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Highlights

e Recurrent deformation and reactivation of faults that can be persistent for hundreds of
millions of years



¢ In extra-andean Patagonia, we define a series of ~NW-SE regional structures which
governed the present-day basement-block architecture of the foreland and exerted an
important control in the deposition of Mesozoic-Cenozoic sedimentary and volcanic
sequences

e The tectonic significance of these structures and their paleogeographic implications in the
context of the Late Paleozoic Gondwanide magmatic arc are also discussed.

Abstract

Continental crust exhibits areas of recurrent deformation and reactivation of faults that can
be persistent for hundreds of millions of years. Associated with weak lithospheric zones, the
characterization of long-lived deformational zones and inherited structures are critical aspects in
the construction of orogens and rift systems, playing a major role in magmatism and basin
evolution. Central Patagonia, which is situated in the Andean foreland of southern South America,
presents a complex and multi-episodic tectonic history related to intraplate deformation at a
significant distance from the Andean trench. Its ~NW-SE structural trend, which is anomalously
oblique to the Andean orogen, has been proposed as an inherited crustal anisotropy that controlled
Mesozoic basins and Cenozoic volcano-sedimentary foreland basins development. However, a
systematic regional study focused on the basement structural anisotropy has not been undertaken
so far. In this contribution, we use aeromagnetic and gravimetric datasets that are integrated with
field geological and structural data to address this issue. We define a series of ~NW-SE regional

structures which governed the present-day basement-block architecture of the foreland and exerted
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an important control in the deposition of Mesozoic-Cenozoic sedimentary and volcanic sequences.
The tectonic significance of these structures and their paleogeographic implications in the context
of the Late Paleozoic Gondwanide magmatic arc are also discussed.

Keywords: Structural Inheritance, Aeromagnetic survey, Gravimetry, Broken foreland,
North Patagonia

1. Introduction

In relict orogenic zones, basement inherited structures exert a major structural control on the
successive development of basins and reactivated faults (Sykes, 1978; Daly et al., 1989; Butler et
al., 2006). These areas are considered as zones of lithospheric weakness, and strongly influence
the development of orogenic belts, fault-controlled sedimentary basins, rift basins, intraplate
deformation, volcanic activity and the channeling of ore-bearing fluids (Sykes, 1978; Daly et al.,
1989; Marshak and Paulsen, 1996; Holdsworth, et al., 2001, Holdsworth, 2004; Tesauro et al.,
2009; Fossen et al., 2016). In foreland settings, numerous provinces are characterized by uplift of
fault-bounded basement blocks controlled by an inherited structural anisotropy, such as the
Laramide Rocky Mountain Ranges in United States of America and the Sierras Pampeanas of
Argentina (Jordan & Allmendinger, 1986; DeCelles, 2004; Sengor el al., 2018). Therefore, the
characterization of long-lived deformational zones and the study of their inherited structures is a

critical aspect in the analysis of crustal-scale tectonic processes.

The Patagonian broken foreland represents a contractional deformational zone related to the
Andean orogeny (Folguera and Ramos, 2011; Bilmes et al., 2013; Gianni et al., 2015, 2017;

Echaurren et al., 2016; Savignano et al., 2016; Navarrete et al., 2016; Bucher et al., 20193, b). This
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orogen is characterized as a thick-skinned fold and thrust belt, it occupies a zone of ~750 km of
latitudinal extent and exhibits a NW-SE to NNW-SSE structural trend (Fig. 1). This area has been
exposed to a long and recurrent tectonic history, which includes a possible Middle to Late
Paleozoic continental collision or accretionary stage (Pankhurst et al., 2006; Ramos, 2008; Vizéan
etal., 2017), Late Triassic-Jurassic rifting processes (Uliana and Biddle, 1987; Figari, and
Courtade, 1993; Figari, 2005), Cretaceous to Cenozoic fault reactivation and inversion (Dalla
Salda and Franzese 1987; Figari, 2005; Bilmes et al., 2013; Gianni et al., 2015; Echaurren et al.,

2016) and Cenozoic widespread basaltic magmatism (Folguera and Ramos, 2011).

The structural influence of basement inherited structures in this area has been previously suggested
for the development of Jurassic-Cretaceous rift basins (Figari et al., 2015), the tectonic inversion
of these faults and the Cenozoic fault-controlled uplift of basement blocks (Figari et al, 2015;
Bilmes et al., 2013). However, most contributions have been mainly focused on the Mesozoic to
Cenozoic tectonic and volcano-sedimentary processes, with little attention given to the Paleozoic
basement structural fabric, even though this zone has been alternatively proposed as an active
margin (Forsythe, 1982), a suture zone between two crustal blocks (Pankhurst et al., 2006; Ramos,
2008), an intracontinental large-scale dextral shear zone known as “Gastre fault system” (Rapela
and Pankhurst, 1992) or as part of a weak lithospheric zone between Western and Eastern

Gondwana (Vizan et al., 2017).

In this study, we recognize major-scale structures in the Patagonian broken foreland by means of
aeromagnetic and global gravimetric data. We discuss the relationship of the Paleozoic inherited
structural fabric with these structures considering field data, thus providing temporal constraints

for basement anisotropy. We also analyze these results in the context of the Gondwanan margin



for Late Paleozoic times discussing the tectonic significance of these structures and its relationship

with the subsequent Mesozoic to Cenozoic extensional and contractional deformation.

2. Geological Setting

The Extra-Andean Patagonia has been divided into two main morphostructural units,
namely, the North Patagonian Massif and the Deseado Massif (Fig.1; Feruglio, 1949;
Bracaccini, 1960). Our study area comprises the limit between both massifs, located in
central Patagonia (Fig. 1), which is part of the Patagonian broken foreland (Folguera and
Ramos, 2011). In this region, the distribution of Mesozoic and Cenozoic volcano-
sedimentary units is strongly controlled by a regional NW-SE to-NNW-SSE structural
fabric (Coira et al., 1975; Dalla Salda and Franzese 1987; Giacosa and Heredia 2004;
Folguera and Ramos 2011; Orts et al., 2012; Bilmes et al. 2013; Gianni et al., 2015, 2017).
In central Patagonia, outcrops of Devonian to Permian granitoids and associated
metamorphic rocks are scattered, and are mostly covered by Mesozoic to Cenozoic volcano-
sedimentary sequences (Fig. 1). This Paleozoic igneous belt is located immediately to the
east of the back arc Early Missisipian-Cisuralian Tepuel-Genoa basin (Limarino and

Spaletti, 2006).

