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ABSTRACT

The Andes are the classic example of a 
subduction-related orogen. Segmentation of 
the orogenic belt is related to dynamics of the 
subduction zone and to upper plate thermo-
mechanical properties. Understanding the 
controlling factors on deformation along the 
orogen requires studying cross sections at dif-
ferent latitudes and determining the respec-
tive roles of plate interactions, upper plate 
weakness zones, and crustal architecture. A 
newly constructed balanced cross section of 
the Argentinean Andes at 35°S, in the tran-
sition between a fl at-slab and a normal sub-
duction segment, shows tectonic inversion of 
Mesozoic normal faults and development of 
new thrusts during Andean shortening. Esti-
mated shortening of 26.2 km, equivalent to 
22% of the initial length, is lower than pre-
vious estimates obtained from partial cross 
sections using non-inversion structural mod-
els. Comparison of this estimate with crustal 
area balance constrained by geophysical data 
indicates that (1) crustal thickness was varied 
across the transect before Andean shorten-
ing, with a thick (~45 km) crustal block to the 
west related to late Paleozoic orogeny, and 
a thinner block (~32 km) in the east related 
to Mesozoic stretching; and (2) a structural 
model incorporating tectonic inversion is 
consistent with regional shortening and 
crustal thickness trends. Our results under-

score the role of the inherited characteristics 
of the upper plate in subduction-related oro-
gens, including preexisting faults and pre-
orogenic crustal thickness variations.

INTRODUCTION

The eastern fl ank of the Andean orogen 
is characterized by the development of fore-
land fold-and-thrust belts with a segmentation 
defi ned by variations in structural style and 
shortening amounts (Kley et al., 1999). As noted 
by many (e.g., Gansser, 1973; Barazangi and 
Isacks, 1976; Jordan et al., 1983; Allmendinger 
et al., 1983; Isacks, 1988; Allmendinger and 
Gubbels, 1996; Ramos, 1999; Kley et al., 1999), 
the segmentation of the foreland fold-and-thrust 
belts is the result of the interplay of two major 
properties of the subduction system: (1) dynam-
ics of plate interaction at the subduction zone, 
and (2) thermomechanical properties of the 
South American lithosphere.

The fi rst factor is related to changes in con-
vergence direction between the Nazca and South 
American plate, the respective velocities of each 
plate, and the age of the subducted slab (Jarrard, 
1986; Sobolev and Babeyko, 2005; Oncken 
et al., 2006). In particular, the development of 
fl at-slab segments is a key feature of the Andean 
subduction system, and has been proposed to 
be a fi rst-order control on orogenesis (Ramos, 
2010). The infl uence of the upper plate is related 
to preexisting weaknesses and to crustal struc-

ture. Inherited structures such as ancient faults 
and suture zones can be reactivated during 
orogenesis, affecting the dynamics and mor-
phology of orogenic belts (Allmendinger et al., 
1983; Kley et al., 1999; Ramos et al., 2002; 
Pearson et al., 2013). Thermal fl ux and varia-
tions in crustal composition and predeforma-
tion thickness control the rheological behavior 
of the upper plate, playing a determinant role in 
the confi guration of the Andean orogen (Tassara 
et al., 2006). According to Jordan et al. (1983), 
attempts to determine the role of the plate inter-
actions must fi rst fi lter out the infl uence of upper 
plate inherited structures.

Therefore, establishing the importance of 
upper plate characteristics in the different 
Andean segments is an important aspect to 
understand subduction-related orogenesis. To 
address this issue, we constructed a cross sec-
tion in the Malargüe fold-and-thrust belt at 35°S, 
in the transition between the Pampean fl at-slab 
developed between 27° and 33°S (Ramos et al., 
2002) and the segment of normal subduction 
developed to the south. The change in dip of 
the subducted Nazca plate has been assigned a 
major control in the structure of the Andes (Jor-
dan et al., 1983; Ramos et al., 2002). Deforma-
tion of the foreland to a distance of 700 km from 
the trench and enhanced shortening in Andean 
thrust belts (>120 km) have been attributed to 
increased plate coupling and the development 
of brittle-ductile transitions in the foreland due 
to the migration of magmatism in the fl at-slab 
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segment (Ramos et al., 2002). In contrast, the 
normal subduction segment shows a narrow 
orogen and a southward decrease in shortening 
(<60 km). However, a Miocene fl at-subduction 
zone has been proposed to drive orogenic devel-
opment in the currently normal subduction seg-
ment (Folguera et al., 2006).

In this framework, the aim of this contribution 
is twofold. First, we analyze the pre-Andean 
controls on the deformation in the transitional 
zone between the fl at-slab and the normal sub-
duction segments, evaluating structural models 
based on (1) tectonic inversion of preexisting 
faults and (2) newly formed Andean thrusts. 
With the results of this analysis, we address 
the second objective, which is to discuss the 
tectonic processes responsible for Andean oro-
genesis in this segment. The conclusions we 

present have implications for other studies of 
subduction-related orogenic processes and tec-
tonic reactivation of inherited structures.

GEOLOGIC SETTING

The Malargüe fold-and-thrust belt was 
defi ned by Kozlowski et al. (1993) as a base-
ment-involved belt composing the Andes of 
the southern half of the province of Mendoza 
(34°S–36°S), Argentina (Fig. 1). A major fea-
ture of the belt is a southward decrease in short-
ening (Kozlowski et al., 1993; Manceda and 
Figueroa, 1995; Ramos et al., 1996; Giambiagi 
et al., 2009a). Kozlowski et al. (1993) divided 
the belt longitudinally in three sectors: inner 
(western), middle, and outer (eastern) (Fig. 1B). 
In the inner sector, basement is involved in the 

deformation along its entire length, whereas the 
middle and outer sectors have a thin-skinned 
deformation, restricted to the Mesozoic–Ceno-
zoic cover, in their northern parts.

The basement-involved character of the 
Malargüe fold-and-thrust belt was recognized 
since the work of Gerth (1931). However, dif-
ferent models have been proposed for the mech-
anism of basement deformation. Some have 
interpreted the deformation as the result of inver-
sion of Mesozoic normal faults (Manceda and 
Figueroa, 1995; Uliana et al., 1995; Kley et al., 
1999; Giambiagi et al., 2005, 2008), whereas 
others have proposed the development of new 
basement-involved Andean thrusts (Dimieri, 
1997; Turienzo, 2010). A hybrid model includ-
ing both kinds of structures has also been used 
(Giambiagi et al., 2009a).
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Figure 1. (A) Morphostructural units developed in the study area, province of Mendoza (modifi ed from Kozlowski et al., 1993). (B) Struc-
tural sectors of the Malargüe fold-and-thrust belt over LANDSAT image (band combination RGB 742).
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The model of tectonic inversion proposes 
reactivation of the Late Triassic to Early Juras-
sic normal faults that controlled the initial 
depocenters of the Neuquén Basin (Charrier, 
1979; Gulisano, 1981; Uliana and Biddle, 1988; 
Manceda and Figueroa, 1995; Legarreta and 
Uliana, 1996, 1999; Lanés, 2005; Lanés et al., 
2008; Giambiagi et al., 2009b; Bechis et al., 
2010, and many others). Additional Late Juras-
sic extensional reactivation has also been pro-
posed for some areas of the basin, including the 
study area (Mescua et al., 2008). Orientations of 
the normal faults vary throughout the Neuquén 
Basin (see Fig. 2A), but north of 36°S, master 
faults that bound depocenters strike between 
north-northwest and north-northeast (Giambiagi 
et al., 2009b). These orientations are suitable for 
inversion in the contractional Andean stress fi eld 
with a regional maximum horizontal stress ori-
ented east-west (Mescua and Giambiagi, 2012). 
Ramos et al. (1996) noted a link between the 
Mesozoic extensional depocenters and areas 
of basement-involved Andean deformation in 
the high Andes of the Mendoza and San Juan 
provinces of Argentina. In the northern part of 
the Malargüe fold-and-thrust belt, an inner sec-
tor of basement-involved deformation and an 
outer sector of cover deformation are separated 
by the Borbollón–La Manga lineament, which 
was interpreted (by Giambiagi et al., 2005, 
2008) as the master fault of the Mesozoic Atuel 
depo center of the Neuquén Basin (Fig. 2), based 
on the thickness and facies changes of the syn-
extensional deposits.

