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Abstract

Deformation in the orogen-foreland system of the southern Central Andes between 33° and 36° S varies in style, locus, and
amount of shortening. The controls that determine these spatially variable characteristics have largely remained unknown,
yet both the subduction of the oceanic Nazca plate and the strength of the South American plate have been invoked to play
a major role. While the parameters governing the subduction processes are similar between 33° and 36° S, the lithospheric
strength of the upper plate is spatially variable due to structures inherited from past geodynamic regimes and associated
compositional differences in the South American plate. Regional Mesozoic crustal horizontal extension generated a <40-km-
thick crust with a more mafic composition in the lower crust south of 35°S; north of this latitude, however, a more felsic lower
crust is inferred from geophysical data. To assess the influence of different structural and compositional heterogeneities on
the style of deformation in the southern Central Andes, we developed a suite of geodynamic models of intraplate lithospheric
shortening for two E-W transects (33° 40’ S and 36° S) across the Andes. The models are constrained by local geological
and geophysical information. Our results demonstrate a decoupled shortening mode between the brittle upper crust and the
ductile lower crust in those areas characterized by a mafic lower crust (36° S transect). In contrast, a more felsic lower crust,
such as in the 33° 40’ S transect, results in a coupled shortening mode. Furthermore, we find that differences in lithospheric
thickness and the asymmetry of the lithosphere—asthenosphere boundary may promote the formation of a crustal-scale, west-
dipping detachment zone that drives the overall deformation and lateral expansion of the orogen. Our study represents the
first geodynamic modeling effort in the southern Central Andes aimed at understanding the roles of heterogeneities (crustal
composition and thickness) at the scale of the entire lithosphere as well as the geometry of the lithosphere—asthenosphere
boundary with respect to mountain building.
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The southern Central Andes (27°-46° 30’ S) at the western
South American plate margin represent a typical subduc-
| JANIGLA. CCT-Mendoza (CONICET), Mendoza, tion orogen that has developed from the L'ate Creta.ceous
Argentina to the present day (e.g., Jordan et al. 1983; Mpodozis and
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subsequently influenced the style of deformation during
Mesozoic and Cenozoic non-collisional mountain building
(Ramos et al. 1986; Mpodozis and Ramos 1989; Charrier
et al. 2015). The Andean orogenic system exhibits major
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along-strike variations in the amount of shortening, topog-
raphy, and style of deformation (Ramos et al. 1996; Kley
et al. 1999; Oncken et al. 2006). The parameters that influ-
ence these along-strike variations can be classified into
two main groups: (i) subduction-related parameters, i.e.,
slab dip, age of the subducting oceanic plate, bathymetric
anomalies on the subducting Nazca plate, trench-fill thick-
ness, and convergence obliquity (e.g., Jarrard 1986; Yafez
and Cembrano 2004; Sobolev and Babeyko 2005; Oncken
et al. 2006); and (ii) upper-plate characteristics, such as the
thermal state of the lithosphere, lithospheric strength vari-
ations due to different crustal and lithospheric thicknesses,
and rheological heterogeneities (e.g., Allmendinger et al.
1983; Kley et al. 1999; Ramos et al. 2002; Pearson et al.
2013; Mouthereau et al. 2013; McGroder et al. 2015). The
southern sector of this system, between 33° and 36° S, is
affected by similar subduction parameters (i.e., a slab dip
of ~30°; similar age of the oceanic plate; no major changes
neither in plate-velocity vectors nor in climate; e.g., Cahill
and Isacks 1992; Yaiiez and Cembrano 2004; Somoza and
Ghidella 2012; Strecker et al. 2007), but considerably dif-
fers in its tectonic history and, hence, in lithospheric com-
position and thickness of the upper plate.
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Fig.1 Location and characteristics of the study area. a Geological
map of the study area, after SEGEMAR (1997), SERNAGEOMIN
(2003) and Mescua et al. (2016). A—A' Location of the cross section
at 33° 40" S. B-B' Location of the cross section at 36° S. b Princi-
pal morphotectonic provinces of the area, with the Aconcagua and
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In this study, we focus on this southern sector of the Cen-
tral Andes to analyze the interplay between deformational
styles and continental lithospheric characteristics (i.e., com-
position and thickness). We particularly explore the evolu-
tion of deformation along two segments across the southern
Central Andes: a northern one between 33° and 35° S, and
a southern one between 35° S and 36° S, represented by two
cross sections at 33° 40" S and 36° S, respectively (Figs. 1,
2, 3). The cross-section portraying the northern segment is
based on structural studies by Giambiagi et al. (2012, 2015),
and the transect of the southern segment was constructed
based on previously published partial cross sections (e.g.,
Giambiagi et al. 2012; Orts et al. 2012; Astaburuaga 2014;
Tapia 2015) and our own field observations (Barrionuevo
et al. 2019; Barrionuevo 2020). Both transects (Figs. 1, 2, 3)
reveal important differences, in particular with respect to the
locus and amount of shortening within the mountain range
and the transition to the foreland. For example, 70 km of
shortening has been estimated for the transect at 33° 40’ S;
while at 36° S, shortening amounts to approximately 45 km
(Giambiagi et al. 2012, 2015). In the former, upper-crustal
shortening is vertically aligned with the maximum crustal
thickness and maximum topography; while in the latter, the
location of upper-crustal shortening occurs farther east with
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Fig.2 Geophysical features of the study area. a Heat flow and upper-
crustal thickness of the study area. Individual heat-flow measure-
ments based on Lucazeau (2019) and Rodriguez Piceda (pers. comm.
2020). Due to the limited number of measurements, no contours
are shown. Upper crustal thickness is based on Tassara and Echaur-
ren 2012). Note that the thickness of felsic upper crust decreases
southward, which contributes to a more mafic bulk composition of
the crust for the southern transect (36° S). This corresponds with a
greater elastic thickness (7,) according to Tassara and Yéfiez (2003).
b Average density (kg/m®) of the crust in the study area based on
Rodriguez Piceda et al. (2020) showing increasing values southward.

respect to the area where the maximum crustal thickness is
located. Finally, regarding topographic differences between
the two transects, the mean elevations are about 3400 m in
the northern transect; whereas, they are about 2200 m in the
southern transect (Giambiagi et al. 2012).

The variation of lithospheric strength of the upper plate
in the study area is mainly influenced by pre-Cenozoic
tectono-magmatic events (Uliana et al. 1989; Kleiman and
Japas 2009; Giambiagi et al. 2012). A Triassic—Early Juras-
sic rifting phase thinned the crust south of 35° S (Sigis-
mondi 2012), with a more mafic composition than in the
northern counterpart, due to basaltic underplating (Kay
et al. 1989; Llambias et al. 1993). Both factors—a thinner,
yet underplated mafic sector in the south—would result in
a stronger crust (Kusznir and Park 1986) compared with

I Locus of lower crustal deformation
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In combination with the upper-crustal thickness and elastic thickness,
the southern transect is characterized by a more mafic lower crust. ¢
Cartoon showing the coupled deformation mode where upper- and
lower-crustal shortening occur in the same vertical column of rocks.
This corresponds to the “pure-shear” shortening or distributed crus-
tal shortening mode (i.e., Allmendinger and Gubbels 1996). d Car-
toon depicting the decoupled mode of deformation, where the loci of
upper- and lower-crustal shortening are displaced laterally; this cor-
responds to the “simple-shear” deformation or discrete overthrusting
of Allmendinger and Gubbels (1996), interpreted for the Andes of
southern Bolivia and north-western Argentina

the crust in the northern transect (Figs. 2, 3). Further sup-
port for the notion of a significant compositional difference
between both areas comes from the studies of Tassara and
Yafnez (2003), based on estimations of elastic thickness
(T,) of the Andean lithosphere. These authors recognized
a southward-directed increase in elastic thickness (Fig. 2a)
between 33.5° S and 39° S that is related to the transition
between a quartz-dominated (i.e., more felsic) crust in the
north to a plagioclase-dominated (i.e., more mafic) crust in
the south. Importantly, a more mafic crust can result both in
greater lithospheric strength (Kusznir and Park 1986) and a
tendency to support a decoupled shortening mode (Fig. 2d),
in which brittle-shortening processes in the upper crust are
decoupled from the loci of viscous/ductile shortening in the
lower crust (Allmendinger and Gubbels 1996). Conversely,
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Fig.3 Cross sections along the two Andean transects. a Cross sec-
tion at 33° 40" S (modified from Giambiagi et al. 2015). b Cross sec-
tion at 36° S based on Giambiagi et al. (2012); Orts et al. (2012);
Astaburuaga (2014); Tapia (2015); and our own data (Barrionuevo
et al. 2019; Barrionuevo 2020). The major portion of shortening is
accommodated within the eastern flanks of the Andes, here labeled
as upper-crustal deformation. The boundary between upper and lower
crust, the LAB (lithosphere—asthenosphere boundary), Moho, and

the felsic composition north of 35° S would favor a coupled
mode of deformation (Fig. 2c), in which upper brittle and
lower viscous/ductile crustal deformation occurs in the same
crustal column (Allmendinger and Gubbels 1996).

