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Abstract

From the earliest Jurassic to the Cenozoic, the Neuquén Basin (central Argentina and Chile) evolved as an intra-arc and transarc—retroarc
depression through the gradual development of the Andean magmatic arc. However, the region adjacent to the proto-Pacific margin of
Gondwana between 30 and 40°S was subject to pre-Andean continental extension that began in the Late Triassic and lasted about 30 million
years until the Early Jurassic. This extension resulted in the generation of a series of rifts oriented parallel to the margins of the extended area
and characterized by continental volcaniclastic and pyroclastic deposits associated with lava flows and bimodal plutonic intrusions. The
inception of the Neuquén Basin as a single depocenter occurred in the Early Pliensbachian, when post-rift thermal subsidence led to a general
marine transgression. The T—J extension is closely linked to structures created by previous tectonothermal episodes such as the development
of a Carboniferous—Permian orogenic belt (330—280 Ma), and to events along the proto-Pacific margin of Gondwana. Lithospheric thicken-
ing related to Late Paleozoic convergence caused strong gravitational instability in the orogenic belt between 30 and 40°S. Subsequent
cessation of subduction, coeval with establishment of dextral strike-slip tectonics parallel to the continental margin, caused detachment of the
subducting slab and generation of an asthenospheric window. Anomalous heating of the upper mantle resulted in bimodal magmatism, uplift,
thermal weakening, and gravitational collapse of the upper crust. South of this extended area, proto-Pacific subduction was active during the
same Late Triassic—Early Jurassic interval. Thus, the contrasting tectonic behaviour of the Gondwana margin north and south of 40°S
suggests significant pre-Andean tectonic segmentation that coincides with the southern boundary of the area extended in the Late Triassic—
Early Jurassic. Previous intepretations assumed a common massive extension in the Andean and Patagonian regions of southern South
America. Our results demonstrate that T—J extensional rifting and magmatism between 30 and 40°S were the result of mechanical interaction
between different lithospheric plates at the pre-Andean (proto-Pacific) continental margin. On the other hand, the mechanical and thermal
processes that affected much of Patagonia during the Middle and Late Jurassic were a response to the tectonic and magmatic processes that
caused the initial break-up of Gondwana with the opening of the Weddell Sea after 180 Ma. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The Jurassic tectonostratigraphic evolution of the south-
ern Andes was characterized by gradual development of the
Andean magmatic arc under continuous extensional condi-
tions (Dalziel et al., 1987; Mpodozis and Ramos, 1989;
Parada et al., 1991). This tectonic situation contributed to
the location of marginal basins separated by ridges or arcs
oblique to the Andean chain and the continental margin
(Dalziel and Forsythe, 1985). These basins developed in
response to different diachronous extensional phenomena
documented from Chile and Peru (Sempere, 1995) to the
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Antarctic Peninsula (Storey et al., 1996). However, some
of these basins were created before the development of
the Andean magmatic arc — for example, in the area of
the proto-Pacific continental margin between 30 and 40°S,
extensional processes began in Late Triassic times and
created a series of pre-Andean rift basins (Charrier, 1979).

One of the most important marginal basins is the
Neuquén Basin (and its extension to the north, the so-called
Aconcagua Platform; Mpodozis and Ramos, 1989), which
developed in Jurassic and Cretaceous times; it occupies an
area of 120,000 km? located between 30 and 40°S
(Yrigoyen, 1991). The Neuquén Basin has been recognized
as an ensialic depression located in intra-arc and back-arc
positions since the latest Early Jurassic, although its origin
goes back to pre-Andean extensional processes in the latest
Triassic and the earliest Jurassic (Legarreta and Uliana,
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Fig. 1. Location of T-J continental extension and marginal basin formation within the framework of accreted Paleozoic southwestern Gondwana terranes

(derived from Ramos et al., 1986; Kay, 1993; Bahlburg and Hervé, 1997).

1996). Uliana et al. (1989) related this extensional event to
the first stages of the Gondwana break-up. Here, we focus
on stratigraphic, magmatic, and structural aspects of the
Late Triassic—Early Jurassic (T-J) extension and marginal
basin formation along the proto-Pacific continental margin
between 30 and 40°S. This contribution is part of a series of
projects carried out at the Neuquén Basin by the Centro de
Investigaciones Geoldgicas at the Universidad Nacional de
La Plata (UNLP/CONICET); it arose from the compilation
of a bibliography on structural, magmatic, and stratigraphic
aspects of the basin and mapping as well as personal work in
the central and southern areas of the basin.

2. Tectonic framework

The region between 30 and 40°S that was subjected to
T-J extension is roughly triangular (Figs. 1 and 2). Its
margins to the east and south seem to be inherited from
the pre-Mesozoic western margin of Gondwana (Fig. 1).
During the Paleozoic, the tectonic evolution of this region
was characterized by the accretion of different exotic
terranes: Cuyania-Precordillera, Chilenia, and Patagonia
(Ramos et al., 1986; Kay, 1993; Bahlburg and Hervé,
1997). The studied area is located mainly between the
Chilenia and Patagonia terranes. The connections between
both terranes are not clearly defined (see: Fig. 1 in Ramos et
al., 1986; Fig. 4 in Ramos, 1989; Fig. 1 in Kay, 1993; Fig. 12
in Bahlburg and Hervé, 1997). Chilenia was defined by
Ramos et al. (1986) as an allochthonous terrane added to
the Gondwana margin in Devonian to Early Carboniferous
times. Patagonia probably represents an exotic block that

collided with the rest of Gondwana in the Late Paleozoic
(Ramos, 1984), although several authors have presented
evidence that casts some doubt on its allochthonous nature
(Cingolani et al., 1991; Rapalini 1998).

