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Abstract
The Middle Jurassic–Early Cretaceous evolution of the Neuquén Basin is 
traditionally attributed to a long phase of thermal subsidence. However, recent 
works have challenged this model. In view of this, we study the Late Jurassic 
Tordillo Formation, a non-marine depositional unit that marks a shift to regional 
regression across the basin. Previous studies propose different causes for this 
regression, including the growth of the magmatic arc in the west, uplift in the 
south or extension in the north. We studied the Tordillo Formation in sections 
located at an intermediate position in the Neuquén Basin, in order to understand 
the tectonic processes active during sedimentation. We present evidence of 
normal faulting within the Tordillo Formation and the base of the overlying Vaca 
Muerta Formation. Some of these faults can be attributed as syndepositional. 
We characterize the Tordillo Formation as part of a distal fan-playa lake 
depositional system with a contemporaneous western magmatic arc as the main 
source of sediment. When compared to the Late Triassic–Early Jurassic NE to 
NNE-oriented rifting, which marks the opening of the Neuquén Basin, the Late 
Jurassic extension shows a switch in stress orientation; the latter is orthogonal to 
the north-trending subduction zone. We interpret this change as a renewed phase 
of back-arc extension induced by slab rollback along with minor distributed 
intraplate extension prior to opening of the South Atlantic Ocean.
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1   |   INTRODUCTION

The Mesozoic evolution of the western margin of South 
America involved the establishment of forearc and ret-
roarc basins that document the geodynamic processes 
and basin-forming mechanisms that have been ac-
tive along the Andean subduction margin (Charrier 
et al., 2015; Horton, 2018; Ramos, 2010). Plate conver-
gence rates and the geometry of the subducted slab play 
fundamental roles in the upper plate configuration, 
position of the magmatic arc and governing tectonic re-
gime (Guillaume et al., 2009; Jarrard, 1986; Lallemand 
et al.,  2005). The sedimentary fill of retroarc basins is 
well exposed in the current fold and thrust belts, along 
the eastern slope of the Andes, for example, the Austral-
Magallanes Basin in the Fuegian Andes, the Salta Rift 
Basin in the Central Andes or the Medina Basin in 
the Northern Andes (Gallardo Jara et al.,  2019; Grier 
et al., 1991; Parra et al., 2009).

In the southern Central Andes, the Neuquén Basin 
accommodates a continuous Upper Triassic to lower 
Cenozoic stratigraphic record that documents the history 
of the Andean retroarc zone (Legarreta & Gulisano, 1989). 
The evolution of the Neuquén Basin is traditionally di-
vided into three main intervals: an initial Late Triassic–
Early Jurassic rift stage, a long thermal subsidence period 
from the Middle Jurassic to Early Cretaceous and a final 
Late Cretaceous–Cenozoic foreland basin stage that re-
cords the initial uplift of the Andes (Howell et al., 2005; 
Legarreta & Gulisano, 1989).

Although the aforementioned three-stage record 
has become the standard for Neuquén Basin evolu-
tion, the post-rift sedimentary succession contains a 
series of unconformities that can be attributed to punc-
tuated tectonism (Groeber et al.,  1953; Leanza,  2009; 
Legarreta & Uliana,  1996). The most prominent exam-
ple is the Araucanian (or intra-Malmic) unconformity, 
of Kimmeridgian age and local angular nature near the 
southern basin margin (Figure 1a; Silvestro & Zubiri, 2008; 
Stipanicic & Rodrigo, 1970; Vergani et al., 1995). This un-
conformity coincides with a basin-wide regression marked 
by Kimmeridgian–Tithonian conglomerates, sandstones 
and mudstones deposited in diverse non-marine environ-
ments of the Tordillo Formation in Argentina and the Río 
Damas Formation in Chile (Klohn, 1960; Stipanicic, 1969). 
This regression phase paradoxically coincides with a 
global marine highstand (Haq, 2018).

The Kimmeridgian regression is considered to be tec-
tonically forced. Still, there are different proposed tectonic 
scenarios: (i) disconnection from the paleo-Pacific ocean 
by the growth of the magmatic arc along the western 
basin margin (Ramos, 1985; Spalletti et al., 2008; Spalletti 
& Veiga, 2007); (ii) uplift along the southern basin margin 

(Mosquera & Ramos, 2006; Silvestro & Zubiri, 2008; Vergani 
et al., 1995; Zavala & Freije, 2002); and (iii) a new exten-
sional phase in the northern part of the basin (Acevedo 
et al., 2020; Charrier et al., 2007; Mescua et al., 2020).

The complexity that surrounds the Tordillo Formation 
provides the catalyst for this investigation. We focus our 
fieldwork on the Cordillera del Viento and Cerro Domuyo 
areas (Figure  1b), as they offer a compelling location to 
evaluate potential structural controls on the Tordillo 
Formation. They are located in an intermediate position 
between the southern basin margin and the northern por-
tion of the Neuquén Basin. Intra-basinal thickness vari-
ations are significant; whereas the Tordillo Formation 
reaches 800 m in the Cordillera del Viento area, it was not 
deposited in the Reyes-Cara Cura area, only ca. 50 km to 
the northeast (Figure 2b).

We performed sedimentological, structural, geochro-
nological and petrographic analyses in order to under-
stand the provenance, palaeogeography and paleotectonic 
setting of the Tordillo Formation. The integration of our 
new data with previous works supports our reconstruc-
tion of the Late Jurassic Neuquén Basin.

2   |   GEOLOGICAL SETTING

The Neuquén Basin, located in the southern Central 
Andes of Argentina and Chile between 32° and 41°S, is a 
retroarc basin composed of thousands of metres of marine, 
non-marine and volcanic deposits that accumulated from 
the Late Triassic to the Cenozoic (Howell et al., 2005). The 
basin can be divided into two regions: a western Andean 
sector and an eastern region referred to as the Neuquén 
Embayment (Figure 1a). In the west, units are better ex-
posed due to Andean uplift, whereas in the east, they occur 
mainly in the subsurface and are relatively undeformed.

The study area is located in the western part of the 
Neuquén Basin, between the Cerro Domuyo and the 
Neuquén River (ca. 37°S), where the basement and 

Highlights

•	 Field evidence of syndepositional extension 
within the Tordillo Formation.

•	 The Tordillo Formation records the transition 
from distal fan to playa lake depositional 
systems.

•	 U–Pb age patterns suggest the Late Jurassic 
magmatism as the main source of sediment.

•	 Late Triassic–Early Jurassic versus Late Jurassic 
extension show a shift in the stress orientation.
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sedimentary fill are exposed in the Chos Malal fold 
and thrust belt, in a complex deformation pattern in-
volving thin- and thick-skinned structures (Folguera 
et al., 2007; Ramos, 1977; Rojas Vera et al., 2015; Sánchez 
et al., 2015).

The basement of the Neuquén Basin, exposed by 
the Chos Malal fold and thrust belt, is composed of 
metamorphic and igneous rocks of Palaeozoic to Early 
Triassic age. It is represented by the Upper Devonian–
Lower Carboniferous metasedimentary rocks of the 
Guaraco Norte Formation, Carboniferous pyroclastic 
and sedimentary rocks of the Andacollo Group, and the 
Lower Permian-Lower Triassic? Huinganco Complex 
(Giacosa et al.,  2014; Leanza et al.,  2005; Zappettini 
et al.,  1987) (Figure  2a). The plutonic member of the 
Huinganco Complex ranges from granodiorite to monzo-
granite composition and intrudes the Andacollo Group; 
the volcanic counterpart consists of dacitic to rhyolitic 
ignimbrites and subordinated conglomerates and sand-
stones (Giacosa et al., 2014; Llambías et al., 2007). These 
rocks record a series of tectonic events that include the 
accretion of allochthonous terranes, the development 

of an Andean-type subduction margin along western 
Gondwana during the late Palaeozoic (Heredia et al., 
2018; Ramos et al., 1986) and the establishment of the 
Choiyoi Magmatic Province—an ensemble of mesosi-
licic to acid igneous rocks of Permian to Middle Triassic 
age (Kleiman & Japas, 2009; Llambıas et al., 2003; Sato 
et al., 2015; Spalletti & Limarino, 2017).