2.1 Basement geology of the Patagonian broken foreland

The Paleozoic basement of the study area is mainly composed of metaluminous and
peraluminous Devonian to Permian granitoids (Fig.1), which intrude metamorphic rocks
ranging from greenschist to amphibolite facies (Dalla Salda et al., 1991, 1994; Garcia-

Sansegundo et al., 2009; Giacosa and Heredia, 2004; Martinez et al., 2012; Pankhurst et al.,



2006; Varela et al., 2005, 2015). In this work, this Paleozoic basement is collectively named
the “Paleozoic Central Patagonian igneous-metamorphic belt” (Fig. 1).

This basement is well-exposed in the western and southwestern limit of the North
Patagonian Massif, but is covered by younger units south of the Paso de Indios locality (Fig.
1). Itis composed by medium- to high-grade schists, gneisses and minor quartzites of the
Cushamen Formation (Volkheimer 1964, Dalla Salda et al., 1994; Giacosa et al., 2004).
Several syn-deformational igneous bodies of tonalitic to granitic composition of the Mamil
Choique Formation (Ravazzoli and Sessana, 1977) are concordant with the metamorphic
foliation found in Cushamen Formation. The depositional age of the Cushamen Formation
is constrained by U-Pb detrital zircon data, yielding a maximum deposition age of ~335 Ma
(Fig. 1, Hervé et al., 2005). Along the Andean ranges, the equivalent metasedimentary unit
is locally defined as the Colohuincul Formation (Turner, 1965). Monazite Th-U-Pb ages of
~392 and ~350 Ma in migmatites and schists of the Colohuincul Formation were reported
(Fig. 1, Martinez et al, 2012), whereas monazite Th-U-Pb ages of ~302 and 299 Ma were
also obtained for micaschists (Fig. 1, Oriolo et al., 2019). Comparably, zircon overgrowths
in EI Maiten Gneiss record late Devonian to middle Carboniferous amphibolite-facies
metamorphism (Fig. 1, Pankhurst et al., 2006). Upper amphibolite facies metamorphism
was also identified further east in the extra-Andean Patagonia, near Gastre (Fig. 1), where
the pre-Devonian Caceres Complex is exposed (Giacosa et al., 2014).

Geochronological and geochemical data indicate the presence of Late Carboniferous to
Late Permian I- and S-type granites, granodiorites and tonalites (Pankhurst et al., 2006;
Varela et al., 2005; 2015), associated with the Cushamen and Colohuincul formations

(Dalla Salda et al., 1994; Cerredo and L6pez de Luchi, 1998; Giacosa et al, 2004; Garcia-



Sansegundo et al., 2009; Oriolo et al., 2019). Drill cores in the San Jorge basin revealed the
presence of granitoids with K-Ar Carboniferous ages (see Fig. 1, Linares and Gonzélez,
1990). These igneous and metamorphic rocks cross this basin and continue through the
Deseado Massif and can be traced further southeast, in the offshore, in the Punta Dungenes

high (Ramos, 2008).

2.2 Mesozoic-Cenozoic geology in Central Patagonia

Volcanic activity was widespread in Patagonia during the Early Jurassic, associated
with the Western Gondwana break-up and the development of NNW-SSE rift systems
(Uliana and Biddle, 1987). The syn-rift sedimentary successions of the Cafiadon Asfalto
Basin (CAB, Fig. 1) include voluminous volcanic and volcaniclastic rocks, which are part of
a large igneous province (Fig. 2). This province is formed by Early-Middle Jurassic
volcanism of the Lonco Trapial, Marifil and Chon Aike Formations and is also well-
represented in the San Jorge Basin (Bahia Laura Group; Pankhurst et al., 1998). Coeval with
this volcanic episode, the I-type, subduction-related Subcordilleran batholith was developed
in the western sector of the Patagonian foreland, (Fig., 2; Rapela et al., 2005). To the east,
Late Jurassic to Cretaceous sedimentary rocks of CAB comprise a thick continental
sequence with high volcaniclastic input, accommodated in depocenters separated by
basement uplifted blocks (Figari et al., 2015). To the south, the E-W-trending rift-related
San Jorge Basin comprises Neocomian to Paleogene continental/marine deposits (Fig. 2,
Sylwan et al., 2001). Farther south, sedimentary sequences of Cretaceous age are exposed in
the San Bernardo fold and thrust belt being represented mainly by the Chubut Group

continental deposits (Fig. 2, Homovc et al., 1995). Eastward shifts of the magmatic arc in



Paleocene-Eocene times produced ignimbritic successions that cover large areas of the
broken foreland system (Folguera and Ramos, 2011; Aragon et al., 2011). Within-plate
basaltic plateaus are widespread in Early Neogene times, represented by the Somuncura and
Meseta Cuadrada plateaus, which are deposited in the north and south parts of the broken
foreland, respectively. Finally, the Miocene-Present configuration of the Patagonian
foreland is characterized by several intermontane basins with Neogene-Quaternary clastic
and volcanic deposits bounded by uplifted basement blocks (Bilmes et al., 2013).
3. Integrated geophysical and structural analysis of the Patagonian foreland
3.1 Aeromagnetic and global gravity data

The aeromagnetic dataset used in this work was surveyed by the Argentinian
Geological Survey (SEGEMAR) and, in the case of one block, by the Comision Nacional de
Energia Atomica (CNEA) in 1978, 1995-1996 and 1999. Four data-blocks, namely Chubut
Central (surveyed by CNEA), Pilcaniyeu, Jacobacci and Esquel, (SEGEMAR, 19994, b, and
c, respectively, see Figure S1 of supplementary material for further details) were compiled
and reprocessed. The “Chubut Central” acromagnetic data was previously digitized
(SEGEMAR, 2001; Alvarez, 2017). The aeromagnetic flight line spacing was of ~1000 m
with most of the lines trending N-S, except in the Chubut Central block (the biggest block)
where lines trend E-W. Flight height ranges from 120 to 140 m. During reprocessing,
magnetic noise was detected along E-W flight lines. To eliminate it, a noise grid was
subtracted from the original one. The noise grid was obtained applying a directional cosine
filter in order to enhance the noise signal, with a cosine function degree of 0.5. Then, a Fast

Fourier Transform and a Butterworth Filter were applied (Alvarez, 2017).



In order to check the quality of the reprocessed aeromagnetic data, a field magnetic
profile was surveyed in the central part of the studied area. This profile is ~50 km long and
was carried out 50 km to the north of Paso de Indios (Figs. S1 and S2 of the supplementary
material), along a local road oriented ~NE-SW. A G856 Geometrics proton precession
magnetometer with a resolution of 0.1 nT was used. The spacing between stations was of
500 m. Three or more observations were taken at each station and the corresponding values
were averaged. Accurate position of each station was determined by GPS. Magnetic
measurements were corrected for the diurnal variations in the Earth's magnetic field by data
of the Trelew Geomagnetic Observatory (INTERMAGNET). The obtained ground total
magnetic field was upward continued to 140 m (mean flight height) with the aim of
allowing an appropriate comparison with the profile extracted from the aeromagnetic data.
Both data sets (aeromagnetic and ground total magnetic field) show a good coincidence
after correcting for the different acquisition dates (Fig. S2), indicating that the re-processed
aeromagnetic data are reliable and appropriate for regional analysis.

