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ARTICLE INFO ABSTRACT

The Paleozoic-Triassic Patagonian basins, at present comprising the Andean hinterland and structural basement
of active basins, document a pre-Jurassic evolution associated with accretionary processes at the paleo-Pacific
convergent margin. The Early Cambrian basins constitute the earliest record for the emplacement of the Terra
Australis Orogen in northern Patagonia and preserve metavolcanic strata derived from an extensional magmatic
arc. Together, pre-Jurassic basins document the Early Cambrian to Late Triassic oceanward migration of the
trench-forearc system, evidencing that slab retreat was the common subduction setup. Tectonostratigraphy of
these basins can be divided into three major sequences, from east to west: (i) early-middle Cambrian, (ii)
Silurian-Carboniferous and (iii) Late Permian-late Triassic, which are separated by angular unconformities,
evidencing large deformational pulses (advancing stages?) at Early Ordovician, early-middle Permian, and Late
Triassic-Early Jurassic times. The Early Cambrian basins are mainly represented in the North Patagonian Massif
by the Nahuel Niyeu forearc basin and the El Jagiielito backarc basin, which were closed and metamorphosed
during the Early Ordovician. The Silurian-Devonian clastic sequences of the Atlantic region and Malvinas Islands
evolved in an intracontinental rift setting and were deformed in the Permian when thrust tectonics took place at
the continental scale, while the contemporaneous trench-forearc system represented in western Patagonia was
governed by slab dynamics and accretion of oceanic material. During the final Pangea assembly (Permian-
Triassic), the Antarctic Peninsula crustal block formed part of Patagonia as evidenced the detrital zircons record
in the Permian-Triassic arc-flank basins. Deformation and metamorphism of these late Paleozoic-early Mesozoic
basins could have occurred during the latest Triassic-Early Jurassic Chonide event.
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Gregori et al., 2008; Rapalini et al., 2010, 2013; Gonzéalez et al., 2011b,
2018; Tomezzoli, 2012; Chernicoff et al., 2013; Ramos and Naipauer,
2014; Hervé et al., 2016; Calderén et al., 2016; Castillo et al., 2016,
2017; Greco et al., 2017; among others).

Paleozoic-early Mesozoic paleogeographic reconstructions of

1. Introduction

After the appearance of mobilistic theories about continental drift
related to the concept of plate tectonics in the '60s, numerous ideas
emerged that involved terrane accretions. Patagonia did not escape to

this conception and has been the locus of several discussions about its
origin. Ramos (1984) formalized the theory of the allochthonous origin
of the Patagonia terrane with respect to the West Gondwana margin
represented by the Rio de la Plata Craton and the Sierras Pampeanas
mobile belt (Fig. 1). Although the allochthonous origin of Patagonia
still remains under discussion, this proposal was a starting point to
subsequent research and gave way to diverse theories that booted the
investigation and geological knowledge about the Patagonian basement
(Forsythe, 1982; Rapalini, 1998; Pankhurst et al., 2003, 2006, 2014;

Gondwana, based on quantitative paleomagnetic data, still have large
error ranges regarding the relative position of Patagonia and the
Antarctic Peninsula. This uncertainty lies in the scarce paleopoles ob-
tained in Patagonia (Rapalini et al., 1994; Rapalini, 1998; Luppo et al.,
2019), while in the Antarctic Peninsula, the Cretaceous Palmer Land
Event (Vaughan and Storey, 2000; Vaughan et al., 2012) produced an
important remagnetization in Paleozoic-Jurassic rocks (Grunow, 1993;
Poblete et al., 2011), which makes infeasible to determinate a pre-
Cretaceous apparent polar wandering path (e.g. Poblete et al., 2011).
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Fig. 1. Shaded relief map of southern South America showing major terranes, and ages of basement units from Patagonia. The color circles represent fossil basins U-
Pb zircon ages, either MDAs based on detrital zircons or crystallization ages based on igneous zircons in tuff o lava. Numerals indicate to place with fossil record
supporting age by detrital zircons. Red arrows depict the probable Jurassic position of the Antarctic Peninsula northern tip between 50 and 51°SL after Koning and
Jokat (2006; arrow 1) and Lawver et al. (1998; arrow 2) (see discussion along with the text). The U-Pb zircon ages were taken, from oldest to youngest units, from
Pankhurst et al. (2003), Gonzalez et al. (2018), Greco et al. (2017), Serra-Varela et al. (2019), Uriz et al. (2011), Ramos et al. (2017), Moreira et al. (2013), Permuy
Vidal et al. (2014), Augustsson et al. (2006), Hervé et al. (2003), Hervé et al. (2016), Griffis et al. (2018), Luppo et al. (2018), Hervé and Fanning (2001) and Suérez
et al. (2019). Fossil ages are based, again from oldest to youngest units, on Gonzalez et al. (2011a,b), Fortey et al. (1992), Hlebszevitsch and Cortinas (2009; and
reference therein), Septilveda et al. (2010), and Fang et al. (1998). EAMC(n), EAMC(s): northeast and southwest Eastern Andes Metamorphic Complexes, respec-
tively. LG-ET: La Golondrina-El Tranquilo basins. NVU: Nunatak Viedma Unit. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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Added to this, there is no single accepted model of geometrical fit
previous to the Middle Jurassic between Patagonia and Antarctic Pe-
ninsula derived from geophysical data (see discussion in Ghidella et al.,
2007).

