
Constraints on Trenchward Arc Migration and Backarc
Magmatism in the North Patagonian Andes in the Context
of Nazca Plate Rollback
L. Fernández Paz1,2 , F. Bechis3, V. D. Litvak1,2, A. Echaurren1,2 , A. Encinas4 , J. González4,
F. Lucassen5 , V. Oliveros4 , V. Valencia6 , and A. Folguera1,2

1Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires, Argentina, 2Instituto de Estudios
Andinos “Don Pablo Groeber” (IDEAN), CONICET‐Universidad de Buenos Aires, Buenos Aires, Argentina, 3Instituto de
Investigaciones en Diversidad Cultural y Procesos de Cambio (IIDyPCa), CONICET‐Universidad Nacional de Río Negro,
San Carlos de Bariloche, Argentina, 4Departamento de Ciencias de la Tierra, Universidad de Concepción, Concepción,
Chile, 5MARUM, Universität Bremen, Bremen, Germany, 6School of the Environment, Washington State University,
Pullman, WA, USA

Abstract Geochemical and geochronological data reveal that late Oligocene‐early Miocene time is a
break point in the evolution of Andean magmatism. The Patagonian Andes registered the onset of arc
volcanism since the late Eocene forming part of the El Maitén Belt, whose development was driven
by the subduction of the Farallon/Nazca plates beneath the Andean margin. During the Oligocene, the
El Maitén Belt shows a change in the geochemical signature of its magmas from tholeiitic to calc‐alkaline
compositions, reflecting a more mature stage in the magmatic arc evolution. Toward the early Miocene,
a striking event is registered in Andean volcanic sequences as mafic tholeiitic lava flows of the El
Maitén are interbedded with marine deposits, suggesting their development in the context of a fast
subsiding regime. Geochemical analyses presented in this paper show that these rocks resemble enriched
mid‐ocean ridge basalt‐like and ocean island basalt compositions, isotopically depleted, which strongly
contrast with previous arc products. By this time, a global plate reorganization event had caused
an increase in convergence rates, accelerated rollback, and a more orthogonal geometry of subduction,
triggering widespread magmatism and the development of extensional basins in the overriding plate.
Arc‐related volcanism during the early Miocene can be found only in the western slope of the
Andes, suggesting the retreat of the volcanic front toward the trench. The proposed model highlights a
strong linkage between the geochemical signature of magmatic products and changes in the subduction
zone configuration and mantle dynamics during the evolution of the Patagonian Andes (41–44°S).

1. Introduction

The Andes, as a 7,500‐km long‐lived subduction‐related orogen, is a perfect laboratory to test how tectonic
processes left their imprint in the geochemical signature of continental arc magmas. Arc magmatism is
primarily promoted by fluid‐flux melting, associated with the dehydration of the subducted oceanic crust
at depth, and/or decompression melting beneath the arc front (Grove et al., 2002; Huw Davies & Bickle,
1991; Pearce & Parkinson, 1993). Since the beginning of the Andean cycle, ~200 Ma ago, arc development
has been conditioned by changes in the subduction zone configuration and in the crustal stress state of
the margin (Cross & Pilger, 1982; DeCelles et al., 2009; Ducea et al., 2015; Lallemand et al., 2005; Lister
et al., 2001; Petford et al., 1996; Schellart, 2008). Particular tectonic events often disturbed the steady state
of the magmatic arc, promoting lateral variations in the position of the volcanic front and modifications
in the magmatic system. These events include changes in the obliquity and dip of the subducted slab, varia-
tions in the velocity of plate convergence, subduction of oceanic floor of variable ages, and collisions of mid‐
ocean/aseismic ridges and terrains (e.g., Aragón et al., 2013; DeCelles et al., 2009; Ducea et al., 2015;
Folguera & Ramos, 2011; Jordan et al., 2001; Kay et al., 2005; Lonsdale, 2005; Ramos et al., 2014;
Schellart, 2008; Somoza & Ghidella, 2012; Turner et al., 2016; Turner & Langmuir, 2015).

The spatio‐temporal evolution of the magmatic arc can be studied through the geochemical signature of the
associated igneous rocks, as can be seen in the change from tholeiitic basalts and basaltic andesites prevalent
in immature arcs, to an increasing proportion of intermediate to more silicic calc‐alkaline rocks with the
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development of continental‐type and thicker crusts (Chapman et al., 2015; D'’Souza et al., 2016; Ducea et al.,
2015). Besides, variations in the tectonic setting in which these magmas are created affect the composition
and development of different petro‐tectonic associations: crustal thickening may promote higher assimila-
tion of preexisting crust, whereas lithospheric extension can promote the ascent of asthenospheric mantle,
resulting in decompression melting and basaltic volcanism (Chapman et al., 2015; D'Souza et al., 2016;
Menzies et al., 1983). Even though rarer, arc products become associated with enriched and deeper sources,
as enriched mid‐ocean ridge basalt (E‐MORB) or ocean island basalt (OIB) magmatism, which could reflect
particular tectonic events such as backarc basin development, ridge collisions, and short‐lived astheno-
spheric anomalies (e.g., Gao et al., 2018; Kay et al., 2007, 2013).

