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A B S T R A C T

As the archetype of mountain building in subduction zones, the Central Andes has constituted an excellent exam-
ple for investigating mountain-building processes for decades, but the mechanism by which orogenic growth oc-
curs remains debated. In this study we investigate the Southern Central Andes, between 22° and 35°S, by examin-
ing the along-strike variations in Cenozoic uplift history (<45 Ma) and the amount of tectonic shortening-
thickening, allowing us to construct seven continental-scale cross-sections that are constrained by a new thermo-
mechanical model. Our goal is to reconcile the kinematic model explaining crustal shortening-thickening and de-
formation with the geological constraints of this subduction-related orogen. To achieve this goal a representation
of the thermomechanical structure of the orogen is constructed, and the results are applied to constrain the main
decollement active for the last 15 Myr. Afterwards, the structural evolution of each transect is kinematically re-
constructed through forward modeling, and the proposed deformation evolution is analyzed from a geodynamic
perspective through the development of a numerical 2D geodynamic model of upper-plate lithospheric shorten-
ing.

In this model, low-strength zones at upper-mid crustal levels are proposed to act both as large decollements
that are sequentially activated toward the foreland and as regions that concentrate most of the orogenic deforma-
tion. As the orogen evolves, crustal thickening and heating lead to the vanishing of the sharp contrast between
low- and high-strength layers. Therefore, a new decollement develops towards the foreland, concentrating
crustal shortening, uplift and exhumation and, in most cases, focusing shallow crustal seismicity. The north-
south decrease in shortening, from 325 km at 22°S to 46 km at 35°S, and the cumulated orogenic crustal thick-
nesses and width are both explained by transitional stages of crustal thickening: from pre-wedge, to wedge, to
paired-wedge and, finally, to plateau stages.

1. Introduction

In active subduction-type orogens like the Andes, the classic para-
digm (Bally et al., 1966; Dewey and Bird, 1970; Uyeda and Kanamori,
1979; Suppe, 1981; Price, 1981; Ramos et al., 2002) proposes that
mountain ranges grow through sequential stacking of crustal-thrust

sheets from the hinterland (arc-region) to the foreland (back-arc re-
gion). This mechanism forms an internally-deformed crustal wedge,
known as a fold-and-thrust belt, where thrusts are rooted into a major
decollement. The critical wedge theory (Davis et al., 1983; Dahlen et
al., 1984; Dahlen and Barr, 1989) assumes that the overall shape of the
fold-and-thrust belt can be reproduced by a wedge of rocks having brit-
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tle behavior and frictionally sliding above a basal decollement. This
belt may have different structural styles, where thick- or thin-skinned
end-member models explain whether or not the structural basement is
involved in the deformation (Lacombe and Bellahsen, 2016, and refer-
ences therein). However, at an orogenic scale, these end-member mod-
els may not make sense, because, in the hinterland, the basement is al-
ways involved in deformation (e.g., Coward, 1983). At this orogenic
scale, major decollements are mid-crustal shear zones, located beneath
the bottom of the upper brittle crust, that concentrate most of the rela-
tive horizontal displacement between an upper and lower block (Harry
et al., 1995; Oncken et al., 2012). They are regarded as mechanical dis-
continuities that are sharply delineated throughout the crust at medium
geothermal gradients, being absent at low or high geothermal gradients
(Ord and Hobbs, 1989). These shear zones have been proposed to ex-
tend sub-horizontally for great distances (Harry et al., 1995), constitut-
ing the main means of tectonic transport for mountain building in sub-
duction-related orogens, such as the Central Andes (Isacks, 1988;
McQuarrie, 2002; Oncken et al., 2003; Elger et al., 2005; Kley et al.,
1997; Baby et al., 1997; Lacombe and Bellahsen, 2016; Martinod et al.,
2020).

Worldwide, major decollements have been proposed for several oro-
genic systems, both in collisional orogens, such as the island of Taiwan
(Suppe, 1981), the Apennines (Massoli et al., 2006), the Zagros
(Mouthereau et al., 2006) or the Himalayas (Seeber et al., 1981;
Avouac, 2008; Mukhopadhyay and Sharma, 2010), and in subduction-
related orogens (Lacombe and Bellahsen, 2016, and references therein).
Seismic reflection surveys have documented these decollements in the
Pyrenees (Choukroune and ECORS Team, 1989; Mouthereau et al.,
2007) and in the Central Andes (ANCORP-Working Group, 1999,
2003). In some of these orogens, like the Apennines (Massoli et al.,
2006) or the Rocky Mountains (Bally et al., 1966), multiple decolle-
ments have been proposed. Several models propose a decoupling be-
tween the strong upper crust and the lower ductile crust, such as in the
Zagros Mountain system (Mouthereau et al., 2006) and the Alps
(Jammes and Huismans, 2012). In the Central Andes, this intracrustal
decoupling zone has been visualized as a low-seismic velocity zone be-
neath the Altiplano-Puna plateau, resembling the crustal structure of
the Tibetan plateau (Yuan et al., 2000). While these studies suggest the
existence of decollements beneath the orogenic systems, the spatial and
temporal distribution of these decollements remain matters of dispute.

The Central Andes constitute an excellent example for investigating
a tectonically active subduction orogen, produced by long-term ocean-
continent collision between the Nazca and South American plates. This
Andean segment exhibits a pronounced variation of orogenic crustal
volume and architecture along strike, related to contrasted amounts of
crustal shortening-thickening and morphostructural configuration. Its
southern part, the Southern Central Andes, ranges from the Altiplano-
Puna plateau in the north (22-27.5°S), described as a large and hot oro-
genic configuration, to the Principal Cordillera in the south (35°S), a
small and cold orogen, following the classification of Jamieson and
Beaumont (2013). Another major geodynamic feature of the Southern
Central Andes is the Pampean flat-slab segment between ~28 and 33°S,
linked to changes in upper-plate deformation and an eastward migra-
tion of the Neogene arc front (Cahill and Isacks, 1992; Ramos et al.,
2002). However, despite decades of study, first-order aspects of this
cordilleran system remain as a matter of dispute, such as the overall di-
rection of tectonic transport of the mountain belt, the spatio-temporal
distribution of the decollements that deform the orogenic wedge, and
the controlling factors over tectonic shortening and crustal thickness
distribution. This is exemplified by different proposals at distinctive
sectors of the Andes supported by intrinsically different kinematic mod-
els.

Specifically, at the Aconcagua latitudes (32-33°S), three types of
models have been proposed: (i) a crustal-wedge model, (ii) an east-
vergent model and (iii) a west-vergent model (Fig. 1).

The crustal-wedge model (Fig. 1A) proposes that one or two deep
crustal wedges are pushed from the cratonic area into the orogenic sys-
tem, forming a shallow, east-vergent, main decollement (Allmendinger
et al., 1990; Cristallini and Ramos, 2000). This model implies an east-
ward advance of deformation, with the incorporation of new upper-
crustal material at the tip of the eastern orogenic wedge. Under this
model, the lower crust behaves as brittle material, and there is an asym-
metric distribution of shortening.

The east-vergent model (Fig. 1B) is characterized by two decolle-
ments. The western one is rooted above the subduction-coupling zone
and climbs upward and eastward into shallow crustal levels (Ramos et
al., 2004; Farías et al., 2010; Giambiagi et al., 2012). Backthrusts affect
the forearc region, but most of the shortening is absorbed along the
east-vergent faults. The eastern decollement is younger, and discon-
nected from the western one, implying a migration of deformation to-
wards the foreland.

The west-vergent model (Fig. 1C) is described as the juxtaposition of
the crust and mantle lithosphere on top of the upper-crust at the core of
the orogenic system (Armijo et al., 2010; Riesner et al., 2018, 2019).
This proposal implies a concentration of shortening at the western
cordillera slope and a younger western deformation, with the lithos-
phere behaving as brittle material. These three models imply the crustal
root being constructed by the incorporation of material coming from
the east, i.e., from the craton area toward the core of the orogenic sys-
tem.

Similarly, for the Altiplano transect where the orogenic plateau is
located (at latitude 21°-22°S), there are also different tectonic models.
First, the east-vergent model proposes two main stacked decollements
(Fig. 1D), located in the upper-to-middle crust (McQuarrie, 2002;
Anderson et al., 2018). This model implies that deformation progresses
eastwards with the incorporation of crustal material both from the fore-
arc and the craton into the orogenic core. Secondly, the model with two
disconnected decollements (Fig. 1E) proposes an east-vergent decolle-
ment below the Altiplano plateau and a doubly-vergent wedge with a
west-vergent decollement below the Eastern Cordillera and an east-
vergent decollement below the Sub-Andean ranges (Elger et al., 2005;
Oncken et al., 2012). Finally, the doubly vergent, transcrustal-
decollement model (Fig. 1F) proposes two opposite decollements reach-
ing the Moho at the Altiplano axis (Armijo et al., 2015).

In our view, constraining the location and timing of activation and
deactivation of these decollements appears as a key parameter for un-
derstanding orogen dynamics and the evolution of crustal anatomy.
Since the Southern Central Andes exhibit significant variations in uplift
history, amounts of crustal shortening, crustal anatomy and slab geom-
etry (Jordan et al., 1983; Mpodozis and Ramos, 1989; Charrier et al.,
2007; Ramos, 2018), we examine these along-strike changes by con-
structing seven continental-scale structural profiles crossing this sub-
duction system (Fig. 2). These transects reproduce the present-day
crustal structure by incorporating the differential mid-Cenozoic evolu-
tion (<45 Ma) of the margin, reconciling diverse geological evidence,
and constituting a suitable tool for testing the decollement activity, i.e.,
where and when the decollements are created and deactivated.

In this contribution we integrate a plethora of previous and new ge-
ological data of the Southern Central Andes (22-35°S) for evaluating the
tectonic and deformational evolution of this segment. First, we describe
its morphotectonic configuration and present a thorough and updated
compilation of previous geological data at a regional scale. Here, we de-
scribe the dominant geological units and the main episodes of crustal
deformation, exhumation, and basin generation for each of these tran-
sects. These data are used to build the seven continental cross-sections
from which we obtained new estimations of crustal shortening and
thickening values through forward structural modeling. We also pre-
sent new thermomechanical results for these transects identifying the
present-day low-strength zones where the major decollements are likely
located and constraining the crustal structure of the last stage of the
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Fig. 1. Different structural models explaining the crustal and lithospheric deformation in the Central Andes at 32-33°S latitudes (A-C) and 21-22°S latitudes (D-F).
The sketches are redrawn from published studies (A: Cristallini and Ramos, 2000; B: Giambiagi et al., 2015a; C: Armijo et al., 2010; D: McQuarrie, 2002; E: Elger et
al., 2005; F: Armijo et al., 2015).

structural modeling (the last 15 Myr). Additionally, we perform new
numerical simulations through a geodynamic model that characterizes
the spatio-temporal evolution of crustal faulting.

These results are used to discuss the role that the thermal structure
has on crustal rheology and the occurrence of low-strength decolle-
ments in the upper crust where surface structures can be rooted. We ar-
gue that the presence of sub-horizontal layers with contrasting strength
promotes the generation of decollement levels in different sectors of the
orogenic crust. However, this time-dependent rheological condition
changes during the construction of the crustal root and the thinning of
the lithosphere, which increase mid-crustal temperatures, reducing or
eliminating the rheological contrast between the upper and lower crust,
and therefore inducing the abandonment of the decollement and the
generation of a new one towards the east, in an east-vergent evolution
mode.

2. Geotectonic setting of the Southern Central Andes (22°-35°S)

The Southern Central Andes comprise, in its northern sector (22° -
27° S): (i) the Coastal Range, which mainly includes Jurassic to Creta-
ceous magmatic arcs and associated sedimentary basins (Reutter et al.,
1996; Riquelme et al., 2003; Oliveros et al., 2006); (ii) the Chilean Pre-
cordillera, or Domeyko Range, corresponding to the Late Cretaceous to
Eocene magmatic arc, developed over a Devonian to Triassic basement
(Coira et al., 1982; Amilibia et al., 2008; Mpodozis and Cornejo, 2012);
(iii) the Western Cordillera, with the Miocene to Holocene magmatic
arc (De Silva et al., 2006; Kay and Coira, 2009); (iv) the internally-
drained Altiplano/Puna plateau, with an average elevation of 4000 m
(Isacks, 1988; Allmendinger et al., 1997); (v) the doubly vergent thrust
belt of the Eastern Cordillera, which uplifts late Proterozoic to Paleo-

zoic metasedimentary and sedimentary rocks (Sempere et al., 1990;
Reutter et al., 1994; Kley and Monaldi, 2002; Hongn et al., 2010), (vi)
the active eastward-tapering sedimentary wedge of Paleozoic to Neo-
gene rocks of the Sub-Andean fold-and-thrust belt, north of 24°S, and
the Santa Bárbara basement-involved fault system, south of 24°S
(Mingramm et al., 1979; Allmendinger et al., 1983; Roeder, 1988;
Sheffels, 1990; Baby et al., 1992, 1995; Dunn et al., 1995; Kley and
Reinhardt, 1994; McQuarrie, 2002); and, (vii) the foreland basin, filled
with wedge-shaped Neogene clastic strata of up to 6 km of thickness,
known as the Chaco Plains (Uba et al., 2005, 2006). This basin is under-
layed by the Brazilian craton, which has been a stable nucleus of South
America since the Proterozoic (Litherland et al., 1985).

The Coastal Range is characterized by the presence of a pronounced
high-velocity seismic wave anomaly to a depth of 60 km (Heit et al.,
2008). To the east, geophysical analyses indicate petrophysical proper-
ties of the crust below the Altiplano, Puna and Eastern Cordillera (high
Vp/Vs, high attenuation, high conductivity), which may reflect a hy-
drated partially-melted crust at a depth of 15-25 km, known as the Alti-
plano Low-Velocity Zone ALVZ (Wigger et al., 1994; Graeber and Asch,
1999; Yuan et al., 2000; Schurr et al., 2003; Haberland and Rietbrock,
2001; Oncken et al., 2003; Heit et al., 2008). The high topography of
the Altiplano/Puna plateau is isostatically supported by both a 60-to-
75-km-thick continental crust (Yuan et al., 2000; Beck and Zandt, 2002;
McGlashan et al., 2008; Tassara and Echaurren, 2012) and a thermally-
thinned lithosphere underlain by a low-density asthenosphere
(Froidevaux and Isacks, 1984; Schurr et al., 1999; Prezzi et al., 2014;
Ibarra et al., 2019). The lithosphere is proposed to be thermally thinned
because of the removal of a dense and thickened, gravitationally-
unstable, mantle lithosphere via delamination (Kay and Kay, 1993; Kay
et al., 1994b; Garzione et al., 2017; Chen et al., 2020) or other dynamic
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Fig. 2. Tectonic setting, main geological units and structural features of the Central Andes. A) DEM-derived topographic map highlighting the contrasting surface ex-
pression of the Andes in this portion of the margin. Grey dashed lines correspond to 40-km depth slab contours (Tassara and Echaurren, 2012) and red triangles to the
active volcanic front. White East-West lines are the seven crustal-scale structural cross-sections analyzed in this work (Figs. 3 to 9). B) Simplified geological map
(modified from Gómez et al., 2019), showing the main geological units, morphostructural units (red labels) and structural configuration of the Andean margin. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mechanisms. The thickness of the crust was mainly achieved by Ceno-
zoic tectonic shortening, linked to eastward displacement of megath-
rust sheets (Sheffels, 1990; Schmitz and Kley, 1997; McQuarrie, 2002;
McQuarrie et al., 2005). The crust below the Eastern Cordillera and
Sub-Andean Ranges reaches a thickness of 40 km (Schmitz and Kley,
1997).

