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[1] The southern central Andes foothills are made of
imbricate thick- and thin-skinned fold and thrust belts.
They were formed during Cretaceous and Miocene
compressive periods by successive eastward propaga-
tion episodes of the orogenic front. We analyze remnant
terraces and alluvial deposits of the Neuquén River
and its tributaries to study the Plio-Quaternary tectonic
regime in the southern Neuquén Basin. Topographic
profiles of remnant terraces show a crustal-scale (tens
of kilometers) anomaly above the Chihuido South anti-
cline. This anomaly is accompanied by sedimentary
aggradations downstream and upstream of the anticline.
Another anomaly in the terrace profiles, correlated with
a knickpoint in the current Neuquén River, is observed
farther east, near Afielo. We interpret these anomalies to
be the consequence of a Plio-Quaternary uplift of the
Chihuidos and Afelo anticlines. Folding and surface
faulting of Plio-Quaternary alluvial deposits show that
this uplift is concomitant with the reactivation of the
Miocene orogenic front and of the predominantly
thin-skinned Agrio fold-and-thrust belt. From these
data we infer that the southern Neuquén Basin is still
shortening under a compressive stress regime and that
the Andean orogenic front is migrating farther to the
east. Extensional features in the study area correspond
mainly to thin-skinned gravitational gliding, resulting
from crustal uplift. Thus, we argue that the tectonic
compressive regime is preserved in the southern Neu-
quén Basin throughout the Plio-Quaternary, though
the slab may have steepened during this period.
Citation: Messager, G., B. Niviére, J. Martinod, P. Lacan,
and J.-P. Xavier (2010), Geomorphic evidence for Plio-
Quaternary compression in the Andean foothills of the southern
Neuquén Basin, Argentina, Tectonics, 29, TC4003,
doi:10.1029/2009TC002609.

1. Introduction

[2] In some subduction zones, the overriding plate has
been subject to shortening, whereas in others it has under-
gone back-arc extension. The main controlling factors
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would appear to be the dip of the subducting slab [e.g.,
Jordan et al., 1983; Jarrard, 1986], the absolute plate
motion and the degree of coupling between the overriding
and subducting plates [Russo and Silver, 1996; Gutscher et al.,
2000b; Lamb and Davis, 2003; Lallemand et al., 2005;
Hampel and Pfiffner, 2006; Oncken et al., 2006; Schellart
et al., 2007,2008]. The interplay between the subducting and
overriding plates drives buildup of the foreland and may
result in alternating periods of extension, quiescence and
compression [e.g., Sdrolias and Miiller, 2006; Clark et al.,
2008].

[3] Concerning the southern central Andes, some authors
interpret the alternation of tectonic regimes since the Creta-
ceous in relation to changes in plates kinematics and slab dip
[e.g., Pardo-Casas and Molnar, 1987; Jordan et al., 2001,
Charrier et al., 2005; Ramos and Folguera, 2005; Kay et al.,
2006; Burns et al., 2006]. But the relationship between the
subduction dynamics and the intraplate shortening is not
straightforward as plate coupling is controlled by many
different, interacting factors [e.g., Jordan and Allmendinger,
1986; Pardo-Casas and Molnar, 1987; Cahill and Isacks,
1992; Silver et al., 1998; Gutscher et al., 2000a, 2000b;
Lamb and Davis, 2003; Ramos and Folguera, 2005; Vietor
and Echtler, 2006; Schellart, 2008; Guillaume et al.,
2009b]. The Plio-Quaternary state of stress and deforma-
tion in the southern central Andes, along the Neuquén Basin
of Argentina, is therefore a subject of debate. Ramos and
Folguera [2005] and Folguera et al. [2007b, 2008] argue
that an extensional state of stress in the Andean Cordillera
and foothills is producing a regional collapse. The extension
is discussed in the thematic studies cited above and is based
on two sets of geological evidence. As the distance from the
volcanic arc to the trench is related to slab dip, eastward and
westward migration of the arc denotes, respectively, shal-
lowing and steepening of the slab [Stern, 1989; Ramos and
Folguera, 1999; Kay, 2002; Ramos and Folguera, 2005;
Kay et al., 2006]. The steepening of the subduction zone and
the slab roll-back would have favored a crustal back-arc
extension [Ramos and Folguera, 2005; Ramos and Kay,
2006; Lara and Folguera, 2006; Folguera et al., 2006,
2007b, 2008]. According to Folguera et al. [2007b, 2008],
crustal normal faults and extensional troughs control the
emplacement of back-arc volcanism attesting to a Mio-
Pleistocene extensional event. Cobbold and Rossello [2003],
Galland et al. [2007b] and Guzmdn et al. [2007], on the
other hand, postulate that the stress regime remains mainly
compressive. In particular, Marques and Cobbold [2002],
Cobbold and Rossello [2003], Backé [2006] and Galland
et al. [2007b] describe coeval compressive features in this
area. In this paper, we discuss the Plio-Quaternary tectonic
regime of the overriding plate in the southern Neuquén Andes
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Figure 1.

Structural sketch map of the studied area. Thin and thick arrows refer to the thin- and thick-

skinned structures. Dots represents the outcrops of pre-late Jurassic basement rocks. The directions of the
maximum horizontal stress are from 27 borehole breakouts cited by Guzmdn et al. [2007] (data available
on the Web site of the World Stress Map (WSM): http://dc-app3-14.gfz-potsdam.de/pub/stress_data/
stress_data_frame.html/). Quality coding is labeled from the best (A) to the worst data (C) using the WSM

criteria. Inset is location of the Neuquén Basin.

during the slab roll-back episode. We use morphological
markers, such as remnant terraces of the Neuquén River and
alluvial fans. We argue that the Chihuidos area (69°W, 39°S—
70°W, 37°20'S) was uplifting during the Plio-Quaternary.

2. Morphological and Geological Settings

2.1. Morphostructural Setting

[4] The Neuquén Basin is a triangular basin located in the
Andean foreland of western Argentina, between 36°S and
40°S (Figure 1). It appeared as a back-arc basin east of the
Andean volcanic arc. Three extensional episodes between
the Carboniferous and early Cretaceous times resulted in
NW-SE oriented grabens and half grabens [Ramos, 1976;
Uliana et al., 1989; Mpodozis and Kay, 1992; Vergani et al.,
1995; Zapata et al., 1999; Franzese and Spalletti, 2001].
These were inverted following the opening of the southern

Atlantic Ocean, 100 Ma ago. The basin contains a sequence
of marine and continental deposits more than 7 km thick.

