which led to an
event of mountain building along the Central and Patagonian Andes.
The Nazca plate is now subducting in this region at a normal dip
(~30°) along the Chilean trench, north of the Chilean Triple Junction
that separates this plate from the Antarctic and South American Plates
to the south (Lange et al., 2008; Fig. 1B).

2.1. Lithotectonic domains
Three lithotectonic domains are differentiated from west to east,

over the eastern Andean slope between 40° and 43°S (Figs. 1B and 2):

1) A western domain of the North Patagonian Andes, where the
2000 km long, 200 km wide north-south Patagonian Batholith is

the most outstanding feature; this comprises calc-alkaline plutonic
rocks of Middle Jurassic to Miocene age (Pankhurst et al., 1999;
Hervé et al., 2007, and references therein).

2) An eastern domain of the North Patagonian Andes, where a late Pa-
leozoic basement (Dalla Salda et al., 1991; Gonzalez Bonorino, 1944)
and the Early Jurassic Subcordilleran Patagonian Batholith (Gordon
and Ort, 1993) are unconformably covered by the Oligocene El
Maitén volcanic belt (Rapela et al., 1988).

3) The Nirihuau foreland basin infill, conformed by fluvial, lacustrine and
pyroclastic deposits of late Oligocene to late Miocene age (Cazau et al.,
1989; Mancini and Serna, 1989; Mazzoni and Benvenuto, 1990;
Paredes et al., 2009), which covers part of the eastern flank of the
North Patagonian Andes and is limited to the east by the North Patago-
nian Massif.

In addition, the Liquifie Ofqui fault zone (Cembrano et al., 1996;
Hervé, 1976), located west of the main Andes, is one of the longest ac-
tive strike-slip fault systems (more than 1000 km long) in modern sub-
duction settings (e.g. Jarrard, 1986). This long-term regional-scale
structure controlled the emplacement of Miocene plutons along the
axis of the cordillera (Adriasola et al., 2006; Thomson, 2002) and con-
centrated late Pleistocene and Holocene arc volcanic activity (Lavenu
and Cembrano, 1999). Crustal seismic activity at these latitudes and as-
sociated neotectonic deformation are limited to this sector (Lange et al.,
2008; Vargas et al., 2013).

Fig. 1. A) Present tectonic setting of the South Central and North Patagonian Andes, showing the interaction between South American and Nazca plates. Black arrows indicate the direction
and the average convergence rate for the last 5 Ma (Somoza and Ghidella, 2012). White triangles represent the location of arc-volcanoes with late Pleistocene to Holocene activity (after
Siebert and Simkin, 2002). White box indicates the study area represented in Fig. 2. FZ: Fracture zone. FTB: Fold and thrust belt. The base map was constructed superposing a slope map
over a hill shade map using topographic data from http://www.gdem.aster.ersdac.or.jp/index.jsp; B) Crustal cross section at 42°S (modified from Orts et al., 2012) and upper crustal struc-

tures of this work (seismicity is after Lange et al., 2008).
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2.2. Main geological units

An upper Paleozoic metamorphic basement is exposed both at the
Chilean coast and at the eastern domain of the North Patagonian
Andes. The basement, over the eastern Andean slope, comprises late Pa-
leozoic metamorphic rocks between Lago Nahuel Huapi (~41°S) and
Lago Cholila (~42° 30’ S) (Dalla Salda et al., 1991; Gonzalez Bonorino,
1944). Schists, gneisses, metaquartzites, amphibolites and migmatites
intruded by syn- to post-tectonic granitoids crop out in the vicinities
of Mascardi and Gutiérrez lakes, in the Cordén del Serrucho and in the
Cordén del Piltriquitron (Gonzalez Bonorino, 1944; Dalla Salda et al.,
1991; Giacosa et al., 2001; Garcia-Sansegundo et al., 2009; Fig. 2).
Pankhurst et al. (2006) reported U-Pb SHRIMP Early Carboniferous
ages of 323 + 3,330 £ 4 and 329 + 4 Ma for these rocks, confirming
a conventional U-Pb zircon age of 321 + 2 Ma, previously reported by
Varela et al. (2005). Mostly igneous Late Triassic to Lower Cretaceous
units cover and intrude the basement rocks through northwestern Pat-
agonia from the main Andes to the foreland. Early Jurassic intrusives
(184-181 Ma; Gordon and Ort, 1993; Rapela et al., 2005) are exposed
in the eastern domain of the North Patagonian Andes between 41°
and 43°S. These form a NNW-trending Subcordilleran Patagonian Bath-
olith (SPB) that extends for more than 250 km, further south of the
study area.

Middle Jurassic to Upper Cretaceous calc-alkaline granitoids of the
Cordilleran Patagonian Batholith (CPB) crop out as the dominant rocks
along the highest part of the Andes from San Carlos de Bariloche
(~41°S) to Esquel (~43°S) (Castro et al., 2011; Diez and Zubia, 1981;
Giacosa et al., 2001; Lizuain and Viera, 2010; SERNAGEOMIN-BRGM,
1995). Recent U-Pb SHRIMP age determinations indicate a Middle to
Late Jurassic age for these tonalites and granodiorites (and to a lesser ex-
tent, granitic porphyries). K-Ar and Rb-Sr geochronology span from
Middle Jurassic times, as old as ca. 170 Ma (Halpern et al., 1975), to
the Cretaceous ~71 Ma (Gonzélez Diaz, 1982; Gonzalez Diaz and
Valvano, 1978; Lizuain, 1980).