We studied a key stage in the Cenozoic evolution of the North Patagonian Andes to evaluate how the mag-
matic arc developed and evolved in association with a changing tectonic framework. Late Eocene‐early
Miocene arc activity comprised the El Maitén Belt volcanism, located in a retroarc position compared to
the previous Cretaceous arc front and recent arc activity (e.g., Echaurren et al., 2017; Fernández Paz et al.,
2018; Pankhurst et al., 1999; Rapela et al., 1988). This stage was followed in the late Oligocene‐early
Miocene by a phase of widespread magmatism of variable signatures emplaced under extensional tectonics,
thought to have temporarily interrupted Andean orogenesis and led to forearc, intraarc, and retroarc basin
development, in some cases associated with marine transgressions (Cazau et al., 2005; Charrier et al., 1996,
2002; Encinas et al., 2016; Jordan et al., 2001; Muñoz et al., 2000; Radic, 2010). This extensional phase took
place in the framework of a global tectonic reorganization after the breakup of the Farallon plate into Nazca
and Cocos plates at ~28–23 Ma, as a result of divergence of slab‐pull stresses under Central America and
South America subduction zones respectively (Cande & Leslie, 1986; Lonsdale, 2005; Somoza & Ghidella,
2012). This event triggered at Patagonian Andes latitudes a change from the oblique subduction of the
Farallon plate to a more orthogonal subduction of the Nazca plate with increasing convergence rates
(Lonsdale, 2005; Somoza & Ghidella, 2005). Basin development in relation with this extensional phase has
been constrained between ~26 and 20Ma (Encinas et al., 2016; Jordan et al., 2001; Muñoz et al., 2000); never-
theless, the evolution of arc‐related magmatism and the geodynamic processes behind this particular setting
are still matter of debate. A key point is the contrasting arc‐related, E‐MORB, and even OIB geochemical fea-
tures observed in coeval magmatic associations, which include the Coastal Magmatic Belt and the Traiguén
Formation in the forearc zone, the El Maitén Belt in the retroarc zone, and the Somuncura mafic plateau in
the foreland (Figure 1). The most popular model to explain the magmatism of variable geochemical signa-
tures involves a slab rollback, with a retreat of arc magmatism toward the trench and the development of
forearc and backarc extensional basins (Encinas et al., 2016; Kay et al., 2007; Muñoz et al., 2000).
However, open questions concerning the evolution of North Patagonian Andes by these times remain as
there are no works focused on arc petrogenesis and its evolution. We explore magmatic arc evolution during
protracted extension in the North Patagonian Andes, through a multidisciplinary analysis of stratigraphic,
lithofacial, geochronological, and geochemical/isotopic data of the El Maitén Belt. The study of two sections
with different ages and compositional features provides insights into the petrogenetic response of the
magmatic arc during a changing tectonic regime within a plate reorganization period.

2. Geological Setting

The studied area in the eastern North Patagonian Andes covers the northernmost sequences 41–42°S of the
El Maitén Belt (41–44°S), south of Bariloche city (Figures 1 and 2). Regionally, different north‐trending mor-
photectonic units are from west to east the Coastal Cordillera, the Central Valley, the Main Patagonian
Cordillera, and the Patagonian broken foreland (Figure 1).

The Coastal Cordillera comprises pre‐Jurassic crystalline rocks of an accretionary complex, which is par-
tially intruded by Cretaceous to Eocene plutonic rocks (Duhart et al., 2001; Hervé et al., 2013; Thomson &
Hervé, 2002; and references therein; Figure 1). These units are covered by Cenozoic volcanic and sedimen-
tary sequences, including Oligocene to early Miocene continental and marine deposits, which also form part
of the infill of the Eocene to Quaternary basins that characterize the Central Valley (e.g., Elgueta &
Mpodozis, 2012; Encinas et al., 2012, 2014; Radic et al., 2009). Volcanic units in the forearc zone include
bimodal products of the Coastal Magmatic Belt and mafic volcanism of the Traiguén Formation, both of
particular interest as they developed in close relationship with the mid‐Cenozoic episode of widespread
extension (Encinas et al., 2016; Muñoz et al., 2000; Figure 1). The Coastal Magmatic Belt is characterized
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Figure 1. (a) Regional geological map of the North Patagonian Andes and scheme of magmatic units developed during the Andean cycle. Main morphotectonic
units and tectonic plates are shown in box on the lower right corner of the map. Cenozoic volcanic units include the Paleocene‐middle Eocene PB = Pilcaniyeu
Belt, located in the broken foreland zone; the late Eocene‐lower Miocene EMB = El Maitén Belt and AP = Aucapan Formation, which crop out in the Main
Patagonian Cordillera; the late Oligocene‐early Miocene CMB = Costal Magmatic Belt and TF = Traiguén Formation in the Chilean area; SC = Somuncura mafic
plateau developed in the foreland zone (North Patagonian Massif). LOFZ = Liquiñe‐Ofqui fault zone. Based on Echaurren et al. (2017), González (1994), Horton
(2018), Lizuain et al. (1995), and Sernageomin (2003).
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by a wide lithological variability, from basalts‐andesites to dacites‐rhyolites, whose geochemical signature is
interpreted either as transitional between arc and OIB or as arc activity developed in an extensional tectonic
setting (~39–37?, 29–18.8 Ma; Henríquez Ascencio, 2016; López‐Escobar & Vergara, 1997; Muñoz et al.,
2000). Besides, the Traiguén Formation (~26–23 Ma) is composed of marine deposits interbedded with
pillow basalts, which geochemically represent arc magmatism developed within a thinned continental
crust (Encinas et al., 2016; Hervé et al., 1995; Silva, 2003).

To the east of the Central Valley, the western slope of the Main Patagonian Cordillera exposes calc‐alkaline
plutonic rocks of the Middle Jurassic to Miocene North Patagonian Batholith, host rock of the present
Southern Volcanic Zone (SVZ), whose emplacement is controlled by the dextral‐transpressive
Liquiñe‐Ofqui fault zone (Figure 1; Castro et al., 2011; Cembrano & Lara, 2009; Lavenu & Cembrano,

Figure 2. (a) Geological map of the studied area, located in the northern sector of the El Maitén Belt (modified from Bechis et al., 2014). (b) Detailed map of the
Ventana andÑireco hills area, showing the lower (Vl), middle (Vm), and upper (Vu) sections defined within the Ventana Formation stratigraphical profile; location
of U‐Pb data from Bechis et al. (2014) and geochemical samples are indicated. (c) Detailed map of the Las Bayas range area; location of new U‐Pb age and geo-
chemical samples are indicated. CC = Colohuincul Complex; SB = Subcordilleran Plutonic Belt; V = Ventana Formation; Ñl = lower member; and Ñm = middle
member of Ñirihuau Formation.
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1999; López‐Escobar et al., 1995; Pankhurst et al., 1999; Rolando et al., 2002; Stern, 2004). In contrast, the
eastern Main Patagonian Cordillera and its foothills are structured in an east‐vergent fold‐thrust belt
(Echaurren et al., 2017; Giacosa & Heredia, 2004; Orts et al., 2012), where Jurassic volcanic‐sedimentary
sequences and late Lower Cretaceous volcanic rocks with calc‐alkaline affinities crop out. These units are
the volcanic counterparts of the North Patagonian Batholith, which all together represent Late Jurassic to
Early Cretaceous volcanic arc (Figure 1; Echaurren et al., 2017; Parada et al., 2007; and references therein).