Sedimentation in the Neuquén Basin commenced 
during the Late Triassic in a series of disconnected de-
pocenters controlled by major NNW to WNW trending 
normal faults. These faults were activated diachronically 
from north to south, and their geometries appear to be 
controlled by Palaeozoic lithospheric weaknesses (Bechis 
et al., 2010, 2014; D'Elia et al., 2020). The infill of these 
extensional basins comprises the Precuyo Cycle that in-
cludes volcanic, volcaniclastic and non-marine and ma-
rine clastic rocks (Bechis et al., 2020; D'Elia et al., 2020; 
Franzese & Spalletti, 2001; Gulisano, 1993).

By the Early Jurassic, a marine transgression from the 
paleo-Pacific Ocean connected the previously isolated dep-
ocenters, marking the beginning of thermal subsidence in 
the basin that persisted for ca. 90 m.y. (Vergani et al., 1995; 

F I G U R E  1   (a) Regional map of the southern Central Andes showing the location of the main morphostructural units, the eastern 
margin of the Neuquén Basin, the orogenic front and outcrop locations of the Jurassic rocks at the Coastal Cordillera and the Tordillo and 
Rio Damas formations at the Andean axis. (b) Geological map of the study area in an intermediate position of the Neuquén Basin (based on 
Groeber, 1933; Leanza et al., 2001; Narciso et al., 2004; Ramos, 1981; Rovere et al., 2004; Zöllner & Amos, 1973). Insets show the locations of 
Figure 3.
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Vicente,  2005). During this phase, periodic flooding of 
the basin from the paleo-Pacific Ocean resulted in the ac-
cumulation of transgressive–regressive cycles within the 
Cuyo, Lotena and Mendoza Groups (Figure 2a). Although 
the Early Jurassic–Early Cretaceous interval is considered 
tectonically quiescent and dominated by thermal subsid-
ence, there is evidence of brief tectonic activity, particu-
larly in the southern basin margin (Guzmán et al., 2021; 
Mosquera & Ramos, 2006; Silvestro & Zubiri, 2008; Vergani 
et al., 1995; Zavala et al., 2020). In addition, based on sub-
sidence analysis, Scivetti and Franzese  (2019) propose 
that only the Cuyo Group (Sinemurian–Middle Callovian) 
would strictly constitute the post-rift of the Neuquén Basin 
since Lotena Group sedimentation (Middle Callovian–
Late Oxfordian) would have been mainly controlled by 
dynamic subsidence linked to the subducted slab beneath 
the western margin of Gondwana.

Since the latest Early Cretaceous, total disconnection 
from the paleo-Pacific Ocean characterizes the sedimen-
tation in the Neuquén Basin, starting with the evaporitic 
and epiclastic continental rocks of the Bajada del Agrio 
Group (Leanza, 2003; Veiga et al., 2005). The final open-
ing of the South Atlantic Ocean gave way to the accelerat-
ing westward advance of South America and the tectonic 
regime became contractional (Russo & Silver,  1996). 
The extensional back-arc basin transitioned into a ret-
roarc foreland basin (Horton et al.,  2016; Mpodozis & 
Ramos, 1989); Upper Cretaceous synorogenic strata of the 
Neuquén Group provide the first record of the Andean 
uplift (Borghi et al., 2019; Di Giulio et al., 2017; Fennell 
et al., 2017; Tapia et al., 2020; Tunik et al., 2010). Since the 
Late Cretaceous, the Neuquén Basin registers fluctuations 
between contractional, neutral and extensional phases 
during the growth of the Andes (Fennell et al.,  2019; 
Horton & Fuentes, 2016; Ramos & Folguera, 2005).

F I G U R E  2   (a) Chronostratigraphic chart of the Neuquén Basin and interpreted tectonic stages during basin evolution (from Howell 
et al., 2005). (b) Late Jurassic facies map of the Neuquén Basin during Tordillo sedimentation. Black arrows show the sediment route 
direction. Black lines show thickness values (modified from Arregui, 1993; Gulisano, 1988; Spalletti & Veiga, 2007; Spalletti et al., 2011; 
Vergani et al., 1995).
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2.1  |  The Late Jurassic Neuquén Basin

During the Late Jurassic, the Neuquén Basin went 
through a protracted regressive phase that started in the 
Middle Jurassic with a gradual shoreline retreat to the 
northwest and peaked by the Kimmeridgian with the 
complete continentalization of the basin (Vicente, 2006). 
The Kimmeridgian stage is characterized by non-marine 
sedimentation of the Tordillo and Rio Damas formations 
(Figure  2b). The Río Damas Formation, located along 
the western (Chilean) slope of the Andean axis, contains 
interbedded volcanic and coarse-grained clastic rocks, with 
significant thickness variations (Figure 2b) (Klohn, 1960).

The Tordillo Formation, defined on the eastern 
(Argentinean) side of the Andes, is characterized by the 
development of alluvial, fluvial, aeolian, playa-lake and 
lacustrine depositional systems and also presents thick-
ness variations within the Neuquén Basin (Figure 2b). In 
the southern portion of the basin (36°–41°S), these varia-
tions led to the distinction of three main Kimmeridgian 
depocenters: the northwestern, southwestern and east-
ern depocenters (Figure  2; Spalletti & Veiga,  2007). The 
study area is located in the northwestern depocenter 
where the Tordillo Formation reaches 800 m in thickness 
(Gulisano,  1988). The depocenter limits are defined by 
two paleo-highs, the Huincul Arch to the south and the 
Chihuidos High to the east.

The Huincul Arch, an E-W-oriented structural lin-
eament developed at 39°S (Figure  1a), records intraplate 

contractional events between the Jurassic and Early 
Cretaceous (Guzmán et al., 2021; Mosquera & Ramos, 2006; 
Ploszkiewicz et al., 1984; Silvestro & Zubiri, 2008; Vergani 
et al., 1995; Zavala et al., 2020). Here, the Tordillo Formation 
overlies the Lotena and Cuyo Groups in angular unconfor-
mity, presents growth-strata wedge geometries or is absent, 
and it was proposed to be associated with tectonic inver-
sion of pre-existing faults (Freije et al.,  2002; Mosquera 
& Ramos,  2006; Vergani et al.,  1995; Zavala et al.,  2020; 
Zavala & Freije, 2002). Provenance studies in the southern 
sector of the northwestern depocenter show that the Early 
Jurassic units exhumed at the Huincul Arch deformation 
zone were an important source of sediment for the Tordillo 
Formation, along with the coeval Late Jurassic magmatism 
(Naipauer et al., 2012).

The NW-SE-oriented Chihuidos High (Figure 2b) was 
a paleo-high during several stages of the basin evolution 
and also recorded contractional pulses during the Jurassic 
and Early Cretaceous (Maretto & Pangaro, 2005; Micucci 
et al., 2018; Mosquera & Ramos, 2006). On the Chihuidos 
High, the Tordillo Formation reaches a maximum thick-
ness of 200 m (Figure  2; Gulisano,  1988; Spalletti & 
Veiga, 2007).

North of the Chihuidos High, at the Sierras de Cara 
Cura and Reyes, the Tordillo Formation was not depos-
ited and the Tithonian-Berriasan Vaca Muerta Formation 
marine deposits rest unconformably over the Oxfordian 
Auquilco Formation evaporites (see location in Figure 1b; 
stratigraphic chart in Figure  2a). This non-depositional 

F I G U R E  3   (a) Geological map of the Cordillera del Viento area, with the location of the stratigraphic section (Figure 4) and U–Pb 
samples sites (CVT01 and 17TOR1). The inset shows the location of Figure 6c. (b) Geological map of the Domuyo area showing the location 
of the studied stratigraphic section (Figure 5). The inset shows the location of Figure 9a.
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area of the Tordillo Formation is only 50 km NE from the 
northwestern depocenter's maximum thickness site.