[5] The study area comprises the Loncopué Basin in the
west and the Chos Malal and Agrio fold-and-thrust belts in
the east (Figures 1 and 2). At the eastern toe of the volcanic
arc, the Loncopué Basin extends north-south over more than
200 km. Its elevation decreases to the south, from approx-
imately 1600 to 1000 m.

[6] The transverse Cortaderas Lineament is the boundary
separating the Chos Malal fold-and-thrust belt to the north
from the Agrio fold-and-thrust belts to the south (Figure 1)
[Groeber, 1929; Ramos, 1981]. The fold-and-thrust belts
either side of it have common features. Back in the Creta-
ceous, they already had a thick-skinned inner domain and a
thin-skinned outer one (Figures 1 and 2) [Ramos, 1978].
The inner domain contains broad anticlines, approximately
100 km long and 30 km wide, above west and east dipping
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Figure 2. East-west structural cross sections. (a) Across the Chos Malal fold-and-thrust belt (37°15'S)
[after Vergani et al., 1995; Kozlowski et al., 1996; Cobbold et al., 1999; Zamora Valcarce et al.,
2006b; Folguera et al., 2007a]. (b) Across the Agrio fold-and-thrust belt (38°S) [after Zapata et al.,
2003; Cobbold and Rossello, 2003; Zamora Valcarce et al., 2006a). ALFS, Andacollo-Loncopué
Fault System; PS, Pampa del Salado; CoMN, Cerro Mula—Naunauco; CoPM, Cerro Pichi Mula; AA,
Agua Amarga; PAA, Pampa de Agua Amarga; th., thrust; Gp., group; Fm, formation. Locations are
indicated by boxes in Figure 1. The extent of crustal features at depth remains unknown. For the shake of
simplicity, we present a basal detachment at the limit upper/lower crust. Moreover, there is no consensus
regarding vergence of the main thrust beneath the Cordillera del Viento. Kozlowski et al. [1996] and
Folguera et al. [2007a] invoke an eastward verging trend, in opposition to Zapata et al. [1999] and

Cobbold et al. [2008].

crustal thrusts. The outer domain is composed of large,
doubly plunging and short-wavelength anticlines, only
30 km long and 10 km wide (Figure 2) [Bracaccini, 1970;
Vergani et al., 1995; Kozlowski et al., 1996; Zapata et al.,
1999; Cobbold and Rossello, 2003; Zamora Valcarce et al.,
2006a]. These developed above the Auquilco evaporites
(Upper Jurassic, Figure 3) and the shale of the Vaca Muerta
Group (Late Jurassic, Figure 3 [Viries, 1985; Ramos, 1988;
Kozlowski et al., 1996]). Examined in greater detail, the inner
Chos Malal fold-and-thrust belt is restricted to the Cordillera
del Viento, 20 km wide and nearly 3000 m high (Figures 1

and 2a), where late Triassic to early Jurassic rocks crop
out (Pre-Cuyo and Cuyo groups; Figure 3). The outer domain
is wider (50 km) and its average topographic elevation is
lower (roughly 2000 m) than its inner counterpart. It ends to
the east in the Tromen volcano area. The average topo-
graphic elevation of the Agrio fold-and-thrust belt is lower
and reaches only 1500 m (Figure 2b). Limited to the east by
the Pampas de Naunauco and del Salado (PS in Figure 2b),
its inner domain is wider (around 40 km) than to the north
and also exhibits the early Jurassic basement rocks (Pre-
Cuyo Group, Figure 3). Its outer domain is limited by a set
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of north-south trending anticlines (Figure 1). The Nifio anti-
cline lies above the Chihuidos High to the north (Figures 2b
and 4), and the Cerro Negro anticline extends in the Pam-
pa de Agua Amarga to the south (Figures 1 and 4).

[7] East verging crustal thrusts cut through the outer
domain of the Chos Malal and Agrio fold-and-thrust belts.
To the north, at the eastern toe of the Tromen volcano, the
crustal Tromen thrust extends over 70 km and is arcuate
around the volcano [Bracaccini, 1970; Kozlowski et al.,
1996; Marques and Cobbold, 2002] (Figures 1 and 2a). It
is relayed to the east by the Pampa Tril blind thrust (Figure 2a)
[Vergani et al., 1995; Kozlowski et al., 1996]. The Agua
Amarga thrust continues the Tromen thrust over 100 km to
the south (Figures 1 and 2b) [Zapata et al., 2003]. To the
east of the thin-skinned Agrio fold-and-thrust belt stands the
150 km long and 40—60 km wide Chihuidos High (Figure 1).
This is one of the most prominent features of the area and
is interpreted as a basement-cored anticline (Figure 2b)
[Cobbold and Rossello, 2003; Mosquera and Ramos, 2006].
The current relief delimits a northern segment, trending
N170°E, hereafter labeled as the Chihuido North anticline,
and a southern N30°E trending segment, labeled as the
Chihuido South anticline. A subsidiary oblique topographic
high, oriented N160°, is found between the two anticlines
(Figures 1 and 4). As their western flank is steeper (around
20° to the west versus 4° to the east), the Chihuidos anti-
clines are interpreted as west verging [e.g., Mosquera and
Ramos, 2006].

[8] The Neuquén River is the main drainage channel of the
study area (Figure 1). It flows north-south in the Loncopué
Basin after which it follows the Cortaderas Lineament from
the Cordillera del Viento to the Tromen thrust (Figure 2).
It runs north-south again along the western limb of the
Chihuidos anticlines within the Agua Amarga syncline. From
here, it flows eastward across the southern end of the
Chihuido South anticline in a narrow, embanked valley
before eventually veering northeast as far as Afielo and then
southeast to Neuquén City.

2.2,

[¢9] The Mesozoic basin has been inverted in compression
since the middle Cretaceous [e.g., Windhausen, 1914; Keidel,
1925; Groeber, 1929; Wichmann, 1934]. Variations in dis-
placements trends and velocities of the Farallon and South
American plates controlled three compressive episodes, the
Peruvian, Incaic and Quechua phases [e.g., Steinmann, 1929;
Pardo-Casas and Molnar, 1987; Cobbold and Rossello,
2003].

