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ARTICLE INFO ABSTRACT

Keywords: During Mid-Cenozoic times, voluminous and genetically heterogeneous volcanism took place across North
Conti“ent.al arc volcanism Patagonia in response to a period of plate tectonic reorganization. One of these volcanic associations is repre-
IGe‘t’ChemlStry sented by the El Maitén Belt, located to the east of the main Andes for over ~300 km. This volcanic belt reflects
sotopes

the evolution of a continental arc in an extensional setting with remarkable compositional variations between the
late Eocene and the early Miocene. We present new field and isotopic data that, together with lithological,
geochronological and geochemical data compilations, suggest significant changes in the nature and location of
magmatic sources. This evolution may be summarized in three stages: i) incipient arc magmatism, with a
tholeiitic basaltic-basaltic andesitic composition, which evolved to ii) a mature arc, characterized by calc-
alkaline andesitic-dacitic associations, and a final stage characterized by iii) a late Oligocene-early Miocene
juvenile, tholeiitic basaltic volcanism, interpreted as the result of a westward arc migration and extension in the
back-arc. Therefore, considering the mid-Cenozoic tectonic configuration given by the eastward subduction of
the Farallon and Nazca plates, we evaluate slab dynamics within a petrological framework that can reproduce the
geochemical-geochronological characteristics of this belt. In this sense, rollback of the Nazca plate is the most
suitable scenario to explain the El Maitén Belt behavior during this protracted extensional regime of Andean
evolution.

Subduction dynamics
Slab rollback

1. Introduction

The long-lived evolution of the Andean margin constitutes an ideal
scenario for studying orogenic and magmatic processes in a continental
arc setting and their link with the different geodynamic scenarios that
control their behavior. In this sense, the tectonomagmatic processes
operating in different Andean segments have been spatial and tempo-
rarily variable. This is evidenced along the Chilean-Argentinean margin
by the uneven distribution of the Paleozoic to Cenozoic batholiths and
volcanic-volcanoclastic belts, i.e., emplaced at a variable distance to the
trench. Several examples can be found in the present configuration of
this Andean segment, such as the Pampean flat-slab (~27-33.5°S; e.g.,
Ramos et al., 2002) or the asthenospheric window associated to the

Chile Ridge subduction at ~47°S (e.g., Breitsprecher and Thorkelson,
2009), which represent current tectonic processes disrupting the conti-
nuity of the magmatic arc.

Several factors may change the expression of arc magmatism in
Andean type margins, such as perturbations of the thermal state of the
wedge, changes in slab velocity and dip angle, tectonic accretion/
erosion processes, or anomalous mantle flow, among others (e.g., Ducea
etal., 2015; England and Katz, 2010; Grove et al., 2009; Karlstrom et al.,
2014; Kay et al., 2005; Schellart, 2017; Syracuse and Abers, 2006). In
any case, changes in the configuration of the subduction zone affect the
location in which the basaltic to andesitic arc magmas are generated (e.
g., ~10-30 km wide, at ~100-150 km from the trench; Grove et al.,
2012; Stern, 2002), as well as the geochemical signature of this first
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arc-related melts (e.g., Pearce and Peate, 1995; Turner et al., 2015;
Turner and Langmuir, 2015).

To study the response of magmatism to a changing geodynamic
context, we focus on the evolution of a Cenozoic volcanic belt emplaced
in northern Patagonia between ~39° and 43°S: the El Maitén Belt. It
corresponds to a volcanic-volcanoclastic succession with interbedded
sedimentary sequences that was deposited ~300 km away from the
present-day trench through episodic pulses between ~37 and ~19 Ma
(Bechis et al., 2014; Fernandez Paz et al., 2018; Rapela et al., 1988,
1983). Interestingly, the first period of this volcanic activity marks the
resumption of arc magmatism in the North Patagonian Andes after a
protracted period of waning, when the eruption of within-plate volca-
nism dominated the magmatic activity (Aragon et al., 2011b; Fernandez
Paz et al., 2018). Moreover, the El Maitén Belt possesses particular
compositional features that depict different paths in its magmatic
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evolution: an older magmatic stage of increasing arc maturity between
~37 and 33 Ma, and a younger one (~33-19 Ma) with a juvenile
signature, emplaced during an extensional regime (Fernandez Paz et al.,
2019, 2018). We present an integrative overview of the magmatic
evolution of the El Maitén Belt, on the base of previous
geochemical-isotopic data compilations, new field and isotopic data of
this unit, and a comparison with regionally distributed contempora-
neous magmatic rocks (Aragon et al., 2011a; Fernandez Paz et al., 2019,
2018; Iannelli et al., 2020, 2017; Kay et al., 2007; Rapela et al., 1988).
The most relevant topics on the genesis of the El Maitén magmatism
involve changes in the composition of the magma source, melting
mechanisms, differentiation processes, and the interaction with the
upper plate, as evidenced by the changes in its geochemical signature in
relation to potential tectonic controls.
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Fig. 1. Geological map of the North Patagonian Andes. Based on Echaurren et al. (2016), Giacosa and Heredia (2002), Lizuain and Viera (2010), Sernageomin
(2003), and Turner (1982). Main localities and morphostructural elements of North Patagonia are indicated in black. Cenozoic magmatic belts correspond to CMB:
Coastal Magmatic Belt; EMB: El Maitén Belt; PB: Pilcaniyeu Belt; SC: Somuncura volcanic province.
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2. Geological setting
2.1. Regional magmatism

A vast record of igneous units crops out along and across the different
morphostructural elements that compose the North Patagonian margin
at the studied latitudes (~39° and 43°S), from west to east: the Coastal
Cordillera, the Central Valley, the North Patagonian Andes, the broken
foreland area and the North Patagonian Massif (Fig. 1). Late Triassic
igneous rocks are represented by the NNW-trending Batholith of Central
Patagonia (Rapela et al.,, 1991), which extends south of the North
Patagonian Massif about 1000-1100 km away of the Pacific paleotrench
(Fig. 1). This magmatic belt was associated with arc magmatism in an
extensional-transtensional regime (Rapela and Pankhurst, 1996, 1992;
Zaffarana et al., 2014; and references therein). However, a recent study
characterized this plutonic belt as a magmatic arc with an adakitic
signature, whose emplacement would have been controlled by a shallow
dipping slab arrangement, coevally with the development of contrac-
tional deformation (Navarrete et al., 2019).

After a period of quiescence of arc magmatism (of about ~14 My),
arc activity resumed during the early Jurassic, coeval to the break-up of
Gondwana and the outburst of the Karoo-Ferrar Igneous Province
(Rapela et al., 2005). This arc plutonism, known as the Subcordilleran
Batholith, took place to the west, in a closer position regarding the
paleo-trench, and is composed of I-type, -calc-alkaline sub-
duction-related granitoids with minor amounts of gabbroic rocks (Gor-
don and Ort, 1993; Rapela et al., 2005, Fig. 1). By this time, the arc and
retroarc regions experienced regional subsidence and the formation of
extensional basins with the development of marine (paleo Pacific)
Liassic sedimentary sequences (Fig. 1) (Lizuain, 1980; Nakayama,
1973). The locus of arc magmatism experienced a progressive migration
toward the west during the Jurassic-Cretaceous, giving rise to the initial
suites of the North Patagonian batholith in the western Andean slope,
and its intermediate to acidic calc-alkaline volcanic equivalents, the
Lago la Plata-Ibanez Formations and the Divisadero Group (Fig. 1)
(Echaurren et al., 2017; Pankhurst et al., 1999). This westward arc
migration has been interpreted as a product of a steepening and rollback
of the slab (Echaurren et al., 2017; Navarrete et al., 2019; Rapela et al.,
2005).

A change to compressional tectonics occurred during the mid-
Cretaceous, promoting the initial development of the North Patago-
nian fold-thrust belt, at the same time as the eastward expansion of the
North Patagonian Batholith and calc-alkaline arc-related correlative
volcanic units (Echaurren et al., 2017; Zaffarana et al., 2019). The
eastward migration of the magmatic locus, together with regional cor-
relations of crustal deformation and basin inversion processes, has been
interpreted as the development of a large (~1500 km along strike)
flat-slab configuration (Gianni et al., 2018). Contrastingly, a late
Cretaceous transitional arc to intraplate magmatism crops out to the
south (Tres Picos Prieto Formation and equivalents) (Fig. 1), whose
distinct geochemical behavior was associated with the contribution of
subslab asthenospheric magmas, controlled by a slab-tearing in response
to a differential steepening of the slab (Zaffarana et al., 2019).