The Terra Australis Orogen (see Cawood, 2005) implanted along the
paleo-Pacific - Iapetus margin of Gondwana, from the Neoproterozoic
to the early Mesozoic, preserves the record of a long-lived history of
oceanic subduction beneath the convergent margin. We use this pattern
as a template, to appraise numerous recent U-Pb zircon ages on the
metasedimentary and plutonic units together with new tectonic inter-
pretations about basin nature (Uriz et al., 2011; Riley et al., 2012;
Moreira et al., 2013; Permuy Vidal et al., 2014; Castillo et al., 2016,
2017; Hervé et al.,, 2016; Greco et al., 2017; Ramos et al., 2017;
Gonzalez et al., 2018; Serra-Varela et al., 2019; Suarez et al., 2019).
Thus, the purpose of this review is to summarize the evolution of pre-
Jurassic basins and propose a geodynamical framework based on the
accretionary orogenesis of the western Gondwana margin.

2. Overview of Patagonia in Gondwanaland

The different Paleozoic basement blocks that conform Patagonia
have been considered either allochthonous (Ramos, 1984, 2008; Ramos
and Naipauer, 2014), parautochthonous (Pankhurst et al., 2006;
Rapalini et al., 2010; Gonzalez et al., 2018), or even autochtonous to
South America (Forsythe, 1982; Gregori et al., 2008; Rapalini et al.,
2013; Greco et al., 2017). Strong Gondwana affinities are present in the
involved pre-Jurassic sequences, as revealed by their stratigraphy, fossil
record, and detrital zircons patterns (Pankhurst et al., 2003, 2014;
Naipauer et al., 2011; Gonzélez et al., 2011a, 2011b, 2018; Ramos and
Naipauer, 2014; Castillo et al., 2016; Greco et al., 2017; among others).
Therefore, it is considered that the origin and evolution of Patagonia
involved proximity to the Gondwana edge.

Thus, as a starting point, the Patagonian basement terranes evolved
in the context of the Terra Australis Orogen in Gondwana (Fig. 2) from
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Neoproterozoic to early Mesozoic times (see review in Cawood, 2005).
The nature and evolution of this long-lived accretionary orogen provide
a template to understand the pre-Jurassic evolution of Patagonia and its
connection with the Antarctic Peninsula.

2.1. From Rodinia to the Pangea assembly, and the opening of the
Panthalassa ocean

The pieces that were part of Patagonia during the final assembly of
Pangea (Permian-Triassic boundary by Gallo et al., 2017) had an evo-
lution delineated by several orogenic phases, inherent to the evolution
of the Terra Australis Orogen (Fig. 2; Pankhurst et al., 2003, 2014;
Cawood, 2005; Varela et al., 2009; Castillo et al., 2017; Greco et al.,
2017; Gonzélez et al., 2018). Particular cases are the Malvinas Islands
and surrounding submerged areas from the Argentinean continental
shelf, whose Proterozoic basement is currently considered as a single
continental block together with Patagonia (Platt and Philip, 1995;
Ramos et al., 2017; Schilling et al., 2017; Chemale et al., 2018). This
Atlantic region, which is now mainly below the sea level, yielded the
oldest in situ basement ages, ranging from Mesoproterozoic to Neo-
proterozoic (Cingolani and Varela, 1976; Jacobs et al., 1999; Chemale
et al., 2018), that may reflect an early evolution related to the Rodinia
Supercontinent (Wareham et al., 1998; Ramos, 2010; Schilling et al.,
2017).

The amalgamation of Rodinia occurred at around of 1200-1000 Ma
(Pisarevsky et al., 2003) producing a characteristic phase of orogenic
activity known as the Grenvillian orogeny. Since detrital zircons
yielding ages between 1200 and 1000 Ma are abundant in the record of
the fossil basins from Patagonia (see review in Ramos, 2010), they are a
controversial matter regarding possible Greenvillian source areas. The
breakup of the Rodinia supercontinent at ca. 800-700 Ma, gave way to
Laurentia and Gondwana (Pisarevsky et al., 2003), and the opening of
the Iapetus and Panthalassa (i.e. paleo-Pacific) oceans (Cawood et al.,
2001; Cawood, 2005). These oceans underwent different evolutionary
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Fig. 2. Schematic paleogeographic reconstruction of Pangea at 200 Ma (3D orthographic view) showing fit of main continental blocks previous to Jurassic breakup
and the area affected by the Terra Australis Orogen. Reconstruction made by GPLATES open-source software (Miiller et al., 2018), taking coastlines from Seton et al.
(2012) and modified to fit the position of the Antarctic Peninsula according to Lawver et al. (1998). Despite the fact that there is no clear evidence of the geometrical
fit between the Antarctic Peninsula and southern Patagonia, locating the Antarctic Peninsula terrane in that position leads us to explain the scarce Permian-Triassic
magmatism south Gastre-Gan Gan region, and at the same time, the widespread Permian-Triassic magmatism along Antarctic Peninsula. T;, T, and T3 depict
schematically the position of the forearc-trench system in the Early Cambrian, middle Paleozoic, and Permian-Triassic, respectively. The color dots are the location of
the detrital zircon samples plotted in Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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histories: while the Iapetus Ocean was mainly consumed beneath
Laurentia producing the mid-Paleozoic Caledonian collisional orogeny
(van Staal et al., 1998; Domeier, 2016), the paleo-Pacific ocean still
remains open (Cawood, 2005). As we will explain, Patagonia records a
protracted east-dipping oceanic subduction along the paleo-Pacific
margin since Neoproterozoic (?)-Early Cambrian times.