[10] The Peruvian phase (middle to late Cretaceous) started
contemporaneously with the opening of the South Atlantic
Ridge. An increasing convergence rate and shallowing of the
Benioff Zone [Pardo-Casas and Molnar, 1987; Somoza,
1998; Kay, 2005] resulted in a compressive regime which

Inversion of the Mesozoic Basin

Figure 4. Map of the Plio-Quaternary remnant terraces of the Neuquén River. Brackets in color bar refer to elevations of
the remnant terraces. The dashed segmented line corresponds to the projection axis along which river, and the average ele-
vations of terraces have been orthogonally projected in Figure 5. Letters a to m are locations of some remnant terraces
projected in Figure 5. The arrow points to the Afielo knickpoint (AfK).
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reactivated former Jurassic normal faults [Vergani et al.,
1995; Kozlowski et al., 1996]. This led to the buildup of the
Chos Malal and Agrio fold-and-thrust belts in the middle to
late Cretaceous times [e.g., Groeber, 1929; Bracaccini, 1970;
Llambias, 1986; Kay, 2001; Jordan et al.,2001; Burns, 2002;
Cobbold and Rossello, 2003]. According to Kozlowski et al.
[1996] and Folguera et al. [2007a] the crustal orogenic front
was eastward verging on the eastern side of the Cordillera del
Viento (Curileuva thrust; Figure 2a) and Cerro Mocho
(Pampa del Salado thrust; Figure 2b) but still blind. Others
argue that the main crustal thrust was the west verging
Andacollo Loncopué Fault System (ALFS) under the western
side of the Cordillera del Viento and the Cerro Moncol
[Zapata et al., 1999; Cobbold and Rossello, 2003; Cobbold
et al., 2008] (Figures 1 and 2). Thin skinned deformations
in the Agrio fold-and-thrust belt were limited to the east by
the Cerro Mula—Naunauco (CoMN in Figure 2b [Zapata
et al., 2003]). Aptian to Cenomanian synorogenic deposits
(Rayoso and Neuquén groups, Figure 3) in the foreland mark
this event [Zapata et al., 2003; Cobbold and Rossello, 2003].
Cobbold and Rossello [2003] and Mosquera and Ramos
[2006] invoked a foreland bulge in the Late Cretaceous to
explain the thinning of these strata above the Chihuidos
anticlines (Figures 1 and 2b).

[11] During the Paleocene to early Eocene, the Incaic phase
was characterized by a rapid oblique convergence that pro-
voked a dextral transpressive state of stress [Pardo-Casas
and Molnar, 1987; Cobbold et al., 1999; Cobbold and
Rossello, 2003]. The western limb of the Cordillera del
Viento (ALFS) was activated and an Eocene phase of tec-
tonic and magmatic activity occurred in the outer Agrio
fold-and-thrust belt (Figure 2a) [Llambias and Rapela,
1989; Cobbold and Rossello, 2003]. The thin-skinned
deformation front overpassed the Cerro Pichi Mula anticline
(CoPM in Figure 2b) [Zapata et al., 2003]).

[12] The early Oligocene—early Miocene was a period of
slow convergence [Pardo-Casas and Molnar, 1987]. Slab
roll-back caused the subduction zone to steepen. Jordan et al.
[2001], Ramos and Folguera [1999], Charrier et al. [2005],
and Kay and Copeland [2006] argued that this period was
marked by crustal extension while others considered that it
was merely a period of tectonic quiescence [Cobbold and
Rossello, 2003]. However, Cobbold et al. [2008] have since
postulated that the western edge of the Neuquén Basin was
undergoing shortening.

[13] The Quechua phase started after the rupture of the
Farallon plate, 24 Ma ago. Convergence velocity increased
and became more frontal at the trench [Cande and Leslie,
1986; Pardo-Casas and Molnar, 1987]. At the same time,
the westward velocity of the South American plate may
have been increasing for 30 Ma [Silver et al., 1998]. This
plate reorganization resulted in slab shallowing and in the
compressive Quechua episode (early Miocene to present
[Steinmann, 1929; Ramos et al., 1996]). During the early
middle Miocene, the orogenic crustal front propagated to the
east. North of the Cortaderas Lineament, the Tromen thrust
cut through the thin-skinned Chos Malal fold-and-thrust
belt [Viries, 1990; Marques and Cobbold, 2002; Cobbold
and Rossello, 2003; Galland et al., 2007b; Folguera et al.,

MESSAGER ET AL.: NEUQUEN ANDES COMPRESSION

TC4003

2007a] (Figures 1 and 2a). Farther east, the Pampa Tril
blind thrust folded the Huantraico syncline [Viries, 1990;
Cobbold and Rossello, 2003] (Figures 1 and 2a). In the inner
domain, both limbs of the Cordillera del Viento were also
reactivated [Folguera et al., 2007a]. South of the Cortaderas
Lineament, the crustal front propagated to the Agua Amarga
thrust which cut through the Cretaceous-Eocene thin-
skinned structures of the Agrio fold-and-thrust belt [Zapata
et al., 2003; Zamora Valcarce et al., 2007] (Figures 1 and
2b). Farther east, crustal normal faults beneath the Chihuidos
High were reactivated [Mosquera and Ramos, 2006].

[14] During the Plio-Quaternary, the convergence rate
decreased [Pardo-Casas and Molnar, 1987]. This deceler-
ation may have caused steepening of the Nazca plate [e.g.,
Kay, 2002], slab roll-back and back-arc extension [Ramos
and Folguera, 2005; Folguera et al., 2007b, 2008]. In con-
trast, from recent structures and landforms, Cobbold and
Rossello [2003] and Galland et al. [2007b] have suggested
that compression is still ongoing. That is compatible with the
current stress field where the greatest compressive stress is
horizontal and trends broadly east-west in the area [Guzmdn
et al., 2007]. In the following chapters, we study geomor-
phological markers of the regional tectonic activity to infer
the Plio-Quaternary tectonic context of this area.

3. Remnant Terraces of the Neuquén River

3.1. Methodology and Data

[15] We mapped and correlated the Plio-Quaternary
deposits of the study area from multispectral optical satellite
images, digital elevation models (DEMs) and geological
maps (Figure 4) [Zollner and Amos, 1973; Ramos, 1981;
Ferrer, 1982; Leanza and Hugo, 1999]. We used the spectral
radiance and texture on a red-green-blue (RGB) color com-
bination of optical images to map lithological units. This
approach was based on the use of Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER)
[Kahle et al., 1991] and Landsat 7 [Markham et al., 1997]
images with a spatial resolution of 15 and 30 m, respectively.
We controlled the lithology in the field. Spatial correlation
of the deposits was improved on the basis of their average
topographic elevation.