In addition, the western domain of the North Patagonian Andes ex-
hibits a complex and poorly outlined interplay of sedimentary and vol-
canic sequences of Early Jurassic-Lower Cretaceous age (Diez and Zubia,
1981; Giacosa et al., 2001; Gonzélez Bonorino, 1944, 1974; Gonzalez
Diaz, 1982; Gonzalez Diaz and Lizuain, 1984; Lizuain, 1980, 1981;
Thiele et al., 1978). Early Jurassic volcano-sedimentary sections were
identified in the Cordén del Piltriquitrén and also occur as very small,
isolated outcrops at the highest parts of the Andes (Gonzélez
Bonorino, 1944, 1974; Lizuain, 1980; Lizuain and Viera, 2010; Fig. 2).
These rocks are covered by Middle to Late Jurassic volcanic rocks, mainly
andesites with subordinate dacites (Diez and Zubia, 1981; Giacosa et al.,
2001; Tobal et al., 2012) and late Early Cretaceous volcanic rocks
(Aragon et al.,, 2012; De La Cruz et al., 2003; Lizuain and Viera, 2010;
Pankhurst et al., 2003; Suarez et al., 1996). These volcanic units, contin-
uously exposed through the Andean front, are barely distinguishable in
the field (Giacosa et al., 2001), so they are described here as a single unit
(Fig. 2).

Two well-defined volcanic belts of Paleogene age are represented in
the study area at the foreland and the eastern domain of the North
Patagonian Andes respectively (Rapela et al.,, 1988): i) an eastern latest
Cretaceous-Eocene belt (60 to 42 Ma; Rapela et al, 1983), the
Pilcaniyeu belt, which encompasses bimodal calc-alkaline volcanic
rocks (basalt-rhyolite) with large amounts of ignimbrites and subordi-
nate andesites and basalts towards the top of the sequence (Rapela
et al., 1988); and ii) a western Oligocene-lower Miocene belt (33-
21 Ma; Cazau et al., 1989), the El Maitén belt, which consists of thick
piles of andesites and dacites with lesser amounts of rhyolites and ba-
salts (Gonzalez Bonorino, 1973; Gonzalez Bonorino and Gonzélez
Bonorino, 1978; Rapela et al., 1988).

During Neogene times, fluvial and deep lacustrine sediments of the
Nirihuau Formation (Gonzalez Bonorino, 1973) and fluvial, lacustrine
and eolian deposits of the Collon Curd Formation (Feruglio, 1947;

Gonzalez Bonorino, 1944; Mazzoni and Benvenuto, 1990; Yrigoyen,
1969), filled the Nirihuau basin. Coevally, late Miocene plutons of the
North Patagonian Batholith were coevally emplaced to the west, mainly
over the Chilean territory (Aragén et al., 2012; Gonzalez Diaz, 1979,
1982; Gonzélez Diaz and Valvano, 1978; Pankhurst et al., 1999; Rapela
et al,, 1987; Sernageomin-BRGM, 1995).

In Pliocene to Quaternary times, basaltic-andesitic flows were
emplaced in both the foreland area, as within plate eruptions
(Massaferro et al., 2006; Pécskay et al., 2007), and on the western
slope of the main Andes, as arc-related rocks (see Lara et al., 2001, and
references therein). The thickest succession of these volcanic rocks is
present at the Tronador volcanic center as part of the arc front at the in-
ternational boundary between Argentina and Chile (Rabassa et al.,
1986).

2.3. The Nirihuau fold and thrust belt

In the North Patagonian Andes, between 41° and 43°S, the Nirihuau
fold and thrust belt develops east of the Liquifie Ofqui Fault Zone
(Ramos and Cortés, 1984; Giacosa and Heredia, 2004; Figs. 1B and 3).
This deformational belt presents a convex-to-the-foreland shape in
map view with two distinguishable domains: i) a western domain at
the hinterland, characterized by basement-involved faults affecting at
surface mainly igneous Mesozoic units; and ii) an eastern domain,
which includes Oligocene volcanic rocks of the El Maitén belt and Neo-
gene synorogenic deposits deposited in the wedge top and the foreland
zones with predominant thin-skinned deformation (Ramos and Cortés,
1984; Giacosa and Heredia, 200; Bechis and Cristallini, 2006).

The Bolsén-Tronador thrust that uplifts the eastern flank of the
western domain of the North Patagonian Andes and the Serrucho-
Piltriquitrén back-thrust system in the western slope of the eastern do-
main define a triangular zone that characterizes the El Bolsén valley.
This narrow topographic depression constitutes a sub-basin presently
disconnected from the main Nirihuau basin developed at the foreland
(Bechis et al., 2014; Fig. 3).

Main N- to NW-trending thrusts developed through both the hinter-
land and the foreland zones detached from two décollements
interpreted from seismic data at the foreland (Bechis and Cristallini,
2006; Orts et al., 2012; Fig. 3). To the west, Tobal et al. (2012) described
a cannibalized thin-skinned fold and thrust belt affecting the Late Juras-
sic to Early Cretaceous volcanic rocks exposed in the Cordén del Hielo
Azul (Fig. 3).

3. Cenozoic volcanic rocks at the inner sector of North Patagonian
fold and thrust belt

Three isolated volcanic successions hosted at the North Patagonian
Andes between 41° and 42° 30’ S have been previously attributed to
the Oligocene Ventana Formation (Diez and Zubia, 1981; Giacosa
et al,, 2001; Lizuain and Viera, 2010; Septlveda and Viera, 1980; Tobal
et al., 2012). These are the Cerro Bastién and Cerro Silvia represented
in Fig. 2, and Corddn del Ingeniero located immediately to the south.
Volcanic rocks composed of andesitic to basaltic agglomerates, tuffs
and lava flows lying unconformably over Mesozoic strata were analyzed
in the Cerro Bastion and Cerro Silvia (Fig. 2). Field, petrographic, geo-
chronological and geochemical data show the emplacement, timing
and their tectonic setting in the Cerro Bastién and Cerro Silvia rocks.