In the retroarc zone, the pre‐Jurassic crystalline basement is exhumed over the Patagonian broken foreland
(Dalla Salda et al., 1991; Pankhurst et al., 2006; Varela et al., 2015), locally intruded by Early Jurassic
Subcordilleran Batholith (e.g., Rapela et al., 2005). Cenozoic sedimentary and volcanic sequences of the east-
ern Main Patagonian Cordillera and Patagonian broken foreland form two N‐ to NW‐striking magmatic
belts between ∼40° and 43°30′S (Figure 1). The eastern Paleocene‐middle Eocene Pilcaniyeu Belt (∼57.8–
44 Ma) includes bimodal volcanic rocks that show within‐plate geochemical signatures, presumably asso-
ciated with the subduction of the Aluk‐Farallon mid‐ocean ridge (Aragón et al., 2013; Iannelli et al.,
2017). The western late Eocene‐early Miocene El Maitén Belt (∼37–19Ma) includes basaltic to andesitic lava
flows and subordinate dacitic to rhyolitic pyroclastic rocks with arc‐related features (Figure 1; Bechis et al.,
2014; Benedini et al., 2017; Fernández Paz et al., 2018; Rapela et al., 1988). It is interesting to note that the
youngest volcanism of the El Maitén Belt (∼23–19 Ma), found near Bariloche city (Figure 1), comprises vol-
canic rocks interbedded with marine deposits, forming part of the initial infill of the Ñirihuau basin (Bechis
et al., 2014; Cazau et al., 2005; González Bonorino & González Bonorino, 1978; Rapela et al., 1988). A con-
temporaneous equivalent of the El Maitén Belt, north of Bariloche city (∼39°S), is the Aucapan Formation
(∼29 Ma; Ramos et al., 2014). Its volcanic rocks show an arc signature and are interpreted, together with the
El Maitén Belt, as part of the late Eocene‐late Oligocene arc front in a retroarc position (Iannelli et al., 2017;
Rapela et al., 1988). The ElMaitén Belt sequences are overlain by the Ñirihuau (~22–11Ma) and Collón Curá
(~16–10 Ma) formations, which represent the main infill of the Ñirihuau basin (Bechis et al., 2014; Cazau
et al., 1989; Ramos et al., 2015; Spalletti, 1983). While extensional conditions controlled the deposition of
the basal section of the Ñirihuau Formation, its middle and upper terms and the Collón Curá Formation
represent synorogenic deposits, linked to the compressional tectonic phase that affected the North
Patagonian Andes at approximately ~18–11 Ma (Bechis et al., 2014, 2015; Echaurren et al., 2016; Orts et al.,
2012; Ramos et al., 2015).

Further east in the foreland zone, the broad intraplate mafic volcanism of Somuncura province (∼29–16 Ma)
developed, partly coeval to the El Maitén Belt, being associated with a short‐lived asthenospheric upwelling
(de Ignacio et al., 2001; Kay et al., 2007).

3. Sampling Strategy and Analytical Methods
The study area encompasses the northern sector of the El Maitén Belt (Figure 2a), where thick volcanic
sequences crop out in Las Bayas range and in Ventana and Ñireco hills. A representative stratigraphical pro-
file was carried out in each location to study the compositional evolution of the El Maitén Belt. Sampling
strategy comprised the selection of representative lithological facies for geochemical analyses (detailed
petrographic descriptions in Supporting Information, Texts S2 and S3), whose age was constrained by a
new U‐Pb dating in Las Bayas area, while in the Ventana‐Ñireco area sampling was focused on the volcanic
horizons interbedded with marine strata, with known U‐Pb ages ranging from ~23 to ~19 Ma (Bechis et al.,
2014). Additionally, we included a sample of the Paleozoic metamorphic basement for isotopic analyses as to
evaluate crustal contamination in the studied volcanic rocks.

Geochronological analyses were done by U‐Pb LA‐ICP‐MS dating on zircons from a vitreous tuff level in the
medium part of Las Bayas section. Analyses were performed out at Washington State University, using a
New Wave Nd: YAG UV 213‐nm laser coupled to a Thermo Finnigan Element 2 single collector, double‐
focusing, magnetic sector ICP‐MS. Details regarding sample preparation and analysis, together with
standards and results corrections, are included in Text S1 and Table S1 (see also Chang et al., 2006;
Dickinson & Gehrels 2003; Paces & Miller 1993; Ludwig 2003).

Samples for geochemical analyses were prepared and analyzed at Activation Laboratories of Ancaster
(Canada). Major, trace, and rare earth elements (REE) were measured by total fusion and inductively
coupled plasma mass spectrometry (FUS‐ICP‐MS). Laboratory procedures, quality controls, and standards
are detailed in Text S1 and Table S4.
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Whole rock Sr, Nd, and Pb isotope ratios were measured at Activation Laboratories Ltd. (Actlabs, Canada)
and at the Center for Marine Environmental Sciences (MARUM; Bremen, Germany). Activation
Laboratories performed the Sr and Nd isotopic analyses by MC‐ICPMS (sample SA06) and by thermal ioni-
zation mass spectrometry (samples SA07 and SA08), while MARUM laboratory carried out measurements
through thermal ionization mass spectrometry on a Triton plus instrument (Thermo Scientific; samples
VB12b, 189, VS05, VS12, and PAT‐1B). Methodologies and procedures developed during sample preparation
and analyses, together with standards and normalizations, are described separately in Text S1 (see also
Creaser et al., 2004; Deniel & Pin, 2001; Holmden et al., 1997; Míková & Denková, 2007; Pin & Zalduegui,
1997; Schmidberger et al., 2007; Tanaka et al., 2000; Unterschutz et al., 2002).