According to the most widely accepted structural model, the flexu-
rally-strong lithosphere representing the Brazilian shield (Watts et al.,
1995) is being underthrusted beneath the Sub-Andean Ranges and the
Eastern Cordillera, as is evidenced by seismicity extending ~120 km
west from the thrust front (Cahill and Isacks, 1992; Asch et al., 2006).
To the west, seismicity is diffuse, and, in the Puna/Altiplano plateau,
focal mechanisms show components of strike-slip and normal faulting
(Allmendinger et al., 1997; Asch et al., 2006).

To the south, the Andes narrows from ~500 km in the Andean
plateau to ~200 km at 35°S, and the crustal thickness diminishes from
>65 km at 30°S to <55 km in the south (e.g. Introcaso et al., 1992;
Fromm et al., 2004; Gans et al., 2011; Tassara and Echaurren, 2012).
The Chilean/Pampean flat-slab segment (28°-32.5°S) is characterized
by a relatively shallow subduction angle (Isacks and Barazangi, 1977;
Anderson et al., 2007) and a lack of active arc-related magmatism re-
sulting from the eastward migration of the asthenospheric wedge
(Pilger, 1981; Kay et al., 1988; Ramos et al., 2002). At these latitudes,

the orogen comprises, from west to east, the following five morpho-
tectonic provinces: (i) the Coastal Range, which underlies the modern
forearc and is composed of Paleozoic and early Mesozoic accretionary
belts (Díaz-Alvarado et al., 2019), and Jurassic to Lower Cretaceous
plutonic and volcanic rocks (Mpodozis and Ramos, 1989); (ii) the Prin-
cipal Cordillera, characterized by thick Jurassic and Cretaceous marine
and continental sedimentary sequences deformed within fold-and-
thrust belts (Ramos et al., 1996b); (iii) the Frontal Cordillera, which
consists of Proterozoic to Devonian metamorphic rocks, Carboniferous-
Permian marine sedimentary rocks and Permian-Triassic volcanic and
plutonic rocks (del Rey et al., 2019); (iv) the Precordillera which corre-
sponds to a fold-and-thrust belt composed of Paleozoic sedimentary
rocks (Astini and Thomas, 1999; Mardonez et al., 2020); and (v) the
Pampean Ranges, which are characterized by east and west- vergent up-
lifted basement blocks (Ramos et al., 2002).

South of 32.5°S, the slab has a sub-horizontal subduction angle tran-
sitionally smoothing to a normal subduction geometry as it gets south
of 34°S (Cahill and Isacks, 1992), where it reaches an angle of 27°
(Nacif et al., 2015). In the transitional zone (32.5°-34°S), the Frontal
Cordillera, the Precordillera and the Pampean Ranges gradually disap-
pear, while the magmatic arc becomes active together with the devel-
opment of the east-directed Malargue fold-and-thrust belt. Along the
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32.5° to 35°S segment, horizontal shortening and crustal thickness de-
crease southward (Giambiagi et al., 2012).

3. Geological background of the transects

3.1. The Altiplano transect (22°S)

Previous to 45 Ma, deformation was localized in the magmatic arc,
along the proto-Domeyko Range (Fig. 3), in a crustal-scale pop-up
structure bounded by east- and west-directed reverse faults (Marinovic
and Lahsen, 1984; Andriessen and Reutter, 1994; Reutter et al., 1996;
Sempere et al., 1997; Maksaev and Zentilli, 1999; Ladino et al., 1999;
Tomlinson et al., 2001, 2018; Muñoz et al., 2002; Victor et al., 2004;
Mpodozis and Cornejo, 2012; Bascuñán et al., 2016; Tomlinson et al.,
2018; Henriquez et al., 2019; López et al., 2020), as well as strike-slip
faults along the Atacama fault system (Reutter et al., 1996; Riquelme et
al., 2003; Farías et al., 2005).

During the middle Eocene (45-40 Ma), the crust achieved a thick-
ness of >45 km below the Domeyko Range (Haschke et al., 2002). The
uplift of this range is constrained by thermochronology (Maksaev and
Zentilli, 1999; Avdievitch et al., 2018) and the development of the
Calama basin which received sediments from the west (Blanco et al.,
2003). A rapid cooling of the Coastal Range is suggested to be related to
forearc uplift and exhumation (Juez-Larré et al., 2010; Reiners et al.,
2015; Stalder et al., 2020). During this period, movement along the
Khenayani-Uyuni fault system (Martínez et al., 1994; Sempere et al.,
1990; Scheuber et al., 2006) occurred in the western Altiplano, prior to
the deposition of the Late Oligocene- Middle Miocene San Pedro and
San Vicente Formations in the Salar de Atacama and Lípez basins, re-
spectively (Blanco et al., 2003; Elger et al., 2005). The proto-Eastern
Cordillera was deformed by east-directed faults (Lamb et al., 1997).

This uplift is registered in the sedimentary provenance of the foreland
basin (Horton and DeCelles, 2001).

Between 40 and 35 Ma, shortening was focused on the Western
Cordillera, as well as on the westernmost Altiplano and Eastern
Cordillera (Kennan et al., 1995; Sempere et al., 1997; Horton, 1998,
2005; Horton and DeCelles, 2001; DeCelles and Horton, 2003;
McQuarrie et al., 2005; Elger et al., 2005; Ege et al., 2007). The Calama
basin continuously received sediments from the west and south (Blanco
et al., 2003). The Domeyko Range became affected by strike-slip faults,
such as the dextral movement of the West Fault (Maksaev and Zentilli,
1988, 1999; Mpodozic et al., 1993; Lindsay et al., 1995; Tomlinson et
al., 2010) associated with a mylonitic fabric over plutonic complexes
(Tomlinson et al., 2018).

During the 35-30 Ma period, the Lípez basin continued receiving
sediments from both the west and east (Baby et al., 1990), with the con-
tinuous uplift of the Western Cordillera (Scheuber et al., 2006), the
Eastern Cordillera controlled by the west- and east-directed faults
(Roeder, 1988; Mon and Hongn, 1991; Baby et al., 1992; Kley et al.,
1997; Allmendinger et al., 1997; McQuarrie and DeCelles, 2001;
McQuarrie, 2002; McQuarrie et al., 2005; Hongn et al., 2007; Anderson
et al., 2018) and the east-directed faults affecting the central Altiplano
(Elger et al., 2005). During this phase, between 36 and 33 Ma, the giant
Chuquicamata porphyry system was syntectonically emplaced at the
Domeyko Range through the dextral strike-slip of the West Fault
(Lindsay et al., 1995; Reutter et al., 1996; Tomlinson et al., 2010, 2018;
Mpodozis and Cornejo, 2012).

Between 30 and 21 Ma, extensional deformation was localized in
the Calama (Blanco, 2008) and Salar de Atacama basins (Flint et al.,
1993; Jordan et al., 2007), associated with a sinistral/normal move-
ment of the West Fault system (Tomlinson et al., 2018). Contractional

Fig. 3. Geological cross-section along the 22°S, constructed with previous geological data and partial balanced cross-sections (Schmitz and Kley, 1997; Elger et
al., 2005), and chart describing the different deformational stages affecting the transect area according to published data.
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deformation was only focused on the Eastern Cordillera with a peak of
deformation between 25 and 17 Ma (Elger et al., 2005).

Between 21 and 14 Ma, the Eastern Cordillera experienced contrac-
tional deformation and main exhumation (Kley, 1996; Horton, 1998;
McQuarrie, 2002; Müller et al., 2002; Strecker et al., 2007). The
Khenayani-Uyuni fault system got deactivated (Gubbels et al., 1993).
Arid paleosols of the middle Miocene in the Salar de Atacama basin are
overlain by late Miocene ignimbrites (Cowan et al., 2004; Jordan et al.,
2014) suggesting a minimum age for the contractional deformation in
the Domeyko Range and Western Cordillera.

Between 14 and 7 Ma, deformation concentrated along the eastern
part of the Eastern Cordillera and, after 10 Ma, along the Sub-Andean
thin-skinned fold-and-thrust belt (Mingramm et al., 1979;
Allmendinger et al., 1983; Roeder, 1988; Sheffels, 1990; Baby et al.,
1992, 1995; Dunn et al., 1995; Kley and Reinhardt, 1994; McQuarrie,
2002; Echavarria et al., 2003; Uba et al., 2009; Oncken et al., 2012
(Rojas Vera et al., 2019)), which absorbs ~55 km of shortening (Lamb
and Hoke, 1997; Horton, 1998; Müller et al., 2002; Victor et al., 2004;
Elger et al., 2005). The oldest undeformed lava covering the western
and central Altiplano thrust faults was dated at ~11 Ma (Baker and
Francis, 1978; Silva-González, 2004), suggesting a minimum age for the
end of shortening. Strike-slip faulting affected the Western Cordillera
(Giambiagi et al., 2016) and the Altiplano (Riller et al., 2001; Acocella
et al., 2011; Bonali et al., 2012; Lanza et al., 2013). Likewise, deforma-
tion ceased in the Eastern Cordillera at 9-10 Ma, based on the distribu-
tion and undeformed nature of the San Juan de Oro erosional surface
(Gubbels et al., 1993). The Chaco-Paraná foreland basin started to de-
velop at 12.4 Ma (Uba et al., 2009), underlain by the Brazilian craton, a
stable continental nucleus of South America since the Proterozoic
(Litherland et al., 1985).

During the Late Miocene-Quaternary period (7-0 Ma), contractional
deformation was concentrated along the easternmost Eastern Cordillera
and the Sub-Andean ranges. Presently, the Sub-Andean ranges show ac-
tive growth at its deformation front, as evidenced from seismicity and
GPS data (Bevis et al., 1999; Lamb, 2000; Hindle and Kley, 2003;
Brooks et al., 2011). The Atacama fault system was reactivated during
the Pliocene-Quaternary as a normal fault system (González et al.,
2003, 2006).

Along this transect, the main decollement has been proposed to be
located below the Eastern Cordillera and Sub-Andean ranges and to be
responsible for the underthrusting of the flexurally-strong Precambrian
Brazilian craton (Lyon-Caen et al., 1985; Isacks, 1988; Watts et al.,
1995; Allmendinger and Gubbels, 1996; Lamb et al., 1997;
Allmendinger et al., 1997; Anderson et al., 2018) under the thermome-
chanically weakened Andean sector (Baby et al., 1997; Lamb et al.,
1997; Watts et al., 1995; Beck and Zandt, 2002; Ibarra et al., 2021).
This decollement, located between 20 and 8 km depth, has a regional
dip of 2° to 3° to the west (Kley and Monaldi, 2002; Pearson et al.,
2013), and it is rooted by a ramp into the ductile and low-strength zone
(Oncken et al., 2003; Lamb et al., 1997; Lynner et al., 2018), deep in
mid crustal levels. The location of this ramp has been inferred from a
dislocation model for back-arc deformation presented by Brooks et al.
(2011) along the Altiplano transect, and by McFarland et al. (2017)
along the Puna.

3.2. The Puna transect (24°S)

Prior to 45 Ma, the inversion of several back-arc basins took place
(Fig. 4), such as the Mesozoic Domeyko basin (Ramirez and Gardeweg,
1982; Mpodozis et al., 2005; Arriagada et al., 2006; Marinovic, 2007;
Mpodozis and Cornejo, 2012; González et al., 2020) and the Salar de

Fig. 4. Geological cross-section along the 24°S, constructed with previous geological data and balanced cross-sections (Seggiaro et al., 1998; Kley and Monaldi,
2002; Montero-López et al., 2020), and chart describing the different deformational stages affecting the transect area according to published data.
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Atacama/Salar de Punta Negra foreland basin (Jordan et al., 2007;
Martínez et al., 2019, 2020). This generated a thick crust below the
Domeyko Range (40 to 45 km, Haschke et al., 2002; Haschke and
Gunther, 2003; Amilibia et al., 2008; González et al., 2020), while the
Salta rifting produced a thin crust below the actual Santa Bárbara range
(Salfity and Marquillas, 1994; Comínguez and Ramos, 1995; Marquillas
et al., 2005; Kley et al., 2005).

During the middle Eocene (45-40 Ma), the inversion of the Atacama
basin in the Domeyko Range took place (Maksaev and Zentilli, 1999;
Carrapa and DeCelles, 2008; Reiners et al., 2015), with the generation
and/or reactivation of strike-slip and reverse faults and sedimentation
in the Salar de Atacama basin (Mpodozis and Cornejo, 2012). During
the 40-35 Ma period, shortening was focused on the eastern Domeyko
Range (Maksaev and Zentilli, 1999; Amilibia et al., 2008) and the
proto-Puna (Haschke et al., 2005; Carrapa and DeCelles, 2008
(Henriquez et al., 2020)). At the end of this period, strike-slip faults af-
fected the Domeyko Range (Niemeyer and Urrutia, 2009), associated
with the intrusion of giant porphyry copper bodies, such as the Escon-
dida cluster (38-35 Ma) (Kay et al., 1999; Mpodozis and Cornejo, 2012;
Hervé et al., 2012). The distal foreland experienced the first basement
uplift of the Eastern Cordillera (Andriessen and Reutter, 1994; Seggiaro
et al., 1998; del Papa, 1999; del Papa et al., 2013; Coutand et al., 2001;
Deeken et al., 2006; Hongn et al., 2007, 2010; Payrola et al., 2009;
Pearson et al., 2013; Montero-López et al., 2016), delimiting basins
with internal drainage such as the Humahuaca basin (del Papa et al.,
2013; Montero-López et al., 2020). This uplift had a Basin-and-Range or
Pampean Range style (Coutand et al., 2001) with reactivation of pre-
existing faults affecting the pre-Mesozoic basement (Hongn et al.,
2010).

During the 35-30 Ma period, contractional deformation was concen-
trated in the eastern Puna (Quade et al., 2015) and the Eastern
Cordillera (Deeken et al., 2006; Pearson et al., 2013). Afterwards, dur-
ing the 30-21 Ma period, the Eastern Cordillera continued to uplift
(Coutand et al., 2006; Deeken et al., 2006; Pearson et al., 2013). During

the next stage, between 21 and 14 Ma, there was an eastward shift of
thrusting from the plateau into the foreland (Deeken et al., 2006;
Pearson et al., 2012). At the end of this stage, broken foreland basins
with internal drainage conditions characterized the Puna and Puna/
Eastern Cordillera border (Siks and Horton, 2011; DeCelles et al.,
2015a; Pingel et al., 2019). Paleoaltimetric studies in the Arizaro basin
at the central Puna suggest that uplift preceded the filling of the basin
(Canavan et al., 2014; Quade et al., 2015). To the west, in the Domeyko
Range, a low-intensity contractional event was registered after 17 Ma
(Soto et al., 2005).

During the 14-7 Ma period, the uplift of the eastern sector of the
Eastern Cordillera took place (Deeken et al., 2006).This phase is
marked by the collapsed calderas on the plateau (Coira et al., 1982; De
Silva, 1989a) and sinistral strike-slip deformation along NW-SE trend-
ing lineaments, such as the Olacapato-El Toro fault system (Riller et al.,
2001; Acocella et al., 2011; Bonali et al., 2012; Lanza et al., 2013;
Petrinovic et al., 2010, 2021); as well as intermontane sedimentation in
the Puna region (del Papa and Petrinovic, 2017; Pingel et al., 2019).

During the last stage (7-0 Ma), the Santa Barbara system developed
as a bivergent thick-skinned fold-and-thrust belt (Allmendinger et al.,
1983; Reynolds et al., 2000) controlled by pre-existing Cretaceous nor-
mal faults (Kley and Monaldi, 2002). Between 7 and 3.5 Ma, exten-
sional faults were active in the southern Puna(Schoenbohm and
Strecker, 2009), as well as in the Atacama fault system (González et al.,
2003, 2006).

