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Abstract

This study synthesizes the tectonomagmatic evolution of the Andes between 35°30°S to 48°S
with the aim to spotlight early contractional phases on Andean orogenic building and to
analyze their potential driving processes. We examine early tectonic stages of the different
fold-thrust belts that compose this Andean segment. Additionally, we analyzed the spatio-
temporal magmatic arc evolution as a proxy of dynamic changes in Andean subduction during
critical tectonic stages of orogenic construction. This revision proposes a hypothesis related
the existence of a continuous large-scale flat subduction setting in Cretaceous times with a
similar size to the present-largest flat-slab setting on earth. This potential process would have
mitiated diachronically in the late Early Cretaceous and achieved full development in Late
Cretaceous to earliest Paleocene times, constructing a series of fold-thrust belts on the retro-
arc zone from 35°30°S to 48°S. Moreover, we assess major paleogeographic changes that took
place during flat-slab full development in Maastrichtian-Danian times. At this moment, an
enigmatic Atlantic-derived marine flooding covered the Patagonian foreland reaching as far as
the Andean foothills. Based on flexural and dynamic topography analyses, we suggest that
focused dynamic subsidence at the edge of the flat-slab may explain sudden marine ingression
previously linked to continental titing and orogenic loading during a high sea level global
stage. Finally, flat-subduction destabilization could have triggered massive outpouring of
synextensional intraplate volcanic rocks in southern South America and the arc retraction in

late Paleogene to early Neogene times.
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1. Introduction

In spite of many years of scientific research in the Andes, type locality of subduction
orogenesis, several aspects regarding to their evolution, deformational mechanisms, and uplift
timing remain unsolved. Even though most recent tectonic research is increasingly supporting
pre-Cenozoic initial growth of the Andean orogen (e.g., Dalziel et al, 1974; Mégard, 1984;
Wilson, 1991; Fildani et al, 2003; Folguera and Iannizzotto, 2004; Mpodozis et al, 2005;
Arriagada et al, 2006; Jaimes and de Freitas, 2006; Martin-Gombojav and Winkler, 2008;
Tunik et al., 2010, Horton et al. 2001; 2017, 2018 among others), contraction achieved during
these stages is still underestimated in recent works assessing Andean evolution (e.g., Oncken
et al, 2006; Husson et al, 2008; Barnes and Elhers, 2009; Maloney et al., 2013; Faccena et
al,, 2013; Armijo et al, 2015). Deciphering early Andean stages is of paramount importance
for a better understanding of the relation among tectonic processes, topographic evolution and
climate changes in South America (e.g, Poulsen et al, 2010; Garzione et al, 2006).
Additionally, it would help to constrain studies assessing spatial and temporal patterns in
hydrology and ecology (e.g., Hoorn et al, 2010; Mulch et al, 2010; Rorhman et al., 2014)
which have major implications on geogenomics and speciation (e.g., Baker et al., 2014).

Some outstanding examples of the contribution of pre-Cenozoic stages to Andean orogenic
building come from most recent studies carried on fold-thrust belts composing the Southern
Central and Southern Andes. In this contribution, we synthesize the latest geologic advances
of the Malargiie, Chos Malal, Agrio, Aluminé and North Patagonian fold-thrust belts, as well
as in the Patagonian broken foreland (Fig. 1), to highlight the role of early orogenic stages.
Additionally, we review the time-space arc behavior between 35°30°S to 48°S, which is
helpful to gain insights into several potential geodynamic processes in subduction margins
such as increase/decrease i plate coupling manifested on subduction erosion/accretion (Von
Huene and Scholl, 1991; Kay et al, 2005), changes in convergence rates (Molnar et al,
1979), crustal thickening (Karlstrom et al, 2014) and variations in slab dip (Coney and
Reynolds, 1977). Then, we discuss the potential geodynamic mechanisms behind early
mountain building stages and changes in arc dynamics. Finally, we carried a new flexural
study and a dynamic topography analysis adopting the model of Eakin et al. (2014), to assess
the origin of paleogeographic modifications linked to an enigmatic marine ingression in latest

Cretaceous to Paleogene times.



2. Cretaceous contractional deformation stages.

The following subsections are an update of geological studies from extensive research done in
the last decade in the Andes of southern South America (Fig. 1b). Particularly, we focus on a
segment extending ~1400 km from the 35°30° to 48°S that encompasses the Malargiie, Chos
Malal, Agrio, Aluminé and North Patagonian fold-thrust belts; and the Patagonian broken
foreland in the intraplate sector (Fig. 1b).
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Fig. 1. a) DEM showing the configuration of the Andes and location of the study area. b)

Image depicting the Southern Central and Southern Andes with respective fold-thrust belts
where Cretaceous orogeny has been documented. FTB: fold-thrust belt.

2.1. Late Early Cretaceous deformation in the Malargiie fold-thrust belt



The Malargiie fold-thrust belt has been object of many classic studies developed in the last
decades of the 20th century due to its importance in the oil industry (Legarreta and Gulisano,
1989; Ulana et al, 1989; Gulisano and Gutierrez Pliemling, 1994; Manceda and Figueroa,
1995; Vergani et al, 1995, among others). Since its definition by Kozlowski et al. (1993),
there has been a general acceptance that its main contractional phase took place during Mio-
cene times (Silvestro et al, 2005; Giambiagi et al., 2008; Silvestro and Atencio, 2009; Turien-
zo et al, 2012). However, mitial contraction in this belt began as early as Late Cretaceous
(e.g., Groeber, 1946).

During the 70’s to early 80’s, studies mostly focused in the Late Cretaceous red beds of the
Neuquén Group concluded that these deposits represented a foreland basin related to the Late
Cretaceous orogen (Cazau and Uliana, 1973; Ramos, 1999 and references therein; for a sum-
mary, see Garrido 2010) (Fig. 2). Since then, numerous studies in the Malargiie fold-thrust
belt have arrived at similar conclusions based on sedimentological, magmatic and seismic ev-
idence (Galarza et al., 2009; Orts et al, 2012a; Spagnuolo et al, 2012; Mescua et al., 2013;
Sénchez and Asurmendi, 2014). Direct evidence of Cretaceous tectonic activity in individual
structures of this belt has been recently described by Fennell et al. (2015). These authors iden-
tified contractional growth strata in outcrops of the Neuquén Group in main structures of the
Malargiie fold-thrust belt between 35°30° and 37°S (Fig. 3a,b,c). Through the identification of
growth strata, Fennell et al. (2015) defined the Late Cretaceous orogenic front, the general
morphology of the orogen and the sediment paleoflow between 35°30” and 37°S.

In order to represent the Late Cretaceous orogen, two schematic structural cross-sections
were performed by Fennell et al. (2015) (location in Fig. 3a). In the northern section (Fig. 3d),
the Sierra Azul and the Ranquil Co. anticlines were uplifted in Late Cretaceous times, defin-
ing a broad intermontane basin between them, where the Rio Grande flows nowadays. The
western structure had its core exhumed and was actively eroded, while the eastern structure
was located in the wedge-top area, where both deformation and sedimentation processes took
place. The Sierra Azul anticline was also the source of the sediments hosted in the Portezuelos
Colorados syncline, an active structure during Late Cretaceous times (Orts et al, 2012a). In
the southern section (Fig. 3e), the Sierra de Cara Cura was uplifted, defining an intermontane
basin between this structure and the Puntilla de Huincdn, which was interpreted by Galarza et
al. (2009) as active at this time based on the observation of significant thickness changes in
the Neuquén Group. This intermontane basin was fed by both, the Sierra de Cara Cura and

Puntilla de Huincan structures. Towards the east, in the Bordo Alto del Paytin, Sanchez and



Asurmendi (2014) documented the presence of a Late Cretaceous flexural depocenter that re-

ceived sediments from the Sierra de Cara Cura at that time (Fig. 3e).
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Fig. 2. Jurassic to Paleogene basin stratigraphy involved in the analyzed fold-thrust belts.
Based on Garcia Morabito and Ramos, (2012), Fennell et al. (2015), Gianni et al. (2015a) and
Echaurren et al. (2016a).
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Fig. 3. a) DEM of the study area in the Malargue FTB showing the location of the identified

Oligocene and Miocene sequences

Cretaceous and Paleogene sequences

growth strata in the Neuquén Group associated with the initial uplift of main anticlines in the



area. b) Growth evidences in strata of the Neuquén Group, located in the eastern-frontal limb
of the Sierra Azul anticline. In the inset, angular intraclasts of the Neuquén Group can be
observed. ¢) Growth strata in the Ranquil Co anticlne, where a maximum depositional age of
100 Ma for the Neuquén Group was obtained through U-Pb detrital zircon ages. d) and e)
Schematic cross-sections reflecting the dimensions of the Late Cretaceous orogen, along with
the Late Cretaceous structures identified through field growth-strata evidences and other
bibliographic mentions. Initial exhumation of the structures (red arrows) is constrained by
apatite fission track analysis performed by Folguera et al. (2015). See Fig. la for location of
cross-sections. Fig. modified from Fennell et al. (2015).

According to Fennell et al.(2015), the Late Cretaceous orogenic front was set 400-500 km
east from the present trench, roughly reaching 69°30°W. Through U-Pb dating of detrital zir-
cons in the Neuquén Group, the latter authors constrained the onset of deformation in this belt
in ~100 Ma. To the North, between 35°30’ and 33°S, Mescua et al. (2013) had defined the

Late Cretaceous orogenic front near the present international Limit with Chile. Nevertheless,
recent studies from the oil industry based on 3-D seismic data indicated that the deformation
front reached at least 69°30°W (Boll et al., 2014).

Balgord and Carrapa (2016), through a sedimentological analysis involving U-Pb detrital zir-
con provenance in depocenters located at 35°S, recorded a 25-30 Myr unconformity between
the Bajada del Agrio and Neuquén Groups (Fig. 2). This was interpreted as related to the tran-
sition from a post-rift thermal subsidence to forebulge erosion during initial flexural loading
linked to crustal shortening at 97 + 2 Ma. Folguera et al. (2015) supported field observations
through apatite fission track analysis in representative structures of the Malargiie fold-thrust
belt, documenting an exhumation episode in Late Cretaceous times (Fig. 3a, 3d and 3e). Nev-
ertheless, fission tracks data analyzed by these authors present significant dispersion. Finally,
this proposed timing of shortening matches the rapid flexural accommodation revealed by

sediment accumulation histories in the Cretaceous foreland basin (Horton et al, 2017; 2018).