4. Results: Field Data, Petrography, and Geochronology Constraints on the
Northern El Maitén Belt
4.1. Las Bayas Section

Las Bayas range is located at ~41°30′S, uplifted by a series of west‐vergent backthrusts that expose El Maitén
Belt outcrops (Figure 2). Themain backthrust is linked to the western slope of the range, where it uplifts a slice
of the crystalline basement on its hanging wall, followed by the basal El Maitén volcanic strata (Bechis et al.,
2014). The El Maitén Belt volcanism in Las Bayas range develops from the basal contact with the crystalline
basement to the upper contact with the Ñirihuau Formation (Figure 2c). A secondary backthrust disturbs
the volcanic sequence repeating part of its lower and middle sections. Detailed mapping allowed the complete
reconstruction of the ~1,320‐m‐thick volcanic‐sedimentary sequence (Figures 3a and 3b).

The basal part of the section corresponds to ~680 m of basaltic‐andesitic to andesitic lava flows and minor
volcanic breccias, tuffs, and siltstones (Figures 3b–3e). Sampled andesites are porphyritic rocks with plagio-
clase and amphibole phenocrysts surrounded by a felty groundmass (e.g., sample 203, Figure S1). Basaltic
andesites are aphanitic dark rocks that are often characterized by outcrops with columnar jointing
(Figure 3d). In thin sections they showmicroporphyritic textures with plagioclase, clinopyroxene, and ortho-
pyroxene phenocrysts within a hyalopilitic groundmass (e.g., samples VB12b, 189, and VB07; Figure 3e).
Most of the samples are fresh, though in some cases, orthopyroxenes seem pervasively altered to chlorites.

The middle part of the section (~220 m) comprises lapilli tuffs, tuffs, and minor volcanic breccias,
occasionally interbedded with conglomerates and sandstones (Figure 3f). Welded tuffs with eutaxitic texture
are also present with vitreous fragments molded against the lithic fragments (Figure 3g).

Finally, the upper section of the profile corresponds to ~420 m of basaltic‐andesitic to andesitic lava flows,
with remarkable parallel lamination and subhorizontal jointing. In some sectors, they also show a brecciated
appearance. Lava flows correspond to aphyric to microporphyritic rocks, with scarce plagioclase, clinopyr-
oxene, and orthopyroxene phenocrysts (<5%), within a pilotaxitic groundmass (e.g., samples VB03 and
SA06; Figure 3h).

Even though marine strata were not found in this section, Bechis (2004) described marine fauna in the
northern sector of Las Bayas range.

The newU‐Pb data of a vitreous tuff from the medium part of the section (Figure 3i) constrain volcanic activ-
ity to 33.0 ± 0.7 Ma, accordingly with the reported life‐span of El Maitén Belt (upper Eocene to lower
Miocene; e.g., Benedini et al., 2017; Fernández Paz et al., 2018; Rapela et al., 1988). Moreover, this lower
Oligocene age lies within the range of the more frequent ages of this belt between 33–27 Ma located from
39°30'S to 42°30'S (Rapela et al., 1983, 1988). Younger ages (~22‐20 Ma) are restricted to the surroundings
of Bariloche city (~41–41°30'S), where the Ventana‐Ñireco section crops out (Aragón, Castro, et al., 2011;
Bechis et al., 2014; González Díaz, 1979).

4.2. Ventana‐Ñireco Section

The Ventana and Ñireco hills are located in the northern sector of the El Maitén Belt (~41°10′S), where the
thickest records of this volcanism crop out. This section comprises a ~3,500‐m sedimentary and volcanic
sequence, which was divided in three main members (lower, medium, and upper; González Bonorino &
González Bonorino, 1978). The lower and middle members crop out at the northeastern hillslope of the
Ventana hill, while the upper member lies on top of the former and continues up in the Ñireco hill
(Figures 2 and 4).
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Figure 3. (a) The El Maitén Belt sequence in Las Bayas section, showing the backthrust that repeats the lower and middle part of the section (G = granite;
aba = aphanitic basaltic andesite; pba = porphyritic basaltic andesites; t = tuffs). (b) Reconstructed stratigraphical profile of the El Maitén Belt in Las Bayas
range (Figure 2c). (c) Porphyritic basaltic andesites from the lower part of the section. (d) Pyroxene‐bearing basaltic andesites levels with columnar jointing. (e)
Basaltic andesite with plagioclase (pl), clinopyroxene (cpx), and orthopyroxene (opx) in a hyalopilitic groundmass. (f) Tuffs and lapilli tuffs from the middle part
of Las Bayas section. (g) Welded tuff. (h) Andesite from the upper part of the section with fresh twinned clinopyroxenes and orthopyroxenes replaced by
phyllosilicates, within a felty groundmass. (i) U‐Pb LA‐ICP‐MS zircon age from a vitreous tuff level (sample 470) from the middle part of Las Bayas section.
Uncertainties are two sigma.
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Figure 4. Ventana‐Ñireco section. (a) Lower, middle, and upper members of the Ventana Formation (Ventana hill) overlaid by the Colohuincul Complex through
the Catedral fault. (b) Stratigraphical profile of El Maitén Belt sequence (or Ventana Formation) carried out in Ventana and Ñireco hills (Figure 2b). (c) Pinnacles
defined by sub‐vertical volcanic breccias of the middle member (Ventana hill). (d) Folded upper section in contact with the Catedral fault (northeastern slope of
the Ñireco hill). (e) Molds of invertebrate fossils from the marine deposits interbedded at the upper member. (f) Basaltic lava flows of the upper member (b),
interbedded with marine strata (Ñireco hill). (g) Microporphyritic basalts from the upper member, characterized by plagioclase phenocrysts with in sieve texture
surrounded by an intersertal groundmass. (h) Microporphyritic basalt from the sill that intrudes the upper section of the sequence, formed by zoned reddish
clinopyroxene, replaced olivine phenocrysts, and biotite partially replaced by opaque minerals in the core. Reported ages correspond to Bechis et al. (2014). c.
a. = crystallization age; m.d.a. = maximum depositional age.