In contrast, the model of exclusive Andean-
age thrusts proposes that newly formed thrusts 
within the basement are responsible for defor-
mation and uplift in the Malargüe fold-and-
thrust belt (Dimieri, 1997; Turienzo, 2010). 
This model is based on sectors of the belt where 
basement structures transfer high amounts of 
shortening to the cover, a feature that cannot be 
explained through tectonic inversion that pro-
duces smaller amounts of horizontal shortening 
(Ramos et al., 1996; Dimieri et al., 1997). In 
other areas of the belt, such as near the locality 
of Bardas Blancas (35°51′S) no major exten-
sional Mesozoic depocenters were developed, 
and consequently tectonic inversion is limited 
(Dimieri, 1997; Di Carlo and Cristallini, 2007).

METHODS

An extensive fi eld survey of the Malargüe 
fold-and-thrust belt at 35°S was completed to 
characterize the main structures of the belt and 
stratigraphic variations. To characterize fault 
zones in the study area, units cropping out on 
the hanging walls and footwalls were mapped, 
attitudes of bedding planes were systematically 

measured, and, where possible, kinematic indi-
cators, consisting of striae and slickenlines from 
slip planes, were measured. Kinematic data 
were analyzed using the FaultKinWin software 
(FaultKinWin version 1.2.2; see updated Fault-
Kin 7 at http:// www .geo .cornell .edu /geology 
/faculty /RWA /programs .html) to calculate P 
(pressure) and T (tension) axes and principal 
axes of mean incremental deformation using 
linked Bingham distribution statistics, in order 
to estimate the slip direction on the fault zone. 
Fold geometries were described with the aim of 
interpreting the processes responsible for their 
origin (i.e., buckling, fault-propagation folding, 
fault-bend folding, detachment folding). Timing 
relations of faults and folds were obtained based 
on crosscutting relationships with dated igne-
ous rocks (Baldauf, 1997; Sruoga et al., 2008, 
2009), and on relations with synorogenic depos-
its (Mescua et al., 2013).

Field work was complemented with analysis 
of gravimetric data available for the study area 
(see the Supplemental File1). In particular, we 
applied the Euler deconvolution technique to 
Bouguer anomaly values (Reid et al., 1990; 
Roy et al., 2000; Mushayandebvu et al., 2004) 
in order to interpret the subsurface continuation 
of lineaments observed in the surface. Euler’s 
deconvolution is based on the application of 
Euler’s homogeneity equation in a mobile win-
dow for a fi xed width and parameter termed 
structural index. The structural index is associ-
ated with the geometry of the generating source, 
and is represented by a varying number from 0.5 
to 2 (Roy et al., 2000). For this study, the best 
results were obtained with a structural index 
of 0.5 (Barbosa et al., 1999; Roy et al., 2000; 
Cooper, 2006). Window width was adapted to 
the structural dimensions of the target. In this 
study, we used a window width of 10 km over 
a 1 × 1 km grid, considering a 10% margin of 
error. For each position of the mobile window, a 
linear system of overestimated equations is used 
to obtain the position and depth of the sources. 
Linear features obtained by joining the solution 
points of the technique can be interpreted as 
deep geological structures.

Using the information obtained by these 
methods, we constructed a balanced cross 
section, which was forward-modeled using 
2DMove software (Midland Valley Explora-

tion Ltd.; http:// www .mve .com /software /legacy 
_2dmove). The predeformation geometry, 
reconstructed from fi eld data (see Structural 
Model and Balanced Cross Section discussion), 
was used to begin the modeling. We used the 
trishear algorithm implemented in 2DMove 
for deformation at fault tips (Erslev, 1991; All-
mendinger, 1998). Trishear permits modeling a 
wide range of fold geometries by varying the 
trishear angle, the deformation fi eld symme-
try, and the fault propagation to slip (P/S) ratio. 
By varying this ratio, the trishear algorithm 
can generate detachment folds (P/S ~ 0), fault-
propa ga tion folds (low values of P/S) and fault-
bend folds (P/S > 10), because these geometries 
can be viewed as points along a continuum of 
P/S values (Allmendinger et al., 2004). Back-
limb deformation was accommodated using 
either fault-parallel fl ow or inclined shear with a 
shear angle between –20° and –30°, in order to 
model the observed geometry of the Mesozoic 
beds in each structure.

STRATIGRAPHY OF THE STUDY AREA

The stratigraphic record of the study area 
(Fig. 3) can be divided into (1) pre-Jurassic 
basement rocks, (2) Mesozoic sedimentary 
strata of the Neuquén Basin, (3) Cenozoic vol-
canic and plutonic rocks and volcaniclastic syn-
orogenic deposits, and (4) Quaternary deposits, 
which will not be described in this contribution.

Pre-Jurassic Basement

One of the few outcrops of Paleozoic rocks 
in the Cordillera Principal of the province of 
Mendoza is found in the study area. Aparicio 
(1950) fi rst described the quartzites, schists, and 
slates, which were later assigned to the Arroyo 
Mendino Formation (Nullo et al., 2005). A late 
Paleozoic age is assigned to this unit based on 
correlation with rocks of similar lithologies 
found in the Cordillera Frontal, north of the 
study area. The Arroyo Mendino Formation 
underlies and is intruded by the Permian to 
Early Triassic Choiyoi Group, a volcanic and 
plutonic unit of wide distribution in the Andes 
of Mendoza province (Llambías et al., 1993). 
In the study area, the Choiyoi Group comprises 
andesites, dacites, and rhyolites.

Mesozoic Sedimentary Succession 
of the Neuquén Basin

During the Mesozoic, the study area was part 
of the Neuquén Basin (Fig. 2), a retroarc exten-
sional basin developed since the Late Triassic 
(Legarreta and Uliana, 1999). The infi ll of the 
basin consists of as much as 7 km of alternat-

1Supplemental File. The Supplemental File in-
cludes details about the gravity data used and its 
interpretation, the uncertainty in shortening values 
derived  from the balanced cross-section, and an 
analy sis of the effect of taking into account mag-
matic additions in crustal balancing. If you are 
viewing the PDF of this paper or reading it offl ine, 
please visit http:// dx .doi .org /10 .1130 /GES00939 .S1 
or the full-text article on www .gsapubs .org to view 
the Supplemental File.
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ing marine and continental strata deposited in 
response to a combination of tectonic activity, 
eustasy, and volcanic activity in the arc, which 
also controlled the connection of the basin with 
the western paleo–Pacifi c Ocean (Legarreta and 
Uliana, 1996).