To the west, Mesozoic units are not exposed since 
they are covered by the widespread Cenozoic volcanic 
and volcaniclastic deposits. Therefore, the western limit 
of the northwestern depocenter, and the Neuquén Basin 
in general, cannot be defined. Farther north, outcrops of 
the Tordillo Formation are scarce and the extension of the 
Late Jurassic northwestern depocenter is uncertain.

In the northern portion of the Neuquén Basin (32°–
35°S), the Tordillo Formation shows a systematic increase 
in thickness and in the volcanic and volcaniclastic mate-
rial from east to west, as it transitions to the Rio Damas 
Formation (Acevedo et al., 2020; Lo Forte, 1996; Mescua 
et al., 2020; Sanguinetti, 1989; Sruoga et al., 2011). At this 
latitude, the basin has a N-S elongated shape and Tordillo 
Formation's thickness changes occur rapidly across this 
narrow segment. In the western sector, the Río Damas 
Formation achieves thicknesses between 1000 and 5000 m 
(Charrier,  1981; Davidson,  1988; Klohn,  1960). The Río 
Damas Formation only crops out in the northern portion 
of the Basin, on the western margin. South of 36°S, the 
development of the Río Damas volcanism is unknown 
due to the extensive development of the Cenozoic units 
(Figure 2b).

Although the Jurassic magmatic arc was centred along 
the Coastal Cordillera (Gana & Tosdal,  1996; Vergara 
et al., 1995), the Late Jurassic Río Damas Formation de-
veloped along an eastern magmatic axis ca. 100 km to the 
east, on the present day Chilean slope of the Principal 
Cordillera (Figure 1a). The Río Damas Formation igneous 
rocks have been assigned to subduction-related arc volca-
nism (Rossel et al., 2014) or retroarc magmatism (Charrier 
et al., 2007).

U–Pb geochronological analyses on the Tordillo and 
Río Damas formations show a maximum depositional 
age between 151 and 143 Ma for these units (Horton 
et al., 2016; Junkin & Gans, 2019; Naipauer et al., 2012; 
Naipauer, Tapia, et al., 2015; Naipauer, Tunik, et al., 2015; 
Rossel et al., 2014). An ash bed located at the top of the 
Tordillo Formation ca. 50 km east of the study area (La 
Yesera, Figure 1b) yielded an age of 147.112 ± 0.078 Ma 
(Lena et al.,  2019). These absolute ages fall within the 
Kimmeridgian (154.8–149.2) and Tithonian (149.2–143.1) 
stages, according to the GTS2020 (Gradstein et al., 2020). 
The Tordillo and Río Damas formations calculated ages 
fall beyond the Kimmeridgian age originally assigned 
based on stratigraphic relations with fossiliferous ma-
rine units. Several studies discuss this discrepancy and 
its implications for the Jurassic–Cretaceous boundary 
(Kietzmann et al.,  2015; Kietzmann & Martínez,  2018; 
Lena et al., 2019; Naipauer, Tunik, et al., 2015; Vennari 
et al., 2014).

By the Tithonian, a new transgression from the paleo-
Pacific Ocean flooded the basin, recorded by marine de-
posits of the Vaca Muerta Formation (and equivalent 
units) that conformably overlie the Tordillo Formation 
(Legarreta & Uliana, 1991, 1996).

3   |   METHODS

We carried out sedimentological, structural, geochro
nological and petrographic analyses in the Tordillo 
Formation within the northwestern depocenter of the 
Neuquén Basin. In this area, the Tordillo Formation crops 
out as a N-S strip within the Chos Malal fold and thrust 
belt, with major exposures at Cerro Domuyo (36° 30′-36° 
40′S) and the southern Cordillera del Viento (37° 20′-37° 
30′S) (Figures 1b and 3).

We logged two sedimentological sections, one to the 
south of the Neuquén River at the southern Cordillera 
del Viento area and another one in the Covunco creek at 
the Cerro Domuyo area (Figure 3). We selected the loca-
tion for the Cordillera del Viento section based on outcrop 
quality and accessibility to observe lateral and vertical 
variations, near the structural measurement locations. At 
these locations, the base and top of the Tordillo Formation 
do not crop out, therefore, the position within the column 
is unknown. The Cerro Domuyo section was logged at the 
upper Tordillo Formation, although the uppermost beds 
were out of reach or covered.

Structural and sedimentary orientation data were sys-
tematically measured in the field using the FieldMove 
Clino mobile app on an iPhone device (Whitmeyer 
et al., 2019). We measured 89 fault planes in the Cordillera 
del Viento area. The stress orientation axes for the dataset 
of fault planes measured were calculated with the linked 
Bingham statistics function of the Faultkin 8 software 
(Allmendinger et al., 2012; Marrett & Allmendinger, 1990). 
Fault plane coordinates and attitude data are available in 
the Supporting Information.

To constrain the age of deposition and sedimentary 
provenance of the Tordillo Formation at the Cordillera 
del Viento area, we collected two sandstone samples 
(samples CVT01 and 17TOR1; Figure 3a). Sample CVT01 
is positioned within the lower sandstone levels of the 
Cordillera del Viento stratigraphic section (Figure  4). 
Sample 17TOR1 is located ca. 5 km towards the east in a 
comparable stratigraphic level, in order to constrain lat-
eral variations in the provenance. Zircon U–Pb age dis-
tribution for both the samples were generated by laser 
ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS). Sample CVT-01 was analysed at Zirchron 
LLC, following operating procedures and parameters from 
Chang et al. (2006). Sample 17TOR1 was analysed at the 
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Arizona LaserChron Center following techniques defined 
by Gehrels et al.  (2008) and Gehrels and Pecha  (2014). 
Probability distribution plots for data visualization were 
created using Isoplot (Ludwig, 2003). Sample coordinates 
and tabulated U–Pb (LA-ICPMS) data are available in the 
Supporting Information.

Maximum depositional ages (MDA) were calculated 
by three different methods: the maximum likelihood 
age (MLA) algorithm (Vermeesch,  2021); the young-
est single grain (YSG); and the youngest graphical peak 
on the probability density plot (YPP) (Dickinson & 
Gehrels,  2009). MLA estimates were calculated with 
IsoplotR (Vermeesch, 2018).

To complement the U–Pb zircon provenance re-
sults, we performed petrographic point counts on 
five sandstone samples from the Tordillo Formation: 
three samples from the Cordillera del Viento sec-
tion and two samples from the Cerro Domuyo sec-
tion (Figures 4 and 5). For each sample, between 300 
and 450 grains were counted according to the Gazzi-
Dickinson method (Ingersoll et al., 1984) using a mi-
croscope mechanical stage and a Swift automatic point 
counter. Point count data results are available in the 
Supporting Information.

4   |   RESULTS

4.1  |  Sedimentological analysis

We logged two stratigraphic sections, one in the 
Cordillera del Viento area and another in the Cerro 
Domuyo area, and identified 10 lithofacies for both lo-
calities (Table 1; Figures 4 and 5; locations in Figure 3). 
The Cordillera del Viento section is ca. 90 m thick and 
is composed of ca. 10 m of sandstones and conglomer-
ates at the basal levels (lithofacies LF1, LF2 and LF3), 
followed by ca. 10  m of cross-bedded sandstones in-
terbedded with massive and laminated mudstones and 
fine sandstones (LF2, LF5 and LF6), and ca. 70 m of 
massive and laminated sandstones and mudstones with 
recurrent desiccation cracks (LF7, LF9 and LF8). The 
Cerro Domuyo section is mainly composed of ca. 40 m 
of interbedded massive sandstones and mudstones, also 
with periodic desiccation cracks (LF7, LF9 and LF8). It 
is worth highlighting that the sedimentary rocks of the 
upper Tordillo Formation present similar characteristics 
between the Cordillera del Viento and Cerro Domuyo 
logs. We recognized two facies' associations, based on 
the interrelations between the lithofacies described in 
Table 1.