In addition to the different amount of shortening in the
two transects, the northern and southern areas are said to
exhibit coupled and decoupled styles, respectively (Giambiagi
et al. 2012). Furthermore, the along-strike change in crustal
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the geometry of Nazca slab are from Tassara and Echaurren (2012).
The geological data are based on field surveys and depict the princi-
pal structures, the attitudes of bedding planes, and, where possible,
fault-kinematic indicators. Where available, data from industry-style
seismic reflection and oil-well data have been incorporated as well.
The crustal and lithospheric geometries are based on geophysical
data such as gravity anomalies and seismicity (Tassara and Echaurren
2012; Julve 2019)

composition proposed for the study area may influence the
thermal state of the orogen. Accordingly, a more felsic crust
north of 35° S (e.g., Tassara and Yafiez 2003) would be associ-
ated with a higher concentration of radiogenic elements than
its southern, more mafic counterpart. A more felsic crust con-
tributes significantly to a higher heat budget of the lithosphere,
which increases the temperature of the crust, thus weakening
it. (e.g., Vila et al. 2010). In contrast, when considering a crust



International Journal of Earth Sciences (2021) 110:2361-2384

2365

with more mafic components but similar thickness, tempera-
tures are expected to be lower. As shown in Fig. 2a, heat-flow
values along-strike of the orogen do not show a consistent
decrease from the northern to the southern transect due to
the limited data points; however, such a trend is visible at the
larger, regional scale (Lucazeau 2019; Rodriguez Piceda pers.
comm. 2020). The greater heat budget in the northern area
could, thus, affect the behavior of the already weaker, more
felsic crust under deformation. An additional control of the
thermal state of the lithosphere of the South American plate
are subduction-related magmatic processes. However, since
both areas are characterized by a similar style and duration of
magmatism (Litvak et al. 2018), significant temperature vari-
ations between the two areas resulting from this process are
negligible.

In addition to the influence of inherited structural and com-
positional heterogeneities on deformation characteristics in the
upper plate, we address the direction of tectonic transport in
the orogen, a topic that constitutes another subject of recent
debate in Andean tectonic studies. The classical view of an
orogen with dominantly east-directed structures (e.g., Ramos
et al. 2004; Farias et al. 2010; Astini et al. 2010; Giambiagi
et al. 2012; Turienzo et al. 2012; Buelow et al. 2018) has been
recently challenged by a model that proposes west-directed
transport, implying the existence of a deep-seated, east-dipping
detachment that is thought to be responsible for westward-
directed thrusting of the orogenic system over the rigid forearc
block (Armijo et al. 2010; Riesner et al. 2018).

In this context, we aim to (i) analyze the role of variations
in lithospheric strength (i.e., crustal composition and, crus-
tal and lithospheric thickness) of the upper plate during the
Cenozoic Andean orogenesis, and (ii) to discuss the condi-
tions, such as lithospheric geometry of the upper plate, that
may determine the direction of main tectonic transport in
these areas of the southern Central Andes. To achieve this
goal, we first briefly introduce the geological characteristics
of the two transects and present the along-strike variation in
deformation styles between them. Second, we develop geo-
dynamic numerical models with different initial upper-plate
configurations (i.e., different crustal composition and thick-
ness) constrained by the available geophysical and geologi-
cal data to investigate the influence of upper-plate character-
istics (composition and thickness of crust and lithosphere)
with respect to the Andean deformation style, including the
direction of tectonic transport during the Cenozoic.

Geological setting
Pre-Andean history

The study area has been under the influence of protracted
subduction since the Paleozoic, which resulted in several

periods of horizontal crustal shortening or horizontal exten-
sion (Ramos et al. 1986; Mpodozis and Ramos 1989; Azcuy
and Caminos 1987; Astini et al. 1995; Massonne and Cal-
deron 2008). The tectono-magmatic processes during these
periods created crustal heterogeneities (i.e., changes in
crustal composition and thickness, and zones of weakness
such as faults and oriented fabrics) prior to the Late Cre-
taceous—Quaternary Andean orogeny, which influence the
degree of lithospheric strength and lead to different struc-
tural styles in the study area.

Subsequent to the Early Permian horizontal shortening,
widespread volcanism developed under horizontal exten-
sional conditions from the Late Permian to the Early Trias-
sic; the corresponding rocks of this episode are grouped into
the Choiyoi Group (Upper Paleozoic—Triassic igneous rocks
in Fig. 1; Llambias et al. 1993; Sato et al. 2015). The hori-
zontal extensional conditions continued between the Early to
Middle Triassic, with the formation of the continental Cuyo
rift basin (Uliana et al. 1989).

During the Late Triassic to Early Jurassic, the Neuquén
basin in the southern study area formed in a back-arc exten-
sional setting, which was associated with a series of isolated
depocenters that subsequently coalesced into larger sedi-
mentary basins (Vergani et al. 1995). To the north of 35°
S, these NNE- to NNW-trending depocenters contain early
syn-rift deposits, more than ~ 2-km thick; while to the south,
volcanic and volcaniclastic rocks as well as sedimentary
sequences were deposited, accounting for more than ~4 km
of thickness. The transition between a passive rift (north of
35°S) and an active rift (south of 35° S) spatially coincides
with the Sosneado-Melipilla lineament (Fig. 2a), likely a
Paleozoic crustal shear zone (Yaiiez et al. 1998; Giambiagi
et al. 2012; Piquer et al. 2020).

In the Late Cretaceous, the onset of Andean horizontal
shortening, the accompanying build-up of topography, and
concomitant erosion and deposition are recorded by coarse
continental deposits in a foreland-basin setting (Vergani
et al. 1995).

Geological characteristics of the northern transect

Late Cretaceous tectonism in the transect along 33° 40’ S
was characterized by horizontal shortening and crustal thick-
ening (Boyce et al. 2020), which generated a thicker crust
(~40 km) in the westernmost zone of the transect where the
Coastal Cordillera is located (Giambiagi et al. 2015).

The main Andean mountain building process in this
segment started during the Miocene (20—18 Ma). Since
that time, synorogenic deposits with volcanic and vol-
caniclastic intervals have been filling intermontane and
foreland basins that record the Miocene—Quaternary
Andean shortening and uplift (e.g., Irigoyen et al. 2000;
Giambiagi et al. 2003b; Buelow et al. 2018). The volcanic
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arc was located at that time along the western slope of
the Principal Cordillera between 33° and 35° S. Subse-
quently, during Mio-Pliocene time, the arc migrated to
the east to its current position where it coincides with the
crest of the Andes (Stern and Skewes 1995).

According to trace-element patterns obtained from
the Early to Middle Miocene tholeiitic rocks (Abanico
Formation and stratigraphic equivalents), the crust was
relatively thin (<40 km) between 33° and 35° S (Nystrom
et al 2003; Kay et al. 2005), possibly due to horizontal
extension during a geodynamic regime characterized by
slab rollback (Charrier et al. 2002; Mpodozis and Cor-
nejo 2012; Horton and Fuentes 2016). In contrast, from
the Early Miocene onward (21-16 Ma), this region was
instead characterized by horizontal shortening and, by the
Pliocene, crustal thickness had increased to 50 km (e.g.,
Kay and Mpodozis 2002).