At 35°S, the basin comprises two depo-
centers (western Río del Cobre and eastern Los 
Blancos ) separated by a basement high (Gerth, 
1931; Davidson and Vicente, 1973; Legarreta 
and Uliana , 1999; see Fig. 2). This geometry 

developed during initial stages of the Neuquén 
Basin, when isolated, fault-controlled subbasins 
formed during an extensional period in Late 
Triassic–Early Jurassic time (Gulisano, 1981; 
Manceda and Figueroa, 1995). At this latitude 
the oldest rocks of the Neuquén Basin corre-
spond to Early–Middle Jurassic marine rocks of 
the Cuyo Group, which contains both synexten-
sional and postextensional deposits  (Legarreta 
and Uliana, 1999). The Cuyo Group is conform-
ably covered by Callovian to Oxfordian shallow-

marine deposits (Lotena Group), which grade 
upward from red shales with minor sandstones to 
limestones (Davidson and Vicente, 1973). Later 
in the Oxfordian, a regional episode of desicca-
tion across the basin is marked by gypsum of 
the Auquilco Formation, which has a maximum 
thickness of 400 m. The Kim meridgian Tordillo 
and Río Damas Formations show a marked 
conti nentalization of the Neuquén Basin and 
were deposited in predominantly fl uvial envi-
ronments (Legarreta and Uliana , 1999)  during a 
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period of active extension in the northern sector 
of the basin (Cegarra and Ramos, 1996; Pángaro  
et al., 1996; Giambiagi et al., 2003; Charrier 
et al., 2007; Mescua  et al., 2008). The Vaca 
Muerta, Agrio, and Baños del Flaco Formations 
were deposited during Tithonian marine ingres-
sion (Legarreta and Uliana, 1999; Klohn, 1960). 
In the eastern part of the study area, these units 
are covered by evaporites and limestones of the 
Barremian to Aptian Rayoso Group (Nullo et al., 
2005). A change from retroarc to foreland basin 
is recorded in the Late Cretaceous redbeds of the 
Neuquén Group, pointing out the fi rst episode 
of Andean exhumation at the studied latitudes 
(Tunik et al., 2010; Mescua et al., 2013). The 
paleogeography of the rocks of the Neuquén 
Basin in the study area is discussed in further 
detail in the following.

Cenozoic Volcanic and Plutonic Rocks

The oldest Cenozoic volcanic rocks recog-
nized in the study area are 18 Ma andesites of the 
Cordón del Burrero Volcanic Complex (Sruoga 
et al., 2008). Andesites, diorites, rhyolites, and 
basaltic dikes assigned to this volcanic complex 
show an intermediate geochemistry between arc 
and retroarc magmatism and have Ar/Ar total 
rock ages of 18–14 Ma (Sruoga et al., 2008). 
Volcanic and plutonic rocks that intrude or cover 
the Cordón del Burrero Volcanic Complex are 
assigned to the Huincán Formation. These rocks 
correspond to andesites, rhyolites, diorites, 
monzonites, and granites with a clear arc signa-
ture (Nullo et al., 2002) and have Ar/Ar horn-
blende ages from 12 to 6 Ma (Baldauf, 1997; 
Sruoga et al., 2009). Synorogenic volcaniclastic 
deposits coeval with the Huincán Formation 
volcanism, assigned to the Loma Fiera Forma-
tion (Baldauf, 1997; Combina and Nullo, 2000), 
are preserved in the cores of synclines in the 
eastern part of the study area. Pliocene to Holo-
cene volcanic rocks are found in the study area, 
as large eruptive centers and small monogenetic 
cones (Fig. 4; Sruoga et al., 2005).

MAIN STRUCTURES OF THE 
MALARGÜE FOLD-AND-THRUST 
BELT AT 35°S

The westernmost part of the study area is 
characterized by outcrops of Mesozoic strata of 
the Neuquén Basin (Fig. 4). In the northwest of 
the study area, a large north-plunging anticlino-
rium is developed, in which Kimmeridgian and 
younger units form a large anticline of 10 km 
wavelength, cut along its eastern fl ank by the 
Río del Cobre fault zone (Fig. 4). In the core of 
this anticline, underlying Jurassic units are com-
plexly deformed by thrusts and folds of smaller 

wavelengths. To the south, the anticlinorium 
and fault zone abut the Santa Elena lineament 
(Fig. 4).

The Río del Cobre fault zone, one of the 
major structures within the cross section (Figs. 4 
and 5), is a north-northeast–striking, high-angle 
(~60°W) reverse fault zone that is as much as 
600 m wide. Fault rocks are intensely deformed 
red shales of the Lotena Group, gypsum of the 
Auquilco Formation, and sandstone blocks of 
the Cuyo Group (Fig. 5A). The fault places the 
Middle Jurassic Cuyo Group over Oxfordian to 
Kimmeridgian rocks, with an estimated reverse 
displacement between 3000 and 5000 m that 
decreases toward the north. A kinematic study 
of minor slip structures in the fault zone indi-
cates reverse dip displacement of the fault and 
little or no strike-slip component (Fig. 5B).

Deformation of the Cuyo and Lotena 
Groups west of the Río del Cobre fault zone 
presents two contrasting styles. In the north-
ernmost part of the anticlinorium, the Middle 
Jurassic units are folded in a series of regu-
lar open anticlines and synclines with wave-
lengths of ~3 km (Fig. 6). In the southern part 
of the anti clinorium, beds of the Cuyo Group 
are deformed by imbricate thrust faults and 
associated folds (Fig. 7). Two main thrusts are 
observed. The western thrust shows a series of 
ramps and fl ats, including local juxtaposition 
of a hanging-wall ramp on a basal fl at, suggest-
ing out-of-sequence thrusting.

Farther south, beds of the Cuyo Group and 
the Río del Cobre fault zone abut a marked 
east-west Santa Elena lineament, which extends 
for 20 km in the western part of the study area 
(Fig. 4). In order to examine if the Santa Elena 
lineament corresponds to a subsurface struc-
ture, Bouguer gravity data were analyzed using 
the Euler deconvolution technique (Reid et al., 
1990; Roy et al., 2000; Mushayandebvu et al., 
2004). Solutions of Euler deconvolution that 
refl ect the subsurface continuation of the Santa 
Elena lineament shown in Figure 4A correspond 
to a >15-km-deep lineament that marks an 
important upper crustal structure, which bounds 
two blocks with contrasting densities. The sub-
surface boundary is located 7 km north of the 
surface expression of the lineament, indicating 
that the boundary dips 65° to the north.

In the southwestern part of the study area, the 
outcrop level is higher than in the northwest, 
even though the altitude is lower. The Lotena 
Group and Auquilco Formation are intensely 
deformed into a series of tight anticlines and 
synclines with wavelengths of ~1 km (Fig. 8A). 
Folds in this sector trend north to north-north-
east and are slightly sinuous. Along strike, folds 
widen and narrow, and are locally overturned as 
a result of the fl ow of the ductile units within 

fold cores. Box fold geometries are widespread 
(Fig. 8B). In one of the pioneering studies of 
this part of the Andes, Burckhardt (1900) had 
already recognized the structural complexity of 
this sector, and described a fold with the shape 
of an inverted bottle in the Laguna de las Cargas 
(Fig. 8). These observations indicate detach-
ment folding facilitated by ductile behavior of 
lower Lotena Group red shales, which fl owed 
into anticline cores and out of synclines.

Toward the east, between the Cobre and Tor-
dillo Rivers, deformation of the Jurassic and 
Cretaceous units is characterized by folding 
(Fig. 4). The main structure is a north-north-
east–trending syncline (Mescua et al., 2010) 
that undulates and intersects with north-north-
west–trending folds, giving rise to a type 2 inter-
ference pattern (Ramsay, 1967).

The Las Leñas basement block was exhumed 
in the central sector of the study area (Fig. 4). 
Overlying Jurassic and Cretaceous units are 
only slightly deformed (Fig. 9), in contrast with 
the rest of the study area. Basement was uplifted 
along the north-striking, west-dipping Las Leñas 
thrust and cores a large anticline with eastern 
vergence (Fig. 10). A 65°–45° dipping frontal 
limb contrasts with a 15°–20° dipping backlimb 
in the Cuyo Group cover. The basement acted as 
a rigid block, with folding developed in the front 
(east) of the thrust. To the north and south of the 
study area, the fault slip decreases and the base-
ment block plunges in both directions.

Where the Las Leñas fault reached the Meso-
zoic sedimentary succession, displacement 
transferred to the cover folds using weak units 
as detachment levels. Fold trends vary from 
north-northeast in the north to north-south in the 
south (Figs. 4 and 11). In the north, the detach-
ment level is located in shale and limestone beds 
of the Cuyo Group, whereas in the south, the 
detachment level is in gypsum of the Auquilco 
Formation.