[16] Topographic data were obtained from DEMs and
measurements. DEMs are computed from Shuttle Radar
Topographic Mission data (SRTM DEM), with a spatial
resolution of 90 m and vertical precision of 10-16 m [e.g.,
Farr et al., 2007] and from stereo pairs of ASTER images
(ASTER GDEM, spatial resolution of 30 m and vertical
precision of 7-14 m, a product of METI and NASA). With
the help of a differential Global Positioning System (DGPS),
we were able to plot an accurate topographic profile. Spatial
resolution is 5 cm and vertical precision is better than 10 cm,
which is in the same order of magnitude as the natural
roughness of terrace treads.

[17] The regional longitudinal profile of the Neuquén
River and its terraces (Figure 5) is based on the SRTM
DEM. ASTER GDEM was used to plot profiles 10-30 km
long (Figure 10) and DGPS for smaller features (<5 km
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Figure 5. Longitudinal profile of the Neuquén River (blue line) and its remnant terraces (yellowish to

reddish color bar) from the Pampa de Agua Amarga to Afielo. (a) Dots show the projection of the mean
elevation of the remnant terraces mapped in Figure 4, and (b) lines the longitudinal profile interpolations.
Black dots show the elevation of the crest. Letters a to m refer to the remnant terraces mapped in Figure 4.
Black arrows point out the Afielo knickpoint (AfiK). The grey area with dots in Figure 5b shows the

thickness of T4.

long) such as the remnant terraces in Figure 6 and an alluvial
fan in Figure 8.

3.2. Arrangement of the Remnant Terraces

[18] Quaternary deposits are well preserved in the area
(Figure 4). We have identified six main terraces labeled T6
(the oldest and highest) to T1 (the youngest). TO is the
current alluvial plain.

[19] Remnant terraces are stepped and stand above the
Neuquén Group (Cenomanian, Figure 3). Remnants of T6
are sparse in the Agua Amarga depocenter and missing east
of the Chihuido South anticline. They are formed by a 50 m
thick accumulation of 10-20 cm long pebbles of volcanic
and basement rocks. A few isolated remnants of T6 culmi-

nate at an elevation of ~1000-1050 m, 350 m above the
river bed. T5 remnants are also preserved, only in the Agua
Amarga syncline, where they stand at an elevation of 850—
900 m. They are made of volcanic and quartzitic pebbles
(<10 cm) in an accumulation around 60 m thick, super-
imposed over thinner levels of alluvial plain and breccias
indurated by a silicic matrix. T4, at an elevation of 680—
800 m, shapes the Pampa de Agua Amarga upstream of the
Chihuido South anticline with deposits roughly 40 m thick.
East of the anticline, T4 deposits thicken to more than 140 m.
They are composed of 0.5-3 m blocks of Neuquén Group
sandstones interbedded in volcanic and quartzitic pebbles at
the base. These deposits form an alluvial fan which develops
downstream from the apex of the Chihuido South anticline,
over an area 25 km long and 15 km wide (Figure 4). Levels T3
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Figure 6. Tilting of the T3—T4 remnant terraces of the Neuquén River above the Chihuido South struc-
ture. (a) Field view (looking south) with interpretation of remnant terraces T4 and two subsidiary levels in
T3 (labeled T5; to T3,). (b) Topographic profiles across remnant terraces plotted from differential Global
Positioning System (DGPS) data. Inset is a map of the DGPS leveled points (dots) with projection line.

Figure 6b is looking north; SE is on the right. Location is indicated in Figures 4 and 5.

to T1 are well preserved from erosion and follow the Neuquén
River within a narrow valley that widens in the Afielo area.
They are only 5 to 10 m thick and are made of basaltic,
andesitic, and quartzitic pebbles (<20 cm). Their elevation
ranges between 260 and 750 m (Figure 4).

[20] Judging from their thickness and location, these are
probably two sets of terraces, the T6-T4 and the T3-T1
intervals. We found no T4-T6 terraces east of Afielo. T6-T4
interval determines two thick depocenters on either side of
the anticline. T1-T3 deposits are thinner and more regular in
thickness. The corresponding alluvial plains widen down-
stream of Afielo.

[21] Absolute dating of these remnant terraces is not yet
available, but Ferrer [1982] and Leanza and Hugo [1999]
ascribe the T4-T6 interval to the middle Pleistocene—late
Pliocene. In the Chos Malal area, K-Ar dating of a basaltic
pebble in the TS level yields an age of 1.4 Ma (S34°22'10,
W70°15'14) (H. Freije, Total Austral, personal communi-
cation, 2009), demonstrating that TS5 is Pleistocene or

younger. Leanza and Hugo [1999] attributed T1 to T3 to the
middle-late Pleistocene.

4. Plio-Quaternary Folding of the Remnant
Terraces

[22] Figure 5 shows the longitudinal profile of the Neu-
quén River and its remnant terraces from the Agua Amarga
syncline to Afielo, orthogonally projected along a seg-
mented line that roughly follows the present-day river course
(black dashed line in Figure 4). The x axis in Figure 5 refers to
the distance from the source. For a given level, we consider
the nearest remnant from the river bed and discard any likely
to belong to an other course. The current river slope appears
larger in the Agua Amarga syncline (Figures 4 and 5). In
fact, a curvilinear projection along the present-day river
course shows that this larger slope results from a projection
artefact due to the meandering course of the river in the
syncline. This same artefact may also affect the T1-T2
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levels which are more or less parallel to the current course.
Elevation of the river bed decreases from 700 to 250 m over
a distance of 350 km resulting in a mean river slope of
1.3%o.

[23] The longitudinal profiles of the remnant terraces
appear bulge-shaped across the Chihuido South—Afielo area.
Upstream of the Chihuido South anticline, the slope of ter-
races decreases with age from around 0.9%o in T2 to 0.5%o in
T4 and possibly 0.2%o in the oldest level T6 (Figure 5).
Conversely, downstream of Afielo, the slope increases from
1.3%o for T2 to 1.6%o0 for T3. The older the remnant, the
more steeply the slope dips.