The northern segment (33°-35° S) includes the mor-
photectonic provinces of the Principal Cordillera and the
Frontal Cordillera (Figs. 1, 3). The Aconcagua fold-and-
thrust belt, within the Principal Cordillera morphotec-
tonic province, has been interpreted as a thin-skinned
fold-and-thrust belt in its northern sectors (e.g., Ramos
1988; Kozlowski et al. 1993; Ramos et al. 1996); to the
south, however, reactivated, deep-seated Mesozoic base-
ment structures have been involved in the deformation
(Giambiagi et al. 2003a). The shortening estimates for
this thrust belt are approximately 50 km at 33° 40" S
(Giambiagi et al. 2015) and 23 km at 34° 40’ S (Turienzo
et al. 2012) in its eastern sector and including most of
the eastern flanks of the Andes; while for the Western
Principal Cordillera, less than 10 km of Miocene shorten-
ing has been estimated (Turienzo et al. 2012; Giambiagi
et al. 2015). To the east, the Frontal Cordillera comprises
a basement block that is associated with a limited amount
of shortening of approximately 10 km (Giambiagi et al.
2012). The Frontal Cordillera ends abruptly south of 34°
40" S and it is covered by Cenozoic sediments. Farther
east of the Frontal Cordillera, limited tectonic inversion
of Mesozoic normal faults accounts for less than 5 km of
shortening in the Cerrilladas Pedemontanas (Giambiagi
et al. 2015). Total Miocene to present-day shortening
for this transect is approximately 70 km, with varying
shortening rates from 2 mm/year in the Early Miocene
to 6.5 mm/year in the Middle Miocene (Giambiagi et al.
2015).

There is a marked decrease in the amount of shortening
to the south of 34° 40" S; traditionally, this has been inter-
preted to be the direct result of the geodynamic boundary
conditions, such as the angle of the subducting slab and
the coupling between the upper and lower plates (e.g., Jor-
dan et al. 1983; Ramos et al. 2004; Ramos 2010; Horton
2018).

@ Springer

Geological characteristics of the southern transect

At 36° S, the onset of shortening is inferred to have started
in the Late Cretaceous (Tunik et al. 2010; Mescua et al.
2013); this led to a crustal configuration similar to that of
the 33° 40’ S transect, with a thickened crust in the current
forearc (Giambiagi et al. 2015). As in the northern transect,
the principal episode of shortening started in the Miocene
(20-16 Ma; e.g., Silvestro et al. 2005; Sruoga et al. 2008;
Mescua et al. 2014; Horton et al. 2016; Horton and Fuentes
2016; Fuentes et al. 2016).

In this segment between 35° and 36° S (Figs. 1, 3), the
Andes comprise the Principal Cordillera morphotectonic
province, where the Malargiie fold-and-thrust belt has been
absorbing most of the shortening through the inversion of
Mesozoic normal faults and newly formed Cenozoic thrusts
in a “hybrid” thin- and thick-skinned deformation style
(Kozlowski et al. 1993; Manceda and Figueroa 1995; Mes-
cua et al. 2014; Fuentes et al. 2016). From the Miocene to
the present day, the shortening estimates are approximately
25 km for the eastern flanks of the Principal Cordillera and
15-20 km for the western Principal Cordillera, amounting to
a total of 40—45 km of shortening (Mescua et al. 2014). The
calculated shortening rates are lower than in the northern
transect and amount to values between 0.75 mm/year during
the Early Miocene and 1.5 mm/year in the Middle Miocene
(Mescua et al. 2014).

South of 35° S, an eastward arc expansion occurred dur-
ing the Middle to Late Miocene (Ramos and Folguera 2011);
in the Pliocene—Quaternary, the magmatic arc was estab-
lished in the Principal Cordillera, to the east or on top of the
vestiges of the Miocene arc (Kay et al. 2006).

Crustal composition and direction of tectonic
transport

It has been proposed that the lower crust underneath the
northern (33° 40'-35° S) and southern segments (35°-36°
S) is characterized by different thicknesses and compositions
(Tassara and Yafiez 2003; Tassara et al. 2006; Giambiagi
et al. 2012; Marot et al. 2014). The entire region was part of
the Permian—Triassic Choiyoi Silicic Large Igneous Prov-
ince (Llambias et al. 1993; Sato et al. 2015; Kimbrough
et al. 2015), resulting in a felsic upper-crustal composition in
the whole study area (Furlani 2012; Bastias-Mercado et al.
2020). Subsequently, the region encompassing both transects
underwent a different tectonic evolution. While to the north
of 35° S, the Mesozoic extension that caused subsidence in
the Neuquén Basin was localized in a narrow, NNW-oriented
zone, south of 35° S rifting was more pronounced, leading to
substantial crustal thinning (Vergani et al. 1995; Giambiagi
et al. 2012; Sigismondi 2012). In addition to variable crus-
tal thickness, compositional changes along strike have been
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proposed. For example, compositional differences between
the two transects have been inferred from gravity modeling
(Tassara et al. 2006; Tassara and Echaurren 2012; Rodriguez
Piceda et al. 2020). These studies suggest a decrease in the
depth of the density discontinuity between upper and lower
crust toward the south (Fig. 2a), which would be linked to
a more mafic composition south of 35° S. As mentioned
earlier, Tassara and Yaiez (2003) estimated the elastic thick-
ness (7,) to be lower than 10 km for the segment to the north
of 34° S and above 20 km south of 35° S (Fig. 2a); they
proposed that this difference can be explained by a change to
more mafic crustal compositions south of 34° S. Marot et al.
(2014) imaged the seismic structure from 29° S to 35° S and
interpreted that reduced seismic velocities in the Andean
lower crust can be explained by felsic compositions, either
related to the accreted Chilenia suspect terrane or a mafic,
non-eclogitized crust (Marot et al. 2014).

Based on gravity modeling, Rodriguez Piceda et al.
(2020) suggest that low densities characterize the crust
below the orogen north of 35° S; while south of this latitude,
the crust has a higher density (Fig. 2b). To the east, in the
Andean foreland, low to intermediate densities have been
calculated between 34° 30’ S and 37° S, and thinner and
denser crust has been inferred for the region between 37°
and 39° S (Rodriguez Piceda et al. 2020). In contrast to the
region of the northern transect, these variations of crustal
composition likely influenced Andean mountain building by
strengthening the crust south of 35° S due to its more mafic,
and hence greater mechanical strength (Kusznir and Park
1986; Giambiagi et al. 2012).

An ongoing debate in Andean tectonics concerns the
direction of tectonic transport along the main detachments
that accommodate upper-crustal horizontal shortening. At
crustal scale, a major detachment underlying the orogen is
located between a 10- and 12-km depth according to cross-
section balancing and geophysical modeling (Manceda and
Figueroa 1995; Farias et al. 2010; Tassara and Echaurren
2012; Turienzo et al. 2012; Giambiagi et al. 2003a, 2012,
2015; Mescua et al. 2014). In light of this, an eastward-
directed tectonic transport has been proposed, whereby
the different morphotectonic units have been successively
uplifted along these west-dipping detachment levels (Fig. 3)
from west to east (e.g., Ramos et al. 2004; Farias et al. 2010;
Astini et al. 2010; Giambiagi et al. 2012; Turienzo et al.
2012; Buelow et al. 2018). Cegarra and Ramos (1996) esti-
mated shortening in the area of the Aconcagua fold-and-
thrust belt (32° 50’ S) to be on the order of ~60 km, while
other studies estimated approximately 70 km of total short-
ening (Giambiagi and Ramos 2002; Farias et al. 2010; Giam-
biagi et al. 2012, 2015).