For interpretation purposes, total aeromagnetic field was reduced to the pole and
then upward continued to 3000 meters using Geosoft Oasis Montaj software (Fig. 3a). This
processing was used to reduce the short wavelength magnetic and high amplitude signal
generated by high magnetic susceptibility of the Mesozoic and Cenozoic volcanic rocks (see
Fig. 2 for geographic distribution of these lithologies and Table S1 for magnetic
susceptibity values) and to highlight long wavelength magnetic responses from deeper
crustal sources. Tilt derivative was calculated from Reduced to Pole and Upward Continued

to 2000 m data for detecting edges and extent of basement sources (Fig. 3b).



Complete Bouguer anomalies were calculated from the Eigen-6C4 global model
(Forste et al., 2014) and from IGN (Instituto Geografico Nacional) ground data. IGN ground
gravity data were surveyed only along main roads as can be observed in Fig. S3
(supplementary material) consequently, IGN data coverage is partial and not suitable for our
purposes. The comparison between Eigen-6C4 and IGN complete Bouguer anomalies
shows large differences in the areas where there are no ground IGN data. Therefore, the
Eigen-6C4 complete Bouguer anomaly is considered as the more reliable and appropriate

for our regional analysis.

In order to investigate the upper crustal density distribution in Central Patagonia, the
residual Bouguer anomaly was calculated subtracting the complete Bouguer anomaly
upward continued to 10 km from the complete Bouguer anomaly. This reflects lateral
density variations within the upper crust and permits the analysis of high-density basement

blocks distribution.

3.2 Aeromagnetic data

3.2.1 Magnetic lineaments and domains

For the structural analysis of the aeromagnetic dataset, we consider that regional lineaments
and fault zones separate different magnetic domains which can be characterized by magnetic
intensity and texture. The analysis of gradient variation of the magnetic field (i.e. Fig. 3b) is used
for detection of sources and for limiting magnetic-discrete domains (Miller and Singh, 1994;
Aitken and Betts, 2009). These domains show a magnetic signature specific to the lithologies

cropping out in these areas.
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The aeromagnetic data shows the presence of two types of regional scale structures defined
by their magnetic trend and located in different areas. In the western area and completely
controlled by the structures of the Andean orogenic process, the magnetic structural trend is
characterized by N-S to NNE-SSW-trending magnetic lineaments that correspond to Andean
thrusts (Fig. 3c). These structures, which are related to the Andean fold and thrust belt, are exposed
in the North Patagonian Andes along westernmost margin of North Patagonian Massif (Giacosa et
al., 2004). To the east, the N-S to NNE-SSW magnetic structural trend is also observed in the
Pampa de Agnia Thrust (Fig. 3c, PAT), a structure previously identified in regional structural
cross-sections (Figari et al., 2015; Echaurren et al., 2016). The ~N-S regional magnetic lineaments
developed from North Patagonian Andes to the Pampia de Agnia basin are interrupted by a general
northwest trending magnetic structural anisotropy, where southwest verging thrusts are developed
(Fig. 2 and 3c). Three main thrusts of previous structural studies are redefined based on the
aeromagnetic interpretation: the San Bernardo Thrust (SBT) located in the San Bernardo FTB
(Barcat et al., 1986; Gianni et al., 2017); the Rio Chubut Medio-Taquetrén Thrust Fault (RCMF-
TTF), which is the most conspicuous structure in the region (Coira et al., 1975; Bilmes et al., 2013;
Figari et al., 2015; Echaurren et al., 2016); and the Gastre-Sacanana Fault (GSF), located in the
northern limit of Gastre Basin (Fig 3c) and previously described by Coira et al. (1975), Rapela and

Pankhurst (1992), Bilmes et al. (2013).

The Los Altares domain is characterized by high frequency and high amplitude northeast-
trending magnetic trend (Fig. 3d). This domain is truncated towards the southwest by the Rio
Chubut Medio — Taquetrén Thrust Fault (RCMF-TTF), marking a sharp change in magnetic
character which defines the eastern limit of San Bernardo domain (Fig. 3d). San Bernardo domain

IS characterized, in its eastern part, by a northwest elongated, low frequency magnetic minimum of
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~50 km width (Fig. 3c). The southwestern portion of this domain is characterized by a northwest-
elongated, low frequency magnetic maximum which shows a similar amplitude in comparison with
the northeast minimum (Fig. 3c). Immediately to the northwest of San Bernardo domain, the
Pampa de Agnia domain (Fig 3d) is defined by a moderate magnetic intensity signal cross-cut by
alternating northeast-elongated magnetic maximums and minimums of approximately 5 km
wavelength (Fig. 3c). The northern limit of Pampa de Agnia domain is defined by the (Piedra
Parada Fault) PPF separating this domain from the Piedra Parada domain (Fig. 3d). Piedra Parada
domain is characterized by a moderate magnetic intensity signal interrupted by alternating NE-SW
elongated magnetic maximums and minimums, while in its northwestern sector a well-defined,
low wavelength, magnetic maximum is detected (Fig. 3c). Pampa de Agnia domain is limited to
the west by the North Patagonian Andes Thrust (NPAT, Fig. 3c). The North Patagonian Andes
domain (Fig. 3d) is characterized by two distinct magnetic signatures. North of 43°S an area of
homogeneous high frequency maximums and south of 43°S an area of alternating magnetic

minimums and maximums of ~10 km wavelength (Fig. 3c).

Farther north, Nirihuau domain (Fig. 3d) is characterized by moderate magnetic values and
to the east limits with the Gastre domain, separated by the Chico river. The Gastre domain (Fig.
3d) is characterized by a northwest-southeast-elongated shape, with a moderate-to-low magnetic
signal crosscut by magnetic maximums and minimums (Fig. 3c). The northern limit of this domain
is defined by Gastre Sacanana Fault (GSF). To the southeast of Gastre domain, Taquetren and
Pichifianes domains are defined by high wavelength (between 20-10 km) magnetic minimums

(Fig. 3c).

