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Abstract The Andean belt is the only present-day active case example of a subduction-type orogeny.
However, an existing controversy opposes classical views of Andean growth as an east verging retro
wedge, against a recently proposed bivergent model involving a primary west vergent crustal-scale thrust
synthetic to the subduction. We examine these diverging views by quantitatively reevaluating the orogen
structural geometry and kinematics at the latitude of 33.5°S. We first provide a 3-D geological map and build
an updated section of the east vergent Aconcagua fold-and-thrust belt (Aconcagua FTB), which appears as a
critical structural unit in this controversy. We combine these data with geological constraints on nearby
structures to derive a complete and larger-scale section of the Principal Cordillera (PC) within the fore-arc
region. We restore our section and integrate published chronological constraints to build an evolutionary
model showing the evolving shortening of this fore-arc part of the Andes. The proposed kinematics implies
uplift of the Frontal Cordillera basement since ~20–25 Ma, supported by westward thrusting over a crustal
ramp that transfers shortening further west across the PC. The Aconcagua FTB is evidenced as a secondary
east verging roof thrust atop the large-scale basement antiform culmination of the Frontal Cordillera. We
estimate a shortening of ~27–42 km across the PC, of which only ~30% is absorbed by the Aconcagua FTB.
Finally, we combine these findings with published geological data on the structure of the eastern back-arc
Andean mountain front and build a crustal-scale cross section of the entire Andes at 33.5°S. We estimate a
total orogenic shortening of ~31–55 km, mainly absorbed by crustal west vergent structures synthetic to the
subduction. Our results provide quantitative key geological inferences to revisit this subduction-type
orogeny and compare it to collisional alpine-type orogenic belts.

1. Introduction

It is now generally admitted that orogeny on Earth results primarily from tectonic shortening and thickening
of continental crust associated with continuing plate convergence, most commonly after a protracted period
of subduction of oceanic lithosphere under continental lithosphere. Two end-members are generally distin-
guished: (1) the collision-type (or Himalayan-type) orogeny, like the European Alps or the Himalayas, and (2)
the subduction-type (or Andean-type) orogeny, observed in the western Cordilleras of North America or the
Central Andes of South America. Collision-type mountain belts form where the subducted oceanic plate
carries behind another continent, leading eventually to lithospheric-scale collision of two continental plates.
In some rare cases, collision follows the subduction of a domain of exhumed mantle after a period of intra-
continental rifting, such as proposed for the European Pyrenees (e.g., Mouthereau et al., 2014). In any of these
cases of collisional orogens, a bivergent orogenic wedge subsequently develops along the plate boundary,
where primary crustal thrusts form a detached prowedge synthetic to the continuing subduction process
of the lithospheric mantle slab. This type of process is documented by abundant data and has been exten-
sively conceptualized and modeled (e.g., Davis et al., 1983; Graveleau et al., 2012; Malavieille, 1984; McClay
& Whitehouse, 2004; Tapponnier et al., 2001; Willett et al., 1993). On the other hand, the subduction-type
(or Andean-type) orogeny forms after an initial period of oceanic subduction involving crustal extension
within the continental backarc, associated with slab retreat and roll back. This initial stage is followed by a
protracted period of mountain building within the upper continental plate. The later process involves signif-
icant crustal shortening, probably related to the relatively young age of the subducting plate (e.g., Capitanio
et al., 2011; Molnar & Atwater, 1978) and to stability or net advance of the trench toward the upper continen-
tal plate (e.g., Faccenna et al., 2013; Husson et al., 2012; Schellart et al., 2007). For subduction-type orogens,
however, mechanical models exploring driving processes and associated boundary conditions have not
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yet convincingly explained the partitioning of the continuing plate convergence between oceanic
subduction and upper-plate orogenic processes. The former absorbs much of the convergence and is
associated with significant seismicity at the interplate interface, and the latter absorbs a small fraction of
the convergence across the continental margin but generates over the long-term significant crustal
shortening and topography.

The archetypical Central Andes is a well-described present-day active subduction-type orogen (Figure 1). In
the case of this belt, however, contrasting tectonic models have been proposed over the last decades (e.g.,
Isacks, 1988; James, 1971; Kono et al., 1989; Lyon-Caen et al., 1985), implying different reconstructions of
crustal thickening processes and different interpretations of its structural evolution. The evolution of these
models has led to the overall present-day idea that the Andean orogen has grown by diachronic eastward
thrust propagation within an east verging retro wedge, toward the continent (e.g., Farías et al., 2010;
Giambiagi et al., 2014; Kley, 1999; Ramos et al., 2004; Suárez et al., 1983). However, the possible contribution
of a counterbalancing prowedge, synthetic to the Nazca-South America subduction zone, defining a biver-
gent structure for the Central Andes (Armijo et al., 2010a, 2015) appears understated.

The aim of this work is to revisit a critical tectonic section at 33.5°S latitude near the southern end of the
Central Andes. The Andes is characterized by obvious lateral latitudinal variations in width, structure, and
total shortening (Figure 1) (Giambiagi et al., 2012; Ramos et al., 2004), either related to varying boundary
conditions along the subduction zone and within the upper plate (e.g., Capitanio et al., 2011; Charrier
et al., 2007; Russo & Silver, 1994; Schellart et al., 2007) or to variable rates and timing of deformation (e.g.,
Armijo et al., 2015; Faccenna et al., 2017; Oncken et al., 2006, 2013). Total shortening estimates vary laterally
and increase from<100 km at ~33.5°S (Armijo et al., 2010a; Giambiagi et al., 2012, 2014; Ramos et al., 2004) to

Figure 1. Physiography and first-order geology of the subduction margin of the Andes in central Chile and westernmost central Argentina. To the west, the trench
marks the Nazca-South America plate boundary, reported in white with open triangles. East of the trench, the subduction margin is composed, from west to
east, of the Coastal Cordillera, the Central Depression, and the Andean belt. The mountain belt, ~145 km wide at 33.5°S, is composed of the folded Mesozoic (green)
and Cenozoic (yellow) sedimentary and volcanic rocks forming the Principal Cordillera, and to the east, of the Andean basement backbone culmination forming
the Frontal Cordillera (red). North of 33°S, the Andean mountain belt becomes significantly wider eastward with the addition of the basement thrust sheets of the
Pre-Cordillera (pink) and of the Sierras Pampeanas (brown). Black rectangle locates our study area (Figure 3), and the black line our final cross section (Figure 10).
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≥400 km at ~20°S (Armijo et al., 2015; Lamb, 2011; McQuarrie et al., 2005), with the northward progressive
implication of several structural units (namely, the Pre-Cordillera, Eastern Cordillera, and sub-Andean belt)
to crustal shortening. By 33.5°S, the Andean belt is narrower and structurally much simpler than further north
(Figure 1), since it is constituted only of the Principal and Frontal Cordilleras. This makes this section a good
target to study first-order Andean mountain-building processes. Furthermore, at this latitude, conflicting
interpretations of geological observations have originated the ongoing debate on east vergent versus
bivergent orogeny. The east vergent model remains widely accepted (e.g., Farías et al., 2010; Giambiagi,
Álvarez, et al., 2003; Giambiagi, Ramos, et al., 2003; Giambiagi et al., 2014; Ramos et al., 2004) (Figure 2a). It
is chiefly based on the description of the Andean eastern front and on the Aconcagua fold-and-thrust belt
(hereafter Aconcagua FTB), a renowned east vergent structure in the high cordillera, juxtaposed between
the volcanic arc and the basement culmination formed by the Frontal Cordillera (e.g., Cegarra & Ramos,
1996; Giambiagi & Ramos, 2002; Giambiagi, Álvarez, et al., 2003; Ramos, 1988; Ramos, Cegarra, & Cristallini,
1996; Ramos et al., 2004). According to widely admitted east vergent interpretations for the formation of
the Andes, the Aconcagua FTB represents an early deformation front of the Andes, consistent with an
eastward propagating system (Figure 2a). More precisely, the east vergent model implies two major stages
(see evolutionary model from Giambiagi et al., 2014): (1) an early stage of uplift and deformation of the
Aconcagua FTB from ~25 to ~10 Ma and (2) a late stage from ~10–9 Ma to the present day, with the
Andean frontal deformation propagating eastward and initiating the late uplift of the Frontal Cordillera

Figure 2. Two conflicting conceptual models of the Andes at ~33.5°S latitude. (a) East vergent model proposed by Giambiagi et al. (2014) in which the Aconcagua
FTB is a major former frontal structure, overthrusting the Frontal Cordillera basement high. This model implies a first tectonic phase from ~25 to ~10 Ma (dark blue)
with deformation and uplift of the fore-arc basin and of the Aconcagua FTB, and coeval subsidence of the eastern foreland basin where the current Frontal
Cordillera is located. Then, during the second phase, from ~10Ma to present (light blue), the deformation propagates eastward, with a late exhumation of the Frontal
Cordillera. (b) Bivergent orogen model with a dominant westward primary vergence proposed by Armijo et al. (2010a). In this model, the Aconcagua FTB is a
secondary structure, passively transported over the Frontal Cordillera basement high. This model implies a continuous westward deformation of the mountain
belt over the last ~20–25 Myr. In this case, the exhumation of the Frontal Cordillera basement high initiated early and has been continuous since ~20–25 Ma.
CC = Coastal Cordillera; CD = Central Depression; West Andean FTB = West Andean fold-and-thrust belt; FC = Frontal Cordillera; Aconcagua FTB = Aconcagua
fold-and-thrust belt; WAT = West Andean Thrust.

10.1002/2017TC004513Tectonics

RIESNER ET AL. 1349



basement culmination along the eastern front of the Andes (Figure 2a). On the other hand, the recent
discovery of the active west vergent San Ramón Fault (33.5°S) and of large west vergent thrusts along the
Western Andean front (Armijo et al., 2010a; Riesner et al., 2017; Vargas et al., 2014) has prompted the
emergence of an alternative model suggesting that Andean crustal thickening at this latitude has been
supported mainly by west vergent thrusts (Armijo et al., 2010a). These structures are proposed to root into
a major east dipping west vergent thrust ramp (the West Andean Thrust or WAT) under the basement
high of the Frontal Cordillera, which is interpreted as forming a large-scale basement antiform culmination
on top of this crustal ramp (Figure 2b). In this bivergent view, the Aconcagua FTB is interpreted as a
secondary back-thrust feature of a much larger west vergent West Andean Fold-and-Thrust Belt (hereafter
West Andean FTB; Armijo et al., 2010a; Riesner et al., 2017). The bivergent model implies continuous and
primarily westward propagating shortening across the Andes, and early uplift of the main Andean
basement culmination of the Frontal Cordillera, initiating ~20–25 Myr ago (Figure 2b).