Conversely, Armijo et al. (2010) and Riesner et al. (2018)
suggested that the region of the southern Central Andes
between 33° and 34° S is underlain by the West Andean Thrust

(WAT), a principal east-dipping detachment, which accom-
modates westward-directed tectonic transport that has been
associated with a migration of deformation from the Cordillera
Frontal to the west. In this model, the WAT roots in the lower
crust beneath the Frontal Cordillera and gently rises toward the
western flank of the Andes, where it emerges in the Central
Depression, in a thrust known as the San Ramén Fault (Armijo
et al. 2010). These authors proposed that the deformation in
this sector of the Andes started at~20-25 Ma within the Fron-
tal Cordillera and subsequently propagated westward, with the
Aconcagua fold-and-thrust belt being coevally and passively
transported as a secondary back-thrust structure. This model
predicts low amounts of shortening between~8 and 12 km
(Riesner et al. 2018) for the Aconcagua fold-and-thrust belt,
while the amount of total orogenic shortening has been esti-
mated to range between 31 and 55 km.

More recently, Lossada et al. (2020) using themochrono-
logic, structural, and stratigraphic data concluded that the
uplift of the Frontal Cordillera began between 15.3 and 17 Ma.
In light of these new data, the eastward advance of Neogene
shortening, beginning within the Aconcagua fold-and-thrust
belt at~20 Ma in the west (Ramos et al. 1996) and reaching the
Frontal Cordillera and adjacent areas to the east between 17
and 15.3 Ma (Buelow et al. 2018; Lossada et al. 2020), appears
to be a realistic scenario in light of previous field-based stud-
ies. We will contribute to the debate of these controversial
issues by modeling horizontal shortening at lithospheric scale
and discussing some of the factors that can control the direc-
tion of tectonic transport.

Geodynamic modeling method
Governing equations

In our modeling efforts, we used ASPECT (Advanced Solver
for Problems in Earth’s ConvecTion; Kronbichler et al. 2012;
Heister et al. 2017; Bangerth et al. 2018), a highly scalable,
geodynamic open-source code, to develop the 2D numerical
models used to study deformation structures of the southern
Central Andes. The incompressible material deformation is
governed by solving the coupled system of momentum (Eq. 1),
mass (Eq. 2), and energy (Eq. 3) conservation equations below:
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«Fig. 4 Initial numerical model setups. a—¢ A-, B-, and C-group,
respectively. Material inflows (Ve and Vi) on both lateral bounda-
ries are balanced by a uniform outflow (V, ) at the bottom bound-
ary of the model. d—f Diagrams showing an example of the initial
effective viscosity and lithospheric strength profiles from the surface
to 100-km depth, calculated using the initial thermal structure (olive
green line in Fig. 4a—c) and a strain rate of 10™° s™!. Note that strain
rate varies during model evolution. Material parameters are given
in Table 1. BQ=Black Hills quartzite (Gleason and Tullis, 1995);
Qz=quartzite (Ranalli and Murphy 1987); MD =Maryland diabase
and CD =Columbia diabase (Mackwell et al. 1998); DO =dry olivine
and WO =wet olivine with constant water content (Hirth and Kohlst-
edt 2003). When a scaling factor is applied to the viscosity of the
material, it is labeled as “*0.1” after the name of the material (e.g.,
MD#*0.2). Blue lines show frictional strength for unsoftened (¢ =30°)
and softened (¢ =6°) material in the upper crust

where the Einstein notation applies, and xi are coordinates,
v; is the velocity, P is pressure, T is the deviatoric stress
tensor, d/dt is the time derivative, p is the density, g; is the
gravitational acceleration vector, T is the temperature, Cp
is the heat capacity, 4 is the thermal conductivity, and H
is volumetric heat source including radiogenic heat, shear
heating, and adiabatic heating.

Model geometry

To investigate the crustal deformation in the two transects,
we simulated the process of intraplate lithospheric shorten-
ing without taking into account the entire subduction system,
as the subduction parameters between 33° and 36° S are
similar. The 2D model domain is 500-km wide and 240-
km deep (Fig. 4), with a variable resolution. The resolution
is 500 m per element in the upper part of the lithosphere
at 0-50-km depth, 1 km at 50-100-km depth, and 5 km at
100-240-km depth. This high resolution ensures that the
crustal shear zones are well resolved.

We compute two main model sets, one for the northern
transect at 33° 40’ S (M33.4 models) and the other for the
southern transect at 36° S (M36 models). The main differ-
ences between both sets are: (i) the estimated amount of
applied shortening (70 km for M33.4 and 45 km for M36);
(ii) the initial crustal thickness across the orogen; and (iii)
the crustal composition, based on geological and geophysi-
cal constraints.

For the crustal structure, we considered a thicker crust
(~40 km) in the western zone, where the Coastal Cordillera
is located. This represents the Late Cretaceous shortening
episode, accounting for 10 km of shortening in the M33.4
transect (Giambiagi et al. 2015). The M36 transect is not
well constrained, but presumably the onset of shortening in
the Late Cretaceous led to a similar configuration as in the
M33.4 transect with a thickened crust in the current forearc
area.

Material properties and boundary conditions

All materials have a visco-plastic rheology. At deviatoric
stress below frictional-plastic yield stress (zy), materials
deform viscously with an effective viscosity (#.4) given by:

1 en E+PV
rleff:szl/neu exp( nRT >’ (4)

ijé-- is the second invariant

. . . 1.
where f1is a scaling factor; efl = 7€
1/( ov, av; .
LALRNE a—’); R is the gas
X

of the deviatoric strain rate; €y = 703
.
7

constant; B, n, E, and V are the laboratory viscosity param-
eters. The scaling factor (f) was used for linearly scaling the
effective viscosity upward or downward to approximate
strength variations associated with uncertainties in the lab-
oratory-derived parameters (Beaumont et al. 2006).

The frictional-plastic deformation is responsible for fault-
ing and follows a pressure-dependent Drucker—Prager yield
criterion:

Ty = Psing + C,cos@, )

where P is pressure, @ is the angle of internal friction and
C, is the cohesion. Materials in the upper crust undergo
frictional-plastic strain softening through a decrease in the
friction coefficient (u = tang) from 0.5 to 0.1 (correspond-
ing to a change of ¢ from 30° to 6°) and C, from 20 to
4 MPa over accumulated strain of 0.5-1.5 (Table 1), as an
approximation of material softening that agrees with previ-
ous estimates (e.g., Babeyko and Sobolev 2005; Liu and
Currie 2016; Liu 2020).

The rheological parameters for the different materials are
taken from laboratory experiments (Table 1): for the felsic
upper continental crust (CUC), we used the properties of the
Black Hills quartzite, with no melt (BQ; Gleason and Tul-
lis 1995); for the mafic lower continental crust (CLC), we
used the Maryland diabase (MD) or Columbia diabase (CD;
Mackwell et al. 1998) and the felsic components correspond
to the Black Hills quartzite (BQ; Gleason and Tullis 1995)
or quartzite (Qz; Ranalli and Murphy 1987); the continen-
tal lithospheric mantle (CLM) is represented by dry olivine
(DO; Hirth and Kohlstedt 2003); and the sublithospheric
mantle (SLM) corresponds to wet olivine with constant
water content (WQO; Hirth and Kohlstedt 2003).