4.1.1  |  Facies association1 (FA1): Fluvial 
channel deposits

FA1 consists of lenticular beds of conglomerates and 
sandstones between 1 and 10  m thick. Structureless 
(massive) to crudely bedded clast-supported pebble 
conglomerates with erosive bases (LF1) commonly define 
the base of FA1. LF1 passes upwards to granule and 
sandstones with trough and planar cross-bedding (LF2 
and LF3; Figure 4c). These lenticular beds present a fining-
upward arrangement and, in some cases, asymmetric 
ripples (LF4) are preserved on top. In a few locations, this 
fining-upwards vertical arrangement culminates with 
mudstones with desiccation cracks (LF8) (Figure  4i,j). 
Paleocurrents measured from sandstone cross-sets show 
flow directions between NNW and NE.

FA1 is prevalent in the lower levels of the logged sec-
tion at the Cordillera del Viento area, interbedded with 
the Facies association2 (FA2) (Figure 4a). In the lower lev-
els, LF1, LF2 and LF3 are dominant. In the upper levels 
of the section, LF4 is preserved, LF1 is absent, and FA1 is 
interbedded with FA2.

4.1.1.1  |  Interpretation
The grain size, erosive bases, sedimentary structures, 
fining-upward arrangement and lenticular geometries 
indicate deposition within a channelized fluvial system 
(Bridge, 2003; Miall, 1996). Conglomerates and sandstones 
with trough cross-bedding (LF2) were deposited in 3D 
dunes. Planar cross-bedded conglomerates and sandstones 
(LF3) were formed as 2D dunes. The absence of lateral 
accretion deposits and relative consistency in paleocurrent 
directions suggest relatively low-sinuosity channels of a 
braided fluvial system (Bridge, 2003; Ferguson, 1977). The 
upward-fining vertical arrangement with the preservation 
of sand ripples suggests a gradual waning in the discharge 
and eventual abandonment of the channel (Miall, 1977). 
The occurrence of desiccation cracks indicates subaerial 
exposure between flood events (Collinson, 1996).

4.1.2  |  Facies association 2 (FA2): 
Unconfined flow deposits

FA2 is composed of laminated or structureless (massive) 
mudstones (LF5), laminated fine sandstones (LF6) and 
sporadic sandstone beds with asymmetric ripples (LF4). It 
also contains alternations of chaotically layered fine sand-
stones and mudstones (LF7), massive medium to coarse 
sandstones (LF9) and fine sandstones or mudstones with 
desiccation cracks (LF8).
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The first group (LF5, LF6 and LF4) presents a tabular 
geometry and is situated in lower levels of the Cordillera 
del Viento section, interbedded with FA1 (Figure 4b). The 
thickness of the group varies between 0.5 and 2.5 m. Soft 
sediment deformation structures are common, including 
convolute bedding (Figures 4e and 5f), small-scale clastic 
dykes (Figures 4d and 5g), load casts and flame structures.

The second group (LF7, LF9 and LF8) is dominant in the 
upper part of the Cordillera del Viento section (Figure 4a) 
and throughout the Cerro Domuyo section (Figure 5a,c). 
LF7 forms continuous beds that contain small-scale struc-
tures such as ripples, local wavy bedding, dish and pillars, 
convolute bedding and other soft-sediment deformation 
structures (Figure 4g). LF7 bed thickness ranges between 

F I G U R E  4   (a) Stratigraphic section logged at the Cordillera del Viento area. (b) General view of the lower part of the logged section, 
with tabular and lenticular beds and interbedded fine and coarse sandstones with erosional contacts. (c) Channel lag defined by upward-
fining coarse sandstone with trough cross-bedding and intraclasts up to 4 cm. (d) Small-scale clastic dyke. (e) Convolute lamination. (f) 
Asymmetric ripples. (g) Planar and trough cross-bedding. (i,j) Desiccation cracks. Lens cap diameter: 5.5 cm. FA, facies association; LF, 
lithofacies.
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0.5 and 6 m. On top of this facies, LF9 typically presents 
sharp contacts with LF7. Bed thicknesses of LF9 are up to 
1 m. Beds with desiccation cracks (LF8) overlie LF9 but 
are not always present. In some cases, planar laminated 
sandstones (LF10) and asymmetric ripples (LF4) cap LF7 
(Figure 5e).

4.1.2.1  |  Interpretation
The dominance of fine-grained deposits and the 
alternation between fine sandstones and mudstones 
indicates generally lower flow regime conditions, 
fluctuating between suspension and traction transport 
mechanisms (Leeder,  1999). The tabular geometry, 
lower flow regime conditions and absence of lenticular 
scours or rapid lateral textural variations suggest that 
FA2 was generated by unconfined flows (Bridge, 2003; 
Fisher et al.,  2007; Miall,  1996). The development of 
upper flow regime laminated sandstones (LF10) and 
current ripples (LF4) is associated with the waning 
stage of the unconfined flows (Tunbridge,  1981). 
Tabular structureless sandstones (LF9) indicate rapid 
deposition due to the deceleration of hyperconcentrated 
flows during unconfinement (Horn et al.,  2018). 
The development of mudstones with desiccation 
cracks (LF8) indicates flow cessation, the fallout of 
the suspended load and later exposure to subaerial 
conditions (Miall,  1977). The recurrence of subaerial 
exposure suggests that the flows were episodic. The 
presence of soft-sediment deformation structures can be 
associated with rapid accumulation rates or potentially 
seismic events (Allen, 1977; Owen et al., 2011).

4.2  |  Structural analysis

Extensional faults cut the Tordillo Formation outcrops in 
the study area. In the Cordillera del Viento area, along the 
Neuquén River, the fine-grained composition, tabular ge-
ometry and horizontal orientation of the Tordillo beds en-
able clear identification of multiple structures (Figure 6).

We systematically measured the normal faults that crop 
out along the southern Cordillera del Viento, principally 
on the southern side of the Neuquén River (Figure  6c). 
Due to the horizontal to sub-horizontal nature of the beds 
in this area, back-tilting corrections were not necessary. 
The dominant strike values are towards the NW to NNW, 
with a secondary NE value (Figure 4c). Fault dip angles 
range from 45° to 89°. A classification by dip angle and 
the corresponding rose diagrams show different trends 
for each interval (Figure 6e). Shallowly dipping faults (be-
tween 45° and 60°) are scarce (N = 6) and E dipping. Faults 
with a dip angle between 60° and 70° (N = 15) present a 
primary NW to NNW strike (337° to 350° azimuth), where 

faults dip to the E and W in an apparent conjugate fault 
system, along with a secondary NW striking group (300° 
azimuth) with a similar conjugate appearance. The group 
of steeply dipping faults (between 70° and 80°) also pres-
ents a primary NW to NNW strike with E and W dipping 
directions, with no apparent secondary trend. In the final 
group of near-vertical faults (over 80° dip), there are two 
main strike directions: NW to NNW and NE. It is notewor-
thy that the NE fault trend only appears for the high-angle 
faults, principally in those dipping >80°. The absence of 
kinematic indicators in high-angle faults precludes the de-
termination of fault-slip directions.

To complement the measured data, we traced and 
sketched the normal faults observed in the field and other 
lineaments observed on satellite images (Figure 6c). These 
lineaments trend to the NE and the NW, similar to the 
faults measured in the field.

Most of the observed structures are located on the 
southern flank of the Neuquén River (Figure  6a). The 
most conspicuous zone of faulting (Figure 6b) contains 
several large-scale normal faults and minor associated 
faults. There is an apparent decrease in fault offset to-
wards upper stratigraphic levels (red lines in Figure 6b). 
To the east (Figure 6a), Tordillo Formation strata pres-
ent dip angle variations (Figure  7a). Interestingly, in a 
closer look, there is a SE dipping normal fault with as-
sociated wedge-shaped fine-grained strata (Figure  7b). 
These strata show an increase in both angle and thick-
ness towards the fault plane, while coarser grained 
sandstone beds appear discontinuous and lens-shaped. 
Further to the east (Figure 6a), an E-W vertical section 
of the Tordillo Formation exposes a series of normal 
faults with thickness variations of the strata between 
horst and graben structures (Figure  7c; left) and dip 
angle variations of the sedimentary beds from 17° to 9° 
NE (Figure 7c; right).