A waning in the magmatic arc activity is recognized in the North
Patagonian Batholith during the Paleogene (Pankhurst et al., 1999),
coeval to the profuse magmatism developed in the Coastal Cordillera, as
the Coastal Magmatic Belt, and to the east, in the eastern slope of the
North Patagonian Andes and the broken foreland area, including the
“Andesitic Series” (the Pilcaniyeu Belt and the El Maitén Belt; nomen-
clature details in section 2.1) and the Somuncura volcanic province far
to the east in the North Patagonian Massif (Aragon et al., 2011b; [annelli
et al., 2017; Kay et al., 2007; Munoz et al., 2000; Rapela et al., 1988;
among others). The oldest volcanic sequences crop out in the broken
foreland area, included in the Paleocene-middle Eocene Pilcaniyeu Belt
(~57.8-42 Ma; Figs. 1-3), which comprises a bimodal
volcanic-volcanoclastic sequence with within-plate affinity. This belt is
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presumably associated with the opening of a slab window during the
subduction of the Aluk-Farallon mid-ocean ridge (Aragon et al., 2013,
2011b; Iannelli et al., 2017; Rapela et al., 1988). This magmatism is
followed by the late Eocene—early Miocene El Maitén Belt (~37-19 Ma),
the focus of this work, located to the west of the Pilcaniyeu Belt
(Figs. 1-3; Bechis et al., 2014; Fernandez Paz et al., 2018, 2019; Rapela
etal., 1983, 1988). This belt comprises thick volcanic sequences, mainly
of andesitic composition, characterized by an arc-related signature
(Fernandez Paz et al., 2018, 2019; Rapela et al., 1988). Both volcanic
belts developed under an extensional regime, evidenced by the presence
of wedge-like geometries associated with inverted normal faults that
controlled their emplacement (Echaurren et al., 2016). Moreover, the
younger pulses of the El Maitén Belt are associated with marine deposits,
interpreted as a regional event where subsidence took place during a fast
subsiding regime (Bechis et al., 2014; Encinas et al., 2016). Partially
coeval to the El Maitén Belt, the magmatism of the Coastal Magmatic
Belt and the Traiguén Formation took place to the west in the Coastal
Cordillera and Chonos Archipelago (Fig. 1), being characterized by an
arc-like signature, though some rocks display an alkaline-transitional
imprint (Encinas et al., 2016; Henriquez Ascencio, 2016;
Lopez-Escobar and Vergara, 1997; Munoz et al., 2000; Silva, 2003). At
the same time, toward the east in the North Patagonian Massif, the broad
intraplate mafic volcanism of the Somuncura province (~29-16 Ma)
may have been related to a short-lived asthenospheric upwelling (De
Ignacio et al., 2001; Kay et al., 2007) (Fig. 1).

By the middle Miocene, the extensional conditions that controlled
the deposition of the basal section of the Nirihuau Formation ended
(~22-11 Ma), whereas its middle and upper terms, together with the
Collén Curd Formation (~16-10 Ma), represent synorogenic deposits
linked to a compressional tectonic phase (~18-11 Ma; Bechis et al.,
2014; Echaurren et al., 2016; Orts et al., 2012; Ramos et al., 2015). The
North Patagonian Batholith renewed its magmatic activity during the
late Miocene-Pliocene in the western slope of the Andes and Chonos
Archipelago (Fig. 1), characterized by a more juvenile signature in
poorly differentiated gabbroic suites (Pankhurst et al., 1999). However,
plutonism is also registered to the east, in the foreland zone, which was
accompanied by deformation, uplift, and the eastward migration of the
foreland basins (Orts et al., 2012). This event was presumably inter-
preted as another shallow subduction event in the area (Orts et al., 2015)
that ended with a steepening and the development of
Pliocene-Pleistocene within plate magmatism in the retroarc zone
(Haller et al., 2009; Massaferro et al., 2006; Mena et al., 2006; Pécskay
et al., 2007). Finally, recent arc volcanism is developed in the main
Andes, in a strong relationship with the Liquine-Ofqui fault zone that
controls its emplacement (Cembrano and Lara, 2009; Lopez-Escobar
et al., 1993).

2.2. The Andesitic Series

Variable stratigraphic schemes have been proposed over time to
classify early to mid-Cenozoic volcanic sequences, given the widespread
distribution, great lithological and compositional variability, and the
uncertainties regarding the age of the volcanic pulses. Paleogene vol-
canic rocks in North Patagonia were first described near Bariloche city
and grouped under the denomination of Andesitic Series (Feruglio,
1941, 1927; Groeber, 1918) (Fig. 2a). The Andesitic Series were initially
characterized as volcano-sedimentary sequences composed of andesites,
volcanic breccias, and tuffs, intercalated with epiclastic marine deposits
(Feruglio, 1941; Gonzalez Bonorino, 1973). Later, this volcanism was
widely described along the North Patagonian Andes in studies of
regional scopes, such as those focused on Cenozoic stratigraphy, the
Nirihuau-Norquinco-Cushamen basins, and the marine transgressions
that flooded North Patagonia during Cenozoic times (Cazau, 1972;
Dessanti, 1972; Ramos, 1982; Uliana, 1978).

The Andesitic Series were first grouped in two volcanic belts, the
Andean series to the west (~71°W), in the eastern slope of the North
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of this article.)

Patagonian Andes, and the extra-Andean series to the east (~70°W), in
the broken foreland area (Volkheimer, 1964) (Fig. 2b). As part of the
Andean series, the volcanic sequences that crop out near Bariloche city,
and particularly in the Ventana hill (~41°S; 71°W), were formally
included in the Ventana Formation (Gonzalez Bonorino, 1973; Gonzalez
Bonorino and Gonzdlez Bonorino, 1978), characterized by volcanic
breccias and lava flows (basalts, andesites and minor dacites and rhyo-
lites), interbedded with marine deposits. To the north (~39°; 71°W),
Paleogene volcanic sequences of the Andean Series were grouped in the
Auca Pan Formation (Turner, 1965), which is mainly characterized by
basaltic to andesitic and subordinate dacitic to rhyolitic lavas (Dalla
Salla et al., 1981). Both, the Ventana and the Auca Pan formations were
formally distinguished from the Huitrera Formation, which encom-
passes eastern outcrops in the broken foreland zone (Ravazzoli and
Sesana, 1977). The Huitrera Formation was fist described as bimodal
volcanic associations, which crop out near Rio Chico locality (~42°;
~70° 30'W; Figs. 2b and 3) in the broken foreland area (Coira, 1979;
Nullo, 1978; Volkheimer, 1964). Rapela et al. (1984, 1983) detailed the
distribution, lithology, age and geochemical features of the Andean or
Occidental Series (including Auca Pan and Ventana Formations) and the
extra-Andean or Oriental Series (including Huitrera Formation and
Reyhuau basalts), assigning the Andean series to the upper

Paleocene-Eocene and the extra-Andean series to the Paleocene
(Fig. 2b). However, the restricted continuity between the volcanic out-
crops and the close spatial association between both belts led to a
misleading Paleocene-lower Eocene age assignation for the Andean se-
ries or Ventana Formation (see Gonzalez Bonorino, 1973; Gonzalez
Bonorino and Gonzalez Bonorino, 1978; Gonzalez Diaz, 1979).