To discriminate between the two foregoing models, we focus on reassessing the structural and chronological
evolution of the Central Andes in the region where both the Aconcagua FTB and the West Andean FTB are
present (Figures 1 and 2). Our approach will subsequently follow a reasoning where structural and geological
field observations at 33.5°S are first reevaluated at the scale of individual tectonic units, before integrating
and upscaling our interpretations to a larger regional and finally crustal-scale section across the Andes at this
latitude. More precisely, as a first step, we hereafter quantify precisely the structural geometry and kinematics
characterizing the emblematic Aconcagua FTB observable between 32.5°S and 34°S (Figure 3), and the region

Figure 3. Structural map of the Andes over our study region (location in Figure 1) compiled from geological maps of the Chilean and Argentinian Andes (Armijo et al.,
2010a; Fock, 2005; Gana et al., 1999; Giambiagi et al., 2001; Giambiagi & Ramos 2002; Polanski, 1964, 1972; Riesner et al., 2017; Rivano et al., 1993;
SEGEMAR, 2000, 2010; SERNAGEOMIN, 2003; Thiele, 1980) and from our own field observations. Rectangles locate our detailed mapping areas to the north
(Figure 4) and to the south (Figure 5) of the Aconcagua fold-and-thrust belt. Sections B1-B2 (Riesner et al., 2017) and B3-B4 (portion of the section from Giambiagi
et al., 2014, used for our general section of Figure 10) are also reported. Sections within the detailed mapping areas are located in Figures 4 and 5. The thick
dashed line locates part of the section of Figure 10 (see complete location in Figure 1). FTB = fold-and-thrust belt; WVF = west vergent folds.
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east and west of it. These data allow for building two structural cross sections of the Aconcagua FTB at ~33°S
and ~33.5°S, which are subsequently discussed in light of previously published sections. Then, at a regional
scale, we integrate and evaluate the contribution of the Aconcagua FTB, relative to other structural units of
the Andean forearc, to describe the geometry of the western flank of the Andes (Principal Cordillera).
Using published chronological constraints, our section is incrementally restored and tested. Finally, we
upscale our reasoning and integrate geological, geophysical, and chronological constraints at the scale of
the whole orogen at 33.5°S. In particular, we discuss the timing of the initiation of the tectonic uplift of the
Frontal Cordillera basement culmination using recently published thermochronological data (Hoke et al.,
2014) and additional constraints on the Andean eastern front (García et al., 2005; García & Casa, 2014;
Giambiagi et al., 2015) to discriminate between the two existing conceptual models of Andean orogeny.
These constraints allow us for discussing the mechanics of Andean mountain building and for proposing a
crustal-scale section of the Andes at this latitude.

2. Geological Setting
2.1. General Description

The Central Andes extend over 4,000 km from northern Peru to central southern Chile, and result from the
subduction of the Nazca Plate under the South American Plate. Our study area is located between ~33°S
and ~33.5°S, at the latitude of Santiago de Chile (Chile) and Mendoza (Argentina) (Figure 1). There, the
Andes mountain belt is ~100 to 160 km wide and reaches average altitudes of ~5,000 m (up to 6962 m at
the Aconcagua). Toward the west, it is facing a western foreland made of: (1) the Chilean Central
Depression (CD) at ~500 m above sea level and filled by less than 1 km of Quaternary sediments; (2) the
Coastal Cordillera (CC) constituted of Paleozoic and Mesozoic rocks with altitudes commonly below
2000 m, and (3) the offshore continental margin just in front of the Chile trench (Figure 1). To the far east
of the Andes, the southern Sierras Pampeanas (Figure 1) are thick-skinned west vergent structures outcrop-
ping pre-Andean basement rocks, with relatively limited amount of cumulative shortening at ~33°S latitude
and further south. They are further described by Ramos et al. (2002) and will not be further considered here.

In our study region (Figure 3), the Andes themselves are composed of three principal structural units: (1) to
the west, the Principal Cordillera (PC) is constituted of a deformed ~12–15 km thick sequence of early
Jurassic to Miocene sedimentary rocks, topped by Oligo-Miocene volcanic and volcano-clastic rocks (e.g.,
Armijo et al., 2010a; Charrier et al., 2007; Mpodozis & Ramos, 1989; Thiele, 1980); (2) further east, the basement
culmination of the Argentinian Frontal Cordillera (FC) is composed of pre-Andean units of Early-Mid Paleozoic
to Permo-Triassic age (e.g., Giambiagi, Álvarez, et al., 2003; Gregori et al., 1996; Heredia et al., 2012; Mpodozis
& Ramos, 1989); and (3) to the north-east (only north of ~33°S), the Pre-Cordillera forms the eastern front of
the Andes and is constituted of Early-Mid Paleozoic to Permo-Triassic basement rocks (Allmendinger & Judge,
2014; Fosdick et al., 2015; Giambiagi et al., 2011). Because our final cross section synthesizes observations at
33.5°S, the Pre-Cordillera will not be considered hereafter.

2.2. Geology of the Principal Cordillera

The Principal Cordillera (PC) includes the west vergent West Andean FTB to the west (Riesner et al., 2017) and
the east vergent Aconcagua FTB on its eastern side (Giambiagi, 2003; Giambiagi et al., 2001; Ramos, Cegarra,
& Cristallini, 1996; Ramos et al., 2004). These two belts are separated by vertical folded series, interpreted as
tight west vergent folds (hereafter WVF) by Armijo et al. (2010a) (Figure 3). The PC is composed of the
Oligocene and Miocene Abanico and Farellones formations within the West Andean FTB (Charrier et al.,
2002, 2005) and of Mesozoic series within the WVF and Aconcagua FTB (Figure 3). The Abanico formation
bears volcaniclastic rocks, tuffs, basic lavas, ignimbrites, and interbedded alluvial, fluvial, and lacustrine sedi-
ments (Charrier et al., 2002, 2005). At the latitude of this study, K/Ar and 40Ar/39Ar ages on plagioclase, in ash
flows, and lavas from this formation range from 30.9 to 20.3 Ma. It is intruded by porphyric dykes as young as
16.7 Ma (Aguirre et al., 2000; Gana et al., 1999; Nyström et al., 2003; Vergara et al., 2004). The Farellones
formation is ~1–2 km thick, composed of intermediate and basic lava flows with volcanic rocks and minor
ignimbrite flows (Beccar et al., 1986; Vergara et al., 1988). K/Ar, 40Ar/39Ar ages on biotite and plagioclase
and U/Pb ages on zircon range from ~21.6 to ~16.6 Ma in ash flows and lavas of this formation (Beccar et al.,
1986; Deckart et al., 2005; Nyström et al., 2003). The contact between these two formations is described as
progressive and unclear as they are both composed of volcanic and volcano-clastic sediments (Charrier
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et al., 2002, 2005). However, at a regional scale, the limit between the two units is illuminated by an angular
unconformity (Armijo et al., 2010a; Riesner et al., 2017).
2.2.1. The West Andean Fold-and-Thrust Belt
Recently, Riesner et al. (2017) proposed a detailed 3-Dmap and cross section of theWest Andean FTB (section
B1-B2 in Figure 3) and quantified the kinematics of this fold-and-thrust belt by combining structural observa-
tions and chronological constraints. The Abanico and Farellones formations are folded by a succession of four
to five west vergent faults that root onto a ~12–15 km deep décollement at the base of the Meso-Cenozoic
series and that absorbed a total shortening of 9–15 km. The derived kinematics suggests that the West
Andean FTB evolved following a classical forward (here westward) propagating system of faults and folds
over the last ~20–25 Myr, with a long-term shortening rate of 0.1–0.5 mm/yr. The San Ramón Fault, at the
western front of the West Andean FTB nearby Santiago de Chile, appears presently seismically active
(Armijo et al., 2010a, Vargas et al., 2014).

2.2.2. The West Vergent Folds
To the east of the West Andean FTB, two interpretations have been proposed for the deformation of the thick
Jurassic to Miocene series. Following several authors these series are interpreted as being duplicated by
numerous east vergent thrusts, forming large thrust sheets structurally associated with the Aconcagua FTB
(e.g., Cegarra & Ramos, 1996; Farías et al., 2010; Giambiagi & Ramos, 2002). In an alternative structural model,
the Abanico and Farellones formations are described as folded within a series of large and asymmetric west
verging folds (Armijo et al., 2010a; Rivano et al., 1993; Thiele, 1980). These folds expose further east the com-
plete Mesozoic sedimentary sequence within a ~5–7 kmwide nearly vertical fold limb (Figure 3) (Thiele, 1980;
Armijo et al., 2010a), with an overall large-scale top-to-the-west stratigraphic geometry. As explained further
in this paper (section 3.3), the second interpretation will be subsequently favored after integrating these
structures at a larger scale, that is, at the scale of the entire PC. We will therefore subsequently use the termi-
nology of WVF to refer to this specific structural unit. From west to east, this Mesozoic series is constituted of
the conglomeratic and volcano-clastic Cretaceous Colimapu formation, the Late Jurassic-Early Cretaceous cal-
careous Lo Valdés formation, and the ~3 km thick continental conglomerates, andesitic lavas, and breccias of
the Late Jurassic Río Damas formation. At the base of the Meso-Cenozoic series a regionally well-known gyp-
sum layer is located in the Río Colina formation (“Yeso Principal,” Thiele, 1980). These formations show evi-
dence of green schist burial metamorphism (Robinson et al., 2004). Overall, in the western side of the
forearc basin, the Meso-Cenozoic series are ~9–10 km thick.
2.2.3. The Aconcagua FTB
Further east, the Mesozoic series thins within the Aconcagua FTB (Figure 3) where several studies have
described sedimentary series with facies different from those observed further west within the WVF
(Thiele, 1980; Giambiagi, 2000; Giambiagi, Álvarez, et al., 2003). Based on stratigraphic studies, Groeber
(1918) suggested the existence of a paleogeographic high for the Aconcagua area, known as the Alto del
Tigre. The Mesozoic sediments composing the Aconcagua FTB (in particular, the Mendoza Group;
Giambiagi, Álvarez, et al., 2003) are indeed characteristic of shallow platform environments (Aguirre-Urreta,
1996; Aguirre-Urreta & Alvarez, 1998, cited in Giambiagi, Ramos, et al., 2003). Such structural high, called
the Aconcagua Platform by Mpodozis and Ramos (1989), existed during deposition of the Late Jurassic-
Early Cretaceous Mendoza Group as demonstrated by the stratigraphic analysis of Lo Forte (1992) cited in
Ramos, Cegarra, and Cristallini (1996). Late Jurassic gypsum layers are abundant and form diapirs within
the Aconcagua FTB (e.g., in the Valle del Yeso, Thiele, 1980; note that “Yeso” means “gypsum” in Spanish).

The Aconcagua FTB corresponds to a ~20 km wide zone of east vergent thrusts that overthrust syntectonic
Neogene intramountainous basins and the large basement high of the Frontal Cordillera (Giambiagi, Álvarez,
et al., 2003; Giambiagi & Ramos, 2002; Giambiagi et al., 2001; Ramos, 1988; Ramos, Cegarra, & Cristallini, 1996)
(Figure 3). Interpretations of the Aconcagua FTB vary, in particular in terms of cumulative shortening, depth of
the basal décollement, and structural contribution of this fold-and-thrust belt to Andean mountain building.
Immediately south of the Aconcagua (Argentina), the Aconcagua FTB is described as a thin-skinned thrust
belt separated from the basement by a shallow basal detachment located in a Jurassic gypsum layer at
~2–3 km depth (Cegarra & Ramos, 1996; Ramos, 1988). The estimates of cumulative shortening vary widely
from ~20–25 km (measured in section of Figure 12 in Ramos, 1988) to 62.7 km (Cegarra & Ramos, 1996).
About 80 km further south, on a section along the Yeso (Chile) and Palomares (Argentina) Valleys,
Giambiagi and Ramos (2002) and Giambiagi, Álvarez, et al. (2003) suggested that the Aconcagua FTB roots
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deeper (5 to 10 km) into the Paleozoic basement. These authors estimate the cumulative shortening to be
47 km (Giambiagi & Ramos, 2002). Alternatively, Armijo et al. (2010a) propose that shortening on the
Aconcagua FTB would be at most 10 km. We also already noted that the steep top to the west, Miocene to
Mesozoic series forming the WVF of Armijo et al. (2010a), had also been interpreted as thrust sheets belong-
ing to the Aconcagua FTB (Cegarra & Ramos, 1996; Giambiagi & Ramos, 2002), leading to drastic differences in
shortening estimates. We will discuss this issue in more detail afterward.

Despite differences in the details of interpreted structures, all east vergent models view the Aconcagua FTB as
a former Andean deformation front, active from ~21 to ~10 Ma, as retrieved from the ages of the synorogenic
conglomerates of overthrusted intramountainous basins, before deformation propagated east of the Frontal
Cordillera (Giambiagi, Álvarez, et al., 2003; Giambiagi et al., 2014; Ramos et al., 2004). Given this, the
Aconcagua FTB and Frontal Cordillera eastern frontal thrust are interpreted as two successive major frontal
thrusts during Andean orogeny (Figure 2a). Alternatively, Armijo et al. (2010a) considered the Aconcagua
FTB as a minor eature of the Andes, passively transported over the basement high of the Frontal
Cordillera, as this latter has been continuously uplifted over a deep west vergent ramp for the last ~20–
25 Myr (Figure 2b).