3.1. Description of the volcanic units

3.1.1. Cerro Silvia area

The Cerro Silvia is part of the Cordén del Hielo Azul, a range located
west of the El Bolsén village, between 41° 50" and 42° 00’ S, bounded to
the north by the Azul river and to the south by the Blanco del Motoco
creek (Fig. 4). This N-trending range comprises a deformed belt of
Late Jurassic to Early Cretaceous volcanic rocks (Gonzélez Diaz, 1982).
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Cretaceous granitoids of the N-trending Cordilleran Patagonian
Batholith are intruding the Cretaceous volcanic rocks (Fig. 4). The west-
ernmost recognized structure (Hielo Azul thrust; Giacosa et al., 2001)
corresponds to a reverse fault that defines one of the main topographic
breaks at these latitudes (Tobal et al., 2012). Locally, at the Cerro Silvia
area, the hanging wall of this structure is topographically depressed
with respect to neighbor regions (Fig. 4). The volcanic rocks outcrop-
ping throughout this range were previously assigned to the El Maitén
belt (Diez and Zubia, 1981; Giacosa et al., 2001). The internal arrange-
ment of these volcanic rocks shows a wedge-like geometry formed by
progressive unconformities that widen to the east, against the west-
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rocks on the footwall (Fig. 5). Since the age determination performed
in this study indicates a younger, middle Miocene age for these rocks
(see Section 3.2), we interpret that this thrust was reactivated as a nor-
mal fault during middle Miocene times.

The Cerro Silvia volcanic succession includes dacitic pyroclastic
rocks, andesitic lava flows and a small dioritic pluton. The pyroclastic
sections are dominant and include matrix-supported lithic and vitric
tuffs. They consist of devitrified pumice fragments, volcanic lithic clasts
and plagioclase, K-feldspar and embayed quartz crystal fragments. The
matrix comprises fine ash vitric particles and minor small crystal
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Fig. 5. The Hielo Azul thrust (Giacosa et al., 2001) would have been reactivated as a normal fault that controlled the infill of the middle Miocene volcanic rocks in the Cerro Silvia. These
volcanic and pyroclastic rocks were emplaced in the hanging wall of the fault, superposed to Mesozoic volcanic rocks that also outcrop to the east, in the footwall of the fault. Middle-
Upper Jurassic plutonic rocks of the Cordilleran Patagonian Batholith limit this volcanic depocenter to the north and south (outside the picture; see Fig. 4).

fragments. Intercalated andesitic lava flows are composed of plagio-
clase, amphibole and opaque minerals phenocrysts in a hyalopilitic,
felty or microgranophyric groundmass. A sample from a lava flow was
dated by U-Pb LA-CIPMS method in zircons (see Section 3.2).

3.1.2. Cerro Bastién area

The Cerro Bastion area, located between 41° 30’ and 41° 35’ S, is
bounded to the north by the Martin and Steffen lakes and to the south
by the Manso Inferior river (Fig. 6). This originates in Lago Steffen,
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flowing to the south and then changing abruptly its flow to the west
into Chilean territory along a wide and flat valley. Both the Cerro Basti6n
and Cerro Santa Helena define an L-shaped hill with an abrupt relief
covered by extensive vegetation in the lower slopes (Fig. 6).

At the eastern flank of the range, plutonic rocks of the Cordilleran
Patagonian Batholith crop out in the Cerro Santa Helena (Diez and
Zubia, 1981; Giacosa et al,,2001). A previous Rb-Sr whole-rock isochron
age of 170 Ma (Halpern et al., 1975) resulted concordant with Middle-
Jurassic (168.9 to 154.5 Ma) U-Pb SHRIMP ages recently obtained by
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Fig. 6. Geological map of the Cerro Basti6n area, in the western domain of the Nirihuau fold and thrust belt, between 41°29” and 41°38’ S (modified after Diez and Zubia, 1981; Giacosa et al.,
2001). E- to ESE-trending thrusts structure this Andean segment together with main N-trending thrusts that characterize the Nirihuau fold and thrust belt. In the Cerro Bastién, Miocene
volcanic rocks are unconformably overlain Mesozoic rocks. White and yellow stars indicate new U-Pb (LAICPMS) and K-Ar ages respectively obtained in the Cerro Bastién volcanic rocks in

this work.
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Castro et al. (2011) (Fig. 6). To the west and the northeast, volcanic
rocks assigned to the Upper Jurassic-Lower Cretaceous interval uncon-
formably cover the Jurassic plutonic rocks (Diez and Zubia, 1981). The
early Miocene Rio Villegas synorogenic clastic succession, deposited
on top of these volcanic rocks, in the westernmost El Bolsén valley,
shows a maximum detrital peak at ~113 Ma. This age indicates the pres-
ence of volcanic rocks of the Divisadero Formation, constraining the age
of the Mesozoic volcanic rocks to the Cretaceous (see Bechis et al., 2014,
Fig. 9C). Detrital zircon pattern also records the exhumation of the Mid-
dle to Late Jurassic granitoids of the Cerro Santa Elena area to the west.
Another source area is seen with zircon peaks derived from late Paleo-
zoic basement and the Oligocene Ventana Formation cropping out im-
mediately to the east (Bechis et al., 2014).