The eastern sector of the study area displays 
multiple north-trending folds in Mesozoic sedi-
mentary cover, locally cut by faults (Fig. 4). 
The Los Morros fault (Kozlowski et al., 1984) 
placed the Vaca Muerta Formation over the 
Neuquén Group, but is mostly covered by Qua-
ternary deposits. The main structure in this east-
ern sector corresponds to the 4-km-wavelength 
Los Blancos anticline, which is cored by the 
Cuyo Group (Fig. 4). A syncline developed to 
the east preserves Neuquén Group and Ceno-
zoic synorogenic deposits (Fig. 4). East of these 
folds, a sector of smaller scale structures is 
found, characterized by thrusts and tight folds 
with 0.5–1 km of wavelengths, detached in gyp-
sum of the Auquilco Formation and black shales 
of the Vaca Muerta Formation (Giampaoli 
et al., 2002).
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The frontal structures of the fold-and-thrust 
belt at these latitudes, the Malargüe and Puesto 
Rojas faults, have been documented in seis-
mic lines and boreholes (Kozlowski et al., 
1993; Giampaoli et al., 2002; Rojas and Radic, 
2002). The faults offset basement and continue 
upward into anticlines in the Mesozoic sedi-
mentary cover.

STRUCTURAL MODEL AND 
BALANCED CROSS SECTION

Based on the structural model presented in 
the following, and ages of progressive deforma-
tion described herein, we constructed a balanced 
cross section using 2DMove (see the Methods 
discussion). The construction of balanced cross 

sections in areas of tectonic inversion poses 
some diffi culties, mainly due to the geometry of 
the extensional basin, which results in a com-
plex stratigraphy of the infi ll. Depending on 
the level and quality of exposure, recognizing 
inverted faults may be straightforward or a very 
diffi cult task. In our case study, geometrical cri-
teria used to recognize inversion, such as foot-
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wall shortcuts (Hayward and Graham, 1989) 
and null points (Williams et al., 1989), could 
not be observed. Out-of-sequence deformation 
related to buttressing, as observed in the Río 
del Cobre depocenter (Figs. 6 and 7), was sug-
gested as an indication of inversion by Hayward 
and Graham (1989). For other structures, we 
had to rely on variations in thickness and facies 
of Mesozoic synextensional strata to interpret 
inverted faults. In some cases, thickness varia-
tions are dramatic: for the Río del Cobre fault, 

the Tordillo and Río Damas Formations increase 
in thickness more than 2000 m (Fig. 2). In 
other cases, such as the Los Blancos fault, the 
increase is 300–500 m; this can be explained 
with a thrust, as proposed by Kozlowski et al. 
(1993). The argument for inversion of this struc-
ture is presented in the Discussion section. In 
settings like this, where inversion is likely but 
cannot be directly observed, a good approach is 
to assess the potential for reactivation of the pre-
existing structures using the Coulomb-Navier 

fracture and slip criteria, given their orientation 
and physical properties (Sibson, 1985). We have 
shown that in our case study, a small decrease in 
the coeffi cient of friction with respect to that of 
intact rock or a small increase in fl uid pressure 
are suffi cient to produce reverse reactivation of 
the normal faults of the Neuquén Basin (Mescua 
and Giambiagi, 2012).

Section-line changes strike locally from east-
southeast to east-west to match interpreted trans-
port directions of structures (Fig. 4). This implies 
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units - inverted

stratigraphy

Baños del
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Cuyo Group Callovian to
Kimmeridgian

units

WNWWNW ENEENE
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N=31

T axes for individual faults
P axes for individual faults

Strain axes for
fault zoneSlip direction from striae

Figure 5. (A) The Río del Cobre 
fault zone. View is to the north-
northeast. Note the thermal 
spring of Baños del Cobre and 
the block with inverted stra-
tigraphy in front of the fault. 
(B) Kinematic analysis of the 
Río del Cobre fault zone, based 
on the measurement of striae 
on slip planes within the fault 
zone. On the left, fault planes 
with arrows showing striae and 
slip sense. On the right, calcu-
lated P (pressure) and T (ten-
sion) axes for individual faults 
and strain axes obtained using 
Linked Bingham statistics (1, 2, 
3). The displacement obtained 
for the fault zone is represented 
as a focal mechanism, show-
ing pure dip reverse displace-
ment. Calculations and dia-
grams made with FaultKinWin 
(FaultKinWin version 1.2.2; see 
updated FaultKin 7 at http:// 
www .geo .cornell .edu /geology 
/faculty /RWA /programs .html).
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the assumption of pure dip-slip movement of the 
faults. If a strike-slip component was present in 
any of the structures, material motion out of the 
plane of the section would result in an increased 
uncertainty in estimated shortening. However, 
no signifi cant strike-slip movements have been 
detected in the study area. Kinematic data for 
the north-northeast–striking Río del Cobre 
fault indicate dip-slip displacement (Fig. 5). 
The structures with the same strike east of the 
Las Leñas basement block, that we interpret as 
resulting from control by existing structures, 
continue southward into north-south structures 
without evidence for strike-slip deformation.

The western limit of the cross section is given 
by the contact between Mesozoic and Ceno-
zoic along the El Fierro thrust (Charrier et al., 
1996, 2002; Godoy et al., 1999). The El Fierro 
fault was active ca. 20 Ma during the inversion 
of the Eocene–Oligocene Abanico Basin west 
of the study area (Charrier et al., 1996, 2002), 
and may also have been active during out-of-
sequence deformation between 9 and 3.5 Ma 
(Godoy et al., 1999). The eastern limit is the 
orogenic front.

The depth to detachment in the eastern part 
of the study area was taken as 10 km, similar 

to values from previous structural studies in 
the region (Giambiagi et al., 2008, 2009a) and 
geophysical modeling (Farías et al., 2010). A 
dip of ~2°W leads to a depth to detachment 
between 11 and 12 km at the western end of the 
cross section.

Geometry of the Half-Grabens 
of the Neuquén Basin

The Malargüe fold-and-thrust belt at 35°S 
presents a pattern in which structural style is 
related to the geometry of depocenters of the 
Neuquén Basin. Sedimentary strata of the Neu-
quén Basin are widely exposed in the western 
and eastern parts of the study area where Meso-
zoic depocenters were developed, whereas 
basement crops out in the central part of the 
study area that was a basement high during the 
Mesozoic. Taking this into account, we fi rst 
reconstructed the geometry of the Neuquén 
Basin depo centers prior to initiation of Andean 
contractional deformation. Thickness variations 
of Mesozoic sedimentary deposits were charac-
terized along the section line shown in Figure 
4. An initial restoration of the main structures 
was carried out to construct the pre-Andean 

geometry of the basin (Fig. 2C), which was later 
adjusted during cross-section modeling. The 
basin included the western Río del Cobre depo-
center (Fig. 2) composed of two half-grabens, 
the western of which has the thickest infi ll. The 
central part corresponded to the Las Leñas base-
ment high, over which condensed sections of 
the Mesozoic units were deposited (Legarreta 
and Kozlowski, 1984). The eastern depocenter, 
called here Los Blancos depocenter (Fig. 2), was 
previously included within the Atuel-Valenciana 
depocenter by Manceda and Figueroa (1995). 
We differentiate this sector from the major Atuel 
and Valenciana depocenters developed to the 
north and south, respectively, because the sec-
tor at 35°S has a different geometry. It is com-
posed of a series of minor half-grabens (Fig. 
2C), whereas the Atuel and Valenciana present 
larger half-grabens (Giambiagi et al., 2009b). 
The Los Blancos anticline is interpreted to have 
formed at the northern termination of the Valen-
ciana depocenter; however, minor half-grabens 
and grabens with relatively thin successions of 
synrift strata developed to the east and west of 
this structure (e.g., Las Leñas graben, Fig. 2) 
indicate a transitional sector with respect to the 
two main depocenters.
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A signifi cant point in the reconstruction is the 
location of the extensional faults of half-grabens 
and grabens. Changes in thickness and facies of 
the Jurassic rocks across faults may correlate 
with the inversion of Mesozoic structures during 
the Cenozoic deformation (Mescua and Giam-
biagi, 2012). The coincidence of large-wave-
length folds (5–10 km) and thick successions 
of Early to Middle Jurassic rocks is interpreted 
to refl ect inversion of half-graben bounding 
structures. Alternatively, these folds may refl ect 
the locations and orientations of newly formed 
thrusts near preexisting normal faults (Nieuw-
land et al., 2000; Yagupsky et al., 2008).