The boundary condition at the top of the experiments is
zero traction, with a 10-km-thick sticky air layer (Fig. 4).
This layer was used to approximate the free surface in a
way that diminishes the grid distortion and the associ-
ated numerical instabilities (e.g., Schmeling et al. 2008).
We applied a constant horizontal shortening rate of 1 cm/
year, which is an average estimate for the southern Cen-
tral Andes for the late Cenozoic (Oncken et al. 2006).
Velocities are only imposed on the lithosphere at each
of the lateral margins to drive lithospheric shortening.
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Table 1 Material parameters used in the models

Material properties
Flow law

Black Hills quartz-
ite (BQ)

Quartzite (Qz)

Maryland diabase
(MD)

Columbia diabase
(CD)

Dry olivine (DO) Wet olivine (WO)

Phase Upper crust/lower ~ Upper crust/lower  Lower crust Lower crust Lith. mantle Sublith. mantle
crust crust
Density, p, (kg/m®) 2800 2800 3000 3000 3250 3300
Heat expansion, «  3.70E—-05 3.70E-05 2.70E-05 2.70E-05 3.00E-05 3.00E-05
K™
Specific heat, C, 1.2 1.2 1.2 1.2 1.2 1.2
(K kg™ K™
Thermal con- 2.5 2.5 2.5 2.5 33 33
ductivity, k
WK 'm™
Thermal productiv- 1 1 0.3 0.3 0 0
ity, A (uW m™>)
Friction angle, ¢ (°) 30-6 30-6 30 30 30 30
Cohesion, C, 20-4 204 40 40 40 40
(MPa)
Dislocation creep ~ 8.57E—28 8.12E-20 5.78E-27 1.37E-25 6.22E—-16 2.03E-15
pre-exponential
factor, B
(Pa™s7h
Dislocation creep 223 156 485 485 480 480
activation energy,
E (kKJ mol™")
Dislocation creep 0 0 0.3 0 11 11
activation volume
V (cm® mol™)
Power law expo- 4 2.4 4.7 4.7 3.5 3.5

nent, n

Below the lithosphere, the condition of the boundaries
at the lateral margins is no slip. We added a small out-
flux velocity (Vg om int Fig. 4) to the bottom boundary to
maintain the mass balance. In addition, we tested different
boundary conditions by prescribing the velocity of either
0.5 cm/year on both lateral boundaries or 1 cm/year on
one side of the boundary and O cm/year on the other side,
respectively. The differences in the model behavior with
these velocity conditions are minor and, thus, negligible.
The resulting total shortening is 70 km for the M33.4
and 45 km for the M36. Given the estimates of very low
erosion rates that have prevailed at this latitude since the
Miocene (Val et al. 2018; Stalder et al. 2020), no erosion
was applied to the models.

The temperature settings were set to 0 °C at the sur-
face and 1396 °C at the bottom of the model. The initial
temperature distribution is linear from the bottom of the
lithosphere to the surface and adiabatic between the litho-
sphere—asthenosphere (LAB) boundary and the bottom of
the model. The lateral boundaries of the asthenosphere
have conductive geotherms and no horizontal heat flux.

@ Springer

A-group models: linear LAB

The first model setup (A-group models; Fig. 4a) consists
of two models for each cross section, at 33° 40" S (A33.4)
and at 36° S (A36), respectively. For the A33.4 models, the
crust has a 17-km-thick upper crust and a maximum thick-
ness of 45 km; while in the A36 models, the upper crust is
12-km thick and the maximum crustal thickness is 40 km. In
an attempt to simulate the initial crustal configuration, both
setups have an irregular Moho geometry before the Miocene
shortening phase when the crust was already thickened in the
westernmost zone (cf. Sect. 2). For both models, the depth of
the LAB linearly increases from 60 km on the left (western)
side of the model to 100 km on the right (eastern) side, on
the assumption that the lithosphere is thicker in the Andean
foreland (Tassara and Echaurren 2012).

B-group models: symmetric LAB

In this model setup, the crustal structure is the same as in
the previous model group (A-group). The main difference
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in this group (B33.4 and B36 for each transect) is the geom-
etry of the LAB (Fig. 4b), which is modified to replicate
the geometry influenced by the mantle-wedge corner flow,
with a thinner lithosphere where the corner flow develops
(e.g., similar to the LAB in Fig. 3). This configuration relies
on the assumption that subduction processes were already
ongoing since the Late Permian (Oliveros et al. 2018). This
approach simulates the temperature distribution and strength
characteristics of the lithosphere according to its thickness.
In these models, the materials and rheology used are the
same as in the A-group models.

C-group models: asymmetric LAB

In the C-group models (Fig. 4c), the geometry of the LAB
was changed to better simulate the structure of the litho-
sphere near the subduction zone. An asymmetric simpli-
fied LAB geometry was used to replicate the lithospheric
strength and heat distribution in the orogen and to test its
effect on deformation (Fig. 4c). This simplified geometry
follows the LAB modeled by Tassara and Echaurren (2012),
as shown in Fig. 3, with a thicker lithosphere at the western
side of the model (i.e., present-day forearc) and the thinnest
part located at x-coordinates 200 km (beneath the present-
day orogen); the thickness was subsequently and progres-
sively increased toward the east. We also changed the crustal
geometry based on the structural reconstructions by Giam-
biagi et al. (2015) for the Late Cretaceous (cf. Section 2).
A minimum crustal thickness of 30 km was assigned to the
C36 models, where a more generalized extension than that
of the C33.4 models occurred (x-coordinates: 200-290 km:;
Fig. 4c). A thicker crust (35 km) was assigned to C33.4 (cf.
Sect. 2).

Another variation that we introduced here relates to the
composition of the lower crust, and hence its rheology. To
investigate the effect of this factor, we set the thickness of
the lower crust to 18 km by varying the thickness of the
upper crust (Fig. 4c, f). As mentioned in Sect. 2, the crust
was likely modified during the pre-Andean tectonic evolu-
tion (e.g., Kleiman and Japas 2009; Sigismondi 2012; Giam-
biagi et al. 2012). For the models representing the 33° 40’ S
transect (C33.4), a more felsic lower crust was used; while
in the southern zone, a mafic lower crust was selected. For
the C33.4 model (C33.4), we considered a quartzite (Qz)
and a Black Hills quartzite (BQ) to represent the material
parameters of the lower crust. We also applied a scaling fac-
tor f=35 to the dislocation creep flow of these materials (e.g.,
Currie and Beaumont 2011; Liu and Currie 2016; Wolf and
Huismans 2019) to account for uncertainties related from
extrapolating from laboratory experiments to nature. This
implies a stronger rheology than a quartzite material and
helps to simulate a more intermediate composition for the
lower crust.

For the model run representing the transect at 36° S
(C36), we used either the Maryland diabase (MD) or the
Columbia diabase (CD) for the mafic lower crust, the lat-
ter being weaker than the former (Fig. 4f, Burov 2011). In
addition, we applied scaling factors f of 0.2 and 1 for the
Maryland diabase, and 0.05, 0.1, 0.2, and 1 for the Columbia
diabase, to simulate the strength of a lower crust that has
been affected by temperature and melting in the area cor-
responding to the volcanic arc.

Results

We ran more than 60 models grouped into the three previ-
ously described setups. We present the results below and
summarize them in Table 2. Taken together, our modeling
results clearly show that the lower-crustal composition is
an important factor that controls the mode of deformation
and that the asymmetric geometry of the lithosphere—asthe-
nosphere boundary (LAB) apparently triggers eastward-
directed crustal deformation.

A-group models (linear LAB)

Figure 5 shows the second invariant of the strain rate for the
A-group models. From this group of models, we observe that
deformation occurs where the lithosphere is thinner (near the
left boundary), although the crust is also thinner in the same
zone. The crustal thinning increases the integrated strength
of the lithosphere when compared to a lithosphere with a
thicker crust (Fig. 4d). We note, however, that the western
(left) boundary of the model box combined with the thinnest
lithosphere may also concentrate deformation.

In the A33.4 model, the deformation is focused on the left
side of the model box (forearc) and, despite some deforma-
tion observed to the east (x-coordinates: 120-150 km), is
considered minor; instead, the underthrusting of the crust
at the western border of the model occurred after ~ 50 km of
shortening (Fig. 5a—c).