The western border of the studied area is formed by the
proto-Pacific margin of Gondwana, where there is evidence
of Late Permian to Late Triassic—Jurassic terrane movement
parallel to the continental margin (Kato et al., 1997; Martin
et al., 1999b) (Fig. 1). The large mobile terrane (Pichidangui
Terrane) on the Chilean coast that was proposed by Forsythe
et al. (1987) is not recognized in more recent analyses (Beck
et al., 1991; Bahlburg and Hervé, 1997), at least not at the
scale originally suggested.

The main geologic and tectonic units that shaped the
subsequent T—J extension are shown in Fig. 2. The area
occupied by the Neuquén marginal basin is floored by
igneous and metamorphic basement units (Precambrian—
Early Paleozoic), an Upper Paleozoic orogenic belt, and
an assembly of Permian—Triassic igneous rocks, especially
volcanics and volcaniclastics (Choiyoi Group; Stipanicic,
1967), that are widely distributed on the eastern edge of
the extended region (Fig. 2).

The igneous-metamorphic basement crops out only in
some areas in the south. The main units are the Colohuincul
Complex, exposed in the Andean area between Aluminé and
Bariloche, and the Rio Chico Complex towards the south-
east (Dalla Salda et al., 1990). Traditionally, both
complexes have been assigned to the Late Precambrian—
Early Paleozoic, although recent studies clearly show the
activity of younger (Late Paleozoic and Triassic) processes
(Basei et al., 1999; Varela et al., 1999).

During Carboniferous and Permian times, development
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Fig. 2. Distribution of the main pre-Upper Triassic units of the southern
Andes between 30 and 40°S.

of an accretionary complex and magmatic arc on the
western margin of Gondwana resulted in an assembly of
metamorphic and calc-alkaline plutonic rocks, grouped
into the so-called Gondwana Orogenic Cycle (Llambias et
al., 1984). The distribution of the Upper Paleozoic igneous
and metamorphic rocks is shown in Fig. 2. The most
important record of plutonic rocks of the Upper Paleozoic
arc is in the Coastal Cordillera (Chile) and, less well
exposed, in the area of Lakes Rifiihué and Ranco (Chile).
These plutonic rocks also appear in the Neuquén Province
of Argentina, in the areas of Cerro Chachil, Cordén de la
Piedra Santa, Collon Cura River, and Cerro Granito, and
also in several wells drilled in the Neuquén Basin. Other
outcrops assigned to this Upper Paleozoic arc are located in
the northwestern portion of the North Patagonian Massif

(Fig. 2). The ages stated for igneous activity are in the
range 330—280 Ma. The metamorphic rocks of the orogenic
belt are broadly distributed in the Coastal Cordillera of
Chile. Traditionally, they have been divided into two series.
The Eastern Series is closely associated with the plutonic
arc, with greenschist facies metamorphism (low to medium
P/T). The Western Series represents the accretionary prism
of the subduction complex, with high P/T metamorphism
(Kato, 1985; Hervé, 1988; Martin et al., 1999b). In
Argentina, the Piedra Santa Formation (Franzese, 1995) is
an assemblage of metasediments correlated with the low P/T
Eastern Series; more to the south, metamorphosed plutonic
rocks appear in the northwestern sector of the North
Patagonian Massif (Basei et al., 1999; Varela et al., 1999).
Metamorphism has been dated in the range 370-235 Ma.

One of the features of the Upper Paleozoic orogenic belt
is its widening between 39 and 41°S (Fig. 2). Hervé (1988),
Cingolani et al. (1991), Franzese (1995), and Martin et al.
(1999b) have shown that there is an oblique contact between
the metamorphic and magmatic rocks and the accretionary
prism in that area. To the south, in the North Patagonian
Massif, there is only a scattered record of Upper Paleozoic
calc-alkaline rocks (Cingolani et al., 1991). Geochrono-
logical, petrological, and structural evidence suggests that
the tectonic regime of the Upper Paleozoic belt evolved
from crustal thickening and deformation during the
Carboniferous and Early Permian to Middle—Late Triassic
uplift and erosion (Hervé, 1988; Basei et al., 1999; Martin et
al., 1999b; Varela et al., 1999).

After batholith emplacements and metamorphism of the
Paleozoic orogenic belt, and immediately before the T-J
extension, the plutonic-volcanic Choiyoi magmatic event
(Llambias and Sato, 1990, 1995; Llambias et al., 1993)
occurred along the eastern and northeastern edges of the
Neuquén Basin between the Late Permian and the Early
Triassic (280-240 Ma). The Choiyoi has been subdivided
into two phases: an older phase that represents the Upper
Paleozoic magmatic arc, and a younger phase, essentially
Early Triassic, that is the result of intracontinental
extensional tectonism. This extensional event is situated
on Lower Paleozoic siliciclastic and carbonatic sequences;
according to Ramos (1993), see his Fig. 2, it is closely
related to the suture between the Cuyania-Precordillera
and Chilenia terranes. The event can be linked to a period
of no subduction on the proto-Pacific Gondwana margin in
Late Permian—Triassic times (Ramos and Kay, 1991;
Mpodozis and Kay, 1992; Llambias et al., 1993). The
main expression of this magmatism is an extensive
rhyolitic—ignimbritic plateau along the eastern margin of
the Neuquén Basin (Fig. 2). Accompanying the volcanism,
a system of Lower to Middle Triassic extensional basins
developed. The plateau area is characterized by narrow,
short-lived depocenters. Towards the east, an important
system of rift basins with continental clastic fill (Cuyo,
Beazley, and Ischigualasto Basins) was active through-
out the Triassic, linked in its initial phases to the
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Choiyoi volcanism (Fig. 2). The basins are located in the
hanging-wall block of the Paleozoic suture between
Chilenia and Precordillera (Ramos, 1993). Subsequently,
during the Middle—Late Triassic, this eastern basin
system entered a thermal sag stage phase, accompanied
by basaltic lava flows. Towards the oceanic margin,
small rift basins formed oblique to the continental
margin (Fig. 2) and floored by Upper Paleozoic rocks.
Charrier (1979) suggested that these narrow and short-
lived troughs were generated under a strike-slip tectonic
regime.