3.3. The Southernmost Puna transect (27.6°S)

During the Late Cretaceous (Fig. 5), a compressional event thick-
ened the crust in the present forearc and the westernmost sector of the
Frontal Cordillera (Mpodozis et al., 1995; Kay and Mpodozis, 2001;
Martínez et al., 2016, 2021). During the middle to upper Eocene (45-
38 Ma), the eastern Coastal Range and the western Frontal Cordillera
started to uplift (Cornejo et al., 1993; Tomlinson et al., 1993, 1994;

Fig. 5. Geological cross-section along the 27.6°S, constructed with previous geological data and balanced cross-sections (Martínez et al., 2016; Quiroga et al., 2021),
and chart describing the different deformational stages affecting the transect area according to published data.
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Martínez et al., 2016, 2021). Sediments reached the foreland basin lo-
cated in the central and eastern Frontal Cordillera and southernmost
Puna at ~38 Ma (Zhou et al., 2017; Montero-López et al., 2020), co-
evally to the onset of the Pampean Ranges uplift, according to ther-
mochronological data (Coutand et al., 2001; Mortimer et al., 2007).
The waning of contractional activity in the western Frontal Cordillera
occurred at the end of this phase (Cornejo et al., 1993; Tomlinson et al.,
1993, 1994).

During the upper Eocene-Oligocene (38-23 Ma), the crust thickened
and reached 45 km below the Maricunga volcanic belt (Kay and
Mpodozis, 2001; Mpodozis et al., 2005), located in the western Frontal
Cordillera. . A short period of extension took place during the
Oligocene, evidenced by local extensional basins contemporaneous
with the volcanism developed along the Maricunga belt (Mpodozis et
al., 2018). At the end of this period (~26 Ma), contractional deforma-
tion affected the easternmost sector of the western Frontal Cordillera
(Mpodozis et al., 2018; Martínez et al., 2016; Quiroga et al., 2021). The
proximal foreland basin associated with this stage corresponds to the
Valle Ancho basin (Mpodozis et al., 1997). During this stage, the distal
foreland registered another pulse of uplift and exhumation (Coutand et
al., 2001).

During the early Miocene (23-15 Ma), a compressional phase af-
fected the eastern Frontal Cordillera (Mpodozis et al., 1995, 2018;
Coutand et al., 2001) and the Fiambalá basin started to receive sedi-
ments (Safipour et al., 2015; Deri et al., 2019). The crust achieved a
thickness > 50 km (Kay and Mpodozis, 2001). Deformation propa-
gated to the east, reaching the Fiambalá basin during the middle
Miocene (15-10 Ma, Carrapa et al., 2008; Safipour et al., 2015), at the
time when voluminous stratovolcanic complexes were emplaced at the
Maricunga belt. The crust achieved its maximum thickness in this stage

(>60 km; Kay et al., 1994a, 2013; Mpodozis et al., 1995), and the vol-
canic arc migrated eastward to its present position, close to the border
between the Frontal Cordillera and the Precordillera (Mpodozis and
Kay, 2009; Goss et al., 2013).

At 13 Ma, the western sector of the Pampean Ranges started to uplift
(Carrapa et al., 2006, 2008, 2011; Davila and Astini, 2007; Mortimer et
al., 2007; Dávila, 2010; Seggiaro et al., 2014; Safipour et al., 2015).
This is registered in the sedimentary fill of the intermontane basins
(Strecker et al., 1989; Muruaga, 1998; Bossi et al., 2001; Mortimer et
al., 2007; Bossi and Muruaga, 2009; Bonini et al., 2017). During the late
Miocene, deformation was focused in the Fiambalá basin, which contin-
ued to receive sediments (Carrapa et al., 2008; Quiroga et al., 2021),
while the eastern sector of the Pampean Ranges started to uplift (Sobel
and Strecker, 2003; Mortimer et al., 2007; Bossi and Muruaga, 2009),
showing a doubly vergent thrusting style (Cristallini et al., 2004). Back-
arc volcanism of 9.5-6 Ma corresponds to the Farallón Negro volcanic
complex located in the Pampean Ranges (Sasso, 1997; Harris et al.,
2004; Halter et al., 2004). The Aconquija range started to uplift during
the middle Miocene, ~12-9 Ma to the present (Löbens et al., 2013;
Zapata et al., 2019, 2020), and since ~3 Ma the orographic barrier con-
ditions were established (Sobel and Strecker, 2003; Zapata et al.,
2019).The generation of a broken foreland is marked by deposition of
sedimentary sequences in isolated basins (Bossi et al., 2001; Mortimer
et al., 2007; Bossi and Muruaga, 2009).

3.4. The flat-slab transect (30°S)

Prior to 45 Ma (Fig. 6), the forearc and backarc crust had a normal
thickness (Jones et al., 2016). The magmatic arc was present in the
Frontal Cordillera and forearc region was affected by the Atacama fault

Fig. 6. Geological cross-section along the 30°S, constructed with previous geological data and balanced cross-sections (Murillo et al., 2017; Mardonez, 2020;
Mardonez et al., 2020), and chart describing the different deformational stages affecting the transect area according to published data.
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system (Arabasz, 1971). During the middle Eocene, thrusts and back-
thrusts uplifted both the Principal Cordillera (Moscoso and Mpodozis,
1988; Emparan and Pineda, 1999) and the western sector of the Frontal
Cordillera (Martin et al., 1997; Cembrano et al., 2003; Lossada et al.,
2017; Murillo et al., 2017; Rodríguez et al., 2018). This uplift occurred
simultaneously to deposition of distal sediments in the present Pre-
cordillera (Fosdick et al., 2017; Reat and Fosdick, 2018). Between 30
and 20 Ma, extension in the back-arc region (Winocur et al., 2015;
González et al., 2020) controlled the extrusion of volcanic-arc deposits
(Doña Ana arc) in the Frontal Cordillera (Maksaev et al., 1984; Jones et
al., 2016; Murillo et al., 2017).

During the early Miocene, 20-15 Ma, the western Frontal Cordillera
was uplifted through the east-directed Baños del Toro fault system
(Moscoso and Mpodozis, 1988; Martin et al., 1995, 1997, Giambiagi et
al., 2017). The eastern Frontal Cordillera started to uplift (Beer et al.,
1990;(Rodríguez Fernández et al., 1999) Heredia et al., 2002;(Hoke et
al., 2014) Mackaman-Lofland et al., 2019, Mardonez et al., 2020,
Mackaman-Lofland et al., 2020,), related to flexural subsidence in the
Rodeo basin (Reynolds et al., 1990) and basins located nowadays inside
the Precordillera (Levina et al., 2014; Suriano et al., 2015;). New low-
temperature thermochronological data indicate reactivation of pre-
existing faults in the westernmost Pampean Ranges (Ortiz et al., 2021).

Between 15 and 12 Ma, an eastward jump of the deformational
front is marked by both thrusting in the western Precordillera (Suriano
et al., 2017) and initial sedimentation in the Bermejo basin (Johnson et
al., 1986; Jordan et al., 2001; Fosdick et al., 2015; Capaldi et al., 2020).
In the Frontal Cordillera, contractional deformation was sealed by the
Cerro Las Tórtolas volcanism (Maksaev et al., 1984; Murillo et al.,
2017) but the eastern part of this range continued to be uplifted by a
deeply-seated ramp (Allmendinger et al., 1990; Mardonez et al., 2020).

The back-arc volcanism was placed in the Rodeo basin and in the cen-
tral Precordillera ( Poma et al., 2017).

During 12-8 Ma period, the central Precordillera and western Pam-
pean Ranges were deformed and uplifted (Jordan et al., 1993; Coughlin
et al., 1998; Levina et al., 2014; Allmendinger and Judge, 2014; Fosdick
et al., 2015), while deformation ceased in the western Precordillera.
This event is associated with a pronounced flexural subsidence in the
Bermejo basin (Mardonez et al., 2020). The magmatic arc, with a geo-
chemical signature indicating a thick crust, was established at the
Rodeo basin and eastern Precordillera (Gualcamayo igneous complex;
Poma et al., 2017; D'nnunzio et al., 2018). Contraction deformation
continued, between 8 and 5 Ma, with reverse faulting in the central Pre-
cordillera, during ongoing uplift of the Pampean Ranges (Jordan and
Allmendinger, 1986; Ramos et al., 2002; Fosdick et al., 2015).

The Plio-Quaternary was marked by the last uplift of the Central
Precordillera, deformation of the eastern Precordillera (Zapata and
Allmendinger, 1996), and continuing uplift of the Pampean Ranges
(Ortiz et al., 2015, 2021). Arc magmatism migrated towards the east to
the Pampean Ranges, where it finally waned (Ramos et al., 2002). Neo-
tectonic activity is present in the Rodeo basin (Siame et al., 2005;
Perucca and Martos, 2012; Fazzito et al., 2013; Perucca and Vargas,
2014) and the Pampean Ranges (Costa et al., 2001; Perucca et al.,
2018).

3.5. The Aconcagua transect (32.4°S)

During the Early Cretaceous, the crust was thin (< 33 km) below
the Mesozoic marine basin, at the present-day Principal Cordillera, and
it has a normal thickness (35-38 Ma) below the Pampean Ranges (Fig.
7) (Perarnau et al., 2012). During the Late Cretaceous a compressional

Fig. 7. Geological cross-section along the 32.4°S, constructed with previous geological data and balanced cross-sections (Cegarra and Ramos, 1996; Giambiagi et
al., 2014), and chart describing the different deformational stages affecting the transect area according to published data.
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event affected the western Principal Cordillera and Coastal Range
(Arancibia, 2004; Jara and Charrier, 2014; Rodríguez et al., 2018), but
crustal thickness in the eastern Principal Cordillera remained normal
(35 km; Carrapa et al., 2022). Afterward, during the late Eocene-early
Miocene, extensional relaxation with mild horizontal extension took
place (Charrier et al., 2005, 2009; Mpodozis and Cornejo, 2012; Piquer
et al., 2016; Mackaman-Loftand et al., 2019; Boyce et al., 2020); while
the Coastal Range experienced uplift (Stalder et al., 2020). The
Miocene-Present contraction started at ~21-18 Ma, as registered in the
western sector of the Principal Cordillera (Jara and Charrier, 2014)
with high exhumation (Rodríguez et al., 2018; Stalder et al., 2020) and
in the synorogenic record of the Cacheuta basin (Irigoyen et al., 2000;
Buelow et al., 2018).

At 18 Ma, the Aconcagua fold-and-thrust belt started to develop as a
thin-skinned belt in the eastern sector (Cegarra and Ramos, 1996;
Martos et al., 2022) and a thick-skinned belt in its western sector with
the inversion of pre-existing normal faults of the Abanico basin (Fock et
al., 2006; Mardones et al., 2021). During this stage, the volcanic arc mi-
grated from the Farellones arc (23-17 Ma) in western Principal
Cordillera (Charrier et al., 2002; Nyström et al., 2003), to the
Aconcagua arc (15-8 Ma) in the eastern Principal Cordillera (Ramos et
al., 1996a). Uplift of the Frontal Cordillera took place during this time
(~17 Ma; Buelow et al., 2018; Lossada et al., 2020).

During the 12 to 9 Ma period, the Aconcagua FTB continued to de-
form below a crust of 44 km (Carrapa et al., 2022). Both Frontal
Cordillera and Precordillera raised during this period (Ramos et al.,
2004; Giambiagi et al., 2011(Hoke et al., 2014)), in agreement with
sedimentological and provenance data from the Cacheuta basin
(Buelow et al., 2018). Afterward, deformation is only concentrated in
the eastern Precordillera, while the western Principal Cordillera experi-

enced a reactivation (Farías et al., 2008). During the next period, be-
tween 6 and 3 Ma, the deformation migrated to the present thrust front
in the easternmost Precordillera (Richard, 2020).

During the late Pliocene to Quaternary, horizontal shortening was
accommodated along the easternmost sector of the eastern Pre-
cordillera, and the Cacheuta basin experienced uplift and denudation
(Buelow et al., 2018) and active reverse faulting (Cortés et al., 1999;
Costa et al., 2000, 2015; Richard et al., 2019; Rimando et al., 2019). To-
wards the east, the uplift of the Pampean Ranges formed the broken
foreland (Jordan et al., 1983; Ramos et al., 2002), where opposite-
directed faults, controlled by inherited anisotropies, localize Quater-
nary deformation (Costa et al., 2019). These faults are interpreted to be
deeply rooted into the lower crust (Perarnau et al., 2012).

3.6. The Maipo/Tunuyán transect (33.6°S)

During the late Eocene to early Miocene times (Fig. 8), a protracted
extensional event affected the western sector of the Principal Cordillera
and generated the Abanico intra-arc basin (~35-21 Ma, Charrier et al.,
2002; Muñoz et al., 2006; Piquer et al., 2017), associated with a ~ 30-
35 km thick continental crust (Nyström et al., 2003; Kay et al., 2005;
Muñoz et al., 2006). The Cenozoic compressional event started at 21-
18 Ma, with the early inversion of the Abanico basin (Godoy et al.,
1999; Charrier et al., 2002; Fock et al., 2006;(Rodríguez et al., 2012)
Piquer et al., 2016), and was coeval with the development of the Farel-
lones volcanic arc (Vergara et al., 1999). In the foreland, the back-arc
volcanism of the Contreras Formation predated the formation of the
Alto Tunuyán foreland basin (Giambiagi and Ramos, 2002), with a geo-
chemical signature related to a thin or normal crust (Ramos et al.,
1996b).

Fig. 8. Geological cross-section along the 33.6°S, constructed with previous geological data and balanced cross-sections (Giambiagi et al., 2003, 2015a; Farías et
al., 2010; Mardones et al., 2021), and chart describing the different deformational stages affecting the transect area according to published data.
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Uplift of the Aconcagua fold-and-thrust belt (Giambiagi and Ramos,
2002) and the Frontal Cordillera (Buelow et al., 2018; Lossada et al.,
2020) initiated during the 18-15 Ma period. Both ranges produce flex-
ural subsidence in the Alto Tunuyán intermontane basin (Porras et al.,
2016) and in the Cacheuta basin (Irigoyen et al., 2000; Buelow et al.,
2018).

During the middle Miocene (15-12 Ma), shortening was mainly ab-
sorbed in the Aconcagua FTB (Cegarra and Ramos, 1996). Both the Alto
Tunuyán (Giambiagi et al., 2003; Porras et al., 2016) and Cacheuta
(Buelow et al., 2018) basins continued to receive sediments. During the
12-9 Ma period, the volcanic activity practically waned, and plutons
and porphyries intruded the Miocene Farellones volcanic arc (Kay and
Kurtz, 1995; Kurtz et al., 1997; Kay et al., 2005; Deckart et al., 2010).
Sedimentary provenance analysis (Irigoyen et al., 2000; Giambiagi et
al., 2003; Porras et al., 2016; Buelow et al., 2018) indicates that, during
the late Miocene (9-6 Ma), an important uplift of the eastern Frontal
Cordillera took place. The ~2 km of topographic uplift in the Alto
Tunuyán basin has been related to the addition of lower crustal mater-
ial (Hoke et al., 2014). However, western Principal Cordillera was still
active, and was responsible for the back-thrust activity (Farías et al.,
2008) and exhumation (Maksaev et al., 2004).

Magmatic activity resumed during the Pliocene at its current locus
along the High Andean drainage divide. Shortening was absorbed in the
eastern Frontal Cordillera, with generation of frontal thrusts affecting
the Cacheuta basin deposits (Irigoyen et al., 2000) and the inversion of
the Triassic Cuyo basin (Giambiagi et al., 2015b). During the upper
Pliocene – Quaternary, shortening was accommodated in the Frontal
Cordillera (García and Casa, 2015) and the westernmost sector of the
Principal Cordillera with movements along the San Ramón fault
(Vargas et al., 2014; Yáñez et al., 2020). Between 6 Ma and the present,
a significant increase in exhumation rates along the western slope of the
Andes has been attributed to a drastic change in climate (Stalder et al.,
2020).