Age of Deformation

Initial compressional deformation in the 
study area took place in the western part of the 
inner sector of the belt during the Late Creta-
ceous (Mescua et al., 2013) and is recognized 
at the regional scale (Tunik et al., 2010). In this 
sector, clast composition of the Late Cretaceous 
synorogenic conglomerates indicates exhuma-
tion and erosion of the Late Jurassic and Early 
Cretaceous strata, interpreted as an evidence 
for early uplift along the Río del Cobre fault 
(Mescua et al., 2013). After this deformation, 
an extensional episode restricted to the Chilean 
side of the Andes led to the development of the 
Abanico Basin during the Eocene and Oligo-
cene (Charrier et al., 1996, 2002).

The main deformation in the Malargüe fold-
and-thrust belt took place in the Miocene (Fig. 
12), starting ca. 20 Ma in the Chilean Andes 
west of the study area, with the inversion of the 
Abanico Basin (Charrier et al., 1996, 2002). 
Within the study area, the inner sector of the 
belt was deformed between 20 and 16 Ma, as 
evidenced by syntectonic folded andesites of 
the Cordón del Burrero Volcanic Complex with 
Ar/Ar total rock ages of 17.9 ± 0.4 Ma and 17.2 ± 
0.2 Ma, and undeformed rocks of the same unit 
with ages of 16.3 ± 0.1 Ma and 16.1 ± 0.2 Ma 
(Sruoga et al., 2008). The deformation advanced 
to the east, as shown by syntectonic dikes of 
13.57 ± 0.12 and 13.43 ± 0.09 Ma intruded in 
the Los Blancos anticline, and the post-tectonic 
emplacement of the Los Morros intrusion in 
the core of an anticline at 12.4 ± 0.7 Ma (Ar/Ar 
hornblende ages of Baldauf, 1997). Synorogenic 
deposits of the Loma Fiera Formation that are 
preserved in synclines in the easternmost part of 
the belt were dated by Baldauf (1997) as younger 
than 10 Ma. Deformation in the Malargüe anti-
cline, at the front of the Malargüe fold-and-thrust 
belt, started after 7 Ma and continued until 1 Ma 
(Silvestro et al., 2005). The Las Leñas fault pre-
sents out-of-sequence deformation that could not 
be dated (see following).
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Structural Model for Andean Deformation 
and Balanced Cross Section

The evolution of the deformation in the 
Malargüe fold-and-thrust belt modeled in 
2DMove is shown in nine steps in Figure 13. 
Some structures with more limited shorten-
ing along the cross section likely correspond 
to inverted Mesozoic normal faults, such as 

the Río del Cobre fault (Mescua and Giam-
biagi, 2012). The high angle of this structure 
is a typical feature of normal faults (Fig. 5). In 
addition, an 800-m-thick succession of deep-
marine facies of the Cuyo Group, representing 
the transition from synrift to postrift stages, is 
west of the fault. Even though this unit does not 
crop out immediately to the east of the fault, 
further east over the Las Leñas basement high, 

only 95 m of shallow-marine deposits are found 
(Fig. 13A). Extensional control on deposition of 
this unit has been widely documented in other 
localities (Manceda and Figueroa, 1995; Lanés, 
2005; Giambiagi et al., 2008, 2009b; Bechis 
et al., 2010). The thickness of the Late Juras-
sic Tordillo Formation increases from 1000 m 
in the footwall of the Río del Cobre fault to 
between 3000 and 5000 m in the hanging wall, 
recording an extensional control that has also 
been documented at the regional scale (Fig. 
13A). These observations suggest that the Río 
del Cobre fault was a normal fault during the 
Middle and Late Jurassic, and was reactivated 
as a reverse fault during Andean deformation. 
Furthermore, this can explain the north-north-
east trend of the fault, oblique with respect to 
the Andean stress fi eld, which varied between 
azimuths 76° and 83° (Somoza, 1998; Somoza 
and Ghidella, 2005).

According to this interpretation, internal 
deformation of the Cuyo and Lotena Groups, 
concentrated near the Río del Cobre fault zone, 
results from buttressing of the beds against the 
footwall basement. Different styles of deforma-
tion observed in these beds appear to be con-
trolled by variations in the lithological charac-
teristics of the Cuyo Group. In the northern part, 
shales are dominant, except for a 150–200 m 
section of sandstones that controlled buckling 
with fold wavelength correlated to thickness 
of the competent section (Currie et al., 1962; 
Fig. 6C). In contrast, in the southern part, the 
succession is dominated by sandstones, and 
deformation is mostly by thrusting (Fig. 7). 
The internal deformation of the Middle Jurassic 
rocks by buttressing against the basement step 
of the Río del Cobre fault is not represented in 
the cross section. We modeled the inversion of 
the Río del Cobre fault as a simple harpoon 
anticline (Yamada and McClay, 2004), follow-
ing the geometry of the overlying Late Juras-
sic rocks.

The Santa Elena lineament (Fig. 4) was the 
southern termination of this depocenter, corre-
sponding to either a normal fault or a transfer 
zone. To the south of the Santa Elena linea-
ment, outcrops of Cuyo Group rocks are lim-
ited, and the deformation style in the Lotena 
Group rocks is markedly different from that 
developed in the north. The contrast in rock 
density at depth across the Santa Elena linea-
ment recorded by gravity data is interpreted as 
a contact between different kinds of basement 
rocks. We interpret this density contrast as the 
existence of a normal fault that put Paleozoic 
rocks against the Choiyoi Group. The observed 
lineament and gravity contrast disappear to 
the east, where the Las Leñas basement high 
is located.
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We propose a limited inversion of an inferred 
Mesozoic normal fault, the Río Tordillo fault, 
that is covered by Quaternary deposits and 
located east of the Río del Cobre fault (Figs. 
13A, 13B). Across this structure, the Tordillo 
Formation thickness changes from 1000 m to 
340 m. The Río Tordillo fault could also be an 
Andean thrust with a ramp location controlled 
by a preexisting normal fault. However, given 
that north-northeast–trending Mesozoic normal 
faults have a high potential for inversion in the 
Andean stress fi eld (Mescua and Giambiagi, 
2012), we favor the fi rst interpretation.

We propose that the older normal faults of the 
Río del Cobre depocenter (Fig. 2) were inverted 
during Andean deformation in a way similar to 
that found by Marques and Nogueira (2008) in 
analog models, in which normal faults closer 
to the piston that generates the compression 
are more strongly inverted. In our case study, 
the western fault was also more important dur-
ing extension, with higher displacement and a 
thicker sedimentary succession deposited in the 
western half-graben, which probably favored its 
inversion.

The Las Leñas Mesozoic basement high 
acted as a rigid basement block, with only lim-
ited deformation of the cover. Folding in the 
front of an east-verging, north-striking reverse 
fault is the most important deformation asso-
ciated with this uplift (Fig. 13C). Following 
Kozlowski et al. (1993), we interpret the Las 
Leñas anticline as a fault-bend fold, generated 
when an Andean basement thrust transferred its 
displacement to the cover using fl at detachment 
levels (Fig. 10). Kozlowski et al. (1993) noted 
the out-of-sequence transport of the anticline; a 
thrust cuts its eastern fl ank, affecting the cover 
folds south of the study area (Figs. 10 and 13D). 
The deformation of the cover took place with 
the generation of thrusts and folds (Fig. 11). 
These structures show changes in orientations 
and detachment levels from north to south. In 
the north, north-northeast–trending folds have a 
detachment in the Cuyo Group, whereas to the 
south, north-trending folds are detached in the 
Auquilco Formation. These are interpreted to 
result from interaction of the Las Leñas thrust 
with preexisting structures inherited from Meso-
zoic extension. The presence of a small depo-
center with 400 m of the Cuyo Group (Figs. 
2B, 2C) coincides with the change to a north-
northeast trend, whereas southward the same 
unit is <100 m thick. Taking this into account, 
we propose that orientations of Andean thrusts 
and folds were controlled by preexisting normal 
faults, as observed by Yagupsky et al. (2008) in 
analog models.