In the North Patagonian Massif, away from the area affected
by T-J extension, the Choiyoi magmatism is represented by
the Somuncura Batholith, where two complexes are recog-
nized (Pankhurst et al., 1992): the latest Lower Permian La
Esperanza Complex (258-259 Ma) and the lower Middle
Triassic Dos Lomas Complex (239 Ma) —the latter with alka-
line affinity (Pankhurst et al., 1992; Rapela et al., 1996). The
Somuncura granitoids represent the maximum southwestward
extent of Choiyoi magmatism.

3. T-J extension and rifting

The most important expression of the T—J extension was
the development of a system of rift clusters (Sengor, 1995)
subparallel to the borders of adjacent terranes (Fig. 3).
Subsurface studies based on seismic records and well logs
(Legarreta and Gulisano, 1989; Manceda and Figueroa
1995; Vergani et al., 1995) demonstrated that the rifts are
elongate troughs 150 km long and 50 km wide, filled by
more than 2000 m of sedimentary and volcanic rocks. The
depocenters are bounded by listric or planar normal faults
and commonly have a half-graben geometry. A series of
subparallel half-grabens with alternating polarity has been
recognized along the northeastern edge of the area extended
during the T-J (Vergani et al., 1995). In the western part of
this area, inversion caused by Andean tectonics carried a
great part of the syn-rift record up to the surface, making it
difficult to state precisely the limits of each depocenter. In
the central Neuquén Basin, where syn-rift rocks crop out
close to Cerro Chachil and Aluminé (Fig. 3), it is possible
to define areas of ramp development with a condensed infill
pattern and even identify areas devoid of early syn-rift
deposits (Franzese et al., 1998). This has demonstrated an
important asymmetry in the facies distribution of sedimen-
tary sequences.

The presence of discontinuities and unconformities in the
stratigraphic record has been mentioned by many authors
(Legarreta and Gulisano, 1989; Gulisano and Gutiérrez
Pleimling, 1994; Spalletti, 1997; Franzese et al. 1998;
Uliana et al., 1999). Gémez Pérez and Franzese (1999)
demonstrated the generation and reactivation of normal
faults during the opening of new depocenters. All
these features allow us to define various periods of
tectonic reactivation of the half-grabens which, in
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system. See text for discussion. Numbers refer to depocenters cited in Fig.
4.

turn, controlled the characteristics and distribution of
syn-rift facies.

Most depocenters caused by T-J extension show a
depositional history linked to contemporaneous volcanic
activity. The initial infill of these basins consists of syn-
rift volcanic, volcaniclastic, and continental epiclastic
rocks showing diachronous transitions to marine facies in
Chile and adjacent areas of Argentina (Riccardi et al.,
1997). The main sources of siliciclastic material for
extensional basin infill were uplifted areas of the
Upper Paleozoic orogenic belt, marginal Choiyoi
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Fig. 4. Main stratigraphic units generated during the syn-rift stage of the T—J continental extension event. Numbers refer to depocenters cited in Fig. 3.

rhyolite plateau, and coeval volcanic and pyroclastic
contributions. The distribution and stratigraphic charac-
teristics of the main syn-rift units of the marginal basin
are summarized in Fig. 4.

It is difficult to determine the precise age of initial sedi-
mentation due to the lack of biostratigraphic control in many
of the volcaniclastic continental sequences. Different
authors suggest that deposition began in the Late Triassic
(Legarreta and Gulisano, 1989; Legarreta et al., 1993;
Uliana et al., 1999), during the Florian Stage (Spalletti,
1999; Spalletti et al., 1999). The marine sediments found
in Chile and, more restricted, in Argentina are characterized
by an Upper Triassic invertebrate fauna (Cecioni and
Westermann, 1968; Escobar 1980; Corvalan, 1982; Riccardi
et al., 1997). Fossil plants (Dicroidium flora) have allowed
dating of various earliest syn-rift continental units in Chile
and Argentina as Late Triassic (Charrier, 1979; Spalletti et
al., 1988; Arrondo et al., 1991). In some depocenters (e.g.
Piedra del Aguila, Figs. 3 and 4), however, initial syn-rift
deposition started in the Early Jurassic (Stipanicic et al.,
1968). The diachroneity of the initial sedimentary record
suggests that rifting was active throughout the Late
Triassic—Early Jurassic interval. The end of the active
rifting stage and the transition to the post-rift stage is
clearly determined by the first generalized marine trans-
gression during the early Pliensbachian, documented by
fossils throughout the entire Neuquén Basin. In
Argentina, the syn-rift continental deposits were
grouped by Gulisano et al. (1984)in the so-called
Precuyano, although some of the Upper Triassic units
were not included.