2.3. The Frontal Cordillera and Cuyo Basin

To the east, the Frontal Cordillera basement high is composed of Choiyoi Group rocks (Permian-Triassic)
unconformable over the Paleozoic Gondwanan basement, with a core of Proterozoic metamorphic rocks
(Figure 3; Giambiagi, Álvarez, et al., 2003; Gregori et al., 1996; Heredia et al., 2012; Polanski, 1964, 1972;
SEGEMAR, 2010). Protero-Paleozoic units are affected by a series of complex basement faults that are known
to have been at some places reactivated during Andean orogeny, in particular to the north of our study area,
along the eastern front of the Andes and within the Pre-Cordillera (Giambiagi et al., 2011). These basement
faults are however essentially sealed by the unconformable Permo-Triassic Choiyoi series, in particular along
our section at 33.5°S. As such, this unconformable contact, mapped in Figure 3, can be used to mark and
delineate the Andean deformation of the Frontal Cordillera basement. Armijo et al. (2010a) propose that this
contact outlines a broad ~30–50 km wide antiformal culmination, associated to Andean deformation and
mountain building.

At this latitude, the Cuyo basin to the east of the Frontal Cordillera represents the eastern foreland of the
Andes (Figures 3). This basin is relatively shallow and composed of more than 3 km thick Cenozoic sediments
dated from ~16 Ma (García & Casa, 2014; Irigoyen et al., 2000; Yrigoyen, 1993), deposited over the Permian-
Triassic basement of the San Rafael block (Llambías et al., 2003; Mpodozis & Ramos, 1989). Reactivation of
Permo-Triassic extensional structures within the basement leads to Andean inversion of the Cuyo basin
(Charrier et al., 2007; Ramos et al., 1996a). Such inversion is proposed to have initiated by ~4–7 Ma, as derived
from geological constraints based on the seismic lines of García et al. (2005), García and Casa (2014), and
Giambiagi et al. (2015) and is currently active. The shortening across the Cuyo basin is estimated to be quite
minor south of the Pre-Cordillera termination (Ramos, Cegarra, and Cristallini, 1996), between ~2 and ~4 km
(García et al., 2005; García & Casa, 2014; Giambiagi et al., 2015).

As mentioned previously, the two existing conceptual models proposed for the Andes tectonic evolution at
this latitude imply different timing for the uplift of the Frontal Cordillera basement high (Figure 2). Indeed, the
east vergent model implies that deformation propagated from the Aconcagua FTB to the Frontal Cordillera
thrust after ~10–9 Ma, thus initiating uplift and exhumation of the Frontal Cordillera by this time (e.g.,
Giambiagi et al., 2014; Figure 2a). On the other hand, the bivergent model of Armijo et al. (2010a) implies
continuous and westward propagating shortening across the Andes, with an early initiation of uplift of the
Frontal Cordillera by ~20–25 Ma, supported by a west vergent crustal ramp (Figure 2b). The exhumation of
the Frontal Cordillera has been investigated in provenance studies of the intramountainous basins located
between the Principal and Frontal Cordilleras (Figure 3) and from thermochronological ages. In particular,
the presence of clasts originated from both the Principal and the Frontal Cordilleras in the sedimentary clastic
sequences of the Alto Tunuyan intramountainous basin has been noted for a long time, since Darwin (see, for
example, p.182 in Darwin, 1846). Recently, zircons with affinities to the Paleo-Proterozoic basement and
Permo-Triassic Choiyoi units of the Frontal Cordillera, early in the clastic series of this basin, have been inter-
preted to “correspond to recycled material within the Mesozoic units [of the Principal Cordillera] or else to a
direct supply from a paleorelief at the current position of the Frontal Cordillera” (Porras et al., 2016). Recent

10.1002/2017TC004513Tectonics

RIESNER ET AL. 1353



thermochronological constraints on the exhumation of the Frontal Cordillera tend to support the second
interpretation as they suggest that the uplift and exhumation of the Frontal Cordillera initiated early by
~25Ma, and that it accelerated recently by ~10Ma (Hoke et al., 2014). This early initiation of uplift has recently
been corroborated by a new thermochronological data set (Riesner, 2017). Such an early uplift, since ~25 Ma,
implies that the intramountainous basins between the Aconcagua FTB and the Frontal Cordillera were never
part of a continuous basin connected to the eastern Cuyo foreland basin but rather deposited in isolated sub-
basins between already uplifted topographic highs (Hoke et al., 2014).

3. Reassessing the Structural Geometry of the Aconcagua Fold-and-Thrust Belt

To further constrain Andean mountain building (Figure 2), we propose to first reassess the structural geome-
try and cumulative shortening of the Aconcagua FTB, with a particular emphasis on its structural continuity
with other structural elements west (West Andean FTB and WVF) and east (Frontal Cordillera) of it. This will
allow for an accurate reassessment of the structural position of this fold-and-thrust belt within the Andes
and, consequently, for a reappraisal of the kinematics of Andean mountain building at the latitude of our
cross section (Figure 2).

3.1. Building a Structural Map of the WVF, Aconcagua FTB, and Western Frontal Cordillera

We first define two main areas that appear most appropriate to investigate the structure and kinematics of
the Aconcagua FTB (Figure 3). The area south of the Aconcagua volcano (Argentina) (Figure 4) is particularly
suitable for our study as geometries are well exposed, and this is where the Aconcagua FTB has been
described (e.g., Ramos, 1988). Geological sections of the Aconcagua FTB in this area have been published,
allowing for comparing our results with those previously obtained (Cegarra & Ramos, 1996; Ramos, 1988;
Ramos et al., 1996a). We also map structures within the Yeso and Palomares Valleys, at the latitude of
Santiago (Chile) and Tunuyan (Argentina) (Figure 5). Bedding attitudes are less clear in this region due to
the presence of gypsum diapirs that disrupt structural geometries. However, our results can be compared
to previously published sections (Giambiagi et al., 2001; Giambiagi, Álvarez, et al., 2003; Giambiagi &
Ramos, 2002; Thiele, 1980) and allow for testing for lateral structural continuity over all our study region
(Figure 3).

We build detailed structural maps of the Aconcagua FTB in both areas of our study region (Figures 4 and 5),
following the methodological approach of Riesner et al. (2017). We deliberately discard to rely on standard
approaches using statistical analyses of numerous outcrop-scale (≤10 m) strike and dip measurements.
Indeed, a large-scale observational approach, using carefully selected satellite images combined with digital
topography, enables to identify the landscape-scale geometry and filters the noise associated with volcanic,
volcano-clastic depositional environments, or local secondary structural complexities associated, for instance,
to gypsum diapirism (see Riesner et al., 2017 for further explanation of the methodology). This approach
enables us to carefully map stratigraphic layers in 3-D using high-resolution satellite images from the
Google Earth database (Landsat 7, DigitalGlobe), aerial photographs, and digital elevation models (Aster
DEM, with ~30 m resolution). The satellite mapping is systematically checked in the field and combined with
information from published geological maps (Armijo et al., 2010a; Fock, 2005; Giambiagi, 2003; Giambiagi
et al., 2001; Giambiagi, Álvarez, et al., 2003; Giambiagi & Ramos, 2002; Polanski, 1964, 1972; Ramos, 1988;
Rivano et al., 1993; Ramos et al., 1996a, 1996b; SEGEMAR, 2000, 2010; Thiele, 1980). Altogether, these data
allow for proposing a precise 3-D geological and structural map of the two main areas of investigation
(Figures 4 and 5), which displays in detail the geometry of the folded structure of the Aconcagua FTB, as well
as that of the WVF and of the Frontal Cordillera. Our georeferenced 3-D stratigraphic horizons are provided as
supporting information for both the north and south areas (Data Sets S1 and S2).

We pay a particular attention to the mapping of the contact between the Abanico and Farellones formations
that in places appear as an angular unconformity. The transition between the nearly vertical Mesozoic series
of the WVF and of the Aconcagua FTB is mapped in detail. The deformation of the Frontal Cordillera base-
ment high is emphasized within our northern area by the geometry of the regional unconformable contact
between the pre-Andean Permo-Triassic Choiyoi series and the Paleozoic basement units (Figure 4). We recall
here that we do not focus on the details of the Paleozoic structures of the Frontal Cordillera but rather of the
pattern delineated by the unconformity between the Choiyoi series and the Protero-Paleozoic basement as is
interpreted to illustrate the Andean deformation of the Frontal Cordillera basement.
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Our maps illustrate precisely the main tectonic features of our study region (Figures 3–5): to the west, a series
of north-south trending anticlines and synclines of the WVF that deform the thick Cenozoic and Mesozoic
series of the PC, and to the east the succession of east vergent thrusts of the Aconcagua FTB. The thrust
sheets of the Aconcagua FTB are thrusted over Neogene intramountainous basins and over the basement
high of the Frontal Cordillera. Within our northern area, the Paleozoic-Triassic Choiyoi unconformity outlines
a broad basement antiformal culmination east of the Aconcagua FTB (Figure 4). To the south, deformation of
the Aconcagua FTB propagated into the intramountainous basins (Figure 5). Our maps appear at first order
remarkably comparable to those of Ramos (1988) and Ramos et al. (1996) and Ramos, Cegarra, and Pérez

Figure 4. (a) Structural map of the Aconcagua fold-and-thrust belt (AFTB) at ~33°S (see location in Figure 3), derived from a compilation of published geological maps
(Ramos, 1988; Ramos et al., 1996b; Rivano et al., 1993; SEGEMAR, 2000; SERNAGEOMIN, 2003) and field observations. Structural and geological data are overlaid
on Aster DEM. Bedding traces (thin gray lines) are mapped from satellite images and aerial photographs. Thicker lines mark bedding traces that correlate well
over several kilometers in Abanico (red lines), Farellones (yellow lines) formations, and in Mezosoic series (blue lines). Major anticlinal and synclinal axes are
represented by black arrowed lines, andmajor outcropping faults are represented by red lines with triangles. Areasmarked by dark blue rectangles correspond to the
swaths used for projecting bedding traces in section A1-A2 (see further details on our approach in main text). Note that we interpret the Cerro Tolosa as a
volcanic deposit related to the Aconcagua volcano. (b) Synthetic subsurface cross section deduced by projecting bedding geometries along section A1-A2
(Figure 4a). Direct surface observations are possible from mountain tops down to valley bottoms. Blue line reports río Aconcagua, Las Cuevas, and Mendoza
River profiles that define the limit between directly observed structures (clear colors above) and extrapolations at depth (transparency below). WVF = west vergent
folds; FTB = fold-and-thrust belt.
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(1996a) for the northern area (Figure 4) and to those of Thiele (1980) and Giambiagi et al. (2001) for the
southern area (Figure 5). They essentially differ in their higher resolution provided by our large-scale
mapping of bedding attitudes from satellite images and aerial photographs, together with DEMs. We also
put further emphasis on the geology and structures west of the Aconcagua FTB on the Chilean side, that
is, within the WVF. Overall, structural styles and units are similar from north to south over our entire study
region, further emphasizing a lateral north-south structural continuity (Figure 3–5). Locally, some
variations alter this continuity, such as immediately south of the Aconcagua (Argentina) (Figure 4). Such

Figure 5. (a) Structural map of the Aconcagua fold-and-thrust belt at ~33.5°S derived from a compilation of published geological maps (Armijo et al., 2010a;
Giambiagi, 2000; Giambiagi et al., 2001; Giambiagi & Ramos 2002; Fock, 2005; Polanski, 1964, 1972; Riesner et al., 2017; Thiele, 1980; SEGEMAR, 2010;
SERNAGEOMIN, 2003) and field observations (see location in Figure 3). See legend of Figure 4 for additional details. (b) Synthetic subsurface cross section deduced by
projecting bedding geometries along the combined sections A3-A30 and A40-A4 (Figure 5a). Direct surface observations are possible from mountain tops down to
valley bottoms. Blue line reports Colorado and Palomares river profiles that define the limit between directly observed structures (clear colors above) and
extrapolations at depth (transparency below). LG = La Gloria Pluton; FTB = fold-and-thrust belt.
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disharmony is attributed to the presence of gypsum, forming locally large diapirs and bulks within the
Aconcagua FTB, as well as in some places to the presence of volcanic edifices such as the Aconcagua or
Tupungato volcanoes.