For the A36 model, the results are similar to that of the
A33.4 model: Deformation almost exclusively affects the
left side of the model, with underthrusting of the eastern
crust to the west (Fig. 5d-f) after 45 km of shortening. In
these cases, the deformation is mostly concentrated associ-
ated with a principal thrust fault that cuts the entire crust
(e.g., Fig. 5f M#10); in the equivalent model A33.40 (Fig. 5a
M#6), however, the deformation is more complex and results
in a pair of main detachments. We interpret this to be the
result of a thicker mafic crust in the A36 models, which pro-
vides greater strength for the whole crust. In general, all of
these models deform with east-directed (i.e., west-dipping),
first-order structures associated with thrusting.
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Table 2 Main characteristics of M

CUC thickness (km)

Max. crustal
thickness (km)

LAB geometry CLC composition

Model group
each group of models
6 A334 17
10 A36 12
12 B33.4 17
14 B36 12
16 C33.4 Variable
22 C33.4 Variable
23 C33.4 Variable
24 C334 Variable
18 C36 Variable
34 C36 Variable
35 C36 Variable
36 C36 Variable
39 C36 Variable
40 C36 Variable

45 Linear MD

40 MD

45 Symmetric MD

40 MD

40 Asymmetric MD

40 Qz

40 Qz*5
40 BQ*5
40 MD

40 CD*0.2
40 CD

40 MD*0.2
40 CD*0.1
40 CD*0.05

Note that number of models (M#) are non-correlative. CUC: continental upper crust. CLC (continental
lower crust) composition: MD and MD*0.2: Maryland diabase with the value of the scaling factor f=1
or 0.2; Qz: Quartzite scaling factor 1; Qz*5: Quartzite with f=5; BQ*5: Black Hills quartzite with f=5.
CDO0.2, CD, CD*0.1, CD*0.05: Columbia diabase with f=from 0.05 to 1

However, the A-group models do not replicate the defor-
mation patterns determined from geological and geophysi-
cal data in the Andes. One main conclusion from this set of
experiments is that deformation is focused where the litho-
sphere is thinner and, thus, weaker (e.g., Kusznir and Park
1986), in this case close to the left side of the model box.

B-group models (symmetric LAB)

In these models, the lithospheric thickness varies symmetri-
cally along the geological cross section (Fig. 4b). Defor-
mation is mostly focused where the lithosphere is thinner,
between x-coordinates 150 and 300 km (Fig. 6). This would
closely replicate the deformation in the arc region of the
orogen, where due to corner flow, the lithosphere is thinner
and, thus, susceptible to deformation under compression. At
the beginning of the model run (~ 5-km shortening, Fig. 6a,
d), deformation is visible in the upper crust as a pair of con-
jugate faults or shear zones that radiate from a point at the
boundary between the upper and lower crust; subsequently,
these faults propagate downward to the LAB, in very dif-
fuse zones (Fig. 6b, e). In the B33.4 models, after 40 km of
shortening, the deformation is concentrated along a main
thrust fault, which either dips westward (M#11 with velocity
applied on both sides of the model; not shown here) or east-
ward (M#12; Fig. 6b). We ran these models a second time
with the same setup to test once more the dip of the develop-
ing detachments and found that it is randomly oriented. We
interpret that this behavior is due to the homogeneity of the
crust, and that once the yield strength is reached, the crust
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deforms by detachments randomly dipping to the east or to
the west.

Although the models reproduce a number of geological
features observed in the thrust belt, they do not replicate
some of the important orogenic features in the study area.
For example, the crustal thickness is higher than present-day
estimates. After 70 km of shortening in the M#12 model,
the crust reaches a thickness of approximately 70 km; while
according to Tassara and Echaurren (2012), the present-day
crustal thickness is 50 km.

Similarly, in the B36 models, the dip direction of the
detachments does not seem to be controlled by velocity
boundary conditions. In these models, the upper crust is
thinner than the B33.4 models and the deformation pattern
is different (Fig. 6d—f). We observe that the location of the
crustal shear zone (labeled as “main thrust fault” in Fig. 6f)
is controlled by the change from thinner to thicker crust
established during the initial conditions for model B36.

C-group models (asymmetric LAB)

Here, we present the most relevant results from a total of
20 C-group models. In the C33.4 models, when we use a
mafic material such as a Maryland diabase, the lower crust
does not flow and the upper-crustal detachment roots in a
lower-crustal shear zone, cutting the entire crust (Fig. 7a—c;
M#16). We reproduce with these models the decoupled
deformation mode, where upper- and lower-crustal defor-
mation processes are displaced horizontally with respect to
each other (Fig. 2d). This deformation mode also forms in
the case of the C36 models where the Maryland or Columbia
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Fig.5 A-group modeling results. Mod-time refers to modeling time,
which does not correspond to geological time. a—¢ A33.4 at differ-
ent shortening stages. a After 5 km of shortening, shear zones have
developed in the upper crust. b Shortening is accommodated along a
main shear (thrust fault) zone. ¢ After 70 km of shortening; deforma-

diabases are assigned to represent the mafic lower crust
(Fig. 8; M#18 and M#35). Even applying a scaling factor of
0.05 to the Columbia diabase material (Table 2; M#40) to
reduce the strength of the lower crust, the results are similar
to a decoupled mode of deformation.

In the C33.4 models with more felsic and, thus, weaker
composition of the lower crust (Fig. 7d—f; M#24), the crust
flows viscously, producing a wide crustal root. This defor-
mation is aligned vertically with upper-crustal deformation,
as a pure-shear or coupled deformation mode. In addition,
the crust reaches a thickness of almost 60 km after 70 km of
shortening, which closely correlates with the actual crustal

Vr

Distance (km)

150 200 250 300
t t t t

Mod-time: 4 Ma. Shortening: 40 km

detail ¢

M#10 Mod-time: 2 Ma. Shortening: 20 km

detail f
I cuc ]
B cLe 1.0e-18 1.0e-13
[Jcwm Strain rate 2nd invariant, 1/s

tion affects only the thinner part of the lithosphere on the left side of
the model with accompanying underthrusting of the crust. d-f A36 at
different shortening stages. As in the A33.4 models, deformation is
always focused in the thinner part of the lithosphere on the left side
of the model

thickness of the orogen, although our models do not include
erosion.

All models with an asymmetric LAB (Fig. 4c¢) produce
west-dipping thrust faults (Figs. 7, 8), which agrees with the
majority of the geological models of the Central Andes. This
could be interpreted as a result of the thicker and stronger
lithosphere (e.g., Kusznir and Park 1986) to the left (west)
of the model, which would correspond to the present-day
forearc. This western domain is usually inferred to be a rigid
block of cold and thick lithosphere, which acts as a backstop
for the east-directed movement of the crust (Tassara and
Yanez 2003; Farias et al. 2010).
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Fig.6 B-group modeling results. a—c B33.4 at different stages
showing that deformation affects the thinner part of the lithosphere
(x-coordinates 150-250 km). a Shear zones developed in the crust
after 5 km of shortening. b With 40 km of shortening, deformation
is focused along a main east-dipping thrust fault. ¢ After 70 km of
shortening the main thrust fault accommodates most of the defor-

Discussion

First, our modeling results show that lower-crustal com-
position is an important factor in controlling the mode of
deformation in a mountain belt; second, the initial asym-
metric geometry of the LAB is the main factor that deter-
mines the polarity of fold-and-thrust belts in a convergent,
non-collisional mountain belt such as the Andes. In light of
these observations and in the context of the major geologi-
cal structures observed in the southern Central Andes, our
modeling shows that eastward-directed crustal deformation
and a foreland-directed development of structures, becoming
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mation. d—f B36 after 45 km of shortening. As in previous models,
deformation is focused in the central part of the model box, where
the lithosphere is thinner. The dip direction of the main detachments
is randomly directed to the east (f) or the west (c) despite the velocity
boundary condition

younger towards the east, is associated with the existence of
an asymmetric LAB, which is the result of asthenospheric
corner flow associated with the subduction of the Nazca
plate.