[24] A more detailed examination of the terrace longitu-
dinal profiles reveals two distinct bulges. The westernmost
located above the Chihuido South (Figure 5) is clearly
marked in the T3-T6 levels. Locally at the apex of the
Chihuido South, an embanked paleomeander of the Neu-
quén River shows alluvial deposits ascribed to T3 and T4
(Figure 4). We distinguish two subsidiary levels in T3,
labeled T3 ,-T3, (Figure 6). They are stepped in marly
deposits of the Rayoso Formation (Aptian, Figure 3). Their
elevations range from 650 to 760 m. T;; is the floor of a
200 m wide paleovalley of the Neuquén River (Figure 6a).
These three terraces dip steeply to the east, from 54.1%o to
41.9%o0, much more than the present-day slope of the
Neuquén River (~1.3%o, Figure 6b). They flatten out to the
west above the hinge of the anticline and hence appear
slightly bent. Below T; ;, T1-T2 terraces appear less bent at
this location. The bending amplitude is difficult to quantify
because the eastern end of T4 appears partially eroded.
Nevertheless, the three terraces remain more or less parallel,
which attests their subsequent folding.

[25] The eastern bulge is shown by an inflection in T2 and
T3, 30 km east of the Chihuido South anticline (x = 340 km

in Figure 5). It correlates with a change in slope of the
current Neuquén River. The river slope increases from 1.2%o
upstream of the inflection point to 1.4%o downstream. Three
other knickpoints also affect the Neuquén River longitudinal
profile near Andacollo (Figure 1), Chos Malal and Neuquén
City but they match the three main confluences of the
Naheuve, Curileuvu and Limay rivers. They can be explained
by an increased water discharge. The Afielo knickpoint (AGK
in Figures 4 and 5), in contrast, does not correspond to any
confluence and might result from climatic and/or tectonic
factor. The fact that this knickpoint is located close to
changes in terraces slopes suggests it results from a tectonic
uplift located near Afielo.

[26] So the remnant terraces of the Neuquén River show
two bulges (Figure 5). The westernmost, located above the
Chihuido South, attests to an activity of the anticline during
the T3-T6 interval, i.e., in the late Pliocene to middle
Pleistocene. Farther east, the Aficlo bulge is younger (T0O—
T3 interval) suggesting that uplift shifted eastward. Corre-
lated with a NNE trending topographic high where sand-
stones of the Neuquén Group crop out (Figures 2, 4, and 5),
this bulge might depict the present-day growth of a structure
labeled Afielo anticline in Figure 4.

5. Reactivation of the Tromen thrust

[27] The Yesera anticline extends over 40 km from Chos
Malal to the west to the Pampa Tril to the east (Figure 2a).
Its forelimb is bounded to the east by the west dipping thick-
skinned Tromen thrust. Discontinuous north-south arcuate
scarps, a few hundred meters long and more or less 30 m
high, underline the topographic front. Scarps are observed
over 10 km between the Neuquén River and the Cortaderas
Lineament (Figure 7). In the central part of the Tromen
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thrust, one of these scarps involves the Rayoso Group
(Lower Cretaceous) and slope deposits (Figure 8). Quater-
nary alluvial fans, ~1 km long, extend to the toe of the
mountain front (Figure 7). A first generation of fans (F2 in
Figure 7) stretches around these scarps and overlaps them
locally. A younger generation, with a lower average topo-
graphic elevation (F1 in Figure 7), has imbricated F2 and is
incised by current rivulets. Scarplets in continuity with the
main scarps, occasionally cut through the middle of two F2
fans (Figures 7 and 8a). DGPS leveling of the southern F2 fan
shows it to be warped with an amplitude of 7 m (Figure 8b).
The fault trace is lobate and convex toward the footwall
suggesting the fault flattens out below the surface. This fault
disrupts the F1 fan 500 meters to the north in a natural
excavation along a rivulet (Figure 9). The bedrock overrides
its debris slope deposits along a steep west dipping linear
contact. This is accompanied by folding of the deposit in the
footwall and by a reorientation of pebbles near the contact
(Figure 9). We did not see a sharp fault plane or any stria-
tions. Nevertheless we suspect that there might be a reverse
fault. Because its dip is strong and parallel to the strata, we
infer bench-to-bench faulting. That could be related to a
major fault at depth which is responsible of the main scarp.

[28] At the same latitude to the west, the backlimb of the
Yesera anticline extends over 30 km in an area comprising
the Tromen volcano, the La Amarga Trough and the Tromen
volcanic plateau (Figures 2a and 10a). The latter is 5 km

wide and limited at its western and southern boundaries by
the Curileuvi and Neuquén rivers, respectively. Its average
topographic elevation ranges from 1100 m in Chos Malal to
1350 m at the toe of Loma Alta Tilhué¢ (Figure 10). Zéllner
and Amos [1973] argue that the Tromen volcanic plateau
was brought about by glacial erosion and deposition of
glacial drift. Near Chos Malal however, channels of coarse
sandstone and conglomerate made of basaltic pebbles 10—
20 c¢m long, point rather to a fluvial environment. A volcano-
detritic breccia of decimetric to metric boulders sparsely
overlaps these deposits. A similar conglomerate caps the
Cerro de la Virgen, west of Chos Malal (Figure 10). These
alluvial deposits are the highest of the Chos Malal fold-and-
thrust belts and we ascribe them to T6, a former widespread
alluvial plain. As the drainage network has to flow eastward,
these alluvial terraces should also slope to the east. T6 above
the Cerro de la Virgen slopes gently to the east but dips
steeply to the west (52.4%0) above the Tromen volcanic
plateau (Figure 10b). We conclude that the plateau has been
west tilted resulting in an uplift of ~300 m at Loma Alta
Tilhué. The tilted area is 7 km wide, suggesting that the total
wavelength of the deformed area is much wider and should
overpass the usual wavelength of thin-skinned structures in
the Chos Malal fold-and-thrust belt. In addition, the tilted
area coincides with the westernmost end of the Yesera
anticline backlimb, clearly imaged in seismic sections
(Figure 10b) [Kozlowski et al., 1996]. We therefore infer
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from this that the tilt may result from the activity of the
crustal Tromen thrust.

[29] Faults cutting across alluvial fans and the back tilt of
the Tromen volcanic plateau attest of the Plio-Quaternary
reactivation of the Yesera anticline. We postulate that the
40 km wide deformed area is crustal in origin and coincides
with the crustal deformation front of the mid-Miocene times.
This post-T6 tectonic activity testifies to Plio-Quaternary
compression.

6. Reactivation of the Thin-Skinned Agrio
Fold-and-Thrust Belt
[30] The Cerro Negro anticline is located in the southern

termination of the thick-skinned Agua Amarga syncline at
the toe of the Agua Amarga thrust (Figure 4). Structurally, it
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belongs to the thin-skinned tectonic wedge of the Agrio
fold-and-thrust belt; 25 km long and 12 km wide, it trends
north-south and is made of sandstone and marl of the
Neuquén Group (Cenomanian, Figure 11). Its underlying
ramp originates in the Auquilco evaporites (Figure 3). The
Agrio river currently flows through the anticline (Figure 11).