4. Stratigraphic record

The initial volcanic and volcaniclastic syn-rift deposits of
the central area of the Neuquén Basin have been assigned,
based on lithologic similarity, to the Choiyoi magmatic
province (Leanza, 1990; Gulisano and Gutiérrez Pleimling,
1994). These volcanic—volcaniclastic—epiclastic sequences
are, in fact, younger than the Choiyoi volcanism. Groeber
(1918) named them “Serie Porfiritica Supratridsica” and
later “Choiyoilitense” (Groeber, 1946). This is the reason
for the confusion, since at present ‘Choiyoi’ solely
designates the oldest event, with rocks mainly located in
the eastern margin of the T—J extension.

The field relations between volcaniclastic facies and
regional structures clearly show the link between the
‘Supratriassic Series’ and the initial extensional activity of
the marginal basin. This is observed in the central southern
part of the study area, near Zapala. In the Cerro Chachil and
Chacaico depocenters (Figs. 2 and 3), a syn-rift succession
has been identified that was previously assigned to the
Choiyoi Formation (Leanza, 1990). As shown in Fig. 4,
this succession starts with bimodal volcanic rocks asso-
ciated with thick alluvial sediments and subordinate lacus-
trine carbonates followed by a pyroclastic unit (Lapa
Formation; Leanza, 1990) composed of tuffs, ignimbrites,
and reworked volcaniclastic deposits. The change to the
post-rift stage was marked by a rapid Pliensbachian marine
transgression (Chachil Formation—Sierra de Chacaico
Formation; Leanza, 1990) with volcaniclastic and carbonate
facies (Franzese et al., 1998; Fig. 4).

Along the eastern foothills of the Andes, west of the
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previously mentioned area, the Aluminé Formation (Turner,
1965) consists of andesitic and rhyolitic lavas, breccias, and
tuffs (Fig. 4). Though Turner (1965) dated it as Late
Triassic, Cuerda et al. (1981) have linked the transition
from volcaniclastics and volcanics to interstratified lavas
and marine sediments with a Lower Jurassic fauna. In
addition, a K—Ar age of 201 *£ 10 Ma for andesite lavas
intercalated in this unit has been reported by Rapela et
al. (1983).

In Andacollo (Figs. 3 and 4), the base of the syn-rift
section consists of a thick succession of bimodal volcanic
rocks and associated sediments. It was referred to as the
Choiyoi Formation, even though it was assigned to the
Late Triassic (“Serie Volcanica Supratridsica”) by Zollner
and Amos (1973). This unit is followed by an assemblage of
Lower Jurassic pyroclastic deposits and shallow marine
sediments (La Primavera Formation; Suarez and De la
Cruz, 1997; cf. Zollner and Amos, 1973). All of the T-J
succession lies on Carboniferous sediments and Lower
Permian granitoids. Similar lithologic associations and
stratigraphic relations for the syn-rift record have been
described in the Sierra de Reyes, Sierra de Cara Cura, and
Sierra Azul (south of Mendoza, Fig. 3). In this area, Freytes
(cited in Digregorio, 1972) defined the Cara Cura and
Aguada del Charqui Formations as tuff and tuffite deposits
with intercalation of breccias, tuffaceous sandstones,
andesite and rhyolite sheets. These deposits were assigned
to a Late Triassic syn-rift stage by Vergani et al. (1995).

In the southern and southeastern regions of the area
extended in the T-J (Piedra del Aguila, Fig. 3) the syn-rift
deposits lie on Upper Paleozoic magmatic arc rocks. They
consist of a continental volcaniclastic succession (Fig. 4) of
Late Triassic age (Paso Flores Formation), followed by
Lower Jurassic clastic units (Nestares and Piedra del Aguila
Formations). The most voluminous acidic volcaniclastic—
pyroclastic episode was recorded in the Early Jurassic
(pre-Pliensbachian) with deposition of the Safiico
Formation (>1000 m thick; Galli, 1969; Gulisano and
Pando, 1981). In this area, the transition from syn-rift to
post-rift stages is again represented by Pliensbachian marine
deposits (Damborenea et al., 1975).

To the east and north of the zone described above, the
syn-rift sequences are preserved in the subsurface and lie on
rocks of the Choiyoi magmatic province. In the Neuquén
Embayment (Figs. 3 and 4), basement consisting of volcanic
and pyroclastic rocks assigned to Choiyoi magmatism has
been recognized (Vulcanitas Medanito, Barda Alta Forma-
tion; Orchuela and Ploszkiewicz, 1984). A thick succession
of lacustrine sediments lies on these rocks (Puesto Kauf-
mann Formation). These deposits constitute a high-quality
oil source rock (Legarreta et al., 1999). They are covered by
the Planicie Morada Formation, which is composed of
volcaniclastic deposits with volcanic intercalations. This
unit was correlated with the Precuyano Cycle by Orchuela
and Ploszkiewicz (1984).

It must be reiterated that the volcanic and volcaniclastic

basement recognized in oil wells in various depocenters in
the subsurface has been asigned to the Choiyoi Formation,
even though there is no clear control on the age. In addition,
in some sections, volcanic sequences attributed to the
Choiyoi Formation have been assigned Late Triassic ages
(e.g. Barda Alta Formation), and they seem to be
specifically related to elements of the T—J syn-rift (Fig. 4).