Model limitations

In our models, we tested the influence of different crustal
thicknesses and compositions as well as lithospheric thick-
ness in order to assess the lithospheric deformation style
under a regime of horizontal shortening. For the models
of the B- and C-groups, although the lithosphere is thinner
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Fig.7 C33.4 model results with different rheological characteris-
tics for the lower crust. Mod-time refers to modeling time. a—c The
lower crust corresponds to a MD (Maryland diabase). a Initial short-
ening stage (5 km), where a west-dipping shear zone develops in the
mantle lithosphere and in the crust. b After 40 km of shortening,
the initial shear zone in the lithosphere leads to the development of
a main west-dipping thrust that cuts the upper and lower crust. ¢ At
the final stage (70 km of shortening), the main thrust absorbs most
of the deformation in the crust with the development of secondary

below the area that represents the magmatic arc, the lith-
ospheric geometry in the model is probably still too simple
as compared to the real structure. Furthermore, as our aim
is to analyze these first-order variables, we do not consider
either inherited crustal structures (such as faults or weak
zones) or local lithological changes that could influence
the local style of deformation.
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structures (backthrusts). d—f The lower crust corresponds to more
felsic material (BQ*5: Black Hills quartzite scaling factor 5). d As
in M#16, the west-dipping shear zone deforms the mantle lithosphere
and the crust. e After 40 km of shortening the main west-dipping
thrust fault cuts the upper crust leading to viscous flow in the lower
crust. f In the final stage, the thrust cuts the upper crust and roots in a
diffuse zone in the lower crust where viscous flow produces thicken-
ing in the same crustal column as part of a coupled deformation mode

The main simplification in our setup is that the simula-
tion does not include the subduction system comprised of
an oceanic plate interacting with the continental plate and
underlying mantle. In particular, we focus on the defor-
mation mode of the crust without considering the influ-
ence of the slab on the dynamics of asthenospheric corner
flow. Additionally, Sobolev et al. (2006) demonstrated that
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Fig.8 C36 model results with different, but mafic, rheologies for the
lower crust. a—¢ The lower crust corresponds to a MD (Maryland
diabase). d—f The lower crust corresponds to mafic material (CD
Columbia diabase), although it is weaker than the Maryland diabase
(Fig. 4f) leads to similar results as in M#18: the mafic lower crust
prevents viscous flow in both cases. a, d As in the C33.4 models dur-

the main effect of asthenosphere dynamics occurs when
delamination of the lithospheric mantle takes place and
corner flow is blocked, producing changes in shortening
rates. In our study area, there is no indication that delami-
nation has occurred. Alternatively, the lithospheric thick-
ening of the upper plate due to shortening could affect the
corner flow, but this is beyond the scope of this paper. We
plan to carry out models that include the subducting slab
and mantle flow, and test their influence on the upper plate
deformation in future work.
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ing the initial stage, a west-dipping shear zone develops in the mantle
lithosphere causing thrusting in the crust. b, e With 20 km of short-
ening the upper and lower crust are subjected to thrusting. ¢, f After
45 km of shortening, upper-crustal shortening is displaced to the right
(i.e., east) with respect to lower-crustal deformation, as in the decou-
pled deformation mode

Although feedback between tectonics and surface pro-
cesses exists, we did not include erosion in the models
due to low-erosion rate estimates for the area (Val et al.
2018). The elapsed modeling time does not correspond
to geological time; thus, the models do not start from an
initial thermal steady-state condition. Here, we focused on
achieving the final shortening accounted for each transect,
instead of simulating the true temporal evolution.
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Role of lower-crustal composition and thickness
in determining the mode of deformation

The connection between crustal composition and thick-
ness, and the style and amount of upper-plate deformation
remains poorly understood, although several studies have
addressed this issue (e.g., Allmendinger and Gubbels 1996;
Kley et al. 1999; Gerbault et al. 2009; Mouthereau et al.
2013; Mescua et al. 2016; Lacombe and Bellahsen 2016).
Since the response of the crust to an applied stress mainly
depends on the distribution of brittle and ductile strength
with depth, the crustal composition is certain to be an impor-
tant parameter controlling deformation (Gerbault et al. 2009;
Lowry and Perez-Gussinye 2011), particularly in the lower
crust (Kusznir and Park 1986). While the brittle strength
is a function of pressure and depth, the ductile strength is
mainly controlled by temperature, strain rate, and composi-
tion (Brace and Kohlstedt 1980; Kusznir et al. 1991; Jackson
2002; Burov and Watts 2006). According to the thermo-
mechanical models carried out by Gerbault et al. (2009), the
upper plate shortening is mainly controlled by upper plate
rheology. In this context our models offer relevant insights
into the role of the lower-crustal composition, and thus crus-
tal strength, with respect to the overall mode of deformation.
They show that a mafic and stronger lower crust results in a
decoupled mode of deformation, where lower- and upper-
crustal deformation are offset towards the west or east of the
mountain belt, respectively (Fig. 9d—f). In contrast, a more
felsic, weaker, lower crust leads to a coupled deformation
mode.

To the north of the study area, in the intraorogenic
Andean Plateau (Altiplano—Puna Plateau), it has been
proposed that changes in the strength of the lithosphere
are related to the presence of thick Paleozoic sedimentary
sequences in the foreland (Allmendinger et al. 1983; All-
mendinger and Gubbels 1996; Pearson et al. 2013). This
scenario was tested by Babeyko and Sobolev (2005) and
more recently by Liu (2020) employing numerical modeling.
Their results show that the decrease of mechanical strength
of the sediments in the foreland of the Altiplano sector of the
plateau causes the changeover to a decoupled, simple-shear
deformation mode. Interestingly, between 33 and 36° S, the
thickness of the Mesozoic and Cenozoic sedimentary suc-
cession of the Neuquén Basin is similar (~4 km), suggesting
that sedimentary basin thickness is not the decisive control
on the mode of deformation. Instead, our models explain the
change in deformation style between coupled and uncoupled
modes as a consequence of variation in lower-crustal compo-
sition as a result of a different Mesozoic history. By means
of gravity modeling, Ibarra et al. (2019) suggested that in
the Altiplano region of the Andean Plateau, underthrust-
ing of the more mafic foreland crust (MeeBen et al. 2018)
would alter the average density of the crust in the orogen

as a whole, which is typically lower due to a more felsic
composition (e.g., Gotze et al. 1991; Tassara et al. 2006).
Ibarra et al. (2019) proposed that the deformation focuses
in the transition between the felsic, weak crust in the orogen
and the more mafic, strong crust in the foreland. In our M36
models, we use layers with laterally homogeneous mate-
rial properties, and we still observe the underthrusting of
the more mafic lower crust due to its greater strength with
respect to the upper crust.

The decoupled mode of deformation is best represented
by models where the material of the lower crust is more
mafic (modeled with a Maryland or Columbia diabase,
M#18 and M#35, Fig. 8). Although these materials could
represent an end-member condition rather strong lower-
crustal characteristics, the results lead to similar when using
reduced scaling factors. This is the case for the segment
south of 35° S, where a mafic lower crust has been inferred
based on gravity data (Tassara and Yafiez 2003). Our models
show that the greater strength of such a mafic lower crust
prevents its flow. Thus, deformation in the lower crust is
shifted to the west compared to the deformation accommo-
dated in the upper crust. This deformation in the lower crust
is driven by a major reverse fault that cuts both lower and
upper crusts.

The coupled deformation mode is represented by mod-
els with a more felsic material in the lower crust (M#24,
Fig. 7d—f). Considering that its composition is likely inter-
mediate, rather than purely felsic, we apply for the lower
crust a rheological model for Black Hills quartzite (BQ) with
increased viscosity by a factor of f=5. In these models, the
zone of thicker crust coincides with the maximum topogra-
phy and upper-crustal shortening. This situation is similar
to that observed for the Andes at~33°-34°S. Our models
indicate that the felsic lower crust allows viscous flow, pro-
voking its thickening due to the compensation of shortening
of the upper crust (Fig. 9b, c).

Regarding variations in the initial crustal thickness, we
do not observe major changes in the mode of deformation.
When comparing models with similar lower-crustal materi-
als (i.e., Maryland diabase) and different maximum crustal
thickness, the results are similar. Model results for the north-
ern transect (e.g., M#16, Fig. 7c) with a thicker crust (max.
45 km) are akin to models for the southern transect (e.g.,
M#18, Fig. 8c), with a thinner crust of max. 40 km. This
could be explained by the minor variations in crustal thick-
ness values (45 km vs 40 km) tested in the models, which,
however, do not contribute significantly to the strength of the
crust (Fig. 4f) in a way that changes the deformation mode.