The amalgamation of Gondwana occurred during the
Neoproterozoic-Cambrian, as a consequence of the accretion and col-
lision of several terranes (Cawood and Buchan, 2007; Oriolo et al.,
2017; Schmitt et al., 2018). The collision of the Kalahari Craton against
the Congo Craton at ~530-520 Ma is considered the latest collisional
event (Oriolo et al., 2017). At this stage, the final Gondwana assembly
involved several blocks: Australian-Antarctic and Indo-Antarctic cra-
tons forming East Gondwana, and several cratons as Rio de la Plata,
Congo-Sao Francisco, and Kalahari cratons, among others, in West
Gondwana (Fig. 2; Boger and Miller, 2004; Oriolo et al., 2017). The
sutures between these cratons remain from plate collisions and ocean
closures driven by the Brasiliano - Pan-African orogeny (Fig. 2; Boger
and Miller, 2004).

Subduction started along East Gondwana (Antarctica-Australia) in
the Neoproterozoic, concomitant with the final Rodinia breakup (Oriolo
et al.,, 2017), and was followed by subduction along the West
Gondwana margin during the Ediacarian-earliest Cambrian (c. 560-
540 Ma; Cawood and Buchan, 2007). The onset of subduction is con-
sidered as the beginning of the Terra Australis accretionary orogen
(Cawood, 2005; Cawood and Buchan, 2007), which extends along the
remains of the Iapetus - paleo-Pacific margin of Gondwana between
Australia-New Zealand and into South America (Cawood, 2005).

Inherent to the evolution of the Terra Australis Orogen, a series of
orogenic events occurred in the western Gondwana margin. In
Patagonia, several orogenic phases have been differentiated: the
Neoproterozoic-Cambrian Pampean/Ross orogeny (Rapalini et al., 2013,
Chernicoff et al., 2013; Ramos and Naipauer, 2014; Pankhurst et al.,
2014; Greco et al., 2017; Gonzalez et al., 2018), Ordovician-Devonian
Famatinian orogeny (Varela et al., 2005, 2009; Pankhurst et al., 2014),
Carboniferous-Permian Gondwanide orogeny (von Gosen, 2003;
Pankhurst et al., 2006; Ramos, 2008; Varela et al., 2009; Giacosa et al.,
2012; Gonzalez et al., 2016; Oriolo et al., 2019) and the recently de-
fined Late Permian-Triassic Tabarin orogeny (Heredia et al., 2018)
followed by the latest Triassic-Early Jurassic deformational Chonide
event (Hervé et al.,, 2008; Navarrete et al., 2019). Through all these
Paleozoic-early Mesozoic orogenic phases, the trench-forearc system
exhibits a pattern of migration towards the current Pacific margin
(Figs. 2 and 3).

The Gondwanide orogeny in Patagonia, early recognized by the
pioneer works of Keidel (1916) and Du Toit (1927), affected the entire
Terra Australis Orogen (Cawood and Buchan, 2007). Some authors
postulate that the Gondwanide orogeny culminated with terrane colli-
sion, such as the collision of Patagonia against the southernmost margin
of South America in the Late Paleozoic for instance (von Gosen, 2003;
Ramos, 2008). Analysis of new paleomagnetic poles from the North
Patagonian Massif suggests that, if a collision occurred, the final stage
took place at around of the Permian-Triassic boundary (Luppo et al.,
2019). The Patagonia collision model adequately explains the opposite
vergence of the Gondwanide deformation on both sides of the Huincul
fault zone (Fig. 1), although necessary evidence of ocean closure are
still missing in northern Patagonia to validate this model (e.g. see
Gregori et al., 2008, Pankhurst et al., 2014, and Castillo et al., 2017).
Alternatively, it was also proposed the collision of the Deseado terrane
against the southern margin of northern Patagonia (Ramos, 2004;
Pankhurst et al. 2006; Schilling et al., 2017). In contrast, other authors
explain this contractional-transpressional deformation phase by non-
collisional processes (Trouw and De Wit, 1999; Gregori et al., 2008;
Dalziel et al., 2013).

At the beginning of the Triassic, prior to the Early Jurassic con-
tinental breakup (Jokat et al., 2003; Konig and Jokat, 2006; Ghidella
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et al., 2007), Patagonia and the Antarctic Peninsula, are interpreted to
have formed a single continental block. Following the opening of the
Weddell sea (Ghidella et al., 2007) and the Drake Passage, several
pieces were dispersed in the southern oceans, setting the present-day
tectonic plate framework (Poblete et al., 2016).

3. Age and distribution of the fossil basins

Our review is focused on two main regions, where metasedimentary
units are well-exposed (Fig. 1): (i) the eastern North Patagonian Massif,
represented by low-grade metagreywackes and phyllites, interbedded
with metavolcanic rocks of lower Cambrian age, which are un-
conformably covered by Silurian-Devonian quartzites; (ii) Silurian to
Triassic metasedimentary rocks extending from the western Deseado
Massif to the Chilean coast.

