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Abstract The Neuquén Basin presents an almost continuous record from the Late
Triassic until the Paleocene, making it an excellent case study of the most relevant
tectonic stages of southern South America during the Mesozoic. It was initiated in
Late Triassic to Early Jurassic times as a continental rift basin in the context of a
widespread extensional stage that affected western Gondwana and culminated with
the break-up of the supercontinent. The Atuel depocenter is located in the northern
sector of the Neuquén Basin. Its synrift and sag units are represented by Upper Trias-
sic to Lower Jurassic siliciclastic marine and continental sedimentary rocks including
the oldest marine deposits of the basin, of Late Triassic age. The depocenter infill has
been deformed and exhumed during the Andean orogeny, being presently exposed
in the northern sector of the Malargiie fold and thrust belt. In this review, we have
integrated a large set of stratigraphic, sedimentologic, geochronologic, and structural
datain order to unravel the tectono-sedimentary evolution of the Atuel depocenter and
to evaluate the main controlling factors of the synrift stage. We analyzed data from
the synrift units, such as facies and thickness distribution, sandstone provenance,
detrital zircon geochronology data, kinematic data from outcrop-scale normal faults,
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angular and progressive unconformities, and subsurface information. Reactivation of
preexisting NNW-striking anisotropies under a regional NNE extension resulted in
an oblique rift setting, which generated a bimodal distribution of NNW- and WNW-
striking major normal faults. Reduced strain and stress tensors obtained from the
kinematic and dynamic analysis of structural data show a complex heterogeneity
that we interpreted as a result of local stress permutations due to the activity of the
larger faults and to strain partitioning inside the Atuel depocenter. Sedimentologic
and petrographic data revealed a complex evolution with strong lateral variations of
the depositional environments during the synrift phase, which lasted from Rhaetian
to Pliensbachian times. We identified several stages that were controlled by processes
of initiation, propagation, growth, linkage, and deactivation of new and reactivated
faults along the depocenter evolution, in combination with sea-level changes related
to global eustatic variations. Sandstone provenance data suggest an important basin
reorganization by the Toarcian, probably related to the initiation of the sag stage in
this depocenter.

Keywords Neuquén Basin - Atuel depocenter + Oblique rift + Kinematic and
dynamic analysis + Sedimentary provenance

1 Introduction

The Neuquén Basin is an oil-bearing back-arc extensional basin developed in the
southwestern margin of the Gondwana continent and open to the Pacific at its western
margin. It hosts an almost continuous record of Late Triassic to Paleocene age (Uliana
et al. 1989; Legarreta and Uliana 1999), making it an excellent case study that
registers the most relevant tectonic stages of southern South America during the
Mesozoic. It began in the Late Triassic to Early Jurassic as a continental rift basin
due to a widespread extensional stage at western Gondwana, which gave way to the
break-up of the supercontinent and the subsequent opening of the South Atlantic
Ocean (Uliana et al. 1989; Vergani et al. 1995; Franzese and Spalletti 2001).

The Neuquén Basin shows a particular triangular shape (Fig. 1), with a western
sector that has been deformed by the shortening that has built the Southern Central
Andes since the Late Cretaceous (Cobbold and Rosello 2003), obscuring the original
distribution of synrift deposits and their structural controls. The southern sector is a
wide rift basin, with a more evenly distributed deformation and a more than 4000 m
thick succession of volcanic, volcaniclastic, and clastic synrift deposits (Gulisano
1981; Carbone et al. 2011). The northern sector is a narrow and localized rift basin,
whose early synrift deposits are continental-marine, clastic-volcanic successions of
more than 2000 m (Gulisano and Gutiérrez Pleimling 1994).

The basin has several depocenters, each one showing a particular set of struc-
tural and stratigraphic features. Some of their differences can be attributed to
strongly varying volumes of volcanic deposits and to a probable diachronic evo-
lution of the early synrift, climax, and sag phases during a eustatic sea-level rise (see
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Fig. 1 Regional map showing the distribution of the principal normal faults and the infill of the
Late Triassic to Early Jurassic synrift depocenters of the Neuquén Basin in the southern Mendoza
province, west-central Argentina (modified from Manceda and Figueroa 1995; Yagupsky et al. 2008;
Giambiagi et al. 2009a, b; Bechis et al. 2014; Mescua et al. 2014; Fuentes et al. 2016; Barrionuevo
et al. 2019)

Chapter “The Syn-Rift of the Neuquén Basin-Precuyano and Lower Cuyano Cycle:
Review of Structure, Volcanism, Tectono-Stratigraphy and Depositional Scenarios”).
However, other controlling factors, such as the relative orientation of each depocen-
ter respect to the regional stress field and the role of reactivated structures during
the extensional event, have also been proposed (Vergani et al. 1995; Mosquera and
Ramos 2006; Giambiagi et al. 2009a; Bechis et al. 2014).

The northern depocenters of the basin are the Yeguas Muertas, Nieves Negras,
Atuel, Rio del Cobre, Valenciana, Malargiie, Sierra Azul, and Palauco depocen-
ters (Fig. 1; Gulisano and Gutiérrez Pleimling 1994; Manceda and Figueroa 1995;
Giambiagi et al. 2009a). Firstly, during the Norian to Early Sinemurian, these
depocenters were isolated by structural highs (e.g., Dedos-Silla High, Valle del
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Rio Grande High, Manceda and Figueroa 1995), and later became progressively
inter-connected during Sinemurian to Late Pliensbachian times.

The Atuel depocenter synrift and sag units are represented by Upper Triassic to
Lower Jurassic siliciclastic marine and continental sedimentary rocks (Reijenstein
1967; Volkheimer 1978; Riccardi et al. 1991; Lanés 2005, Lanés et al. 2008), which
host the oldest marine deposits of the basin, of Late Triassic age (Riccardi etal. 1997).
Those successions have been deformed and exhumed during the Andean orogeny,
and they presently crop out in the northern sector of the Malargiie fold and thrust belt
(Kozlowski et al. 1993), making the Atuel depocenter one of the best study areas of
the early stages of the Neuquén Basin development.

A number of sedimentological (Lanés 2002, 2005; Giambiagi et al. 2005a; Spal-
letti et al. 2007; Lanés et al. 2008; Tunik et al. 2008, 2011), structural (Giambiagi
et al. 2005a, 2008a; Bechis, 2009; Bechis et al. 2009, 2010), and geochronological
contributions (Naipauer et al. 2015; Horton et al. 2016) about the Atuel depocenter
have been published in the last years. However, an integrated and multidisciplinary
analysis of the available information has not been made so far. In this review, we have
integrated the large set of available data in order to unravel its tectono-sedimentary
evolution and to determine the main controlling factors of the synrift stage.