2.2. Late Cretaceous deformation in the Agrio and Chos Malal fold-thrust belts

The Agrio and Chos Malal fold-thrust belts are located further east in the Argentinian side of
the Andes and south of the Malargiie fold-thrust belt (Figs. 1 and 4). These belts are charac-
terized by mixed styles of deformation with a western thick-skinned area product of tectonic
mversion of the Mesozoic Neuquén Basin and an eastern part dominated by thin-skinned

structures (see Rojas Vera et al, 2015 and references therein). Studies developed in the non-



marine deposits of the Neuquén Group in these fold-thrust belts demonstrated the synorogenic
character of this unit supporting the interpretation of a foreland basin stage in the Neuquén
Basin since the Late Cretaceous (Ramos, 1981a; Zamora Valcarce et al., 2007, 2009; Tunk et
al, 2010; Di Giulio et al, 2012, 2016). Particularly, throughout the entire Agrio fold-thrust
belt (Fig. 1), an unconformity between the Neuquén and the Bajada del Agrio groups has been
widely documented, being more significant in the western part of the belt, and loosing expres-
sion towards the frontal structures (Groeber, 1946; Ramos and Folguera, 2005; Leanza, 2009)
(Fig. 2). Changes in thickness in the Neuquén Group were detected in subsurface by Cobbold
and Rosello (2003), indicating Late Cretaceous activity along a thrust located in the frontal
sector, defining it as a Late Cretaceous fold-thrust belt mildly reactivated in Miocene times
(Ramos and Folguera, 2005). Additionally, Zamora Valcarce et al. (2006) dated a series of ig-
neous rocks intruding folded structures in the area, constraining a Late Cretaceous defor-
mation between ~100 and ~73 Myr. Later, Zamora Valcarce et al. (2007) confirmed, based on
paleomagnetic studies, that one of these igneous rocks intruded a previously deformed se-
quence, which was shortened during Miocene times. Late Cretaceous contraction in the Agrio
and Chos Malal fold-thrust belts has been recently supported through thermochronological
studies by Rojas Vera et al. (2015). These authors published the results of a fission tracks
analysis performed in the mner structures of these belts, which indicated a regional exhuma-
tion episode at ~70 Ma, younger than the one registered in the frontal structures of the Agrio
fold-thrust belt at ca. ~100-95 Myr (Zamora Valcarce et al.,, 2009). These data indicated a 6
km exhumation at ~69 Ma (Ramos and Folguera, 2005), calculated from the cooling age of a
Permian pluton (Kay et al, 2006). However, fission tracks data presented by Rojas Vera et al
(2015) show a large dispersion and additional thermochronological data is still needed in or-
der to corroborate their interpretations.

More recently, Horton and Fuentes (2015) suggested that the ~60-40 Myr interval was a time
of neutral tectonic regime based on the observation of slowing sediment accommodation in
the Neuquén foreland basin stage. However, determinations of La/Yb ratios in 70 to 42 Myr
arc rocks by Spagnuolo et al. (2012) indicated increasing crustal thickening at those times. In
this line, structural evidences for Eocene contraction from 36° to 37°30’S have been reported
in several studies (Cobbold and Rosello 2003; Charrier et al, 2007; Sagripanti et al, 2012;
Alvarez Cerimedo et al.,, 2013; among others).

Finally, Di Giulio et al (2016) interpreted, through multi-proxy provenance data and lag
times derived from apatite fission track analysis, a rapidly exhuming source within the Andes

to the west in response to the Late Cretaceous deformational phase.



2.3 Late Cretaceous deformation in the Aluminé fold-thrust belt
The Alummné fold-thrust belt extends to the south between 38° and 40°30’S from the North
Patagonian Andes in the west to a distal deformed foreland sector known as the Neuquén Pre-

cordillera in the east (Fig. 4).
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Fig. 4. DEM showing the location of the Chos Malal, Agrio and Aluminé fold-thrust belts.
Cross-sections reconstructed to the Late Cretaceous/Paleogene contractional stage are taken

from Garcia Morabito and Ramos, (2012) and Rojas Vera et al. (2015).
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In comparison to previous analyzed thrust belts, the Aluminé fold-thrust belt has been signifi-
cantly less studied. Nevertheless, most recent studies shed some light into its earliest evolu-
tionary stages. This thick-skinned belt was also affected by Late Cretaceous contraction that
deformed early Mesozoic rift and post-rift deposits of the southwestern Neuquén basin, trig-
gering synorogenic deposition of the Neuquén and Malargiie Groups (Fig. 2) in a foreland ba-
sin (Garcia Morabito and Ramos, 2012). Notably, during the Late Cretaceous phase, defor-
mation propagated distally to the foreland uplifting an intraplate belt known as the Southern
Neuquén Precordillera whose relief prevented the Atlantic transgression in Maastrichtian-
Danian times (Fig. 4). This eastern area developed separately from the main Andes through
positive inversion of Mesozoic rift depocenters and basement involved faulting (Garcia Mo-
rabito and Ramos, 2012). These deformed Mesozoic successions were covered by magmatic
rocks with arc-affinities dated between ~75 and ~71Myr, indicating that mountain-building
processes coexisted in space and time with an eastward arc-migration, and that this belt was
mostly built in Late Cretaceous times (Garcia Morabito and Ramos, 2012). Finally, a Mio-
cene-Pliocene contractional phase induced the reactivation of the internal and external sectors

of the fold-thrust belt with mmor propagation toward the foreland.

2.4 Late Early Cretaceous contraction in the North Patagonian fold-thrust belt (~42-44°
S)

The North Patagonian Andes between 42°-44°S correspond to an orogenic segment character-
ized by a low topography Cordillera (<2000 m) in the west and the “Patagonian broken fore-
land” to the east (Bilmes et al., 2013) (Fig. 5). In this segment of the Southern Central Andes,
the construction of the fold-thrust belt (Ramos and Cortés, 1984) has been originally related
to a Neogene stage of deformation (e.g., Giacosa et al., 2005; Orts et al., 2012b).

The extra-Andean domain, with a wide geological record in the NNW-trending ranges form-
ing the broken foreland, has also been mterpreted as absorbing contraction since Neogene
times after a protracted Mesozoic-Paleogene extensional regime (Figari, 2005; Bilmes et al.,
2013). However, recent studies have documented a late Early to Late Cretaceous contractional
stage that uplifted the North Patagonian fold-thrust belt near the plate margin and the Patago-
nian intraplate sector to the east (Orts et al, 2012b; Echaurren et al.,, 2016a; Savignano et al.,
2016).

The cordilleran sector is composed mainly by Mesozoic magmatic units, namely the North
Patagonian Batholith and its cogenetic volcanic arc associations known as the late Early Cre-

taceous Divisadero Group (Fig. 2). The batholith has been primarily formed by I-type, calcal-



kaline granitoids of Jurassic-Cretaceous age with Neogene suites of less differentiated units
(Pankhurst et al, 1992, 1999). The Mesozoic volcanic units consist of volcanic-volcanoclastic
packages of rhyolithic ignimbrites, acid domes and andesite-basalt lava flows (Lago La Plata
Formation) and mainly rhyolithic lithic tuffs (Divisadero Group). Between these units, isolat-
ed sedimentary rocks of the shallow marine to delta sequences of the Neocomian Coyhaique
Group (part of the Rio Mayo Embayment, or Aysén Basin; Aguirre-Urreta and Ramos, 1981;
Suarez et al., 1996) are scattered and uplifted in the Andean eastern slope (e.g., Sudrez et al.,
2009a; Orts et al., 2012b). Even though these deposits are better exposed to the south, at ~45-
46° S, their presence in the proto-Andean margin and toward the foreland account for periods
of backarc basin formation in Jurassic to Early Cretaceous times (Orts et al., 2012b; Echaur-
ren et al,, 2016a,b).

In the cordilleran zone, the Situacién Range exposes thick successions of the Lago La Plata
Formation, covered by discontinuous outcrops of the Divisadero Group (Fig. 5b). Echaurren
et al. (2016a) identified wedges with synextensional geometries controlling deposition of the
Lago la Plata Formation volcanic layers, as fault-bounded horizons increasing dipping angles
toward the base (Fig. 5b). Jurassic strata are unconformably underlying the Divisadero Group,
as evidenced by a tight fault-propagated syncline (Fig. 5b). In the Pirdmides and Galeses
ranges, to the west and south respectively, deformed beds of the Neocomian Coyhaique
Group are unconformably covered by the Divisadero Group, constraining this event to the
early Aptian (Echaurren et al, 2016b). The presence of this regional angular unconformity
has been interpreted as caused by initial contraction of the North Patagonian fold-thrust belt
(Orts et al, 2012b; Echaurren et al, 2016a,b). After this contractional event, in Late Creta-
ceous times (~100-80 Myr), fission-track ages indicate that the forearc region exhumed from
depths of at least 10-12 km (Duhart and Adriasola, 2008). The broken foreland domain is
characterized by a series of ~N-trending belts exposing mainly Paleozoic and Mesozoic sedi-
mentary and volcanic rocks, whose exposure is masked by two principal geological features;
the Paleocene-Eocene bimodal volcanic rocks of the Pilcaniyeu Belt (Rapela et al, 1983;
Aragén et al., 2011) and the Mesozoic Canadén Asfalto Basin (Fig. 2).

The Cafiadon Asfalto Basin contains thick nonmarine deposits of Jurassic sedimentary-
volcanic rocks deposited in an extensional system controlled by a complex arrangement of
depocenters (Figari, 2005). The Cretaceous infilling corresponds to the Chubut Group (late
Early to Late Cretaceous), which has been separated in the area into two units, the basal Los
Adobes Formation (Aptian) and the Cerro Barcino Formation (Albian) to the top, composed

by nonmarine and fluvial-lacustrine facies with variable volcaniclastic inputs (Fig. 2).
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contractional structures in the Situacion Range, unconformably covered by Early Cretaceous
volcanic rocks (Divisadero Group) (42°59°24.07°°S/71°39°03.7°W) (Echaurren et al,
2016a).c) Subsurface growth-strata evidences in the Chubut Group (seismic line 7615 in a). d)
Balanced structural cross profile (Echaurren et al., 2016a).