Outcrops shown in Figure  8 are on opposite slopes 
of the same creek (Figure  6a), providing 3D constraints 
of the same structure from different vertical sections. In 
Figure  8a, a package of tilted strata is associated with a 
series of normal faults and overlaid by horizontal beds. 
The relation between these two packages of strata defines 
onlap and offlap relations and an angular unconformity 
(Figure 8a; black triangles and red line). Towards the SW, 
the bed that defines the unconformity appears to be af-
fected by a blind normal fault (Figure  8a; on the centre 
of the image) and it folds. On top, another unconformity 
develops (Figure 8a; yellow line). On the opposite slope, 
there is a similar relation between tilted and horizon-
tal strata, so we infer the position of the unconformity 
(Figure 8a; dotted red line). Regardless, we interpret that 
the tilted strata might be linked to a NW dipping normal 
fault.
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North of the Neuquén River, a large SW dipping nor-
mal fault presents a rollover anticline structure in the 
hanging wall, against a footwall that appears deeply frag-
mented (Figure 7d).

At the Cerro Domuyo area, along the Covunco creek, 
extensional faults cut the upper Tordillo Formation and 
reach the base of the Vaca Muerta Formation (Figure 9). 
These faults were previously described by Kietzmann 
and Vennari (2013). We noticed an increase in the thick-
ness of the lower section of the Vaca Muerta Formation 
towards the SW (Figure 9a), accompanied by dip varia-
tions within the Tordillo Formation (Figure 9c), poten-
tially linked to a master normal fault located towards the 
SW.

Based on field measurements of 89 meso- and 
small-scale normal faults planes at the Cordillera 
del Viento area, we calculated the stress orienta-
tions for Tordillo extensional faults using the Faultkin 
8 software (Allmendinger et al.,  2012; Marrett & 
Allmendinger,  1990). The calculated minimum stress 
vector is oriented in an E-W direction (Figure  6d; axis 
1: 092°).

4.3  |  U–Pb geochronology

Results for U–Pb analyses of detrital zircon grains 
are presented for CVT-01 and 17TOR1 samples from 
Cordillera del Viento. For sample CVT-01, 113 zircon 
grains were analysed, with three grains discarded due 

to high discordance. The 110 concordant ages display 
a multimodal distribution and age range between 143 
and 367 Ma. Most zircons are of Jurassic ages, with the 
main peak at ca. 148 Ma and minor peaks at ca. 157 
and 174 Ma (Figure  10a). There is a minor population 
of Early Permian age (five grains) and a single grain of 
Late Devonian age.

For sample 17TOR1, 126 zircon grains were analysed, 
with six grains discarded due to high discordance or an-
alytical error. The 120 concordant ages display a multi-
modal distribution and range between 143 and 2453 Ma. 
Most zircons are of Jurassic ages, with the main peak 
at ca. 152 Ma and minor peaks at ca. 182 and 271 Ma 
(Figure 10a). There are minor populations of Palaeozoic 
and Precambrian ages.

Sample CVT01 yielded MDA estimates of 
148.69 ± 0.27 Ma (MLA, Vermeesch, 2021), 148 Ma (YPP) 
and 143.0 ± 1.8 Ma (YSG). Sample 17TOR1 yielded MDA 
estimates of 151.88 ± 0.32 (MLA, Vermeesch,  2021), 
152 Ma (YPP) and 143.56 ± 1.71 Ma (YSG) (Dickinson & 
Gehrels, 2009).

While the MLA and the YPP methods provide similar 
results, the YPP method fails to provide an uncertainty 
value. The YSG method provides a younger MDA for both 
samples but is not recommended because single data 
points can exhibit high errors and the effects of lead loss 
(Coutts et al., 2019). Therefore, we select the MLA results, 
consistent with previous geochronologic analyses of the 
Tordillo and Rio Damas formations (Horton et al., 2016; 
Junkin & Gans,  2019; Naipauer et al.,  2012; Naipauer, 

F I G U R E  5   (a) Stratigraphic section logged at Cerro Domuyo. (b) General view of the logged section, along the Covunco creek. (c) Cycles 
from unconfined flow deposits (FA2). (d) Asymmetric ripple marks. (e) Horizontal lamination in sandstones. (f) Small-scale clastic dyke. (g) 
Convolute lamination. FA, facies association; LF, lithofacies.
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Tapia, et al.,  2015; Naipauer, Tunik, et al.,  2015; Rossel 
et al., 2014).

4.4  |  Sandstone petrography

The five samples analysed are composed of poorly sorted, 
medium to coarse sands of sub-rounded to sub-angulose 
grains. Petrographic analysis reveals that the composition 
of the sandstones of the Tordillo Formation is lithic feld-
sarenite to feldspathic litharenites (Folk et al., 1970).

Point count results are plotted on a QFL provenance 
diagram from Dickinson et al. (1983) (Figure 10b), show-
ing diverse results, indicative of a transitional magmatic 
arc (samples CDT02 and CDT03 from the Cerro Domuyo, 
and sample CVT04 from the Cordillera del Viento) and a 

dissected magmatic arc (samples CVT01 and CVT06 from 
the Cordillera del Viento).

5   |   DISCUSSION

5.1  |  Provenance

Detrital zircon U–Pb analyses and sandstone petrographic 
data are consistent and show main peaks of ca. 148 and 
152 Ma (samples CVT01 y 17TOR1 respectively) that sug-
gests contemporaneous magmatism was the main source 
of sediment for the Tordillo Formation at the Cordillera del 
Viento and Cerro Domuyo areas (northwestern depocenter 
of the Neuquén Basin). Late Jurassic magmatic units are 
located to the west of the basin, included within the Río 

T A B L E  1   Lithofacies of the Tordillo Formation at the Cerro Domuyo and southern Cordillera del Viento

Lithofacies and sedimentary features Interpretation

LF1. Clast supported conglomerates. Poorly sorted with clast imbrication. Crude 
bedding and upward-fining internal arrangement. Subangular to subrounded clasts, 
with a maximum clast size of 4 cm. Bed thickness is up to 15 cm, and geometry is 
lenticular, with an erosional base. The top is gradational, to LF2

Channel lag deposits

LF2. Through cross-bedded sandstones and granules. Clast supported, moderately 
sorted, with upward-fining arrangement. The base is erosional or transitional from 
LF1. Local mud intraclasts. Individual cross-sets are 10–30 cm thick. Amalgamated 
bodies are up to 1.5 m thick. Bed geometry is lenticular to tabular on outcrop scale. 
Paleoflow directions are towards the NNW, N and NE

Migration of 3D sand dunes

LF3. Planar cross-bedded sandstones and granules. Clast supported, moderately sorted. 
Planar base. Individual cross-sets are up to 15 cm thick. Sets are amalgamated and 
usually linked to LF2. Paleoflow directions are towards the NNW, N and NE

Migration of 2D sand dunes

LF4. Fine to medium sandstones with ripples. Ripple sets are asymmetric and ca. 2 cm 
thick. Beds thickness is between 15 and 30 cm. This lithofacies caps LF2 and LF3 
and underlies LF5

Migration of sand ripples in lower flow regime

LF5. Structureless (massive) and laminated mudstones. Tabular geometry. Beds are of 
centimetre-scale, with intervals up to 50 cm thick. This lithofacies occurs between 
LF4 and LF6

Mud deposition due to suspension settling in a 
floodplain environment

LF6. Laminated fine-grained sandstones. Dm-scale packages with tabular geometry. 
Individual beds are up to 2 cm thick. Soft sediment deformation structures: 
convolute bedding, load casts and flame structures