3.2.2 Interpretation
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Lithologies cropping-out in Los Altares domain (Fig. 3d) are mainly Jurassic volcanic
rocks (Lonco Trapial and Marifil Fm.), which are part of the siliceous Chon Aike Magmatic
Province (Kay et al., 1989), showing high frequency magnetic maximums. To the west, in San
Bernardo domain (Fig. 3d), two different magnetic-signature areas have been defined. The main
difference between them is the absence of deformation in the easternmost area, which is
characterized by a magnetic minimum. However, the westernmost area shows a NW-trending
magnetic maximum (Fig. 3c) and exposes the Cretaceous Chubut Group in SBFTB (Fig. 2). The
magnetic response in SBFTB could represent the subsurface presence of Jurassic volcanics (Bahia
Laura Group/ Lonco Trapial Fm.) which are affected by SBT, as noted in seismic studies (Barcat

et al, 1984; Gianni et al., 2015).

The Pampa de Agnia domain (Fig. 3d) is located to the northwest of San Bernardo domain
and exhibits Late Paleozoic marine and continental successions covered by Liassic marine
sediments. These units are intruded by Jurassic-Cretaceous plutonic and sub-volcanic rocks and
covered by Cenozoic volcanics (see Fig. 2). Magnetic maximums of limited extension (Fig. 3c) are
related to the latter volcanics. In Piedra Parada domain (Fig. 3d), Cenozoic volcanics are widely
present (see Fig. 2). Cretaceous-Paleogene marine successions are covered by Oligocene-Early
Miocene within-plate basalts and show a good correspondence with NE-SW elongated magnetic
maximums (Fig. 3c). In its northwestern area, the long-wavelength magnetic maximum shows
good correspondence with volcanic rocks of the Eocene Pilcaniyeu belt (Aragén et al., 2011;

lanelli et al., 2017).

To the west, in North Patagonian Andes domain (Fig. 3d), two areas have been defined.
North of 43°S, the magnetic signature overlaps with the development of EI Maiten fold and thrust
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belt and the outcrops of the Subcordilleran batholith (Lower Jurassic plutonic rocks). South of
43°S, the magnetic signature exhibits good correspondence with Lower Cretaceous (Divisadero
Group) and Jurassic volcanic rocks (Lonco Trapial Fm.) (Fig. 2). The moderate-to-low magnetic
signature in Nirihuau Domain (Fig. 3d) matches with the development of Nirihuau-Norquinco
volcano-sedimentary Miocene synorogenic deposits (Giacosa et al., 2005; Bechis et al., 2014;

Ramos et al., 2015).

To the east, the Gastre domain (Fig. 3d) is characterized by a magnetic minimum showing
good correspondence with the outcrops of Paleozoic Mamil Choique granitoids (281 + 2 and 295 +
2 Ma, Pankhurst et al., 2006; Varela et al., 2005), located near Rio Chico. In its southeastern
sector, the magnetic maximums show good coincidence with the outcrops of Lonco Trapial
Formation (Jurassic volcanic rocks), which are located in the northern part of the Taquetrén Range.
The Taquetrén and Pichifianes domains (Fig. 3d) are defined by magnetic minimums which are in
good correspondence with the magnetic signature of Paleozoic basement crustal blocks (Fig 4),
where the Paso del Sapo granodiorite (314 + 2 Ma, Pankhurst et al., 2006) and the Pichifianes
granite (318 £ 2 Ma, Pankhurst et al., 2006) crop out (see Fig. 1). The location of Paleozoic
basement outcrops is of crucial interest for this work and will be analyzed in the following

sections.

3.3 Gravimetric interpretation and its relation with basement blocks

The residual complete Bouguer anomaly correlates well with the interpreted
magnetic domains and structural elements (Fig. 4a). In the residual complete Bouguer
anomaly, a series of long wavelength, positive anomalies (maximum amplitude of 12.6

14



mGal) are aligned along the northwest-southeast trending RCMF-TTF (Rio Chubut Medio
Fault-Taquetrén Thrust Front) (Fig. 4a). These positive gravity anomalies coincide with the
outcrops of Middle to Late Paleozoic igneous and metamorphic rocks (Fig. 4b), such as the
Paso del Sapo granodiorite/granite, Pichifianes granite and metamorphic rocks of the
Cushamen Formation.

From south to north, the “Pampa de los Guanacos” positive anomaly correlates with
subsurface basement drilling cores, located in the north portion of San Jorge basin, which
yielded Middle Carboniferous and Early Permian K-Ar ages (Fig 44, b, Linares and
Gonzalez, 1990). This block extends to the west of the RCMF-TTF, but shows maximum
positive anomalies immediately to the east of this structure, suggesting the reverse faulting
of the Late Paleozoic basement (Fig. 4a). To the north, La Potranca positive residual
anomaly coincides with the outcrops of La Potranca leucogranite (Fig. 4a, b, 289 + 2 Ma)
which is hosted by high density metamorphic complexes conformed by migmatites and
orthopyroxene granulites (Pankhurst et al., 2006). Pichifianes northeast-southwest trending
positive anomaly (Fig 4a), is lower than the anomalies observed in the rest of the blocks (~5
mGal), which could be related to the limited basement outcrops in this area, constituted by
garnet-bearing leucogranites of 318 + 2 Ma age (Pankhurst et al., 2006) with unknown
hosting rocks (Fig. 4b). To the northwest, Taquetrén sector is characterized by large positive
residual anomalies (Fig. 4a, 12.6 mGal) and shows good correlation with the outcrops of a
Late Paleozoic igneous-metamorphic complex intruded by a foliated granodiorite and
mylonitic granite (Fig. 4b, 314 + 2 Ma, Pankhurst et al, 2006). At a distance of ~70 km,
aligned with RCMF-TTF, the Rio Chico area presents positive anomalies of ~8.3 mGal

(Fig. 4a), and coincide with the Rio Chico Complex outcrops. This complex is constituted



by tonalites (Fig, 4b, 329 + 4 Ma, Pankhurst et al., 2006), granites, gneisses and migmatites
(Dalla Salda et al., 1994; Giacosa et al., 2004). Finally, near Bariloche locality, the Cafiadon
de la Mosca positive anomaly (Fig. 4a) corresponds to outcrops of foliated igneous rocks,
mica-schists and gneisses. These granitoids have been dated as 323 + 3 Ma (Fig. 4b,
Pankhurst et al., 2006).

The good correlation between positive Bouguer residual anomaly values and the
existence of igneous-metamorphic basement is due to the presence of high-density
metamorphic rocks, which are common in several outcrops along this belt. The occurrence
of these basement blocks is controlled by the development of regional-scale thrust zones
identified in the aeromagnetic and structural data interpretation (section 3.2.1). In previous
gravity studies carried out near Gastre locality, this relationship between positive gravity
anomalies values and high-density basements rock was also recognized (Lince Klinger et
al., 2011).