Finally, the integrated study of Rapela et al. (1988), based on field
mapping, lithological studies, and an enhanced geochronological and
geochemical database, presented a more accurately stratigraphic
scheme for the volcanic rocks included in the Andesitic Series. This
scheme separates the Andesitic series in the two volcanic belts, as we
know them today, the Pilcaniyeu and the El Maitén Belt (Fig. 2c). The
Pilcaniyeu Belt comprises the Paleocene to Eocene bimodal volcanic
sequences of the Huitrera Formation and the Reyhuau basalts, which
developed as a NW-trending belt from the eastern slope of the North
Patagonian Andes (40°S, 71°W) to the broken foreland zone (42°S,
72°W), and then continuing to the south. On the other hand, the El
Maitén belt encompasses mainly andesitic to dacitic volcanic sequences
that crop out in the eastern slope of the North Patagonian Andes,
included in the Ventana and Auca Pan formations, which yielded mainly
Oligocene K-Ar ages.

In this work we maintain the stratigraphic scheme defined by Rapela
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et al. (1988), which was updated with new age determinations that
constrain the life-span of the Pilcaniyeu Belt from 58 to 42 Ma (Aragon
et al., 2011b; Iannelli et al., 2017; Mazzoni et al., 1991; Wilf et al., 2010,
2005, 2003; and references therein) and the El Maitén Belt from 37 to
19 Ma (Bechis et al., 2014; Benedini et al., 2017; Fernandez Paz et al.,
2019, 2018) (Fig. 2¢). It is worth to highlight the existence of other
nomenclature for these volcanic belts, such as the eastern late Paleo-
cene-Eocene belt (EPEB) for the Pilcaniyeu Belt, and Western Oligocene
belt (WOB) for the El Maitén Belt (Aragon et al., 2019, 2013, 2011b).
However, we prefer Rapela et al. (1988) scheme to avoid the use of an
age-dependent nomenclature for the volcanic series.

3. Field data, age, and lithological features of the El Maitén Belt
3.1. Age and distribution of El Maitén belt volcanic episodes

The El Maitén Belt is a N-trending magmatic belt that crops out from
~40°30'S, around Bariloche city, to ~43°30’, near Corcovado city
(Figs. 1 and 3). Radiometric dating estimated the lifetime of this
magmatic activity between the late Eocene and the early Miocene (~37-
19 Ma; Bechis et al., 2014; Cazau et al., 1989; Fernandez Paz et al., 2019,
2018; Rapela et al., 1988). Eocene volcanic rocks were recognized only
in two localities, where U-Pb ages of 37 and 35.8 Ma were reported: 1)
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the volcano-sedimentary sequences of Rivadavia range in the southern
extreme of the belt (Fernandez Paz et al., 2018) (Figs. 1 and 3), and to
the north, in the El Bolsén depocenter (Benedini et al., 2017). Palyno-
logical evidence also supports Eocene ages for the initial stages of the El
Maitén Belt. Middle Eocene fungal remains and spores have been
identified in the bituminous shales that are interbedded between

volcanic rocks at the base of the El Maitén Belt in the Rivadavia range
(Septlveda, 1980). Despite the limited record of Eocene volcanic rocks,
U-Pb ages on detrital zircons of the Nirihuau Formation show late
Eocene ages, whose provenance was assigned to the El Maitén belt (e.g.,
Butler et al., 2020). In this context, there are still uncertainties about the
real extent of Eocene volcanism.
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Contrastingly with the restricted Eocene record, Oligocene ages are
the most frequent along the belt. Oligocene volcanic rocks crop out more
to the east (Fig. 3), distributed along the north of Esquel, El Maitén, El
Bolso6n, Bariloche and Junin de los Andes localities (Fernandez Paz et al.,
2019; Giacosa and Heredia, 2002; Rapela et al., 1988). Oligocene ages of
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the Ventana Formation range from 33 to 24 Ma, though they are
concentrated mostly in the 33-30 Ma interval (Fig. 3). North of 40°S,
volcanic sequences of the Auca Pan Formation yield ages from 33.2 to
25 Ma (Franzese et al., 2011; Ramos et al., 2014; Rapela et al., 1988;
Turner, 1973).
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Fig. 5. Main petrographic features of El Maitén Belt sections. Amp = amphibole, Bt = biotite, Cpx = clinopyroxene, Fsp = feldspar, Op = opaque minerals (Fe-Ti
oxides), Opx = orthopyroxene, Qtz = quartz, P1 = plagioclase (Whitney and Evans, 2010). a) Aphyric basaltic andesite with intersertal texture, composed of
plagioclase, clinopyroxene, orthopyroxene and glass. b) Porphyritic andesite with plagioclase phenocrysts with in sieve texture, surrounded by an intersertal
groundmass. ¢) Porphyritic andesite with plagioclase, clinopyroxene and orthopyroxene phenocrysts immerse in a hyalopilitic groundmass. d) Microporphyritic
basalt composed of plagioclase and minor clinopyroxene phenocrysts within an intergranular groundmass. e) Microporphyritic basalt with zoned reddish clino-
pyroxene and replaced olivine phenocrysts, surrounded by a plagioclase-clinopyroxene-biotite assemblage. f) Porphyritic andesite with plagioclase, clinopyroxene
and orthopyroxene phenocrysts immerse in an intersertal groundmass, composed of plagioclase, clinopyroxene, orthopyroxene, Fe-Ti oxides and alteration minerals.
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Miocene ages are restricted to volcanic rocks near Bariloche city,
where the thickest exposures of the El Maitén Belt are found. Ages range
from 23 to 20 Ma, although zircon crystallization ages of 19 Ma were
also reported (Bechis et al., 2014). These volcanic successions are
disposed with a NWW to NW orientation in close relationship with the
development of the Nirihuau basin (Cazau et al., 1989). In this sense, it
is interpreted that the emplacement of the Miocene El Maitén Belt and
the arrangement of Nirihuau basin extensional structures are strongly
linked to basement anisotropies (Bechis and Cristallini, 2006).

3.2. Petrographic characterization

3.2.1. Eocene volcanic sequences

Eocene volcanic rocks of the El Maitén Belt are found in the Riva-
davia range (~43°S), to the north-west of the Esquel city (Fig. 3). The
oldest part of the sequence crops out to the north of the range, consisting
of middle Eocene continental sedimentary rocks, which include in-
tercalations of carbon-rich siltstones, tuffaceous sandstones and tuffs
(Fig. 4) (Septlveda, 1980). Atop of the sedimentary rocks, a thick vol-
canic sequence crops out, composed of basaltic to andesitic lava flows. In
the southern extreme of Rivadavia range, upper Eocene volcanic rocks
comprise a thick volcanic succession that becomes more acidic towards
the top grading from basalts and basaltic andesites to dacites, with
minor vitreous tuffs intercalations (37 Ma; Fernandez Paz et al., 2018).
Extensional tectonics may have controlled the emplacement of these
volcanic rocks, as it is evidenced by wedge-like geometries associated
with high-angle normal faults (Echaurren et al., 2016; Fernandez Paz
et al., 2018).

Regarding volcanic rocks of the sequence, the lower levels are
characterized by hypabyssal basaltic intrusions with olivine phenocrysts
immerse in a subophitic groundmass. However, the thickest part of the
sequence is composed of basaltic andesitic to andesitic lava flows that
occasionally show vesicles or autobrecciated features. They correspond
to fine-grained basalts that grade into aphanitic andesites characterized
by aphyric to microporphyritic textures with plagioclase, clinopyroxene,
orthopyroxenes, and opaque minerals (Fig. 5a). Finally, the top of the
sequence comprises andesitic to dacitic lava flows and younger dikes
that show porphyritic textures with plagioclase and orthopyroxene
phenocrysts within a hyalopilitic groundmass.

3.2.2. Oligocene volcanic sequences

Oligocene volcanic rocks of the El Maitén Belt are well distributed
along the belt, including those that crop out around Cholila, Leleque and
El Maitén cities, Las Bayas range, and the Ventana and Nireco hills, near
Bariloche city (Fig. 3).

From south to north, Oligocene volcanic and sedimentary rocks in
the surroundings of Cholila and Leleque localities are broadly described
as basaltic andesites, andesites, hypabyssal dacites, and andesitic brec-
cias, with minor intercalations of conglomerates and volcanic breccias
(32-31 Ma; Rapela et al., 1988; Rodriguez, 2010; Sosa Massaro, 2010).
Basaltic andesites are porphyritic rocks with plagioclase phenocryst
surrounded by an intersertal groundmass, composed of plagioclase,
clinopyroxene, and magnetite. Dacites are holocrystalline rocks
composed of quartz, plagioclase, and opaque minerals. Andesitic brec-
cias comprise mainly volcanic lithics and plagioclase crystals within a
volcanic groundmass. Progressive unconformities were described in the
El Maitén volcanic sequences associated with high angle normal faults
(Rodriguez, 2010; Sosa Massaro, 2010).