Episodic sandy sheetfloods, lower flow regime 
conditions

LF7. Chaotically layered mudstones and fine sandstones. Tabular beds, between 0.5 and 
6 m thick. Heterolithic alternations of sandstone and mudstone, wavy bedding and 
ripple-cross bedding. Small lenses with horizontal lamination. Abundant soft-
sediment deformation structures: convolute bedding, dish and pillars, load casts 
and flame structures. The chaotic aspect reflects a combination of depositional and 
deformational structures

Episodic muddy and sandy sheetfloods, lower 
and upper flow regime conditions

LF8. Sandstones and mudstones with desiccation cracks. This lithofacies occurs 
occasionally on top of LF9. Individual beds are up to 2 cm thick, with sharp bases 
and desiccation cracks on top. Stacked beds can reach 10 cm. Mudcracks are 
polygonal to irregular in plan view, about 1 cm thick, and filled with coarser sand

Dessication after subaerial exposure

LF9. Structureless (massive) sandstones. Medium to coarse sandstones, with tabular 
geometry. Erosive base. Beds are 0.15 to 1 m thick

Rapid deposition of bedload of unconfined 
flows, during high discharge conditions

LF10. Planar laminated sandstones. Tabular beds of sandstones with horizontal 
laminations, with thicknesses between 5 and 40 cm. Sharp bases

Deposition in upper flow regime, as an 
unconfined flow
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Damas Formation, along the western Chilean slope of the 
Andes (Figure  2b), and volcanic and plutonic rocks of a 
broader Jurassic age, in the Coastal Cordillera (Figure 1a). 
These results agree with previous provenance studies for 
adjoining areas (Naipauer, Tunik, et al.,  2015; Spalletti 
et al.,  2008). Paleocurrent data from our work and from 
previous works in the area show an eastward direction of 
transport, supporting the mentioned magmatic units as a 
source of sediment (Gulisano, 1988; Spalletti & Piñol, 2005).

Minor zircon age populations show that Lower-Middle 
Jurassic and Permian units provided subordinate source 
material to the Tordillo Formation. The Lower-Middle 
Jurassic Cuyo and Lotena Groups would have been ex-
posed during the Late Jurassic along the Huincul Arch 
to the south (Figure 1) and formed an important source 
area for the southern part of the northwestern depocen-
ter (Figure  11a; Gulisano,  1988; Naipauer et al.,  2012, 
Naipauer, Tunik, et al., 2015; Spalletti & Piñol, 2005).

The Permian age peak can be attributed to the Choiyoi 
Group, whose input is generally considered evidence of an 
eastern source since it mainly crops out in the San Rafael 
and Las Matras eastern blocks (Figure 2) (Horton et al., 2016; 
Naipauer & Ramos,  2016). Although Permian ages are 
present in all Tordillo Formation samples, they appear as a 
minor source. Even in the eastern outcrops from La Yesera, 
the Permian age peak is not dominant, suggesting that the 
main sediment pathways were directed eastward from prin-
cipal source areas in the west and southwest (Figure 11a).

5.2  |  Palaeogeography of the 
Tordillo Formation

Previous research on the northwestern depocenter of the 
Neuquén Basin proposes that the Tordillo Formation re-
corded the transition from an alluvial fan to a playa lake 

F I G U R E  6   (a) Panoramic view of the Cordillera del Viento area showing extensional features in the Tordillo Formation (items 7a–7c in 
Figure 7, a and b in Figure 8 and b in this Figure). (b) Close-up view of extensional faults in the Tordillo Formation. Red lines show relative 
fault offset, which diminishes up-section. (c) Map view of normal fault traces (light blue lines) in the Cordillera del Viento area. Rectangles 
show the location of Figures 6a, 7e and 8. (d) Stereographic projections of fault planes from the complete dataset (n = 89) and the linked 
Bingham kinematic axes and fault plane solutions. Table shows kinematic axes orientation (1: extension; 2: intermediate; 3: shortening). 
Black arrows show the direction of extension. (e) Stereographic projections of fault planes and corresponding rose diagrams for the normal 
faults measured, as classified by dip values.
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depositional system (Coronel et al., 2020; Gulisano, 1988; 
Spalletti & Piñol, 2005; Spalletti & Veiga, 2007).

Based on our field observations at the Cerro Domuyo 
and Cordillera del Viento areas, we grouped the studied 
outcrops into two facies associations: channel deposits 
(FA1) and unconfined flow deposits (FA2). The first is 
present in the lower Cordillera del Viento section, the latter 
is dominant in the upper part of the Cordillera del Viento 
section and throughout the Domuyo section. The domi-
nance of unconfined flows has been described in several 
depositional systems, such as the ephemeral fluvial, ter-
minal flan/terminal splay and sheetflood-dominated allu-
vial fan (Blair, 1999, 2000; Fisher et al., 2008; Friend, 1977; 
Hampton & Horton,  2007; Kelly & Olsen,  1993; Sadler 

& Kelly,  1993; Turnbridge,  1981, 1984). This scenario is 
persistent in the central part of the basin, where a playa 
lake depositional system serves as inland drainage of the 
western clastic and volcaniclastic alluvial fans and, to a 
lesser extent, the southern and eastern fluvial systems 
(Figure 2b; Arregui, 1993; Spalletti et al., 2011; Spalletti & 
Veiga, 2007).

To understand the regional facies changes across 
the study area, we constructed stratigraphic tran-
sects based on the sections logged by Gulisano  (1988) 
and Dellape  (1976) (interpreted by Gulisano,  1988) 
(Figure 11b). Two main depositional environments were 
identified by Gulisano  (1988): (i) the transition from al-
luvial fan to playa lake environments at the Loncopué, 

F I G U R E  7   The Tordillo Formation in the Cordillera del Viento area. (a) Dip angle variations of the strata. The rectangle shows the 
location of b. (b) Wedge geometry of fine-grained strata and discontinuous sandstone beds, linked to a SE dipping normal fault. (c) E-W 
vertical section that exposes a series of normal faults that affect the thickness (left) and dip (right) of the beds. (d) Apparent rollover 
structure associated with an intensely fractured footwall on the northern side of the Neuquén River. White dotted lines indicate apparent 
axial planes (see Figure 6 for location).

 13652117, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12744 by U

niversity O
f Texas Libraries, W

iley O
nline Library on [20/05/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



      |  1025
EAGE

ACEVEDO et al.

Cordillera del Viento and Cerro Domuyo areas (FA b1 to 
b5 from Gulisano,  1988), and (ii) lacustrine and sabkha 
environments at the La Yesera area to the east (FA c1 to 
c4 from Gulisano, 1988) (Figure 11b). These stratigraphi-
cal transects helped us to determine the vertical position 
of the Cordillera del Viento section within the Tordillo 
Formation column since neither the base nor the top of 
the unit crop out near the logged area (CV column in 
Figure 11b).

The greatest thickness values (ca. 700 m) for the 
Tordillo Formation in this region are at the Cordillera del 
Viento area (Figure 11b). In this area, the coarser grain fa-
cies (b1) also presents its maximum thickness and thins to 
the east (Gulisano, 1988). This pattern is consistent with 
our provenance results that indicate the main source of 
sediment was located to the west.

In the La Yesera area, the Tordillo Formation is ca. 
100 m thick and records lacustrine deposition. Also, in 
this area, the top of the Auquilco evaporites presents 

sandstone-filled gullies that were eroded by karstic pro-
cesses (Gulisano,  1988). Since palaeokarst features are 
indicators of subaerial exposure (Wright,  1988), the oc-
currence of karstic gullies at the La Yesera area suggests 
a period of non-deposition prior to lacustrine deposition.

Considering these characteristics, we interpret the allu-
vial filling of the western depocenter (between Loncopue 
and Cerro Domuyo) to have been contemporaneous with 
an eastern topographic high (La Yesera), but later became 
part of a fluvio-lacustrine system that drained the western 
and southern alluvial and fluvial systems (Figure 12a).