3.7. The Tinguiririca/Malargüe transect (35°S)

Uplift of the westernmost part of the Principal Cordillera occurred
during the late Cretaceous (Fig. 9) (>90 Ma, Tunik et al., 2010; Mescua
et al., 2013, 2014), but it is not until the middle Miocene (16-13 Ma)
that deformation and uplift propagated eastward (Baldauf, 1997), pro-
ducing the inversion of early Mesozoic inherited normal faults of the
Neuquén basin extension (Mescua et al., 2014). This contraction pro-
duced flexural subsidence in the Malargüe foreland basin (Horton et al.,
2016). The 13-10 Ma period recorded further advance of the deforma-
tion towards the foreland (Giambiagi et al., 2008; Mescua et al., 2014;
Fuentes et al., 2016; Horton et al., 2016). Out of sequence activity in
the westernmost structures (El Fierro fault system, Godoy et al., 1999)
took place likely during this stage, although the chronology of this reac-
tivation in the inner sector is not clear.

The main structures along the mountain front, such as the Malargüe
fault, started their activity between 10 and 6 Ma (Silvestro et al., 2005;
Boll et al., 2014; Fuentes et al., 2016), while out-of-sequence uplift and
exhumation were recorded in the western Principal Cordillera around
8 Ma (Spikings et al., 2008). Out-of-sequence deformation was ob-
served for the Las Leñas fault in the middle sector of the fold-and-thrust
belt likely between 6 and 3 Ma (Kozlowski et al., 1993; Bande et al.,
2020). During the late Pliocene-Quaternary, shortening was transferred
to the easternmost sector of the Malargüe FTB, at the present orogenic
front (Silvestro et al., 2005; Fuentes et al., 2016).

4. Methodology

4.1. Thermomechanical structure

To better understand how orogenic-scale deformation occurs and
which kinematic model best explains the observed geological data, we
first construct a representation of the thermomechanical structure un-

Fig. 9. Geological cross-section along the 35°S, constructed with previous geological data and balanced cross-sections (Mescua et al., 2014; Giambiagi et al., 2019),
and chart describing the different deformational stages affecting the transect area according to published data.
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derneath the Central Andes. This model considers the geometries of
geophysically-constrained lithospheric discontinuities and simple ana-
lytical expressions for temperature and brittle-elasto-ductile rheology.

We start from the 1D steady-state heat conduction equation with
volumetric heat production. For the boundary conditions, we follow
previous studies (Fox-Maule et al., 2005) by assuming that temperature
Tb at a certain depth Zb is independently known and that radiogenic
heat decays exponentially with depth from a surface value H0. Under
these assumptions, a convenient form of the 1D geothermal gradient de-
scribing the variation of temperature T with depth Z can be derived:

(1)

Here, k is thermal conductivity, Zi is the depth scale for exponential
radiogenic decay, Zm is Moho depth and Qm is heat flow at the Moho,
which can be defined as:

(2)

In order to provide values of Zi, Zm and the pair (Tb, Zb), we consider
the outputs of the geophysically-constrained 3D density model of the
Andean margin (Tassara and Echaurren, 2012). This model was con-
structed by forward modeling of the Bouguer gravity anomaly under
the geometric constraints imposed by published seismic results. The
main output of this model is the geometry for the subducted slab, the
Lithosphere-Asthenosphere Boundary (LAB) underneath the continen-
tal plate, the continental Moho that we assume equal to Zm, and the in-
tracrustal density discontinuity (ICD) separating dense lower crust from
light upper crust. As radioactive elements are concentrated in the upper
crust, we assume in our thermal model that the depth to the ICD defines
the parameter Zi.. Considering E-W cross-sections for the computation
of the model, and for those points located eastward of the Slab-LAB in-
tersection, we impose that:

(3)

Where Tp is mantle potential temperature, G is an adiabatic gradient
and Zb is defined by the depth to the LAB. A similar relation holds for
points of the cross section located westward from the Slab-LAB intersec-
tion (Molnar and England, 1990), for which Zb corresponds to the slab
depth:

(4)

Here, α is the average subduction angle, κ is thermal diffusivity, and
σ is shear stress at the interplate fault. The slab heat flow Q0 depends on
the age of the slab at the trench t (which we take from Müller et al.,
2016) and is defined as:

(5)

Ensuring continuity of the temperature field between the eastern
and western domains (i.e., equaling eqs. 3 and 4), a value of σ at the
Slab-LAB intersection can be prescribed. Assuming a linear decrease to
zero of this parameter toward the trench axis along the cross section,
eq. 4 can be fully evaluated.

Values of the physical parameters included in eqs. 1 to 5 (Table A1.1
in Supplementary Material 1) were selected as averages for the study

region and/or assuming common values from the literature (i.e.,
Turcotte and Schubert, 2014).

After computing the values of Tb in eqs. 3 and 4, they can be re-
placed in eq. 2 and then in eq. 1 to define the 1D geotherm for each
point of the EW cross section. The 1D temperature distribution T(Z) at
these points is then used to prescribe the ductile yield strength σd with
depth Z:

(6)

Here =10−15 s−1 is strain rate, R is the gas constant, and n, H and
A are empirical material properties that depend on rock composition.
Considering the compositional layering of the input model (Tassara
and Echaurren, 2012) we assigned values to these parameters as shown
in Table A1.2 in Supplementary Material 1.

We also consider that brittle yield strength σb increases linearly with
depth Z at a constant gradient of 55 MPa/km (Burov and Diament,
1995). At a given depth, the actual yield strength (i.e., the maximum
differential stress that can be elastically supported before permanent
deformation is activated) will be the minimum between σd and σb. The
yield strength envelope (YSE) constructed in this way predicts the po-
tential mechanical behavior of crust and mantle. The actual brittle,
elastic and/or ductile behavior results from the intersection of the YSE
with a given differential stress gradient. Although the form of this gra-
dient with depth is not known and could include in-plane tectonic
stresses and flexural stresses due to plate bending (i.e., Burov and
Diament, 1995), we preferred to use a simple constant value of differen-
tial tectonic stress σe = 100 MPa, which is at the upper bound of val-
ues estimated along the Andean margin (Coblentz and Richardson,
1996; Tassara, 2005; Flesch and Kreemer, 2010). Into this framework,
areas with yield strength higher than this value are expected to behave
elastically and transmit stresses, while areas with lower strength may
deform either in a brittle (upper crust) or ductile (lower crust and man-
tle) manner (Fig. 10).

By implementing the method described above to the seven transects
analyzed by us, we obtain thermomechanical transects like those of Fig.
10, which are then used to constraint the present-day crustal structure
in our kinematic structural models.

4.2. Crustal structure and kinematic modeling with thermomechanical
constraints

Our models assume that upper crustal faults are preferentially
rooted in a shallow, sub-horizontal decollement located inside a low-
strength zone (σd < σe) derived from the thermo-mechanical model de-
scribed above. The base of this shallow low-strength zone corresponds
to the base of the upper crust in all of our thermomechanical transects
for regions above the hot orogenic axis (Fig. 10), and it is defined by the
depth to the ICD in the density model of Tassara and Echaurren (2012).
The roof of the shallow low-strength zone is marked by the depth to the
isotherm for which σd = σe. For the selected upper crustal material in
our model (Table A1.2 in Supplementary Material 1), this isotherm is
given by a temperature of ~250 °C. Similarly, the roof of the deep low-
strength mid-lower crust is defined by the 550 °C isotherm.

For each section, geological background and published partial bal-
anced cross-sections are first used to construct a geometric model of the
time-zero stage (T0, >45 Ma) and a final (present-day) non-restored
section with contacts between different lithologies, dips and out-
cropping faults and folds. We then use the academic license of MOVE
suite (Petroleum Experts) for forward modeling several successive de-
formation stages that are constrained by stratigraphic, structural, sedi-
mentological, thermochronological and geochemical observations. We
sequentially deform the upper crustal layers by imposing horizontal
shortening at the western border of the modal to reach the final present-
day stage (Supplementary Material 2). For each stage we use the pub-
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Fig. 10. A) Modeled thermomechanical structure, showing a rheologically-stratified lithosphere with contrasting high- and low-strength zones, in blue and red col-
ors respectively, and schematic yield-strength envelopes for different sectors of the orogen: (1) the thickest sector of the orogen, characterized by the presence of a
thin low-strength zone located in the upper crust, and (2) the continental shield characterized by mechanically-coupled crust and uppermost mantle. Areas with
strength higher than the main tectonic stress (σe) are expected to behave elastically and transmit stresses, while areas with lower strength may deform either in a
brittle (upper crust) or ductile (middle-to-lower crust) manner. Decollements are interpreted to be located inside the upper crustal low-strength zone, which pre-
sents a ductile behavior. B) Kinematic model, with thermomechanical constraints, proposed to construct the regional and balanced cross-sections. In this model, the
crust is thickened by imposing a fixed subduction zone and assigning a westward motion of the continental plate towards the trench. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)

lished geological data described in section 3 and create or reactivate
faults accordingly. This allows us to constrain the amount of shortening
that we impose to the kinematic model. The final stages (the last 15 My
of the model) consider the upper-middle crustal low-strength zone as a
decollement zone.

An estimation of the crustal root thickness for each evolutionary
stage is obtained from published paleo-crustal thicknesses and from our
kinematic reconstruction of the different stages. The initial inferred
crustal thickness and the area-balancing on a crustal-scale is used to ex-
plain the thickening of the crust by tectonic shortening, as has been pro-
posed by previous models (Baby et al., 1997; Allmendinger and
Gubbels, 1996; Allmendinger et al., 1997; Kley and Monaldi, 1998). We
assign a velocity gradient between the continental plate and the fixed
slab-forearc interface and apply a westward motion of the South Ameri-
can plate (Fig. 10B). This is achieved with an artificial line at the base of
the Moho which has no geological significance and has been designed
for the purpose of kinematical modeling (Supplementary Material 2).

Displacement is transmitted along this base using the trishear algorithm
until the singularity point S below the Cordilleran axis. At this point,
shortening is transmitted to a ramp-flat master decollement, modeled
with the fault parallel flow algorithm as a passive master fault.

Crustal material from the craton is gradually incorporated into the
orogenic system, and this forms the crustal root. Consequently, this
constructs topography by isostatic adjustments. In our models, the ma-
terial is not lost by erosion at the subduction zone, neither by crustal de-
lamination or by the movement of material along strike, nor is it gained
by magmatic addition. Through this method, plain strain along the
transects is assumed.

The incorporation of isostatic-flexural compensation for the added
topographic load and crustal root after each modeled deformation step
permits the creation of basin space and Moho adjustments. To achieve
this, flexural-isostatic adjustments to the lithosphere due to local load
changes are made, assuming a default value for the Young's modulus
E = 7 × 1010 Pa and the effective elastic thickness (Te) calculated in
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Tassara et al. (2007), Prezzi et al. (2009) and Ibarra et al. (2019, 2021).
Our models produce enough foreland subsidence to accommodate the
observed foreland stratigraphy.

4.3. Shortening estimation

We applied two approaches to estimate crustal shortening of each
cross-section: forward modeling to reconstruct the observed surface
structure, as explained in the previous section, and crustal area balance
between initial and final crustal thicknesses. Regarding the cross-
section reconstruction, we defined two end-member models for each
initial crustal geometry, with a thinner or thicker initial crust according
to published geological and geochemical data, and used a mean value
in our kinematic modeling. This allows us to assign an error for each es-
timated crustal shortening (Table 1). The undeformed foreland thick-
nesses and Mesozoic rifting events are used to constrain the back-arc
sector of the crust for the T0. For the second approach, we used crustal
area balance between initial and final Moho geometries (C in Fig. 11),
and the isostatic compensation of the Moho depth (red and violet
dashed lines) due to the topographic load (A in Fig. 11) and sedimenta-
tion in the forearc and foreland basins (B in Fig. 11). To calculate the
topographic load, we produced topographic swath profiles with a bin

width of 10 km and used the mean elevation (Pérez-Peña et al., 2017).
The flexural/isostatic compensation is calculated with the 2D Decom-
paction module from MOVE, using average densities of 2.4-2.6 g/cm3,
2.6-2.8 g/cm3 and 3.3 g/cm3 for the sedimentary deposits, upper crust
and mantle, respectively, and a Young's Modulus of 70 GPa.

The amounts of shortening, calculated with the reconstruction ap-
proach, are 4-15% lower than the crustal area balance approach (Table
1). This indicates that the estimations of shortening are conservative
(Sheffels, 1990) and additional shortening, such as the internal strain of
the basement blocks (McQuarrie and Davis, 2002), layer-parallel short-
ening (Yonkee and Weil, 2010) and/or strike-slip movement of crustal
material along NW sinistral or NE dextral faults (Riller et al., 2012)
must be considered. This difference in crustal shortening comparing
both methods fall within the proposed range for magmatic addition
(Lamb and Hoke, 1997; Haschke and Gunther, 2003; Carrapa et al.,
2022). Nevertheless, if we consider the subduction erosion proposed for
the southern study sector (33-36°S; Kay et al., 2005; Stern, 2020) short-
ening calculated by the crustal area balance should increase and may
compensate for the magmatic addition.

Table 1
Maximum, media and minimum values of crustal thickness used in the forward model set up for each transect. A. Values of shortening (maximum, media and
minimum) calculated from crustal area balance between initial and final crustal thicknesses. B. Values of shortening calculated from the forward-kinematic mod-
eling. A vs B. Percentage of variation between A and B.
Latitude Initial crustal thickness A

Shortening (km)
(area)

error
B
Shortening (km)
(forward)

A vs B

22°S CR Domeyko WC Altiplano EC SA foreland
maximum 32 53 48 46 43 35 33.5 258
media 32 47 43 42 39 35 33 325 ± 67 285 14%
minimum 32 40 38 38 35 35 32.5 392

24°S CR Domeyko WC Puna EC SS foreland
maximum 32 50 42 40 38 33 35 235
media 32 45 40 38 36 33 34.5 270 ± 35 230 15%
minimum 32 40 38 36 35 33 34 305

27.6°S CR WFC EFC PRE-C PR foreland
maximum 24-33 33-50 40-44 40 39 35 194
media 24-32 32-40 38-42 38.5 38 35 214 ± 20 194 9.5%
minimum 24-31 31-30 35-40 37 37 35 234

30°S CR PC FC PRE-C PR foreland
maximum 29-34 34-44 40-42 44 40 36 171
media 29-33.5 34-40 38-40 40 39 35-36 155 ± 16 137 12%
minimum 29-33 33-36 36-38 36 38 35 139

32.4°S CR WPC EPC FC PRE-C foreland
maximum 24-31 31-38 34-35 34 34-35 37-39 116
media 24-30 30-36 33-35 33-34 34 37-38 104 ± 12 94 10%
minimum 24-29 29-34 32-34 33 33-34 36-38 92

33.6°S CR WPC EPC FC foreland
maximum 26-34 36-40 35 35-37 35-37 65
media 26-34 34-40 35 35 35-36 73 ± 9 69 5%
minimum 26-34 34-38 34 34-35 34-36 82

35°S CR WPC EPC foreland
maximum 36-38 37-35 35-36 36-40 39
media 35-36 35-33 34-35 35-39 46 ± 8 44 4%
minimum 33-34 32-34 33-34 35-38 54

CR, Coastal Range
WC, Western Cordillera
PC, Principal Cordillera
WPC, Western Principal Cordillera
EPC, Eastern Principal Cordillera
EC, Eastern Cordillera
FC, Frontal Cordillera
WFC, Western Frontal Cordillera
EFC, Eastern Frontal Cordillera
SS, Subandean Ranges
Pre-C, Precordillera
PR, Pampean Ranges
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Fig. 11. Shortening estimation by applying two-end models of initial crustal thickness: thin crust in red, thick crust in blue (full line for the pre-isostatic compensa-
tion of actual topography, dashed line for the compensated Moho). Topography for the T0 is estimated by assuming isostatic compensation of the crust. The crustal
material that is incorporated into the orogenic system from the east (orange rectangle) is equal to the area of the crustal root (in light green), the area between the
Present (upper diagram) and T0 topography (in grey), after flexural/isostatic compensation, and the area filled with Cenozoic sedimentary basin deposits (in yel-
low), after flexural/isostatic compensations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this arti-
cle.)