2 Tectonic Setting

The basement of the Neuquén Basin is affected by structures and rheological contrasts
inherited from previous tectonic stages (Mosquera and Ramos 2006; Bechis et al.
2014; Mescua et al. 2016). The early Paleozoic geological evolution of this sector
of Gondwana was determined by the accretion of Pampia, Cuyania, Chilenia, and
Patagonia allochthonous terranes (Ramos et al. 1986; Ramos 1988, 2008; Astini
etal. 1995; Rapalini 2005; Pankhurst et al. 2006; Varela et al. 2011; Tomezzoli 2012;
Pangaro and Ramos 2012; see discussion and references therein). These collisions
were later followed by the onset of a classical Andean-type margin associated with
retroarc basins during the Carboniferous to Early Permian (Limarino and Spalletti
2006), which gave place to the Gondwana orogeny (Keidel 1916), locally known as
San Rafael compressional phase (Azcuy and Caminos 1987; Mpodozis and Ramos
1989).

From the Late Permian to the Early Cretaceous, the region underwent exten-
sional conditions, associated with the initial break-up of Gondwana (Charrier 1979;
Llambfas et al. 1993). The early stages were characterized by a widespread silicic
magmatism of Late Permian to Early Triassic age, represented by the upper section of
the Choiyoi Group (Llambias 1999; Sato et al. 2015; Giambiagi and Martinez 2008;
Kleiman and Japas 2009). During the Early to Middle Triassic, this magmatism was
progressively followed by the opening of several NNW-trending narrow continental
rift systems, such as the Cuyo, Ischigualasto, and other coeval basins (Charrier 1979;
Uliana et al. 1989; Kokogian et al. 1993; Japas et al. 2008; Giambiagi et al. 2011;
Espinoza et al. 2018). Younger stages of rifting took place during the Middle to Late
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Triassic in the Domeyko Basin (Espinoza et al. 2018) and during the Late Triassic to
Early Jurassic in the Neuquén, Ramada, and other coeval basins, which formed new
depocenters not geographically connected with the earlier ones (Alvarez and Ramos
1999; Charrier et al. 2007).

Since the late Early Jurassic, the southwestern margin of Gondwana was charac-
terized by active subduction and a well-developed Andean magmatic arc (Mpodozis
and Ramos 1989; Charrier et al. 2007), which was probably already active during
the Triassic to Early Jurassic extensional stage (Llambf{as et al. 2007; Schiuma and
Llambias 2008; Oliveros et al. 2018) (see Chapter “Early Andean Magmatism in
Southern Central Chile, 33°-40° S”). Some authors argued that the regional exten-
sional regime continued until the Early Cretaceous, related to the retreat of the Pacific
trench (Mpodozis and Ramos 1989; Ramos and Kay 2006; Ramos 2010). From the
Middle Jurassic onwards, the Neuquén Basin was subjected to thermal subsidence
(Legarreta and Uliana 1996; Vergani et al. 1995; Howell et al. 2005). Then a second
synrift stage is proposed during the Late Jurassic (Vergani et al. 1995; Giambiagi
et al. 2003a; Charrier et al. 2007; Mescua et al. 2008) (see Chapter “Controls on
Deposition of the Tordillo Formation in Southern Mendoza (34°-36° S): Implica-
tions for the Kimmeridgian Tectonic Setting of the Neuquén Basin”). At this time,
local episodic shortening phases with selective inversion were registered in the south-
ern sector of the basin during the Jurassic, mainly in the Huincul High (Vergani et al.
1995; Pangaro et al. 2006; Mosquera and Ramos 2006; Silvestro and Zubiri 2008;
Cristallini et al. 2009).

Then, Andean uplift started in the Late Cretaceous (Cobbold and Rossello 2003;
Zapata and Folguera 2005; Zamora Valcarce et al. 2006; Tunik et al. 2010; Garcia
Morabito and Ramos 2012; Mescua et al. 2013; Balgord and Carrapa 2016; Fennell
etal. 2017; Gémez et al. 2019), with a renewed pulse of deformation and uplift from
the Miocene to Recent (Giambiagi et al. 2003b, 2008b, 2014; Spagnuolo et al. 2012;
Orts et al. 2012, Horton et al. 2016). During these shortening phases, the infill of the
Neuquén Basin was deformed and exhumed giving way to thick-and thin-skinned
fold and thrust belts on the western sector of the basin (Manceda and Figueroa 1995;
Uliana et al. 1995; Zapata et al. 1999; Giambiagi et al. 2005b, 2008b; Zapata and
Folguera 2005; Zamora Valcarce et al. 2006).

3 The Northern Neuquén Basin

The Late Triassic to Early Jurassic extensional architecture of the northern sector of
the Neuquén Basin is made up by a set of NNW and NNE elongated depocenters with
highly variable synrift thicknesses, including both continental volcaniclastic deposits
and interbedded marine and continental siliciclastic facies (Fig. 1). The structure and
infill of most of the depocenters of this sector are outlined in this section, while the
main stratigraphic and structural characteristics of the Atuel depocenter are further
described and discussed in the following sections.
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Deposition of clastic continental synrift deposits (Remoredo Formation) in the
Sierra Azul depocenter was controlled by movement along its NW-striking and
SW-dipping master fault, E1 Manzano fault (Yagupsky et al. 2008). North of this
fault, the basement rocks are covered by Upper Toarcian to Bajocian nearshore and
offshore sag deposits (Gulisano and Gutiérrez Pleimling 1994). Toward the east,
the Palauco depocenter was filled with volcaniclastic and volcanic deposits of the
Precuyo Cycle (Gulisano 1981) or Precuyo Mesosequence (Legarreta and Gulisano
1989). Two NNW-striking and ENE-dipping master faults, the Los Cerrillos fault
(Barrionuevo et al. 2019) and the Palauco fault (Manceda and Figueroa 1995; Giambi-
agi et al. 2009a), controlled the space creation within this depocenter. Immediately
to the north, the Malargiie depocenter was controlled by the NNW-striking, WSW-
dipping Malargiie normal fault, interpreted from seismic data (Silvestro and Kraemer
2005; Giambiagi et al. 2009a). Its synrift deposits (Tronquimalal Group; Stipanicic
1979) are clastic and volcaniclastic facies of humid alluvial fans and braided rivers
interbedded with lacustrine black shales and sandstones (Spalletti 1997; Artabe et al.
1998; Buchanan et al. 2017) of Late Triassic age based on its paleofloristic content
(Artabe et al. 1998). Here, the sag phase is represented by Bajocian nearshore marine
deposits (Gulisano and Gutiérrez Pleimling 1994).