In the eastern part of the study area, a series 
of basement faults created large anticlines and 
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Figure 13 (on this and following page). 
Sequentially restored balanced cross 
sections of the Malargüe fold-and-
thrust belt at 35°S. See Figure 4 for 
section line. No vertical exaggeration; 
distances are in kilometers. White 
lines represent the faults that will 
form in the following deformation 
step, except in A, where it represents 
the main décollement level for the 
Cenozoic deformation. S is shorten-
ing calculated for different stages. 
(A) Geometry of the Neuquén Basin 
at 35°S in the Cretaceous, prior to 
Andean compressional deformation. 
(B) Tectonic inversion of the Río del 
Cobre depocenter, which took place 
in two distinct stages in the Late Cre-
taceous and the early Miocene. The 
cross section shows the accumulated 
result of both events. (C) Formation 
of the Las Leñas basement thrust in 
the middle Miocene. The basement 
thrust transfers its displacement to 
the Mesozoic deposits. (D) Formation 
of an out-of-sequence fault splay in 
the Las Leñas thrust. This event could 
not be dated, and it may be younger 
than middle Miocene. (E) Inversion of 
the Los Molles fault, which took place 
through the reactivation of the main 
fault and the generation of a shortcut. 
Note the synorogenic deposits in the 
syncline. FTB—fold-and-thrust belt. 
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Figure 13 (continued). (F) Inver-
sion of the Los Blancos fault, and 
propagation of the fault to the 
cover through the décollement 
level of the Auquilco Formation. 
Note the emplacement of post-
tectonic intrusions at this stage. 
(G) Late Miocene inversion of 
the Malargüe fault. (H) Late 
Miocene and Pliocene inver-
sion of the Puesto Rojas fault. 
(I) Present state. Numbers 1–7 
indicate the main structures as 
given in Figure 4.
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transferred shortening to the cover with detach-
ment levels in the Auquilco and Vaca Muerta 
Formations (Figs. 13E–13G), leading to the for-
mation of tight folds of <1 km wavelengths. The 
main structure is the Los Blancos anticline, a 
symmetric structure with a wavelength of 4 km 
(Fig. 13F). The easternmost structures of the 
fold-and-thrust belt at the studied latitude are 
the Malargüe and Puesto Rojas basement faults 
(Figs. 13G, 13H), documented from subsurface 
data (Manceda and Figueroa, 1995; Giampaoli 
et al., 2002). We interpret these faults as inverted 
Mesozoic normal faults (see the Discussion for 
alternative interpretations and implications of 
the different structural models).

SHORTENING AND 
SHORTENING RATES

We obtained a shortening of 26.2 km for 
the Malargüe fold-and-thrust belt, which rep-
resents the 22% of the initial length (Fig. 13). 
As Judge and Allmendinger (2011) pointed out, 
it is important to determine the uncertainty in 
shortening obtained from cross sections before 
using those values as data for geologic models ; 
however, this is not an easy task. Different 
sources of error include depth to detachment, 
shape of the deformed wedge, stratigraphic 
thickness of units, eroded hanging-wall cut-
offs, and deformation by minor structures not 
accounted for in the section (Allmendinger 
and Judge, 2013). Using the method proposed 
and the software developed by Judge and All-
mendinger (2011), we have attempted to esti-
mate the error in shortening. If we consider that 
depth to basal fold-and-thrust belt detachment 
and eroded hanging wall rocks have low uncer-
tainty (<100 m), the Gaussian error is ~3 km 
(see the Supplemental File [see footnote 1]). 
Increasing the uncertainty of these parameters 
increases the error, and for an uncertainty in 
depth to detachment of 2 km, the shortening 
and Gaussian error is 26.2 ± 18.6 km, rendering 
the estimation useless. Because we have used 
consistent and independent (structural and geo-
physical) estimations for depth to detachment, 
we consider that the uncertainty is low and the 
error is closer to ±3 km.

Accepting the shortening estimations 
obtained from the cross section, shortening in 
the inner sector of the belt, where deformation 
took place between 20 and 16 Ma, reaches 3 km, 
giving a mean deformation rate of 0.75 mm/yr. 
The outer sector, with 23.2 km of shortening, 
was deformed since 16 Ma, giving a rate of 1.45 
mm/yr. However, these estimates of deforma-
tion rates have signifi cant uncertainties given 
the limited constraints on deformation ages and 
uncertainty in shortening.

DISCUSSION

Proposed Structural Models 
for the Cross Section

In this work we present the fi rst structural 
model for the inner sector of the Malargüe fold-
and-thrust belt at 35°S. The model is based on 
surface data and geophysical interpretations. 
The existence of a depocenter of the Neuquén 
Basin in this area, here named Río del Cobre 
depocenter, was previously documented (e.g., 
Gerth, 1931; Legarreta and Uliana, 1999). We 
propose that Andean deformation took place 
through the inversion of the normal faults of this 
depocenter, based on a number of observations 
(Mescua and Giambiagi, 2012; see Structural 
Model and Balanced Cross Section discussion).

Previous cross sections for the central and 
eastern sectors of the study area by Kozlowski 
et al. (1993) show 35 km of shortening, whereas 
our estimated shortening is 23.2 km. The dif-
ference results from the interpretation of the 
Los Blancos fault, which in our model is an 
inverted Mesozoic normal fault, whereas in the 
Kozlowski et al. (1993) model it is a low-angle 
basement thrust. A previous section by Manceda 
and Figueroa (1995), using a higher angle Los 
Blancos fault controlled by the bounding struc-
ture of a half-graben, showed 27 km of esti-
mated shortening. The Giampaoli et al. (2002) 
cross section also shows the Los Blancos fault 
as an inverted fault.

A Late Triassic–Early Jurassic extensional 
depocenter in the middle and eastern sec-
tors of the belt at 35°S was shown previously 
(Kozlowski et al., 1993; Manceda and Figueroa, 
1995; Giampaoli et al., 2002). The Cuyo Group 
crops out extensively 20 km to the south, in the 
La Valenciana area (Manceda and Figueroa, 
1995). In the study area, Cuyo strata are found 
in the core of the Los Blancos anticline, which is 
interpreted to represent the northern termination 
of the Valenciana depocenter, characterized by 
a decrease in displacement of the normal faults 
and thickness of synrift deposits, and at present 
by a north-south belt of anticlines (Fig. 14). The 
discontinuous geometry of these anticlines is 
best explained as resulting from the inversion of 
segments of normal faults. Trends of the anti-
clines follow trends of the master faults of the 
Jurassic rifts (Manceda and Figueroa, 1995): 
north-northeast in the Valenciana area and north-
south in the Los Blancos area, a feature that con-
tinues to the north in the Atuel area, where the 
structures have a north-northwest trend (Bechis 
et al., 2010). Andean thrusts could also be con-
trolled by the preexisting normal faults, but we 
favor our interpretation for the Los Blancos 
fault because of the high potential for inversion 

of north-south faults in the Andean stress fi eld 
(Mescua and Giambiagi, 2012). Models using 
low-angle thrusts for these basement structures 
imply higher amounts of shortening (Kozlowski 
et al., 1993) and do not take into account the 
Mesozoic structures.