In the High Cordillera, the Mercedario Rift (Fig. 3) has
been described by Alvarez and Ramos (1999) as a Jurassic
half-graben structure filled, in its syn-rift stage, by a thick
acidic volcano-sedimentary sequence called the Rancho de
Lata Formation (Fig. 4). The initial post-rift stage is repre-
sented by the Los Patillos Formation, which records the
Pliensbachian marine transgression (Alvarez and Ramos,
1999). The Atuel-Malargiie depocenter (Fig. 3) lies in the
cordilleran area, but more to the south. It is developed on a
pre-rift substrate formed by rocks of the Choiyoi magmatic
province. The early syn-rift deposits (Late Triassic) are
represented by the Chihuiu and Llantenes formations
(Fig. 4) that consist of fluvial and lacustrine clastic
continental deposits, with volcaniclastic and pyroclastic
contributions (Spalletti and Morel, 1992; Spalletti 1997).
Late syn-rift (Early Jurassic) acidic volcaniclastic deposits
(Remoredo Formation) were first assigned by Gulisano
(1981) to the initial sedimentary cycle of the Neuquén
Basin (‘sedimentitas precuyanas’) although, as mentioned
above, here it is considered that the Upper Triassic under-
lying units should also be integrated into the history of the
T-J extension. To the west and northwest of the Atuel—
Malargiie depocenter, the syn-rift record (Fig. 4) is
composed of clastic marine sediments described as the
Arroyo Malo Formation (Riccardi et al., 1997). Reactivation
of the rift systems in the earliest Jurassic caused the devel-
opment of thick fluvial deposits (El Freno Formation),
followed by the initial, mostly Pliensbachian post-rift
marine facies (Puesto Araya Formation) (Volkheimer,
1978; Riccardi et al., 1991; Gulisano and Gutiérrez
Pleimling, 1994).

In Chile, the syn-rift successions are also related to
volcanic environments. To the north, in the High Cordillera
(Figs. 3 and 4), the Los Tilos unit (Martin et al., 1999a)
consists of ignimbrites and rhyolitic lava flows, associated
with clastic sediments, lying on Upper Triassic volcani-
clastic and granitoid units equivalent to the Choiyoi Forma-
tion (Guanaco Sonso Formation). Towards the west the
volcanism is minimal, as in the case of the Las Breas and
Tres Cruces formations (Cornejo et al., 1984) although
plutonism of Late Triassic—Early Jurassic age is recorded
locally (Parada, 1988).

In the coastal region at 32°S (Fig. 3), the Chilean depo-
centers become progressively broader and show a drastic
change in facies arrangement, with deep marine deposits
(Pichidangui Formation). This has been defined as a
quasi-oceanic volcanic unit (Vergara et al., 1991) that lies
on Lower Triassic clastic rocks and shows a thick associa-
tion of lavas, ignimbrites, breccias, and tuffs (Fig. 4). It is
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followed by the turbidites of Los Molles Formation, with an
Upper Triassic to Hettangian fauna.

In the central portion of the Coastal Cordillera (33°S), the
sequences related to the T—J extension lie on rocks of the
Upper Paleozoic magmatic arc. They are represented by the
Quebrada del Pobre Formation and the diachronous Ajial
Formation (Fig. 4). The former is composed of marine
siliciclastic rocks, the latter consists of a thick succession
of sediments and acidic volcanics (Nasi, 1984; Rivano,
1984). The sediments contain a Sinemurian—Pliensbachian
fauna, and it is possible volcanism began earlier, in the
Early Jurassic or even in the Late Triassic, as pointed out
by Gana et al. (1994). At 35°S, in the coastal region of Chile
(Figs. 3 and 4), the Hualafie—Curepto sub-basin (Nasi, 1984)
developed from Late Triassic to Early Jurassic times, with a
marine siliciclastic infill (Estero de la Higuera and Rincén
de Nufnez formations), coeval with the volcaniclastic
sequences located in the axis of the Coastal Cordillera
(Nasi, 1984). More to the south in the Coastal Cordillera,
at 37°S, the Cajon Troncoso Formation, which has been
described by Muiioz (1984), represents the syn-rift record
with acidic volcanic deposits (Figs. 3 and 4). In the Andean
region around Lonquimay (39°S, Fig. 3). De la Cruz and
Suarez (1997) described a sequence comparable in age to
the Ajial Formation but with a very different lava composi-
tion (Nacientes del Bio Bio Formation). The lower member
of this formation (Icalma Member) consists of a lower
Pliensbachian turbiditic sequence over a thick succession
of pillow basalts, possibly dating from the end of the
Triassic or beginning of the Jurassic (Fig. 4).

5. T-J extension and magmatism

An important episode of Upper Triassic to Lower Jurassic
plutonism, closely associated with graben formation and
filling, accompanied extension. Contemporaneous
plutonism (dated between 220 and 200 Ma) has already
been described from Chile; it is represented by the Limari
Complex, Tranquilla and Millahue units (Parada, 1988;
Parada et al., 1991, 1994), and the gneissic Cartagena
Diorites (Gana et al., 1994) of the central Coastal Cordillera
(30-34°S, Fig. 3). The El Colorado Unit (221-219 Ma)
crops out in the High Cordillera (Martin et al., 1999a).

This magmatism shows a strong bimodal signature. The
plutonic rocks consist of calc-alkaline leucogranites (with
high silica), diorites, and gabbros. A similar signature is
seen in the volcanic rocks of the Los Tilos Unit (Martin et
al., 1999a) and for the Pichidangui Formation (Vergara et
al., 1991). In Argentina, abrupt changes in the composition
of lava flows (basalts and rhyolites) in the Cerro Chachil,
Aluminé, and Andacollo areas (Fig. 3) confirms the bimodal
tendency.