These units have been traditionally interpreted as sag deposits, or part of a synextensional
reactivation of the basin (e.g, Figari 2005). More recently, Echaurren et al (2016a)
documented the presence of subsurface and surface contractional growth-strata highlighting
their origin under a contractional regime (Fig. 5c and 6a-b).

In Late Cretaceous-Early Paleocene times, an Atlantic transgression covered the eastern Pata-
gonian platform forming an embayment in the Taquetrén range zone (Scasso et al, 2012).
These sedimentary units are the fluvial to tide-influenced estuarine rocks of the Paso del Sapo
Formation (Late Cretaceous) and the open marine deposits of the Lefipdn Formation (Dani-
an), which were both also mterpreted as part of the sag sequence (Figari, 2005) (Fig. 2). Nev-
ertheless, field relations exhibit syncontractional growth-strata in both units. In the Gorro
Frigio range, the Paso del Sapo Formation presents an overturned west-vergent fan of pro-
gressive unconformities in the footwall of a westward vengent thrust (Echaurren et al, 2016a)
(Fig. 6¢). U/Pb dating of a tuffaceous level in the growth strata constrained the depositional
age to ~83 Ma, with detrital material provided by the Chubut Group with an age peak of ~117
Ma (Fig. 6¢). The Chubut Group age population in the Paso del Sapo Formation probably
suggests basin cannibalization during deposition of this unit (Echaurren et al, 2016a). Similar
structural relationships are present to the north in Taquetrén range, where the shallow marine
Lefipdin Formation lies beneath Early Jurassic deposits by a reverse fault contact with the
former unit presenting westward vergent progressive unconformities (Fig. 6d). These evi-
dences account for a Late Cretaceous-Paleocene contractional reactivation of the western edge
of the Cafiadén Asfalto basin that correlates with the reactivation of the cordilleran area to the
east. Recent, apatite (U-Th)/He ages in the broken foreland sector between 41°30°-43°S, sup-
port previous tectonic interpretations evidencing a Cretaceous to Paleogene exhumation event
(~110-50 Myr) (Savignano et al., 2016) (Fig. 5a).
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Fig. 6. a) and b) Aptian-Albian angular unconformity and syn-contractional growth-strata in
the Aptian Los Adobes Formation at Los Altares location (43°51°15.35”°S/68°20°26.36”W).
c) Example of contractional growth-strata in the Paso del Sapo Formation dated through U/Pb
in ~83 Ma at the Taquetrén thrust-front (43°04°56.18”S/69°3°28”W). d) Example of
contractional growth-strata in the shallow marine Lefipan Formation
(42°57°10°S/69°25°06”W). See locations in Fig. 5a. Fig. modified from Echaurren et al
(2016a)

2.5 Late Early Cretaceous uplift of the North Patagonian Andes between 44°-46°S.

The North Patagonian Andes between ~44-46°S differ morphologically from the latter north-
ern segment. At these latitudes, the cordilleran domain is clearly separated from the broken
foreland area through a 250 km broad, practically undeformed, continental sector (Fig. 7). In
this segment of Central Patagonia, Jurassic to Cretaceous Western Gondwana breakup pro-
cesses led to the development of the nonmarine San Jorge Gulf Basin in the mtraplate sector
and the marine to nonmarine Rio Mayo Sub-Basin or Aysén Basin in an intra-arc and to retro-
arc position (Uliana et al., 1989; Aguirre-Urreta and Ramos, 1981; Sudrez et al.,, 2009a) (Figs.
2 and 7). The Rio Mayo Sub-basin and San Jorge Gulf Basin were progressively inverted dur-
ing Andean orogeny and constitute part of the Andes and broken foreland sectors respectively
(Fig. 7). Particularly, the Rio Mayo Sub-basin underwent a major reorganization during Apti-
an times reflected by the retreat of the Panthalasan sea to the west and the appearance of
subaereal subduction-related magmatism of the Divisadero Group and equivalents units, iden-
tified from 42° to 49°S (Sudrez et al, 1996, 2007, 2009a and references therein; Suarez et al.,
1996; Parada et al, 2001). U-Pb SHRIMP zircon ages in this unit range between ~118 to 102
Myr (Pankhurst et al, 2003; Sudrez et al, 2009b). The angular unconformity at the base of
this unit is thought to reflect the earliest uplift episode of the North Patagonian Andes (Ra-
mos, 1981b). This orogenic event is well recorded in the east-vergent Lagos La Plata and Fon-
tana fold and thrut belts (Iannizzotto et al, 2004; Folguera and lannizzotto, 2004). Unlike in
the northern sector of the North Patagonian Andes (previous section), a preserved stratigraph-
ic record constrained through U/Pb zircon ages, allowed restricting this episode to the 121-
118 Myr time interval (Aptian) (Ramos, 1981b; lannizzotto et al., 2004; Folguera and lanniz-
zotto, 2004; Sudrez et al, 2009a). An additional Late Cretaceous tectonic pulse has been in-
terpreted based on the description of a gentle angular unconformity between Latest Creta-

ceous calcalkaline volcanics and the Aptian Divisadero Group (Demant et al., 2007; Suarez et

al., 2009a).



16

Flgur 7 %

[aa)
—
1
o
e
—
©
=
S
[
o
c
©
%2

—— NORTH PATAGONIAN ANDES —— PATAGONIAN BROKEN FORELAND SYSTEM —
Lagos La Plata and Fontana FTB

=

Inferred Lower crust detachment —-

Cretaceous/Paleocene Basalts - Co.Grande-Pedrero Fm. (Pliocene/Pleistocene)
- Chubut. Gr (Late Early to Late -Volcanic rocks

Cretaceous)-Sedimentary rocks Undifferentiated Cenozoic sedimentary rocks
- Divisadero Gr.(Late Early - Buen Pasto Fm. (Late Oligocene/middle Miocene)

Cretaceous)-Volcanic rocks -Volcanic rocksL £ /middle Mi

Jurassic-Neocomian-Sedimentary rocks ?@g?gfn’}éoaﬁg ge%%?ner?t%ergercg?:ll(s e Miocene)
- Batholith (Jurassic to Tertiary) Rio Chico Gr.(Late Paleocene/Eocene)

-Sedimentary rocks

Basement (Early to Late Jurassic) Thrust ' Anticline * Syncline

Fig. 7. DEM showing the southern sector of the North Patagonian Andes, the central and
southern areas of the broken foreland sector (San Bernardo and Deseado fold belts). Below is
aregional cross section from Gianni et al. (2017).

This event is supported by regional observations such as out-of-sequence thrusting in the Pat-
agonian batholith in the Lago La Plata-Fontana fold-thrust belt and more locally by a K—Ar
date of 105 Ma from cataclastic plutonic rocks (Iannizzotto et al, 2004; Folguera and lanniz-
zotto, 2004; Sudrez and De la Cruz, 2001; Sudrez et al., 2009a). Moreover, this tectonic pulse
is coincident with the climax of tectonic emplacement of the Patagonian batholith at 98+4 Ma
proposed by Ramos (1982). In concordance with above mentioned structural observations,

Tunik et al. (2004) interpreted an exposure of the volcanic arc roots over the cordillera in late



Early Cretaceous times, based on a study of detrital modes in discrimination diagrams analyz-
ing Cretaceous foreland deposits of the Chubut Group. East of the southern domain of the
North Patagonian Andes, the Central sector of the Patagonian broken foreland uplifted as a
product of tectonic inversion of Jurassic to Neocomian extensional depocenters (Homovc et
al., 1995; Peroni et al, 1995). This intraplate belt is here characterized by the NNW-SSE-
trending San Bernardo fold-thrust belt that exposes the western border of the San Jorge Gulf
Basin and the Deseado fold belt to the south that deformed previous Permian to Jurassic ex-
tensional depocenters (Giacosa et al, 2010) (Fig. 7). As in the northern segment of the Pata-
gonian broken foreland, the San Bernardo fold-thrust belt also presents extensive outcrops of
the late Early Cretaceous to Late Cretaceous nonmarine Chubut Group (Fig. 2). Here, these
rocks are characterized by a high proportion of distal, ash-fall deposits reworked in lacustrine
and fluvial settings (Tunik et al, 2004). This succession is stratigraphically arranged as fol-
lows: The Pozo D-129 / Matasiete, Castillo, Bajo Barreal, LLaguna Palacios and Colhué Huapi
Formations, ranging in age from Aptian to late Cenomanian-Maastrichtian (?) (121.5-98 Myr)
based on fossil records and U/Pb zrcon data (Fitzgerald et al., 1990; Sudrez et al., 2014; Al-
lard et al, 2015) (Fig. 2). In the Deseado fold belt, Césari et al. (2011) and Pérez Loinaze et
al. (2013) constrained the age of a partially equivalent unit to the base of the Chubut Group,
known as the Baqueré Group, through U/Pb detrital zircons to the ~118-114 Myr time interval
(Fig. 2). Surface and subsurface description of a regional angular unconformity along the Pat-
agonian foreland region at the base of the Chubut Group has been commonly related to in-
traplate contraction and/or traspression (Clavijo, 1986; Barcat et al,, 1989; Homovc and Con-
stantini, 2001; Giacosa et al, 2010; Ranall et al, 2011, among others) and has been directly
linked with the initial growth of the North Patagonian Andes (Barcat et al, 1989; Ramos,
1981b; lannizzotto et al, 2004; Folguera and lannizzotto, 2004; Sudrez et al, 2009a) (Fig.
8a). More recently, in the northern part of the Southern Patagonian Andes, Ghiglione et al.
(2013) have dated by U/Pb detrital zircons in synorogenic deposits of Rio Belgrano and Rio
Tarde formations, obtaining a similar maximum depositional age of ~122 Ma and ~118-111
Myr respectively. These detrital zircon population yielded interesting results. Instead of pre-
senting a clear Andean provenance, they mostly come from the Patagonian foreland. Hence,
the authors pointed out that their data could indicate a late Early Cretaceous post ~122 Ma up-
lift of the Deseado fold belt and the western edge of the North Patagonian Massif. Particular-
ly, uplift of the San Bernardo fold-thrust belt is further supported by seismic surveys and sur-

face detection of growth-strata that described a synorogenic character of the Chubut Group
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(Barcat et al.,, 1989; Navarrette et al, 2015; Allard et al., 2015; Gianni et al., 2015a,b) (Figs. 8
and 9).
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Fig. 8. a) Image of the Bajo Grande unconformity evidencing an Aptian tectonic event in the
Deseado fold belt (47°51°S/68°46°W) (modified from Giacosa et al. 2010). b) Example of
surface evidences of growth strata in late Early to Late Cretaceous units of the Chubut Group
n the San Bernardo fold-thrust belt (Patagonian broken foreland)
(45°07°57.43°S/64°18°18”W). See location in Fig. 7 ((modified from Gianni et al. (2015a)).