5.3  |  Late Jurassic extensional stage

At the Cordillera del Viento and Cerro Domuyo areas, 
we found a series of normal faults affecting the Tordillo 
and lower Vaca Muerta formations. Some of these faults 
have elements that are characteristic of syndepositional 

F I G U R E  8   The Tordillo Formation in the Cordillera del Viento area. Opposite slopes of a creek show different vertical sections of the 
same structure. See Figure 6 for location. (a) Tilted strata, associated with normal faults and two angular unconformities (red and yellow 
lines). Black triangles show onlap and offlap relations. See the text for further description and interpretation. (b) Tilted strata with horizontal 
strata on top. The red dotted line indicates the position of the covered angular unconformity.
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extension, such as thickness variations of the strata 
between horst and grabens, dip angle variations, 
wedge geometry of the strata or are linked to angular 
unconformities (Figures  7b,c, 8 and 9) (Gibbs,  1983; 
Schlische, 1991; Scholz & Contreras, 1998). We observed 
normal faults with associated wedge-shaped strata, 
characterized by increasing both angle and thickness 
towards the fault plane (Figure  7b). In this outcrop, 
only the fine-grained strata show wedge-like geometries, 
while sandstone bodies appear discontinuous. This is 
consistent with models of alluvial deposition in half-
grabens developed by Alexander and Leeder  (1987). 
We recognized tilted strata overlaid by horizontal 
beds, which we interpret as angular unconformities. 
From the observation of the tilted strata from different 
vertical sections (Figure  8), we interpret that it could 
be associated with a NW dipping normal fault. Satellite 
images allowed us to identify a NE-trending lineament 
that cuts across the location of Figure  8 and coincides 
with the location of the inferred structure (Figure 6c).

We also observed a decrease in the offset of normal faults 
(Figure 6b), although this is not unequivocal of syndepo-
sition, since it can be developed due to post-depositional 
deformation (Nicol et al., 1996; Walsh & Watterson, 1989). 
The complex structure shown in Figure 7d presents a sim-
ilar arrangement as the analogue models for extensional 
basins developed by McClay (1990), however, it cannot be 
considered as evidence of syndeposition.

Evidence of extension during the Late Jurassic in the 
Neuquén Basin was previously described in the north-
ern part of the basin (32°–35°S). In these sectors, the 
fundamental evidence in support of the extension is the 
volumetric magmatism of the Rio Damas Formation, em-
placed in a retroarc position in reference to the Jurassic 
arc location (Figure  1a) (Charrier et al.,  2007). Records 

of extensional faulting are scarce, restricted to isolated 
outcrops, inferred from balanced structural sections that 
require the addition of local graben and half-graben 
structures, or from isopach maps (Acevedo et al.,  2020; 
Cegarra & Ramos, 1996; Giambiagi et al., 2003; Mardones 
et al., 2021; Martos et al., 2020; Mescua et al., 2008, 2014; 
Pángaro et al., 1996; Vicente & Leanza, 2009). These Late 
Jurassic normal faults have consistent NNW, N or NE 
strike directions, although some of them are inferred or 
indirectly measured (Figure  12c) (Acevedo et al.,  2020; 
Cegarra & Ramos, 1996; Giambiagi et al., 2003; Mardones 
et al., 2021; Martos et al., 2022; Mescua et al., 2020; Pángaro 
et al., 1996).

In the southern portion of the basin (35°–41°S), there 
are fewer locations where the Late Jurassic has been as-
sociated with extensional activity (Figure  12c). At the 
Cerro Domuyo area, Galetto et al.  (2021) interpret a 
north-trending normal fault that would have controlled 
the Tordillo Formation thickness, based on thermochro-
nological data. In the Neuquén Embayment, Cristallini 
et al. (2006) recognize that some subsurface Late Triassic–
Early Jurassic normal faults remained active during the 
Tordillo Formation deposition, although they attributed 
this to differential subsidence. Also, in the Neuquén 
Embayment, a series of en-echelon normal faults with a 
dominant NW trend affect the upper levels of the Tordillo 
Formation and lower levels of the Vaca Muerta Formation 
(Dominguez et al., 2017; Marchal et al., 2020).

In this scenario, the Late Jurassic extension has been 
mostly described in the northern part of the basin (32°–
35°S) (Figure 12c). Considering the evidence we found for 
syndepositional extension within the Tordillo Formation 
and basal Vaca Muerta Formation, we propose that the 
Late Jurassic extension reached southern parts of the 
basin, at least as far as our study area, at ca. 37°S.

F I G U R E  9   Photographs of the Tordillo and Vaca Muerta formations at the Covunco creek, Cerro Domuyo area. (a) Normal faults 
cutting the upper Tordillo Formation and lower Vaca Muerta Formation. The lower section of the Vaca Muerta Formation, between the 
Tordillo Formation and the Huncal Member, increases towards the SW (the Huncal Member is described by Kietzmann & Vennari, 2013). 
(b) Close-up view of a normal fault. (c) Dip variations in the upper Tordillo Formation.
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Mechanical rifting could be associated with dynamic 
uplift due to lithospheric thinning and low-density as-
thenosphere replacement (Ziegler & Cloetingh, 2004). In 
our proposed scenario, Late Jurassic regression would be 
forced due to rift dynamics.

5.4  |  Late Triassic–Early Jurassic versus 
Late Jurassic extension

Our study sought to determine the structural frame-
work of the study area (northwestern depocenter of the 
Neuquén Basin), compare it to other sectors of the basin 
and assess whether the Late Jurassic (Tordillo and lower 
Vaca Muerta formations) extensional stage reactivated 
the Late Triassic–Early Jurassic (Precuyo Group) fault 
systems of the initial opening of the Neuquén Basin. In 
Figure  12, we illustrate and compare the Late Triassic–
Early Jurassic and Late Jurassic depocenters, fault trends 
and stress orientations.

In the Late Triassic–Early Jurassic depocenter in the 
Cordillera del Viento area (Chacay Melehue, Figure 12b) 
sedimentation would have been controlled by NW to WNW 
and NE striking normal faults (Sagripanti et al.,  2014). 
Towards the east, the subsurface Early Jurassic Altiplanicie 
del Payún depocenter (Cara Cura-Reyes area, Figure 1b) is 
filled with up to 5 km of sediment and was controlled by 
WNW and ENE extensional faults (Figure 12b) (Fennell 
et al., 2020). The local minimum stress orientation for the 

adjacent Cara Cura-Reyes depocenter is NNE (Giambiagi 
et al., 2009), consistent with the NNE to NE regional exten-
sion direction calculated for the opening of the Neuquén 
Basin (Bechis et al., 2014).

When compared, stress orientation calculations show 
a significant difference: NNE to NE for the Late Triassic–
Early Jurassic extension (Bechis et al., 2014) versus E-W 
for the Late Jurassic extension (this work) (Figure 12b,c). 
This is consistent with the lack of reactivation of initial rift 
structures during the Late Jurassic, which is particularly 
evident farther east in the Reyes-Cara Cura area where the 
Late Triassic–Early Jurassic Precuyo Group is 5 km thick, 
but the Tordillo Formation was not deposited or is <100 m 
thick (Fennell et al., 2020).