3.1. Neoproterozoic-lower Paleozoic units

Neoproterozoic-Early Cambrian maximum depositional ages from
detrital zircons in metasedimentary units are only available from the
Dos Hermanos phyllites cropping out in the Deseado Massif (Martinez,
2002; Pankhurst et al., 2003). On the other hand, Cambrian metase-
dimentary units are distributed mainly in the eastern and northern
flanks of the North Patagonian Massif (Fig. 1). In the northern region,
the Nahuel Niyeu Formation (520-510Ma) is composed mainly of
metagreywackes and phyllites with minor intercalations of tholeiitic
meta-igneous bodies (Greco et al., 2015, 2017). Close to the Atlantic
coast (Fig. 1), the El Jagiielito Formation (535-515 Ma) contrasts with
the Nahuel Niyeu Formation due to the presence of a larger proportion
of acidic metavolcanic rocks (Fig. 4) with high-K calc-alkaline geo-
chemical signature (Gonzalez et al., 2018). As indicated by provenance
studies, geochemical indicators and stratigraphical correlations, the
Nahuel Niyeu Formation occupied a forearc position (Greco et al.,
2017) while El Jagiielito Formation exhibits features akin to a backarc
basin (Gonzalez et al., 2018). This tectonic setting is further supported
by plutonic rocks of early Cambrian age with calk-alkaline geochem-
istry and trace elements typical from subduction-related melts (i.e.
Tardugno Granodiorite unit; Chernicoff et al., 2013; Rapalini et al.,
2013; Pankhurst et al., 2014). In contrast, the protoliths of the El Ja-
giielito Formation have been interpreted as deposits of a molasse basin
associated with collisional orogenesis (Ramos and Naipauer, 2014)
during the Ross orogeny in Antarctica (Ramos and Naipauer, 2014). On
the other hand, in the San Martin de Los Andes area, detrital zircon data
from Andean basement rocks yielded late Cambrian maximum deposi-
tional ages for the protolith of the high-grade Colohuincul Formation
(Serra-Varela et al., 2019). Likewise, an anatectic granite dated at
434 Ma intruded into already deformed and metamorphosed basement
rocks, and thus the Cambrian age of this basement is doubtful, being
extended up to the Ordovician-Silurian (Serra-Varela et al., 2019).

The Ordovician seems to be an important period of deformation and
uplift, with scarce or non deposition, since the Silurian-Devonian se-
quences overlie unconformably the folded basement and granites in the
North Patagonian Massif (Fig. 4) and Malvinas Islands, respectively (Du
Toit, 1927; Spalletti, 1993; Hunter and Lomas, 2003; Gonzélez et al.,
2008; Ramos et al., 2017).

3.2. Silurian-Devonian units

Sedimentary and metasedimentary rocks of late Silurian-Devonian
age are distributed in two main regions: along the Atlantic coast region,
lying in angular unconformity over the pre-Silurian basement (Fig. 1;
Martinez, 2002; Ramos et al., 2017) and in the western Deseado Massif
(Moreira et al., 2005, 2013).

The Sierra Grande Formation and the Cabo Blanco beds, mainly
consisting of successions of quartz-rich sandstones (Spalletti, 1993;
Marquez and Navarrete, 2011), crop out in the eastern North
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Patagonian and Deseado massifs, respectively (Spalletti, 1993; Marquez
and Navarrete, 2011; Uriz et al., 2011). The lower member of the Sierra
Grande Formation (Polker Member) exhibits a detrital zircon age dis-
tribution with a younger peak at ~501 Ma (Pankhurst et al., 2006;
Naipauer et al. 2011); and broadly this unit exhibits faunas character-
istic of the Hirnantian-early Silurian boundary (Rustan et al., 2013;
Siccardi et al.,, 2014; see also Miiller, 1965; Mancenido and
Damborenea, 1984), reaching the Devonian age (Spalletti, 1993 and
references therein).

Silurian-Devonian units from eastern Patagonia are possibly corre-
lative with the Port Stephens and Fox Bay formations in the Malvinas
Islands (Ramos et al., 2017). The sedimentological analysis suggests a
siliciclastic platform shared with southern Africa as the depositional
environment (Spalletti, 1993), while another geodynamical model
proposed the deposition of the Sierra Grande Formation in a passive
margin correlatable with the lower Beacon Supergroup of Antarctica
(Ramos and Naipauer, 2014). Considering the current geographical
position of the Malvinas Islands (autochtonous and non-rotational
model by Platt and Philip, 1995; Ramos et al., 2017; Schilling et al.,
2017), paleocurrents and facies analyses suggest E-to-NE basin dee-
pening (Hunter and Lomas, 2003).

The La Modesta Formation from western Deseado Massif is com-
posed of a broad variety of lithologies such as schists, metavolcanic
rocks, and calcsilicates interbedded with metaturmalinite beds (Moreira
et al., 2005, 2012), yielding late Silurian (?)-Early Devonian maximum
depositional ages (Moreira et al., 2013). In the North Patagonian
Massif, Devonian ages for maximum sedimentation of the Calcatapul
Formation are under discussion (von Gosen and Loske, 2004). This unit
is mainly composed of a sequence of metapyroclastic rocks, interpreted
as intra-arc to back-arc basin magmatic products, and could be of De-
vonian-Carboniferous age since it is intruded by Permian granites (von
Gosen and Loske, 2004). Besides, high-grade schists of the Cushamen
Formation (Giacosa et al., 2004) exhibit Devonian youngest detrital
zircons (Hervé et al., 2005).