3.4 Internal Structure of Paleozoic granitoids in Central Patagonia

We made a regional geological survey taking field structural data to compare them
with aeromagnetic and gravimetric data. The structural control exerted by regional faults in
the geographical distribution of igneous-metamorphic basement blocks becomes clear from
Figures 4a and 4b. In particular, the control exerted by the Rio Chubut Medio Fault-
Taquetrén Thrust Front (RCMF-TTF) in the location of Cafiadon de la Mosca, Rio Chico,
Taquetrén and Pichifianes basement blocks (Fig. 5). For a proper characterization of the
inherited structure influence of the Paleozoic basement complexes in the successive
reactivation and development of faults, the internal structure of different syn-tectonic

plutonic bodies conforming these blocks is described (Fig. 5a).
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In coincidence with the Cafiadon de la Mosca positive residual anomaly (Fig. 5a),
the Cafadon de la Mosca Diorite (323 + 3 Ma, Pankhurst et al., 2006) crops out. It presents
a well-developed magmatic foliation defined by shape preferred orientation of plagioclase
and hornblende, with a mean orientation S= 299°/43°W (Fig. 5a). In addition, and in
structural concordance, magmatic layering is observed, defined by the alternation of

dioritic, tonalitic and subordinated gabbroic facies (Fig. 6e).

Approximately 70 km to the southeast, in coincidence with the Rio Chico positive
residual gravity anomaly, the El Platero tonalite (329 £ 4 Ma, Pankhurst et al., 2006)
exhibits a WNW-ESE magmatic foliation defined by shape-preferred orientation of
euhedral plagioclase with a mean orientation S=285°/66°NE. this orientation is subparallel

to the RCMF-TTF (Fig. 5a).

The Laguna del Toro foliated hornblende-biotite granodiorite (294 + 2 Ma,
Pankhurst et al., 2006) crops out in the northern part of Taquetrén positive residual gravity
anomaly (Fig. 5a). It displays shape-preferred orientation of elongated mafic enclaves (Fig.
6¢). The elongation of enclaves is parallel to a poorly defined magmatic foliation with a

mean value of S= 152°/55° E (Fig. 6¢).

At approximately 60 km to the southeast in the Taquetrén positive residual gravity
anomaly, the Paso del Sapo granodiorite and mylonitic granite crop out (Fig. 5a). The first
consists of an elongated S-type intrusion (314 + 2 Ma, Pankhurst et al., 2006) that lie
parallel to the metamorphic foliation of biotite-garnet-sillimanite gneisses and gneissic
migmatites. The peraluminous Paso del Sapo granodiorite is a NW-SE elongated body,

spatially associated with an almost coeval mylonitic granite (314 £ 2 Ma, Pankhurst et al.,
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2006). The magmatic foliation of the Paso del Sapo granodiorite is characterized by a
compositional layering of melanocratic (hbl-bt) and leucocratic (kfs-qtz) layers. A
magmatic foliation defined by shape-preferred orientation of hornblende and feldspars is
also observed, parallel to the magmatic layering. The mylonitic granite is found in local
shear zones, parallel to the magmatic foliation of the granodiorite (S = 320°/44°E; Fig. 6a).
The mylonitic foliation is defined by elongated ribbons of recrystallized quartz and feldspar
and biotite-hornblende aggregates, and is parallel to the magmatic/sub-magmatic foliation
of the Paso del Sapo granodiorite (Fig. 6a). A mean stretching lineation of 46°/034° is
defined by elongated muscovite aggregates, whereas kinematic indicators, such as S-C
structures and sigma K-Feldspars porphyroclasts, indicate reverse dip-slip and subordinated
dextral strike-slip.

Further southeast, the Sierra de Pichifianes biotite-garnet granodiorite (318 + 2 Ma,
Pankhurst et al., 2006) is exposed in coincidence with the northeast-southwest oriented
Pichifianes positive residual gravity anomaly (Fig. 5a). It shows a well-defined NW-SE
magmatic foliation given by shape-preferred orientation of euhedral K-feldspar crystals
with a mean foliation S=130°/48°W (Fig. 6d).

Finally, at the southernmost basement outcrop, the La Potranca leucogranite (289 +
2 Ma, Pankhurst et al., 2006) crops out in coincidence with the “La Potranca” positive
residual gravity anomaly, intruding a migmatite and a biotite-sillimanite gneiss (Fig. 5a).

Neither magmatic nor solid-state fabrics were observed in the field.

4. Discussion

4.1 Inherited structures and structural control
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We have described regional-scale structures which are mappable from aeromagnetic and
gravimetric data and correlate well with exposed faults. These structures control the actual setup of
a series of high-density basement blocks, composed by Paleozoic igneous-metamorphic complexes
and syn-tectonic granitoids (Figs. 5a, b). Igneous-metamorphic complexes and syn-tectonic
granitoids provide a significant petrophysical contrast between basement blocks and Mesozoic-
Cenozoic lithologies, both in gravity and in aeromagnetic results, and permit the mapping of

basement crustal blocks.

For analyzing the inherited structural control in the development of Patagonian broken
foreland, it is important to note that mylonitic and pre-existing basement foliations can provide a
weak medium for reactivation and locus for successive fault development (White et al, 1986;
Holdsworth et al., 2001). Therefore, the internal structure of Paleozoic syn-tectonic igneous bodies

is considered.

We have found a general NW-SE structural trend in the internal fabric of Paleozoic
granitoids (Figs. 5 and 6), which coincides with the orientation of the foliation in metamorphic
host rocks (Dalla Salda, et al., 1994; Giacosa et al., 2004; Cerredo and Lopez de Lucchi, 1998; von
Gosen and Loske, 2004; von Gosen, 2008; Zaffarana et al., 2010; Oriolo et al., 2019). This
structural fabric found in different syntectonic plutonic bodies is defined by magmatic and solid-
state processes which indicate regional deformation conditions operating during emplacement
(Paterson et al., 1989). Granite emplacement is related with the development of major structures,
so the location of syn-to-post-orogenic granitoids are a valuable indicator of an inherited large-
scale crustal architecture (e.g. Vigneresse, 1995; Brown and Solar, 1998; Petford et al., 2000,

Aitken and Betts, 2009).
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In our study area, four basement localities were analyzed and the internal structure of
foliated granitoids shows a close structural control in the development of the Rio Chubut Medio
Fault — Taquetrén Thrust Front (RCMF-TTF), which is an important regional structure previously
described by various authors (Coira et al., 1975; Dalla Salda and Franseze, 1987; Bilmes et al.,
2013, among others). Close to the thrust front, near the Paso del Sapo locality, the Paso del Sapo
mylonitic granite shows a foliation of S=320°/44°NE, identical to RCMF, and high-angle
stretching lineation (Fig. 6a). Moreover, evidence from seismic interpretation in the Taquetrén
range, suggests that the Paleozoic basement fabric was reactivated as the RCMF-TTF (Echaurren
et al., 2016). A similar internal structure is found in the El Platero tonalite, Laguna del Toro and
Paso del Sapo granodiorites, and Sierra de Pichifianes granite, showing magmatic structures (Fig.
5a and 6). All of these granitoids are located along the actual development of RCMF-TTF. The
relationship of this inherited structural fabric with the development of a major thrust zone becomes
clear when we consider that well-developed foliations in mylonites and foliated granitoids could be
planes of weakness, where subsequent reactivation occurs (Watterson, 1975; White et al., 1986;
Ferreira et al., 2008; Phillips et al., 2016). We consider that magmatic and mylonitic foliations
developed in Late Paleozoic granitoids could represent planes of mechanical weaknesses available

for successive reactivations.