[31] Alluvial deposits nested above the geological bed-
rock overlap the anticline (Figures 11 and 12a). They are
part of the large surfaces extending tens of square kilometers
which are the remnants of an alluvial plain fed by the
Neuquén and Agrio rivers and by other rivers arriving from
the southwest. These levels laterally correlate to the T4-T5
terraces of the Neuquén River (Figure 11). They are partly
eroded at the apex of the anticline (Figures 11 and 12a).

[32] We have measured the height of the alluvium base
and its thickness in six places along the southern end of
the anticline (Figures 11 and 12a) and plotted the mea-
surements on an E-W profile showing spatial variations in
T5 (Figure 12b). The alluvium base lies at an elevation of
850 m at the eastern and western toes of the anticline
whereas it stands 160 m higher at the apex (Figures 12a and
12b). That suggests reactivation of the anticline following
deposition of T5. Moreover, TS5 alluvium thickness is
reduced to a few meters (<10 m) of pellicular blanket at the
apex of the anticline, while it reaches 25 to 70 m on both
sides of the structure (Figure 12b). On the eastern limb of the
anticline, the alluvium base slopes 10° to the east whereas
an intermediary layer dips 4° and the uppermost one only
2° to the east (Figure 12c). This progressive unconformity
attests to a syndeposition tilting of the alluvium. T4 is also
slightly bent above the northern end of the anticline and
its thickness also decreases at the apex, an indication that
folding was still ongoing during its deposition.

[33] In their structural context, these observations shows
that the thin-skinned wedge of the Cretaceous and Miocene
Agrio fold-and-thrust belt was reactivated during the
deposition of TS5 and T4 (Pleistocene).

7. Discussion

7.1. Plio-Quaternary Compression in the Southern
Neuquén Basin

7.1.1. Uplift of the Foothills

[34] The longitudinal profile of the Neuquén River and its
Plio-Quaternary remnant terraces has two bulges at the toe
of the orogenic front.

[35] The westernmost bulge is located above the Chihuido
South anticline (Figure 5) and appeared during deposition of
T3-T6, i.e., in the late Pliocene-middle Pleistocene. It is
well preserved in remnants of the T4 that are continuous
across the anticline. The T4 valley-parallel profiles show a
bulge ~100 km wide with an amplitude of 35 m.

[36] At the orogen margins, high rates of uplift disturb
mass transfer from the orogen interiors to the foreland [e.g.,
Humphrey and Konrad, 2000; Sobel et al., 2003]. Bedrock
uplift across flow passes causes deposition immediately
upstream of the uplift, which distorts the river’s longitudinal
profile. West of the Chihuidos, a thickening of the alluvial
deposits correlates to the widening of the alluvial plain
(T4-To, Figure 4) and weaker terrace slopes (Figure 5).
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This suggests that sediments were stored in the Agua
Amarga syncline in response to the uplift of the Chihuido
South anticline. On the eastern limb of the bulge, the uplift
was responsible for the deposition of a large, steeper alluvial
fan apron (T4) at the catchment outlet.

[37] We contend that the bulge shape marked in T4-T6
terraces above the Chihuido South anticline stems from
Plio-Quaternary activity of the anticline. This shape is not,
however, purely tectonic and results from the morphological
response of this uplift. The response was an attempt to
balance the local tectonic perturbation and thereby achieve a
new equilibrium profile. The river needs to adjust its local
slope by deposition or erosion, taking into account the
stream power, sediment flux, bedrock erodability, strain
rate, etc. It should not be interpreted as the result of folding
of an initially gently dipping surface. This explains why the
bulge stretches over a hundred kilometers from the Tromen
thrust to the west of Afielo, over a distance that overpasses
the Chihuidos area. Moreover, the river’s course is not
orthogonal to the structure in its upper part. This makes it
difficult to estimate the fold wavelength and amplitude from
the analysis of valley-parallel terraces profiles. Remnant
terraces show, at any rate, that the Chihuido South anticline
was still growing during the deposition of T4.

[38] Uplift of the Chihuido South anticline is also marked
in the abandoned paleomeander of the Neuquén River

(Figure 6). This paleovalley, corresponding to T3 and T4
terraces, acted as a passive marker of uplift. Its current slope,
~50%o, results essentially from tectonic tilting, to judge from
the much flatter slope of the river.

[39] The structural pattern of the Chihuidos anticlines,
150 km long and 30 km wide, shows that uplift results from
a crustal-scale process. As shown by thickness variations of
the Neuquén Group, this area was already a topographic
high during the Cretaceous, and has been interpreted as the
lithospheric bulge of the Chos Malal range [Cobbold and
Rossello, 2003]. Mosquera and Ramos [2006] also invoke
a tectonic inversion of Jurassic half grabens in Miocene
times. Due to the age of the terraces, this crustal uplift was
still ongoing during the late Pliocene—middle Pleistocene.

[40] The easternmost bulge is visible in the T1-T3 ter-
races and correlates with a knickpoint in the current river
(TO) near Anelo (AfiK in Figure 5). The river incises the
Neuquén Group (Figure 3) at this point no lithologic con-
trast in the homogeneous Cretaceous sandstones can be
invoked to explain the anomalies in the longitudinal river
profile. The tectonic origin of this inflection is supported by
the bending of T2 and T3 terraces (Figure 5). They show a
50 km wide anomaly located above the slope inflexion. This
bulge also corresponds to a 100 m topographic high in
which the Neuquén Group crops out. Its NNE trend and its
length are similar to those of the Chihuidos anticline. This
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ridge may mark the growth of a new crustal-scale anticline
located near Afielo, 30 km east of the Chihuido South anti-
cline (Figure 4) which would be middle Pleistocene to Present
in age. Note that it may also have bent the Neuquén River
northward along its western limb (Figure 4).
7.1.2. Propagation of the Andean Orogenic Front

[41] Since the Cretaceous, the structural evolution of the
area shows eastward propagations of the crustal orogenic
front. As stated above, the latter was initially located under
the inner domain of the fold-and-thrust belts during the late
Cretaceous, but shifted to the Tromen and Agua Amarga
thrusts during the Miocene and cut through the former thin-
skinned structures of the fold-and-thrust belts [Zapata et al.,
2003; Zamora Valcarce et al., 2007] (Figures 1 and 2).
Cobbold and Rossello [2003] have suggested that the thick-
skinned Agua Amarga thrust was already active during the
Late Cretaceous. We show here that Plio-Quaternary uplifts
are located farther to the east at the toe of the Miocene
crustal front, beneath the Chihuidos and Afelo anticlines.