3.3. Late Devonian-early Carboniferous units

Low-grade metasedimentary rocks of quartz-rich turbiditic proto-
liths are widely distributed in southern Patagonia (Forsythe, 1982;
Hervé et al., 2003, 2008; Augustsson et al., 2006; Giacosa et al., 2012)
constituting the backbone of the Southern Patagonian Andes (Giacosa
and Marquez, 2002; Ghiglione et al. 2018). The main stratigraphic unit
is the Eastern Andes Metamorphic Complex (EAMC in Fig. 1, Hervé
et al., 2008), including the Rio Lacteo and Bahia de la Lancha forma-
tions (Calderdén et al., 2016) exposed in the eastern foothills of the
Patagonian fold and thrust belt (Riccardi, 1971; Kraemer and Riccardi,
1997; Bell and Suérez, 2000; Giacosa and Marquez, 2002; Giacosa
et al.,, 2012). The EAMC yields a MDA spanning ~390-320 Ma (Late
Devonian-early Carboniferous; Augustsson et al., 2006) for its northern
sector (EAMCn), and Permian-Triassic for its southern segment
(EAMCs). The development of the EAMC was in part synchronous with
the Cerro Negro Schists from the western Deseado Massif (Permuy Vidal
et al., 2014).

The depositional geodynamic environment of the EAMCn protoliths
is still under discussion, and is interpreted principally in two different
ways: (i) as a passive margin sourced from the cratonic interior, based
on geochemical and provenance data (Hervé et al., 1999; Augustsson
and Bahlburg, 2003a; 2003b, 2008; Lacassie, 2003), or (ii) as sequences
formed along the active paleo-Pacific margin (Forsythe, 1982; Giacosa
and Marquez, 2002; Moreira et al., 2005; Ramos, 2008; Permuy Vidal
et al., 2014). The latter option is supported by provenance studies based
on U-Pb zircon ages, geochemistry of whole rock, major and trace
elements of Cerro Negro schist data, indicating sources from an active
magmatic arc (Permuy Vidal et al., 2014). Furthermore, Late Devonian
MDA ages for the schist (Permuy Vidal et al., 2014) suggest that they
were concomitant with plutonic ages from a NW-SE magmatic belt from
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the Northern Patagonian Andes to the Deseado Massif (Varela et al.,
2005, 2009; Pankhurst et al., 2006; Ramos, 2008; Hervé et al., 2016),
interpreted as representative of a subduction-related Devonian-Carbo-
niferous magmatic arc (Fig. 6; Varela et al., 2005, 2009; Ramos, 2008).

3.4. Late Paleozoic Gondwanide units

Marine environments with glacial influence characterize the late
Paleozoic from Patagonia (Riccardi, 1971; Gonzalez Bonorino, 1992;
Poiré et al., 1999; Limarino and Spalletti, 2006; Marcos et al., 2018).
According to Limarino and Spalletti (2006), the Gondwanide basins
could be discriminated into intraplate, retroarc or arc-related basins.
While the Permian La Golondrina basin in the Deseado Massif presents
an extensional intraplate character (Giacosa et al., 2010), other basins
represented by the Bahia de la Lancha Formation and the Tepuel-Genoa
groups are classified as retroarc basins (Gonzalez Bonorino, 1991, 1992,
Limarino and Spalletti, 2006). Alternatively, a forearc position for the
Tepuel-Genoa Basin has been suggested based on the relatively close
position of the Devonian-Carboniferous magmatic arc (Fig. 6; Ramos,
2008; Marcos et al., 2018). Provenance sources, based on sandstone
modal analysis from Tepuel Group (Late Carboniferous-Permian) of the
Tepuel-Genoa Basin, exhibit supply from recycled orogen (Ciccioli
et al., 2018).

Late Paleozoic metadiamictite rocks of glacimarine protoliths were
described in the western North Patagonian Massif (Hervé et al., 2005;
Marcos et al., 2018), as intercalations of the Cushamen Formation,
which is mainly composed of medium-grade schists (Giacosa et al.,
2004). According to Marcos et al. (2018), the Tepuel-Genoa and
Cushamen basins were concomitants, although somehow not com-
pletely disconnected by the Silurian-Devonian and Carboniferous
magmatic arc rocks. Carboniferous sedimentation from the Bahia de la
Lancha Formation (Augustsson et al., 2006), in a coastal marine en-
vironment with glacial influence (Poiré et al., 1999; 2003), could be an
equivalent to the north Patagonian units.

3.5. Late Permian-Triassic units

The upper Permian-Triassic volcanogenic rocks from the North
Patagonian Massif, such as the Los Menticos Complex (Llambias and
Rapela, 1984; Rapela and Llambias, 1985; Cucchi et al., 2001; Falco
and Hauser, 2017; Luppo et al., 2018) and Treneta and Puesto Piris
formations (Rapela and Caminos, 1987; Caminos, 2001) and correlative
volcanic units (Gonzalez et al., 2016, 2017) rest unconformably onto
the continental basement deformed by the early-middle Permian
Gondwanide orogeny (Gonzalez et al., 2017). Emplacement of these
units would take place in an extensional context with an NE-SO main
stretching direction (Giacosa et al., 2007; Gonzélez et al., 2016). Far-
ther west, in the southern region of the Neuquina Basin, Upper Triassic
intermediate to acidic volcanic and pyroclastic rocks were deposited in
an extensional retroarc basin (D'Elia et al., 2012).