Early Miocene sedimentary rocks of the Nirihuau Formation crop out
at both margins of Lago Steffen and in the Rio Villegas areas (Giacosa
et al.,, 2001; Fig. 6). A maximum age of ~18.3 Ma is indicated by the
U-Pb from detrital zircons (Bechis et al., 2014).

Lighter-colored-volcanic rocks cropping out at the highest parts of
the Cerro Bastién unconformably overlay lavas and breccias of the
Late Jurassic to Early Cretaceous volcanic rocks (Fig. 7). The volcanic
succession at Cerro Bastion has a minimum thickness estimated in
~280 m. As in the Silvia area, dacitic ignimbrite packages alternate
with andesitic lava flows with subordinate pyroclastic surges and ash
fall deposits at the uppermost levels (Fig. 7). Pyroclastic rocks comprise
lithic and vitric tuffs while andesitic lava flows usually exhibit

-

~ |ca. 4.6 Ma

porphyritic textures with plagioclase, hornblende, and minor
clinopyroxene and opaque minerals.

Normal faults that juxtapose Cenozoic strata to Lower Cretaceous
sections controlled eastern and northwestern edges of the depocenter
that hosts these volcanic successions (Fig. 8). Even though these rocks
were previously assigned to the Oligocene Ventana Formation (Diez
and Zubia, 1981; Giacosa et al., 2001), two samples dated by U-Pb and
K-Ar methods have yielded considerably younger ages. A lava flow at
the mid part of the volcanic succession was dated by the K-Ar method,
while a pyroclastic rock located below was analyzed by the U-Pb
LACIPMS method (see next section).

3.2. Geochronology

Two volcanic rocks from the Cerro Silvia (SIL-1) and Cerro Bastion
(BSMU-2) were selected for U-Pb analysis (see Figs. 4 and 6 for their lo-
cation). The zircon grains were separated from approximately 5 kg of
samples from an andesite (SIL-1) and a pyroclastic rock (BSMU-02).
Heavy mineral fractions were concentrated and separated into 100,
150 and 250 um size fractions by standard crushing and panning at
the Universidad de Buenos Aires. Zircon fractions of roughly
400 grains were handpicked in alcohol under a binocular microscope
for geochronological analysis. The zircon U-Pb analyses were made
using the Micromass Isoprobe Multicollector ICPMS at the Washington
State University. Sample coordinates, analytical methods, and U-Pb
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Fig. 7. Volcanic succession at Cerro Bastion. Upper left picture shows the development of the volcanic section. Thick packages of ignimbrites alternate with lava flows of variable thicknesses
through the section that at the top are intercalated with subordinated pyroclastic surges and ash fall deposits. The entire volcanic pile lies in fault contact upon volcanic breccias of the
Divisadero Formation. Intrusive rocks of the Cordilleran Patagonian Batholith constitute the basement of the section. Pictures of representative different levels are also displayed indicating

their location in the profile.
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Divisadero Formation, constituting a volcanic depocenter controlled by normal faults (indicated by white arrows). To the east (left side of the diagram), there is a thrust affecting Mesozoic
volcanic rocks that outcrop in the easternmost part of the Cerro Bastion and the adjacent Cerro Santa Helena.

age measurements of zircon grains are available in the Supplementary
Material (Appendix A and B). Approximately 30 m above the BSMU-
2 sample (see Fig. 7), an andesitic lava flow (sample 9) was dated
by K-Ar (whole rock analysis performed by SERNAGEOMIN,
Chile; see table with K-Ar values in the Supplementary Material; Ap-
pendix B).

One hundred zircons from the sample SIL-1 (Cerro Silva) were
mounted, from which 40 grains were analyzed. Among these, 32 ana-
lyzes produced a main peak at ca. 14.8 Ma which is according to the
tuff zircon age calculated by isoplot at 14.8 + 0.7/— 0.3 Ma. The remain-
ing 8 grains are represented by single ages at ca. 21, 32, 33, 39, 160, 262,
264, and 323 Ma (Fig. 9a). Tera-Wasserburg diagram is shown in Fig. 9b.
Elongate prismatic crystals are observed with oscillatory zoning tex-
tures in the cathodoluminescence image, indicating a volcanic origin
for the analyzed zircons (Fig. 9¢). The crystallization age of the Cerro
Silvia andesite is ca. 14.8 Ma.

In sample BSMU-2 (Cerro Bastion), 100 zircons were mounted and
39 grains were analyzed by U-Pb. The data define a main peak at ca.
7.2 Ma (ages between 7.0 Ma and 9.9 Ma), where a single grain has ca.
16.3 Ma. Therefore, the tuff zircon age calculated by isoplot at
7.3 + 0.2/—0.1 Ma corresponds to the main peak (Fig. 9d) (Tera-
Wasserburg diagram of the data obtained in this sample is shown in
Fig. 9e). The observed zircons have long prismatic habits and idiomor-
phic forms. In the cathodoluminescence image, the zircon crystals dis-
play typically magmatic textures characterized by oscillatory zoning
(Fig. 9f), indicating a primary volcanic origin. The crystallization age of
this rock is ca. 7.2 Ma. The K-Ar age obtained in the Cerro Bastion (sam-
ple 9) of 4.6 + 0.8 Ma, ~2.6 Ma younger than the U-Pb age (7.2 Ma), is
interpreted as a cooling age.