For the easternmost Malargüe and Puesto 
Rojas faults, our structural model is based on 
relations south of the study area, where deeper 
levels of basement and Mesozoic synrift units 
are exposed. In that area, Giambiagi et al. 
(2009a) interpreted the Malargüe fault as an 
inverted normal fault with a shortcut fault in 
its front; in their model, the formation of the 
structure took place in two episodes: the short-
cut fault was generated fi rst, and the inversion 
of the Mesozoic normal fault took place later 
(see Giambiagi et al., 2009a for a discussion on 
the development of this structure). We used the 
same model for our study area, where the north-
ward plunge of the structure leads to the outcrop 
of younger (Late Jurassic to Cretaceous) units.

Comparing Shortening Derived from 
Balanced Cross Sections and Crustal 
Thickness Estimates

Isacks (1988) presented a methodology to 
estimate crustal shortening in the Central Andes 
from cross-sectional crustal area. The calcula-
tion is based on area conservation before and 
after shortening, assuming a constant crustal 
thickness (T0) before shortening, tectonic short-
ening as the only process that leads to crustal 
thickening, and no erosion (Fig. 15A). Introcaso 
et al. (1992) calculated a shortening value of 
S = 90 km at 35°S, using a crustal model built 
from a gravimetric profi le and assuming T0 = 33. 
We calculated crustal shortening with the same 
method using the crustal model of Tassara and 
Echaurren (2012), which is based on a more 
extensive and precise compilation of geophysi-
cal data. The main uncertainty in this calculation 
is due to the lack of constrains for the value of T0. 
In addition, if magmatic additions contributed to 
crustal thickening, then tectonic shortening will 
be overestimated. Although crustal thickening in 
the Andes was achieved mainly through tectonic 
shortening, magmatic additions may provide a 
secondary contribution (Schmitz, 1994; Haschke 
et al., 2002). Different calculations carried out 
for the Central Andes have given variable results, 
with estimated magmatic additions ranging from 
1.5% (Francis and Hawkesworth, 1994) to 20% 
(Schmitz, 1994). Some have proposed a model 
in which processes of crustal thickening in the 
Central Andes vary spatially, with tectonic short-
ening in the eastern part and magmatic additions 
in the western part (Kono et al., 1989; Sempere 
and Jacay, 2008). In our case study, considering 
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magmatic additions does not signifi cantly affect 
shortening amounts (see the calculations pre-
sented in the Supplemental File [see footnote 1]). 
In the following we present our results without 
considering that magmatic additions contributed 
to crustal thickening.

Bulk crustal shortening obtained by the cal-
culation also includes shortening in the western 
slope of the Andes, for which estimates at these 
latitudes are scarce. At 33.8°S, 150 km to the 
north of the study area, Farías et al. (2010) esti-
mated shortening of 16 km and 58 km for the 
western and eastern slopes, respectively. Using 
the same proportion for our study area gives a 
shortening of ~8 km for the western slope and 
26 km shortening for the eastern slope. As a 
result of these uncertainties, our calculations 
can be taken only as a rough approximation of 
the crustal shortening.

Given uncertainties in T0, we proceeded to 
calculate the shortening at 35°S for different 
T0 values between 35 and 42 km (Fig. 15B). 
For values T0 < 37, calculated shortening is S > 
70 km. These values, as well as values from 
Introcaso et al. (1992), are high compared to 
shortening obtained from cross-section balanc-
ing throughout the Malargüe fold-and-thrust belt 
(Kozlowski et al., 1993; Manceda and Figueroa, 
1995; Giambiagi et al., 2009a, 2012, and many 
others). Shortening values consistent with cross 
sections are obtained with higher values of initial 
crustal thickness, such as S = 27.9 km for T0 = 
40 km. This value of T0 is similar to the global 
weighted average crustal thickness obtained 
from a compilation of 560 seismic surveys 
(Christensen and Mooney, 1995) and suggests 
that prior to Andean shortening, the crust at 35°S 
had not been signifi cantly thinned by the Meso-
zoic extension. This seems to confl ict with the 
repeated marine transgressions that took place 
during the Mesozoic in the Neuquén Basin, 
including widespread fl ooding in Tithonian time 
(represented by the Vaca Muerta and Baños del 
Flaco Formations; Fig. 2), likely driven by ther-
mal subsidence after an extensional episode. 
At present, areas of fl ooded conti nental crust 
have typical thicknesses between 30 and 35 km 
(Mooney et al., 1998) that, combined with docu-
mented extensional structures, suggests that T0 
was less for the Neuquén Basin.

Three possible scenarios are considered.
1. The crust was initially <35 km thick 

and there is ~60 km of undetected shortening 
accommodated by eroded or buried structures, 
which seems unlikely. Furthermore, such a high 
shortening value would constitute an anomalous 
value at the regional scale (see the following).

2. The crust had a higher than normal density 
through basal underplating of mafi c magmas 
during the Triassic (Choiyoi Group) extension, 
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Figure 14. Belt of anticlines 
interpreted in this work as 
the result of the inversion 
of Mesozoic half-grabens. 
Folds follow the orientations 
of the main normal faults of 
the Neuquén Basin.
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as suggested by Kay et al. (1989) and Llambías 
et al. (1993); this would have led to a lower 
elevation of the basin fl oor and permitted the 
Mesozoic marine transgressions for T0 ~ 40 km. 
However, geophysical studies do not show sig-
nifi cant crustal density anomalies in this sector 
of the Andes (Gilbert et al., 2006; Tassara and 
Echaurren, 2012).

3. Initial crustal thickness varied across the 
area due to prior late Paleozoic contraction and 
Mesozoic extension. We favor this explanation.

Lateral variations in crustal thickness, i.e., 
a thinner crust below the Neuquén Basin and 
a thicker crust elsewhere, may account for the 
average value of crustal thickness obtained in 
the calculation (Fig. 16). In this respect, the late 
Paleozoic San Rafael orogeny was responsible 
for important crustal thickening in the region, 
and geochemistry of Carboniferous to Permian 
igneous rocks indicates that the crust was locally 
>35 km thick as a result of this orogenic event 
(Mpodozis and Kay, 1990, 1992; Martínez and 
Giambiagi, 2010). While the crust in the eastern 
slope of the Andes was stretched during the late 
Permian and Mesozoic, evidence for crustal thin-
ning to the west is lacking. Farther west, Meso-
zoic marine beds of intra-arc basins crop out west 
of Curicó, Chile; this indicates that the crust was 
not thickened west of this locality. Therefore, a 
block of thick crust was likely located between 
the western margin of the Neuquén Basin and 
the intra-arc basins. A schematic model of crust 
thickness prior to Andean shortening is shown 
in Figure 16. In the western sector, in which the 
Mesozoic intra-arc basins of Chile were devel-
oped, the crust thickened gradually from 25 km 
to ~40 km. To the east, a block of thick crust 
inherited from the San Rafael orogeny reached 

a maximum thickness of 45 km. Farther east, 
the crust of the Neuquén Basin was 32 km thick. 
The area of this crustal confi guration is equiva-
lent to a crust of constant thickness T0 = 39 km. 
The block of thick crust underwent early short-
ening during the Late Cretaceous (Mescua et al., 
2013), stretching during the Paleogene develop-
ment of the Abanico extensional basin (Charrier 
et al., 2002), and fi nal shortening and uplift dur-
ing Miocene orogenesis that formed the present 
Andes. The total amount of shortening in this 
block obtained from crustal area balancing is 
~15–20 km (comparing with the expected 8 km 
if the proportion was the same than at 33.8°S, see 
above) suggesting that the proportion of shorten-
ing in the western slope increases to the south. 
Added to the 26 km of shortening in the Neu-
quén Basin sector obtained from the cross sec-
tion presented here, these values give 40–45 km 
of shortening, consistent with the value derived 
from the calculation based in the Isacks (1988) 
method with average T0 = 38–39 km.