The Valenciana depocenter was filled with siliciclastic shallow nearshore to
offshore marine deposits (Puesto Araya and Tres Esquinas Formations, respectively)
with abundant Early Pliensbachian to Aalenian ammonites (Gulisano and Gutiérrez
Pleimling 1994). Two tuffs from the lower portion of the Tres Esquinas Formation
have been dated in 180.59 £ 0.43 and 181.42 4 0.24 Ma (U/Pb in zircon; Mazzini
etal. 2010). Fuentes et al. (2016) located its probable master fault through the location
of the basement-synrift interface derived from well data. This master fault is a NNE-
striking, WNW-dipping structure parallel to the Valenciana anticline axis, suggesting
either the tectonic inversion of the previous normal fault or a strong control of this
structure over the Cenozoic contractional structures.

The Rio Grande depocenter was developed immediately to the west of the
Valenciana depocenter. It was filled with ignimbrites and co-ignimbrite air-fall tuffs
interbedded with lacustrine deposits (Lanés and Salani 1998; Lanés and Palma 1998)
and overlain by Lower Toarcian—-Lower Bajocian marine sediments (Westermann
and Riccardi 1982; Damborenea 1987). According to Lanés and Salani (1998),
these pyroclastic deposits are synchronic with the Cerro Negro Andesite dated with
a crystallization zircon age of 223.3 £ 1.9 Ma (Naipauer et al. 2015). Based on
palinspastically restored isopach maps, Manceda and Figueroa (1995) inferred a N
to NNE-striking, eastward-facing listric master fault.

The Los Blancos depocenter, situated immediately to the south of the Rio del
Cobre depocenter, is filled with continental and siliciclastic marine synrift deposits.
Their basal portions correspond to sandstones and conglomerates deposited in a
gravel braided fluvial system of Hettangian?—Sinemurian age (El Freno Formation;
Lanés et al. 2013) in sharp or normal fault contact with basement rocks. Fluvial
deposits are overlain by marine siltstone beds deposited in a shallow marine littoral
environment with Late Sinemurian? to Early Toarcian ammonites, bivalves and bra-
chiopods (Damborenea 1987) and black shales representing a quick relative sea-level
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rise during the Toarcian (Gulisano and Gutiérrez Pleimling 1994). This depocenter
is inferred to be controlled by the west-dipping, NNE-striking, Los Blancos fault
(Mescua et al. 2014; Fuentes et al. 2016).

The Rio Del Cobre depocenter has been interpreted as controlled by a NNE-
trending master fault (Mescua et al. 2014). Its infill is characterized by a succession of
800 m of turbiditic sandstones, limestones, and shales with Posidonomya alpina and
Harpocerates sp. (Gerth 1925), indicating an Early to Middle Jurassic age. Slumps
and flute marks suggest a western provenance, consistent with the interpretation of
We-sourced proximal submarine fans of the equivalent Nacientes del Teno Formation,
cropping out westwards in Chile (Davidson 1988). Based on the fossil content, a cor-
relation with the Puesto Araya and Tres Esquinas Formations of the Atuel depocenter
has been proposed (Gulisano and Gutiérrez Pleimling 1994).

4 Stratigraphic Setting for the Atuel Depocenter

The structural basement of the Neuquén Basin in the Atuel depocenter area mainly
comprises Permian to Triassic volcanic and plutonic rocks of the Choiyoi Group and
a minor amount of Paleozoic metasedimentary rocks of the Las Lagunitas Formation
and Carboniferous plutons such as the Carrizalito Tonalite (Fig. 2; Volkheimer 1978;
Llambfias et al. 1993; Sruoga et al. 2005; Nullo et al. 2005; Tickyj et al. 2009).
These units crop out on blocks limited by deep-rooted reverse faults, like in the
southernmost sector of the Frontal Cordillera north of the Atuel depocenter, on the
Dedos-Silla High, and in the Malargiie and Bardas Blancas anticlines to the south
(Figs. 1 and 2; Manceda and Figueroa 1995; Dicarlo and Cristallini 2007; Giambiagi
etal. 2012; Mescua et al. 2014). In the Malargiie anticline, zircons from an ignimbrite
assigned to the Choiyoi Group yielded a weighted mean U-Pb LA-ICP-MS age of
244.5 + 2.0 Ma (Fig. 3; Horton et al. 2016). Basement rocks have also been localized
in the subsurface to the east of the Atuel depocenter, where boreholes cut the entire
sedimentary pile reaching its base (Bechis et al. 2010; Fuentes et al. 2016).

The Late Triassic to Early Jurassic infill of the Atuel depocenter consists of sili-
ciclastic marine and continental sedimentary rocks, included in the Arroyo Malo,
El Freno, Puesto Araya, and Tres Esquinas Formations (Fig. 2; Reijeinstein 1967,
Stipanicic 1969; Volkheimer 1978; Riccardi et al. 1991, 1997; Gulisano and Gutiér-
rez Pleimling 1994; Lanés 2005; Lanés et al. 2008; Spalletti et al. 2007). These
units have been assigned to the lower Cuyo Group (Stipanicic 1969; Gulisano 1981;
Legarreta and Gulisano 1989; Riccardi and Damborenea 1993), although part of this
sequence is coetaneous with the Precuyo Cycle or Mesosequence (Gulisano 1981;
Legarreta and Gulisano 1989). This stratigraphic section is exposed to the west of the
Borbollén—La Manga lineament, a conspicuous NNW-striking structure that extends
for more than 50 km along the northeastern sector of the Malargiie fold and thrust
belt (Giambiagi et al. 2005a). Exhumation of these deposits was associated with an
important denudation, probably favored by the inversion of the Mesozoic normal
faults during the Andean shortening (Giambiagi et al. 2012). Conversely, eastwards
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Fig. 2 Geologic map of the studied area, located in the northeastern sector of the Malargiie fold
and thrust belt (modified from Giambiagi et al. 2008b; Bechis 2009; and references therein). See
location map on Fig. 1
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Fig. 3 A Probability density plots showing compiled U-Pb LA-ICP-MS geochronologic data,
with shaded color bars highlighting major age populations and their probable source units. B Age
histograms and probability density plots showing the main Phanerozoic peak ages for the El Freno
and Puesto Araya Formations. Note that the samples from the older El Freno Formation contain
principally 280-200 Ma grains, while the younger Puesto Araya Formation contains mostly 300—
260 Ma grains, possibly reflecting progressive exhumation of older Choiyoi basement (Horton et al.
2016). This progressive exhumation is also supported by the higher abundance of older Paleozoic
zircons in the Puesto Araya sample. Data obtained from (a) Horton et al. (2016), and (b) Naipauer
et al. (2015)

of the Borbollén—La Manga lineament, all these mentioned units are absent at the
base of the Mesozoic sedimentary pile, as borehole data evidence (Fig. 4; Bechis
et al. 2010; Fuentes et al. 2016).