Role of lithospheric thickness and LAB asymmetry

Subduction contributes to the asthenospheric mantle flow
above the slab (e.g., Schellart 2004) and the release of
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fluids from it (e.g., Peacock 1990). Both processes weaken
and thermally erode the lithospheric mantle of the upper
plate (Isacks 1988; Arcay et al. 2006; Macpherson 2008;
Currie et al. 2008), provoking lithospheric thinning and the
development of an asymmetric lithosphere—asthenosphere

@ Springer

boundary (LAB). In our models, the LAB presents a
marked asymmetry; it is thinner close to the subduct-
ing slab and thicker toward the foreland. This asym-
metry is likely controlled by the geometry of eastward
subduction and the resulting asthenospheric corner flow,
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«Fig.9 Structural transects at 33° 40" S and 36° S and preferred
modeling results. a 33°40'S transect (modified from Giambiagi
et al. 2015), where deformation in the upper crust is coupled with
lower-crustal deformation (i.e., thickened crust) as shown in b (car-
toon modified from Allmendinger and Gubbels 1996) and where
the deformed upper and lower crusts are shown in orange and gray,
respectively. ¢ Result of the model M#24 representing the case for the
33°40’S transect with a more felsic ductile lower crust (BQ*5: Black
Hills quartzite with f=5) that causes thickening under compression
below the zone of deformation in the upper crust. d 36°S transect
(based on Giambiagi et al. 2012; Orts et al. 2012; Astaburuaga 2014;
Tapia 2015; Barrionuevo et al. 2019; Barrionuevo 2020), where the
upper-crustal deformation is shifted toward the east with respect to
the lower-crustal deformation as depicted in the decoupled shorten-
ing mode. e Upper crustal deformation shown in orange is displaced
to the east with respect to the locus of lower-crustal deformation
depicted in gray (cartoon modified from Allmendinger and Gubbels
1996). f Result of the model run M#18 representing the southern
transect, where a mafic (MD Maryland diabase) lower crust provokes
a shift in the loci of upper- and lower-crustal deformation

which provokes an asymmetrical thermal thinning of the
lithosphere.

Regarding the lithospheric thickness, our results indicate
that, for all the tested geometries of the LAB, deformation is
concentrated where the lithosphere is thinner, in accordance
with the thermo-mechanical models from Gerbault et al.
(2009). In the A-group models, the deformation focuses on
the left side of the model box where the lithosphere is thin-
ner, and thus weaker, although the crust is thinner (stronger)
in the same area. For the B- and C-groups, the lithosphere is
thinner in the central part of the model box, and it is, thus,
more prone to deform at this location.

The classic paradigm for the southern Central Andes
states that the tectonic transport of crustal material occurs
in an east-directed manner, with sequential stacking of thrust
sheets from the arc to the foreland region (Ramos et al. 2004;
Farias et al. 2010; Giambiagi et al. 2015; Horton 2018). This
paradigm, however, has been recently challenged by a west-
directed model proposed by Armijo et al. (2010) and Riesner
et al. (2018). This model proposes the underthrusting of the
rigid block of the forearc beneath the Andean orogenic sys-
tem, whereby deformation is driven by the east-dipping West
Andean thrust, which cuts the entire crust and the Moho. As
such, this configuration resembles pro-shear zones, which
have been modeled in continent—continent collision zones
(Willett 1999; Beaumont et al. 1996) with an overall sym-
metric LAB and thickening below the orogenic axis.

Based on our results, we propose that the tectonic trans-
port of the orogenic system is primarily controlled by the
asymmetry of the LAB. In models with a symmetric LAB,
the dip of the main detachments is randomly oriented with-
out a control by velocity boundary conditions.

The geometry of the models with an asymmetric LAB
(C-group) delineates a thick and strong lithosphere in the

western part of the model, which represents the forearc
acting as backstop or a rigid indenter as proposed for the
Andean plateau (Tassara and Yafiez 2003). This rigid
block induces deformation that is directed to the east,
in accordance with the regional geological observations
(Coutand et al. 2001; Elger et al. 2005; Scheuber et al.
2006). Farias et al. (2010) proposed a similar model of the
forearc as a rigid indenter with east-directed deformation
for our study area.

An interesting topic to assess is the influence of cli-
mate-driven erosion and its effects on orogenic structure
and faulting, as it has been shown that a feedback mecha-
nism may exist between these two processes (e.g., Davis
et al. 1983; Willet 1999). As proposed by Willett (1999),
the topographic profile of an orogen, in the absence of
erosion, is asymmetric with the steeper slope on the retro-
wedge side; the exhumation pattern is asymmetric as well
in that case, being higher in the retro-wedge. Under asym-
metric erosional conditions focused on the retro-wedge
area, exhumation is increasingly localized toward the fore-
land. If erosion is higher in the pro-wedge (i.e., toward the
subducting plate) the exhumation pattern widens to the
orogen interior. Although there is a precipitation gradient
across the Andes in our study area (Hoke et al. 2013), this
region has remained in a long-lasting semi-arid corridor
(Hinojosa and Villagran 1997). Interestingly, between 28°
and 36° long-term erosion rates have remained low on both
sides of the orogen (Val et al. 2018) unlike areas to the
north (e.g., Strecker et al. 2007; Bookhagen and Strecker
2012) and the south (e.g., Thomson et al. 2010; Georgieva
et al. 2019). Thus, the climatic conditions in the semi-arid
orogenic wedge of the southern Central Andes appear to
have never been able to influence the direction of tectonic
transport, although when viewed at finer spatial scales, the
level of activity of individual thrust sheets in the orogenic
wedge of the investigated area may have been influenced
by a combination of tectonic processes and superposed
climate-driven surface processes (Hilley et al. 2004). We,
therefore, conclude that the overall tectonic character in
this part of the mountain range is mainly a function of the
geometry of the lithosphere-asthenosphere boundary and
inherited heterogeneities.

Of all the tested models, the results of the C-group
best reproduce the observed deformation for this sector
of the Andes. Models M#24 (Fig. 9c) and M#23 are con-
sistent with the geological and geophysical inferences for
the 33°40'S transect, while models M#18 (Fig. 9f) and
M#35 are compatible with the structural characteristics
of the 36°S transect. The conceptual model postulated by
Giambiagi et al. (2012) is, thus, a plausible explanation for
the differences in the deformation mode at these latitudes
(33-36°S).
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Conclusions

We present the first geodynamic models of intraplate lith-
ospheric shortening for the Andes between 33° and 36° S.
These models have allowed us to evaluate potential first-
order and second-order controls on mountain building in
this sector of the Andes. We tested the influence of the
lithosphere—asthenosphere boundary (LAB) geometry, and
the crustal thickness and composition over the deformation
mode of the upper plate in a non-collisional orogen.

In all models, deformation took place where lith-
ospheric thickness was smaller, indicating that the location
of deformation is strongly controlled by lateral variations
of this parameter. In addition, the geometry of the litho-
sphere—asthenosphere boundary (LAB) is a first-order con-
trol on deformation, especially with regard to the direction
of tectonic transport within the orogen. The asymmetry of
the LAB promotes west-dipping detachments and eastward
propagation of faulting. We infer that this asymmetry is the
result of corner flow associated with the east-dipping Nazca
plate subducting beneath the South American continent.

Second-order controls are the initial thickness of the
crust and lower-crustal composition. We observe that small
crustal-thickness variations (~ 5 km) do not affect the defor-
mation mode. However, the lower-crustal composition is an
important factor controlling the deformation mode. A mafic
and stronger lower crust produces a decoupled shortening
mode of deformation, where lower- and upper-crustal defor-
mation are offset towards the west or east, respectively. In
contrast, a more felsic, and thus weaker, lower crust results
in a coupled deformation mode. The former reproduces the
conditions that cause deformation in the southern transect
(36° S) and the latter represents the conditions in the north-
ern transect (33° 40’ S).
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