3.2. Building Geological Cross Sections of the Aconcagua FTB, With Account on the WVF and on the
Western Frontal Cordillera

We follow the methodological approach of Riesner et al. (2017) to build our geological cross sections. We
define sections A1-A2 and A3-A4 (Figures 4 and 5 for the northern and southern areas, respectively) perpen-
dicular to the main north-south structural trend. Section A3-A4 is a combination of sections A3-A30 and
A40-A4 so as to avoid nonstructural complexities related to magmatic intrusions or to volcanic edifices
(Figure 5). The 3-D mapped bedding attitudes (supporting information Data Set S1 and S2) are taken within
5–35 km wide swaths and projected onto sections A1-A2 and A3-A4. From there, we are able to build a
precise subsurface cross section over a depth of ~3 km constituted of form lines derived directly from
geological surface observations (i.e., the stratigraphic layers mapped in 3-D using satellite images and
DEMs), in particular along major river incisions (Figures 4 and 5). An interpretive geometry is then deduced
at depth from these direct observations to complete the proposed structural sections (Figures 4 and 5).

Our detailed A1-A2 section (Figure 4b) clearly illustrates all major structural units of our study area, already
commented from our map: from west to east (1) the eastern portion of the West Andean FTB with folded
Farellones and Abanico formations; (2) the WVF illustrated by the strongly folded Abanico formation within
the Portillo syncline and the subvertical Abanico, Lo Valdés, and Río Damas formations; (3) the succession
of folds and east vergent thrust sheets of the Aconcagua FTB; and (4) the westernmost Frontal Cordillera
forming a large basement antiformal culmination.

The geometry of the eastern part of the West Andean FTB at this latitude is at first order comparable with the
one already described further south (Riesner et al., 2017), with a large west verging fold. We do find a slight
angular unconformity between the overall conformable Farellones and Abanico formations at the western
extremity of section A1-A2 (west of km 5 in section A1-A2; Figure 4b), indicating that deformation in this area
started after deposition of the Abanico formation but stopped prior to deposition of the Farellones formation.
Within the WVF area, we also observe large folds with axial planes dipping ~70°E, even though more
symmetric than further south (Figure 5). On the western side of the WVF of section A1-A2, the Farellones
formation is conformably folded on top of the Abanico formation implying that the deformation in this area
started after deposition of the Farellones formation. It should be recognized however that the relative
geometry between Farellones and Abanico formations over the WVF is defined from very limited outcrops
immediately west of the main structures of this unit, and that the observed conformable contact on our
northern section only (Figure 4) may be local and apparent. We cannot therefore rule out the possibility of
active faulting and folding within the WVF prior or during deposition of the Farellones formation. To the east
of the WVF, deeper Mesozoic units are exhumed and exposed with nearly vertical dip angles and mark the
transition between the west vergent WVF and the east vergent Aconcagua FTB.

The transition between the WVF and the Aconcagua FTB—and therefore the change in apparent vergence—
is marked by a steep thrust fault dipping ~70°W. Within the footwall of this thrust, we observe a large
reversed syncline with an almost vertical western flank indicative of an eastward vergence (Figure 4). The
Aconcagua FTB is then characterized by four main east verging thrusts with ~1–3 km thick thrust sheets
(Figure 4). The dip angle of the stratigraphic layers within each thrust sheet decreases eastward from ~30°
to ~15°W. At depth, this succession of thrusts is interpreted to root onto a ~2–4 km deep basal
décollement within Jurassic gypsum.

Eastward, the frontal Aconcagua-FTB thrust sheets overthrust the syntectonic intramountainous Neogene
basins, deposited on the thin Mesozoic series conformable over the Pre-Andean basement of the Frontal
Cordillera (Figure 4). On the easternmost part of section A1-A2, the geometry of the unconformity between
the Permian-Triassic Choiyoi Group over the Paleozoic Gondwana basement outlines the large-scale base-
ment antiform of the Frontal Cordillera (Figure 4b). This broad antiform culmination has a slightly steeper
western flank with an axial plane dipping at ~80–85°E. Despite its steep dip angle, such axial plane is
averaged over several kilometers and is therefore a robust indication of a large-scale westward vergence.
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Similar observations can be made along our southernmost section A3-A4; however, they are less well defined
due to sparser extractable data from satellite images and due to the complexities related to the presence of
Jurassic gypsum (Figure 5). The contact between the Farellones and Abanico formations is not clear as the
large La Gloria pluton impedes any precise observation (Riesner et al., 2017). The WVF is characterized by
two main west vergent synclines corresponding to the Quempo and Coironal ranges, with exhumed
Mesozoic formations in between. As in the northern area, the transition with the thin Aconcagua FTB is
marked by nearly vertical Mesozoic series thrust over the Aconcagua FTB along a steep west dipping thrust.
The Aconcagua FTB is characterized by a series of six east vergent thrust faults interpreted to root onto a
~2–4 km deep décollement. Deposits of the intramountainous Alto Tunuyán basin are involved in two of
the easternmost thrust sheets and are thrust over Mesozoic series conformable over the basement high of
the Frontal Cordillera. No continuous observations of the Triassic-Paleozoic Choiyoi unconformity over the
westernmost Frontal Cordillera basement were possible along this section to enable 3-D mapping of
this unconformity.

By restoring our sections using a line-length balancing approach, we find a cumulative shortening of 8–12 km
and 6–16 km across the sole Aconcagua FTB for sections A1-A2 and A3-A4, respectively, and of 10–15 km
across the WVF for both sections.

3.3. Limits on Our Interpretations and Comparison With Previously Published Cross Sections of the
Aconcagua FTB

Our geological and structural sections are built by mapping and projecting 3-D bedding attitudes, from DEMs
and satellite images. We believe that this approach allows for a precise representation of surface structural
geometries averaged over a certain spatial scale, in particular along major river incisions where observations
are possible over up to ~3 km high vertical profiles. However, this method relies on the possibility of following
continuous layers over a certain spatial scale. Because of the volcanic and volcano-clastic nature of some of
the formations, such as the Abanico and Farellones formations within the West Andean FTB and WVF, or
because of the presence of volcanic edifices or gypsum diapirs within the Aconcagua FTB, some layers
may be discontinuous and/or disrupted and therefore be difficult to map. We estimate that we reduced
the associated range of possible values for shortening by integrating the 3-D-mapped layers within ~5 to
35 km wide swaths (Figures 4 and 5). We estimate that our mapping and hand-drawn structural reconstruc-
tion result in constraining the total shortening with a precision of ~2 to 3 km for theWVF, Aconcagua FTB, and
Frontal Cordillera in the case of section A1-A2 and for the WVF in the case of section A3-A4. However, we
estimate the range of possible shortening values to be less well resolved, with a precision of ~6–7 km, for
the Aconcagua FTB along section A3-A4 as a result of ubiquitous gypsum diapirs along the Yeso Valley.

Our final cross sections can be compared to previously published interpretations of the Aconcagua FTB
(Figure 6). Indeed, at the latitude of the Aconcagua (Argentina)—therefore nearby our section A1-A2—
several structural interpretations have already been published (Ramos, 1998; Cegarra & Ramos, 1996,
Rivano et al., 1993). Within the Aconcagua FTB, the structural geometry we propose is clearly similar to the
one proposed by Ramos (1988) south of the Río Las Cuevas (Figure 6a). We measured a total shortening of
~23 km on the section proposed by Ramos (1988), a value higher than the 8–12 km we obtain here. The main
differences between our section and his rely on the details of bedding geometries, in particular in the dip
angles of some of the layers and thrust faults, and in the thickness of Jurassic layers. Specific data on the base-
ment paleo-topography at depth—and therefore on the thickness of Jurassic series—are nonexistent. For
simplicity, we propose here a straight and slightly dipping basement surface. This interpretation is not unique
and infers a westward thickening of the Jurassic series, leading to thicknesses higher than in the interpreta-
tion of Ramos (1988). We believe that the geometry of the subsurface layers is here better defined by our 3-D
mapping and projection method, by directly following in 3-D stratigraphic layers over a certain spatial scale.

On a section north of the Río Las Cuevas, Cegarra and Ramos (1996) proposed a different interpretation of the
Aconcagua FTB (Figure 6b), with duplexes at depth, needed in their case to fill missing underlying volumes of
rocks in the core of anticlines. Also, most of the WVF are integrated to the Aconcagua FTB as east vergent
thrust sheets. Such interpretation maximizes the cumulative shortening across the Aconcagua FTB, with a
proposed value of 62.7 km (Cegarra & Ramos, 1996), in the very high range of shortening estimates when
compared to other existing interpretations. However, we did not find any evidence of duplexes from field
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or map observations and propose to interpret the missing rock volumes as related to ubiquitous gypsum
diapirs rather than to duplexes. As of the WVF within the area of section A1-A2, our interpretation is totally
different from that of Cegarra and Ramos (1996) but to the first order similar to the one proposed by
Rivano et al. (1993) (Figure 6c). Indeed, our data and the observations by Rivano et al. (1993) indicate the
presence of a large anticline west of Portillo within the Abanico formation followed to the east by a
syncline. Rivano et al. (1993) propose that these folds are overall symmetrical, in contrast with the
westward vergence deduced here from our detailed and large-scale observations on 3-D bedding
attitudes. The unconformity between the Abanico and Farellones formations is to the first order similar in
our proposed sections and the one from Rivano et al. (1993) except for the unconformity located above
the anticline west of Portillo. Rivano et al. (1993) proposed an important angular unconformity with
horizontal stratigraphic layers of the Farellones formation above the anticline west of Portillo, in contrast
with the conformably folded geometry of the Abanico and Farellones formations proposed here from our
field data and 3-D large-scale integrated observations. Cegarra and Ramos (1996) section does not show
these folds and rather interpret this area as a succession of east verging thrust sheets made of Cretaceous
layers, inconsistent with the Oligo-Miocene age of these layers proposed on the Chilean side from field
observations and from existing geological maps (Rivano et al., 1993; SERNAGEOMIN, 2003). At least one of
these sheets would prolongate eastward as a refolded thrust sheet forming a klippe at the Cerro Tolosa
(Figure 6b), thus requiring a minimum displacement of ~15 km on this individual thrust (Cegarra & Ramos,

Figure 6. Compilation of published cross sections of the west vergent folds and Aconcagua fold-and-thrust belt, comparedwith our northern (Figure 4) and southern
(Figure 5) sections. The published sections have been redrawned, and the colors have been changed for better comparison between the different studies.
FTB: fold-and-thrust belt.
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1996). The eastward vergence of these thrusts, as interpreted by Cegarra and Ramos (1996), thus adds many
tens of kilometers to the shortening estimated for the Aconcagua FTB and would imply that most of the
structures were built by eastward thrusting on a west dipping crustal ramp (> 50 km of shortening)
(Figures 2a and 6b). On the opposite, our own observations suggest a series of tight west vergent folds,
with an overall large-scale top-to-the-west stratigraphic geometry. This interpretation implies that most of
the structures are west vergent. Concerning the Cerro Tolosa “klippe,” clear stratigraphic ages for this unit
are lacking at this precise location. The geometry of the layers is subhorizontal, comparable to the
unconformable volcanic deposits of the nearby Aconcagua volcano complex. Therefore, we propose a
simpler alternative interpretation in which the Cerro Tolosa is a series of discordant volcanic units,
composed of Miocene deposits, similar to the nearby Aconcagua volcanics (Figure 4), rather than a klippe
of Mesozoic layers. However, this interpretation needs to be verified in the future by precise stratigraphic
and dating investigations of the Cerro Tolosa.