The Middle Jurassic to Paleogene infill of the Neuquén Basin in this sector consists
of a thick succession of evaporitic, calcareous and clastic marine and continental
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Fig. 4 Vertical cross section showing the present structural configuration of the fold and thrust
belt in the Atuel depocenter area (modified from Giambiagi et al. 2012), where the main Mesozoic
normal faults have been cut or inverted during the Andean shortening. Lateral thickness variations
of the Late Triassic to Early Jurassic infill of the Atuel depocenter are also represented. See location
on Fig. 2
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sedimentary rocks, assigned to the upper Cuyo, Lotena, Mendoza, Bajada del Agrio,
Neuquén, and Malargiie Groups (Fig. 2; Legarreta et al. 1993; Gulisano and Gutiérrez
Pleimling 1994; Legarreta and Uliana 1996). The general thickness of this section
increases toward the west, and proximal facies deposited at the basin margin crop out
in the southern sector of the Frontal Cordillera, at the Cordén del Carrizalito range
(Fig. 2).

Finally, the Cenozoic magmatic rocks are represented by Miocene to Quaternary
andesitic to basaltic volcanic and subvolcanic rocks of the Molle, Huincén, Coy-
ocho and Cerro Guanaquero Formations, and the Cerro Blanco Porphyry (Fig. 2;
Volkheimer 1978; Baldauf 1997; Nullo et al. 2002; Sruoga et al. 2005; Giambiagi
et al. 2008b). Thick clastic and volcaniclastic deposits of the Miocene to Holocene
synorogenic infill of the Andean foreland basin crop out in the eastern sector, being
represented by the Agua de la Piedra, Loma Fiera, Rio Diamante, Mesones, La Inver-
nada and Las Tunas Formations (Fig. 2; Yrigoyen 1993; Baldauf 1997; Combina and
Nullo 2000; Giambiagi et al. 2008b; Horton et al. 2016).

4.1 Depocenter Infilling During the Late Triassic to Early
Jurassic

The stratigraphic setting of the infill of the Atuel depocenter allows differentiating
two contrasting areas interpreted as the Arroyo Malo half-graben to the west and
the Rio Blanco half-graben to the east (Fig. 5; Giambiagi et al. 2008a; Lanés 2005;
Lanés et al. 2008).

In the western sector, in the Arroyo Malo half-graben, marine deposits of three
coarsening- and thickening-upward cycles of mudstones, sandstones, and conglom-
erates assigned to the Arroyo Malo Formation and to the lower section of the Puesto
Araya Formation, of Rhaetian to late Early Sinemurian age, crop out (Fig. 5; Ric-
cardi et al. 1988, 1997; von Hillebrandt 1989; Riccardi and Iglesia Llanos 1999;
Lanés, 2005; Lanés et al. 2008). These successions were interpreted as deposited
in shallowing-upward, fluvio-dominated, transverse, normal-fault-controlled, slope-
type fan deltas, with the uppermost section representing intermediate shelf to
Gilbert-type fan deltas (Lanés 2005).

To the east, in the Rio Blanco half-graben, fining- to coarsening-upward and
thinning-upward fluvial successions of lensoidal conglomerates, sandstones, and
minor mudstones of the El Freno Formation appear (Fig. 5; Reijeinstein 1967; Artabe
et al. 2005; Giambiagi et al. 2005a; Spalletti et al. 2007; Lanés et al. 2008). Inter-
estingly, the geometry and connectivity of the fluvial channels changed along the
time from wide ribbons at the base to isolated ribbons surrounded by fines in the
middle section, to belts and eventually wider mobile-channel belts at the top (Lanés
et al. 2008). These fluvial deposits are sharply overlain by well bedded, fining, and
thinning-upward marine sandstones and shales that record a transgressive siliciclas-
tic storm-dominated shelf, evolving from a wave-dominated estuary to a turbidite
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vertical sections studied by Lanés (2005) and Lanés et al. (2008). Block diagram shows location of
the vertical sections in relation with the main normal faults (modified from Giambiagi et al. 2008a)

outer shelf (Lanés 2005). The basal part of the marine deposits was assigned to the
upper section of the Puesto Araya Formation (late Early Sinemurian to Toarcian),
transitionally followed by the shales of the Tres Esquinas Formation (Late Pliens-
bachian—Bajocian), deposited in an anaerobic turbidite marine shelf (Fig. 5; Lanés
2005; Lanés et al. 2008).

The age and correlation of the marine units (Arroyo Malo, Puesto Araya, and Tres
Esquinas Formations) were based on a detailed ammonite, bivalve, and brachiopod
biostratigraphy (Fig. 5; Riccardi et al. 1991; Riccardi and Damborenea 1993; Lanés
2005; Lanés et al. 2008). Although the base of the Atuel depocenter infill is always
below the present exposure level, biostratigraphic data from the outcropping deposits
evidence a strong diachronicity for the start of marine sedimentation, varying from
Late Triassic in the western sector, up to Early Pliensbachian at its southeastern
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sector (Fig. 5; Lanés 2005; Lanés et al. 2008). A recent U-Pb (LA-ICP-MS) analysis
from detrital zircons of the Puesto Araya Formation in the southeastern sector found
a youngest age data of 190.5 & 3.0 Ma, constraining the maximum sedimentation
age at the Early Pliensbachian and confirming previous biostratigraphic data (Fig. 3;
Horton et al. 2016). Conversely, age determination of the El Freno Formation was
more problematic due to the lack of accurate biostratigraphic markers, though its
paleofloristic content yielded a general Early Jurassic age (Herbst 1968; Artabe et al.
2005; Spalletti et al. 2007). Detrital zircons recently dated by U-Pb (LA-ICP-MS)
gave youngest populations between 213 and 203 Ma, representing a Late Triassic
maximum sedimentation age for the unit (Fig. 3; Naipauer et al. 2015; Horton et al.
2016). Considering that the age of the overlying marine deposits of the upper section
of the Puesto Araya Formation varies between the late Early Sinemurian and the Early
Pliensbachian (Fig. 5; Riccardi etal. 1991; Lanés 2005), the available biostratigraphic
and geochronologic data constrain the age of the El Freno Formation between the
late Rhaetian and the Early Pliensbachian. These data support the lateral correlation
of the fluvial deposits with the fan-deltaic sequences of the lower section of the
Puesto Araya Formation in the western area, proposed by previous stratigraphic,
sedimentologic, structural and petrographic studies (Fig. 5; Lanés et al. 2008; Tunik
et al. 2008; Giambiagi et al. 2008a).