In the Deseado fold belt a paleo-stress analysis carried out by Reimer et al. (1996) concluded
that this area has been under compression since late Early Cretaceous. Later identification of
an Aptian angular unconformity of regional character by Giacosa et al. (2010) confirmed the
beginning of contraction in this fold-thrust belt (Fig. 8a). Across the foreland and offshore ar-
eas, the Chubut Group is capped by a regional angular unconformity, either by retroarc basalts
or clastic deposits of Upper Cretaceous/Paleogene age, attesting for a major intraplate con-
tractional event in latest Cretaceous times (Feruglio, 1949; Lesta et al.,1980; Constinanzia et
al., 2011; Micucci et al., 2011; Navarrette et al., 2015).
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Fig. 9. Seismic reflection lines showing examples of growth-strata in late Early to Late
Cretaceous units of the Chubut Group in (a) Aptian to Cenomaninan syncontractional units in
the eastern sector of the Rio Mayo sub-basin from Navarrete et al. (2015) and (b) Albian to
Cenomanian syncontractional in the Sierra de Silva anticline in the easternmost San Bernardo

fold belt. See locations in Fig. 7.

3. Magmatic arc behavior during Cretaceous Andean construction

Abnormal eastward arc expansions in individual segments along the Southern Central Andes
from 36°S to 48°S have been broadly documented during early Andean orogenic stages from
Cretaceous to Paleogene times (Barcat et al, 1989; Ramos and Folguera, 2005; Kay et al,
2006; Sudrez et al, 2009a; Folguera and Ramos, 2011; Spagnuolo et al, 2012; Garcia-
Morabito and Ramos, 2012; Fennell et al., 2015; Gianni et al., 2015a; Echaurren et al., 2016a;
Folguera et al, 2015). In this section, the regional spatial and temporal evolution of arc mag-
matism is analyzed following the approach of Coney and Reynolds (1987), where arc rocks
ages are plotted against the distance perpendicular to the trench. To do so, we used previous
and new datasets of available radiometric ages (U/Pb, Ar/Ar, K/Ar, Rb/Sr) from Cretaceous
plutonic and volcanic arc-related rocks between 36°-49°S (see caption on Fig. 10 and 11 for
detailed references of datasets).

The magmatic arc between 36°S to 40°30°S underwent eastward migration in late Cretaceous
to early Eocene period, during the initial development of the Malargiie, Chos Malal, Agrio
and Aluminé fold-thrust belts (Llambias and Rapela, 1989; Franchini et al., 2003; Kay et al.,
2006; Ramos and Folguera, 2005; Zamora Valcarce et al., 2006; Garcia Morabito and Ramos,
2012; Spagnuolo et al, 2012; Folguera et al., 2015, Rojas Vera et al, 2015, Fennell et al,
2015; Di Gulio et al., 2016; Horton and Fuentes, 2016) (Fig. 10a). As reviewed in the work of
Fennell et al. (2015), initial arc migration at 36° to 38°S latitudes is marked by a Late Creta-
ceous to Eocene arc offset on the Chilean side of the Andes respect to the Late Cretaceous arc
north of 35°30°S (see Fig. 3.32; Charrier et al., (2007)) (Fig. 10a and b). In this regard, Tunik
et al. (2010), based on the analysis of the Mesozoic detrital zircons from the Neuquén Group,
showed that there are two mmportant peaks in the volcanic arc activity developed at 110 and
125 Ma respectively, followed by a gradual decrease, interpreted as a an arc waning stage.
Detrital zircon data shown by Di Gulio et al. (2012), Fennell et al. (2015), Balgord and Car-
rapa (2016) and Horton and Fuentes (2016) agree with this waning in arc activity between
~100 and ~85 Myr. Volcanic arc rocks to the east in the Argentinian Andean slope, have ages
between ~85 and ~60 Myr (Dominguez et al., 1984; Munizaga et al., 1988; Llambias and



Rapela, 1989; Linares and Gonzilez, 1990; Jordan et al, 2001; Franchini et al, 2003; Zamora
Valcarce et al., 2006; Spagnuolo et al., 2012), with a few Eocene ages (Llambias and Rapela,
1989; Cobbold and Rossello, 2003) (Fig. 10a). This fact has been used to propose an eastward
shifting of the arc front in Late Cretaceous to Paleogene times (Ramos and Folguera, 2005;
Spagnuolo et al, 2012, Folguera et al., 2015) (Fig. 10a). Main aspects of this magmatic belt
between 35°30° and 38°S have been summarized by Llambias and Rapela (1989), Franchini et
al. (2003), Kay et al. (2006), Zamora Valcarce et al. (2006) and more recently by Spagnuolo
et al, (2012). Chemical analyses show arc-like features indicated by high field strength ele-
ments (HFSE) depletion (La/Ta >28; Ta/Hf < 0,15) and fluid mobile element enrichment
(Ba/La >20) (Kay et al, 2006; Zamora Valcarce et al., 2006). A southward continuation of
this magmatic belt has been proposed by Garcia-Morabito and Ramos (2012), based on an
analysis of the igneous outcrops and a revision of previous and new radiometric data between
38°30’S to 40°30°S (Fig. 10a). At these latitudes, the authors identified a series of porphyric
intrusive bodies of andesitic-rhyodacitic composition and associated extrusive series that were
emplaced in close relation to NNW and NE-trending contractional structures. This spatial re-
lation was interpreted as a syntectonic emplacement of igneous bodies or postectonic immedi-
ately after the Late Cretaceous contractional pulse (Garcia-Morabito and Ramos, 2012). Geo-
chemical data from outcrops of the Aluminé valley show typical volcanic arc signatures,
indicated by trace elements ratios (La/Ta (33), Ba/La (20.35)), Nb negative anomalies, and a
K, Rb, and Th enrichment with respect to N-MORB (Lagorio et al., 1998) that together reflect
a ~170 to 200 km arc expansion in Late Cretaceous times (Garcia-Morabito and Ramos,
2012) (Fig. 10a).

As seen in the presented time—space diagram in Fig. 10b, the eastward arc broadening be-
tween 36° to 40°30°’S began between at 100-90 Myr showing a fast propagation at ~75 Ma.
This migration would have reached a maximum distal position about 430-400 km from the
trench at ~67-64 Myr, coevally with deposition of the uppermost levels of the Neuquén and
Malargiie Groups (Llambias and Aragén, 2011, Aguirre-Urreta et al., 2011) (Fig. 10b). In this
context, the Neuquén and Malargiie Groups would be the synorogenic sedimentary unit asso-
ciated with an early Andean orogen developed during changing arc dynamics from ~100-90 to
~65 Myr (Ramos and Folguera, 2005; Garcia Morabito and Ramos, 2012; Fennell et al., 2015;
Horton and Fuentes, 2016) (Fig. 10b).
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Fig. 10. a) Middle Cretaceous to Early Paleogene arc between 35° and 40°30°S. The reader is
referred to Folguera et al. (2015) and Garcia Morabito and Ramos, (2012) for complete refer-
ences of the presented geochronological dataset. These datasets were complemented with ages
from Sudrez et al. (1986); Lara and Moreno (2004), Moreno and Lara (2008) and
HNG/MMAIJIJICA (1978). b) Spatio-temporal analysis of arc magmatism showing an arc mi-

gration stage since around 100-90 Myr and its relation to synorogenic deposition.

Through a geochemical study in volcanic rocks at 35°30°S and a comparison with equivalents
rocks between 35°-41°S, lanrelli et al. (2018) concluded that the expanded Late Cretaceous-
Paleocene arc had a weaker arc-like signature and less slab-fluid influence in its northernmost
extreme. This contrasting behavior along with the documentation of localized extensionally-
controlled magma ascent in the hinterland of the Cretaceous orogen (Tapia, 2015; Fennell et
al, 2017) has been explained by the development of an incipient slab window at 35°30'S
around 70 Ma. In the entire 36°-40°30°S segment, arc retraction to the west took place from
Oligocene to early Miocene times concomitant with the eruption extensive synextensional
magmatism (Muioz et al, 2000; Ramos and Folguera, 2005; Folguera and Ramos, 2011)
(Fig. 11b).

Between 40°30°S to 44°30°S, eastward shifting of the magmatic front took place i late Early
Cretaceous times to Latest Cretaceous follobwed by an early Paleocene magmatic shut-off
(Folguera and Ramos, 2011; Echaurren et al, 2016a) (Fig. 11a).As shown in the time—space
diagram in Fig. 11b, the eastward arc broadening began between 120-110 Myr reaching a dis-
tance up to 520 km from the trench at ~70 Ma.

Echaurren et al. (2016a) noticed that early contraction evidenced by an angular unconformity
in the North Patagonian Andes was contemporaneous with the eastward expansion of the arc
rocks of the Divisadero Group at ~118 Ma, as also observed in the southern sector of this belt
by Gianni et al. (2015). Even though the magmatic suites of the North Patagonian Batholith
are mainly concentrated in the North Patagonian Andes, satellite plutonic and volcanic units
reached the foreland at ~90 Ma, evidencing an eastward expansion of the magmatic activity at
43°30°S from previous 136-124 Myr arc (Fig. 11a and b). These eastern bodies are calc-
alkaline intermediate-to-acid volcanic rocks of the Don Juan Formation (K—Ar age of 91 + 3
Ma; Franchi and Page, 1980) and I-type, calc-alkaline, basic-to-acid plutonic suites of the
Lago Aleusco area (Lopez de Luchi et al., 1992).



g7s’qo*w
L [References 7 G5 T T PRI S Continyation of
. i =55 E -
- Volcanic rocks 42 =120 o e '3'60_40030'5
[ Piutonic rocks 7 " Lan % 8 e A
Ao vocks aes - 2 v expanded arc
(UIPb,RbIST, KIAT,ArlAr) L4 02195 (038 e e ) ,-
[ >120ma B ORI e N A e
120056 M . 0~ E G
| iy / 107 T1 H0— a5, 8.3
: ~74,3‘¢

[ <sema 5 ;
; 13,9114 e 20 Gt
B . 108 e, * | o

Siloo. |
Y i
* ."’