Within our southern area (section A3-A4), Giambiagi and Ramos (2002) and Giambiagi, Álvarez, et al. (2003)
proposed a section across the Aconcagua FTB in which the number of thrust sheets slightly differs from ours
(Figure 6f). In addition, they propose a large basement-cored anticline (Yeguas Muertas anticline, Figure 5) in
one of the westernmost thrust sheets. The related shortening is therefore maximized with a value of 47 km
(Giambiagi & Ramos, 2002), when compared to our estimated shortening of 6–16 km. We did not find any
particular field evidence for outcropping basement units in this region nor is it reported on published map
(Thiele, 1980). We believe that this interpretation is related to a missing rock volume at depth while building
and equilibrating the cross section. As already proposed in the case of the section by Cegarra and Ramos
(1996) further north, we interpret the anticlines to be cored by gypsum diapirs, not by imbricated duplexes
or basement units. Indeed, along the Yeso Valley, gypsum is so ubiquitous that structures and structural
geometries may be hardly observable. We therefore prefer a simpler interpretation, in continuity with along
strike observations further north (Figures 3 and 6d and 6e). The section by Giambiagi, Álvarez, et al. (2003)
also suggests shallower westward dip angles for the layers within the WVF, in contrast with our own field
and map observations (Figures 6e and 6f).

Our two sections are comparable in style and cumulative shortening (Figures 4 and 5) and propose a region-
ally consistent and simple structural interpretation of the Aconcagua FTB and its surroundings, in contrast
with the variety of structural and cumulative shortening interpretations proposed previously (Figure 6).
This is consistent with the lateral structural continuity than can be deduced from the structural map of our
study region (Figure 3). Together with our precise mapping approach, and 3-D projection technique, we
are therefore confident in our geological sections and results. We here propose interpretations of the
Aconcagua FTB that appear as the most simple—but regionally consistent—structural solutions satisfying
all field and map observations, in particular when compared to previous published interpretations.
However, we recognize that our structural interpretation may not be unique in this complex region and that
previous interpretations cannot be fully disregarded, at least at this relatively small scale and only considering
the Aconcagua FTB. This will be further discussed in the next sections.

4. Geometry and Kinematics of the PC (Western Flank of the Andes) at 33.5°S
4.1. Structural Geometry of the PC at 33.5°S

We propose here to synthesize and integrate structural data across the whole western flank of the Andes to
upscale our structural reasoning and build a cross section of the PC within our study region at 33.5°S (Figure 7).
The geometry of theWest Andean FTB has been studied in detail by Riesner et al. (2017) along section B1-B2 at
33.5°S (Figures 3 and 7). Further east, we defined the structural geometries of the WVF, Aconcagua FTB, and
western Frontal Cordillera along two sections, A1-A2 and A3-A4 (Figures 4 and 5). Even though section A3-
A4 is located in continuity with section B1-B2 and along the final transect we aim at 33.5°S, it is less precise
when compared to A1-A2, in terms of geometry of the Aconcagua FTB or of the western Frontal Cordillera.
Because structures show an overall along-strike continuity at large scale (Figures 3 and 6d and 6e), we choose
to combine section B1-B2 across the West Andean FTB from Riesner et al. (2017) with our section A1-A2 across
theWVF, Aconcagua FTB, and western Frontal Cordillera to unravel the geometry of the PC at 33.5°S (Figure 7).
Matching the details in the structural geometry of the WVF in both regions allows proper tying of these
two sections.
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The West Andean FTB and Aconcagua FTB are two units with different structural geometries, aside from their
vergence. Indeed, west vergent folds within the West Andean FTB were interpreted by Riesner et al. (2017) to
be related to faults that root at depth into a ~12–15 km deep décollement at the base of the Meso-Cenozoic
series. This décollement depth is constrained as such from the Mesozoic series that are exhumed within the
WVF, west of the West Andean FTB. Cumulative shortening across the West Andean FTB has been proposed
to be of ~9–15 km (Riesner et al., 2017). On the other hand, the east vergent Aconcagua FTB is composed of
thin Mesozoic series deformed over a shallow décollement at ~2 to 4 km depth, with a total cumulative short-
ening of 8–12 km according to our previous interpretation (Figures 4–6). The Aconcagua FTB overthrusts the
large-scale west vergent basement antiform culmination of the Frontal Cordillera. Taken altogether, it
appears that the east vergent thin-skinned Aconcagua FTB is surrounded by larger and deeper west vergent
structural units, with theWest Andean FTB andWVF to the west, and the western Frontal Cordillera to the east
(Figure 7). This westward primary vergence is consistent with the overall top-to-the-west stratigraphy
observed at the regional scale (Figure 3), or in other words with the eastward apparent stratigraphic deepen-
ing (in parallel to eastward increasing topography), from Cenozoic series in the west (at low elevations) to
Mesozoic series and Paleo-Proterozoic basement in the east (at higher elevations). Given this context, the
idea initially proposed by Armijo et al. (2010a) in which the Aconcagua FTB is a secondary structural

Figure 7. Synthetic cross section of the Principal Cordillera at 33.5°S, combining profiles A1-A2 to the east, with B1-B2 to the west. (a) Subsurface cross section A1-A2
of the WVF (west vergent folds) and Aconcagua FTB (Aconcagua fold-and-thrust belt) at ~33°S (Figure 4); (b) Subsurface cross section of the West Andean FTB
(West Andean fold-and-thrust belt) and WVF at ~33.5°S (B1-B2 section after Riesner et al., 2017, Figure 3, and A3-A30 from this study, Figure 5). Fault labels (F1 to F4)
after Riesner et al., 2017. (c) Interpreted deep geometry of the synthetic cross section across the Principal Cordillera. Faults beneath the WVF labeled F5 to F7
(this study). (d) Restoredwestern basin of the Principal Cordillera deduced from the cross section of Figure 7c. Possible inherited normal faults are in dashed blue lines
without any drawn displacement due to the lack of constraints. Future faults within the West Andean FTB and Aconcagua FTB are in dashed black lines. A total
cumulative shortening of ~35 km is deduced by comparing the section (Figure 7c) and its restored geometry (Figure 7d). WVF = west vergent folds;
FTB = fold-and-thrust belt; FC = Frontal Cordillera; LO = La Obra; EM = El Manzano; LG = La Gloria
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feature within the overall west vergent PC appears as a reasonable interpretation worth testing using our
extensive geological data set within a kinematic reconstruction.

Figure 7c illustrates our final cross section of the PC within our study region, by combining the geological
evidence presented above. Our results and data however provide further details to properly restore the
section and discuss the associated kinematics. The West Andean FTB and WVF are interpreted as a west ver-
gent fold-and-thrust belt, with a series of seven faults (labeled F1 to F7; Figure 7c) that root onto a ~10–15 km
deep décollement at the base of the Mesozoic series (e.g., Armijo et al. 2010a; Riesner et al., 2017), within a
regionally well known gypsum layer at the base of the Meso-Cenozoic series (Thiele, 1980). This
décollement needs to connect further east into a basement ramp to allow for the formation of the large-scale
west vergent basement antiform and for the exhumation of the western Frontal Cordillera. Within this frame,
the Aconcagua FTB is a secondary feature, passively transported on top of the uplifting basement of the
Frontal Cordillera. The overall first-order geometry of the PC appears as a large inverted basin, forming a large
west vergent syncline that brings the deep Mesozoic series to the surface within the WVF area (Figure 7c).

Note that we follow the fault labeling of Riesner et al. (2017) for the four most frontal thrust faults of the West
Andean FTB (F1 to F4) and use labels F5 to F7 for the other three faults further east. The F0 fault in Riesner
et al. (2017) is labeled F7 here and is interpreted here as part of the WVF units, based on stratigraphic evi-
dence along section A1-A2 (see section 4.2 below). As explained hereafter, this labeling allows for an easier
comparison to the previous work of Riesner et al. (2017) and also follows the kinematic evolution that can
be proposed for this western fold-and-thrust belt.

Using a line-length approach on our final section of the PC, we find a total shortening of ~35 km, partitioned
as ~9–15 km across the West Andean FTB—following the results of Riesner et al. (2017)—, ~10–15 km across
the WVF, and ~8–12 km across the Aconcagua FTB. This implies that the east vergent structures of the
Aconcagua FTB only accommodate ~30% of the total shortening across the PC, whereas the west vergent
units, together the West Andean FTB and WVF, accommodate the rest. Figure 7d illustrates a possible initial
undeformed geometry by restoring our section, with account on the total shortening retrieved from our cross
section. This geometry recalls that already proposed from published paleogeographic reconstructions (e.g.,
Mpodozis & Ramos, 1989; Ramos, 1999, 2010). The initial asymmetric geometry of the basin is proposed to
account for the differences in thickness and sedimentology of the Mesozoic series between the WVF (and
subsequently under the West Andean FTB) and the Aconcagua FTB. Such asymmetry, with a shallower east-
ern margin, also allows for a realistic estimate of the exhumation of the Aconcagua FTB and western Frontal
Cordillera. Indeed, in the case of an initially symmetric basin, the Mesozoic series of the Aconcagua FTB and
the basement of the Frontal Cordillera would have been exhumed during Andean deformation from the base
of the basin at ~10 km depth, a value too high given sedimentological constraints and the absence of meta-
morphism within the Aconcagua FTB (Lo Forte, 1992, cited in Ramos, Cegarra, and Cristallini (1996); Aguirre-
Urreta, 1996; Aguirre-Urreta & Alvarez, 1998, cited in Giambiagi, Ramos, et al., 2003). A simple geometry is pro-
posed for the deeper basin on the western side in the absence of any evidence for particular complexities,
even though we cannot discard their existence.

4.2. Constraints on the Timing of Deformation Across the PC

To incrementally reconstruct our cross section from the restored initial asymmetric basin, we here first
synthesize chronological constraints on the timing of deformation of the different structural units. In the case
of the faults labeled F1 to F4 within theWest Andean FTB, the timing was constrained in detail in Riesner et al.
(2017). The timing of deformation on these different faults is defined relative to deposition of the Abanico
and Farellones formations, as inferred from mapped—either unconformable or conformable—contacts
between them, all along the West Andean FTB. This unit has been interpreted as a classical forward (here
westward) propagation of thrusts, which initiated by ~20–25 Ma, prior to deposition of the
Farellones formation.

Within the WVF, the Farellones formation is mostly absent, either because it has never been deposited or
because it has been since eroded away. Some layers are however slightly preserved on the western flank
of the anticline west of Portillo (Figure 4) associated to the F7 fault (Figure 7). There, the Farellones and
Abanico formations appear conformably folded, suggesting that deformation associated to F7 started
after deposition of both these formations. The lateral continuity of the contact between Abanico and
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Farellones formations, from the West Andean FTB to the WVF, suggests the existence of a hiatus
between these two formations, at least within the WVF. We interpret here the conformity between these
two formations as an indicator that deformation on F7 started well after initiation of deformation within
the West Andean FTB, as an out-of-sequence fault. No particular constraints were retrieved from field
and mapping observations for the timing of the other F5 and F6 faults of the WVF. However, we
acknowledge that the conformable contact between the Farellones and Abanico formations over fault
F7 may be local and apparent, given the limited observations and the presence of a hiatus between
the two formations. We therefore cannot discard the possibility for an unconformity between the two
formations over the WVF that has been eroded away. However, because thermochronological data
suggest that exhumation within the WVF was overall ongoing by ~13 to ~5 Ma (Fock, 2005; Fock et al.,
2006), we propose to consider that faults F5–F7 of the WVF have been out of sequence and that they
have been active coevally with westward in-sequence deformation of the West Andean FTB, probably
coeval with F3 and/or F4.