4.2 Sedimentary Provenance Data

Sandstone petrographic characterization of the Atuel depocenter infill units allowed
identifying four petrofacies (Tunik et al. 2008, 2011) using the discrimination
diagrams of Dickinson et al. (1983; Fig. 6).

The Petrofacies A characterizes the Arroyo Malo Formation and indicates prove-
nance from a transitional arc (Fig. 6; Tunik et al. 2008). It has low quartz and feldspars
content and abundant lithic fragments mainly of felsic and mafic volcanic rocks
and subordinated plutonic, sedimentary, and pyroclastic rocks fragments. The low
mineralogical maturity of this petrofacies suggests short transport from source areas.

The Petrofacies B includes El Freno Formation and the lower section of Puesto
Araya Formation, which show similar petrographic characteristics and provenance
from a volcanic arc to a dissected arc (Fig. 6; Tunik et al. 2008). This petrofacies is
characterized by a remarkable increase in the quartz and feldspar proportion and a
lower lithic fragment content of mainly felsic volcanic rocks. The petrographic data
support coetaneous sedimentation of the fluvial deposits of the El Freno Formation
to the east and the fan-deltaic deposits of the lower section of the Puesto Araya
Formation to the west, as previous studies proposed (Lanés et al. 2008; Giambiagi
et al. 2008a).

The Petrofacies C, assigned to the upper Puesto Araya Formation, indicates a
dissected arc to a recycled orogen provenance (Fig. 6; Tunik et al. 2008). It shows
higher quartz content due to a noticeable increase in polycrystalline quartz and similar
abundance of monocrystalline quartz, and subordinated feldspar and felsic lithic
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Fig. 6 Detrital sandstone mode for the four petrofacies recognized by Tunik et al. (2008, 2011),
plotted in source discrimination diagrams (Dickinson et al. 1983). Qm: monocrystalline quartz, F:
total feldspar, L 4 Qp: total lithics and polycrystalline quartz

fragments. Some of the quartz and feldspars grains show myrmekitic and graphic
textures. Therefore, composition and textures point to felsic volcanic and plutonic
sources.

Finally, the Petrofacies D is related to the Tres Esquinas Formation and equiva-
lent units located to the west of the Atuel depocenter and revealed provenance from
a transitional or undissected arc (Fig. 6; Tunik et al. 2011). This petrofacies com-
position is very different from the rest with very low quartz and variable feldspar
content, with plagioclase more abundant than alkali feldspar. Lithic fragments show
higher proportion of basic volcanic rocks respect to felsic textures, while plutonic
and metamorphic clasts are uncommon. Volcanic shards found in the matrix and neo-
volcanic ignimbrites and devitrification lithic clasts indicate active volcanism during
deposition of this petrofacies.

5 Structural Setting

In the Atuel depocenter, Mesozoic normal faults have been classified into four orders
according to their dimensions and control over synrift subsidence (Bechis et al. 2010).
The major normal faults have been inverted or cut by the Andean contractional
structures or covered by younger deposits (Giambiagi et al. 2008b; Bechis et al.
2010; Fuentes et al. 2016). Therefore, three lines of evidence have been combined in
order to identify the normal faults: (1) controls of the previous extensional structures
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over the Andean shortening; (2) angular and progressive unconformities within the
synrift units, indicating syntectonic sedimentation; and (3) lateral facies and thickness
variations of the synrift deposits (Lanés, 2002, 2005; Lanés et al. 2008; Giambiagi
et al. 2005a, 2008a; Bechis et al. 2009, 2010). These first- and second-order normal
faults are shown in Fig. 7 and described in Sect. 5.1.

Fig. 7 Map showing the
Late Triassic to Early
Jurassic extensional
architecture of the Atuel
depocenter composed of
first- and second-order
normal faults interpreted by
Lanés (2005), Lanés et al.
(2008), Giambiagi et al.
(2008a) and Bechis et al.
(2010). Location of the
mesoscale fault stations
analyzed in Figs. 8 and 9 is
also shown on the map, with
double arrows indicating the
orientation of the major axis
of the obtained strain
ellipsoids (A1). Early synrift
data correspond to faults
affecting Upper Triassic to
Hettangian deposits, while
late synrift data were
measured in Sinemurian to
Pliensbachian deposits. See
location of the map on Fig. 2

- Marine sag phase deposits?: Tres Esquinas Formation
(Upper Pliensbachian to Bajocian)

I:I Marine synrift climax deposits: Upper Puesto Araya Formation
(upper Lower Sinemurian to Upper Pliensbachian)

I:I Continental early synrift deposits: El Freno Formation
(Upper Triassic? to upper Lower Sinemurian)

- Marine early synrift deposits: Arroyo Malo and Lower Puesto
Araya Formations (Rhaetian to upper Lower Sinemurian)

—\ T orcler nomal fault Maximun elongation orientation (A1)
—% 2" order normal fault

(1) Mesoscale faults stations Early synrift Late synrift
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Fig. 8 a Syntectonic progressive unconconformities registered in the fan-deltaic synrift deposits
of the hanging-wall of the Alumbre fault (from Giambiagi et al. 2008a). b Angular unconformity
affecting the fluvial synrift deposits, in the hanging-wall of the La Manga fault (from Bechis et al.
2010). ¢ Outcrop-scale faults registered in the southeastern sector of the Rio Blanco half-graben
(from Bechis et al. 2010). d Small-scale faults and related unconformities in the northern sector of
the Arroyo Malo half-graben (from Bechis et al. 2010)

On the other hand, mesoscale faults with centimeter- to meter-scale displacements
are generally well preserved, and more than 300 outcrop-scale normal faults affecting
the synrift strata were recorded (Figs. 8,9, and 10; Giambiagi et al. 2008a; Bechis et al.
2009, 2010). Field measurements of fault-slip data (fault orientation and direction
and sense of slip from kinematic indicators) have been taken on these third and
fourth scale faults, and kinematic analysis of these data from previous publications
is included in Sect. 5.2 (Kinematic analysis, stations 1-12). Besides, we have also
included new data to the kinematic analysis (stations 13 and 14) and we have carried
out a new dynamic analysis of the data set, which is presented in Sect. 5.3.