4.4. Geodynamic modeling of the upper-plate lithospheric shortening

To evaluate how the thermomechanical structure of the crust
evolves during the different stages of crustal shortening and uplift, we
developed a general 2D geodynamic model of upper-plate lithospheric
shortening by using the geodynamic code ASPECT (Advanced Solver for
Problems in Earth's ConvecTion; Bangerth et al., 2019). As we focus on
the evolution of crustal deformation within the South American plate,
we simply simulate the dynamics of shortening from the forearc to the
foreland and neglect the subduction process to the west. This setup de-
picts a general and simple lithospheric structure, without considering
lateral variations of material properties and the particular features of
each transect.

The resolution of the 2D model domain (Fig. 12) is 500 m per ele-
ment in the lithosphere at 0–100 km depth and 7 km at 100–240 km

depth. This variable resolution allows saving computational time while
ensures a refined depiction of the lithospheric deformation pattern. Re-
garding the model geometry and parameters, we modified the initial
setup presented in Barrionuevo et al. (2021; for more details see
Supplementary Material 3). In particular, the lithospheric structure cor-
responds to the aforementioned thermomechanical structure under the
Central Andes (Fig. 10), with a thicker zone in the westernmost part,
corresponding to the forearc.

The continental lithosphere is divided into three layers with differ-
ent rock properties, which are based on laboratory-derived rheological
parameters used in previous numerical studies (e.g., Liu and Currie,
2016; Supplementary Material 3). The continental crust is between 35
and 40 km thick and the maximum depth of the LAB is 100 km. The up-
per continental crust (CUC) has a wet Black Hills quartzite rheology
(Gleason and Tullis, 1995). The lower crust (CLC) uses the same rheol-
ogy as the upper crust but is five times stronger than the wet quartzite,

Fig. 12. Geodynamic initial model setup. Material flows in from the lithosphere at the right-hand boundary (Vright) and flows out from the bottom boundary (Vbot-
tom) to maintain mass balance, which is used to simulate lithospheric shortening. The diagram shows an example of the initial effective viscosity (black solid line)
and lithospheric strength (black dashed line) profiles from the surface to 100 km depth calculated using the initial thermal structure (grey line) and a strain rate of
10−15 s−1. Note that strain rate varies during model evolution. Material parameters are given in Supplementary Material 3.

15



CO
RR

EC
TE

D
PR

OO
F

L. Giambiagi et al. Earth-Science Reviews xxx (xxxx) 104138

assuming that it is drier and less silicic. The continental lithospheric
mantle (CLM) is represented by dry olivine; and the Asthenosphere (AS)
corresponds to wet olivine with constant water content (Hirth and
Kohlstedt, 2003).

The top boundary condition is zero traction with a 10-km-thick
sticky air layer. This weak and light layer is used to approximate the
free surface in a way that allows the formation and evolution of the
faulting on the surface. To drive lithospheric shortening, we imposed a
constant horizontal shortening rate of 1 cm/yr along the lithosphere at
the right-hand boundary, which is an average estimate for the Central
Andes from the late Cenozoic (Oncken et al., 2006). We added a small
outflux velocity to the bottom boundary to maintain the mass balance.
The temperature remains at 0 °C at the surface and 1396 °C at the bot-
tom. The initial temperature increases linearly from the surface to the
bottom of the lithosphere and then adiabatically between the lithos-
phere-asthenosphere boundary and the bottom of the model (Fig. 12).
The side boundaries have conductive geotherms and no horizontal heat
flux.

5. Results

5.1. Thermomechanical structure

The output model is an assembly of 1D vertical yield strength pro-
files distributed across each of the seven E-W studied transects with a
resolution of 0.2° in longitude, which allows us to predict the strength
layering inside the upper plate (as in Fig. 10A). The results show that, in
the continental shield (column 2 in Fig. 10), a cold and strong crust is
mechanically coupled with the mantle, while in the thermally-
weakened arc region (column 1 in Fig. 10), the mantle and thick lower
crust have no strength presenting a ductile behavior and rigidity is only
concentrated in the colder mid-upper crust. The model also shows local-
ized sub-horizontal low-strength zones inside the dominantly rigid up-
per crust, which we propose may act as decollements where crustal
faults are rooted. The westward-dipping and sharp rheologic contrast
between the rigid forearc and ductile orogenic lower-crust may act as a
ramp for these decollements as has been already proposed (Tassara,
2005; Farías et al., 2010; Giambiagi et al., 2015a; Comte et al., 2019).

For each of our studied transects, Fig. 13A shows the temperature
distribution inside the upper plate that is produced by our model and
compares the modeled surface heat flow against available measure-
ments compiled from the literature. This comparison demonstrates
that, despite the simplicity of our analytical formulation of the thermal
regime in a subduction environment, the model is able to reproduce the
observed heat flow sufficiently well and can be considered a valid rep-
resentation of the temperature field for each transect. The rheological-
mechanical structure of the transects in Fig. 13B show that most of the
upper-middle crust has a brittle-elastic behavior, particularly for the
cold and rigid forearc and foreland regions, and a ductile behavior be-
low the thermally-weakened arc region. However, in the Altiplano/
Puna transects, a ductile behavior is also predicted by the model below
the Western Cordillera, Eastern Cordillera and Sub-andean ranges,
within a thin layer (< 7 km) at mid-crustal depths (5-15 km), as well as
for the entire middle and lower crust zone (i.e., deeper than 7 km) be-
low the Altiplano/Puna plateau and the western sector of the Eastern
Cordillera. This upper-crust ductile layer is also observed in the normal
subduction segments below Principal and Frontal Cordilleras, and it is
mostly controlled by the existence of a relatively shallow LAB under-
neath the orogenic axis.

The flat-slab domain (30° and 32.4°S transects) is characterized by a
relatively shallow subduction angle (Cahill and Isacks, 1992; Tassara
and Echaurren, 2012) and a lack of active arc-related magmatism, re-
sulting from the eastward migration of the asthenospheric wedge
(Pilger, 1981; Kay et al., 1988). Here, the thermomechanical model

suggests that the upper crustal low-strength layer is rather thin, due to
the cold flat-slab thermal structure implied by a deep LAB (Fig. 13).

As has been mentioned above, the roof of the low-strength zones in
the upper and lower crust are controlled in our thermomechanical
model respectively by the depth to the 250° and 550 °C isotherms. In
the Supplementary Material 1, we present a sensitivity analysis for each
transect showing how the depth to these isotherms vary with possible
changes of H0 (±2 μW/m3), k (±1.5 W/m°K) and Tp (±250 °C)
around their selected mean values (Table A.1 in Supplementary Mater-
ial 1). For both isotherms, the effect of changing k and H0 is much larger
than changes in Tp, mostly for regions of thick upper crust. The shal-
lower 250 °C isotherm is less sensitive to these changes than the deeper
550 °C isotherm. For those particular regions where the base of the up-
per crust is deeper than the 250 °C (delimiting shallow low-strength
zones), we can conclude that the applied changes in thermal parame-
ters imply maximum variations in the depth to the 250 °C of ±5 km.
Moreover, even in the coolest models (i.e., lowest values of H0 and Tp,
highest value of k), this isotherm is still shallower than the base of the
upper crust, implying that the shallow low-strength zones are a robust
feature of our model. The position for the roof of the deeper low-
strength zone is less well constrained since the 550 °C isotherm can ex-
hibit variations of ±10 km around the mean depth.

This sensitivity analysis is also useful for discussing the possible ef-
fect that uncertainties in the depth of the LAB could have in the derived
thermomechanical structure. In the conceptual framework of our ther-
mal model, the LAB depth plays the primary role in controlling the ther-
mal structure of the conductive lithosphere in the eastern part (arc and
backarc region) of the cross sections. The commonly smooth geometry
of the LAB in the model of Tassara and Echaurren (2012) is loosely con-
strained by available S-wave seismic tomographies at the time of publi-
cation (Feng et al., 2004, 2007), measured surface heat flow and the
weak gravity effect of the relatively small density anomaly between
lithospheric and asthenospheric mantle. Seismic images of the LAB pub-
lished after Tassara and Echaurren (2012) along the Andean margin are
scarce and mostly based on S-wave receiver functions (i.e., Ammirati et
al., 2013; Heit et al., 2014; Haddon and Porter, 2018). They show a
general coincidence with the LAB geometry used by us, although some
differences up to ±15 km could locally exist underneath the Altiplano-
Puna plateau and Pampean Ranges. Changes in LAB depth for a given
value of Tp are identical to changes in Tp for a given LAB depth. Particu-
larly, the explored changes of ±250 °C in Tp along a typical continental
geotherm at mantle depths are identical to variations of the order of
±20 km in the LAB depth. Such variations are larger than differences
between seismically constrained LAB models and the one used by us,
and therefore they contribute with an uncertainty of less than ±2.5 km
in the depth of the 250 °C isotherm and ± 5 km for the 550 °C
isotherm. This implies that possible local-scale errors in the used geom-
etry of the LAB with respect to seismic models would have a minor ef-
fect on the resulting thermomechanical structure of each transect.

We must recall that our thermal model is fully based on a steady-
state conductive geotherm. For the forearc, the analytical formulation
of Molnar and England (1990) does include the effect of heat advection
by the subducted slab, but our model does not incorporate advective
contributions associated to the motion of crustal material due to
backarc shortening (as done for instance by Springer, 1999) or by
magma and/or fluid injection underneath the magmatic arc. In this
sense, this can be considered a reference conductive thermal model and
we recognize that in the case of an interconnected crustal-scale mag-
matic plumbing systems like those envisaged by several authors (i.e.,
Cashman et al., 2017; Burchardt et al., 2022) the temperature at upper
crustal levels can be largely augmented with respect to the conductive
reference. This can actually be the reason behind a slightly reduced
heat flow predicted by our model when compared against measure-
ments near the active volcanic arc in Fig. 13A. In this scenario, the ef-
fect on the rheological stratification of the upper crust would be likely
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Fig. 13. Thermal (A) and mechanical (B) structure resulting from the analytical model. For each of the seven modeled transects (see latitude at the bottom left cor-
ner), panel A shows the temperature distribution inside the upper plate (see color scheme at the right hand of the 35°S transect). Upper insets above each transect
compares the surface heat flow resulting from the model (continuous blue line) with measured values and their uncertainties (in mW/m2) as compiled from the liter-
ature (Yamano and Uyeda, 1990; Uyeda and Watanabe, 1982; Henry and Pollack, 1988; Hamza and Muñoz, 1996; Bialas and Kukowski, 2000; Muñoz and Hamza,
1993; Grevemeyer et al., 2003, 2005, 2006; Kudrass et al., 1995; Springer and Förster, 1998; Hamza et al., 2005; Flueh and Grevemeyer, 2005; Collo et al., 2018).
Panel B shows the derived strength layering inside the overriding upper plate. Colors indicate yield strength (see color scheme at the right hand of the 35°S transect)
showing strong regions (high-strength layers) in blue-green and weak zones (low-strength layers) in brownish-to-white colors. In both panels the continuous green
and red lines mark respectively the geometry of the Intracrustal Density Discontinuity (ICD) and Moho, dashed purple line is the Lithosphere-Asthenosphere Bound-
ary (LAB) and the gray area is the subducted slab, which geometries are from Tassara and Echaurren (2012). Vertical exaggeration x1.5. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

similar to what our sensitivity tests show when increasing H0 and Tp or
reducing k, which produce a shallowing of the roof of the upper crustal
low strength zone by some kilometers.

5.2. Kinematic models with thermomechanical constraints

In the following, we describe the structural forward modeling that
results in the present configuration constrained by the thermomechani-
cal models. We describe the main deformational events in different
crustal domains that constraint the activity of different decollements.
Data of this section are summarized in Table 2 and in Supplementary
Material 2.

5.2.1. The Altiplano transect (22°S)
The Altiplano (22°S) is modeled with two decollements, the Alti-

plano/Puna (APD), and the Main Andean (MAD), in agreement with
previously proposed models suggesting a complete disconnection be-
tween main deep structures (Elger et al., 2005; Martinod et al., 2020).
We configure the time zero (T0, >45 Ma, Fig. 14) with a previous con-
traction in the proto-Domeyko Range and strike-slip movement along
the Atacama fault system. We model the first stage T1 (45-40 Ma) with
movement along the APD associated with 35 km of shortening distrib-
uted between the Domeyko Range and the Khenayani-Uyuni fault sys-
tem in Western Cordillera. The proto-Eastern Cordillera is deformed by
east-directed faults. The APD is located below the plateau, at a depth
between 8 and 18 km, and is connected at depth with a west-dipping
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Table 2 (continued)
Summary of the phases of construction of the transects analyzed in the Southern Central Andes and the associated crustal shortening (Sh) and thickening (Zm) for
every step of the forward modeling. Numbers next to the foreland basins correspond to the studies of: 1) Elger et al., 2005; 2) Uba et al., 2006; 3) Alonso, 1992;
Carrapa and DeCelles, 2008; 4) Siks and Horton, 2011; Pingel et al., 2019; 5) Carrapa et al., 2008; 6) Dávila et al., 2012; 7) Beer et al., 1990; Re et al., 2003;
Ruskin and Jordan, 2007; Fosdick et al., 2017; 8) Reat and Fosdick, 2018; Mardones et al., 2021; 9) Richard, 2020; 10) Giambiagi et al., 2003; Porras et al.,
2016; 11) Buelow et al., 2018; 12) Horton et al., 2016.
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(10° to 20°) shear zone, previously highlighted by the ANCORP project
(Oncken et al., 2003). Flexural subsidence is generated in Calama and
Lipez basins.

During the next stage (T2, 40-35 Ma), 50 km of shortening is fo-
cused on the Western Cordillera, the easternmost Altiplano and the
Eastern Cordillera. The Domeyko Range becomes affected by dextral
strike-slip faults, such as the West Fault, but it is passively uplifted by
the ramp of the APD decollement. Flexural subsidence is generated in
the Lípez basin and the foredeep basins during T2 and T3 (35 to
30 Ma), resulting from the uplift of the Western Cordillera, Eastern
Cordillera and central Altiplano. During T3, the West Fault system
changed its strike-slip movement from dextral to sinistral, while defor-
mation of the western Eastern Cordillera propagated westward together

with the development of the Main Andean decollement (MAD). Our
thermomechanical model suggests that the MAD extends westward, be-
low the Eastern Cordillera, where a sharp contact between high and low
strength zones exists. In our kinematic model, we extend this decolle-
ment toward the west, until 66.3°W and 65.9°W, in the Altiplano and
Puna transects, respectively, where it roots into a ductile shear zone.
This zone is a low-strength zone that reaches shallow depths below the
Western Cordillera, Altiplano/Puna and Eastern Cordillera, and in-
cludes the mid-crustal zone of low-seismic velocity, called the Altiplano
Low Velocity Zone by Yuan et al. (2002).

Between 30 and 21 Ma, T4 stage, extensional deformation is local-
ized in the Calama and Salar de Atacama basins, associated with a sinis-
tral/normal movement of the West Fault system. Contractional defor-
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Fig. 14. Forward modeling of the Altiplano transect (22°S). Time 0 has been set to pre-45 Ma. By this time, deformation has been focused only in the Domeyko
Range. During the next stages (T1 to T7), the crust is shortened by incorporating the equivalent of the crustal area (in black) into the crustal root, while the sub-
duction zone is fixed. The length of the black area indicates the amount of crustal shortening achieved in each stage, calculated from the kinematic forward mod-
eling +14% (14% is the difference between the crustal area balance and the kinematic forward modeling shortening estimates, see Table 1). APD: Altiplano/Puna
decollement, and MAD: Main Andean decollement. Red and black lines indicate active and inactive faults, respectively. Orange color in T7 indicates low-strength
zones according to the thermomechanical model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

mation is focused only on the Eastern Cordillera, achieving 35 km of
shortening.