Northward, Oligocene volcanic rocks to the east of El Maitén city
(Fig. 3) constitute a monotonous volcanic sequence composed of basaltic
andesites and andesitic lava flows (32-25 Ma; Cazau et al., 1989; Ramos
et al., 2011; Rapela et al., 1988). These rocks show microporphyritic
textures with plagioclase, orthopyroxene, and clinopyroxene pheno-
crysts immersed in an intergranular to intersertal groundmass (Fig. 5b).
An interesting feature of these rocks is the abundance of disequilibrium
features as shown by in sieve textures developed in plagioclases. In the
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same way, Las Bayas range section (~41°30’S; Figs. 3 and 4) comprises
basaltic-andesitic to andesitic lava flows with minor intercalations of
volcanic breccias, tuffs, and siltstones. Andesites are porphyritic with
plagioclase-amphibole phenocrysts surrounded by a felty groundmass,
while basaltic andesites show microporphyritic textures with
plagioclase-clinopyroxene-orthopyroxene phenocrysts within a hyalo-
pilitic groundmass (Fig. 5c). Lapilli tuffs, tuffs, and minor volcanic
breccias predominate toward the middle part of the section, occasionally
interbedded with conglomerates and sandstones (Fig. 4). Finally, the
upper section comprises aphyric to microporphyritic basaltic andesitic
to andesitic lava flows with scarce plagioclase-clinopyroxene-orthopy
roxene phenocrysts immersed in a pilotaxitic groundmass.

Volcanic rocks in the Ventana hill (~41°10’S), where the thickest
records of this volcanism crop out, also yielded Oligocene ages. This
section comprises ~3500 m of sedimentary and volcanic deposits and
was divided into three main members: lower, medium and upper
(Gonzalez Bonorino and Gonzdlez Bonorino, 1978). Oligocene ages

(~28 Ma, K/Ar) were obtained from the lower member of this section,
while the middle and upper members were assigned to the early
Miocene (Fig. 4) (Bechis et al., 2014; Rapela et al., 1988). Oligocene
rocks consist of basaltic to andesitic lava flows and breccias, together
with dacitic subvolcanic bodies (Gonzalez Bonorino and Gonzdlez
Bonorino, 1978).

Finally, volcanic sequences recognized north of 40°S, represented by
the Auca Pan Formation, are mainly composed of porphyritic lava flows,
locally with vesicular features, and limited pyroclastic intercalations
(Fig. 4) (29 Ma; Iannelli et al., 2017; Ramos et al., 2014). The porphyritic
lava flows are composed of plagioclase, pyroxene, opaque minerals, and
minor olivine phenocrysts immersed in an intergranular to intersertal
groundmass (Fig. 5f). Pyroclastic rocks are classified as vitreous tuffs,
composed of pumice fragments and minor crystal fragments: biotite,
plagioclase, and opaque minerals. They are immersed in a vitreous
matrix composed of volcanic ash and minor opaque minerals, showing a
devitrified felsitic texture. These sequences were described as
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synextensional in relation to progressive unconformities in association
with NNE and NW-trending normal faults and lineaments (Franzese
et al., 2011; Garcia Morabito and Ramos, 2012).

3.2.3. Miocene volcanic sequences

Miocene rocks are restricted to the northern part of the El Maitén
Belt, forming part of the middle and upper members of the Ventana and
Nireco hills section (Fig. 4) (23-19 Ma; Bechis et al., 2014; Fernandez
Paz et al., 2019; Gonzalez Bonorino, 1973). The middle member cor-
responds predominantly to volcanic breccias with minor intercalations
of lapillitic tuffs, tuffs, conglomerates, sandstones, and subordinate
andesitic and basaltic lava flows. Lava flows are aphyric and present
intergranular to intersertal assemblages of fresh plagioclase and clino-
pyroxene, with interstitial opaque minerals and devitrified glass. The
upper member is composed of thick basaltic lava flows intercalated with
lapilli tuffs, tuffs and tuffaceous siltstones, and sandstones. A
fine-grained basaltic sill crosscuts the mafic lavas but is interpreted as a
part of the Miocene magmatic activity, as it is coherently folded with the
El Maitén Belt sequence by the Middle Miocene compressional event
(Fernandez Paz et al., 2019). The sedimentary record comprises marine
strata that repeatedly appear within the sequence and contain abundant
invertebrate fossils (Bechis et al., 2014). As described by Fernandez Paz
et al. (2019), basalts show microporphyritic textures either with
plagioclase-clinopyroxene or olivine-plagioclase phenocryst assem-
blages, within intergranular to intersertal groundmasses (Fig. 5d).
Contrastingly, the sill intrusion shows zoned Ti-rich clinopyroxene and
olivine microphenocrysts immersed within an intergranular ground-
mass, composed mainly of plagioclase, clinopyroxene, biotite and opa-
que minerals (Fig. 5e). Tuff levels are exposed at the top of the profile
and correspond to fine-grained lithic tuffs. Volcanic lithic fragments
consist of microporphyritic basaltic-andesites to aphyric basalts, while
vitreous fragments include pumice and shards.
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4. Geochemical and isotopic composition
4.1. Methodology

Results from whole rock major and trace elements of the El Maitén
Belt were compiled from Fernandez Paz et al. (2018) for Eocene sam-
ples, Fernandez Paz et al. (2019) and Kay et al. (2007) for Oligocene
samples, lannelli et al. (2017) for Oligocene Auca Pan Formation sam-
ples, Aragon et al. (2011a) and Fernandez Paz et al. (2019) for Miocene
samples, and Rapela et al. (1988) for the age undifferentiated samples.

Whole-rock Sr, Nd, and Pb isotopic ratios for the Oligocene and
Miocene El Maitén Belt are from Fernandez Paz et al. (2019), Iannelli
et al. (2020) and Kay et al. (2007). In this work, we also present new
isotopic data of the Eocene El Maitén Belt (Rivadavia range, Table 1).
These samples were analyzed through thermal ionization mass spec-
trometry (TIMS) on a Triton plus instrument (Thermo Scientific) at the
Isotope Geochemistry Laboratory of the Center for Marine Environ-
mental Sciences (MARUM) at University of Bremen, Germany.
Approximately 130 mg of the pulverized samples were dissolved in a
mixture of triple distilled HF™ and HNOg3 in the ratio 5:1, dried and
re-dissolved in 1000 pl of 2 m HNOj3 for chemical separation. Sr and Pb
were isolated using miniaturized columns filled with 70 pl of Sr- and
Pb-specific resin (Sr. spec 50-100 pm). The procedure for Sr and Pb
simultaneous separation from silicate samples using Sr.spec in a
single-stage column was developed and detailed by Deniel and Pin
(2001) and was adapted to the smaller resin volumes. The light rare
earth elements (LREE) were isolated from Sr elute, using TRU.Spec
(50-100 pm), followed by Nd and Sm isolation with LN. Spec (50-100
pm). The configuration of LREE and Sm-Nd separation columns and
separation procedure were adapted from Pin and Zalduegui (1997) and
Mikova and Denkova (2007). Total procedure blanks of Sr, Nd, and Pb
were < 180 pg, < 80 pg and < 40 pg respectively, being insignificant in
relation to the amount of material used in the analyses. Hence, no blank
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Formation samples from Encinas et al. (2016), Hervé et al. (1995) and Silva (2003), whereas samples of the Somuncura volcanic province are from Asiain et al.