The Gastre-Sacanana Fault (GSF) is located almost parallel to the Rio Chubut Medio Fault —
Taquetrén Thrust Front (RCMF-TTF, Figs. 4 and 5) and exposes Permian-Triassic granitoids and
Paleozoic granitoids. Based on structural field data, a Late Paleozoic ~NW-SE internal structure is
recognized in these granitoids (von Gosen and Loske, 2004; Zaffarana et al., 2010; 2017). We thus

suggest a similar origin for both GSF and RCMF-TTF, with an internal fabric of Late Paleozoic
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granitoids and associated metamorphic wall rocks generating a structural control in subsequent
faulting. This area was the key locality for the proposal of the Triassic-Jurassic crustal-scale
intracontinental Gastre Fault system (Rapela and Pankhurst et al., 1992), which was used in
numerous Mesozoic paleogeographic reconstructions for South America (e.g. Dalziel, 1997).
However, several works have put in doubt the existence of this Mesozoic shear zone (von Gosen
and Loske, 2004; Zaffarana et al., 2014; Ramos et al., 2017). Based on our data, this structure can
be interpreted as the result of an early reactivation of the Late Paleozoic structural fabric and,
therefore, the Gastre Fault system might not have such a regional importance as previously
suggested. Zaffarana et al. (2017) have indicated an emplacement history for the Triassic Central

Patagonian Batholith controlled by the Late Paleozoic inherited structural fabric.

Crustal heterogeneities and long-term fault zones may represent a major factor of weakening
in the continental crust (White et al., 1986; Clendenin and Diehl, 1999; Butler et al., 2006; Sengor
et al., 2018). Paleozoic basement inherited structures described in this work might thus be
successively reactivated, mostly as fault zones, when they were favorably oriented to the
prevailing stress field and if thermo-mechanical conditions were reached (White et al., 1986;
Holdsworth, 2004). According to this, the existence of a weak lithosphere has been proposed in
Central Patagonia to explain the focus of intraplate deformation during different tectonic events
(Bilmes et al., 2013; Echaurren et al., 2016; Gianni et al., 2015) and this zone was related with the
location of basement contractional structures and intraplate rift basins (Gianni et al., 2017). Once
formed, weak lithospheric fault zones remain susceptible to reactivation into transpressional or

transtensional structural assemblages and can channel ore-generating fluids (Marshak and Paulsen,
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1996). This is an important aspect considering that GSF control the development of the Navidad

epithermal Ag-Pb world-class deposit (Bouhier et al., 2018).

4.2 Paleozoic scenario in northwestern Patagonia

Several works have indicated the presence of an active continental margin along the western
North Patagonian Massif, associated with a major deformation belt (Pankhurst et al., 2006; Ramos,
2008; Varela et al., 2015; Prezzi et al., 2018; Vizan et al., 2017). The ~NW-SE magmatic and
solid-state structures found in syntectonic Paleozoic granitoids coincide with the ~NE-SW tectonic
shortening proposed for Late Paleozoic times in different sectors of this deformation belt (Cerredo
and Lopez de Luchi, 1998; Giacosa et al., 2004; von Gosen, 2008; Oriolo et al., 2019). In addition,
Renda (pers.comm.) proposes deformation in the Taquetrén range during the Devonian-
Carboniferous boundary (ca. 350 Ma) that could possibly correspond to an orogenic process,
whereas Oriolo et al. (2019) indicate transpressional deformation and metamorphism in the North
Patagonian Andes at ca. 300 Ma, attributed to an active continental margin. The NW-SE-striking
domain recognized by geophysical and field data in this work would thus represent this major Late
Paleozoic orogenic belt, comprising continental arc magmatism together with associated
deformation and metamorphism of basement complexes. According to Vizan et al. (2017), the
deformation also included wrench tectonics due to a toroidal motion of Western Gondwana respect
to Eastern Gondwana, accreting Southern Patagonia to South American plate and closing the
Paleozoic magmatic arc (Varela et al., 2005; 2015). The different deformation processes developed
in this margin range during this time span might favor the development of ductile structures that

were later reactivated until the Late Cenozoic.
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The Figure 7 shows an absolute paleomagnetic paleoreconstruction (latitudinal and
longitudinal) of Gondwana for the Late Carboniferous (ca. 320 Ma). The major continents are
reconstructed according to Vizan et al. (2017). Vizan et al. (2015, 2017) based their reconstruction
of southern Patagonia fundamentally on the basis of paleomagnetic data obtained in strata of the
Tepuel Genoa Basin of Rapalini et al. (1994). Different authors were considered to adjust the
paleogeographic location of the Malvinas/Falkland Islands, the Ellsworth - Whitmore mountains of
Antarctica, the block of the Thurston Island, Marie Bird Land and New Zealand (see caption in

Fig. 7).

Regarding Patagonia, it is noteworthy that Ramos and Naipauer (2014), among others, have
suggested that it was integrally forming a marginal land of Antarctica during the Paleozoic. For
Gonzalez et al. (2018), several lines of geological evidence point to a parautochthonous origin of
the eastern North Patagonian Massif as an outboard assemblage that represents the conjugate
margin of the Pensacola-Queen Maud-Ellsworth-Whitmore Mountains of Antarctica. The
Antarctic Peninsula would have been located in the west of Southern Patagonia since the Late
Paleozoic (Castillo et al., 2017). In the Malvinas/Falkland Islands and the Ellsworth Whitmore
Mountains (EWM), there are also outcrops of Late Paleozoic rocks forming Du Toit’s Samfrau
Geosyncline together with the Cape Fold Belt (South Africa) and the Sierras Australes of Buenos
Aires (Argentina) (Curtis and Hyam, 1998). The Tepuel-Genoa basin (Fig. 7) would also be part of
southern Patagonia. The Tepuel-Genoa basin, classified as a back-arc basin (Limarino and
Spalletti, 2006), has very little contribution of volcanic and plutonic detritus, implying that the
basin was not close to a magmatic arc during deposition (Ciccioli et al., 2018). The Middle
Carboniferous-Early Permian fossil assemblage of this basin have affinities with Australian fauna

of the same age and is peri-Antarctic with an approximate paleolatitude of 70 °S (Taboada and Shi,
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2011). Southern Patagonia is located as a peri- Antarctic block and the southern limit of the NPM
would be the southwestern margin of Gondwana. Thus, we suggest that it would correspond to an

active tectonic margin from the Early Ordovician till the Early Permian.