During stage T5 (21-14 Ma), 55 km of shortening are accommo-
dated along the MAD, associated with deformation and main exhuma-
tion of the Eastern Cordillera. The Khenayani-Uyuni fault system gets
deactivated, and regional strike-slip faults crosscut the previous thrusts.
During stage T6 (14-7 Ma), deformation concentrated along the eastern
sector of the MAD, below the eastern part of the Eastern Cordillera and
the Sub-Andean ranges, which absorbs ~55 km of shortening. Flexural
subsidence is created in the Chaco-Paraná foreland basin starting at
12.4 Ma.

During the last stage T7 (7-0 Ma), the Sub-Andean belt is modelled
as a thin-skinned fold-and-thrust belt connected to a shallow-dipping

decollement at 8-14 km depth, with 60 km of shortening focused in the
eastern segment of the MAD.

5.2.2. The Puna transect (24°S)
For the time zero (T0, Fig. 15), we model the inversion of the Meso-

zoic Domeyko basin, the Salar de Atacama/Salar de Punta Negra fore-
land basin. This inversion generates a thick crust below the Domeyko
Range (40 to 45 km), while a thinner than normal crust is present be-
low the actual Santa Bárbara range as a result of the Cretaceous Salta
rift.

During the next step (T1, 45-40 Ma), the Domeyko system and the
westernmost Western Cordillera are shortened 30 km and the foredeep
basin subsides 1500 m. During T2 (40-35 Ma), 45 km of shortening is
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Fig. 15. Forward modeling of the Puna transect (24°S). Time T0 has been set to pre-45 Ma. By this time, deformation has been focused only in the Domeyko Range.
Pre-existing faults are in dashed violet lines. During the next stages (T1 to T7), the crust is shortened by incorporating the equivalent of the crustal area (in black)
into the crustal root, while the subduction zone is fixed. The length of the black area indicates the amount of crustal shortening achieved in each stage, calculated
from the kinematic forward modeling +15% (15% is the difference between the crustal area balance and the kinematic forward modeling shortening estimates, see
Table 1). APD: Altiplano/Puna decollement, MAD: Main Andean decollement. COT: Calama-Olacapato-El Toro fault system. Red and black lines indicate active and
inactive faults, respectively. Orange color in T7 indicates low-strength zones according to the thermomechanical model. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

focused on the eastern Domeyko Range, Western Cordillera and the
proto-Puna. The Puna is deformed with east-directed thrusts and west-
directed back-thrusts rooted into the APD. At the end of this stage,
strike-slip faults affect the Domeyko Range.

The first uplift of the Eastern Cordillera is modeled with the reacti-
vation of pre-existing faults, during T2, which generate flexural subsi-
dence in delimiting basins such as Salinas Grandes and Humahuaca

basins. During T3 (35-28 Ma), the APD propagates eastward with de-
formation concentrated in the eastern Puna. During this stage, the crust
achieves its maximum thickness below the Domeyko system, and the
crustal root expands laterally towards the east.

During T4 (28-21 Ma), 35 km of shortening is focused on the east-
ernmost Puna and Eastern Cordillera. During the next stage (T5, 21-
14 Ma), there is an eastward shift of thrusting, with 45 km of shorten-

22



CO
RR

EC
TE

D
PR

OO
F

L. Giambiagi et al. Earth-Science Reviews xxx (xxxx) 104138

ing concentrated along the MAD. During T6 (14-7 Ma), the uplift of the
westernmost Eastern Cordillera is modeled with movement along the
MAD ramp. By this time, the APD becomes completely deactivated,
while sinistral strike-slip faulting affects the Puna and the Eastern
Cordillera. During the last stage T7 (7-0 Ma), 40 km of shortening is ab-
sorbed along the MAD, associated with the development of the Santa
Barbara system as a bivergent thick-skinned fold-and-thrust belt.

5.2.3. The Southernmost Puna transect (27.6°S)
The core of the 27.6°S transect is modeled with movement along the

Frontal Cordillera (FCD) and Eastern Main (EMD) decollements (Fig.
13). The incipient development of a shallow low-strength zone below
the Pampean Ranges, inferred from the thermomechanical transect, is
used to propose the existence of the active Pampean Range decollement
(PRD) below this mountain belt. The EMD corresponds to a low-angle,
west-dipping decollement placed in the upper ductile zone and rooted
into the lower ductile low-strength zone.

Time T0 (Fig. 16) is modeled with a thick crust in the present fore-
arc and the westernmost sector of the Frontal Cordillera (35-40 km
thick), produced by the Late Cretaceous contractional period. During
stage T1 (45-38 Ma), the FCD is active and is responsible for the uplift
of the western Frontal Cordillera. This creates flexural subsidence in the
Eocene foreland basin. At the end of this stage, a first uplift of the Pam-
pean Ranges is modelled with reverse reactivation of deeply-seated
faults.

During stage T2 (38-23 Ma), the crust reaches 45 km below the
Maricunga volcanic belt. The uplift of the Frontal Cordillera generates
flexural subsidence in the Valle Ancho basin. During this stage, the
Pampean Ranges register another pulse of uplift and exhumation. At
the beginning of stage T3 (23-15 Ma), shortening is focused on the east-
ern Frontal Cordillera, with movement along the FCD, where the crust
achieves a thickness of >50 km, and in the Puna and Precordillera,
with movement along the EMD. As a result, the Fiambalá basin starts to
subside.

Deformation propagates to the east, reaching the Fiambalá basin
during stage T4 (15-10 Ma), and faults of the westernmost sector of the
Pampean Ranges reactivate. The crust thickens up to 60 km below the
Southern Puna. Deformation is focused in the Precordillera and the
eastern sector of the Pampean Ranges during the next stage (T5, 10-
5 Ma). During the next stage T6 (10-0 Ma), both EMD and PRD decolle-
ments are active and contractional deformation is focused on the east-
ern Precordillera and both western and eastern Pampean Ranges.

5.2.4. The flat-slab transect (30°S)
The 30°S transect is modeled with two disconnected decollements:

the Frontal Cordillera (FCD) and the Precordillera (pCD) decollements,
following Mardonez et al. (2020) and Mardonez et al. (2020). The pCD
is rooted into the ductile lower crust through an upper-crust ramp pre-
viously proposed by Ammirati et al. (2018) with receiver function
analysis.

Time zero (T0 > 45 Ma, Fig. 17) is modeled with a normal forearc
and back-arc crust. The first stage of shortening (T1, 45-30 Ma) is mod-
eled with 38 km of shortening and the generation of a back-to-back tec-
tonic wedge with thrusts and back-thrusts uplifting both the Principal
Cordillera and the western sector of the Frontal Cordillera. Subsidence
is restricted to the Rodeo basin and Precordillera. During T2 (30-
20 Ma), extension, focused on the arc region, is modeled with two east-
dipping normal faults in the Frontal Cordillera. During stage T3 (20-
15 Ma), the western Frontal Cordillera is uplifted through the east-
directed Baños del Toro fault system rooted into the FCD. This uplift
creates flexural subsidence in the Rodeo basin and Precordillera.

During T4 (15-12 Ma), an eastward jump of the deformational front
is modeled with thrusting in the western Precordillera with the genera-
tion of the pCD. This generates subsidence in the Bermejo basin. At the
beginning of this phase, the FCD is still active, but it gets deactivated at

the end of the phase. During T5 (12-8 Ma), the central Precordillera
and western Pampean Ranges are deformed and uplifted, while defor-
mation ceases in the western Precordillera. This event is associated
with a pronounced flexural subsidence in the Bermejo basin. The fore-
land is deformed by west- and east-dipping main faults, related to the
uplift of the Pampean Ranges, but these faults are not interconnected to
a decollement level.

During the next stage (T6, 8-5 Ma), horizontal shortening is ab-
sorbed by reverse faults in the central Precordillera, during ongoing up-
lift of the Pampean Ranges and flexural subsidence in the Bermejo
basin. The last stage T7 (5-0 Ma) is marked by deformation of the east-
ern Precordillera which is modeled with a shallow decollement con-
nected eastward with an east-dipping ramp responsible for the uplift of
the Pampean Ranges.

5.2.5. The Aconcagua transect (32.4°S)
This transect is modeled with two decollements located below the

Principal Cordillera (PCD) and the Frontal Cordillera (FCD). Time zero
(T0 > 21 Ma, Fig. 18) is modeled from an initially thin crust below the
Mesozoic marine basin (30 to 33 km), and a normal crust below the
Pampean Ranges (35 to 38 km). Afterwards, we simulate the Late Cre-
taceous contractional event with 17 km of shortening focused along a
west-dipping decollement, and the early Oligocene-early Miocene ex-
tension with 3 km of horizontal extension following previous studies in
the western Principal Cordillera (Charrier et al., 2005, 2009; Mpodozis
and Cornejo, 2012; Piquer et al., 2016; Mackaman-Lofland et al., 2020;
Boyce et al., 2020; and references therein). The Miocene-Present con-
traction (T1, 21-18 Ma) is modeled with a ramp-flat-ramp decollement
below the Coastal Range and the Principal Cordillera.

In the next phase (T2, 18-15 Ma), the PCD ramps upwards into the
basal layers of the Mesozoic sequence and forms the Aconcagua fold-
and-thrust belt is created. The foreland is shortening with the genera-
tion of east-transported faults in the Frontal Cordillera. During the T3
period (15-12 Ma), deformation is mainly focused in the PCD and the
faults uplifting the Frontal Cordillera. This period is modeled with
movement along both PCD and FCD decollements.

Stage T4 (12-9 Ma) is modeled with movement along the PCD and
FCD. The FCD propagates eastward uplifting the western sector of the
Precordillera. By the end of this stage, the Aconcagua fold-and-thrust
belt becomes deactivated. During the T5 stage (9-6 Ma), contractional
deformation is concentrated along the FCD, promoting the uplift of the
eastern Precordillera while the PCD experiences a reactivation. During
the next stage T6 (6-3 Ma), the deformational front migrates to the east-
ernmost Precordillera.

During the last stage (T7, 3-0 Ma), horizontal shortening is accom-
modated along the easternmost sector of the FCD, the Cacheuta basin
experiences uplift and denudation, and the Pampean Ranges uplift cre-
ating a broken foreland.

5.2.6. The Maipo/Tunuyán transect (33.6°S)
In a similar way to the 32.4°S transect, the 33.6°S transect (Fig. 13)

is modeled with two decollements: the Principal Cordillera (PCD) and
the Frontal Cordillera (FCD) decollements. The PCD has a ramp-flat
geometry and is responsible for the uplift and exhumation of the west-
ern Principal Cordillera. Below the Aconcagua fold-and-thrust belt, it
flattens and generates the Aconcagua orogenic wedge. The time zero
(T0, Fig. 19) corresponds to the late Eocene to early Miocene exten-
sional event that generates the Abanico intra-arc basin.

The Cenozoic compressional event starts between 21 and 18 Ma
(T1), with the inversion of the Abanico basin. We model this stage with
movement along both west- and east-directed faults, which uplift the
western Principal Cordillera. During stage T2 (18-15 Ma), the
Aconcagua fold-and-thrust belt starts to develop, and the Frontal
Cordillera has its first uplift. Both ranges produce flexural subsidence in
the Alto Tunuyán and Cacheuta basins.
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Fig. 16. Forward modeling of the Southernmost Puna transect (27.6°S). Time 0 has been set to pre-45 Ma. By this time, deformation was focused only on the Coastal
Range and the Domeyko Range. During the next stages (T1 to T6), the crust is shortened by incorporating the equivalent of the crustal area (in black) into the crustal
root, while the subduction zone is fixed. The length of the black area indicates the amount of crustal shortening achieved in each stage, calculated from the kinematic
forward modeling +9.5% (9.5% is the difference between the crustal area balance and the kinematic forward modeling shortening estimates, see Table 1). FCD:
Frontal Cordillera decollement, EMD: Eastern Main decollement, PRD: Pampean Ranges decollement, PreC: Precordillera. Red and black lines indicate active and in-
active faults, respectively. Orange color in T7 indicates low-strength zones according to the thermomechanical model. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

During T3 (15-12 Ma), shortening is mainly absorbed in the
Aconcagua FTB by movement along the PCD. During T4 (12-9 Ma),
both the PCD and the FCD are active through back-thrusting and out-of-
sequence faults. During T5 (9-6 Ma), there is an important uplift of the
eastern Frontal Cordillera along the FCD. However, the PCD is still ac-
tive, and is responsible for the back-thrust activity and exhumation of
the western Principal Cordillera.

During T6 (6-3 Ma), the PCD becomes inactive, and shortening is
absorbed in the eastern Frontal Cordillera, with generation of frontal
thrusts affecting the Cacheuta basin and the inversion of the Triassic

Cuyo basin. During the last stage (T7, 3-0 Ma), shortening is accommo-
dated in the FCD and the westernmost sector of the PCD with move-
ments along the San Ramón fault.

5.2.7. The Tinguiririca/Malargüe transect (35°S)
The 35°S transect is modeled with one gently-west-dipping main

decollement (MD), located between 10 and 15 km in depth. This
decollement has a ramp-flat geometry, similar to the PCD we model in
the 32.6° and 33.6°S transects. The ramp is located below the western-
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Fig. 17. Forward modeling of the flat-slab transect (30°S). Time 0 has been set to pre-45 Ma. By this time, deformation has been focused only on the Coastal
Range. During the next stages (T1 to T7), the crust is shortened by incorporating the equivalent of the crustal area (in dark grey) into the crustal root, while the
subduction zone is fixed. Active faults are in red. Inactive faults, developed in previous stages, are in black. The length of the black area indicates the amount of
crustal shortening achieved in each stage, calculated from the kinematic forward modeling +12% (12% is the difference between the crustal area balance and
the kinematic forward modeling shortening estimates, see Table 1). FCD: Frontal Cordillera decollement, pCD: Precordillera decollement. Orange color in T7 indi-
cates low-strength zones according to the thermomechanical model. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

most sector of the Principal Cordillera, while the flat segment is under-
lying the Malargüe fold-and-thrust belt. Time zero (T0, Fig. 20) corre-
sponds to the Late Cretaceous deformation, modeled with a 35-to-40-
km-thick crust, below the arc and back-arc region.

During T1 (16-13 Ma), the MD is created, and the Mesozoic normal
faults are reactivated. This contraction produces flexural subsidence in
the Malargüe foreland basin. The following period (T2, 13-10 Ma)
records further advance of the deformation towards the foreland mod-
eled with an eastward prolongation of the main decollement. Out of se-

quence activity in the westernmost structures takes place likely during
this stage.