(2017), Kay et al. (2007).

corrections have been applied to analyzed ratios. Strontium collected
was loaded with a Ta-oxide emitter and 0.1 m H3PO4 on Re single fila-
ments and Neodymium was loaded with 0.1 m H3PO4 on a Re double
filament configuration. These elements were analyzed by TIMS in dy-
namic multi-collection mode. Instrumental mass fractionation of Sr and
Nd isotope ratios was normalized to %Sr/%8sr of 0.1194 and
146Nd/1*4Nd of 0.7219, respectively. Lead was loaded on Re single fil-
aments with 0.1 m H3PO,4 and silica emitter, and its isotopic ratios were
analyzed at pyrometer-controlled temperature of ~1250 °C in static
multi-collection mode. Instrumental mass-fractionation of Pb has been
corrected using 0.1% per atomic mass unit. This factor was derived from
repeated analyses of NIST 981 and a comparison of analyzed and

11

certified Pb isotope ratios. The overall error, including the correction for
mass-fractionation, is better than 0.1% of the respective isotope ratio.

4.2. Geochemistry

4.2.1. Eocene arc-related volcanism

Eocene volcanic rocks of El Maitén Belt (Rivadavia range, 37 Ma;
Fernandez Paz et al., 2018) are subalkaline basaltic andesites to dacites,
which show a gradual increase in their silica content toward the top of
the sequence (Fig. 6). These rocks show FeOy/MgO ratios mostly com-
parable with tholeiitic series of medium/high-Fe. Harker plots
(Fig. 7a-h) show decreasing Al;03, FexOst, MgO, CaO and TiO, oxides
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with SiO, consistent with the fractionation of olivine, calcic plagioclase,
clinopyroxene and ilmenite or magnetite; while the positive correlations
of Nay0 and K0 with silica content would indicate no alkali feldspar
fractionation. P,Os falls on a non-linear trend with an inflection at ~55
wt% SiO, that reflects apatite fractionation. Trace element ratios show
increasing La/Yb and decreasing Dy/Yb against silica, which suggest a
low pressure mineral assemblage, possibly related to pyroxene or
amphibole fractionation (Fig. 7i and j) (Davidson et al., 2013).
Primordial mantle-normalized multi-element diagrams are charac-
terized by patterns with slightly Rb, Ba, Th, U, La and Pb enrichment and
negative Nb-Ta, Sr-P and Ti anomalies (Fig. 8). Particularly, samples
with higher silica content (>55 wt% SiO2) show steeper negative
anomalies in Nb-Ta, Sr-P and Ti, the latter reflecting apatite (P) and
magnetite/ilmenite fractionation (Ti). These patterns are characterized
by low La/Yby ratios (La/Yby = 3.5-6.4, normalized to chondrite of
Nakamura, 1974), that together with the low Sr/Y ratios, suggest that
differentiation occurred at low pressure conditions within the crust
(Davidson et al., 2013; Ducea et al., 2015; Profeta et al., 2015). In this
sense, the low Sm/Yb and La/Sm ratios would be related to the role of
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pyroxene-plagioclase as a stable residual phase during magmatic dif-
ferentiation and/or assimilation processes (Fig. 9a; e.g., Mahlburg Kay
and Mpodozis, 2002). Magmatic source of Eocene magmas is charac-
terized in the Nb/Y versus Zr/Y diagram by ANb<1 (non-plume source),
where low Nb/Y values depict an arc related source, similar to the
present arc magmas of the SVZ (Fig. 9b) (Fitton et al., 1991). Besides,
late Eocene samples plot with the lowest Th/Yb and Ba/La values
(Fig. 9¢c and d) within the active continental margin and orogenic an-
desites fields, pointing to limited slab-derived fluids contributions (e.g.,
low Ba/La ratio) and sediment recycling (e.g., Low Th/Yb) (Hawkes-
worth et al., 1997; Woodhead et al., 2001).

4.2.2. Oligocene arc volcanism

Oligocene samples of the Las Bayas section (33 Ma; Fernandez Paz
et al., 2019) are andesites and dacites of the subalkaline series, with
FeOy/MgO values that assign them to the low-Fe calc-alkaline series
(Fig. 6). On the other hand, time equivalent units to the north (Auca Pan
Fm., 29 Ma; lannelli et al., 2017) comprise subalkaline basalts to an-
desites, that present variable FeO./MgO ratios, plotting within the
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Fig. 11. a) Paleocene-early Eocene geodynamic configuration of North Patagonia. This period was characterized by the subduction of the Aluk-Farallon mid ocean
ridge beneath the South American margin, which prompted the opening of a slab window and, consequently, the development of the Pilcaniyeu Belt intraplate
volcanism (57-42 Ma; Aragon et al., 2013). b) Middle Eocene-early Oligocene model for the El Maitén Belt evolution, including two stages: arc establishment at 37
Ma and a mature arc period at ~33 Ma. These stages were controlled by the oblique subduction of the Farallon plate at increasing convergence rates. c) Late
Oligocene-early Miocene accelerated slab rollback model. Arc influence would have migrated toward the trench, coeval to the development of extensional intra and
retroarc basins. In this context, the early Miocene El Maitén Belt represents a retroarc volcanism. Upper left box in a, b and ¢) show arrows that depict angle of
convergence and plate velocities (Matthews et al., 2016). FAR=Farallon Plate; SAM= South American Plate; NAZ= Nazca plate. d and e) Age versus Ba/Ta and La/Ta
respectively. Mid-Cenozoic volcanic units show variable compositions over time. After the intraplate volcanism of the Pilcaniyeu Belt, E1 Maitén Belt show increasing
arc signature and slab-derived fluids contributions from 37 to 29 Ma. Contrastingly, the early Miocene (~23-19 Ma) El Maitén Belt samples plot within the backarc
field and show small contributions from the slab. Chilean magmatism from 29 to 19 Ma, including the Coastal Magmatic Belt, Traiguén Formation volcanism and the
North Patagonian Batholith, shows a slightly higher arc signature that the El Maitén Belt but with highly variable slab contributions.

middle- and low-Fe fields of mostly calc-alkaline series. Major element
trends of the studied sequences overlap with those of the Eocene samples
(Fig. 7a-h), suggesting a similar pattern of crystallization and melt
evolution at each system. The negative correlation of AlyOs, FeyOst,
MgO, CaO TiO; and P2Os5 oxides against silica content suggest olivine,
calcic plagioclase, clinopyroxene, ilmenite or magnetite and apatite
fractionation. La/Yb and Dy/Yb ratios plotted against silica display
subtle trends of increasing La/Yb and decreasing Dy/Yb, reflecting
possibly amphibole fractionation (Fig. 7i and j) (Davidson et al., 2007).
In general, primordial mantle-normalized multielement diagrams for all
of the Oligocene samples show marked enrichment in large ion lith-
ophile elements (LILE: Cs, Rb, Ba, and Pb) with respect to high field
strength elements (HFSE: Nb, Ta, P, and Ti) and rare earth elements
(REE: La-Lu), which is a typical pattern of arc settings (Pearce and Peate,

13

1995). These patterns are also characterized by negative Nb-Ta, P, and
Ti and positive Pb and Sr anomalies (Fig. 8). Rare earth elements show
steeper slopes than Eocene samples, characterized by (La/Yb)y ratios
that vary from 6.1 to 8.4 for Las Bayas samples and from 2.3 to 9.5 for
Auca Pan samples. Similarly, Oligocene samples display higher Sr/Y
(Sr/Y: 18-67 for Las Bayas samples, Sr/Y:4-52 for Auca Pan samples)
and Sm/Yb ratios (Fig. 9) than Eocene samples, which would be indic-
ative of a deeper crustal level of magma equilibration, with amphibole
as the residual mineralogy (Chapman et al., 2015; Ducea et al., 2015;
Profeta et al., 2015). Oligocene magmatism is also characterized by low
Nb/Y values that reflect typical arc-related sources (Fig. 9c). The strong
LILE enrichment seen in multielement diagrams is in agreement with the
high Ba/La and Th/Yb values, which indicate high slab (fluids and
sediments) and crustal contributions typical of continental arc settings
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Table 1

Initial Sr, Nd, Pb isotope ratios calculated from the measurements of the current
isotope ratios (TIMS), and Rb, Sr, Sm, Nd, U, Th, Pb element concentration of
whole rock samples. Element concentrations by ICP-MS, corresponds to
Fernandez Paz et al. (2018).