The magmatic processes related to the T-J extension
have been linked to abnormally hot mantle that caused
crustal anatexis by the underplating of basaltic magmas.

Widespread partial melting is attributed to the decompres-
sion of the upper mantle, which could be linked to a slow
subduction or lack of a subducted slab beneath the western
margin of Gondwana (Gana, 1991; Parada et al., 1997).

Studies of magmatism have also allowed identification of
another tectonic environment to the south of the area
extended in the T-J (Fig. 3). Calc-alkaline magmatism of
very different characteristics, represented by the batholiths
of Chasic6—Mencué and Central Patagonia, is recognized
south of 41°S (Cingolani et al., 1991; Dalla Salda et al.,
1991; Rapela and Alonso 1991; Rapela et al., 1991; Rapela
and Pankhurst, 1992). It is represented by an assemblage of
granitic and granodioritic plutons with magmatic arc
affinity, which would represent active subduction contem-
porary with extension in the marginal basin area to the
north. The presence of an Upper Triassic accretionary
prism at 45°S (Fang et al., 1998) favours this interpretation.

In northern Patagonia, acidic lavas and associated volca-
niclastic sediments crop out east of the subduction-related
granitoids (Fig. 3). These rocks, dated as Late Triassic—
Early Jurassic, are known as the Los Menucos Group and
the Garamilla Formation (Coira 1979; Labudia et al., 1995;
Rapela et al., 1996). Spalletti (1999) has suggested that
these volcanics may be related to trans-arc extensional
phenomena.

There is no evidence of subduction-related processes
north of 40°S in the area occupied by the marginal basin.
This particular contrast in the geotectonic environments of
the western margin of Gondwana allows us to suggest Late
Triassic—Early Jurassic pre-Andean segmentation. This
segmentation is significant since it marks the southern
border of the marginal basin and, therefore, of the area
subjected to continental extension during the T-J.

6. Discussion
6.1. Boundaries of T-J extension

As is seen in the Chilean Coastal Cordillera, Andacollo,
Cerro Chachil, Chacaico, Aluminé, and Piedra del Aguila
(Figs. 3 and 4), the sedimentary and volcanic rocks
associated with early extension of the Neuquén Basin
are located on metamorphic and granitoid rocks of the
Carboniferous—Lower Permian orogenic belt. Laterally,
both to the eastern side of the extended area (subsurface
of the Neuquén Embayment) and to the northwest (High
Cordillera, Mercedario Rift, Atuel-Malargiie; Fig. 3), the
T-J depocenters developed on rocks of the Upper Permian—
Lower Triassic Choiyoi magmatic province, probably
seated on the same Upper Paleozoic arc rocks (Figs. 3 and
4). In areas such as Los Vilos and Andacollo, the syn-rift
units lie on strongly uplifted and eroded Upper Paleozoic
sedimentary sequences, possibly related to intra-arc basins
(Los Vilos Formation, Andacollo Group).

The northeastern and southern limits of the extended area
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are closely related to the boundaries of the Upper Paleozoic
batholiths. The marginal basin is flanked to the east by the
volcanic plateau of the Choiyoi province, controlled by the
suture between exotic terranes accreted during the Paleozoic
(Figs. 2, 3, and 5). To the south and southeast, the extended
area is bounded by the so called North Patagonian Massif
(Fig. 5) where cordilleran calc-alkaline plutonism synchro-
nous with the extension of the Neuquén marginal basin was
developed (Cingolani et al., 1991; Dalla Salda et al., 1991;
Rapela and Alonso 1991; Rapela et al., 1991; Rapela and
Pankhurst, 1992). As previously indicated, these Upper
Triassic—Lower Jurassic batholiths are related to protracted
subduction to the south of the region occupied by the area
extended in the T-J (Fig. 5). The North Patagonian region
lacks evidence of T—J extension, and rift basins are not
observed. Only volcanic and clastic deposits of limited
regional extent and thickness are recognized as perivolcanic
retroarc accumulations (Fig. 5).

The boundary between the marginal basin and the North
Patagonian Massif represents the contact between two

different Upper Triassic-Lower Jurassic pre-Andean
tectonic segments (Figs. 3 and 5). It runs northeast—
southwest, associated with the current course of the Limay
River, which has been shown to be an important area of
fracturing (Ramos, 1978; Gulisano and Pando, 1981). This
structure constitutes a first-order boundary in the tectonos-
tratigraphic organization of northern Patagonia. Its position
is linked to the maximum expansion to the east of the Upper
Paleozic orogenic belt and acts as a limit in the distribution
of the Choiyoi magmatic province to the south, as well as in
that of the Late Triassic—Early Jurassic arc plutonism to the
north (Figs. 2, 3, and 5).

The causes of the tectonic segmentation of the T-J
extension lie in the different composition and geologic
evolution of the pre-Andean active margin and seem also
to have controlled younger processes. In the studied area,
this segmentation influenced not only the evolution of the
Neuquén Basin but also the establishment of the Meso-
Cenozoic Andean magmatic arc which, unlike adjacent
areas to the north and south, behaved as a stationary
arc between 33 and 40°S (Mpodozis and Ramos, 1989;
Sanguinetti and Ramos, 1993).