4.3 Controls of Paleozoic structures on the Mesozoic-Cenozoic evolution of the

Patagonian Foreland

During Late Triassic-Jurassic times, Patagonia underwent an extensional tectonic setting
related with widespread volcanic rocks deposited in NNW-SSE-trending grabens (Fig. 8a; Uliana
and Biddle, 1987; Figari et al., 2005; 2015). We consider that the Rio Chubut Medio Fault —
Taquetrén Thrust Front (RCMF-TTF) exerts an important structural control on the development of
the main depocenters of the Cafladon Asfalto Basin (Fig. 8a), as these rift-related depocenters are
generated in the hanging wall of the RCMF-TTF. The role of NW-SE Paleozoic inherited
structural fabric in the Jurassic-Cretaceous depocenters was also suggested by Figari et al. (2015),
but its relation with RCMF-TTF was not fully indicated. In Paso del Sapo mylonitic granite,
Paleozoic reverse dextral kinematic indicators were found (section 3.4). For Late Triassic-Jurassic
times, this structure can be characterized as a replacement structure, since its reactivation is in a
different sense from the original one (Sengor et al., 2018), being a contractional zone reactivated

as a series of minor normal faults controlling the development of depocenters.

Towards the end of the development of the Cafiadon Asfalto Basin, during Late Cretaceous
times, a vast marine transgression was registered in the Patagonian foreland (Fig. 8b). This event

coincides with a period of high convergence registered in the Andean margin, where the highest
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westward velocities of South America were achieved (Somoza and Zaffarana, 2008). Fission track
data in several Paleozoic basement blocks revealed a ~124-70 Ma exhumation episode in the North
Patagonian foreland (Fig. 8b; Savignano et al., 2016). In this period, the RCMF and associated
synthetic faults located to the southwest and northeast acted as resurrected structures (sensu
Sengor et al., 2018). In particular, the RCMF played an important role controlling the sedimentary
architecture of depocenters such as the “Paso del Sapo Embayment” (Fig. 8b), a narrow, coarse-
grained, tide-dominated delta deposited in a tectonically active area (Scasso et al., 2012).
Moreover, the tectonic activity of Rio Chubut Medio Fault- Taquetrén Thrust Front (RCMF-TTF)
in Late Cretaceous times is also constrained by fans of westwards growing strata and progressive
unconformities found in the ~83 Ma Paso del Sapo Formation, implying a Campanian thrusting

along the RCMF-TTF (Fig. 8b, Echaurren et al., 2016).

During Paleocene-Eocene times, tectonic reconstructions show that the convergence along
the South American margin was of high obliquity (Somoza and Ghidella, 2012). In this period, the
activity of RCMF-TTF continues as it is defined by the exhumation of fault-controlled Paleozoic
basement blocks at ~47 Ma (Fig. 8c). In the Patagonian foreland, an extensional/transtentional
period initiates and widespread retro-arc, bimodal magmatism is represented by the Pilcaniyeu
Belt, that spans from 60 to 42 Ma (Fig. 8c, Aragon et al., 2011; lanelli et al., 2017). This
magmatism is associated with an extensional retroarc setting (Aragon et al., 2011) and the
outcrops are concentrated in Piedra Parada Domain limited by RCMF-TTF and PPF (section 3.2.2,
Fig. 8c). Remarkably, this area concentrates WSW-ENE strike-slip structures probably associated

with a transpressive tectonic regime (Ruiz, 2005; Figari et al., 2015). Following this line of
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evidence, it should not be ruled out that RCMF-TTF and PPF could have acted as nearly parallel

“en échelon” faults generating a pull apart tectonic control in magmatism.

One of the last contractional reactivation periods, which controls the actual morphology of
the Patagonian broken foreland, occurs during Miocene times. Several independent intermontane
basins were developed in the Andean foreland separated by basement blocks and the inversion of
Mesozoic depocenters (Fig. 8d). Syntectonic sedimentation is found all along the broken foreland
(Bilmes et al., 2013; Ramos et al., 2015; Echaurren et al., 2016; Gianni et al., 2017; Bucher, et al.,
2019a, b) (Fig. 8d). Near the Andean domain, the main depocenter (i.e. Nirihuau-Norquinco, Fig.
8d) of the Pilcaniyeu Basin is limited by two regional NW-SE thrusts (Ramos et al., 2015), which
we identify as RCMF-TTF (southern limit) and GSF (northern limit). Farther east, the Miocene
activity of GSF was recognized in Gastre Basin by the tilting of deposits of the Late lower
Miocene La Pava Formation and the thrusting of the Pre-Jurassic basement over the Middle
Jurassic deposits of the Lonco Trapial Formation (Bilmes et al., 2013). Moreover, the Miocene
activity of RCMF-TTF was described recently in Paso del Sapo basin (PS, Fig. 8d), where
syntectonic sedimentary sequences record a deformation along the RCMF-TTF (Bucher et al.,

2019a).
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5. Conclusions

In Central Patagonia, a contractional Late Paleozoic tectonic regime associated with an
active Gondwana margin generated a ~NW-SE structural fabric in metamorphic and igneous rocks,
which was recurrently reactivated since Mesozoic times. This inherited fabric is related to a
magmatic arc, with a ~NW-SE internal structure, that formed in close relation with metamorphic
complexes representing a Late Paleozoic orogenic belt. Our results suggest that the present
distribution of Paleozoic basement blocks is controlled by deep-seated structures. These major
crustal-scale structures are reactivated and exert an important control since Early Mesozoic times
in different extensional or contractional tectonic events. In Early Jurassic — Cretaceous times, the
Cafadon Asfalto Basin presents a series of ~NW-SE oriented depocenters located in the hanging
wall of Rio Chubut Medio Fault, which is a NW-SE structure located in previous Paleozoic syn-
tectonic granitoids and mylonites. These depocenters and inherited structures are inverted in
Cretaceous to Cenozoic times controlling the development of the Patagonian broken foreland. As
with many long-standing deformational zones worldwide, it would be important to study with
more detail and applying different methodologies the nature and importance of the deep structure

of this zone.
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Figure 1. Geological map of the studied area. The Paleozoic basement continues in
subsurface, under San Jorge Basin deposits. U-Pb zircon ages of granitoids are from
Varela et al. (2005) and Pankhurst et al. (2006). K-Ar subsurface drill cores ages are from
Lesta et al. (1980) and Linares and Gonzalez (1990). Detrital maximum sedimentation
ages are from Hervé et al. (2005) and zircon overgrowths of the EI Maiten Gneiss are
from Pankhurst et al (2006). Monazite Th-U-Pb ages are from Martinez et al. (2012) and
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et al. (2007), Silva Nieto (2005), Haller et al. (2010) and Pezzuchi (2011). NPM: North