3.3. Geochemistry

Two samples from Cerro Silvia and two from Cerro Bastién were an-
alyzed for major and trace elements. Although there are not perfectly
fresh samples (LOI contents of between 0.8 and 4.6%), the normalized
(volatile-free) major element composition indicates that Cerro Bastién
samples are andesitic, and up to dacitic in the case of Cerro Silvia
(Fig. 10A). Samples from both locations are of subalkaline character,
with Cerro Bastién having higher alkali contents than Cerro Silva. The
relatively low alkali content of Silvia and Bastién samples is similar to
the range of compositions displayed by Quaternary arc rocks at the
same latitudes, whereas backarc volcanics tend to have higher alkali
concentrations (Fig. 10A).

The database used for comparison includes analyses from the
stratovolcanoes Osorno (Lopez-Escobar et al., 1992; Tagiri et al.,
1993), Calbuco (Lépez-Escobar et al., 1995; Sellés and Moreno,
2011), Yate, Hualaihue, Hornopirén, Huequi, and Michinmahuida
(Lépez-Escobar et al., 1993; Watt, 2010; Watt et al., 2011). To char-
acterize the backarc volcanic rocks, we use analyses from the
Tronador complex (Mella et al., 2005), although in order to comple-
ment the database we have also included backarc samples from fur-
ther north (~38-39°S; Muiloz and Stern, 1988; 1989). In addition,
we included analyses of pyroclastic and volcanic rocks of the
Mitrauquén Formation exposed at the main Andes between 38°
and 39°S (Mufioz, 1988), which exhibit comparable spatio-
temporal characteristics with the here studied volcanic rocks (see
Section 5.1 for further details).

As with alkalis, Silvia and Bastién samples have low immobile in-
compatible element (Nb, Zr, Th, REE) concentrations, similar to the
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values typical of frontal arc volcanics, whereas backarc volcanoes and
volcanic and pyroclastic rocks of the Mitrauquén Formation have
higher concentrations (Fig. 10C-D-E). Bastion and Silvia also share
with the volcanic front more pronounced low Nb/La and high Ba/La ra-
tios that are characteristic of arc magmatic rocks, although one of the
samples (SIL-007) seems to have disturbed Ba concentrations
(Fig. 10F-G).

The rare earth element concentrations of Bastién and Silvia are with-
in the range of concentrations displayed by frontal arc rocks with similar
silica content (55 < SiO; < 70), and are slightly lower than the values
displayed by comparable backarc rocks (Fig. 10C). Likewise, the La/Yb

ratio of Cerro Silvia samples is well within arc rock values, whereas
Cerro Bastién samples exhibit slightly higher values than our reference
arc dataset (Fig. 10B). The Mitrauquén Formation samples show
rare earth element concentrations, even higher than backarc rocks,
and clear Eu negative anomalies (not present in Silvia and Bastién sam-
ples) and La/Yb ratios higher than both Silvia and Bastién samples
(Fig. 10B-C).

As a summary, despite their position behind the current volcanic
front (Fig. 2), Silvia and Bastion volcanic rocks have compositions
more similar to the arc front than to the volcanic centers located behind
the arc.
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Fig. 10. Diagrams showing geochemical characteristics of the middle-late Miocene volcanic rocks studied in this work in comparison with compiled geochemical data in other late Pliocene
to Quaternary arc and back-arc volcanic rocks, and with partially coeval volcanic rocks of the Mitrauquén Formation (38°-39°S). A) TAS (Total alkalis vs. silica) classification diagram (Le
Bas et al., 1986); B) Plot of La/Yb vs. SiO,; C) chondrite normalized REE diagram; D-G) plots of Nb (D), Zr (E), Nb/La (F) and Ba/La (G) vs. SiO, content (wt%).

4. Topographic analysis of the fold and thrust belt
4.1. Methods

Swath-averaged topographic profiles have proven to be a useful way
to characterize the topography of orogenic belts in a variety of tectonic
settings (Isacks, 1992; Masek et al., 1994; Bookhagen and Burbank,
2006; Berger and Spotila, 2008; Thomson et al., 2010; Ponza et al.,
2010; among many others).

In order to quantify the topography of the Nirihuau fold and thrust
belt, we constructed five E-W topographic swath profiles spaced at
35 km (41°14/, 41°33’, 41°52/, 42°10’ and 42°30’) (Figs. 11A and 12A-
E). These topographic transects, oriented perpendicularly to the main
N-trending thrusts, extend for ~170 km, from the Liquifie-Ofqui Fault

Zone to the foreland area, encompassing the Cerro Bastién and Cerro
Silvia volcanic depocenters. In addition, a roughly N-S topographic tran-
sect was constructed oriented parallel to the trace of the Hielo Azul
thrust (Figs. 11A and 12F). We also constructed two local-scale E-W,
50 km-long, swath profiles that cross the Cerro Silvia and Cerro Bastién
areas (Fig. 11D-E).

Swath profiles were extracted from the 90-m SRTM data. Following
Sternai et al. (2011), we estimated an optimal 20-km-wide swath by
using a semi-variogram analysis of the elevation data. Furthermore,
this value largely insures the capture of the minimum and maximum el-
evations of all major drainage basins (Molin et al., 2004). We also calcu-
lated topographic volumes for each topographic swath profile,
obtaining an indirect estimation of the orogenic volume created during
the evolution of the Nirihuau fold and thrust belt (Fig. 11B) (for further
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details about techniques used in this section, see Supplementary Mate-
rial, Appendix C).

4.2. Results

The Nirihuau fold and thrust belt presents an approximately sym-
metric parabolic shape (sensu Macedo and Marshak, 1999) with the
apex (maximum foreland extent of the deformational front) at
~41°45’ (Figs. 2 and 11A). Since the pre-Miocene topography is un-
known, the topographic volumes calculated here cannot be directly
interpreted as the result of the last mountain building stage, and there-
fore interpretations based on these data require caution. However, a
clear increment of the topographic volume in the northern part of the
Nirihuau fold and thrust belt emerges from these data (Fig. 11B). This
pattern partially matches shortening values recently obtained by Orts
et al. (2015) and also correlates closely with exposures of Paleozoic to
Early Jurassic units through the sub-Andean region (Fig. 12C), which

could be suggesting a relation between topography, shortening and
exhumation.