Sample LS04 LS07 LS17 LS30B LS29
873r/86gr 0.704427  0.704088  0.703601  0.704387  0.704136
+20 0.000002  0.000002  0.000002  0.000002  0.000008
(®7sr/%0sr); 0.703516  0.703753  0.703518  0.703931  0.703681
143Nd /M 4Nd 0.512845  0.512841  0.512887  0.512776  0.512818
+20 0.000005  0.000003  0.000004  0.000005  0.000008
(°Nd/'Nd);  0.512813  0.512808  0.512851  0.512742  0.512784
eNd 4.0 4.0 4.9 2.7 35

eNd; 4.3 4.2 5.1 3.0 3.8

206pp, /204pty 18.47 18.49 18.66 18.52
+26 0.01 0.01 0.01 0.01
207pp,/204ph 15.54 15.55 15.60 15.55
+20 0.01 0.01 0.01 0.01
208p}, /204pty 38.30 38.27 38.56 38.30
+26 0.01 0.01 0.01 0.01

(Fig. 9c and d) (e.g., Pearce and Peate, 1995; Plank and Langmuir,
1998).

4.2.3. Early Miocene retroarc volcanism

Miocene samples include subalkaline basaltic to andesitic lava flows
and rhyolitic tuffs, while the sill is an alkaline tephrite-basanite (Ven-
tana-Nireco hills, 22-19-Ma; Fernandez Paz et al., 2019). The lava flows
show a trend from low-Fe calc-alkaline to high-Fe tholeiitic signatures
towards the top of the sequence (Fig. 6). Harker plots show scattered
correlations of major elements against silica due to the little variation in
Si0, content within the mafic samples. However, subtle trends of
decreasing Al;03, FeoOst, MgO, and CaO with increasing silica suggest
olivine, calcic plagioclase and clinopyroxene fractionation, while the
inflections in TiO5 and P50s5 around ~55 wt% SiO, reflect apatite and
magnetite/ilmenite fractionation. La/Yb and Dy/Yb ratios show little
variation when plotted against silica content, suggesting pyroxene as a
residual mineral at magma equilibration site (Fig. 7i and j) (Davidson
etal., 2013). Primordial mantle-normalized multielement patterns show
variable LILE enrichment, which becomes less evident in samples from
the upper member of the section that also lack Nb-Ta negative anomalies
(Fig. 8). Their flat patterns are akin to E-MORB series, with a subtle LILE
enrichment with respect to the HFSE and REE, and minor Nb-Ta or Ti
negative anomalies (Fernandez Paz et al., 2019). In accordance with
these flat patterns, early Miocene samples show the lowest Sm/Yb
(Fig. 9a) and Sr/Y (Sr/Y:4-24) ratios, which reflect magma evolution
within the pyroxene stability field at low pressures. Evidence of the
transitional nature of these rocks comes from the Nb/Y values that
indicate an arc related mantle source (ANb <1) for samples of the
middle member of the sequence, while the samples of the upper member
display relatively high Nb/Y ratios (0.7-2) (Fig. 9b). These higher Nb/Y
values could respond to the existence of recycled HFSE-rich components
in the mantle source (Condie, 2005). Moreover, the higher Nb/La and
lower Ba/La and Th/Yb values of early Miocene volcanism, regarding
the upper Eocene-Oligocene El Maitén Belt samples, depicts a
geochemical signature more akin to within plate settings with minor
slab or crustal contributions (Fig. 9¢ and d).

On the other hand, the subvolcanic tephrites-basanites from the sill
display a clear ocean island basalts (OIB)-like pattern with enrichment
in incompatible elements, Pb negative anomaly, and the absence of Nb-
Ta anomalies (Fig. 8). The high slopes in trace element patterns is also
accompanied by high La/Sm and Sm/Yb ratios (Fig. 9a), that together
with high Sr/Y (Sr/Y:30-40), suggest parental magma might have
originated from a deep mantle source with garnet as a residual miner-
alogy. Moreover, the high Zr/Y and Nb/Y ratios indicate its connection
with a mantle plume source. Consistently, Th/Yb and Ta/Yb ratios
(Fig. 9c¢) are very similar to those observed in ocean island basalts (OIB)
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(Sun and McDonough, 1989), suggesting that they originated from an
OIB-like source.

4.3. Isotopes

Initial Sr and Nd isotopic signatures of the entire El Maitén Belt plot
with a negative correlation into the depleted mantle quadrant (Fig. 10).
Eocene samples display a relatively wide range of % Sr/%0sr;
(0.7036-0.7044) and 1*3*Nd/**Nd; (0.51274-0.51285), with increasing
in 875r/%sr; and '**Nd/***Nd; toward the top of the sequence (Riva-
davia range, Fig. 4). Early Oligocene magmas have uniform composi-
tions with the lowest **Nd/ 144Ndi and highest 87Sr/sGSri ratio, whereas
late Oligocene ones have higher 143Nd/14Nd; and lower 87Sr/%%Sr;, as
most of the El Maitén Belt samples. Miocene samples, similar to the
Eocene ones, display a wide range with relatively low &Sr/%6Sr; and
high **Nd/!*Nd;.

Lead isotope ratios show minor variability within the samples of the
three periods, resembling typical values of arc magmatism between
orogenic and mantellic fields (Zartman and Doe, 1981, Fig. 10 b, c).
Eocene samples have 2%Pb/?*Pb = 15.54-15.63, 208pb/29pp =
38.27-38.56, and 2°°Pb/2%Pb = 18.47-18.66. Oligocene samples show
207pp/204pb, 208ph,/204ph and 20°pb/2%Pb ratios within the range of
Eocene magmatism but with slight 207Pb/2%*pb and 2°%pb/204pb
enrichment in some samples. It is noteworthy that the Miocene samples
show the more primitive Pb isotopic compositions, consistent with the Sr
and Nd isotopes. The alkaline sill presents the lowest 2°°Pb/2%4pb ratio,
and higher 2°°Pb/2°*Pb and 2°7Pb/2%*Pb ratios than the general trend
described by most of the El Maitén Belt samples (Fig. 10 b, c).

5. Discussion

The El Maitén Belt volcanism developed during the late Eocene to
early Miocene in the eastern slope of the North Patagonian Andes (~39°-
44°S) and was formally included in the Auca Pan and the Ventana for-
mations. During its life span, it presents a variable geochemical signa-
ture associated with changes in the magmatic source, melting
mechanisms and magma evolution through the crust. These changes are
of great importance to understand Andean evolution, as they shed light
on arc dynamics and the tectonic configuration of the North Patagonian
margin throughout early and mid-Cenozoic times.

The beginning of the volcanic activity that constitutes El Maitén Belt
dates from the late Eocene, after a waning of arc activity and at the end
of the bimodal intraplate magmatism of the Pilcaniyeu Belt (Aragon
et al., 2011b; Fernandez Paz et al., 2018; Pankhurst et al., 1999). Eocene
volcanic rocks are volumetrically scarce (Fig. 3), compared to Oligocene
counterparts, and show wedge-like geometries in association with
normal faults, indicating extensional conditions by the moment of
deposition (Echaurren et al., 2016). Eocene volcanic successions are
~700 m thick and comprise epiclastic continental deposits at the basal
part, which are overlain by thick tholeiitic basaltic to dacitic lava flows,
all of them intruded by andesitic dykes (Rivadavia range section; 37 Ma)
(Fernandez Paz et al., 2018). Petrographic features of the Eocene lava
flows, as the scarce phenocryst content (Fig. 5 a), together with their
primitive isotopic composition (Fig. 10), suggest short times of residence
in magma chambers and low interaction with the crust. Geochemical
features of Eocene volcanism depict an arc related signature with limited
slab-derived fluids contributions and sediment recycling (e.g., relatively
low Ba/La and Th/Yb ratios) (Fig. 9 ¢, d), with magmatic evolution
controlled mainly by decompression melting of a slightly metasomatized
mantle wedge (Fernandez Paz et al., 2018). New Sr, Nd and Pb isotopic
analyses support this hypothesis, since they reflect depleted sources with
small variations in crustal contributions (Fig. 10). In this way, this
poorly developed magmatic system, as indicated by the low-pressure
mineral assemblages and extensional structural features, would have
evolved through a thinned crust under extensional conditions (e.g.,
Ducea et al., 2015; Profeta et al., 2015).
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Oligocene volcanic rocks of the El Maitén Belt are spread all along
the eastern sector of the North Patagonian Andes from 39° to 44°S,
indicating a major and steady magmatic pulse when compared with
previous Eocene volcanism (Figs. 1 and 3). These successions are
~700-2300 m thick (El Maitén, Las Bayas and Auca Pan sections),
mainly composed of andesitic to dacitic lava flows, volcanic breccias and
tuffs, with minor sedimentary intercalations (Fig. 4). Petrographic fea-
tures, such as the high phenocrysts content with disequilibrium textures
(Fig. 5), indicate that these magmas experienced long residence times in
magma chambers with continuous recharge. Despite local variations,
Oligocene volcanic rocks have a clear calc-alkaline arc signature with
strong LILE enrichment, indicating high slab contributions (e.g., high
Th/Yb, Ba/La, Ba/Ta, La/Ta ratios; Figs. 9 and 11). Besides, the isotopic
composition of these magmas indicates variable degrees of crustal
contamination (Fig. 10) (Fernandez Paz et al., 2019). These geochemical
features point out to a mature arc stage, developed in a slightly thicker
crust than the previous stage (Fig. 11b). Still, structural features
described at the northern part of the belt (~39°S) comprise a change in
thickness and progressive unconformities in association with normal
faults, indicating extensional conditions (Garcia Morabito and Ramos,
2012).