Latitudinal Variation in Shortening 
Derived from Balanced Cross Sections 
and Crustal Thickness

In order to further test structural models for 
the study area, we compared latitudinal varia-
tions of shortening from balanced cross sections 
(built by Giambiagi et al., 2012) for the eastern 
slope of the Andes between 33°30′S and 36°S 
with variations in crustal thickness and crustal 
root area obtained from Tassara and Echaurren  
(2012). Crustal thickness decreases overall 
southward and has a local minimum at lati-
tudes 34°30′ to 35°S (Figs. 17A and 17B). Varia-
tions in maximum crustal thickness and crustal 

root area (i.e., crustal area below 40 km) and the 
horizontal shortening from the balanced cross 
sections (Giambiagi et al., 2012, and this work) 
display similar patterns. Assuming that crustal 
thickening took place mainly through tectonic 
shortening, we would expect a similar variation 
for the three parameters.

In Figure 17B, different shortening values for 
the middle and outer sector of the Malargüe fold-
and-thrust belt at 35°S are shown: 23.2 km (this 
work), 27 km (Manceda and Figueroa, 1995), 
and 35 km (Kozlowski et al., 1993). The inner 
sector has an estimated 3 km shortening value 
for a tectonic inversion model (other structural 
models would give higher shortening in this sec-
tor), which must be added to these estimations. 
A value of S = 35 km (or S = 38 km including 
the inner sector) results in a pronounced peak 
in the shortening curve, whereas the curve of 
maximum crustal thickness lacks a distinct 
peak. Furthermore, a value of S = 35 km would 
interrupt the southward decrease in shortening 
in the Cordillera Principal (curve A in Fig. 17B). 
Shortening values in the order of 26–30 km for 
the eastern slope of the Andes at 35°S are more 
consistent with the regional trends of shorten-
ing and crustal thickness. Therefore, a model in 
which inversion of Mesozoic normal faults and 
localization of new thrusts played an important 
role in Andean deformation appears appropriate 
for the study area.

Implications for Andean 
Mountain Building

A tectonic model was proposed in which 
Andean evolution is characterized by alternating 
phases of contractional and extensional defor-
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mation associated with expansion and retraction 
of the magmatic arc, resulting from variations 
in the angle of subduction (Ramos and Kay, 
2006; Ramos and Folguera, 2010; Folguera and 
Ramos, 2011). Application of this model led Fol-
guera et al. (2006) to propose that the Andes have 
been collapsing since Pliocene time at latitudes 
close to the study area, leading to the develop-
ment of extensional troughs controlled by nor-
mal faults. Folguera et al. (2006) proposed that 
a north-northwest–trending trough, denominated 
Las Loicas trough, reached the western sector of 
the study area. Farías et al. (2009), however, pre-
sented evidence of Quaternary thrusting in this 
sector, and we have not observed any important 
normal faults during our fi eld work. Instead, con-
tractional deformation migrated steadily toward 
the east until the Pleistocene, with local out-of-
sequence reactivations. Our results indicate that 
if the model of changes in subduction angle is 
correct, its structural effects are only developed 
farther east in the San Rafael block (Fig. 1).

The Cenozoic deformation of the Malargüe 
fold-and-thrust belt, which is interpreted to have 
a basal detachment at depths of ~10–12 km, 
can be explained qualitatively using the critical 
wedge theory (Davis et al., 1983; Dahlen et al., 
1984). In this framework, continued advance of 
deformation toward the foreland is expected. 
In the fi rst stages of Andean deformation and 
uplift, between 20 and 16 Ma, the deformation 
was localized along the Río del Cobre fault. 
The long-lived activity of this structure, which 
was also active during the Late Cretaceous to 
Paleocene, indicates that it corresponds to a 
zone of upper crustal weakness. During ini-
tial Miocene uplift at 35°S, continued activity 
of this structure generated a north-northeast–
trending uplift estimated oblique to the regional 
maximum hori zontal stress (SH1) direction, 
which has varied  between 76° and 83° since 
26 Ma (Somoza, 1998; Somoza and Ghidella, 
2005). Measurements of 325 subvertical vol-
canic dikes (dated as 16 Ma; Ar/Ar total rock 

ages of 16.3 ± 0.1 and 16.1 ± 0.2 Ma; Sruoga 
et al., 2008) located in the Cerros Matancilla, 
immediately east of the Río del Cobre fault 
(Fig. 18), indicates that at that time, the local 
SH1 was oriented east-southeast (Mescua et al., 
2009). An alternative to this would be a postem-
placement rotation of the dikes about a vertical 
axis, although the limited paleomagnetic work 
carried out in the region suggests that such rota-
tions did not occur (Iglesia Llanos et al., 2008). 
We propose that this local stress rotation is the 
result of the topographic effect of the north-
northeast–trending range formed after 4 m.y. 
of activity of the Río del Cobre fault between 
20 and 16 Ma. The dike-in-dike structure 
observed in that locality (Fig. 18A) led Sruoga 
et al. (2008) to invoke local extensional condi-
tions to allow the intrusion of the successive 
dikes. Local extension or transcurrence within 
the regional compressional stress fi eld can be 
related to uplift concentrated in the range west 
of the Río del Cobre fault that could have taken 
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the orogenic wedge locally to a supercritical 
state, leading the maximum stress to the ver-
tical position (Molnar and Lyon-Caen, 1988), 
and triggering local orogen-parallel extension. 
This effect may have been also aided by the 
decrease in convergence velocity and coupling 

between the Nazca and South American plates 
at that time (Somoza and Ghidella, 2005).

Advance of the deformation to east, pre-
vented previously by the competent Las Leñas 
basement block, eventually took place with 
the formation of the Las Leñas thrust. Further 

advance to the east was favored by preexisting 
structures which were inverted, like the Los 
Blancos fault. During this advance to the east, 
out-of-sequence deformation along the El Fierro 
and Las Leñas thrusts helped to maintain taper 
of the deforming wedge and allow the propaga-
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tion of the deformation toward the foreland. A 
more precise determination of the age of out-of-
sequence activity of these structures is required 
in order to evaluate their activity as a result of 
critical wedge dynamics.

CONCLUSIONS

A new structural model has been developed 
for Andean deformation at 35°S, a model in 
which the basement structures correspond to 
both inverted Mesozoic normal faults and new 
thrusts. Faults interpreted as inverted structures, 
including the Río del Cobre, Tordillo, and Los 
Blancos faults, are high-angle reverse faults, 
across which thickness and facies of Mesozoic 
rocks varied. The other major structure in the 
cross section, the Las Leñas fault, is interpreted 
as an Andean low-angle thrust. Where faults 
reached the Mesozoic cover, they followed weak 
layers in this succession (shales and evaporites) 
as detachment levels. The rheology and bed 
thickness of the cover rocks also infl uenced the 
deformation style (fold style and wavelength, 
folding versus thrusting) on a more local scale.

A balanced cross section across the eastern 
slope of the Andes had an estimated shorten-
ing of 26.2 km, smaller than previous estimates 
based on models that did not incorporate tec-
tonic inversion.

Using a crustal model built from a geophysi-
cal database, we calculated crustal shortening 
for various initial crustal thicknesses. An initial 
mean crustal thickness of 38–40 km yielded 
calculated shortening consistent with cross sec-
tions. Mesozoic marine deposits of the Neuquén 
Basin suggest that crust was locally thinner. We 
propose a crustal model in which the crustal 
thinning in the Neuquén Basin was compen-
sated by a block of thick crust located to the 
west, a root relict of the Early Paleozoic San 
Rafael orogen.

We analyzed the regional trends of shorten-
ing and crustal thickness along strike in the seg-
ment of the Andes between 33°30′S and 36°S in 
order to evaluate the proposed structural mod-
els. Models that do not take into account the 
inherited structures predict values of shortening 
that are too high when comparing the curves of 
crustal thickness and shortening. In contrast, our 
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hybrid model based on tectonic inversion and 
new thrusts fi ts in a curve of shortening more 
similar to the curve of crustal thickness, and is 
therefore more compatible with these data.

Our results underscore the role of upper plate 
inherited characteristics in subduction orogeny, 
especially preexisting faults that conformed 
weakness zones and were inverted during 
orogenesis.
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