10.1029/2019TC005580Tectonics

FERNÁNDEZ PAZ ET AL. 8



Overall, the sequence is folded by NW‐trending asymmetric folds with northeast vergence and uplifted over
the Ñirihuau Formation by the SW‐dipping Otto thrust; additionally, the sequence is overlain by the
Paleozoic and Mesozoic basement rocks through the Catedral fault (Figures 2 and 4a; Bechis et al., 2014;
Giacosa et al., 2005). The age of the El Maitén Belt in the Ventana‐Ñireco section (Ventana Formation) is
constrained between ~23 and 19 Ma by U‐Pb zircon ages on tuffs and sandstones of the middle and upper
members (see Figures 2 and 4 for location of dated samples; Bechis et al., 2014).

The lower member consists of ~1,980 m of basaltic to andesitic lava flows and breccias, together with dacitic
subvolcanic bodies. This part of the section was exempted from detailed sampling because all lava flows were
moderately to intensely altered (see Text S3 and Figure S2). The middle member corresponds predominantly
to ~830 m of volcanic breccias with minor intercalations of lapilli tuffs, tuffs, conglomerates and sandstones,
and subordinate andesitic and basaltic lava flows. At the basal levels of this member, thick sub‐vertical vol-
canic breccias form characteristic pinnacles, while the bedding dips are progressively gentler toward the top,
closer to the syncline axis (Figure 4c). Tuffs appear as very fine‐grained laminated rocks, composedmainly of
crystal and vitreous fragments within a volcanic ash matrix (e.g., sample 236). Toward the uppermost part of
the middle member, grayish fine‐grained basalts occur, characterized by intergranular to intersertal assem-
blages of fresh plagioclase and clinopyroxene, with interstitial opaque minerals and devitrified glass (e.g.,
sample VA13).

The upper member is ~710 m thick and is composed of lapilli tuffs, tuffs, and tuffaceous siltstones and sand-
stones, which intercalate with thick basaltic lava flows. A key feature of this upper member is the presence of
interbedded marine strata that appear repeatedly within the sequence. Sampling was focused on Ñireco hill,
where lava flows intercalate with marine fossiliferous wackes, tuffs, and breccias (Figures 4e–4f).
Representative samples of these basaltic layers show microporphyritic textures either with plagioclase‐
clinopyroxene or olivine‐plagioclase phenocryst assemblages, within intergranular to intersertal ground-
masses (e.g., samples SA07, VS05, VS08, and VS12, Figure 4g). Besides, tuff levels are exposed at the top
of the profile and correspond to fine‐grained lithic tuffs. Volcanic lithic fragments consist of microporphyri-
tic basaltic andesites to aphyric basalts, while vitreous fragments include pumice and shards. Upper member
tuffs were also observed in Arroyo Tristeza area (Figure 2b, sample SA03), as crystal‐rich tuffs with fresh
plagioclase, quartz, and biotite, within a felsitic (devitrified) matrix.

A basaltic level with larger grain size and a distinctive mineralogy is interbedded within the upper section
(samples SA08 and VS03; Figure 4h). It is worth to highlight that this unit crops out with a great lateral
continuity all along the Ñireco hill slope (Figure 4f). It is characterized by zoned Ti‐rich clinopyroxene
and olivine microphenocrysts immerse within an intergranular groundmass, composed mainly of plagio-
clase, clinopyroxene, biotite, and opaque minerals. Given its bigger grain size, its distinct petrographic
features, and its concordant geometry with the sequence, it was interpreted as a sill, being unclear if it
corresponds to the El Maitén Belt sequence or to a younger pulse. Despite this, it would not be much
younger, as it is coherently folded with the entire sequence. Folding of these strata is related to a Miocene
shortening stage, which started at between 18 and 13 Ma in the area (Bechis et al., 2014, 2015; Orts et al.,
2012; Ramos et al., 2015). Therefore, the sill age is constrained between 20 Ma, which is the maximum
sedimentation age obtained for a sandstone below the sill (Figure 4b), and 13 Ma.

5. Geochemical Results

Results from whole rock major and trace elements (15 samples), plus Sr, Nd, and Pb isotopic ratios (six
samples) for the El Maitén Belt volcanic samples are listed in Tables S5–S8.

Studied samples of El Maitén Belt sections have variable loss‐on‐ignition (LOI) values, in some cases rela-
tively high, probably implying deuteric or meteoric alteration (Tables S3 and S4). LOI contents range from
1.86 to 3.89 wt.% for samples of Las Bayas section; while samples from the Ventana‐Ñireco section have
values between 0.57 and 5.9 wt.% and the sill between 4.34 and 5.28 wt.%. Petrographic analyses suggest that
elevated LOI contents are related mainly to Fe‐Mg phyllosilicates replacing olivines and orthopyroxenes
(Tables S3 and S4). Samples with LOI > 5 wt.% were discarded for further analyses, as this content was asso-
ciated with secondary carbonate replacements that may have caused element remobilization. Despite this,
one sample of the sill with 5.28 wt.% LOI was included in the analysis, as its petrography has not shown
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major alteration products and the presence of primary biotite within the groundmass is thought to be a
determinant factor in this elevated LOI value.

5.1. Major Elements

Major element classifications show that lava flows of the Las Bayas section are andesites and dacites of
subalkaline series, characterized by a restricted silica range (59.2–67.4 wt.% SiO2; Figure 5a). Besides, K2O
(0.6–2.6 wt.%) and FeO/MgO values assign the analyzed samples to medium‐K calc‐alkaline series
(Figures S3 and 5b).

Samples from the Ventana‐Ñireco section are also subalkaline lava flows with basaltic to andesitic composi-
tions (47.9–60.0 wt.% SiO2), while the interbedded tuffs have rhyolitic compositions (77.7 wt.% SiO2; Figure 5
). These samples were mostly assigned to medium‐K series (0.5–1.8 wt.% K2O), whereas FeO/MgO values
differ along the section: samples from middle Ventana‐Ñireco section plot in the calc‐alkaline field, while
samples from the upper part, mostly display tholeiitic signatures (Figure 5). Particularly, samples of the sill
are characterized as alkaline tephrite‐basanites (45.9–47.4 wt.% SiO2), with high‐K values (2.7–
3.1 wt.% K2O).