.
e
-
—-
s
B
o
L

60 R
1§ 5
18
4 ta
0] 2§
183 Q A
w0 | § 35 [Arcshut-off Slab-window (5740 1
1 10:12Myr arc shut-off previous , ' | & 5 Miocene s ~20 Ma"arc shut-off previous
o to slab-window 1 to slab-window
00 600
. 0 100 Disztg?\ce perpendaigglar to the tr:r?gh (km) 300

0 100 200 300 400
Distance perpendicular to the trench (km)

Fig. 11. a) Compiled radiometric dataset of arc rocks between 40°30’S to 49°S ranging in age
from 140 to 40 Myr arc. References to ages from 40°30°S to 42°30’S are Adriasola et al.
(2006), Aragédn et al. (2011), Castro et al. (2011), Cazau et al. (1989), Ghiara et al. (1999),
Gonzilez Diaz (1979;1982), Haller and Lapido (1982), Halpern et al. (1975), Stipanicic and
Toubes (1975), Linares and Gonzilez (1990), Lizuain (1979, 1980, 1981b, 1987), Pankhurst



et al. (1994), Pesce (1979), Rabassa (1978), Rapela et al (1983, 1987, 2005), SEGEMAR-
JICA, Sepilveda and Viera (1980), Soechting (2001), Toubes and Spikerman (1973), Vattuo-
ne and Latorre (2004), Varela et al. (2005) and Zaffarana et al. (2017). References to ages
from 42°30° to 49°S can be found in Gianni et al. (2015a) and Echaurren et al. (2016a). This
Fig. differs from the one presented by Gianni et al. (2015a) in which only the early Creta-
ceous arc, immediately before late Early to Late Cretaceous arc shifting, was plotted. b) and
c) Spatio-temporal analysis of arc magmatism showing arc migration stages around 110 to
120 Ma and subsequent arc shut-off 10 to 20 Myr and its relation to synorogenic deposition.
Trench position in ¢) was restored by ~50 km forearc erosion between 46° to 49°S in Neogene

times (Guivel et al., 2003; Ramirez de Arellano et al., 2012).

According to Echaurren et al., (2016a), radiometric K—Ar ages of ~90-75 Myr of this plu-
tonism (Turner, 1982) indicate a temporal association with retroarc deformation of the Ta-
quetrén thrust front, where the ~83 Ma Paso del Sapo Formation deposited syntectonically
(Fig. 11b). The easternmost expression of the eastward incursion of the magmatic activity is
represented by arc-related calc-alkaline rocks emplaced in the Gastre Basin (Fig. 11a and b).
Recently, these rocks have been dated in 68.6 Ma and 74.3 Ma by Zaffarana et al. (2017). The
end of this period of magmatic expansion is marked by an arc waning since ~74 Ma evolving
to an arc shut-off from 70 to ~57 Myr that developed coetaneous to the Maastrichtian—early
Paleocene marine synorogenic deposits of the Lefipin Formation in flexural depocenters (Ec-
haurren et al., 2016a) (Fig. 11b).

Gianni et al. (2015a), suggested that the latter arc migration continued southward from 44°30°
to 48°S (Fig. 11 a). An abnormal arc expansion at these latitudes has been inferred since the
pioneering work of Barcat et al. (1989) and its tectonothermal consequences have been ana-
lyzed in more recent studies (Sudrez et al 2009a; Folguera and Ramos 2011; Gianni et al.,
2015a). As seen in the time—space diagram of Fig. 11b, in this segment the eastward arc
broadening began at ~120-122 Myr reaching a distance up to 440 km from the trench. This
magmatic stage was followed by a period of magmatic waning since ~74 Ma (Gianni et al,
2015a) that ultimately evolved into a magmatic gap stage up to ~50 Ma (Sudrez and de la
Cruz, 2001) (Fig. 11b). Noteworthy, in this segment the paleo-trench position was recon-
structed by taking into account ~50 km forearc loss in Neogene times (Guivel et al., 2003;
Ramirez de Arellano et al, 2012) (Fig. 11b). The igneous rocks mvolved in this process have
been grouped into several calc-alkaline units ranging from late Early Cretaceous silicic to
mesosilicic rocks and Late Cretaceous basaltic to dacitic rocks that share typical arc signa-

tures (Pankhurst et al., 1999; Parada et al., 2001; Demand et al., 2007). As initially suggested
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in the pioneering work of Barcat et al. (1989), late Early Cetaceous arc expansion was con-
comitant with the synorogenic deposition of the Chubut Group in the foreland area (Fig. 11b).
Most recent studies echoed this view and demonstrated that arc migration/expansion was coe-
taneous to the initial development of the Patagonian broken foreland (Gianni et al, 2015a;
Navarrete et al, 2015).

In Paleogene times, the Aluk-Farallon mid-ocean ridge interacted with the Patagonian margin
at analyzed latitudes producing a well-recognized slab window event. The latter, has been
mostly inferred based on the presence of 57-40 Myr intraplate magmatism, scattered between
40°30° to 49°S, with geochemical signatures compatible with a primitive mantle sources and
the development of a concomitant arc null (Ramos and Kay, 1992; Aragén et al., 2011).
Noteworthy, the documented arc waning-shut off stages described between 40°30° to 48°S
preceded ridge collision by ~20 to 12 Myr, which hampers linking the volcanic null entirely
to the formation of the slab window.

In the whole 40°30°-48°S segment, after the magmatic waning/gap period, the arc retracted to
the west and reappeared in Late Eocene to early Miocene times during significant intraplate
magmatic and extensional activity in the continental mterior (Pankhurst et al, 1999, see Fig.6;

Folguera and Ramos, 2011; lannelli et al., 2017; Fernandez Paz et al., 2017) (Fig. 11b).

4. Geodynamic controls behind arc expansions

Spatio-temporal changes in arc regions are controlled by a diversity of processes and identify-
ing a dominant cause is often difficult. Any successful hypothesis for arc behavior between
36° to 47°30°S reviewed m this study, must explain key observations such as ~400-520 km
magmatic migrations/expansions from the trench and arc quiescence stages lasting between
10 to 20 Myr in most of the analyzed segments (Fig. 10 and 11).

Significant across-arc migration patterns have been mostly attributed to changes in
convergence rates, variations in slab dip, crustal thickening and absolute trench motion
produced by subduction erosion or accretion, which are further influenced by structurally
controlled magma ascent and emplacement (e.g., Von Huene and Scholl, 1991; Kay et al,
2005; Haschke et al., 2002; Mamani et al., 2010; Karlstrom et al., 2014).

Subduction erosion is expected to produce arc advance as the forearc area is reduced, while
subduction accretion would generate arc retraction as the forearc region is enlarged. In both
cases during arc shifting the magmatism remains relative active (Von Huene and Scholl,
1991; Kay et al, 2005). The fact that most arc-migrations/expansions reviewed in this work
end with arc quiescence stages (10-20 Myr) described between 40°S to 47°30°S (Sudrez and



De la Cruz, 2001; Gianni et al, 2015; Echaurren et al, 2016) impede subduction erosion as
the main mechanism behind arc dynamics (Fig. 10b; Fig. 11). The chemistry of arc rocks has
been used indirectly to infer subduction erosion as removed forearc crustal material enters the
mantle wedge and contaminates the source of arc magmatism. Chemical signatures for this
process involve a decrease in €Nd values, increase in ° Sr/*°Sr ratios, steeper REE patterns
(higher La/Yb ratios); and higher Sr contents (Kay et al, 2005). Notably, such trace elements
pattern and isotopic signatures are lacking mn 120-80 Myr arc rocks (Weaver et al., 1990;
Pankhurst et al, 1992, 1999; Kay et al, 2006; Hervé et al., 2007; Echaurren et al., 2016b)
showing no evidence for significant source contamination and hence, Cretaceous subduction
erosion at studied latitudes. Nevertheless, younger events of subduction erosion have been
proposed from Oligocene to latest Miocene/Pliocene along the analyzed Andean segment
(e.g., Kukowski and Oncken 2006; Guivel et al., 2003).

The convergence rate influences the advection of heat by corner flow in the mantle wedge and
hence, it is expected to control arc-depth to slab, width and location. Molnar et al. (1979) sug-
gested a direct relation between increased convergence velocities and wider volcanic arcs.
However, most recent numerical modeling studies suggest that there is no clear correlation
between convergence and the location of the melting region in arcs (Grove et al., 2009; 2010)
or conversely to the early proposal of Molnar et al. (1979), there is a trenchward arc expan-
sion with increasing rates (Karlstrom et al., 2014; Fig. 10a). Noteworthy, as high plate con-
vergence took place along the entire active margin (Maloney et al, 2013) any possible effect
related to high convergence rates in Cretaceous times must have been visible in the whole
Andean margin and not just in the discrete segment between 36°S to 47°30°S described in this
work (Fig. 12). Additionally, the convergence rate hypothesis faces a critical limitation to ex-
plain arc quiescence at the end of arc migration stages (Fig. 10b; Fig. 11).