5.1 Geometric Analysis

Two first-order, NNW-striking faults, the La Manga and Alumbre faults, controlled
the orientation of the Atuel depocenter, as well as the distribution of sedimentary
environments and drainage patterns (Figs. 5 and 7; Lanés 2002, 2005; Lanés et al.
2008; Giambiagi et al. 2008a). The La Manga fault was interpreted as the eastern
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Fig. 9 Kinematic and dynamic analysis of mesoscale faults from the western sector of the Atuel
depocenter. Location of measurement stations is shown on Fig. 7. a Major circles representing the
lower-hemisphere projection of fault planes, with arrows showing the hanging-wall sense of move-
ment. b Kinematic diagrams obtained with the FaultKinWin® software (Marrett and Allmendinger
1990; Allmendinger et al. 2012). Distribution of principal incremental shortening axes (P axes, blue
dots) and extension axes (7 axes, red dots) for each fault. Black squares represent the obtained axes
of the strain ellipsoid (A1, A2 and A.3) for every group of faults. Both P- and T-axis 1% area contours
are also shown. Big and small red arrows show the main and secondary extension directions. ¢ Dia-
grams showing the principal orientations of stress axes detected by the multiple inverse method
(Yamaji 2000, 2003). The stereograms use lower-hemisphere, equal-area projection. Clusters of
symbols with similar colors and similar attitudes on the stereograms represent significant stresses
for each set of fault-slip data. Left and right diagrams show results for the maximum (o 1) and
minimum (o 3) stress axes, respectively. Pink stars (o'1) and crosses (0 3) indicate clusters of the
obtained stress axes. Colors indicate the obtained value for the stress ratio ¢ = (62 — 03)/(c1 —
o3). Blue colors for ¢ close to 0 and red for ¢ close to 1. Kinematic data taken from Bechis et al.
(2010), except station 13. The number of field data (V) and the age of the strata where the faults
were observed are also indicated in the figure

border of the depocenter, located along the Borbollon—-La Manga lineament, and
the Rio Blanco half-graben was developed on its hanging-wall. To the east of La
Manga fault, there is no record of Upper Triassic to Lower Jurassic synrift deposits
neither in outcrops nor in wells, while more than 1500 m of continental synrift
strata are recorded on its hanging-wall to the west (Fig. 4; Bechis et al. 2010).
Angular unconformities and outcrop-scale normal faults registered on its hanging-
wall suggest that this structure remained active until at least Early Pliensbachian
times (Fig. 8; Bechis et al. 2010).
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Fig. 10 Kinematic and dynamic analysis of mesoscale faults from the central and eastern sectors
of the Atuel depocenter. Location of measurement stations is shown on Fig. 7. Diagram symbology
is explained in Fig. 9 caption. Kinematic data taken from Bechis et al. (2010), except station 14

The Alumbre fault was proposed by Lanés et al. (2008) and Giambiagi et al.
(2008a) as a WSW-dipping normal fault controlling the coastal line from middle
Hettangian to Early Sinemurian times (Figs. 5 and 7). To the west of this fault, the
fan-delta deposits of the synrift infill of the Arroyo Alumbre half-graben show a
marked wedge geometry, with strata thickening toward the fault and syntectonic
angular and progressive unconformities (Fig. 8; Giambiagi et al. 2008a; Bechis et al.
2010). A decrease in the accommodation in the uppermost fan-deltaic deposits on its
hanging-wall suggests deactivation of the Alumbre fault by the late Early Sinemurian
(Lanés 2005; Lanés et al. 2008).

Second-order faults show a bimodal distribution of NNW and WNW strikes
(Fig. 7; Giambiagi et al. 2008a; Bechis et al. 2009, 2010). These structures are
associated with synsedimentary deformation, such as abundant slumps within the
slope-type fan-deltaic deposits (Lanés 2002), and angular and progressive unconfor-
mities within the continental and marine deposits (Bechis et al. 2010). The Arroyo
Malo fault, synthetic to the Alumbre fault, was only active during the early synrift
stage from the Late Triassic until the middle Hettangian, as sedimentary reactivations
observed in the Arroyo Malo section evidence (Figs. 5 and 7; Lanés 2005; Lanés
et al. 2008). The Atuel fault is a WNW-striking, inferred structure, which controlled
variations in the depth of the fan-deltaic environment in the Arroyo Malo half-graben,
with relatively higher depths registered on its hanging-wall to the north (Giambiagi
et al. 2008a).

Outcrop-scale third- to fourth-order faults show variable orientation with most
faults strikes ranging between NNW and NW, and secondary NNE, NE, and ENE
fault populations (Giambiagi et al. 2005a; Bechis et al. 2010).
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5.2 Kinematic Analysis

This section presents results from the kinematic analysis carried out by Bechis et al.
(2010), together with new data. This analysis consists in obtaining the principal axes
of the strain ellipsoid for outcrop-scale faults. Shortening and extension axes and
moment tensor solutions were obtained for the different fault populations using the
FaultKinWin® software (Marrett and Allmendinger 1990; Allmendinger et al. 2012).
The results are shown in Figs. 7, 9 and 10. Data were collected along four sectors
within the Atuel depocenter: western (stations 1, 2, 3, 11, and 12), southwestern
(stations 4, 5, and 13), southeastern (stations 9 and 10), and central (stations 7, 8
and 14). All data were unfolded to their original position previous to the Andean
contractional deformation. The obtained intermediate and major principal axes of
the strain ellipsoid (12 and A1) generally show a subhorizontal position, indicating
an extensional tectonic regime, with a subvertical minimum principal axis (13).

All along and across the studied depocenter, kinematic data indicate a main exten-
sional direction (A1) with a NE to NNE orientation and a secondary extensional
direction with a NW to WNW orientation (Figs. 9 and 10). Kinematic data from
the western sector indicate a NE extensional direction for the Triassic to Hettangian
period and a NNE extensional direction for the Sinemurian period (Fig. 9). Data
from the southwestern and central sectors show two clusters of extensional axes,
one indicating a principal NE extensional direction and the other one a NW exten-
sional direction (Figs. 9 and 10). A large and representative dataset from station 7,
located in the south-central sector, suggests a NW extensional direction. Data from
the southeastern sector, close to the La Manga normal fault (stations 9 and 10), show
a clear ENE extensional direction, perpendicular to this master fault (Fig. 10).