Chronological constraints on thrusting across the Aconcagua FTB can be retrieved from the overthrusted
syntectonic intramountainous basins and from the syntectonic deposition of Aconcagua-related volcanics
on top of the Aconcagua-FTB thrust sheets. Within the Alto Tunuyan basin, along our southern section and
~50–100 km south of our synthetic section (Figure 3), an age of 18.3 Ma from a volcanic rock of the
Contreras formation below the syntectonic Neogene strata provides a maximum age for the basin
(Giambiagi, 2000). An age of 16–17Ma is attributed to the base of the syntectonic deposits by Giambiagi et al.
(2014), while new U-Pb ages on zircon appear to constrain the depositional time span mainly between ~15
and ~9 Ma, and perhaps as young as ~6 Ma (Porras et al., 2016). Because these intramountainous basins
are accreted to, and overthrust by, the Aconcagua FTB, this suggests that deformation of the Aconcagua
FTB started at least by ~17–15 Ma. In the southern part of the Alto Tunuyan basin, an age of 5.9 Ma (as
reported by Giambiagi et al., 2001 and Giambiagi & Ramos, 2002) for andesites unconformable on top of
the syntectonic deposits implies that Aconcagua-FTB deformation stopped before the end of the Miocene.
Further north, the Miocene Aconcagua volcanic deposits on top the Aconcagua-FTB thrust sheets show pat-
terns of syntectonic deformation. Indeed, basal deposits appear slightly folded, while topmost deposits are
essentially undeformed (Ramos, 1985, cited in Godoy et al., 1988; Ramos et al., 1996b). The top of the folded
volcanics was dated to 11.3 ± 0.5 Ma at an altitude of ~5,200 m (Ramos, 1985, cited in Godoy et al., 1988;
Ramos et al., 1996b), and topmost—unfolded—volcanics were dated to 9.63 ± 0.44 Ma (Godoy et al.,
1988). These observations and ages imply that deformation of the Aconcagua FTB in the Aconcagua region
occurred mostly before ~11 Ma and stopped before ~9.5 Ma.

In the case of the Frontal Cordillera, recently published thermochronological data place important constraints
on the timing of exhumation of the large-scale basement culmination. From (U-Th)/He ages on apatites
within the Choiyoi Group of basement units, Hoke et al. (2014) proposed that exhumation of the Frontal
Cordillera initiated by ~25 Ma, concomitant to deformation of the Aconcagua FTB. This also suggests that
exhumation of the Frontal Cordillera basement initiated by the time deformation initiated across the West
Andean FTB, according to published chronological constraints on the deformation of this unit (Riesner
et al., 2017). Following Hoke et al. (2014), this timing for initial uplift and exhumation of the Frontal
Cordillera is earlier than previously proposed, and, even though not emphasized by the authors in the source
paper (Hoke et al., 2014), this early initiation of exhumation of the Frontal Cordillera is difficult to reconcile
with the east vergence conceptual models of evolution of the Central Andes (Figure 2; section 2.3).
Recently published U-Pb analyses of inherited zircons from the Alto Tunuyan intramountainous basin are
compatible with exhumation of the basement of the Frontal Cordillera already by ~15 Ma (Porras et al.,
2016), a result that would be compatible with an early uplift of the Frontal Cordillera. All these findings sug-
gest that the Frontal Cordillera has been exhuming since the Early Miocene and not buried beneath eastern
foreland sedimentation (Hoke et al., 2014; Riesner, 2017).

4.3. Kinematic Evolution of the Western Flank of the Andes at 33.5°S

Combining these chronological constraints with geological observations and inferences on the shortening
and on the style of deformation, we reconstruct the kinematic evolution of the PC within our study region
at 33.5°S latitude (Figure 8). Such incremental reconstruction allows for testing the viability of our cross
section (Figure 7) and of the proposed initial asymmetric basin. We propose a kinematic model of
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Figure 8. (left) Kinematic evolution of the Principal Cordillera. (right) Synthesis of chronological constraints, as deduced from angular unconformities between
Farellones and Abanico formations, and as derived from age constraints and provenance studies on the synorogenic Neogene intramountainous basins (AT: Alto
Tunuyan basins), on the Aconcagua volcanic complex, and of thermochronological studies on the Frontal Cordillera (see text for further discussion). Total cumulative
shortening is determined at each time step. Thrust faults are reported in red when active during each period of incremental deformation. Inactive faults are indicated
in black. Volcanic edifices feeding Farellones series have been schematized at stage 17–16 Ma. FTB = fold-and-thrust belt; WVF = west vergent folds;
Ac-FTB = Aconcagua fold-and-thrust belt. Faults F1 to F4 are after Riesner et al. (2017). Faults F5 to F7 are further detailed in main text.
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incremental deformation of the PC through seven temporal snapshots, according to the above mentioned
chronological constraints:

1. Time 1, Late Oligocene (before ~25 Ma). The initial Meso-Cenozoic basin is not yet affected by Andean
compressional deformation and is being filled with volcanic and volcano-clastic rocks (Abanico
formation).

2. Time 2, Early Miocene (~20–25 Ma): Deformation has started within the initial basin, with the propagation
of the F1 and F2 faults of the West Andean FTB (Riesner et al., 2017). Exhumation of the Frontal Cordillera
basement initiates (Hoke et al., 2014; Riesner, 2017).

3. Time 3, Late Early Miocene (~17–16 Ma): The Farellones formation is being deposited while deformation on
F1 and F2 keeps ongoing. The contact between Farellones and Abanico formations is therefore erosive
with an angular unconformity above F1 and F2 but is rather a hiatus slightly further east (future location
of F7). Also, it should be noted that deposition of the volcanic and volcano-clastic Farellones formation
occurs nearby former volcanic edifices, independent of the existing topography. The Aconcagua FTB
starts deforming as the basement of the Frontal Cordillera is prograding westward and being uplifted.

4. Time 4, Early Middle Miocene (~14–12 Ma): Deposition of the volcanic Farellones formation ends, while
deformation propagates onto fault F3 of the West Andean FTB. Further east, deformation of the
Aconcagua FTB proceeds with an eastward in-sequence propagation of thrust sheets over the uplifting
basement of the Frontal Cordillera.

5. Time 5: Late Middle Miocene (~11 Ma): Deformation continues on F3 (West Andean FTB). Out-of-sequence
deformation initiates within the WVF, within a triangular zone at the forefront of the uplifting basement.
Exhumation of the eastern WVF proceeds (Fock, 2005; Fock et al., 2006) as the Mesozoic series of the Lo
Valdés and Río Damas formations verticalize west of the Aconcagua FTB. The triangular zone disconnects
the Aconcagua-FTB décollement from the rest of the deforming basin, precluding further deformation on
the Aconcagua FTB.

6. Time 6, Late Miocene (~6 Ma): Out-of-sequence deformation proceeds within the WVF with deformation
on F6 and F7, before probably ending. Deformation on F3 gets to an end, before propagating onto F4
(West Andean FTB). Exhumation of the large-scale basement antiform of the Frontal Cordillera keeps
ongoing.

7. Time 7 Present: Uplift of the Frontal Cordillera keeps ongoing above the basement ramp that reaches the
surface further west at the level of fault F4 (West Andean FTB), that is, at the level of the seismically active
San Ramón fault east of Santiago de Chile (Armijo et al., 2010a; Riesner et al., 2017; Vargas et al., 2014). The
final cumulative shortening across the PC reaches a value of ~27–42 km.

Reconstruction proposes a viable kinematic solution for the evolution of the Western Andes at the latitude of
Santiago (Chile) and of the Aconcagua (Argentina) that reconciles existing structural and
chronological constraints.

5. Discussion
5.1. Limits on Our Kinematic Reconstruction of the PC

Despite some local uncertainties related to the difficulty of following discontinuous volcanic layers or to the
presence of gypsum and volcanoes, our approach enables us to image precisely the subsurface geometry of
the stratigraphic layers, in particular along major river incisions. We estimate the precision of the total short-
ening estimate related to our detailed 3-Dmapping to be of ~2–3 km. The final precision in total shortening is
however larger, in particular because of the poorly resolved geometry of the initial basin. The thickness of the
Cenozoic to Mesozoic formations located within the eastern West Andean FTB and the WVF implies an initial
undeformed ~15 km deep Andean basin. Furthermore, petrological analysis of the WVF Abanico, Lo Valdes,
and Río Damas formations revealed the presence of low-grade subgreenschist metamorphic minerals, imply-
ing a burial depth of 5.5 km for the Abanico series and 7.5–15 km depth for the Río Damas and Lo Valdes
formations (Robinson et al., 2004). Given this, we tested the possibility of an initially symmetric ~10–15 km
deep undeformed basin. However, this initial geometry implies a ~15–20 km exhumation on the
Aconcagua FTB, at odds with existing sedimentological constraints on the Mesozoic series of the
Aconcagua FTB (Lo Forte, 1992, cited in Ramos, Cegarra, and Cristallini, 1996; Aguirre-Urreta, 1996; Aguirre-
Urreta & Alvarez, 1998, cited in Giambiagi, Ramos, et al., 2003). To minimize exhumation of the Aconcagua
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FTB and to account for the initial sedimentation of the Mesozoic series within a shallow platform, an asym-
metric basin with a west dipping normal fault system on the eastern side of the basin has been chosen
(Figure 7d). However, the geometry of these faults and of the structural step between the base of the basin
and the Aconcagua-FTB platform is not known in detail. We estimate that the uncertainty related to this
unknown widens by ~3–4 km the precision on our total shortening estimate. To be conservative, we there-
fore evaluated the precision on our total shortening estimate to ~6 km.

Additional limits on our kinematic reconstruction of the evolution of the PC derive from chronological
constraints. In the case of the evolution of the West Andean FTB, these are related to the resolution on the
precise ages of the Farellones and Abanico formations, as well as to the quality of the observations on their
relative deformation. For further details on these, we refer to the discussion of Riesner et al. (2017). Following
the same approach, and based on the absence of an angular unconformity between these two formations,
we propose that faults beneath the WVF are out of sequence. However, this inference relies only on one
single local observation west of Portillo (Figure 4) that applies solely to fault F7 along our northern section
and that has been extended to faults F5 and F6 in our reconstruction. Because thermochronological data
within the WVF of our southern section above F7 indicate that exhumation was ongoing by ~13 to 5 Ma
(Fock, 2005; Fock et al., 2006), we believe that considering the WVF as an out-of-sequence structural
ensemble over all our study area is a reasonable hypothesis. The timing that can be proposed from this
limited constraint on the deformation within the WVF is however consistent with the ending of deformation
across the Aconcagua FTB (Figure 8).

In our reconstruction, we considered all age constraints for initiation and ending of deformation of the
various tectonic units of the PC (West Andean FTB, WVF, and Aconcagua FTB), taken wherever available
along our southern and northern sections. However, despite the clear lateral structural continuity within
our study region (Figure 3), we cannot discard the possibility of diachronic deformation along strike, which
would be difficult to constrain with existing age data. However, a diachronicity of a few Myr would not
impact much of our kinematic reconstruction to the first order (Figure 8) and should be considered as
the temporal resolution of the proposed evolution of the PC. Thorough age constraints and geometric
observations would be needed to further explore any lateral diachronicity and are beyond the scope of
this paper.

Given these uncertainties in the timing of deformation and in the cumulative shortening, we believe our kine-
matic reconstruction of the PC to be robust. Indeed, the proposed kinematics imply that exhumation of the
Frontal Cordillera basement initiated together with deformation inception within the West Andean FTB
(Figure 8), which is confirmed by independent published data (Hoke et al., 2014) as well as our own prelimin-
ary thermochronological results (Riesner, 2017).