In the southern Chilean Andes, the EAMCs (Augustsson et al., 2006),
and the Duque de York Complex in the Madre de Dios Archipelago
(Forsythe and Mpodozis, 1979, Fig. 1) are plausible equivalent units of
the Trinity Peninsula Group in Antarctic Peninsula (Barbeau et al.,
2009; Castillo et al., 2015, 2016). These Permian-Triassic metasedi-
mentary rocks have been interpreted as remnants of the trench-forearc
system (Hyden and Tanner, 1981; Hervé et al., 2006; Bradshaw et al.,
2012; Castillo et al., 2015, 2016). Along the Chilean coast, the Chonos
Metamorphic Complex (Fig. 1) represents the younger, accretionary
prism of the Late Triassic-Early Jurassic subduction zone (Hervé et al.,
1981; Fang et al., 1998; Willner et al., 2000; Hervé and Fanning, 2001).

Deposition of the Nunatak Viedma Unit on the Southern Patagonian
Icefield (Fig. 1) has been recently constrained to the Late Triassic based
on a ~220 Ma MDA and regional stratigraphic relationships (Fig. 5,
Suarez et al., 2019). A cluster of Triassic detrital zircons ages are in-
terpreted to be sourced from the Permo-Triassic active volcanic arc
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Metapelites

Fig. 5. Outcrops of the pre-Jurassic fossil basins from southern Patagonia. (a) The angular unconformity between metaturbidites of the Bahia de la Lancha Formation
(Carboniferous) and Upper Jurassic volcanic rocks, evidencing exhumation, deformation and metamorphism occurred prior to the Late Jurassic (Cerro Polo, near El
Chaltén). (b) Gondwanide thrusts (see Giacosa et al., 2012) affecting the Bahia de la Lancha Formation (type-locality). (c) Metabasaltic rocks interbedded in the
metaclastic sequence from Upper Triassic in the Nunatak Viedma Unit (Viedma glacial, South Patagonian Icefield), deformed and metamorphosed during the latest
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emplaced along the Antarctic Peninsula, suggesting a retroarc position
for the basin (Suarez et al., 2019). It contrasts with the classic vision of
that the entire belt the Late Paleozoic-Early Mesozoic metamorphic
complexes of the Patagonia Andes were part of an accretionary prism
(e.g. Forsythe, 1982). Additionally, petrographic provenance studies on
sandstones and geochemical data from volcanic rocks of the Triassic El
Tranquilo Group fall in the field of magmatic arc, showing input from
acidic igneous sources (Jenchen, 2018).

4. Geodynamic setting

To elucidate the puzzling basin evolution associated with the Terra
Australis orogen in Patagonia-Antarctic Peninsula, we examined some
pre-Jurassic key basins evaluating lithologic, tectonostratigraphy,
structural, and geochronologic features.

4.1. Early Paleozoic from northern Patagonia related to the emplacement of
the Terra Australis Orogen

The oldest record for the onset of oceanic subduction along
Patagonia, in the context of the Terra Australis orogen, is preserved in
volcano-sedimentary successions of northern Patagonia. Metavolcanic
strata dated at ~535-530 Ma from the El Jagiielito Formation are

products derived from melts formed in a supra-subduction zone
(Gonzalez et al., 2018). The geochemistry of these rocks integrated with
geological features indicates episodic pulses of extension, probably as-
sociated with slab-roll back (Greco et al., 2017; Gonzélez et al., 2018).
Prezzi et al. (2018) described a similar geodynamic scenario for the
Cambrian Claromecé Basin, located in the southern segment of the
Pampean orogen at Sierra de la Ventana (Fig. 1). According to these
authors, the accommodation space necessary for the deposition of the
Cambrian sequences was produced in a backarc setting during a stage of
negative trench rollback. These features suggest that northern Patago-
nian and the southern segment of the Pampean orogen exhibit a similar
early Cambrian setting (Gregori et al., 2008; Pankhurst et al., 2014;
Greco et al., 2017; Prezzi et al., 2018), as early proposed by Dalla Salda
et al. (1992). Temporally synchronous igneous rocks dated at
521-537 Ma in the buried basement of Tierra del Fuego (Sollner et al.,
2000; Hervé et al. 2010a,b), could represent the southern representa-
tion of the Cambrian arc in Patagonia.

It should be noted that the El Jagiielito and Nahuel Niyeu forma-
tions show striking lithological, stratigraphic, biostratigraphic, and
geochronological similarities as those Cambrian sequences of the
Ellsworth-Whitmore, Pensacola, and Queen Maud Mountains of
Antarctica (Naipauer et al., 2011; Gonzéalez et al. 2011a,b; 2018; Ramos
and Naipauer, 2014). Hence, the Early Cambrian units of northern
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Patagonian could represent a terrane rifted-off from Antarctica and
accreted to South America in pre-Devonian times (Gonzalez et al.,
2018).