5.3 Dynamic Analysis

The dynamic analysis consists on paleostress computation from the fault-slip data
to obtain the reduced stress tensor, which describes the shape of the stress ellipsoid
(orientation of the principal stress axes and the ratio of the principal stress differences
¢ = (02 — 03)/(c1 — ¢3)). For this analysis, we used the Multiple Inverse Method
proposed by Yamaji (2000), which allows the identification of different stress tensors
from an heterogeneous fault-slip dataset. We obtained 25 well-constrained reduced
paleostress tensor solutions for the Triassic-Hettangian, Sinemurian, and Pliens-
bachian periods. The results are presented as paired stereoplots showing the orien-
tation of o1 (stars) and o3 (crosses), respectively (Figs. 9 and 10). In all tensors
except tensor 13, o1 has a subvertical orientation with a distinctive cluster, and o3
and o2 are subhorizontal, indicating an extensional stress field, in agreement with
the orientation of the kinematic axes. Some stations show an azimuthal dispersion of
o3 (stations 2, 7,9, 10, and 13), and others show two or more clusters of o 3 (stations
1, 3, and 14).
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Most of the tensors have low values of stress ratio ¢ (blue and violet colors in
Figs. 9 and 10), suggesting that 03 and o2 are similar in magnitude. Despite that,
other tensors (stations 3, 4, 5, 12) show high values of ¢ (orange and red colors)
indicating magnitudes of o2 closer to o1 than to o3, which can be interpreted
as an extensional/strike-slip regime. The high consistency and wide distribution of
the extensional stress states with NNE- to ENE- and NW-oriented o3 and general
low values of ¢ indicate that these stress configurations are related to a stress field
controlling deformation locally inside the Atuel depocenter.

6 Discussion

6.1 Tectonic Implications for the Kinematic and Dynamic
Analyses

Taking into account the orientation and shape of the strain and stress tensors, their
distribution and timing, and the relationship between strain and stress axes, we con-
structed a dynamic model to explain the generation/reactivation of structures, their
kinematics, and their evolution through time. Variations between the principal strain
and stress axes may indicate that assumptions made for the paleostress analysis are
not necessarily satisfied (Kaven et al. 2011). The critical analysis of these varia-
tions may shed light into additional assumptions that are required to interpret the
stress regimes. Some of these assumptions are (i) mechanically anisotropic mate-
rial (Jaeger et al. 2007; Hu and Angelier 2004), (ii) preexisting plane of weakness
(Marrett and Allmendinger 1990; Nieto-Samaniego 1999; Martinez Dias 2002), or
(iii) rotations of blocks bounded by major faults (Twiss and Unruh 1998). Clusters
of 3 obtained from the dynamic analysis correlate well with the extensional axes
obtained from the kinematic analysis (stations 1, 3, 4, 5, 8, 12, and 14), while those
stress tensors with a girdle distribution of o 3 (stations 2, 7, 9, 10, and 13) differ from
the results of the kinematic analysis (Figs. 9 and 10).

During the Late Triassic-late Hettangian period, extensional directions were
slightly oblique to the Alumbre fault, in the Arroyo Malo half-graben (stations 1,
2, and 4; Figs. 7, 9 and 11) and perpendicular to the La Manga fault, in the eastern
border of the Rio Blanco half-graben (station 9; Figs. 7, 10 and 11). The stress ratio
values of these tensors indicate close values of 03 and ¢2. Tensor 4 shows two-
orthogonal clusters of o3 (Figs. 9 and 11), which together with low values of stress
ratios suggest a 0 2/0 3 permutation. Inside the Rio Blanco half-graben, the kinematic
analysis shows that extension was bimodal, with NW and NE directions (stations 7
and 8; Figs. 10 and 11). The NW direction was previously interpreted as probably
related to local extension in the hinge zone of Andean anticlines (Bechis et al. 2010).
However, the paleostress analysis suggests that the bimodal pattern responds to a
local permutation of 02 and o3 during the Mesozoic synrift, in agreement with the
values obtained from the stations close to the Alumbre and La Manga faults. We
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Fig. 11 2D and 3D diagrams showing the main stages of the interpreted tectono-stratigraphic evo-
lution of the Atuel depocenter during the synrift stage (Late Triassic—Pliensbachian). Red colors
highlight faults that were active at each stage. Thick gray arrows indicate the interpreted regional
direction of extension, while double gray (early synrift) and white (late synrift) arrows show local
variations in the extension inside the depocenter. Simplified diagrams showing petrographic prove-
nance data for each unit were also included. The long- and short-term variations of the global
eustatic level proposed by Haq et al. (1987) are also shown

interpret that, during the first stage of extension, deformation was focussed on pre-
existing NNW-striking faults, such as the La Manga and Alumbre faults. Extensional
movement along these structures might have perturbated the local stress field, with
magnitudes of o2 close to 03, and local 02/0°3 stress permutations.

During the Sinemurian to Pliensbachian period, the Arroyo Malo half-graben
experienced a pure extension with NNE-oriented o3 (stations 3, 11, and 12; Figs. 7
and 9), in concomitance with a progressive deactivation of the Alumbre fault (Fig. 11).
This extensional direction is interpreted as reflecting the regional stress regime, in
agreement with previous proposals for the regional extension based on kinematic
data (Bechis et al. 2010, 2014). On the contrary, in the Rio Blanco half-graben,
extensional directions are either NW- and NNE-oriented in the central sector (station
14; Figs. 7, 10 and 11) or ENE-oriented near La Manga fault (station 10; Figs. 7, 10
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and 11). This is interpreted here as reflecting a strain partitioning between a NNE
extension, subparallel to the regional extension direction, and an ENE extension
orthogonal to the NNW-striking preexisting La Manga fault.

Our results are consistent with previous kinematic analysis where the Atuel
depocenter was interpreted to have been formed by oblique reactivation of NNW-
striking anisotropies under a regional NNE extension (Giambiagi et al. 2008a; Bechis
et al. 2009, 2010, 2014). The high obliquity between the NNW orientation of the
rift system, controlled by the first-order normal faults, and the NNE regional exten-
sion would result in a wrench dominated transtension (Tikoff and Teyssier 1994;
Teyssier et al. 1995; De Paola et al. 2005; Bechis et al. 2014). This type of transten-
sional strain produces a complex structural pattern of normal, oblique, and strike-slip
faults. Deformation could be either distributed or partitioned, and switching of the
main axis of the strain ellipsoid may occur along the evolution of the system, due to
finite strain localized along major faults. The results of our kinematic and dynamic
analyses show a complex distribution and evolution of the strain and stress inside the
Atuel depocenter, which is consistent with predictions from analytical and experi-
mental models of highly oblique rift systems (Tikoff and Teyssier 1994; Bechis et al.
2014). The obtained results suggesting bimodal and/or radial horizontal extension,
together with reactivation of NNW-striking anisotropies, also explain the variation
in strike of the master faults of the nearby depocenters, between the NNW-trending
Atuel, Malargiie and Palauco, and the NNE- to NE-trending Rio del Cobre and
Valenciana depocenters (Fig. 1).