Karlstrom et al. (2014) put forward a provocative model tested through a mathematical ap-
proach in which some arc migrations are dictated by changes in crustal thickness. According
to this work, as crustal thickening proceeds, this drives arc migration as mantle wedge materi-
al is squeezed away from the trench. Particularly, in this model arc shut-off only takes place
when crustal thickness surpasses the 70 km, a value comparable to the thickest orogens on
earth (e.g., Tibetan and Puna-Altiplano plateaus). Although, we might expect some influence
of this process in the study area, there is no geological or geochemical evidence (e.g., La/Yb
ratios) for crustal thickening above 70 km during Cretaceous to early Cenozoic times neces-

sary for driving the observed arc shut-off (e.g., Parada et al., 2001; Kay et al, 2006; Spagnuo-
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lo et al, 2012; Echaurren et al, 2016b). Hence, arc migration/expansions terminating in arc
quiescence in most of the analyzed area are not easily explained by crustal thickening alone.
Structurally controlled magma ascent could have contributed to some degree to the observed
arc-migrations. However, field evidences attesting for such controls have not been provided
so far. Additionally, the general thick-skinned structures in fold-belts between 36°S to 47°S,
mostly related to high angle reverse faults, are not expected to substantially deflect the mag-
matic trajectory to explain the described arc-migrations/expansions. More importantly, this
process also fails to explain the evolution from arc expansion to arc quiescence observed in
most of the analyzed area in latest Cretaceous-Early Paleogene times.

Changes in slab dip linked to subducted plate shallowing is expected to expand the arc and
shift its position towards the foreland area as the mantle wedge is pushed-forward and drive
arc shut-off when full slab flattening is achieved (e.g., Coney and Reynolds, 1977; Dickinson
and Snyder, 1978). This view is supported by recent numerical modeling and global analyses
in subduction systems (Tatsumi and Eggins, 1995; Grove et al., 2009; 2012, Fig. 11a).

The slab shallowing hypothesis is potentially the most compatible with the arc behavior ob-
served in Figs. 10 and 11 as it may explain the evolution from ~400-520 km arc migra-
tions/expansions to final magmatic quiescence. Furthermore, slab flattening could be sus-
tained for several millions of years independently of convergence rates, crustal thickening and
forearc erosion or accretion. Most of tectonic studies in the reviewed area have argued in fa-
vor of changes in subduction angle linked to slab shallowing or flattening events as the most
likely process to explain the observed arc behavior in the analyzed areas (Sudrez et al., 2009a;
Ramos and Folguera, 2005; Kay et al., 2006; Folguera and Ramos, 2011; Garcia Morabito and
Ramos, 2012; Spagnuolo et al, 2012; Gianni et al., 2015a; Echaurren et al, 2016). These
studies have terpreted such episodes in terms of individual slab shallowing or flattening
processes related to deformation in discrete retroarc fold-thrust belts. Nevertheless, as seen in
Fig. 12a, the region that experienced arc migration/expansion forms a continuous belt from
36° to 48°S, which raises the possibility that a single large-scale slab flattening event could

have taken place in Cretaceous to Paleogene times.
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Fig. 12. a) Distribution of Cretaceous to Paleocene arc-related outcrops showing the potential
extent of the Nalé large flat-slab. b) Image showing the Peruvian large flat-slab for
comparison with the Nalé large flat-slab configuration proposed in this work. c¢) Compiled
radiometric data set from Hu et al. (2013) showing arc positions during the development of
the Peru large flat-slab. Please note the limited arc migration before magmatic shut-off during
slab flattening in Peru. d) Diagram showing trench normal absolute upper plate velocity and
slab age from 160 Myr to present at three different latitudes from Maloney et al. (2013).
Please note the correlation among subduction of young oceanic floor, high trenchward upper

plate motion, and the onset of slab shallowing in the analyzed Andean segments.

5. Regional arc evolution between 35°30° to 48°S: A ~1350 km large-scale flat
subduction segment?
As described in the previous section, arc migration segments potentially linked to slab
shallowing/flattening events are not local phenomenona. As depicted in Fig. 12a these zones
are latitudinally connected forming a continuous segment ~1350 km long that can be
alternatively conceived as a single arc expansion/migration process. If right, this potential

process was diachronic as reflected on the ages of initial expansion of the different arc
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segments (Figs. 10 and 11). In this sense, the first change in subduction angle may have taken
place in the segment from 48°S to 44°30°S at ~120 Ma (Sudrez et al., 2009a; Gianni et al.,
2015a) (Fig. 11b). Then, this episode seems to have generalized since 100-90 Myr,
propagating northward and achieving its full development during the 75-60 Myr time interval
(Fig. 10 and 11). It is worth noting that diachronism in arc shifting is apparently reflected in
the beginning of synorogenic deposition in the foreland, as well as, broken foreland basins
related to the analyzed fold-thrust belts (Fig. 2). Nevertheless, at this time the configuration of
the subduction system may have been complex as indicated by an eastwardly displaced active
arc north of 40°30’S (Ramos and Folguera, 2005; Spagnuolo et al, 2012; Garcia Morabito
and Ramos, 2012) and an arc shut-off to the south (Gianni et al., 2015a; Sudrez and de la
Cruz, 2001) (Figs 10b, 11b and 12a). Although complex, this situation is strikingly alike to the
current situation of the Chilean/Pampean flat-slab (Alvarez et al, 2015). We speculate that
similarly to the latter segment, it could have been due to a slightly different slab configuration
north and south of the 40°30’S latitude. A prevailing shallow angle to the north may have
allowed arc magmatism production out of a preserved mantle wedge (Ramos and Folguera,
2005), whereas a flat angle to the south extruded the mantle wedge during full plate
horizontalization, cancelling magmatic production (Gianni et al, 2015a; Echaurren et al,
2016a) (Fig. 12a). The potential connection among some of the Southern Central Andes
shallowing/flat-slab events was initially suspected by Garcia Morabito and Ramos (2012).
The regional analysis presented in this review expands this idea and suggests the potential
existence of a ~1350 km long shallow to flat-subduction segment in Late Cretaceous-Early
Paleogene. This episode is here referred to as the Nalé large flat-slab event (Fig. 12a). It is
worth noting that this episode could have been linked to a subduction segment as large as the
biggest flat-slab on earth, known as the Peruvian large flat-slab that runs ~1400 km along the
South American margin between 4°S to 15°S (Gutscher, 2000) (Fig. 12b). Noteworthy, such
large-scale modifications in subduction settings are rare and poorly documented in the
geological record. In this regard, Gutscher (2000) differentiated this type of processes from
more common small-scale slab shallowings/flattenings and classified them as large flat-slab
configurations. Indeed, the hypothetical Nalé event would have shared several features with
other large flat-subduction events such as the Cretaceous to Paleogene Laramide event (U.S)
and the current Chilean/Pampean and Peruvian flat-slabs, where orogenic stages took place in
concert with arc expansions followed, by stress transmission far inland developing intraplate
contractional belts (Dickinson and Snyder, 1978; Folguera and Ramos, 2011; Garcia Morabito
and Ramos 2012; Gianni et al, 2015a; Echaurren et al, 2016a). Nevertheless, intraplate



contraction is not unique to flat-subduction settings and several additional parameters (e.g.,
high convergence rates) may occasionally produce the same distal deformational effects
(Raimondo et al, 2014). Magmatic migration/expansion distances from previous arc positions
before magmatic shut-off in large flat-slab settings are variable (e.g., South Korea flat-slab,
250 km, Egawa et al. 2013, Fig. 7; Laramide flat-slab, 800 km, Coney and Reynolds, 1977;
South China flat-slab, 1000 km, Li and Li, 2007, Fig. 3). Particularly, the Peru large flat-slab
magmatic expansion did not surpass in average the ~250 km before magmatic shut-off (Hu
and L, 2013) (Fig. 12c). Notably, the latter observation is comparable to arc migrations
described in the Nalé large flat-slab (Figs. 10b and 11b). The proposed Nalé large flat-slab
would have had a 45-40 Myr time-spam of arc migration before stabilization or magmatic
quiescence, which is comparable to other large flat/shallow subduction settings (e.g., Fig. 3;
South Korea flat-slab, 100 Ma, Egawa et al. 2013, Fig. 7; Laramide flat-slab, 45 Ma, Coney
and Reynolds, 1977; South China flat-slab, 60 Ma, Li and Li, 2007).

A feature recently detected on large flat-slab settings is the formation of slab tears at their
edges due to buoyancy contrasts producing stretching in the transitions of flat to normal (30°)
subduction angles (e.g., Burd et al 2014; Antosijevic et al, 2015). Notably, a slab tear in the
northernmost extreme of the Nalé large flat-slab could account for the anomalous magmatism
and slab detachment inferred by lanelli et al (2017) and Fennell et al (2017) at 35°30°S.

The origin of flat-subduction settings has been related to a wide variety of processes. The
most commonly invoked driving mechanisms are: (a) the subduction of buoyant oceanic fea-
tures such as oceanic plateaus and seamounts (e.g., van Hunen et al, 2002; Liu et al., 2010);
(b) slab uplift due to the hydrodynamic suction force in the mantle wedge linked to the pres-
ence of a deep cratonic root (200-300 Km) (e.g., Jones et al, 2011; Manea et al., 2012). (c)
slab uplift due to eastward relative mantle flow (e.g., Doglioni et al, 2007; Panza and
Doglioni, 2015) (d) the rapid overriding of a continent over young oceanic lithosphere (van
Hunen et al., 2000). According to Hu et al. (2016) the simultaneous action of these processes
is necessary to explain active flat—subduction settings in South America.

The influence of the subduction of buoyant oceanic features on the origin of the Nal¢ flat-slab
event cannot be disregarded. Nevertheless, assessing their role in ancient flat-subduction
settings is challenging. In this sense, global plate reconstructions do not show any potential
interaction of oceanic plateaus or seamount chains that could be linked to the Nalé flat-slab
(e.g., Miiller et al, 2016). Although not completely necessary, there is no evidence of
accreted oceanic material in Cretaceous times in the Patagonian margin that would help to

infer the subduction of a buoyant oceanic feature.
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The lithosphere in southern South America is about 70-55 km thick (Tassara et al, 2006),
which is largely inherited from continental stretching linked to the formation of the South
Atlantic Ocean. Hence, the lack of a deep cratonic lithosphere in the study area and the
absence of geological evidence of past existence of it precludes considering a hydrodynamic
suction influence on the Nalé flat-slab. The westward drift of the lithosphere implies a relative
eastward mantle flow that in the context of eastward-directed Andean subduction may have
aided to develop slab shallowing. Nevertheless, additional factors are still needed to account
for the full flat-slab geometry in late Cretaceous. Using global plate reconstructions Gianni et
al, (2015a), Fennell et al. (2015) and Echaurren et al. (2016a), showed that subduction of
young oceanic lithosphere coincided in space and time with the described arc-magmatic
expansions. As shown in Fig. 12d there is a striking correlation among subduction of young
oceanic floor, high trench normal absolute upper plate motion, and the onset of slab
shallowing in the analyzed segments. Furthermore, the northward progression in subduction
of young lithosphere explains the diachronic character of the Nalé flat-slab, which is not
easily accounted by previously analyzed slab shallowing mechanisms. From a global analysis
Cruciani et al. (2005) showed that there is no relation between slab age and dip, but that this
correlation is better when considering the subduction rate. However, these authors did not
include the absolute upper plate velocity in their analysis, which is expected to modify the
slab angle when a young plate (40 Ma or less) is overridden, as indicated by analog and
numerical modeling (Van huene et al., 2002, L and Currie, 2015). Hence, it is possible that
in the context of polarized mantle flow (Doglioni et al, 2007), fast overriding of young
oceanic lithosphere at these latitudes could have been the key to trigger a full flat-subduction
configuration.