Previous geodynamic interpretations for northern Patagonia (e.g.
Ramos and Naipauer, 2014), contrast with both hypothesis above ex-
plained. A drift stage for northern Patagonia ca. 550-515, and later, the
collision of the east side of Patagonia against Antarctica at ca. 515-485
during the Ross orogeny have been proposed (Ramos and Naipauer,
2014). In this regard, the collision gives place to the deposition of
mollase basins, where the protoliths of the El Jagiielito Formation were
deposited (Ramos and Naipauer, 2014).

The subsequent contractional phase was accompanied by regional
low-to high-grade/low-pressure metamorphism of the sequence, con-
strained to the Furongian to Tremadocian (late Cambrian-Early
Ordovician), based on U-Pb zircon dating at around of 476-462 Ma in
post-orogenic granites (Gonzalez et al., 2008), zircon growth at 472 Ma
in paragneisses from the Mina Gonzalito Complex (Pankhurst et al.,
2006; Greco et al., 2014) and K-Ar cooling ages at ca. 451 Ma on the
contact aureoles produced by these bodies on the El Jagiielito Forma-
tion (Basei et al., 2005). Despite the geological significance of this
tectonic-thermal event, it still remains under discussion (Gonzilez
et al., 2018). The timing of orogenic events recorded by the basement
units of the eastern North Patagonian Massif (Rapalini et al., 2013;
Pankhurst et al., 2014; Greco et al., 2015, 2017; Gonzélez et al., 2018)
are synchronous and thus equivalent, indicating that all northern Pa-
tagonian units belong to a unique orogen (Greco et al., 2015, 2017;
Gonzélez et al., 2018).

4.2. Middle Paleozoic record of sedimentation evidencing trench-forearc
system migration in southern Patagonia

Following closure of Cambrian basins in northern Patagonia during
Early Ordovician times, the sedimentary basins from trench-forearc
system were deposited in southern Patagonia exhibiting a regional
deposition trend younger towards the west-southwest (Figs. 6 and 7;
Hervé and Fanning, 2001; Hervé et al., 2003; Augustsson et al., 2006;
Moreira et al., 2013; Permuy Vidal et al.,, 2014), with subsequent
closing/deformation associated with variable metamorphic conditions
(Ramirez-Sanchez et al., 2005; Moreira et al., 2012, 2013; Permuy
Vidal et al., 2014).

The La Modesta Formation from Deseado Massif presents late
Silurian-Early Devonian MDA, constrained from younger detrital zircon
grains yielding ages between 446 and 413 Ma (Moreira et al., 2013),
and was subsequently deformed in pre-Late Devonian times (Moreira
et al., 2013), possibly associated with ~NE-SW contraction identified in
the Deseado Massif (Fracchia and Giacosa, 2006). Farther west, the
Cerro Negro schist exhibits Late Devonian MDA with a younger cluster
of ages at ~379 Ma (Permuy Vidal et al., 2014), although the timing for
deformation is still unknown. Andean outcrops of the Late Devonian-
early Carboniferous EAMCn (Augustsson et al., 2006), were subse-
quently deformed and metamorphosed during the late Carboniferous-
Permian (Thomson and Hervé, 2002; Giacosa et al., 2012).

Detrital zircon patterns characterizing Silurian-Devonian basins in-
dicate that the main provenance sources were from magmatic rocks and
recycled sediments located to the east, which supports the interpreta-
tion of a forearc position with respect to the contemporaneous mag-
matic arc implated along the Deseado Massif. For instance, the La
Modesta Formation shows a main Paleozoic relative probability peak at
~473 Ma (Fig. 7; Moreira et al., 2013), highly correlative to magmatic
ages from the Deseado Massif (Loske et al., 1999; Pankhurst et al.,
2003). A short-lived contractional event produced the closure of the La
Modesta forearc basin, and its incorporation into the backstop. After
that, the protolith deposition of the Cerro Negro schists occurred, thus
showing two main provenance sources, one interpreted as the recycling
of the La Modesta rocks and another correlative with the magmatic ages
in the Deseado Massif (Fig. 7b).
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Farther north, the protracted period of slab retreat and widening of
the trench-forearc system involves the accretion of a large volume of
oceanic material, interpreted as an island arc (Quezada, 2015; Hervé
et al., 2016). In this regard, Hervé et al. (2016, 2018) produced a large
geochronological dataset of U-Pb data in zircon from sedimentary and
plutonic rocks, including Hf- and O-isotopes, identifying two par-
allel ~ N-S oriented, eastern and western Devonian magmatic belts. The
eastern belt was related to east-dipping subduction of the oceanic li-
thosphere under Patagonia, while the western belt with more primitive
compositions is represented by an oceanic island arc, called Chaitenia
(Hervé et al., 2016, 2017, Hervé et al., 2018). The Chaitenia terrane
was accreted possibly in Devonian times, and thus modified the trench-
forearc paleogeography of Patagonia.

4.3. Accretion of the Antarctic Peninsula terrane and oceanward migration
of the subduction zone

Diverse studies suggest that the Antarctic Peninsula was still ac-
creted to southern Patagonia during the late Paleozoic-early Mesozoic,
and was subsequently detached during the Late Jurassic opening and
spreading of the Weddell Sea (Lawver et al., 1998; Jokat et al., 2003;
Konig and Jokat, 2006; Ghidella et al., 2007; Poblete et al., 2014).
However, there are unsolved questions about the timing of Antarctic
Peninsula-Patagonia accretion and their joint evolution.