The analysis of local-scale topographic swath profiles shows a direct
correlation between the location of the studied volcanic sequences and
negative topographic anomalies. At Cerro Silvia area, both the eastern
normal fault that controlled the emplacement of middle Miocene volca-
nic units (i.e., the Hielo Azul thrust; see Fig. 5) and the inferred western
fault are revealed by the swath profiles (Fig. 11E). To the north, in Cerro
Bastion area, volcanic units are slightly shifted to the east with respect
to an abrupt topographic break. However, during fieldwork this volcanic
sequence was also recognized to the west (although it has not been
studied in detail yet), coinciding with another topographic break visible
in the swath (indicated with a question mark; see Fig. 11D), which
might be reflecting a wider negative topographic anomaly in this area.

A first observation when comparing regional-scale swath profiles
(mean elevation values tendency) is the existence of an anomalous,
depressed-to-the-hinterland zone between 41°30’ and 41°45’, where
syn-extensional volcanic activity has been recognized (Fig. 11F). These
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anomalous topographic patterns involve significantly higher elevations
at the eastern domain of the Nirihuau fold and thrust belt (Fig. 11F). In
addition, there are subtle differences between 41°30” and 41°45’ S ele-
vation patterns. A topographic depressed hinterland zone is much
more evident for the 41°30’S swath profile (i.e., in the Cerro Basti6n
area).

A careful analysis of individual swath profiles reveals some impor-
tant features (Fig. 12A-E). First, a negative-to-the-hinterland pattern
of elevations is only visible for 41°14’, 41°30” and 41°45’ S swath pro-
files (42°10” and 42°30’ S swath profiles show opposite patterns). Sec-
ond, the foreland/eastern domain increase in elevations is much
higher for the 41°30’ and 41°45’ S than for the 41°14’ S swath profile.
Third, the transition from higher foreland/eastern domain elevations
to lower western domain is abrupt for the 41°30’ and 41°45’ S swath

profiles (i.e., it occurs in a narrow segment), while is smooth in the
case of the 41°14’ S swath profile. Finally, the analysis of the roughly
N-S topographic swath profile allow identifying a subtle depression of
topography at Cerro Silvia and Cerro Bastién volcanic depocenters,
which is again more pronounced in the case of Cerro Bastién.

5. Discussion

5.1. A new volcanic event along the main axis of the North Patagonian
Andes

Cerro Silvia and Cerro Bastion volcanic rocks exposed at the western
sector of the Nirihuau fold and thrust belt were diachronously erupted
during middle to late Miocene times, and not in the Oligocene as was
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previously postulated (Diez and Zubia, 1981; Giacosa et al., 2001). This
volcanic event would have started at ~41°45’ S at 15 Ma ceasing by
~7 Ma at 41°30’ S. A comparable K-Ar age was reported for the Cerro
Plataforma volcanic rocks to the south (Lizuain, 1983), but these show
no evidence of associated normal faulting.

To the north, between 38° and 39°S, partially coeval (~9.5-8 Ma)
volcanic rocks of the Mitrauquén Formation were emplaced along the
main axis of the Andes (Sudrez and Emparan, 1997), and were
interpreted as a syn-compressional unit (Melnick et al., 2006). These
rocks lie conformably above the late Oligocene to early Miocene Cura
Mallin Formation (partly contemporaneous to the Nirihuau Formation;
Burns et al., 2006) and are unconformably capped by the early Pliocene
to early Pleistocene Cola de Zorro Formation (Vergara and Mufioz, 1982;
Suarez and Emparan, 1997; Lara et al,, 2001). Even though stratigraphic
relations are very similar, the late Miocene volcanic sections described
in this work would be related to a different tectonic regime (i.e., the
westernmost Andean zone between 41° and 42°S would have under-
gone particular conditions that are not described elsewhere).

5.2. Evidences of a late orogenic extensional event and possible implications
on the topography

We described in the previous sections field evidence that points to
an extensional control of the studied volcanic depocenters. The struc-
tural analysis revealed the existence of progressive unconformities in
association with normal faults in Cerro Silvia (Fig. 5) and Cerro Basti6n
(Fig. 8). In order to complement these observations, we have performed
a topographic analysis that evidenced a correlation between topogra-
phy and extensional structures. Topographic swath profiles through
the Cerro Silvia and Cerro Bastion areas exhibit negative topographic
anomalies where normal faults that limit both volcanic depocenters
are located. Regional-scale swath profiles at 41°14’ and 41°45' S present
a depressed-to-the-hinterland (western domain of fold and thrust belt)
topographic profile that involves anomalously high altitudes at the tran-
sition between the eastern domain of fold and thrust belt and the fore-
land zone. Two facts arise from the analysis of these swath profiles. First,
this hinterland-depressed zone can be identified in both the E-W pro-
files and the N-S profile and closely matches the area interpreted here
as affected by late Miocene extensional tectonics. Second, the topo-
graphic pattern of the 41°14’ and 41°45’ S swath profiles differs signif-
icantly from the neighbor segments (Fig. 12).