[42] The wavelength of the uplifted structures suggests
that they are related to crustal-scale faults. To the north, the
western limb of the Chihuido North anticline is steeper than
the eastern one. This combination of asymmetry, wave-
length of the uplifted area and proximity of the mountain
front show that it is not a lithospheric bulge. The Chihuido
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North anticline might show the forward propagation of a
fore thrust as observed farther to the north in the Neuquén
Basin [e.g., Vifies, 1990; Vergani et al., 1995; Kozlowski et al.,
1996; Giambiagi et al., 2001, 2008]. Although surface obser-
vations do not allow to answer the question of the thrust
vergence, this structure marks the migration to the east
of the thick-skinned deformation front. In this setting, the
Afielo uplift is the outer blind orogenic front.

[43] Our data also shows that the outward migration of the
crustal orogenic front is accompanied by a reactivation of
the former crustal thrusts. Reverse faulting and folding
of Quaternary fans above the Tromen thrust indicate the
reactivation of the Miocene orogenic front. This supports the
observations of Marques and Cobbold [2002, 2006] and
Galland et al. [2007a], suggesting a coeval Plio-Quaternary
activity of the Tromen thrust and the volcano. Farther south,
folding of the T4 and TS5 terraces shows also that the Cerro
Negro anticline has been reactivated recently. This anticline
belongs to the thin-skinned Agrio fold-and-thrust belt and
its reactivation may be related to the Pleistocene activity of
the thick-skinned Agua Amarga thrust.

[44] Widening and thickening of the Andean orogenic
wedge require a Plio-Quaternary compressive state of stress
in the southern Neuquén Basin. Borehole breakouts analysis
shows that the current horizontal stress direction (SH,ax) 1S
E—W in the foreland of the Neuquén Basin [Guzman et al.,
2007]. Coblentz and Richardson [1996] and Guzman et al.
[2007] argue that the first-order direction is controlled by
forces resulting from the convergence of the Nazca and
South American plates [Adngermann et al., 1999; Norabuena
et al., 1999; Kendrick et al., 2003] (azimuth 080°). In a
second-order SH .« directions tend to be perpendicular to
the thick-skinned structures (Figure 1) which would corre-
spond to a basement structural control [e.g., Mosquera and
Ramos, 2006] and a topographic stress control [Meijer et al.,
1997; Marques and Cobbold, 2002, 2006]. This state of
stress is compatible with ongoing regional compression and
reactivation of thick-skinned structures. A regional uplift
and a strong bedrock incision are supported by the oldest
remnant terraces that are found several hundred meters
above the current drainage network.

7.2. 1Is There Any Plio-Quaternary Extension in the
Southern Neuquén Basin?

7.2.1. Thin-Skinned Extension

[45] North of the Cortaderas Lineament, some authors
invoke a regional collapse of the area due to a current
extensional state of stress [Ramos and Folguera, 2005;
Ramos and Kay, 2006; Kay and Copeland, 2006; Folguera
et al., 2007b, 2008]. According to Folguera et al. [2008],
the La Amarga Trough in the hanging wall of the Yesera
anticline, west of the Tromen and Wayle volcanoes, results
from crustal extension (Figure 1). Morphologically, this
trough is a 30 km long, NNE to NNW trending depression.
From seismic data, Folguera et al. [2008] reveal important
structural changes along a strike, which they interpret, in the
north, as a set of extensional faults limiting basins approx-
imately 10 km long and 1 km wide filled with syntectonic
lavas of the Tromen and Wayle volcanoes (2-1.4 Ma in
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Figure 12. Reactivation of the thin-skinned Agrio fold-and-thrust belt. Folding of alluvial deposits
above the Cerro Negro anticline in the Agua Amarga syncline. (a) Three-dimensional view (ASTER
image and SRTM DEM) of the Cerro Negro anticline (looking west). The Plio-Quaternary map matches
the relief (see Figure 11 for the legend colors and the location). White arrows point out the anticline axis.
(b) Topographic profile across the Cerro Negro anticline showing the alluvium base (located in Figures 11
and 12a). Grey boxes show the thickness measured in the field. Numbers correspond to GPS field
measurements located in Figures 11 and 12a. (c) Field view (looking south) of a progressive unconformity
in three superimposed alluvial layers at the apex of the Cerro Negro anticline (located in Figures 11, 12a,
and 12b). White arrows point out the bottom of the three layers. AS, apparent slope.

age). Farther south, Folguera et al. [2008] invoke an east
verging listric fault which is responsible for a half graben
10 km long and 7 km wide filled with 30-60 m of volcanic
deposits. The size of these structures nevertheless suggests a
shallow rooting. According to fault scaling laws [e.g., Cowie
and Scholz, 1992; Schlische et al., 1996], the displacement
(D) at the fault center is linked to the fault length (L) by the

relationship D = 0.03L"°®. Hence, the cumulative throw of
the master faults probably does not exceed 340 m. These
faults probably originate in the shallow Auquilco evaporites
(Oxfordian, Figure 3), and cause the collapse of part of the
thin-skinned Chos Malal fold-and-thrust belt [Folguera
et al, 2008]. Similar north-south valleys 10 km long and
200-300 m wide, are observed at the apex of the Chihuido
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North anticline (Figure 1). Niviere et al. [2007] describe
roll-overs and turtle structures rooted 1000 m in depth in the
Huitrin evaporites (Aptian, Figure 3). The master faults
accommodate a maximum throw of 370 m. Such structures
are typical of salt tectonics. They have been described on
passive margins as gravitational gliding down gentle slopes.
We contend from the evidence that the growth of crustal-
scale compressive structures tilted the Auquilco and Huitrin
evaporites and was responsible for gravitational extension
above the orogenic fronts.

[46] Alternatively, Galland et al. [2007a] interpreted some
tension fractures as being caused by the growth of the anti-
cline over which the Tromen volcano is located. That results
in a vertical major axis of the stress tensor at shallow depth,
while deeper stress field remains compressive.