5.2. Deformation Style and Structural Inheritance Within the PC at 33.5°S: Comparison to the Western
European Alps

Based on available constraints on the sedimentology and thickness of Mesozoic series of the WVF and
Aconcagua FTB, and on their later exhumation, we propose that the initial western basin of the PC was asym-
metric, with a large deep half-basin separated from a shallow platform to the east by west dipping normal
faults. This is based on studies suggesting the existence of a paleogeographic high for the Aconcagua area
composed of sediments characteristic of shallow platform environments (Groeber, 1918; Aguirre-Urreta,
1996; Aguirre-Urreta & Alvarez, 1998, cited in Giambiagi, Ramos, et al., 2003, Figure 7). Possible inherited nor-
mal faults have been schematically drawn in the western deep part of the basin, solely for illustration due to
the lack of constraints on these potential faults. Such initial geometry and the mechanical contrast between
the proposed deep basin and shallow platformmay have played a role in localizing deformation. As has been
proposed elsewhere (e.g., Bellahsen et al., 2012; Lafosse et al., 2016), the inferred initial normal faults separ-
ating the basin and the platform have not been inverted into reverse faults, with a vergence toward the plat-
form, probably as a consequence of the mechanically nonfavorable high fault dip angle. To the contrary, the
initial horst basement high to the east forms themechanical backstop of the fold-and-thrust belt propagating
into the sedimentary layers of the initial half-graben (Figure 8). Localization of the successive outward propa-
gating faults may be controlled either by the mechanical properties of the layers that operate as
décollements or by the presence of east dipping secondary normal faults within the deep basin (Figure 7).
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In addition to localizing Andean deformation to the west of the initial basement culmination, favorable
décollement levels within the basin such as Jurassic evaporites may have played a role in controlling the kine-
matics of deformation during Andean orogeny. As already noted by Riesner et al. (2017), Jurassic gypsum has
been reported to the east of the initial basin of the PC, within the WVF and the Aconcagua FTB (Thiele, 1980;
Armijo et al., 2010a), but is inexistent further west within the Mesozoic series of the Coastal Cordillera. The
westward progressive disappearance of such favorable décollement level within the deep basin has been
proposed to be possibly responsible for the westward decrease in the fold wavelengths of the West
Andean FTB (associated to F3 and F4, Figures 7 and 8) as well as for the surface emergence of the sole most
frontal fault (San Ramón fault F4, Figures 7 and 8) (Riesner et al., 2017). Out-of-sequence faulting on F5–F7
beneath the WVF seems coeval with thrusting on the most frontal faults of the West Andean FTB (F3 and
F4) and may therefore also be due to the westward fading of Jurassic evaporites. This is comparable to the
sandbox experiments of Nieuwland et al. (2000) in which a change in the fold-and-thrust belt décollement
from low to high basal friction favors out-of-sequence thrusting. Furthermore, the presence of a basement
step on the décollement level, at the front of the fold-and-thrust belt, can result in the formation of a long
thrust sheet required to allow for outward propagation of deformation (Bellahsen et al., 2012; Nieuwland
et al., 2000; Nieuwland et al., 2001). In this case, out-of-sequence thrusting is necessary to recover critical
taper. Thus, the spatial distribution of Jurassic evaporites and the inherited steps along the décollement layer
may control out-of-sequence faulting beneath the WVF.

In our kinematic reconstruction, outward propagation of deformation into the initial basin is coeval with the
uplift of the large-scale basement antiform of the Frontal Cordillera (Figure 8). This uplift is sustained by a
deep ramp that connects to the décollement beneath the West Andean FTB. While uplifted, the Frontal
Cordillera basement antiform is also overthrusted passively by the eastward Aconcagua FTB. The implied
basement geometry and kinematics are that of a crustal-scale triangular zone, similar—even though at a lar-
ger crustal scale—to passive-roof thrust sheets observed in some foreland basins (Bonini, 2001). Analogmod-
els suggest that such passive-roof thrust sheets may be favored in the case of low friction/ductile
décollement levels and/or in response to syntectonic sedimentation (Bonini, 2001). In our case, it is probable
that the syntectonic deposition of the Farellones formation atop the deformingWest Andean FTB favored the
passive transport of the Aconcagua FTB over the Frontal Cordillera basement. Such interactions between tec-
tonics and surface processes have already been invoked for the particular case of the outward deformation of
the West Andean FTB (Riesner et al., 2017). In addition, the ubiquitous presence of Jurassic gypsumwithin the
Aconcagua FTB provides a favorable low-friction ductile décollement level to favor the passive-roof transport
of the Aconcagua FTB over the uplifting Frontal Cordillera. Outward propagation of deformation and passive-
roof transport above a basement backstop coexist and are coeval in our case study, comparable to smaller-
scale structures observed elsewhere in foreland basins (Davis & Engelder, 1985; Gwinn, 1964). This coexis-
tence is in our case only disrupted by the late out-of-sequence deformation of the WVF that we relate to
the possible westward changes in the mechanical properties of the basal décollement.

The kinematics of the western flank of the Andes seems therefore primarily controlled by the mechanical
properties of the sedimentary layers inherited from the initial western basin of the PC, in particular by the
existence (or not) of abundant Jurassic gypsum layers, and to some extent to potential interactions between
outward deformation propagation and syntectonic Farellones deposition. The Aconcagua FTB is a particular
structural feature that is only observed over ~250 km along strike within Central Chile and that no longer
exists with such geometry north of ~32°S. The along-strike existence (or not) of such east vergent thin-
skinned fold-and-thrust belt passively transported over an uplifting large-scale basement antiform could
be related to the presence (or not) of gypsum within the initial basin, as well as to the structure of this basin.
As such, the along-strike structural variations within the PC could be related to—and therefore be indicative
of—variations in the initial paleogeography and associated structures.

Finally, the geometry and kinematics we propose for the PC as well as the initial asymmetric basin are
comparable to those proposed in another context for the Western European Alps across the Vercors-
Oisans section (Bellahsen et al., 2012) (Figure 9). There, an initial asymmetric basin in a passive margin context
(Grenoble basin), with west dipping normal faults on its eastern flank is proposed. These normal faults have
not been inverted into thrust faults during basin inversion. Instead, the initial Belledonne basement high
forms the backstop of the Vercors fold-and-thrust belt propagating outward within the initial basin with a
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basal décollement localized within themarly Liassic. The existence of such low friction décollement, as well as
the initial geometry of the basin, allowed for a back-thrust rooting into these marls and passively thrusted
over the uplifting Belledonne massif (Bellahsen et al., 2012; Deville et al., 1994). Such kinematics and
structural geometry imply a crustal-scale triangular zone for the uplifting and prograding basement,
comparable to our results on the Andean PC of Central Chile at 33.5°S (Figure 9). As also indicated here for
the Andean case, along-strike structural variations have been reported within the Western European Alps
(Bellahsen et al., 2014): passive back thrusting over the uplifting basement is not observed everywhere and
no longer exists further north along the Bornes-Mont Blanc section. Such lateral structural variations can also
be attributed to variations in the initial paleogeography and deposition within the pre-Alpine basins. It is
important to note the differences in dimensions of the initial Alpine and Andean basins, with larger and dee-
per deposition in the Andean case (Figure 9). Such differences may indeed imply different thermal and
mechanical initial conditions. We also note that all alpine-type fold-and-thrust belts have basement culmina-
tions in their hinterland acting as backstops and exhumed coevally with the foreward thrusts (e.g., Malavieille,
1984; McClay &Whitehouse, 2004; Leloup et al., 2005; Lacombe & Bellahsen, 2016), an observation that clearly
recalls our Andean kinematic model (Figure 8).

5.3. Crustal-Scale Cross Section of the Andes at Latitude 33.5°S
5.3.1. Building a Crustal-Scale Section of the Andes at 33.5°S
Our cross section of the PC (Figure 7) is completed along its eastern flank using published sections within the
Cuyo basin and the Frontal Cordillera at 33.5°S (section B3-B4, Figure 3) (García et al., 2005; Giambiagi et al.,
2014, 2015), and at depth using geophysical constraints on Moho depths from receiver functions (Gans et al.,
2011; Gilbert et al., 2006) to build a crustal-scale section of the Andes within our study region (Figure 10).

Published shortening estimates on the eastern front of the Frontal Cordillera are variable. Ramos, Cegarra, and
Cristallini (1996) proposed that the shortening of the belt was mostly restricted to the PC as the Frontal
Cordillera uplifted as a rigid block. However, more recent estimations suggest about ~18 km (Ramos et al.,
2004) and 16 km (Giambiagi et al., 2014) of shortening across the Frontal Cordillera and its foreland. At
33.5°S, the currently active eastern front of the Frontal Cordillera does not show any evidence of an important
east vergent thrust and appears similar to passive mountain fronts with relatively limited deformation.
However, to the north, at 33°S, the presence of an eastward thrust, the El Salto-La Aguadita fault, is clearly visi-
ble in the field as described by García and Casa (2014). Thus, even though nonobservable in the field, blind
frontal thrusts may exist further south at 33.5°S latitude. Giambiagi et al. (2014) proposed 16 km of shortening
across both the Frontal Cordillera and the eastern foreland but without providing the detail of its partitioning
between the Frontal Cordillera, its eastern front, and the Cuyo basin. In Giambiagi et al. (2015) and García and
Casa (2014), the shortening across the Cuyo basin at this latitude is estimated to ~2–4 km. Thus, we infer that
the remaining ~12–14 km of the bulk shortening would be accommodated by eastward deformation of the
Frontal Cordillera, and, according to Figure 5 of Giambiagi et al. (2014), specifically at the eastern front of

Figure 9. Comparison of frontal orogenic deformation in (a) the Western European Alps taken here as a model of collision-type mountain belt (figure redrawn from
Bellahsen et al., 2012; colors have been changed for better comparison), and (b) the western Andes at 33.5°S (this study) considered here as the case example
of a subduction-type belt. Section of the Western European Alps at the level of the Vercors-Oisans.
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the Frontal Cordillera. Without any additional discussion and geological constraint provided by Giambiagi et al.
(2014), we suppose that large thrusting at the eastern front is required in their model to exhume the Frontal
Cordillera to its current altitude during the last ~10 Myr. Based on our field observations, the eastern front
seems to have accommodated little deformation and, even though difficult to estimate, we propose a
relatively limited cumulative deformation on this mountain front of no more than ~1–5 km of shortening.
We favor the initial interpretation of Ramos, Cegarra, and Cristallini, 1996 of a basement uplifting as a
rather rigid block. We add ~1–4 km of shortening to account for large-scale folding of the broad Frontal
Cordillera anticlinorium. We consider that exhumation of the Frontal Cordillera started ~20–25 Myr ago
(Hoke et al., 2014; Riesner, 2017). Given all these limitations, we integrate the structural section (Giambiagi
et al., 2014) and shortening estimate in the Cuyo basin from García and Casa (2014) and Giambiagi et al.
(2015) (section B3-B4 in Figure 3) to build the section of the entire Andes shown in Figure 10.

At depth, crustal thickening beneath the Andes is derived from existing geophysical constraints on the Moho
geometry. At the latitude of our study region (33.5°S), a maximum crustal thickness of ~50–60 km beneath
the topographic high of the Andes has been deduced from gravity modeling (Introcaso et al., 1992;
Tassara et al., 2006) and seismological data (Alvarado et al., 2007; Fromm et al., 2004; Gilbert et al., 2006).
More recently, Gans et al. (2011) imaged the Moho at 29–34°S latitude using broadband data and receiver
functions. At 33.5°S, they estimated a Moho depth of 30–40 km under the Central Depression, of 40–45 km
under the PC and of 45–50 km under the Frontal Cordillera (Figure 10).