Termination of large-scale flat-subduction is often related to dramatic geodynamic changes in
the subduction margin and intraplate areas. Two of the most common features are a
trenchward retreat of the magmatic arc linked to slab steepening and massive outpouring of
intraplate extensional magmatism produced by sudden asthenospheric upwelling (Humphreys
et al, 1993; Li and Li, 2007). Strikingly, destabilization of the proposed Nalé large flat-slab
would have taken place during Paleogene times following similar tectonomagmatic
characteristics (Fig. 13). It was a diachronic process first achieved through the development
of a slab window between 55-40 Myr that produced bimodal magmatism linked to the parallel
subduction of the Alluk-Farallon mid-ocean ridge (Espinoza et al, 2005; Aragén et al., 2011).
This stage was accompanied by upper plate extension as expected in these settings (see type 8
rifting, Doglioni, 1995). This process was followed by a trenchward arc expansion and further



eruption of itraplate volcanic rocks from Oligocene to early Miocene times produced by
mantle upwelling triggered by slab steepening (Kay et al, 2006; Encinas et al, 2015;
Folguera et al, 2015; Fernandez-Paz et al, 2017, among others) (Figs. 10b; 11b; 13).
Trenchward expanded arc achieved its maximum expression in the Coastal magmatic belt
(CB) and the Traiguén basin (TB) located in the current forearc region close to the Chilean
trench (Mufioz et al,, 2000; Encinas et al.,, 2015) (Fig. 13).

6. The Nalé large flat-slab event and its bearings on Maastrichtian-Danian

paleogeography
In Latest Cretaceous to early Paleocene, dramatic paleogeographic changes took place in the
Neuquén and Patagonian forelands. At this moment, a restricted sector of the Southern and
southern Central Andes foreland was flooded by the first Atlantic-derived transgression since
Gondwana breakup (Feruglio, 1949; Aguirre-Urreta et al., 2011; Olivero and Medina, 1994)
(Fig. 14). South of 49°S, this transgression used a preexisting marine pathway through the
Late Cretaceous foredeep of the Austral foreland basin of the Southern Andes (Fig. 14). On
the other hand, between 48° to 35°S, the transgression crossed-over the Patagonian foreland
forming an isolated flooded domain that occupied an extensive intraplate area with some
sectors reaching as far as the Andean foothills (Aguirre Urreta et al., 2011; Scasso et al, 2012)
(Fig. 14). In this sector, the transgression bordered the southern Patagonian broken foreland
and entered axially through broken foreland depocenters in the northern sector forming the
Paso del Sapo embayment (Scasso et al, 2012; Echaurren et al,, 2016a). Maximum flooding
achieved i Danian times caused interconexion among the Neuquén—Colorado, Golfo San
Jorge, and Canadén Asfalto basins as evidenced by common marine species and genera
among them (Del Rio and Martinez, 2014) (Fig. 2 and 14). Particularly, the ~83 Ma age
obtained by Echaurren et al. (2016a) for the fluvial to estuarine deposits of the Paso del Sapo
Formation suggests that that flooding may have begun locally earlier, m Campanian times.
The origin of the first Atlantic-derived transgression at studied latitudes has intrigued scientist

since pioneering works in Patagonia (e.g., Weaver, 1927; Feruglio, 1949).
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Fig. 13. Image showing the distribution of Paleogene to Neogene intraplate volcanic rocks
from Patagonia. Fig. modified from Folguera and Ramos (2011) including updated geological
data from Espinoza et al. (2005), Encinas et al. (2015) and Fernandez-Paz et al. (2017). Below
are proposed tectonic models for the Cenozoic intraplate magmatism of Patagonia at three dif-
ferent cross-sections. Please note the spatial coincidence between intraplate magmatism and
the previous extension of the proposed Nalé¢ large flat-slab event. Abbreviations are, P:
Posadas basalts, MCC: Meseta de Chile Chico, TB: Traiguen Basin, MC: Meseta cuadrada
basalts, SC: Somin Cura basalts, EM: El maiten belt, CB: Coastal magmatic belt, CMB: Cura
Mallin Basin, PB: Palauco basalts, Pilcaniyeu belt.
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2014). b) Comparison among time spams of nonmarine basin sedimentation, marine
ingression and subsequent regression with various models of sea-level changes for the
Phanerozoic. Please note that nonmarine deposition in the Andean basins prevailed during the
periods of highest global seal level, while extensive maastrichtian-Danian marine ingression
took place during a decreasing sea level. We also plotted the onset and the full development of
flat subduction and the termination of this process. Please note that that the marine ingression
took place at the time a full flat-slab developed and marine regression took place when this
subduction geometry destabilized. Figure modified from Verard et al. (2015).

Late Cretaceous to FEarly Paleocene marine ingression was common to the whole
Southamerican continent, especially in early Andean foredeep areas. However, Atlantic
marine ingression crossing the entire platform and foreland areas from east to west was
unique to Patagonia. Hence, it was rapidly acknowledged that this event could have not been
solely produced by a global eustatic high in sea level at that time. The most accepted
hypothesis for this enigmatic event mnvokes combined processes of continental tilting,
produced by foreland flexure linked to Andean orogenic building, in conjunction with a global
eustatic high sea level in Maastrichtian-Danian times (e.g., Nullo and Combina, 2011; Uliana
and Bibble, 1988; Aguirre-Urreta et al., 2011). However, as seen from global curves of sea
level variations in Fig. 14b, nonmarine deposition in the southern Central and Patagonian
foreland zones prevailed during the periods of highest global sea level. Conversely, the
extensive Maastrichtian-Danian = marine ingression took place when the sea level was
decreasing (Haq et al, 1987; Hallam and Cohen, 1989; EXXON, 1998; Miller et al., 2005;
Verard et al, 2015). Additionally, according to some of these studies marine regression in the
study area would have taken place during a transient increase in global sea level (Haq et al.,
1987; Hallam and Cohen, 1989; EXXON, 1998; Miller et al, 2005) (Fig. 14b). The latter
observations highlight the limitations of invoking an origin related to sea level fluctuations for
the Patagonian marine flooding in latest Cretaceous-Paleocene times. Furthermore, an
attenuated foreland lithosphere (70-55 km), remnant of South Atlantic ocean opening, is not
be consistent with surfaces at sea level but rather with continental exhumed surfaces (Davila
et al, 2018). In order to analyze the influence of orogenic load on continental tilting, we
calculated flexure profiles on the central region of the analyzed area (Fig. 15a), based on a
balanced cross-section from Echaurren et al. (2016) (see Fig. 5d), which is the most detailed
section available. This cross-section covers the eastern sector of the North Patagonian Andes
and the totality of the broken foreland area, whose proximal loads are expected to have a

maximum influence in the flexural subsidence (Garcia-Castellanos et al, 2002). The tectonic



topography that mostly resulted from the Cretaceous shortening event is used to account for
the loads during the broken foreland formation. Hence, for this analysis we use this cross-
section, and its estimation of crustal shortening, and the geometry of the orogenic load (Fig.
15a). The load-related flexure depends on the effective elastic thickness (Te), a proxy of long-
term lithospheric rigidity, in addition to other rheological parameters (e.g., Watts, 2001). In
our estimation a Te value of 30 km was used for the study area following the regional Te
analysis of Pérez-Gussinyé et al. (2009). This analysis shows that the accommodation space
next to the load (~2.5 km) is restricted in terms of wave-length, diminishing within about 150-
130 km (Fig. 15a). Noteworthy, the implementation of lower Te values in our flexure analysis,
as those calculated by Gianni et al. (2017) (~10 km) in the area, would yield an even smaller
wave-length. Although, this factor may have contributed to continental tilting, it fails to
explain the long wave-length subsidence far from the Andean orogenic load needed to allow
flooding of the foreland region in a context of global sea level decrease. Hence, in the
complex Cretaceous-Paleocene tectonic context discussed in this work, additional factors may
have been involved in the processes that drove marine flooding of the Patagonian interior. An
alternative mechanism to induce this process is dynamic subsidence, which is much broader
and flatter than tectonically driven flexure (Eakin et al, 2014). Dynamic topography is linked
to lithospheric deflections that are supported dynamically by mantle flow related to plume-
upwelling or downwelling produced by subduction (e.g., Olson and Nam, 1986; Hager, 1984;
Mitrovica et al, 1989). Recent studies have shown that subduction-related dynamic
topography is very sensitive to slab geometry, particularly flat-subduction settings (Dévila et
al, 2010). This particular slab configuration produce forelandward shifting of subduction-
related dynamic subsidence focus linked to continental downwarping where the slab resumes
it descent into the mantle (Davila et al, 2010; Eakin et al, 2014). Subsequently, we analyze
the contribution of the hypothetical Nalé large flat-slab during its full development in
Maastrichtian-Danian times to dynamic topography in Central Patagonia. Since the most
likely explanation for this flat-slab event involved the subduction of young and hotter slabs,
we followed the same approach of Eakin et al. (2014) that utilizes a low density contrast to
produce subducted slab flattening due to buoyant subducted plates.