6.2. Distribution of T—J rifts

Fig. 3 shows the distribution of depocenters generated
during T-J extension. One striking feature is the concentra-
tion and continuity of depocenters close to the margins. The
orientation of the main structures is parallel to the margins
of the extended area, particularly in the northeast where a
parallel chain of depocenters can be observed. In the south,
several depocenters are aligned in a quasi-orthogonal
arrangement to the first ones, along the sharp limit with
the North Patagonian Massif (Fig. 3). Most of the structures
of the central and western areas follow a northwest—south-
east trend which could reflect inheritance of Paleozoic
structures that are oblique to the Andes, possibly perpendi-
cular to the convergence of the Carboniferous and Permian
active Gondwana margin (Kato, 1985; Hervé, 1988;
Franzese 1995; Kato et al., 1997; Martin et al., 1999b).

The diverse orientation of the narrow troughs is typical of
a wide rifting system in which fracturing and extension
responded to distribution of stress in previously weakened
lithosphere (Kusznir and Ziegler, 1992). This structural
style is strongly influenced by crustal homogeneity imposed
by widely distributed Upper Paleozoic batholiths and
associated metamorphic rocks. The varied and contrasting
directions in the arrangement of extensional structures
related to the same episode shows that they have not
responded to a unidirectional stress field but rather to a
multiple extensional field (Nieto-Samaniego et al., 1999).
This interpretation differs from that of Vergani et al. (1995),
who assumed that the initial rifting of the Neuquén Basin
and later Jurassic and Cretaceous reactivations, were caused
by a stress field with a northeast—southwest direction.
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6.3. Extension mechanisms

The abundance of volcanic and pyroclastic material in the
depocenters generated during T-J extension and the
location of contemporaneous plutons show that magmatism
played an essential tectonic role in lithospheric extension.
The strongly bimodal nature of the plutonic and volcanic
rocks is consistent with fusion of the upper mantle, under-
plating of basaltic magma, and crustal anatexis producing
abundant granitic and rhyolitic rocks. This important
thermal anomaly of the lithospheric mantle in the extended
area is also evident from the strong tectonic uplift of the
Upper Paleozoic magmatic arc (Hervé, 1988; Martin et al.,
1999b).

The development of thickened and elevated lithosphere
prior to T—J extension must have caused gravitational
instability and a potential field of extension. The gravita-
tional collapse and the lateral expansion of that unstable
lithosphere has been considered as the main cause of
major continental rifting phenomena (Wernicke et al.,
1987; Dewey, 1988), and it has also been considered as
the cause of the large-scale Triassic and Jurassic extension
in southern South America (Gust et al., 1985; Uliana et al.,
1989; Tankard et al., 1995). However, in the case of the
large T-J extension, gravitational collapse must be related
to previous thermal weakening of the lithosphere (Liu and
Shen, 1998).

Lithospheric uplift caused by the thermal anomaly and
fusion of the upper mantle as well as the subsequent thermo-
mechanical weakening would have lasted at least 60 million
years after the intrusion of the youngest plutons of the Upper
Paleozoic orogenic belt (280 Ma) and the beginning of T—J
— rifting and magmatism (ca. 220 Ma). This time lag
between the end of activity in the orogenic belt and the
peak of extension, when thickened lithosphere reached its
minimum strength, corresponds to the interval predicted in
models proposed by Glazner and Bartley (1985) and Sonder
et al. (1987).

The characteristics of the T—J pre-Andean extension are
closely related to the history of the adjacent active margin;
they are the result of the mechanical interaction between
different lithospheric plates (Kusznir and Ziegler, 1992;
Axen et al., 1993; Bohannon and Parsons, 1995). In this
case, the main causes of continental extension are either:
(a) generation of an asthenospheric window due to the
collapse of the subducted plate, or (b) partitioning of
convergence displacement due to oblique subduction
(Dickinson and Snyder, 1979; Stock and Hodges, 1989;
Bohannon and Parsons, 1995). Both processes have been
suggested for the pre-Andean margin of the central southern
Andes. Based on petrologic and paleomagnetic data,
Mpodozis and Ramos (1989) and Mpodozis and Kay
(1992) have suggested that there was no subducted plate
from Late Permian to Early Jurassic times. Parada et al.
(1997) concluded that Late Triassic to Early Jurassic
magmatism in Chile between 30 and 34°S could be related

to lithospheric delamination caused by drowning of subduc-
tion. Structural and petrologic information (Kato et al.,
1997; Martin et al., 1999b) also provide evidence of subduc-
tion recession and onset of transcurrent tectonics in the
Upper Paleozoic accretionary prism between 35 and 40°S.
To the south, the arc-related magmatic rocks of the Central
Patagonian Batholith suggest the development of a con-
vergent margin in which subduction was combined with
transcurrent movements (Pankhurst et al., 1992; Rapela
and Pankhurst, 1992).

6.4. Summary of the tectonic evolution of the marginal basin

The Late Paleozoic—Early Jurassic tectonic evolution of
the area that extended in the T—J (marginal Neuquén Basin)
can be described in four stages (Fig. 6).

STAGE 1:

e Accretion of exotic terranes during the Paleozoic.

e Amalgamation of Cuyania—Precordillera, Chilenia, and
Patagonia (?).

e Establishment of a compressional magmatic arc on the
western margin of Gondwana from the Carboniferous to
the Early Permian (Fig. 6a).

STAGE 2:

e Slow subduction and collapse of the subducted slab after
the Late Permian and development of strike-slip tectonics
subparallel to the continental margin.

e Tectonic uplift and weakening of lithosphere thickened
during Late Paleozoic subduction.

e Extension, with generation of volumetrically important
magmatism (Choiyoi) controlled by the distribution of
Paleozoic accreted terranes. Opening of Lower to Middle
Triassic narrow rift basins — e.g. Cuyo Basin in the
footwall block of the Paleozoic suture (Fig. 6b).