Despite the restricted variation in silica content, major elements of each volcanic unit (Ventana‐Ñireco and
Las Bayas sections) display subtle trends against MgO content. General tendencies to Al2O3, Fe2O3t, MgO,
CaO, TiO2, and P2O5 depletion are shown against decreasing MgO content, while Na2O and K2O do not
correlate or correlate weakly (Text S4 and Figure S4).

5.2. Trace Elements

Multielement diagrams show different patterns when comparing the samples from the two sections. Las
Bayas section shows marked enrichment in large ion lithophile elements (LILE: Cs, Rb, Ba, and Pb) with
respect to high field strength elements (HFSE: Nb, Ta, P, and Ti) and REE (La‐Lu), a typical pattern of
continental arc settings. This pattern is also characterized by negative Nb‐Ta, P, and Ti and positive
Pb and Sr anomalies. REE patterns are slightly concave down to relatively flat for all samples
(La/Yb = 8.5–12.6; Dy/Dy* = 0.52–0.63; Dy/Yb = 1.51–1.81; Dy* = Dy/Dy* = DyN/LaN

4/13 YbN
9/13,

normalization from Nakamura, 1974), with small to insignificant Eu negative anomalies
(Eu/Eu* = 0.71–0.98; Eu* = (Sm + Gd)/2).

Patterns from the Ventana‐Ñireco samples show variable LILE enrichment, which become less evident in
samples from the upper member of the section that also lack Nb‐Ta anomalies: Samples from the middle
member of Ventana‐Ñireco section show the highest LILE abundances, though they present lower relative
contents of Rb, Ba, and K in the more silicic samples. Their patterns are also characterized by Sr, P, and Ti
negative anomalies. Otherwise, samples from the upper member of the Ventana‐Ñireco section show flat
patterns akin to E‐MORB series, with just small LILE enrichment with respect to the HFSE and REE and
minor Nb‐Ta or Ti anomalies. Trace element patterns are relatively flat for all samples, with a slight
concave‐down curvature (La/Yb = 4.0–7.1; Dy/Dy* = 0.44–0.90; Dy/Yb = 1.10–1.91).

In contrast to previously described basalts, subvolcanic tephrites‐basanites from the analyzed sill at
Ventana‐Ñireco section show OIB‐like patterns with enrichment in incompatible elements, Pb negative
anomaly, and no Nb‐Ta anomalies. Furthermore, these samples show REE patterns with high slopes (La/
Yb~31, Dy/Dy* = 0.64–0.70; Dy/Yb = 2.56–2.80).

5.3. Isotopes

Initial Sr and Nd isotope signatures of the two age groups and the sill show systematic differences, though
they all largely plot with a negative correlation into the depleted mantle quadrant, within the range of the
SVZ rocks (Figure 6). The Las Bayas samples are uniform with the lower 143Nd/144Ndi (0.51264–0.51264)
and highest 87Sr/86Sri ratio (0.7044–0.7045), whereas the Ventana‐Ñireco hills samples display a wider
range with lower 87Sr/86Sri (0.7033–0.7037) and higher 143Nd/144Ndi (0.51281–0.51283). The sill from
Ventana‐Ñireco hills shows intermediate values (87Sr/86Sri = 0.7040; 143Nd/144Ndi = 0.51272) between
the signatures of Las Bayas and Ventana‐Ñireco samples. Contrastingly, the Paleozoic metamorphic sam-
ple has much higher 87Sr/86Sri and lower 143Nd/144Ndi values than Cenozoic samples (87Sr/86Sri = 0.7214;
143Nd/144Ndi = 0.5118; Figure 6).
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Figure 5. (a) Total alkali versus silica classification (TAS; fields limits are according to Irvine & Baragar, 1971). The subalkaline character of the lavas from Las
Bayas and Ventana‐Ñireco sections contrast with the alkaline composition from the basaltic sill; the tuffs from the middle and upper members from
Ventana‐Ñireco plot outside silica range. (b) FeOt/MgO versus SiO2 (Miyashiro, 1974). Las Bayas section and the middle member of Ventana‐Ñireco section
resemble calc‐alkaline series, while the upper member of Ventana‐Ñireco section plots within the tholeiitic field. (c–h) Multielement plots normalized to primitive
mantle values (Sun & McDonough, 1989) and chondrite‐normalized (Nakamura, 1974) spider diagrams. Las Bayas samples show typical arc patterns, while
Ventana‐Ñireco samples show flatter patterns with less marked arc‐like signature toward the upper member samples; contrastingly, the basaltic sill shows an ocean
island basalt‐like pattern. Samples of the Southern Volcanic Zone (SVZ) are from Jacques et al. (2013), Lara et al. (2001), López‐Escobar et al. (1992, 1995), Mella
et al. (2005), Tobal et al. (2012), Watt et al. (2011), and references therein.
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Lead isotope ratios show minor variability within the samples of both sections, resembling typical values of
the SVZ magmatic arc between orogenic and mantellic fields (Zartman & Doe, 1981; Figure 6). Las Bayas
samples show higher 207Pb/204Pb (15.55–15.60), 208Pb/204Pb (38.36–38.45), and 206Pb/204Pb (18.51–18.55)
values than most of Ventana‐Ñireco samples (207Pb/204Pb = 15.52–15.60; 208Pb/204Pb = 38.13–38.43;
206Pb/204Pb = 18.48–18.52; Figure 6). It is noteworthy that the samples of the upper member of the
Ventana‐Ñireco section show themore primitive Pb isotopic compositions, consistent with the Sr andNd iso-
topes. The sill is different and shows the lowest 206Pb/204Pb ratio (18.41) and high 208Pb/204Pb (38.48) and

Figure 6. Isotopic composition of North Patagonian magmatism. (a and b) 87Sr/86Sri versus
143Nd/144Ndi diagram and zoom to El Maitén samples, respectively.