5.5  |  Late Jurassic tectonic setting of the 
Neuquén Basin

Despite an extensional setting is proposed for the 
Tordillo Formation, compressional structures and an 
angular unconformity are recorded in the southern basin 
margin, at the Huincul Arch (Freije et al., 2002; Silvestro 
& Zubiri,  2008; Stipanicic & Rodrigo,  1970; Vergani 
et al.,  1995; Zavala & Freije,  2002). The coexistence of 
extension in the north with uplift along the southern 
basin margin (Huincul Arch) has been previously 
discussed by Mescua et al. (2020), who suggested trench 
rollback and clockwise rotation of the South American 

F I G U R E  1 0   (a) Frequency histogram and relative probability plots of U–Pb ages of detrital zircons for CVT-01 and 17TOR1 samples 
of the Tordillo Formation from the Cordillera del Viento area. Time intervals of magmatism are from Sato et al. (2015). (b) Sandstone point 
count data plotted on Dickinson et al. (1983) provenance diagrams. (c) Photomicrographs of sample CVT-04. (d) Photomicrographs of 
sample CVT-01.
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plate could  explain this complex tectonic scenario. 
However, based on the presence of normal faults between 
the uppermost Tordillo Formation and the base of the 
Vaca Muerta Formation at the Huincul Arch area, Freije 
et al. (2002) propose that the latest Tordillo and the earliest 
Vaca Muerta formations were deposited in an extensional 
setting. These authors locate the compressional period 
in the lower terms of the Tordillo Formation deposition. 
Furthermore, Zavala et al. (2020) question the importance 
of the Late Jurassic uplift of the Huincul Arch, since they 
propose the major uplift of this area developed mainly 
during the Middle Jurassic. Thus, the Late Jurassic uplift 
at the Huincul Arch is still a matter of discussion.

In the Neuquén Embayment area, differential com-
paction of the Late Triassic Precuyo Group has been pro-
posed as the subsidence mechanism controlling Tordillo 
Formation deposition (Cristallini et al., 2006). However, 
there are several key elements that discourage this inter-
pretation in our study area and on a regional scale: (i) 
the extensional fault systems of the Precuyo Group and 
Tordillo Formation present significantly different orien-
tations in the study area, while the example studied by 
Cristallini et al.  (2006) only display fault reactivations; 
(ii) ca. 50 km to the east of the study area, at the Reyes-
Cara Cura area, while near 5 km of Precuyo Group sedi-
ments were deposited, the Tordillo Formation is <100 m 

F I G U R E  1 1   (a) U–Pb age distributions of the Tordillo Formation on the study area and its surroundings (samples from this work 
and Naipauer, Tunik, et al., 2015). Yellow dots mark sample locations; light blue lines on the map show the stratigraphic transects, black 
numbers and letters refer to the location of the stratigraphic sections shown in b in this Figure. Black arrows show the interpreted sediment 
route direction. (b) Stratigraphic transects showing lateral facies variations within the Tordillo Formation. Facies interpretations are from 
Gulisano (1988). Sedimentary sections are from this work (CD and CV), Gulisano (1988) (23 to 36) and Dellape (1976) interpreted by 
Gulisano (1988) (LM, CL and ND). Thickness values for incomplete sections are extrapolated from the isopach map of Gulisano (1988). The 
distance between sections is not to scale.
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thick or was not deposited (Fennell et al., 2020); (iii) in 
the northernmost Neuquén Basin (ca. 33°S), there is 
no record of Precuyo Group depocenters (Figure  12b), 
however, at these latitudes, there are several propos-
als of Late Jurassic extension (Acevedo et al.,  2020; 
Cegarra & Ramos, 1996; Giambiagi et al., 2003; Vicente 
& Leanza, 2009); (iv) the Río Damas Formation (Chilean 
equivalent of the Tordillo Formation) reaches thickness 
values of 5  km (Klohn,  1960), which could not be ex-
plained only by differential compaction; (v) differential 
compaction associated faults would show maximum 
displacement in the lower post-rift and a gradual up-
wards decrease in throw, instead of discrete pulses of 
reactivation (Worthington & Walsh, 2017). On this basis, 

differential compaction cannot account for the magni-
tude of subsidence required to explain the Late Jurassic 
deposition of the Tordillo and Rio Damas Formations, 
though it might have been responsible to some degree as 
a secondary process.

Late Jurassic E-W extension appears restricted to 
the north-trending Andean axis (Figure  12c). In con-
trast, the Late Triassic–Early Jurassic rift, which marks 
the opening of the Neuquén Basin, involved extension 
that spanned the entire basin (including the Neuquén 
Embayment) (Figure  12b). Further, the Late Triassic–
Early Jurassic extension reactivated previous litho-
spheric weaknesses that show a NNW to NW orientation 
(Figure 12b; Bechis et al., 2014). Late Jurassic extension 

F I G U R E  1 2   (a) Schematic paleogeographic evolution in the study area, comparing the Early Jurassic (based on Fennell et al., 2020) 
and the Late Jurassic extensional phases. The minimum stress orientation for the Precuyo is NNE and for the Tordillo is E-W. (b) Location 
of the Precuyo depocenters and its master faults (purple lines) throughout the Neuquén Basin. (c) Location of previous works that register 
the existence of extensional controls on the Tordillo Formation and their observed or inferred fault orientations (blue lines). The grey field 
indicates subsurface data.
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during Tordillo deposition did not reactivate these old 
structures, instead developed new ones with a NNW to 
N-S trend, parallel to the subduction zone and magmatic 
arc. The contrast between the architecture of these two 
extensional phases suggests different tectonic condi-
tions during Late Triassic–Early Jurassic versus Late 
Jurassic extension.

The timespan of Tordillo sedimentation coincides with 
distributed intracontinental extension of Late Jurassic–
Early Cretaceous age prior to the opening of the South 
Atlantic Ocean (Gust et al., 1985; Lovecchio et al., 2020; 
Uliana & Biddle, 1988); this extension orientation, as de-
termined for the Colorado basin at 39°S, was WNW-ESE 
(Lovecchio et al.,  2018). Also, rollback conditions have 
been proposed for the Late Jurassic at the latitude of the 
Neuquén Basin (Charrier et al., 2007; Mescua et al., 2020; 
Rossel et al., 2020). Therefore, the Late Jurassic stage of 
extension within the Neuquén Basin would be considered 
to be part of an extensional back-arc system boosted by 
rollback of the subducted slab and generalized extension 
prior to South Atlantic opening.

Traditional approaches analysing the Neuquén Basin 
had regarded it as a classic model of a rift basin gov-
erned by an initial mechanical rift and a posterior ther-
mal subsidence phase (e.g. Legarreta & Gulisano, 1989). 
However, recent studies highlight subduction-related 
processes exerting a significant role in the evolution of 
the basin (Scivetti & Franzese,  2019; Tapia et al.,  2020; 
Vicente,  2006). In this context, the Neuquén Basin does 
not behave as a simple rift system but has two synrift epi-
sodes that could be controlled by upper mantle dynamics 
related to changes in the subduction zone configuration.

6   |   CONCLUSIONS

To elucidate the complex tectonic setting of the Late 
Jurassic Tordillo Formation in the Neuquén Basin, we 
studied outcrops at the Cerro Domuyo and southern 
Cordillera del Viento areas. We analysed the depositional 
environment, structure, provenance and then integrated 
the results into a palaeogeographical model for the Tordillo 
Formation sedimentation. We agree with previous studies 
in the area regarding the depositional environment, which 
is interpreted as part of a distal fan-playa lake depositional 
system. We recognized extensional structures active dur-
ing the Tordillo sedimentation, with NNW to NW and NE 
fault orientations and an E-W-oriented minimum stress 
axis. These structures also affected the lower levels of the 
Vaca Muerta Formation at the Cerro Domuyo. Maximum 
depositional ages of 148.69 ± 0.27 and 151.88 ± 0.32 Ma for 
two samples of the Tordillo Formation are consistent with 
previous studies. Provenance analyses show that western 

magmatic zones formed the main sediment source for the 
Tordillo study area.

We add new evidence for Late Jurassic extension fur-
ther south from previous works (ca. 37°S), which are lo-
calized at the northern portion of the basin (32°–35°S). 
When compared to the Late Triassic–Early Jurassic exten-
sion, a switch in stress orientation is observed, along with 
a lack of reactivation of pre-existing extensional faults. 
This contrast would indicate that the extensional mech-
anism had different origins. We consider Late Jurassic 
Tordillo extension to represent an extensional back-arc 
stage of the Neuquén Basin, induced by slab rollback and 
generalized extension during the initial stages of South 
Atlantic opening.
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