We infer an important strain localization in the Alumbre and La Manga faults
that was responsible for several particular characteristics of the Atuel and Malargiie
depocenters, such as: (i) the marked NNW orientation of the depocenters, controlled
by the La Manga and Malargiie faults, respectively, (ii) the early marine transgression
localized in the hanging-wall of the Alumbre fault, with the only Triassic to Hettan-
gian marine deposits of the entire Neuquén Basin, and (iii) the particular distribution
of depositional environments until the end of the Early Sinemurian, as the Alumbre
fault limited the marine transgression to the western sector of the depocenter, while
the La Manga fault controlled the fluvial sedimentation in the eastern sector.

6.2 Tectono-Stratigraphic Evolution

We integrated the available structural, sedimentologic, petrographic, and geochrono-
logic data into a tectono-stratigraphic model for the evolution of the Atuel depocenter
(Fig. 11), whose extensional phase prevailed at least from Rhaetian to Pliensbachian
times. A complex interplay between tectonic subsidence related to the activity of the
major normal faults and eustatic sea-level changes controlled the evolution of this
sector of the Neuquén Basin during the synrift stage.

We interpret the Rhaetian to early Hettangian sediments as deposited during the
early synrift phase of the Atuel depocenter, when a paleogeography dominated by
early formed fault segments controlled the marked variations in sedimentary fill
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(Stage A; Fig. 11). Provenance analysis of the fan-deltaic deposits indicates short
transport from local source areas (Tunik et al. 2008), suggesting that the Arroyo
Malo and Rio Blanco half-grabens were isolated at that time.

During the middle Hettangian to Early Sinemurian (Stage B; Fig. 11), some for-
mer fault segments became inactive (i.e., Arroyo Malo fault; Lanés et al. 2008),
while other faults gained length and displacement, probably due to the connection
of different fault segments (i.e., Alumbre and La Manga faults). The Alumbre fault
maintained a nearly fixed position of the coastal line, restricting the marine sedi-
mentation to the western sector of the depocenter. While a braided fluvial system
characterizes the synrift infill in the hanging-wall of the La Manga fault during
this stage, coetaneous deposits to the west of the Alumbre fault were deposited in
a slope-type fan-deltaic environment (Lanés 2002, 2005; Lanés et al. 2008; Tunik
et al. 2008).

During the late Early Sinemurian (Stage C; Fig. 11), an eustatic short-term low-
stand (Haq et al. 1987) led to fluvial incision on the shelf and fan-deltaic conglomerate
deposition in the Arroyo Malo half-graben (Lanés et al. 2008). A subsequent slow
sea-level rise increased the accommodation on the hanging-wall of the Alumbre fault,
allowing the fan-deltaic mouth bars to prograde (Lanés 2005; Lanés et al. 2008). The
restricted accommodation needed for the progradation of the intermediate fan-delta
mouth bars suggests deactivation of the Alumbre fault by this stage.

Thereafter, a faster sea-level rise and an important increase of accommodation
allowed estuarine deposition in the Rio Blanco half-graben (Lanés 2005; Lanés et al.
2008). The decreasing accommodation observed by the end of the Early Sinemurian
in the Arroyo Malo half-graben was previously related to the start of the sag phase
(Lanés 2005; Lanés et al. 2008). However, the subsequent creation of accommoda-
tion in the Rio Blanco half-graben, together with the observed outcrop-scale faults
affecting Pliensbachian sediments in the southeastern sector of the depocenter (sta-
tion 10; Fig. 10), suggest that the extensional deformation continued up to this time.
We interpret the Late Sinemurian—Pliensbachian (Stage D; Fig. 11) as a period of
rift climax associated with important movement along the La Manga master fault
(through-going fault zone stage; Gawthorpe and Leeder 2000). During this climax
phase, the marine coastal line was controlled by the La Manga and Valenciana master
faults.

Provenance data suggest an important basin reorganization by the Toarcian (Tunik
et al. 2008, 2011). Petrographic and geochronologic data from Arroyo Malo, El
Freno, and Puesto Araya Formations suggest progressive exhumation of the Permo-
Triassic magmatic belt during the Hettangian to Pliensbachian period (Figs. 3 and 6;
Tunik et al. 2008, 2011; Naipauer et al. 2015; Horton et al. 2016), probably due to
normal fault activity. On the contrary, petrographic data of the latest Pliensbachian
to Bajocian Tres Esquinas Formation indicate a major change in the source area, as
is evidenced by the low quartz content, while a contemporaneous volcanic source,
probably located to the west of the basin, was incorporated. This change could be
related to the deactivation of the La Manga fault and the initiation of the sag stage
in the Atuel depocenter.
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7 Concluding Remarks

We compiled, analyzed, and integrated a large set of the previous sedimentologic,
petrographic, geochronologic, and structural data from the Atuel depocenter. Geo-
metrical, kinematic and dynamic analysis of structural data allowed us to construct a
model explaining the generation and reactivation of structures, their kinematics, and
their evolution through time. Reactivation of preexisting NNW-striking anisotropies
under a regional NNE extension resulted in an oblique rift setting, which generated
a bimodal distribution of NNW- and WNW-striking major normal faults. Concentra-
tion of deformation along reactivated NNW-striking faults generated a local stress
field superposed to a regional NNE regional extension leading to an in situ stress
field with values of o2 close to 03 and local 02/03 stress permutations. Contem-
poraneous NNE- and ENE-oriented extensional directions are probably related to
strain partitioning between a NNE extension, subparallel to the regional extension
direction, and an ENE extension orthogonal to the NNW-striking preexisting major
faults.

Sedimentologic and petrographic data revealed a complex evolution with strong
lateral variations of the depositional environments during the synrift stage, mainly
controlled by tectonic subsidence related to the activity of the major normal faults
and eustatic sea-level changes. The NNW-striking La Manga and Alumbre master
faults controlled most of the basin subsidence, the distribution of the sedimentary
environments, and the drainage patterns. The Arroyo Malo half-graben developed on
the hanging-wall of the Alumbre fault, in the western sector of the depocenter, and
beared an early marine synrift infill consisting of fan-deltaic deposits. Eastwards, the
La Manga fault controlled subsidence in the Rio Blanco half-graben, whose synrift
infill consists of fluvial deposits followed by marine beds deposited in a transgressive
siliciclastic storm-dominated shelf.

We identified several stages for the evolution of the Atuel depocenter during the
synrift phase, which took place from Rhaetian to Pliensbachian times. These stages
were controlled by processes of initiation, propagation, growth, linkage, and deacti-
vation of new and reactivated faults along the depocenter evolution, in combination
with eustatic sea-level changes. Provenance data suggest an important basin reorga-
nization by the Toarcian, which could be related to initiation of the sag stage in this
depocenter.
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