The AFC models (DePaolo, 1981) for Las Bayas samples consist of the assimilation of the Paleozoic basement (sample Pat‐1B) by a parental magma with
87Sr/86Sri = 0.7033 and 143Nd/144Ndi = 0.5128 composition. In the AFCmodel r =Ma/Mc (rate of assimilation relative to rate of fractionation) are shown for 0.1 to
0.3; increments correspond to 10%. For details of the model see Text S5. (c) 206Pb/204Pb versus 207Pb/204Pb diagram. (d) 206Pb/204Pb versus 208Pb/204Pb
diagram. UC = upper continental crust compositions; LC = lower continental crust compositions; M = mantellic compositions; O = orogenic compositions
(Zartman & Doe, 1981). Coastal Magmatic Belt isotopic data are fromMuñoz et al. (2000) and Vergara et al. (1999); Traiguén Formation from Encinas et al. (2016);
undifferentiated El Maitén Belt and Somuncura mafic plateau from Kay et al. (2007); Tertiary intrusives include the Cenozoic North Patagonian Batholith and
equivalents from Aragón, Castro, et al. (2011), Lucassen et al. (2004), and Pankhurst et al. (1999); the SVZ data is from Jacques et al. (2013), López‐Escobar et al.
(1992, 1993, 1995), andMella et al. (2005); Late Paleozoic basement from Lucassen et al. (2004), Rapela et al. (2005), and Pankhurst et al. (2006); Mesozoic basement
fromBouhier et al. (2017), Echaurren et al. (2017), Lucassen et al. (2004), and Rapela et al. (2005); and the Central Volcanic Zone (CVZ) fromAitcheson et al. (1995),
Francis et al. (1989), Haschke et al. (2002), Lindsay et al. (2001), Rogers and Hawkesworth (1989), Ort et al. (1996), and Trumbull et al. (1999).
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207Pb/204Pb (15.64) ratios (Figure6). Incontrast, the sampleof thePaleozoicmetamorphicbasement shows the
highest lead isotope values (208Pb/204Pb = 38.96; 207Pb/204Pb = 15.65; 206Pb/204Pb = 18.80; Figure 6).

6. Discussion
6.1. Petrogenesis and Magma Evolution in the Northern El Maitén Belt

Las Bayas (∼33 Ma) section of the El Maitén Belt comprises andesites and dacites with elemental and isoto-
pic compositions of relatively evolved rocks. Las Bayas samples are characterized by arc‐like trace element
patterns with marked negative Nb‐Ta anomalies, whose subparallel patterns suggest a common magma
source for the whole sequence (Figure 5). As indicated by the relatively flat REE patterns and low Sm/Yb,
Dy/Dy*, and Dy/Yb ratios (Figures 5 and 7a), Las Bayas volcanism could be associated with melting of a
depleted asthenospheric (MORB) mantle source, whose melts were modified by assimilation and/or frac-
tional crystallization processes (e.g., Davidson et al., 2013; Pearce & Parkinson, 1993).

Variable major and trace element compositions against differentiation indexes, together with trace element
patterns, point to fractionation of some mineral phases: P and Ti negative anomalies suggest apatite and
Fe‐Ti oxides fractionation, respectively, while concave‐down REE patterns, Dy/Dy*, and Dy/Yb ratios indi-
cate clinopyroxene and/or amphibole fractionation (Figures 5 and 7a; see also Figures S4 and S5, and Text
S4). Small to insignificant Eu negative anomalies, together with the Sr positive ones, show scarce plagioclase
fractionation (Figure 5).

Samples from Las Bayas have a relatively enriched isotopic composition and LILE‐enriched trace elements
patterns and ratios, which indicate significant slab‐derived (fluids and sediments) and/or crustal contribu-
tions (Figures 5, 6, 7b, and 7c). High Ba/Ta and La/Ta ratios of the Las Bayas samples point to fluid‐induced
enrichment, while Th/Yb and U/Th ratios indicate crustal or sediment contributions (Hawkesworth et al.,
1997; Plank, 2005; Tatsumi & Eggins, 1995). Relatively low 143Nd/144Ndi and high 87Sr/86Sri show contribu-
tions of both depleted mantle and crustal sources, but this isotopic composition is distinct from the regional
basement rocks and volcanic rocks emplaced on old‐thickened continental crust, which would have experi-
enced important crustal contamination (e.g., Central Volcanic Zone, 13–28°S; Chapman et al., 2017; Ducea
et al., 2015; Mamani et al., 2010; Figure 6). Instead, Las Bayas samples resemble elemental and isotopic
compositions of the present SVZ, where magmas evolved through a normal to thin crust of about 35 km
thick with relatively minor interaction with the crust (Hickey‐Vargas et al., 2016; Jacques et al., 2013;
López‐Escobar et al., 1995; Stern, 2004; Figures 6 and 7). Figures 6a and 6b show an assimilation and frac-
tional crystallization model as an attempt to estimate the amount of upper crustal assimilation necessary
to explain the isotopic composition of these samples, which suggest the incorporation of 30% of Paleozoic
basement in the magmas (see detail of the model in Text S5).

Contrary to Las Bayas section, Ventana‐Ñireco section has flat subparallel trace element patterns, character-
ized by slight LILE enrichment and subtle to absent Nb‐Ta negative anomalies (Figures 5 and 7c). The mafic
samples (23–19 Ma) display the flattest patterns without LILE enrichment, resembling E‐MORB composi-
tions (Figures 5e and 5f). In Figure 7a, a model of the REE variations during mantle melting was used to
identify the source of the basaltic samples and estimate its melting degree (F). The model is based on non‐
modal batch melting of a peridotite (Shaw, 1970) with a primitive mantle composition (McDonough &
Sun, 1989). Detail of the model, mantle modes, and partition coefficients are given in Text S5. Good agree-
ment between model melts, and our rocks are obtained by 5% partial melting of a spinel‐bearing lherzolite
mantle source.