Since we do not know the exact slab morphology of the Nalé large flat-slab, a simplification
in our approach is that we used a 1350 km long subhorizontal plate with a similar morphology
to the Peru flat-slab (Eakin et al, 2014). The main parameters affecting the instantaneous
dynamic topography model (see Hager and O’Connel, 1979; for further details) are the

density contrast and subduction geometry between the slab and the asthenospheric mantle.
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High positive density contrast produces large dynamic subsidence; low or neutral contrasts, in
opposition, drive no dynamic topography. In the models of Davila et al. (2010) and Eakin et
al. (2014) flat-slabs show the lowest density contrast across the buoyant area. Flat-slab
configurations change the density contrasts toward its leading edge to more positive values,
where subduction becomes steeper and dynamic subsidence takes place. Therefore, the larger
a flat slab is, the more distant dynamic subsidence occurs. Density anomalies (relative to
background mantle, up to 80 kg/m’) were assigned to the slab model following the plate
kinematic model of Miiller et al. (2016) using subducting plate age at the trench at 70 Ma. For
the segment where the slab is horizontal, the density anomaly was set to zero (6p=0 kg/m3) to
simulate neutral buoyancy. This particular density structure is suitable for slab flattening
caused by subduction of young slabs or subducting buoyancy features like an oceanic plateau
(Appendix in Ddvila and Lithgow-Bertelloni, 2015). In addition to a flat-slab scenario, we
elaborate a slab model for normal subduction (30°E) in order to represent how subduction and
related dynamic topography looked prior to the onset of flat-subduction. The latter was
achieved by solving the equations for the conservation of mass and momentum using
propagator matrices in a spherical shell (Hager, 1984; Hager and O’Connell, 1979, 1981).
Density and flow fields are computed to spherical harmonic degree and order 50 (plotted to
degree 40). A Newtonian mantle rheology and a viscosity varying with radius were assumed.
A Non-Newtonian rheology is not considered in this model which may modify dynamic
subsidence in areas close the trench. However, as i this study we mamly focus i flat-
subduction affecting distal foreland areas, we do not expect significant variations in the
obtained results of dynamic subsidence (Zhong and Gurnis, 1994).

The calculated dynamic topography at a given time is independent of the absolute viscosity
but the amplitude does depend on the relative viscosity contrast between each layer. The
viscosity contrasts between the modeled layers (lithosphere, upper and lower mantle) affect
very little, and more particularly on the amplitude rather than wavelength of dynamic
subsidence. Results are presented for a viscosity structure of 10 for the lithosphere (120 km
thick) and 50 for the lower mantle, as normalized to the upper mantle, based on the best
correlation with the geoid and which is consistent with previous studies (Lithgow-Bertelloni
and Gurnis, 1997; Ddvila et al, 2010). In this viscosity structure the lithosphere is 10 times
more viscous than the upper mantle, indicative of a mobile lithosphere, the asthenosphere is
10 times less viscous than the upper mantle and the lower mantle is 50 times more viscous
than the upper mantle. We kept the viscosity structure constant throughout. Using this mantle
viscosity structure the dynamic topographies predicted by each of the slab models are shown
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Fig. 15. a) Flexural curves (two red lines) calculated based on loading a charge with two
different distributions. The load was calculated and reconstructed from the extent of crustal
shortening estimated from a balanced cross-section at 43°S (Echaurren et al, 2016a) and
using an elastic thicknesses of 30 km (Te) (Pérez-Gussinyé et al, 2009). Below is a
comparison of dynamic topography shown in 2D predicted by two different slab models b) a
normal angle (30°E) subduction, previous to flat-subduction onset, and c) for Nalé large flat-
slab full development in Maastrichtian-Danian times. d) Change in dynamic topography from
stage b) to c).

in Fig. 15b-c-d. For the normal subduction stage, the model predicts dynamic subsidence
underneath the Chile trench and over the Andes (Fig. 15b). Contrastingly, in the flat-slab
model, dynamic subsidence of long-wavelength (~1300 km) and an amplitude of >1 km, is
displaced to the east in the Southern Central and Southern Andean foreland (Fig. 15c¢), which
is in harmony with previous findings of Eakin et al. (2014) for the Peru flat-slab. An outcome
in the presented models, originally noticed and analyzed in previous works (e.g., Ddvila and
Lithgow-Bertelloni, 2013; Eakin et al, 2014), is that the transition from normal to flat
subduction would predict transient relative dynamic uplift along the Andes but relative
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dynamic subsidence in the distal Patagonian foreland (Fig. 15d). These positive values,
however, do not denote a positive contribution on the topography, but rather they imply
positive vertical displacements with respect to the previous stage, because the dynamic
negative support is reduced or eliminated (Dévila and Lithgow-Bertollini, 2013). Noteworthy,
it is a result of the model used which is based on the assumed process responsible for slab
flattening in the study area. Contrarily, dynamic subsidence may be expected above the flat-
slab on other scenarios as described for the Laramide subduction (Liu et al, 2010; Heller and
Liu, 2016). Strikingly, dynamic foreland subsidence related to the proposed Nalé large flat-
slab had a probable position spatially coincident with the flooded continental zone discussed

in this study (Fig. 16).

s
||||||||||||
8

. 2500 m

Dynamic topography|

Uplift due to neutral

Fig. 16. Proposed model linking Late Cretaceous/Paleocene Atlantic marine ingression in
Patagonia to the Nalé large flat-slab. In this model, the ingression was produced by
continental tilting driven by eastward shifted dynamic subsidence in the intraplate area and

uplift due to neutral buoyancy in the flat-slab portion. Red dashed line shows the area where



the arc expanded abnormally in relation to the hypothetical Nalé large flat-slab. Scheme
below is modified from Heller and Liu (2016).

We suggest that this process along with a predicted change of ~1-0.8 km of vertical motion
near the plate margin (Fig. 15d) along the ~1350 km flat-slab segment may have played a key
role on the classically invoked latest Cretaceous-early Paleocene continental  tilting.
Moreover, it may elegantly explain the restricted character of the flooded area, which is
evident from the distribution of paleoshore lines that coincided with the latitudes where the
hypothetical Nalé large flat-slab would have developed (Fig. 16). Therefore, subtle
continental tilting directly linked to the Nalé large flat-slab event may have driven sudden
paleogeographic changes allowing a marine ingression in the Southern Central and Southern
Andean foreland during a decreasing eustatic sea level stage in Maastrichtian-Danian times
(Fig.16). Noteworthy, termination of flat-subduction and hence, distal dynamic subsidence
may explain the late Paleocene marine regression in the study area, which paradoxically took
place during increasing sea global levels according to most studies (Haq et al, 1987; Hallam
and Cohen, 1989; EXXON, 1998; Miller et al., 2005) (Fig. 14b).

Similarly, the Western Interior Seaway which covered much of western North America until
~70 Ma has been interpreted as related to dynamic subsidence at the edge of the Laramide
flat-slab (e.g., Cross and Pilger, 1978; Mitrovica et al., 1989; Heller and Liu, 2016).

7. Conclusions
A synthesis of most recent tectonic studies of the Andes between 35°30° to 48°S presented in
this work highlights the regional character of Cretaceous contraction. Initial orogenic building
phases defined early growth stages in the Malargiie, Chos Malal, Agrio, Aluminé, and North
Patagonian fold-thrust belts. Notably, part of the Cretaceous shortening was absorbed far from
the plate margin in the intraplate sector, giving place to an early expression of the Cenozoic
Patagonian broken foreland. Most of the analyzed works identified a spatio-temporal relation
between magmatic arc migrations or expansions, and fold-thrust belt development. An
analysis of arc magmatism during these orogenic building stages revealed a 400-520 km arc
migration from trench of diachronic character, beginning at 120 Ma between 48°S to 44°30°S
and propagating northward since 100-90 Myr up to 36°S. This process was followed by a 20-
10 Myr magmatic shut-off that affected a large segment of the previous expanded arc between
48°S to 40°30’S. From the analysis of the mam processes controlling arc dynamics, changes in

slab dip related to slab swallowing seem to be the most likely cause for the observed arc
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evolution.

Alternatively to previous works Inferring distinct subduction segments undergoing slab
shallowing or flattening events, the analysis presented in this contribution opens the
possibility of the existence of a single process linked to a potential ~1350 km long flat-slab.
We referred to this hypothetical stage as the Nalé large flat-slab event. This process could
have initiated in late Early Cretaceous and achieved full development in latest Cretaceous to
earliest Paleocene times. Noteworthy, diachronism in the slab shallowing process was
mirrored by a northward younging trend in synorogenic deposition in foreland and broken
foreland basins related to the analyzed fold-thrust belts. The potential dimensions of this event
allow us to classify it as a large flat-slab segment which could have been as long as the
Peruvian flat-slab, the largest subhorizontal subduction configuration on earth. In the potential
context of relative eastward mantle flow, the east-directed Andean subduction along with fast
overriding of young oceanic lithosphere could have triggered the Nalé¢ flat-slab in Late
Cretaceous times. As documented in similar flat-slab settings, destabilization of the Nalé large
flat-slab event could also explain the massive outpouring of synextensional intraplate volcanic
rocks in Patagonia and the arc retraction in mid-Paleogene to early Neogene times.
Additionally, the combination of load-related orogenic flexure during sea level fluctuations
often invoked to explain foreland marine flooding in Maastrichtian-Danian times may have
been significantly aided by the Nalé large flat-slab, as these settings are expected to cause
dynamic vertical motion of the contmental margin and subsidence in the foreland area. It is
worth to remember that in a foreland region, far from the major tectonic loads, no many other
subsidence mechanisms allow reproducing such a regional sinking. An origin for this marine
ingression directly linked to sea level fluctuations is disregarded because contrary to as
expected, marine flooding took place during a decreasing global sea level stage. Similarly, it
is possible that the late Paleocene marine regression could have taken place during a transient
increase in sea level according to most studies. In this study, we link both, marine ingression
and regression, to the evolution of the Nalé flat-slab event based on the close time-space
relation with the onset of a fully developed slab flattening and the termination of this process.
Testing the feasibility of this proposal will require additional constraints on the
geochronology and geochemistry of arc rocks along the 36°S-48°S arc segment. An
alternative future work might be to invert seismic tomography to reconstruct the Cretaceous
subduction scenarios using an adjoint method (e.g., Liu et al, 2008). Finally, this review
underscores pre-Cenozoic contractional stages in Andean evolution and the importance of

slab shallowing or flattening as an effective driving process for subduction orogenesis.
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