Then, as a first approach, we propose that these along-strike differ-
ences in topography could be the result of a complex spatio-temporal
pattern of structural evolution of the Nirihuau fold and thrust belt, as re-
cently described in other parts of the Andes (see for example Strecker
et al., 2007, 2009; Giambiagi et al., 2009; Hain et al., 2011; Parra et al.,
2012; Pearson et al., 2013). These disparate spatio-temporal patterns
of deformation strongly control sediment dynamics and consequently
erosional processes, which in turn can influence the evolution of the
thrust wedge (Berger and Spotila, 2008; Whipple, 2009, and references
therein). In the next section, we discuss some constraints about
magmatism and deformation during middle to late Miocene times
through the fold and thrust belt, to assess whether this topographic pat-
tern could develop in response to tectonic forcing or not. Since erosional
(particularly glacial) processes have not been fully studied in the area,
we can only speculate about the relative importance of climatic forcing
on the development of the accretionary wedge. Further studies will be
necessary to assess this key point.

5.3. Magmatism and deformation in the hinterland zone of the fold and
thrust belt

Synorogenic sequences accumulated from the eastern domain of the
fold and thrust belt to the foreland zone indicate an early to middle Mio-
cene compressive stage beginning at the main Andes, although there is
still no straightforward thrust belt propagation model (Orts et al., 2012;

Bilmes et al., 2013; Bechis et al., 2014; Ramos et al., 2014; Fig. 13A-B).
Geochronological and termochronological data from the Chilean slope
of the Andes indicate contemporaneous and incipient late early Mio-
cene magmatic activity at the LOFZ from 41°S to the south (Adriasola
et al,, 2006; Thomson, 2002). Extensive outcrops of younger, middle to
late Miocene plutonic bodies mainly exposed from 41°45’'S to the
north, indicate that this magmatic activity then intensified and expand-
ed to the east. The magmatic activity expansion between 41° and 41°25’
S is represented by 15 to 8 Ma plutonic bodies outcropping at the east-
ern slope of the Andes (Gonzalez Diaz and Valvano, 1978; Rapela et al.,
1987; Aragon et al,, 2012; Fig. 13A).

On the other hand, new geochronological and geochemical data pre-
sented in this study indicate that arc-related volcanism started along
the Andean axis, in Cerro Silvia area at ~15 Ma and then migrated north-
ward to Cerro Bastion area at ~7 Ma. This fact indicates a spatial and tem-
poral relation between this volcanic event and the last phase of pluton
emplacement of the North Patagonian Batholith (Pankhurst et al.,
1999). The analyzed volcanic sequences constitute, together with Cerro
Plataforma volcanic rocks (15 Ma; Lizuain, 1983), the only volcanic prod-
ucts recognized at the hinterland zone until late Miocene-early Pliocene
times (Lara et al., 2001). The structural and geochemical data presented
in this paper clearly indicate the synextensional character of these middle
to late Miocene volcanic sequences, constituting an example of
synconvergent hinterland extension. As stated above, this would not be
the case of Cerro Plataforma volcanic rocks. During Plio-Quaternary
times, tectonomagmatic processes concentrated in the LOFZ to the west
(Cembrano et al., 1996, 2000; Thomson, 2002; Adriasola et al., 2006).

Moreover, the topographic analysis also revealed that the Nirihuau
fold and thrust belt experienced maximum deformation at the latitudes
where magmatism migrated to the east. Several studies had already
documented the relation between magmatic activity and compressional
deformation for other mountain systems in the world (Kalakay et al.,
2001; Galland et al., 2003; Tibaldi, 2008; Tibaldi et al., 2009; Gonzalez
et al., 2009; see Tibaldi et al., 2010, and Ferré et al., 2012, for a review).
Particularly, Gonzalez et al. (2009) showed field evidence supporting
the hypothesis of magma emplacement along synchronous reverse
faults, as proposed by Tibaldi (2008) and modeled by Ferré et al.
(2012). Similarly, Kalakay et al. (2001) had revealed the mechanisms
of emplacement of intrusive bodies in frontal thrust ramps in the Sevier
fold and thrust belt. We therefore speculate that expansion of the mid-
dle to late Miocene magmatic activity would have been associated with
the stacking of crustal thrust sheets north of 41°30’S that led to higher
shortenings (and consequently higher topographic volumes) in this re-
gion. These thrust faults could have provided preferential pathways for
magma ascent, that not only controlled the emplacement of plutons, but
also the extrusion of magma during the inversion of the structures at
Cerro Bastion and Cerro Silvia depocenters.

Two important questions, however, remain unanswered. Why was
shortening more intense at the northern end of the fold and thrust
belt, and why was this volcanic activity only manifested between
41°45' and 41°30’ S? To answer this, we consider that it is crucial to as-
sess the correlation between along-strike differences in topography and
location of the middle to late Miocene synextensional volcanism.
We have also shown associated along-strike variations in the
middle to late Miocene deformational and magmatic pattern. Following
the approach of DeCelles and Mitra (1995) (i.e., a not strictly quantifi-
able appraisal of the state of the wedge—subcritical, critical or
supercritical—through time), we hypothesize that depressed-to-the-
hinterland topographic profiles described above could be reflecting
along-strike variations in the wedge taper behavior. We envisage anom-
alously high altitudes at the transition between the eastern domain of
the fold and thrust belt and the foreland zone as a possible evidence of
an over-steepening of the taper (supercritical state of the thrust
wedge). This is one of the mechanisms proposed for explaining
synconvergent extensional events (see Wells et al., 2012, and references
therein).
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Fig. 13. Summary diagram discussing the Miocene evolution of the North Patagonian Andes. A) Hypothetical spatial and temporal evolution of the Nirihuau fold and thrust belt and wedge
thrust development through time. B) Schematic diagram representing main deep and surface processes recording fold and thrust development: magmatism, deformation and basin evo-
lution (mainly based on Bechis et al., 2014, and our own data). C) Numerical models of Willet (1999) that investigate rheological dependence of extension in thrust wedge systems. Both
panels (gray background) are redrawn from examples of a Coulomb plastic behavior of the wedge; gray scale bar schematically represents the zones where extension develops when a
linear viscous rheology is considered. D) Thermomechanical experiments evaluating the influence of a backstop dip and convergence velocity during wedge development (Rossetti et al.,
2002). A case example with a maximum backstop dip (60°) and convergence velocity (10 cm/h) that leads to a steep retrowedge taper angle that contribute to an over-steepening of the
taper wedge (supercritical state of a wedge proposed in this paper as an extensional triggering factor; see text for further details).