Early Miocene volcanic rocks of the El Maitén Belt (23-19 Ma; upper
member of Ventana-Nireco section) conform a ~1500 thick succession
(Figs. 3 and 4), composed of basaltic to andesitic lava flows and sills
interbedded with marine epiclastic sedimentary rocks. This last stage in
the evolution of the El Maitén Belt developed in association with the
Nirihuau basin and the marine transgressions that flooded North Pata-
gonia (Bechis et al., 2014). In contrast to the previous late
Eocene-Oligocene volcanism, Miocene basalts have no longer arc
signature, being described as E-MORB-like tholeiites and alkaline OIB
intrusions with trace elements composition that resembles a retroarc
setting (Figs. 8 and 9) (Fernandez Paz et al., 2019). As shown by trace
element ratios, early Miocene El Maitén Belt samples have a geochem-
ical signature more akin to within plate settings with minor or remnant
slab contributions (e.g., variable Nb/Y, Th/Yb, Ba/La, Ba/Ta and La/Ta
ratios; Figs. 8, 9 and 11). Moreover, the coexistence of E-MORB and OIB
rocks could reflect decompression melting of undepleted domains of a
heterogeneous mantle wedge (Rossel et al., 2013; Turner et al., 2017;
and references therein).

In a regional context, sparse magmatic activity is registered during
the late Eocene, coeval with the volcanic activity of the El Maitén Belt.
Small outcrops of plutonic and volcanic rocks occur along the Coastal
Magmatic Belt, in the Coastal Cordillera and Central Depression
(~39-32 Ma; Henriquez Ascencio, 2016; Munoz et al., 2000; Vergara
et al.,, 1999), and as part of the North Patagonian Batholith, in the
Chonos Archipelago (~39-44 Ma; Pankhurst et al., 1999) (Figs. 1 and
3). The geochemical composition of these rocks show limited slab con-
tributions, as shown by Ba/La, La/Ta, Ba/Ta that plot within the range
of arc related rocks (Figs. 10d and 11d, e).

Volcanism became widespread by late Oligocene—early Miocene
times, extending from the Pacific coast to almost the Atlantic coast
(Figs. 1 and 3). By the time the El Maitén Belt developed in the North
Patagonian Precordillera, volcanism also took place in the Coastal
Cordillera between 40 and 43°S (Coastal Magmatic Belt; Lopez-Escobar
and Vergara, 1997; Munoz et al., 2000) and southward, in the Chonos
Archipelago (Traiguén Formation; Encinas et al., 2016; Hervé et al.,
1995). Coeval mafic plateau lavas were deposited in the North Patago-
nian Massif area, being included in the Somuncura volcanic province
(Kay et al., 2007; Remesal et al., 2012). The volcanic rocks of the Coastal
Magmatic Belt (29-18 Ma) have a bimodal composition, including
andesitic-basaltic lava flows and rhyolitic to rhyodacitic pyroclastic and
volcanic rocks. It is characterized by a calc-alkaline arc signature,
though it also includes rocks with alkaline affinities (Henriquez Ascen-
cio, 2016; Lopez-Escobar and Vergara, 1997; Munoz et al., 2000). On the
other hand, volcanism within the Traiguén Formation (26-23 Ma) in-
cludes pillow basalts, dacitic to rhyolitic domes and lava flows, and
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pyroclastic rocks interbedded with the marine sedimentary sequences
(Encinas et al., 2016; Hervé et al., 1995; Silva, 2003). The Traiguén
Formation comprise MORB and E-MORB volcanic rocks with trace ele-
ments that show an incipient arc signature in its early stages, whereas
the last stages are dominated by E-MORB and OIB rocks (Silva, 2003).
Overall, trace element ratios of the late Oligocene Coastal Magmatic Belt
samples show arc-related sources with high Th/Yb, Ba/La, Ba/Ta, La/Ta
values, suggesting slab contributions (Figs. 9 and 11). Instead, early
Miocene samples of Coastal Magmatic Belt and the Traiguén Formation
volcanism show slightly lower Ba/La, Th/Yb, Ba/Ta and La/Ta ratios
than Oligocene samples, and variable Nb/Y, Nb/La and Ta/Yb ratios
(Figs. 9 and 11), suggesting minor slab contributions and a heteroge-
neous mantle source (Munoz et al., 2000).

Contrastingly, the Somuncura volcanic province, developed in the
North Patagonian Massif (Fig. 1), comprise tholeiitic-alkaline, OIB-like
plateau basalts associated with an asthenospheric upwelling (e.g., Asiain
et al., 2017; De Ignacio et al., 2001; Kay et al., 2007). Trace element
ratios for this volcanism show high Sm/Yb values, reflecting its deri-
vation from a deep garnet-bearing source (Fig. 9a). Moreover, these
rocks have high Nb and Ta content, and thus high Nb/Y, Nb/La and
Ta/Yb, and low Th/Yb, Ba/Ta and La/Ta values typical of a within plate
volcanism (Figs. 9 and 11).

Great controversies exist about the geodynamic configuration of the
North Patagonian margin during early Cenozoic arc evolution and the
extensional regime developed by this time. It has been proposed that
during the Paleogene, the Aluk-Farallon mid-ocean ridge was subducted
beneath the South American Plate at North Patagonia latitudes, trig-
gering the opening of a slab window and mantle upwelling, which was
responsible of Pilcaniyeu Belt magmatism (Fig. 11a) (e.g., Aragon et al.,
2013; Cande and Leslie, 1986; Iannelli et al., 2020). There are two
opposed models that explain the tectonic evolution of the margin after
the subduction of this mid ocean ridge: 1) an strike slip plate margin
(Aragon et al., 2019, 2013, 2011b); and 2) a slab rollback-dominated
setting (e.g., Fennell et al., 2018; Fernandez Paz et al., 2019; Jordan
et al., 2001; Munoz et al., 2000). In the first case, after ridge collision
with the South American margin, the Farallon plate would have
continued its subduction with a low convergence angle, promoting its
segmentation into subducting microplates and strike slip plate margin
segments (Aragon et al., 2011a,b; Gianni et al., 2018). These latitudinal
segments limited by transform faults would have promoted extension,
uplift and bimodal volcanism in the foreland zone. In opposition, the
second model considers that after ridge subduction, subduction
continued and when the slab pull force was restored, the convergence
velocity increased, the trench hinge retreated away from the upper plate
and the slab steepened (Fennell et al., 2018). Slab rollback would have
promoted extensional conditions in the upper plate, a fast subsiding
regime allowing marine transgressions, the migration or broadening of
the magmatic arc, and the income of deep sourced magmas into the
mantle wedge (Encinas et al., 2016; Fennell et al., 2018; Fernandez Paz
et al., 2019; Jordan et al., 2001; Munoz et al., 2000).