Patagonian Massif, DM: Deseado Massif.
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Figure 2. a) Structural map of the Patagonian foreland based on Dalla Salda & Franzese (1987);
Giacosa et al. (2004), Bilmes et al. (2013), Gianni et al. (2015), Navarrete et al. (2016) and
Echaurren et al. (2017). LC: Los Chilenos; RC: Rio Chico; GSF: Gastre-Sacanana Fault; SN:
Sierra Negra; RCMF-TTB: Rio Chubut Medio Fault — Taquetrén Thrust Front; SBFTB: San

Bernardo Fold and Thrust Belt
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Figure 3. a) Coloured RTP aeromagnetic data upward continued to 3000 meters. b) Tilt derivative
of the Reduced to pole Upward continued to 2000 meters data. ¢) Main regional structures are
recognized. GSF: Gastre-Sacanana Fault; RCMF-TTF: Rio Chubut Medio Fault — Taquetrén
Thrust Front; SBT: San Bernardo Thrust; NPAT: North Patagonian Andes Thrust. PPF: Piedra
Parada Fault, PAF: Pampa de Agnia Fault d) Structural Domains based on the RTP UC 3000 m

map and contours defined by the RTP UC 2000 m TD.
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Figure 4. a) Composite image of the Residual Bouguer anomaly. Main structures interpreted from
aeromagnetic data are shown. High-density crustal blocks are interpreted as Paleozoic basement
igneous-metamorphic complexes. b) U-Pb zircon ages of Paleozoic igneous rocks exposed in the
Patagonian foreland. Igneous complexes show a positive correlation with high amplitude
gravimetric anomaly values. Ages from Pankhurst et al. (2006), data available in Table S2

(supplementary data)
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Figure 5. a) Internal structure of Late Paleozoic granitoids of the Patagonian broken foreland.
Lower hemisphere equal area projections of poles and planes of magmatic foliations and layering
(1 to 5). Localities in yellow refers to the crustal blocks defined in the Bouguer residual anomaly
grid (Fig. 4a). b) High positive and high negative Bouguer anomaly values (red and blue
respectively). High positive anomaly values are interpreted as generated by high-density basement
blocks. The internal structure of this basement blocks is derived from a). U-Pb zircon ages of

granitoids from Pankhurst et al. (2006) and available in table S2 (supplementary data).
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Figure 6. Field photographs of solid-state (a) and magmatic structures (b to e). a) Mylonitic
foliation in the Paso del Sapo mylonitic granite. b) Magmatic lineation defined by shape-preferred

orientation of euhedral crystals of feldspar, hornblende and biotite in the Paso del Sapo
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granodiorite. c) Preferred alignment of elongate enclaves parallel to magmatic foliation in the
Laguna del Toro granodiorite. d) Magmatic foliation (S: 132°/48°W) defined by shape-preferred
orientation of euhedral crystals of K-feldsparin the garnet-bearing Pichifianes granite. e)

Magmatic layering (299°/43°E) in the Cafiadon de la Mosca intrusion.
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Figure 7. Absolute reconstruction of Gondwana for the Late Carboniferous (see text for for further
explanations). SP (Southern Patagonia), MFI (Malvinas/Falkland Islands, Curtis and Hyam, 1998),
EWM (Ellsworth Witmore Mountains block, Randall and Mac Niocaill, 2004; Jacobs and Thomas
2004), Tl, MBL (Thurston Island and Marie Bird Land blocks, Elliot et al. 2016), NZ (New Zealand,
Lawver and Scotese, 1987; Lacassie et al. 2006). 1: Taquetrén range, 2: Bariloche, 3: Don Camilo
locality (Deseado Massif), 4: Durban (locality of a larger Natal-Namaqua belt), 5: Cape Meredith
Complex (Natal-Namaqua belt), 6: outcrops of Natal-Namaqua belt in EWM, 7: Tres Lagos, 8: Pali
Aike, 9: Shackleton range, 10: Tepuel-Genoa basin. Orientation of tectonic stress in northwestern
Patagonia is indicated by black arrows. The shadowed yellow polygon represents the Southwestern

Middle to Late Paleozoic Gondwanan active margin.
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Figure 8. Regional structures for the Patagonian broken foreland and location of key units and
structural elements for different periods. Paleozoic basement blocks are shown in light red. See
text for discussion. a) Late Triassic - Early Jurassic location of graben systems, including
depocenters of the Cafiadon Asfalto Basin. In grey, subsurface Paleozoic basement from drilling
cores are shown (based on Lesta et al., 1980; Linares and Gonzalez, 1990; Uliana and Biddle.,
1987; Figari et al., 2015). b) Late Cretaceous marine ingression after Scasso et al. (2012). Data
from syntectonic volcanic U-Pb Zircon dated sequences (maximum deposition ages based on U-Pb
detrital zircon data) (Echaurren et al., 2016), foreland Early-late/Late Cretaceous apatite (U-
Th)/He exhumation ages of Paleozoic basement blocks (Savignano et al., 2016) and Late
Cretaceous apatite (U-Th)/He exhumation ages from Andean ranges (Thomson et al., 2010) are
also shown. c) Paleocene — Eocene retroarc volcanism (Pilcaniyeu belt) and Eocene — early
Miocene mafic volcanism (adapted from Aragon et al., 2011; lanelli et al., 2017; Fernandez Paz et
al., 2018) and its relationship with interpreted regional structures. Exhumation ages of Paleozoic
basement blocks and Mesozoic sedimentary sequences from Savignano et al. (2016). d) Interpreted
regional structures and location of Miocene foreland basins after Folguera and Ramos (2011),
Bilmes et al. (2012, 2013) and Bucher et al. (2019). Apatite (U-Th)/He exhumation ages in
Andean range from Savignano et al. (2016). Pi: Pilcaniyeu basin; NB: Norquinco Basin; SCFB:
Santa Cruz Foreland Basin; PA: Pampa de Agnia Basin; PS: Paso del Sapo Basin; GS: Gastre
Basin; GG: Gan Gan Basin; Jb: Jacobacci Basin; Co: Comallo Basin. Foreland syntectonic
volcanic U-Pb Zircon ages from 1. Ramos et al. (2015), 2. Bilmes et al. (2013), 3. Bucher et al.

(2019), 4. Gianni et al. (2017). All data is available in the supplementary material (Table S2).
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