[47] Tt is clear that the Plio-Quaternary extensional fea-
tures in the study area are much smaller in size than the
compressive ones. The normal faults do not correlate with
the inherited structures and all are thin skinned. This sug-
gests that the state of stress remains compressive at the
crustal scale. We postulate that these extensional features
more probably originate in gravitational gliding above limbs
of the orogenic fronts. They would be the consequence of
the regional Plio-Quaternary uplift.

7.2.2. Geodynamics, Magmatism, and State of Stress in
the Back Arc

[48] According to Ramos and Folguera [2005], Ramos
and Kay [2006], Lara and Folguera [2006], and Folguera
et al. [2007b, 2008], regional extension results from the
geodynamic setting. At 4 Ma, back-arc volcanism with
release of silicic or mafic magma has been active in the area
(as in Tromen, Auca Mahuida and Payun volcanoes, and
sparse minor events in the Chihuido North area [see Kay,
2002; Kay et al., 2006]. Folguera et al. [2008] consider
that magmatic emplacement has been controlled by the
formation of extensional basins such as that of the Las
Loicas Trough. This volcanism is concomitant with a 500 to
300 km trenchward retreat of the volcanic arc which has
been interpreted as resulting from the steepening of an ini-
tially subhorizontal slab [e.g., Kay, 2002; Ramos and Kay,
2006]. Such steepening would have driven an influx of
asthenospheric mantle, causing melting and widespread
back-arc volcanism, accompanied by crustal attenuation
[Yuan et al., 2006; Folguera et al., 2007b] and collapse of
the entire crust [e.g., Ramos and Kay, 2006; Folguera et al.,
2007b, 2008]. South of the Cortaderas Lineament, extension
would have been restricted to the volcanic arc in the main
Cordillera and to the Loncopué Basin, 3—4 Ma ago (Figure 1)
[Folguera et al., 2007b, 2008]. Recently, its generalization to
the Chos Malal and Agrio fold-and-thrust belts would be
concomitant with a narrowing of the volcanic arc and a minor
slab steepening [Stern, 1989; Ramos and Kay, 2006; Lara
and Folguera, 2006].

[49] However, Cobbold et al. [2008] and Galland et al.
[2007a] hold that the path by which magmatic rocks reach
the surface does not necessarily require extension. From
analogue modeling, [Galland et al., 2007a] show that
magma emplacement and rising can happen during hori-
zontal shortening at depth. Cobbold and Rossello [2003],
Cobbold et al. [2008], and Galland et al. [2007a] concluded
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that back-arc volcanism and regional compression could be
coeval.

[s0] The link among subduction, magma emplacement
and the state of stress in the back arc is therefore not
straightforward. It has been discussed in the scope of ana-
logue and numerical modeling and of statistical analyzes of
natural cases. Although laboratory experiments confirm that
slab steepening favors a decrease of the overriding plate
shortening, they show that shortening may continue through
an episode of slab roll-back [Guillaume et al., 2009a].
Lallemand et al. [2005] noted that crustal back-arc exten-
sion is generally observed for slab dips steeper than 51° and
shortening for dips less than 31°. Farther north, for example,
the Peruvian and northern Chilean trench is a 30° dipping
slab [Barazangi and Isacks, 1976]. It is linked to active
folding and thrusting at the front of the Bolivian orocline
[Horton and DeCelles, 1997]. Thus, steepening of the Nazca
plate to only 30°-35° beneath the Neuquén Basin does not
necessarily imply back-arc extension. Back-arc shortening
is also correlated with the absolute motion of the overriding
plate [Jarrard, 1986; Heuret and Lallemand, 2005; Heuret
et al., 2007; Schellart, 2008]. According to Schellart
[2008], extension prevails when trenchward motion of the
overriding plate is slow compared to the trench retreat. This
mainly occurs closer than 600 km from the lateral slab edge
where mantle flows around the edge facilitate slab roll-back.
Considering that the Neuquén Basin is located 1000 km
north of the southern edge of the Nazca plate (Chile Ridge,
Figure 1), the state of stress should be compressive. In
addition, Schellart et al. [2008] compare trench and plate
migration velocities for all the subduction zones on Earth.
Many velocity models are calculated in different global plate
tectonics reference frames. Each model shows that, in South
America, trench retreat is slightly slower than the absolute
trenchward motion of the overriding plate, leading to a
compressional or at least neutral state of stress in the southern
central Andes [Schellart et al., 2007]. Thus, the regional
geodynamic settings are compatible with the ongoing E-W
crustal shortening we have discussed for.

8. Conclusions

[51] We have made use of our observations of alluvial
deposits of the Neuquén River and its tributaries as evi-
dences for Pleistocene deformations. Along the mountain
front, the topographic profile of the remnant terraces of the
Neuquén River is bent above the southern end of the
Chihuido South anticline. This shows that the anticline,
initiated during the Cretaceous [Cobbold and Rossello,
2003], reactivated during the Miocene [Mosquera and
Ramos, 2006] and was still ongoing during deposition of
these terraces (late Pliocene—middle Pleistocene). East of the
Chihuidos anticline, the bending of more recent terraces and
the presence of a knickpoint in the current longitudinal
profile of the river suggests the active growth of the Afielo
anticline. This folding is concomitant with reactivation of
the middle Miocene crustal orogenic front, indicated by
surface faulting cutting alluvial fans above the fault trace of
the Tromen thrust. In addition, the thin-skinned tectonic
wedge of the Agrio fold-and-thrust belt also appears reac-
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tivated in the southern Agua Amarga syncline. These data
suggest that the southern Neuquén basin is still shortening in
response to a mainly compressional state of stress, and that
the deformation front is propagating farther to the east.

[52] This compression is not compatible with the exten-
sional state of stress invoked by Ramos and Folguera [2005],
Ramos and Kay [2006], and Folguera et al. [2007b, 2008].
We interpret the normal faults and troughs observed at the
apex of the Chihuido North anticline and along the western
limb of the Yesera anticline as the consequence of a thin-
skinned gravitational gliding of the sedimentary cover. This
would result from tilting due to the eastward propagation of
the orogenic front and to reactivation of the thick-skinned
Tromen thrust. So these extensional features are not thick
skinned and should not be factored into characterization of
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the regional state of stress. We argue, in contrast, that
compression has been maintained in the study area despite
the steepening of the slab that has been ongoing for 4 Ma. In
fact, statistical analyses of subduction zones [Heuret and
Lallemand, 2005; Lallemand et al., 2005; Heuret et al.,
2007; Schellart et al., 2007; Schellart, 2008] show that,
effectively, slab steepening does not necessarily trigger an
extensional state of stress in the overriding plate.
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