In this context, the evolution of the El Maitén Belt volcanism, with
the active subduction of the Farall6n plate beneath the South American
margin, does not fit with the strike slip plate margin model and it is more
consistent with the slab rollback model (Fig. 11b). After the Aluk-
Farallon ridge was entirely subducted, the influence of the subducting
slab is registered in both the late Eocene El Maitén Belt volcanic rocks
and the satellite bodies of the North Patagonian Batholith and the
Coastal Magmatic Belt (Fernandez Paz et al., 2018; Henriquez Ascencio,
2016; Munoz et al., 2000; Pankhurst et al., 1999; Vergara et al., 1999)
(Fig. 11 d, e). By this time, the oblique subduction of the Farallon plate
began with moderate stable rates (Matthews et al., 2016; Somoza and
Ghidella, 2012, Fig.11a and b). The oblique subduction of the young and
hot slab would have limited the extent of magmatic activity, triggered by
decompression melting at shallow depths (Fernandez Paz et al., 2018;
Govers and Meijer, 2001; Lee et al., 2009). Moreover, the extensional
regime developed in the upper plate would have promoted the rapid
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ascent of melts, resulting in the tholeiitic and depleted isotopic
composition of the Late Eocene El Maitén Belt magmas, which show no
appreciable crustal contamination and limited slab contributions (Fig.11
d, e).

By the Oligocene, the El Maitén Belt volcanism evolved to a mature
arc signature, with a high intake of slab derived fluids and crustal con-
tributions (Fernandez Paz et al., 2019) (Fig. 11d and e). This mature arc
stage took place contemporaneously with an increment in convergence
rates of the Farallon plate beneath the South American plate (Matthews
et al., 2016). These conditions would have promoted higher fluid flux
melting rates and, thus, an increased magma production, giving rise to
the widespread, calc-alkaline and thick Oligocene volcanic sequences
(Fig. 11Db). By the same time, arc-related activity is recognized far to the
west, along the Coastal Cordillera as the Coastal Magmatic Belt, sug-
gesting an expanded arc configuration. This scenario is not rare in
continental arcs bounded to extensional conditions, as is the case of the
early Andean subduction system, which developed as two parallel belts
with subduction-related signature but with systematical differences
from frontal arc magmatism (Rossel et al., 2013).

An important change in the paleogeography, the location of volca-
nism and the tectonic conditions occurred by the latest Oligocene-early
Miocene, interrupting arc activity over the El Maitén Belt. Arc influence
appears to have migrated toward the west, since arc-related signature
could be only identified in the present forearc: the Coastal Magmatic
Belt, the Traiguén Formation and the restricted suites of the North
Patagonian Batholith (Fig. 11d). By this time, early Miocene volcanism
of the El Maitén Belt no longer represents arc activity. Instead, E-MORB
lava flows with retroarc signature would have been associated with
decompression melting in the retroarc zone, while the alkaline OIB in-
trusions could have been related to the income of deeply sourced
magmas (Fernandez Paz et al., 2019). This widespread volcanism
coincided with regional extensional conditions that controlled
magmatic emplacement and promoted the development of fore, intra
and back-arc basins all along the South American margin (Bechis et al.,
2014; Charrier et al., 2009, 2002, 1996; Encinas et al., 2016; Jordan
etal., 2001). This is also suggested by the poorly differentiated character
of the gabbroic suites of the North Patagonian Batholith, emplaced
preferentially west of the main trace of the Liquine-Ofqui Fault Zone
(Pankhurst et al., 1999). In a tectonic framework, this last stage is
contemporaneous with the increasing convergence rates and decreasing
obliquity of the Farallon plate (28-26 Ma), which ended with the final
break-up of Farallon plate into Nazca and Cocos plates, and the begin-
ning of the orthogonal subduction of the Nazca plate with high
convergence rates (Cande and Leslie, 1986; Lonsdale, 2005; Matthews
et al., 2016). Numerical modeling of subduction zone dynamics suggests
that the orthogonal subduction at high convergence rate could have
promoted an accelerated rollback of the slab and led to the development
of an extensional regime in the upper plate (Fennell et al., 2018; Jordan
etal., 2001; Munoz et al., 2000). In this sense, Aragon et al. (2019) argue
that slab rollback in east-dipping subduction zones is not possible since
the eastward mantle flow tends to sustain the slab angle. However,
during this major tectonic reorganization, the increase in convergence
rate and the change in the subduction zone configuration (from oblique
to orthogonal) would have generated a strong subduction-induced
mantle flow (Fennell et al., 2018; Fernandez Paz et al., 2019). This
induced flow in the mantle wedge would have triggered decompression
melting in the retroarc zone and the upward flux of material from sig-
nificant depths (Brandl et al., 2017; Faccenna et al., 2010; Gao et al.,
2018; Kincaid and Griffiths, 2004; Staudigel and King, 1992), explaining
the coexistence of subduction-related volcanism with rocks of OIB af-
finity both in the arc and the retroarc zone (Fig. 11c¢) (Faccenna et al.,
2010; Fernandez Paz et al., 2019).

Therefore, we interpret that the variable geochemical signature of
the El Maitén Belt, in terms of its similarity to both arc and/or within
plate settings, reflects an evolving magmatic system closely linked to the
configuration of the subduction zone. First, the El Maitén Belt is located
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in an unusual position when compared to cordilleran arcs, i.e., taking
place 300 km away from the present trench configuration instead of the
average distance of 100-150 km (Figs. 1 and 3) (Grove et al., 2012;
Stern, 2002). Secondly, the El Maitén Belt comprises different stages on
its magmatic evolution, characterized by a geochemical signature that
reflects a variable intake of slab derived fluids, sediments and crustal
contributions, together with the income of enriched melts in the last
stages. In this sense, we could differentiate an Eocene arc resumption, an
early Oligocene mature arc, and a late Oligocene-early Miocene retroarc
stage. Moreover, the El Maitén Belt volcanism is strongly controlled by
the extensional regime that developed in the North Patagonian Andes
during the early Cenozoic. In this sense, El Maitén Belt, together with the
Coastal Magmatic Belt, represents an expanded arc configuration from
the late Eocene to the late Oligocene, which ends up with a retroarc
volcanism that occurs in association with an important marine
transgression.

6. Conclusions

The volcanic rocks of the El Maitén Belt reflects arc activity in the
North Patagonian Andes from the upper Eocene to the late? Oligocene.
Through its evolution, the El Maitén Belt depicts a good example of how
a magmatic arc establishes, evolves, migrates and/or finally disappears
in association with changes in the subduction zone configuration.

Late Eocene El Maitén Belt characterizes the re-installment of arc-
related magmatism after the collision of the Aluk-Farallon mid-ocean
ridge. These first arc products consist of restricted outcrops of tholeiitic
basalts, basaltic andesites and andesites, with trace element ratios that
resemble an arc setting with scarce contributions of the subducted slab.
This low volume magmatism would have been generated by decom-
pression melting of the asthenospheric mantle wedge, controlled by the
oblique subduction of the Farallon plate beneath the South American
plate.

Mature arc conditions were achieved by the Oligocene, when a calc-
alkaline arc front volcanism emplaced all along the North Patagonian
Precordillera. Geochemically, Oligocene El Maitén Belt comprises in-
termediate volcanic rocks with important fluid, sediment and crustal
intake in the magma source. This stage would have been promoted by
the increase in the convergence rates between the Farallon plate and the
South American plate.

Finally, arc activity ceases in the North Patagonian Andes by the
early Miocene, while El Maitén Belt continues its volcanism with a ret-
roarc signature. Early Miocene volcanism consist of basalts and basaltic
andesites interbedded with marine deposits, whose deposition was
controlled by the widespread extensional conditions developed by this
time. In a geodynamic context, the end of the El Maitén Belt as a
magmatic arc was associated with the slab rollback of the Nazca plate,
the migration of arc magmatism toward the trench and the development
of a slab induced mantle flow that promoted decompression melting
behind the arc.
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