As stated before, we cannot estimate neither the importance of ero-
sional forcing on the development of this orogenic wedge nor the possi-
bility of climate-controlled gradients in altitudes through the fold and
thrust belt. The role of glaciation on topographic evolution of mountain

belts, e.g. whether the net effect of glacial erosion increase or decrease
orogenic relief, is now subject of intense debate (Egholm et al., 2009;
Sternai et al., 2012; Thomson et al., 2010; Valla et al., 2011). We think
that structural data presented in this paper are robust enough to
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propose a tectonic control on topography. Further studies will be neces-
sary to better understand the role of glacial erosion during Plio-
Quaternary evolution of topography in the area.

To evaluate the hypothesis of a possible supercritical state of the
wedge taper as an effective mechanism triggering extension at this An-
dean segment, we turn to analogue and numerical models and
thermomechanical experiments performed for doubly-vergent orogen-
ic wedges (Buck and Sokoutis, 1994; Wang and Davis, 1996; Willet,
1999; Rossetti et al., 2002; Fig. 13C-D). Three main constraints can be
pointed out. First, Coulomb wedge (plastic behavior) numerical models
lead to the development of two distinct retrowedge taper profiles (an
inner steeper one and an outer critical taper; see Wang and Davis,
1996; Willet, 1999, and references therein). No horizontal extension
at upper crustal levels is observed under these conditions (Fig. 13C).
Second, a steeper retrowedge profile is favored either by the effect of a
high-angle rigid backstop at the foreland zone or by a high convergence
velocity (Rossetti et al., 2002; Fig. 13D). Third, surface extension occurs
in the wedge thrust system next to its axial region only when viscous
mechanisms dominate the wedge behavior, which is in turn expected
when higher temperatures are achieved (Buck and Sokoutis, 1994;
Willet, 1999).

The Nirihuau fold and thrust belt could be a case where these condi-
tions were reproduced. The described higher Miocene shortening north
of 41°45’ S could have led the retrowedge into a supercritical state, as
suggested by the topographic analysis. This higher stacking of crustal
thrust sheets north of 41°30’S producing strong load subsidence was re-
cently proposed to explain the marine influence recorded in the
synorogenic sequences deposited at the northern end of the El Bolsén
sub-basin (Bechis et al., 2014). The existence of an effective backstop
in the northern end of the Nirihuau fold and thrust belt (i.e., the North
Patagonian Massif; see Figs. 1, 2, 3 and 11A) could have also contributed
to this scenario. Since magmatism coexisted with deformation during
middle to late Miocene times, an increase in geothermal gradient
could constitute the critical factor in the development of extension in
these models, promoting a viscous behavior of the thrust wedge.

Since geological materials in the crust inevitably show a more com-
plex behavior than predicted by models (Willet, 1999), caution is re-
quired when assessing the mechanisms that could have triggered
synextensional volcanism in this area (for further considerations
about the extent of applicability of these models to natural examples,
the reader is referred to those papers).

A common, recently modeled mechanism explaining synconvergent
extension is slab rollback (Sternai et al., 2014; Wells et al,, 2012). Since
Orts et al. (2015) recently interpreted the migration of magmatic activ-
ity north of 41°45’S as a possible case of a shallowing-retreating cycle of
the subducted slab, this could constitute an alternative explanation for
the extensional event described in this work. However, this seems to
constitute a case of localized upper-crustal synconvergent extension
(Long et al., 2015) rather than a crustal-scale orogenic process as ex-
pected from rollback hypothesis.

6. Conclusions

Cerro Silvia and Cerro Bastién volcanic rocks hosted in the inner sec-
tor of the North Patagonian Andes are synextensional arc-related prod-
ucts erupted during middle to late Miocene times, as revealed by the
new geochronological data and the structural analysis. This extensional
event occurred during and after compressional tectonics in the area.

The topographic analysis performed in this work also provides valu-
able insights about this event. Regional-scale swath profiles show a hin-
terland depressed zone between 41°45’ and 41°30’ S, so coincident with
the areas of synextensional volcanism. Anomalously high altitudes at
the transition zone between the eastern domain of the fold and thrust
belt and the foreland can be potentially related to along-strike varia-
tions in the wedge taper angle.

We propose that over-steepening of the taper (thrust wedge super-
critical state) could be an effective mechanism triggering extension in
the inner sector of this Andean segment. To support this hypothesis, we
have evaluated analogue and numerical models and thermomechanical
experiments that address the conditions under which surface extension
in a thrust wedge can occur. This volcanic event shows a clear spatial
and temporal relation with the last phase of pluton emplacement of the
North Patagonian Batholith. We hypothesize that this magmatism, associ-
ated with high heat flows, could have promoted a viscous behavior of the
thrust wedge that could have led to extension in the inner sector of the
evolving fold and thrust belt.
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