Deformation propagates eastward during T3 (10-6 Ma) and T4 (6-
3 Ma), but out-of- sequence deformation is modeled inside the fold-and-
thrust belt. Finally, the last period T5 (3-0 Ma) corresponds to 9 km of
shortening transferred from the main decollement the faults along the
orogenic front.
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Fig. 18. Forward modeling of the Aconcagua transect (32.4°S). Time 0 has been set to pre-21 Ma. We model Time 0 with extension along the Triassic Cuyo basin,
Upper Cretaceous contraction, focused in the western sector of the Principal Cordillera, and Oligocene – early Miocene extension, generating the Abanico intra-arc
basin. During the next stages (T1 to T7), the crust is shortened by incorporating the equivalent of the crustal area (in black) into the crustal root, while the subduc-
tion zone is fixed. Active faults are in red, inactive faults are in dashed black lines. The length of the black area indicates the amount of crustal shortening achieved
in each stage, calculated from the kinematic forward modeling +10% (10% is the difference between the crustal area balance and the kinematic forward modeling
shortening estimates, see Table 1). PCD: Principal Cordillera decollement, FCD: Frontal Cordillera decollement. Orange color in T7 indicates low-strength zones ac-
cording to the thermomechanical model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this arti-
cle.)
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Fig. 19. Forward modeling of the Maipo transect (33.6°S), modified from Giambiagi et al. (2015a). Time 0 has been set to pre-21 Ma and modeled with extension
along the Triassic Cuyo basin and the Jurassic Neuquén basin, Upper Cretaceous contraction, focused in the western sector of the Principal Cordillera, and Oligocene
– early Miocene extension, generating the Abanico intra-arc basin. During the next stages (T1 to T7), the crust is shortened by incorporating the equivalent of the
crustal area (in black) into the crustal root, while the subduction zone is fixed. Active faults are in red, inactive faults are in black lines. The length of the black area
indicates the amount of crustal shortening achieved in each stage, calculated from the kinematic forward modeling +5% (5% is the difference between the crustal
area balance and the kinematic forward modeling shortening estimates, see Table 1). PCD: Principal Cordillera decollement, FCD: Frontal Cordillera decollement.
Orange color in T7 indicates low-strength zones according to the thermomechanical model. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

◀

Fig. 20. Forward modeling of the Tinguiririca transect (35°S). Time 0 has been set to pre-16 Ma. We model Time 0 with extension along the Jurassic Neuquén basin,
and Late Cretaceous contraction, focused in the western sector of the Principal Cordillera. During the next stages (T1 to T6), the crust is shortened by incorporating
the equivalent of the crustal area (in black) into the crustal root, while the subduction zone is fixed. Active faults are in red, inactive faults are in dashed black lines.
The length of the black area indicates the amount of crustal shortening achieved in each stage, calculated from the kinematic forward modeling +4% (4% is the dif-
ference between the crustal area balance and the kinematic forward modeling shortening estimates, see Table 1). MD: Main decollement. LBD: Los Blancos depocen-
ter. Orange color in T7 indicates low-strength zones according to the thermomechanical model. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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5.3. Geodynamic modeling of the upper-plate lithospheric shortening

The results of the deformation evolution obtained from the geody-
namic model of the upper-plate lithospheric shortening are shown in
Fig. 21. This evolution is set up in stages related to the amount of hori-
zontal shortening. The first stage, after 5 km of shortening, shows a
pure-shear shortening mode with deformation uniformly distributed in
the hottest and weakest region of the model domain (Fig. 21A-B). The
two crustal shear zones show different polarities and doubly vergence
of westward and eastward dipping ~45°. The left one penetrates into
the deep Moho, while the right one is rooted in the shallow ductile
lower crust.

After 30 km of shortening, the crust thickens to ~40-45 km and
forms an upper-crustal wedge along the decollement zone within the re-
gion of the left east-vergent shear zone in the first stage (Fig. 21C). Un-
der the wedge, a zone of lower viscosity relative to the surrounding
area is formed at the base of the upper crust, while the crustal root ap-
pears in the Moho (Fig. 21D). Furthermore, pre-existing faults located
near the right east-vergent shear zone in the first stage tend to reacti-
vate with the formation of another low-viscosity zone.

The crust thickens further with continued shortening and its root be-
comes wider and deeper, reaching thicknesses of 55 km and > 60 km
after shortening by 80 km and 135 km, respectively (Fig. 21E-H). Dur-
ing the 80-km-shortening stage, a new crustal shear wedge is developed
farther east of the first one due to the maturation of the second low-
viscosity zone along a new eastward decollement (Fig. 21E-F).

At 135 km of shortening (Fig. 21G-H), a third low-viscosity zone is
evolving as the decollement propagates eastward, resulting in deforma-
tion migrating toward the cold foreland without crustal root. Mean-

while, a high-topography hinterland with the thickest crust in the sys-
tem has grown over the two crustal wedges formed in the first three
wedge stages.

Our geodynamic model effectively reproduces the general evolution
of crustal deformation as observed with the kinematic models described
above for the Southern Central Andes. However, it is important to note
that a major limitation in our model is the absence of any phase trans-
formation processes, such as crustal eclogitization, which could be an
essential driver for delamination and resultant lithospheric thinning
(Krystopowicz and Currie, 2013). In addition, it is also necessary to
consider the subduction dynamics in the west and the lateral variation
between transects in future geodynamic models.

6. Discussion

6.1. Integrated model of crustal anatomy of the Southern Central Andes

The critical wedge theory (Dahlen et al., 1984; Dahlen and Barr,
1989) assumes that the overall shape of the fold-and-thrust belt can be
reproduced by a wedge of rocks having a brittle behavior and friction-
ally sliding above a basal decollement. This analogy has been widely
applied where a sedimentary cover is detached from the underlying
basement along a shallow decollement, forming a thin-skinned thrust
belt such as the Sub-Andean belt (22°S transect) or the Argentinean Pre-
cordillera (30°S transect). However, how far these decollements extend
into the hinterland is a matter of debate (Martinod et al., 2020). At a
greater depth, when the belt widens and the elevation of the hinterland
increases, the wedge acquires a dimension where the premise of fric-
tional behavior is difficult to achieve (Dahlen and Barr, 1989; Willett et

Fig. 21. Geodynamic model results showing the evolution of deformation and viscosity. A-B) After 5 km of shortening, the deformation is uniformly distributed in
crustal shear zones dipping 45°. C-D) By 30 km of shortening, an upper crustal wedge is developed along the east-vergent decollement, accompanied by the forma-
tion of a low-viscosity zone at its bottom. E-F) After 80 km of shortening, a new crustal shear wedge accommodates deformation farther east. G-H) At 135 km of
shortening, the deformation migrates eastward from the hot high-topography hinterland to the cold foreland. CUC: continental upper crust; CLC: continental lower
crust; CLM: continental lithospheric mantle; AS: Asthenosphere.
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al., 1993; Jamieson and Beaumont, 2013). Our thermomechanical and
geodynamic models suggest that, at a certain depth, the decollement
would be located in a low-strength, thermally activated, creeping shear
zone (Willett et al., 1993), where the critical taper-wedge model may
not apply. These shear zones are the product of vertical variations in
crustal strength. The high-strength upper- and middle-crustal zones
with competent elastic behavior are separated by a sub-horizontal re-
gion of low strength, located at the base of the upper crust (Figs. 13 and
21). According to our model, the role of this weak, low-strength zone is
crucial to the development of a nearly flat decollement and has to be
evaluated to propose a kinematic model for the construction of the oro-
genic system. Our results suggest that the active decollements (Fig. 22,
red lines) are the ones located at the easternmost portion of the oro-
genic system at surface, while their westward extension at depth are
rooted into the middle-lower ductile crust (Fig. 21), where the crust is
thick enough to promote crustal flow.

Moreover, along- and across-strike variations in the Cenozoic geo-
logical history of the Southern Central Andes compiled in our forward
kinematic models, as well as the results from the geodynamic model, in-
dicate that these active decollements were the last ones to be generated.
This pattern suggests that the eastward-transport kinematic models are
the most suitable to explain the tectonic development of the orogenic
system, as a whole. Moreover, it agrees with the substantial difference
in the amount of crustal shortening absorbed on the western and east-
ern slopes of the orogenic system (Echaurren et al., 2022). It also agrees
with the models proposed for the Altiplano by Elger et al. (2005) and
Oncken et al. (2012), characterized by two disconnected decollements
instead of a single, eastward-growing crustal wedge (McQuarrie, 2002,
2005). This interpretation is also shared by Martinod et al. (2020), who
suggest that the widest sector of the Central Andes does not correspond
to the eastward expansion of a single orogenic wedge, but rather to the
presence of two distinct crustal wedges, a western one deforming the
Western Cordillera and the Altiplano/Puna plateau, and an eastern one
affecting the Eastern Cordillera and foreland ranges. Our geodynamic
model reinforces this suggestion, favoring the generation of two inde-
pendent crustal wedges, with the eastern wedge being the youngest.

According to our model, there is a marked along-strike, southward
decrease in crustal shortening and crustal thickness from 22 to 35°S, re-
flected in a reduction of more than seven times in the magnitude of
Cenozoic shortening (from ~325 to 46 km) and three times in the
crustal root width (from ~526 to 170 km) (Fig. 22, Table 1). It is note-
worthy that this trend is not coupled with the first-order segmentation
of the Andes controlled by dip changes in the oceanic slab (e.g., Kay et
al., 2009; and references therein), but agrees with the gradual and sys-
tematic decrease in the Eocene-Present crustal shortening values from
the axis of the Andean orocline to the south (Isacks, 1988; Somoza et
al., 1996; Kley, 1999; Prezzi and Alonso, 2002; Allmendinger et al.,
2005; Arriagada et al., 2006; Giambiagi et al., 2012; Eichelberger et al.,
2013; Horton, 2018).

When comparing our calculated shortening achieved during the
middle-late Eocene (45-35 Ma), the Oligocene-early Miocene (35-
20 Ma), the middle Miocene (20-10 Ma) and the late Miocene-
Quaternary (10-0 Ma), a similar steady southward decay is identified
(Fig. 22B). However, when comparing the shortening rates for the dif-
ferent time periods (Fig. 23), it is observed that the southward-
decreasing shortening absorbed by the Southern Central Andes is not
equally distributed during the Cenozoic. Instead, during the first Ceno-
zoic contraction period (middle-late Eocene, 45-32 Ma), shortening
was partitioned into rates of 7-10 mm/yr and ~ 2 mm/yr at the 22 and
27°S transects, respectively. Furthermore, the middle-late Eocene com-
pressional phase only affects the segment north of 30°S (Oncken et al.,
2012; Lossada et al., 2017; Faccenna et al., 2017). Interestingly, the
shortening rates for the northern transects (22-32°S) converge to maxi-
mum values of ~6-8 mm/yr during the second Cenozoic contraction

period (15-10 Ma) that, except for the northernmost transect at 22°S,
decrease at similar rates during the Pliocene-Quaternary (Fig. 23).

This suggests that the present-day crustal anatomy of the Southern
Central Andes is the result of a superposition of first-, second- and third-
order controls. The first-order controls are responsible for the steady
decrease, from the axis of the Andean orocline (20°S) to the south, of
the amount of shortening and crustal thickening, as well as the width of
the crustal root. It is also responsible for the different onset of deforma-
tion during the first Cenozoic event. One of these controls might be the
subduction rate relative to the convergence rate that controls the ad-
vancing or retreating subduction type (Heuret and Lallemand, 2005;
Doglioni et al., 2007). This ratio is related to variations in the slab
thickness, controlled by the age of the Nazca plate at the trench (Yáñez
and Cembrano, 2004; Capitanio et al., 2011). At the central part of the
Andean orogen, where the slab is the oldest (50 Myr), the thick slab dri-
ves more traction towards the trench at the base of the continental plate
(Capitanio et al., 2011), explaining the strong symmetry of the Central
Andes. The ratio may also be controlled by sub-lithospheric dynamic
processes such as subduction-induced mantle flow (Wdowinski and
O’Connell, 1991; Schellart et al., 2007; Faccenna et al., 2017), and the
resistance to slab retreat which is most significant in the center of the
subduction zone (Husson et al., 2012; Schellart, 2017).

All these processes promote both the onset of Cenozoic contraction
and the highest shortening rates at the axis of the Central Andes. Sec-
ond-order controls, such as the convergence velocity and obliquity
(Pardo-Casas and Molnar, 1987; Somoza, 1998; Quiero et al., 2022),
are well correlated with the two periods of orogenic construction, the
middle-late Eocene and the Miocene. Both contractional pulses oc-
curred between periods of quasi-stationary convergence rates and
changing tectonic conditions: while the first event took place during in-
creasing convergence and orthogonality, the second one occurred si-
multaneously to convergence rates decreasing from a maximum value
achieved after the break-up of the Farallon plate into the Nazca plate
(Fig. 23C). Potential controlling factors over the diminishing of conver-
gence rates during the second period include the anchoring of the
Nazca plate at the 660 km-mantle discontinuity, taking place ~10-8
Myr after the breakup of the Farallon plate (Quinteros and Sobolev,
2013). Given the correlation of this latter event with the decrease of
shortening rates, an additional control has been assigned to the increase
of gravitational potential energy as the cordillera grows and shear
stresses increase at the interplate megathrust (Norabuena et al., 1999;
Iaffaldano et al., 2006; Quiero et al., 2022). During the second event of
Andean orogenesis, different segments between 22 and 33°S show simi-
lar shortening rates, regardless of both their different previous orogenic
development and their link with slab dynamics. While subduction and
deep-mantle dynamics are first- and second-order controlling factors of
the onset of Cenozoic contraction, our data suggest that third-order
controls are related to variations both in crustal strength of the overrid-
ing-plate and in its mechanical weakening during the orogenic con-
struction. In turn, the latter parameters are controlled to a great extent
by the inherited compositional/lithological configuration of the conti-
nental crust, as previously proposed (Allmendinger et al., 1997; Tassara
and Yáñez, 2003; Tassara, 2005; Mescua et al., 2014, et al., 2016). An-
other third-order control that might be considered is the out-of-the
plane movement of crustal material which is not contemplated by our
two-dimensional approach.

6.2. Relationship between crustal anatomy and seismicity

As has been proposed for many orogens around the World (Maggi et
al., 2000), most non-subduction earthquakes in the Central Andes occur
in the upper-middle crustal seismogenic layer, while the orogenic lower
crust is completely aseismic. Tassara et al. (2007) and Ibarra et al.
(2021) highlight the correlation between large lateral gradients in
strength and location of active deformation and seismicity in the Alti-
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Fig. 22. A) Results for the seven kinematically-modelled transects (see locations in Fig. 1): Altiplano (22°S), Puna (24°S), Southernmost Puna (27.6°S), flat-slab
(30°S), Aconcagua (32.4°S), Maipo (33.6°S) and Malargüe (35°S), with the subducted Nazca plate (grey lines), present-day Moho (green lines) and lithosphere/as-
thenosphere boundary (dashed red lines). Areas of predicted low strength and ductile behavior are highlighted in orange. Active decollements (in red) are located in-
side the uppermost part of the low-strength areas. Seismicity was selected considering a band of 0.25° width from north to south of the actual latitude and with a
threshold of Mw > 2.5. CR: Coastal Range, DD: Domeyko Range, WC: Western Cordillera, EC: Eastern Cordillera, SR: Sub-Andean ranges, SB: Santa Bárbara system,
PC: Principal Cordillera, FC: Frontal Cordillera, Pre-C: Precordillera. B) and C) Four parameters are compared for each of the cross-sections: (i) maximum crustal
thickness, (ii) crustal root width (>45 km), (iii) total horizontal shortening (with errors), and (iv) shortening rates for the 45-35 Ma, 35-20 Ma, 20-10 Ma and 10-
0 Ma periods (Supplementary Material, Table A2). The comparison of these parameters indicates a close relationship between crustal root width and total amount of
shortening, and the numbers of decollements responsible for the crustal deformation. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

plano/Puna latitudes. Of significant importance in convergent orogens
is the middle-crust, high-strength zone (Royden, 1996; Vanderhaeghe
et al., 2003), located below the upper low-strength zone. This zone is
present below the Eastern Cordillera, the western sector of the Santa
Bárbara system, the Frontal Cordillera, the Precordillera and the

Malargüe FTB (Fig. 22). Our model suggests that the juxtaposition of
two low- and high-strength layers promotes strain localization in the
ductile, low-strength zone and the generation of a decollement. The up-
per and lower high-strength layers with predicted elastic/plastic behav-
ior by our thermomechanical modeling, are subjected to high compres-
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Fig. 23. A) Location of the seven cross-sections of the Southern Central Andes with color-coded symbology. B) Shortening rates vs time for the different transects.
Two periods of maximum shortening rates can be clearly distinguished (gray rectangles), separated by a period of extension that affected the southern sector (30-
35°S). During the first period (middle-late Eocene), there is a clear pattern of shortening rate decrease from north (22°S) to south (30°S). No Eocene deformation is
registered further south. During the second period (Miocene), the shortening rate patterns are more complex indicating the superposition of different first-, second-,
and third-order controls. C) Nazca-South America orthogonal convergence rates in the trench, based on relative plate motions from poles of rotations from Bello-
González et al. (2018) for the 60-28 Ma period, and from Quiero et al. (2022) for the 28-0 Ma period.

sive stress and are seismically active (Fig. 22). In contrast, due to the
aseismic creeping behavior of the decollements, seismicity is not con-
centrated along them. Few earthquakes are detected inside these low-
strength zones, which are not likely related to frictional sliding, but to
frictional-viscous behavior (Scholz, 1990). Seismicity inside these
zones may reflect the fact that their elastic/elasto-plastic properties can
sustain higher seismic strain rates than the ones necessary to activate
dislocation or diffusion creep (Kirby et al., 1991).