Both terranes share the same Permian to Triassic tectonic-magmatic
evolution (Millar et al., 2002; Pankhurst et al., 2003; Hervé et al.,
2010a; Calderén et al., 2010, 2016; Riley et al., 2012; Castillo et al.,
2016, 2017), indicative of a Late Paleozoic connection. The in situ ages
of magmatism (i.e. granitoids of intrusive character) in the Deseado
Massif span from Ordovician to Early Carboniferous, while the Per-
mian-Triassic represents the climax of subduction-related magmatism
along the Antarctic Peninsula (Fig. 8; Millar et al., 2002; Riley et al.,
2012). Distribution of magmatism depicts a magmatic arc stepping-out,
possibly responding to the westward shifting of the subduction zone
during the Antarctic Peninsula accretion. As a result of the jump outside
of the subducting zone, the Permo-Triassic trench-forearc system mi-
grates to the west and was emplaced along the Antarctic Peninsula-
western Patagonia margin (T3 in Fig. 2; Hyden and Tanner, 1981;
Hervé and Fanning, 2001; Hervé et al., 2006; Castillo et al., 2015,
2016). In this way, the Permian-Triassic metamorphic complexes of
western Patagonia and Antarctic Peninsula share many features as al-
ready noted by Hervé et al. (2006) and Castillo et al. (2016), supporting
the connection between both terranes. Both EAMCs and the Duque de
York Complex in the southernmost Chilean coast and the Trinity Pe-
ninsula Group in the Antarctic Peninsula exhibit prominent Permian
detrital zircon ages peaks between 293 and 260 Ma, low-grade meta-
morphism, and mainly turbiditic lithology (Hervé et al., 2006; Barbeau
et al., 2009; Septlveda et al., 2010; Castillo et al., 2016). However, in
regard to the Duque de York Complex, an allochthonous origin should
not be discarded (e.g. Septlveda et al., 2010).

Castillo et al. (2016) based on detrital zircon ages and their isotopic
compositions, proposed a large forearc basin along the western flank of
Antarctic Peninsula and Patagonia. Sedimentological and provenance
studies in the Trinity Peninsula Group are consistent with an arc-flank
basin (Hyden and Tanner, 1981; Del Valle et al., 2007; Bradshaw et al.,
2012; Castillo et al., 2015), showing supply mainly from a grano-
dioritic-tonalitic source typical from plutonic rocks formed in a sub-
duction-related arc (Del Valle et al., 2007; Castillo et al., 2015, 2016).
Towards the Late Triassic-Early Jurassic the subduction was still on-
going as evidenced by the Chonos accretionary complex, suggesting
that subduction processes took place along the present Chilean coast,
and therefore, the Antarctic Peninsula should have been located farther
south of the Gulf of Penas. Permian and Triassic detrital zircons in the
recently defined Nunatak Viedma Unit retroarc basin were interpreted
as sourced from a contemporaneous magmatic arc (Sudrez et al., 2019).
The most likely source seems to be the Triassic Antarctic Peninsula
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Fig. 8. Available magmatism ages from the Deseado Massif (Loske et al., 1999; Pankhurst et al., 2003), the Tierra del Fuego buried basement (Sollner et al., 2000;
Calder6n et al., 2010; Hervé et al. 2010a,b) and the Antarctic Peninsula (Millar et al., 2002, Riley et al., 2012, and references therein). The plutonic ages are younger
westward showing the magmatism migration and the emplacement of the Permian-Triassic trench-forearc system along Antarctic Peninsula-western Patagonia. The
magmatism migration could be caused by the accretion of the Antarctic Peninsula terrane to southern Patagonia. The cartoon is based on Calderén et al. (2016).

magmatic arc to explain detrital zircon age peaks (294-262 Ma, and
236-225 Ma) (Sudrez et al., 2019) since those ages represent magmatic
gaps in southern Patagonia. Recently, plutonic bodies yielded ages at c.
255 and c. 207 Ma in the buried basement of Tierra del Fuego and the
Deseado Massif, respectively (Castillo et al., 2017; Navarrete et al.,
2019), but these ages are not widely represented in the detrital zircon
age spectra of the Nunatak Viedma Unit.

5. Concluding remarks

In spite of multiple different theories that have been proposed to
explain the origin and evolution of the Patagonian region, none seem to
satisfy completely the existent data. Our contribution attempts to un-
derstand its Paleozoic-Triassic evolution in a consistent scenario with
the long-lived accretionary orogenesis on the western Gondwana
margin. From this review, we suggest that the Paleozoic-Triassic fossil
basins from Patagonia are associated with the dynamics of the accre-
tionary orogens characterized by the westward migration of the trench-
forearc system. It is a feature common to the entire Gondwana margin
during the Paleozoic-early Mesozoic (Goodge et al., 2004; Cawood,
2005; Foster et al., 2009; Cawood et al., 2011; Elliot, 2013). Thus, we
differentiate three major stages of basin formation associated with the
plate boundary retreating during (i) Early-to-Middle Cambrian, (ii) late
Silurian-Carboniferous and (iii) Late Permian-Triassic. Each period
finished with regional metamorphism and deformation events (advan-
cing stages?) at around (i) Lower Ordovician (coeval to the Famatinian
orogeny), (ii) Early-Middle Permian (Godwanide orogeny) and (iii) Late
Triassic-Early Jurassic (Chonide deformation phase).
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