STAGE 3:

e Generalized extension located on the previous Upper
Paleozoic orogenic belt.

e Rifting parallel to the margins of the extended area, with
generation of a system of narrow, elongate troughs and
bimodal magmatic activity.

e Thermal subsidence followed by closure of the pre-exist-
ing Triassic basins and tectonic uplift of the Choiyoi
volcanic plateau, to the east of the Neuquén Basin.
Protracted strike-slip tectonics in the accretionary prism
of the western margin of Gondwana (Figs. 5 and 6c).

STAGE 4:

e Establishment of the Andean magmatic arc late in Early
Jurassic time.

e Post-rift thermal subsidence leads to integration of
individual rifts into a single marginal basin in intra-arc
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(Chile) and back-arc (Argentina) positions (Fig. 6d).
e Generalized transgression across the entire extended
area.

6.5. Relation of T—J extension to early triassic extension
and jurassic breakup of gondwana

T-J extensional processes were closely linked to geo-
dynamic evolution of the Upper Paleozoic—Lower
Mesozoic pre-Andean continental margin between 30 and
40°S. Extension was localized entirely within the Upper
Paleozoic orogenic belt and limited by tectonic segmenta-
tion inherited from the Paleozoic accretionary framework of

Gondwana. Therefore, T—J extension should be isolated
from the rest of the extensional episodes that dominated
the tectonic evolution of southern South America, both
previously and following during the Jurassic.

The Lower Triassic basins (which are beyond the scope of
this paper) were short-lived and did not evolve as marginal
basins. For example, one of the most important basins of
those times, the Cuyo Rift Basin (Fig. 2) developed contem-
poraneously with Choiyoi magmatic activity and completed
its mechanical subsidence stage (passing to a sag phase;
Ramos and Kay, 1991) by the beginning of T-J extension.

The Upper Jurassic extensional basins in Patagonia (e.g.
Cafiadon Asfalto, San Jorge, and Magallanes basins), are
separated both spatially and temporally from the T-J
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Neuquén marginal basin (Spalletti and Franzese, 1996a,
1997b). Although all these basins were formed under
extensional regimes, they cannot be placed in a single
tectonic framework. This conclusion differs from previous
schemes that assumed common massive extension during
the Triassic and Jurassic in both the Andean and the
Patagonian regions of southern South America (Gust et
al., 1985; Uliana and Biddle, 1988; Uliana et al., 1989;
Tankard et al., 1995). During the Middle and Late Jurassic,
the mechanical and thermal processes that greatly affected
Patagonia were a response to a mantle plume impact that
caused the initial break-up of Gondwana with the opening of
the Weddell Sea after 180 Ma (King et al., 1996; Storey et
al., 1996; Pankhurst et al., 2000). On the other hand, Late
Triassic to Early Jurassic extensional rifting and magmatism
were the result of mechanical interaction between different
lithospheric plates at the pre-Andean (Pacific) continental
margin. In such a setting, slab detachment that represents
the terminal stage of a long-lived subduction zone
(Pysklywec et al., 2000; Wortel and Spakman, 2000) played
an essential role in T—J extension.

7. Conclusions

The region adjacent to the proto-Pacific margin of
Gondwana between 30 and 40°S was subject to continental
extension which began in the Late Triassic and lasted about
30 million until the Early Jurassic. This extension resulted in
the generation of an extensive complex marginal basin
(Neuquén) in which Jurassic and Cretaceous times, was
closely linked to the evolution of the Andean magmatic arc.

The location of the extended region was strongly
controlled by the previous tectonothermal history, charac-
terized by the development of the Carboniferous—Permian
orogenic belt (330-280 Ma). The boundaries of the T-J
extension are related to tectonic segmentation that was
partly inherited from the accretionary tectonics of the
Paleozoic pre-Andean margin.

The main tectonic expression of the T—-J continental
extension is a rift system oriented parallel to the margins
of the extended area. Rifts are elongate, narrow depressions,
infilled by continental volcaniclastic and pyroclastic
deposits associated with lava flows and plutonic intrusions.
Coeval magmatism has a bimodal signature consistent with
the interpretation of an extensional tectonic regime. A
transition to marine and oceanic environments is observed
on the proto-Pacific margin. Post-rift thermal subsidence
generated a strong marine transgression during the Early
Pliensbachian; from this time, the basin behaved as a homo-
geneous geodynamic entity.

The causes of extension are linked to the activity of the
proto-Pacific margin of Gondwana and are not related to the
tectonics that caused the later break-up of Gondwana. Litho-
spheric thickening related to Upper Paleozoic convergence
caused a strong gravitational instability in the orogenic belt

between 30 and 40°S. Subsequent cessation of subduction
during the Late Permian—Early Jurassic, coeval with
the establishment of dextral strike-slip parallel to the
continental margin, caused the collapse of the subducted
slab and the generation of an asthenosphere window. As a
result, anomalous heating of the upper mantle produced
bimodal magmatism, uplift, thermal weakening, and
gravitational collapse of the upper crust.

Subduction was active to the south of the marginal basin
during the Late Triassic and Early Jurassic. The contrasting
tectonic behavior of the Gondwana margin north and south
of 40°S suggests significant pre-Andean tectonic segmenta-
tion that coincides with the southern boundary of the T—J
extension area.
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