In the western sector of the plateau transects (22-27°S), crustal seis-
mic events are distributed within the entire crust through subvertical
zones, mainly in the cold and rigid fore-arc and in the Domeyko Range
(Fig. 22). Stress inversion from focal mechanisms in the fore-arc indi-
cates a compressional region with N-S compression (González et al.,
2015; Herrera et al., 2021). Neotectonic kinematic interpretation of
these subvertical seismic zones in the Domeyko Range, along with focal
mechanism inversion, suggest a strike-slip regime with active N to NE-
striking, dextral strike-slip shear zones (Fig. 22), absorbing the parallel-
to-the-trench vector of the oblique subduction (Victor et al., 2004;
Cembrano and Lara, 2009; Salazar et al., 2017; Santibáñez et al., 2019;
Herrera et al., 2021). In the eastern sector of the plateau transects,
earthquakes are restricted to the crust that is being underthrusted under
the Main Andean decollement. The area with high-strength is the most
active in the foreland, reflecting a concentration of stress in the elastic/
plastic field as a result of a thinner crust when compared with the
crustal shield to the east.

In the 30°S transect, the flattening of the subducted slab extends for
hundreds of kilometers and concentrates up to 3-5 times greater seismic

energy release at the foreland as a result of the cooling of the upper
lithosphere (Gutscher et al., 2000). The seismicity is located in the fore-
land, below the western and eastern borders of the Precordillera and
the entire Pampean Ranges, at depths between 10 and 50 km (Fig. 22)
(Smalley and Isacks, 1990; Pardo et al., 2002; Ramos et al., 2002; Rivas
et al., 2019). Although different depths of decollements have been pro-
posed for the Pampean Ranges (see Ramos et al., 2002; Richardson et
al., 2012), the uniform distribution of crustal seismicity allow us inter-
preting the absence of an individual decollement in this sector.

In the 32.4° and 33.6°S transects, seismicity is concentrated in three
areas in the upper-middle crust (Fig. 22): the fore-arc, the Principal
Cordillera, and the foreland. In the fore-arc, seismicity is widely distrib-
uted, with a complicated mix of thrust and normal focal mechanisms
(Comte et al., 2019). Below the central depression, seismicity depths
delineate a west-dipping ramp rooted into the Moho, at the downdip
limit of the elastic coupling along the subduction zone at ~55 km depth
(Farías et al., 2010). This ramp shallows toward the east, below the
Principal Cordillera, where seismicity is located at depths shallower
than 20 km, and it is aligned with the N-S fault systems present in the
western slope (Barrientos et al., 2004; Charrier et al., 2005; Farías et al.,
2010; Nacif et al., 2017; Ammirati et al., 2019), as well as along a shal-
low decollement located at 10 km (Ammirati et al., 2022). The foreland
is characterized as a 50 km-thick seismogenic crust suggesting that ac-
tive faults extend across the crust rather than localized on upper-middle
crust decollements (Meigs and Nabelek, 2010; Ammirati et al., 2018).

In the 35°S transect, the volcanic arc concentrates the majority of
the crustal earthquake events (Villegas et al., 2016). Most of the re-
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ported focal mechanisms in this area are strike-slip mechanisms
(Alvarado et al., 2005; Comte et al., 2008; Spagnotto et al., 2015;
Villegas et al., 2016), alienated along subvertical faults. In the foreland,
the seismicity is distributed in the vicinity of the Malargüe thrust front,
with an Mw ~ 6.0 event (5/30/1929; Lunkenheimer, 1930) and events
of magnitude greater than 5.

6.3. The evolution of the decollements during the construction of the
Andean orogenic system

By integrating results from the kinematic reconstructions, the pre-
sent-day thermomechanical structure of the upper plate and the geody-
namic numerical model, we propose the following four stages during
the construction of the orogenic plateau system (Fig. 24): pre-wedge,
wedge, paired-wedge and plateau stages. The pre-wedge stage resem-
bles the small-cold orogen stage from Jamieson and Beaumont (2013)
which consists of a single or back-to-back bivergent critical wedges
with little or no ductile deformation. The plateau stage resembles their
large-hot orogenic configuration with a central elevated plateau under-
lain by a weak ductile flow zone and flanked by external wedges. The
wedge and paired-wedge stages represent the transition between these
two-end member models.

6.3.1. Pre-wedge stage
A normal-to-slightly-thickened crust (<40 km) with a very narrow

crustal root and thick lithosphere inhibits the development of a ther-
mally-activated shallow low-strength zone. As a result of this, no
decollement is generated and deformation (<30 km of shortening) is
widely distributed throughout the crust, above the hottest part of the
system (e.g., Fig. 21A-B). This stage resembles both a pure shear-
dominated deformation stage with uniformly distributed plastic shear
bands (Allmendinger and Gubbels, 1996; Jaquet et al., 2018) and the
initial stage of a doubly vergent compressional orogen proposed by
Willett et al. (1993), with the development of 45°-dipping shear zones
under a symmetrical strain rate field. During this stage, pre-existing
crustal anisotropies play a main role over the focus of deformation,
guiding deformation through either reactivation of pre-existing con-
tractional major faults, inversion of normal faults, or both. The model
proposes that the first stage of Cenozoic uplift of the Domeyko Range,
the proto-Frontal Cordillera stage and the inversion of the extensional
Oligocene intra-arc basins all correspond to this pre-wedge stage.

6.3.2. Wedge stage
As the crust thickens (40-55 km) and the crustal root widens (100-

200 km), a shallow low-strength zone develops in the upper-middle
crust as thermal response to a simultaneous thinning of the lithosphere.
This shallow low-strength zone is utilized as a sub-horizontal decolle-
ment and focuses most of the crustal deformation (30-80 km of shorten-
ing). This promotes the development of an upper-crustal wedge (e.g.,
Fig. 21C), tapering both towards the hinterland and the foreland. This
stage resembles both the small-cold orogen that deforms by critical
wedge mechanics (Jamieson and Beaumont, 2013) and the early defor-
mation stage with topography steadily uplifted proposed by Wdowinski
and Bock (1994). The decollement is formed from a prominent crustal-
scale shear zone dipping towards the hottest part of the system with a
top-to-foreland thrust direction (Jaquet et al., 2018) and is promoted by
the asymmetric lithosphere-asthenosphere boundary (Barrionuevo et
al., 2021). During this stage, pre-existing structures such as early Paleo-
zoic shear zones, present in the foreland, may reactivate (e.g., Fig.
21D), uplifting basement blocks, such as the Pampean Ranges during
the Miocene or the early uplift of the Eastern Cordillera during the
Eocene. Crustal thickening requires proportional thickening of the man-
tle lithosphere as shown by our geodynamic model, but this must be
compensated by some process capable of thinning the lid of lithosphere
beneath the crustal root at a similar rate respect to the advancing
crustal shortening/thickening (Pope and Willett, 1996). A continuous
process has been proposed, such as ablative subduction (Tao and
O’Connell, 1992; Pope and Willett, 1996) or the peeling off of the por-
tion of dense lithospheric mantle by convective removal by the
Rayleigh-Taylor gravitational instabilities developed in a thickened
lithospheric mantle (Houseman et al., 1981; England and Houseman,
1989). These processes have been proposed for subduction-related oro-
gens, such as the Colorado Plateau (Bird, 1979), the Canadian
Cordillera (Bao et al., 2015), and the Altiplano-Puna Plateau (Kay and
Kay, 1993; Lamb et al., 1997; Beck and Zandt, 2002; DeCelles et al.,
2015b; Garzione et al., 2017).

6.3.3. Paired-wedge stage
During the widening of the crustal root (200-400 km), with a crustal

thickness exceeding 55 km, the thermomechanical structure of the
lithosphere fosters the development of a new decollement towards the
foreland. The location and development of this new decollement is con-
trolled by a new low-to-high strength contrast zone, and promoted by

Fig. 24. Conceptual sketches representing the different proposed orogenic stages. A) Pre-wedge stage without a shallow low-strength zone, inhibiting the develop-
ment of a decollement. B) Wedge stage with an upper-middle crust shallow low-strength zone, promoting the development of a decollement. C) Paired-wedge
stage generated when the low-strength zone thickens and widens. The disappearance of a high contrast in strength produces the deactivation of the innermost
decollement and promotes the development of a new one towards the foreland. D) Plateau stage, where the low-strength zone considerably widens, deactivating
the internal orogenic decollements and fostering both the development of a new decollement along the new low-to-high strength contrast zone and the concentra-
tion of shortening towards the foreland.
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thermal softening (Jaquet et al., 2018) and strain localization (Oncken
et al., 2012). Even though two decollements may be simultaneously ac-
tive during the early state of this stage, the western decollement eventu-
ally deactivates with progressive shortening (e.g., Fig. 21E-F). In our
model, the maintenance of the crustal rheological layering, with a large
strength contrast, is essential for sustaining the activity of the decolle-
ment. The thinning of the lithosphere increases the crustal temperature
and produces a lack of strength contrast which promotes broadened
shear zones at the western tip of the decollement, where it may become
diffuse and rooted into a broader area of ductile behavior. At the east-
ern edge of these sub-horizontal low-strength zones, the decollement
may ramp upwards and reach another rheological sub-horizontal layer
contrast, such as the basement/sedimentary-cover interphase in the
Precordillera (30°S). This stage represents the transition from a small-
cold orogen, governed by critical wedge mechanics (wedge stage), to a
large-hot orogen (plateau stage) proposed by Jamieson and Beaumont
(2013). During this stage, the thinning of the continental lithosphere is
promoted when the lower crust and mantle lithosphere are sufficiently
soft (Morency and Doin, 2004). The broadening of the low-strength
zone at the orogenic crustal root may play a critical role during this
stage, promoting the decollement of the lithospheric mantle (Schott
and Schmeling, 1998).

6.3.4. Plateau stage
The orogenic lithosphere weakens as the crust thickens and gets hot-

ter, implying great temporal variations of the lithospheric strength
(Jamieson and Beaumont, 2013; Chen and Gerya, 2016). Crustal thick-
ening and lithospheric thinning leads to changes in the dominant defor-
mational mechanism, from frictional Coulomb plasticity to thermally-
activated viscous flow in the upper-middle crust (Willett et al., 1993;
Jamieson and Beaumont, 2013; Jaquet et al., 2018). Moreover, the high
strength contrast at mid-crustal levels may disappear, and the viscous
flow of the lower crust promotes a low surface slope (Willett et al.,
1993). The absence of lithospheric roots beneath the Altiplano/Puna
plateau and the thinning of the lithosphere beneath the 27.6°S transect
indicate that delamination or other lithospheric erosion processes
should have occurred during the crustal shortening and thickening.

During this stage, a thick crust (>60 km) with a widened crustal
root (>400 km) promotes the destruction of the elastic core by the ex-
pansion of the ductile low-strength zone, and, as a consequence, the
demise of the internal decollement as the entire lower and middle crust
becomes ductile. This stage is only achieved in the Altiplano (22°S) and
Puna (24°S) transects. In these areas, active deformation is mainly con-
centrated along the eastern side of the Andes, where the upper crust is
under-thrusted beneath the Sub Andean ranges and the Eastern
Cordillera (Lyon-Caen et al., 1985; Isacks, 1988).

A fundamental feature of our model is that, although the low-
strength ductile zones may extend throughout the entire width of the
orogen, the decollement would vanish if there were no high contrast be-
tween a shallow high-strength zone and a deeper low-strength zone
(Fig. 22).

6.3.5. Flat-slab particular case
A particular case occurs when the subduction angle substantially de-

creases, where the cooling effect of the subducting plate inhibits the de-
velopment of the upper low-strength zone. This explains the deactiva-
tion of the decollement located below the Precordillera, at 30°S. An-
other particularity along the flat-slab transect is the abnormally deep
brittle-ductile transition beneath the foreland (~40 km depth;
Ammirati et al., 2013) associated with a highly active seismic zone at
both crustal and mantle depths (Smalley et al., 1993; Alvarado et al.,
2009).

7. Conclusions

In this study we investigated the crustal-scale structural evolution of
the Southern Central Andes (22 -35°S), by integrating diverse previous
and new geological and geophysical data with the results from new
thermomechanical-numerical modeling. Our analysis of this Andean
segment is focused in the last 45 Myr, when two distinct contractional
episodes took place: during the middle-late Eocene and during the
Miocene. These compressive pulses were unevenly distributed in space
and time along the strike of the orogen, associated with different
amounts of crustal shortening-thickening, uplift history, magmatism,
and basin development.

Our approach consisted in the construction of seven cross sections
perpendicularly to the strike of the orogen, whose deep and shallow
crustal anatomy is constrained by a new thermomechanical model.
Specifically, this model identifies sub-horizontal zones characterized by
a high rheological contrast between crustal layers of low- and high-
strength, where major decollements are most likely nucleated. This
crustal arrangement was used as the final state of the structural forward
modeling performed in these seven transects, from which we obtained
new calculations of tectonic shortening and thickening. This coupled
analysis indicates a clear reduction of the orogenic magnitude from the
northern to southern ends of the Southern Central Andes (22 and 35°S),
expressed as a sevenfold reduction of crustal shortening (from ~325 to
46 km) and a threefold reduction of crustal thickness (from ~526 to
170 km). This southward decrease of orogenic shortening and thicken-
ing is characterized by the presence of two independent decollements in
the Altiplano-Puna plateau and only one decollement in the Principal
Cordillera to the south. We complemented these results with a new geo-
dynamic model that computes the spatio-temporal evolution of major
crustal shear zones and the location of low-viscosity zones where sub-
horizontal decollements are generated. This model shows an eastward
migration of these parameters -toward the foreland- during increasing
tectonic shortening, consistently with the deformational events de-
scribed in the Southern Central Andes and the decollements con-
strained by the thermomechanical model.

In this contribution, we propose a novel evolutionary path for the
orogenic growth of the Southern Central Andes. The initial state (pre-
wedge stage) is characterized by a uniform distribution of deformation
within a narrow region, at the axial zone and hottest region of the oro-
genic system. This stage is followed by the formation of one (wedge
stage) or two (paired-wedge stage) crustal wedges associated to individ-
ual decollements that expand the mountain belt both laterally and ver-
tically. The final state (plateau stage) corresponds to a highly broad-
ened and thickened crustal system, where the western decollement has
been deactivated and the eastern one controls a cratonward-directed
tectonic transport.

Our results show a critical dependence between the localization of
brittle deformation in the upper crust and the development of a mid-
crustal, sub-horizontal decollement with a sharp contrast between low
and high lithospheric strength. This structural arrangement can change
during the formation of the crustal root and the asthenospheric thermal
anti-root, with orogenic development and growth leading to the deacti-
vation of the formerly active decollement and the generation of a new
one toward the east.

Based in our integrated analysis, we identified the superposition of
first-, second- and third-order controls over the evolution of the South-
ern Central Andes. The first-order controls correspond to subduction
and sub-lithospheric dynamics correlated with the systematic decrease
in the amounts of crustal shortening-thickening. Second-order controls
are related to the convergence velocity and obliquity between the
Nazca and South American plates. Third-order controls are associated
with variations in the geologically inherited crustal strength of the
overriding plate and its mechanical weakening effect during mountain
building.

34



CO
RR

EC
TE

D
PR

OO
F

L. Giambiagi et al. Earth-Science Reviews xxx (xxxx) 104138

Data availability

The data presented in this manuscript can be found in the Supple-
mentary Material 1 and 2, and Tables 1 and 2. The geodynamic model
was run using the open-source ASPECT v2.3.0 with all model input files
found here: doi.org/10.5281/zenodo.5783270. The kinematic models
made with MOVE are available at doi:https://doi.org/10.5281/
zenodo.6578074.
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