Figure 10 illustrates our final crustal-scale cross section, built by combining our structural data on the PC
(Figure 7), together with data on the eastern Andean front and on Moho depths. The larger dimensions
and cumulative shortening, as well as the longer-lasting west vergent deformation of the PC, appear indeed
dominant when compared to east vergent deformation of the Aconcagua FTB or of the Cuyo basin and
eastern Frontal Cordillera thrusts. Taking all these data and considerations together, we therefore propose
a westward crustal-scale thrusting of the Frontal Cordillera over the basement of the Central Depression,
synthetic to the subduction zone further west in a bivergent belt with both the western and eastern fronts

Figure 10. Lithospheric-scale cross section at ~33.5°S (location in Figure 1), derived by combining our cross section of the Principal Cordillera (PC) (Figure 7) with
published cross sections of the eastern Andean front (section B3-B4 in Figure 3, inspired from Giambiagi et al., 2014), as well as existing geophysical constraints
on Moho geometries (Gans et al., 2011) (blue rectangles). SRF = San Ramón Fault; FC = Frontal Cordillera. The overall geometry of the crustal orogenic wedge is used
in a crustal-scale mass balance approach to derive cumulative shortening (top right), independent of the structural interpretation of the mountain range.
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presently active. The subsurface observations and interpretations on structures and kinematics are consistent
with Andean crustal thickening as defined at depth from geophysics (Figure 10), even though geophysical
data have not been initially interpreted within this perspective.
5.3.2. Crustal Shortening Across the Andes at ~33.5°S
Our final crustal-scale cross section of the Andes at ~ 33.5°S (Figure 10, see location in Figure 1) suggests a
total shortening of ~31–55 km retrieved when summing up the contribution of each tectonic unit previously
discussed in detail. This is roughly compatible with, or little less than, previously published estimates on bulk
Andean shortening derived from cross sections around 33.5°S: 35–50 km (Armijo et al., 2010a), 55 km
(Giambiagi et al., 2012), and ~70 km (Giambiagi et al., 2014; Giambiagi & Ramos, 2002). Our final structural
interpretation appears similar to the first order to that of Armijo et al. (2010a) in terms of overall kinematics.
We do however emphasize that we reached this interpretation from a thorough independent quantitative
description and discussion of geometries and chronology of deformation for all tectonic units forming the
Andes at this latitude. Second-order differences in structures and total shortening between our section
and that of Armijo et al. (2010a) result from our refined geometry of the PC as deduced from Riesner et al.
(2017) for the West Andean FTB and from this study for the WVF, Aconcagua FTB, and Frontal Cordillera.
On the other hand, our crustal-scale interpretation and associated crustal shortening is significantly different
from those proposed by Giambiagi et al. (2014). Indeed, most of their shortening values are in the upper part
of—or above—the range of values proposed in our model. They propose a model accommodating 52 km of
shortening across the PC and 16–18 km across the eastern foreland and Cuyo basin, in contrast with our find-
ings of ~27–42 km of shortening across the PC and ~4–13 km on the Frontal Cordillera and Eastern foreland.
As already discussed, we infer that the intense deformation proposed by Giambiagi et al. (2014) at the eastern
front is a model requirement to exhume the Frontal Cordillera by east verging thrusting over the last ~10Myr.
Within the PC, the additional difference between our results and the structural model of Giambiagi et al.
(2014) relies on the different interpretations of the WVF area. Indeed, Giambiagi et al. (2014) propose that
the PC absorbed 17 km of shortening “at its western slope” (thus likely associated with westward deforma-
tion) and 35 km of eastward shortening on the Aconcagua FTB including the WVF, at odds with field observa-
tions, as discussed in section 3.3.

Crustal shortening can be estimated independently from any structural model by considering a crustal-scale
area balance. Mass and surface conservation implies that crustal shortening is compensated by crustal thick-
ening (Figure 10). Here we neglect that mass removal by surface erosion as finite exhumation is not signifi-
cant in the Central Andes (Hoke et al., 2014; Riesner, 2017; Robinson et al., 2004). We consider an initial
undeformed crustal thickness of 33 to 40 km. These values are derived from Moho depths inferred from
broadband data and receiver functions under the undeformed Cuyo basin ~150 km east of the Andean front
but ~100 km north of our section (Gans et al., 2011). Maximum Moho depths are presently of 50 km beneath
the high topography of the Andes (Gans et al., 2011) (Figure 10). The width of the orogen is taken as ~145 km,
from the San Ramón fault to the eastern deformation front within the Cuyo basin. Given the rough geometry
of the deformed Andean crustal wedge and our estimate of possible initial crustal thickness, we obtain an
average total crustal shortening of ~24 to 59 km across the entire Andes at 33.5°S latitude. The crustal short-
ening of ~31 to 55 km derived from our structural interpretation of the Andes is therefore within the range of
values obtained independently by crustal-scale area balance. The 71 km value proposed by Giambiagi et al.
(2014) slightly overestimates crustal shortening. We determine that an average mass removal by erosion of
~3 to 12 km of crust over the entire 145 km width of the Andes at the latitude of our study area is needed
to compensate for the discrepancy between the ~24–59 km crustal shortening estimated here by area bal-
ance and the 71 km shortening proposed by Giambiagi et al. (2014). These values are too high in light of
the overall low finite exhumation within the Andes (Hoke et al., 2014; Riesner, 2017; Robinson et al., 2004).
Our structural interpretation is therefore more consistent with independent constraints on shortening
estimates, and these findings comfort our results.

By considering a total shortening of ~31–55 km over the last ~20–25 Myr, we get a long-term average
shortening rate of ~1.2–2.2 mm/yr across the entire Andes at latitude 33.5°S.

6. Conclusion: Kinematics and Mechanics of Andean Mountain Building at 33.5°S

The Andes mountain belt at 33.5°S is here described as a bivergent orogen, with a dominant primary
westward vergence, synthetic to the subduction zone. Indeed, our detailed geological investigations,
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combined with published data, indicate that the two east verging structures are secondary or only recent
features of Andean mountain building at 33.5°S latitude, in contrast with most previous interpretations
(e.g., Giambiagi et al., 2014; Ramos et al., 2004) but consistent with the earlier idea of Armijo et al. (2010a).
Given its relative dimensions and cumulative shortening, its timing of deformation and its structural position
within the mountain range (Figure 7), the Aconcagua FTB appears as a secondary structural feature that
passively accommodates Andean deformation (Figure 8). In our model, the thin-skinned Aconcagua FTB
contributed to less than ~30% of the cumulative shortening across the PC. These estimates are based on
our nonunique interpretation of the Aconcagua FTB, using the most simple structural solutions for field
observations (Figure 6). Other published interpretations, in particular those implying larger cumulative
shortening values across the Aconcagua FTB, are however difficult to reconcile with geological constraints
at a regional scale, in particular when accounting for the dimensions and cumulative shortening of nearby
thicker-skinned structural ensembles (West Andean FTB and WVF to the west, and Frontal Cordillera base-
ment antiform to the east), as well as for the overall eastward stratigraphic deepening of surface geology
in parallel to eastward increasing topography. Moreover, previous interpretations proposed that the
Aconcagua FTB represented the former mountain front from ~21 to ~10 Ma, before deformation propagated
eastward onto the eastern flank of the Frontal Cordillera (Giambiagi, Álvarez, et al., 2003; Ramos et al., 2004;
Giambiagi et al., 2014) (Figure 2a). This view is incompatible with recent thermochronological data on early
initiation of exhumation of the Frontal Cordillera basement antiform by ~20–25 Ma (Hoke et al., 2014;
Riesner, 2017), that is, before deformation started within the Aconcagua FTB but coeval with deformation
within the West Andean FTB (Riesner et al., 2017). Given our results on the structure of the Aconcagua FTB
and on the reappraisal of its structural position within Andeanmountain building, together with the evidence
for an early exhumation of the Frontal Cordillera (Hoke et al., 2014; Porras et al., 2016), we favor a conceptual
bivergent model, with continuous primary westward deformation of the Andes over the last ~20–25 Myr
(Figure 2a). Such model implies that the intramountainous basins located between the Aconcagua FTB and
the Frontal Cordillera (Figure 3) had not been part of an initial continuous eastern foreland basin as classically
viewed (e.g., Giambiagi, Álvarez, et al., 2003; Giambiagi et al., 2014) but rather been deposited in between
growing adjacent topographic highs. This idea has also been recently proposed by Hoke et al. (2014) from
their thermochronological results or evoked as a possible interpretation of provenance sources in these
intramountainous basins by Porras et al. (2016).

Within the overall PC, westward vergence is documented within the West Andean FTB (Armijo et al., 2010a,
Riesner et al., 2017), the WVF (Armijo et al., 2010a; this study), and also at a larger scale by the west vergent
large-scale basement antiform of the Frontal Cordillera (Figures 4 and 10). Given its dimensions, deformation
of the Frontal Cordillera needs to be rooted at depth over a crustal-scale ramp that we propose to connect
with the décollement beneath the West Andean FTB. This mountain range décollement, called the WAT after
Armijo et al. (2010a), provides the necessary boundary conditions to produce the westward deformation and
inversion of the initial Meso-Cenozoic basin of the PC. Within this framework, the topographic high of the
Frontal Cordillera basement in the inner part of the orogen supplies the rigid backstop for such westward
deformation. Our kinematic evolutionary model (Figure 8) suggests that this backstop is transported
westward over the crustal ramp of the WAT, coeval with the outward propagation West Andean FTB.
Existing geophysical data further north and south of our crustal-scale cross section (Gilbert et al., 2006), as
well as at the latitude of our section (Gans et al., 2011), are compatible with a crustal root beneath the west
vergent basement culmination of the Frontal Cordillera, with a Moho depth of ~45–50 km.

Astini and Dávila (2010) criticized the bivergent model first proposed by Armijo et al. (2010a) and further
discussed in detail here, mainly because of the lack of a prominent foreland basin to the west, in the fore-
arc region, in comparison to a well-developed basin east of the Andes. We first note that latitudinal variations
on the eastern side of the Andes are important. At 33.5°S latitude, the Cenozoic sediments of the Cuyo basin
are dated from ~16 Ma (García & Casa, 2014; Irigoyen et al., 2000; Yrigoyen, 1993), that is, after the initiation of
the Frontal Cordillera exhumation at ~25 Ma (Hoke et al., 2014). The deformation in the basin is minor
(<5 km) and only recent (<4 Ma) (García et al., 2005; García & Casa, 2014; Giambiagi et al., 2015). We also note
that the existence of an earlier wide continuous foreland basin above the Frontal Cordillera is refuted by Hoke
et al.’s (2014) results, further limiting the significance of a prominent eastern foreland. Following Armijo et al.
(2010b), we understand that the absence—or reduced amplitude—of a western foreland basin may be due
to the fact (1) that major rivers drain sediments toward the ocean, and (2) that accretionary and underplating
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processes at the subduction interface may induce uplift able to counteract the flexure of the marginal block
that underthrusts beneath the PC (Figure 10).

The structural style of deformation of the initial Meso-Cenozoic basin of the PC at 33.5°S seems to be influ-
enced by the inherited structures of the initial basin as well as the distribution of evaporites within its basal
décollement. Indeed, we show that the asymmetric geometry of this initial basin may have played a major
role in controlling deformation during its subsequent inversion. At a larger scale, a similar reasoning applies
to the overall structure of the Andes within our study area by 33.5°S (Figure 10) as the inherited prestructura-
tion of the western subductionmargin of the South America Platemay have largely influenced Andean defor-
mation and subsequent mountain building. Initiation of deformation along the WAT—and therefore
initiation of the intracontinental subduction and underthrusting of the fore-arc marginal block beneath the
South American continent—may have been controlled by mechanical weakening within the volcanic arc.
As such, Andean deformation—and in general subduction-type mountain belts—may be further understood
in light of the thermomechanical analog models of intraoceanic arc-continent collision of Boutelier et al.
(2003) and Boutelier et al. (2012). In these models, failure of the overriding plate initiates along the volcanic
arc in the absence of back-arc basins and leads to the subduction of a fore-arc sliver beneath the overriding
plate, synthetic to the main subduction zone. Even though these models may not be directly extrapolated to
the Andes where the upper plate is constituted of continental crust, the similarity between the modeled and
observed structures provide a mechanical framework to further understand mountain building in the case of
subduction orogenies. Thermal weakening and the prestructuration of the fore-arc basins favor the initiation
of the intracontinental subduction of the fore-arc block beneath the upper plate, along a crustal-scale
décollement synthetic to the major subduction zone. Mountain-building and upper-plate topography here
results from the buoyancy and flexure of the underthrust continental forearc. Following this idea, despite
the fact that the peculiar boundary conditions of the underthrust forearc prohibit major flexure of the mar-
ginal block, probably inducing later east vergent backthrusts antithetic to the subduction, the kinematics
and mechanics of Andean mountain building—and by extension of Cordilleran-type orogenies—can ulti-
mately be compared to that of alpine-type collision mountain belts.
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