Low LILE/HFSE ratios (low Ba/Ta, La/Ta, and Th/Yb ratios) and depleted isotopic compositions (high
143Nd/144Ndi and low 87Sr/86Sri) reveal scarce slab and/or crustal contributions, placing samples in fields
of within plate volcanic zones or backarc settings (Figures 6, 7b, and 7c). Two samples show higher
LILE/HFSE ratios and subtle Nb‐Ta anomalies, plotting in the transition to volcanic arc setting (both have
>55% SiO2). This could indicate slight influence of the subducted slab or a remnant subduction component
in the mantle wedge, which would have disappeared toward the younger pulses of the section (mafic
samples). Slight differences in the isotopic composition of the Ventana‐Ñireco samples could indicate slight
contributions from a crustal or an isotopically enriched source (Figure 6). Evidence of EM1 components (low
143Nd/144Ndi) into the lithospheric mantle beneath Patagonia was recorded in SVZ magmas, interpreted as
mantle heterogeneities derived from lower crust contributions to the mantle wedge (Turner et al., 2017).
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Figure 7. Geochemical tectonic discriminants for mid‐Cenozoic volcanism in North Patagonia. (a) Dy/Yb versus Dy/Dy* (Davidson et al., 2007; 2013). Both Las
Bayas and Ventana‐Ñireco samples show low Dy/Yb and Dy/Dy*, assignable to cpx/amp differentiation trends (cpx = clinopyroxene and amp = amphibole sta-
bility fields) from a depleted asthenospheric (MORB) mantle source. Contrastingly, the samples of the sill show high Dy/Yb ratios that indicate higher pressures at the
mantle melting site (GAR = garnet stability field), typical of OIB sources. Results of the batch melting model are included, indicating that Ventana‐Ñireco basalts
potentiallymatchwith about 5%ofmelting of a spinel lherzolite. (b) Th/Yb versus Ta/Yb (Gorton&Schandl, 2000; Pearce, 1983).Higher Th/Yb ratios indicative of active
continental margin settings discriminate Las Bayas samples from the lower Th/Yb ratios of the Ventana‐Ñireco samples, whereas the higher Th/Ta ratios of the sill
correspond to theMantle Array field. (c) Ba/Ta versus La/Ta. Higher Ba/Ta ratios of Las Bayas samples indicate an arc setting, in contrast with Ventana‐Ñireco samples
that plot in the backarc field and the samples of the sill that plot closer to within‐plate values. (d) ThN versus NbN (Saccani, 2015), normalized to the N‐MORB
composition (Sun&McDonough, 1989). The thick black line separates convergent plate settings, characterized by brown and green shades, fromdivergent plate settings
in shades of blue. Las Bayas samples show ThN and NbN values in the range of continental volcanic arcs, whereas the trend of Ventana‐Ñireco samples
toward lower ThN, is more frequent in divergent plate settings; the sill plot in the OIB alkaline field. (e, f, g, and h) Ba/Nb, Ce/Y, La/YbN (normalized to
chondritic values: McDonough & Sun, 1995), and Sr/Y respectively versus age. Ba/Nb is used as a measure of slab contributions, while Ce/Y, La/YbN, and
Sr/Y represent proxies for crustal thickness. These diagrams are focused on arc‐related rocks, so the samples of the sill were not included. Green arrows
indicate El Maitén Belt (EMB) evolution over time, while blue arrows show forearc evolution including the Coastal Magmatic Belt and the Traiguén
Formation samples (CMB; TF). Samples of CMB are from Henríquez Ascencio (2016), López‐Escobar and Vergara (1997), and Muñoz et al. (2000);
samples of the TF from Encinas et al. (2016), Henríquez Ascencio (2016), and Hervé et al. (1995); samples of undifferentiated EMB from Aragón,
Castro, et al. (2011), Iannelli et al. (2017), and Kay et al. (2007); samples of the SVZ from Jacques et al. (2013), Lara et al. (2001), López‐Escobar et al.
(1992, 1995)), Mella et al. (2005), Tobal et al. (2012), Watt et al. (2011), and references therein; samples from Pilcaniyeu Belt from Aragón, D'Eramo,
et al. (2011) and Iannelli et al. (2017); and samples from Somuncura mafic plateau (SC) from Asiain et al. (2017) and Kay et al. (2007).

10.1029/2019TC005580Tectonics

FERNÁNDEZ PAZ ET AL. 14



On the other hand, the alkaline tephritic‐basanitic sill intruding the uppermost levels of Ventana‐Ñireco sec-
tion has trace element patterns enriched in incompatible elements with high REE and no Nb‐Ta anomalies,
typical of subduction unrelated OIB rocks (Figure 5). Trace element patterns show high slopes, with high
Sm/Yb and La/Sm ratios (La/Sm = 6.2; Sm/Yb = 5.1; Figures 5 and 7a), more compatible with melting of
a garnet‐lherzolite source. Low Ba/Ta and La/Ta ratios suggest no influence of subducted components,
and high Ta/Yb ratios locate these samples in the Ta‐enriched mantle field (Figures 7b and 7c). Moreover,
the isotopic composition of this unit differs with the samples of the two studied sections by its higher Pb
isotopic values (Figure 6), highlighting their provenance from a different mantle source.

Overall, ThN versus NbN resumes the contrasting signature of the studied magmatic sections (Th and Nb
normalized to the N‐MORB composition of Sun &McDonough, 1989; Figure 7d). Las Bayas samples display
higher ThN values, consistent with higher subduction contributions, typical of continental magmatic arcs,
whereas Ventana‐Ñireco samples show a trend toward lower ThN and NbN, reflecting minor subduction
components, more akin to a backarc setting. Conversely, the sill plots in the alkaline OIB field, characterized
by high NbN values.

Trace element ratios as proxies for crustal thickness are based on the concept that the evolution of arc mag-
mas, melting and magmatic differentiation, occur at deeper average levels on a thicker crust than those
developed on thinner ones. In this line, we apply different proxies regarding silica content, Ce/Y for basic
rocks (Mantle & Collins, 2008) and (La/Yb)N and Sr/Y for intermediate rocks (Chapman et al., 2015;
Chiaradia, 2015; Profeta et al., 2015), obtaining a clear correlation and a marked difference between the
two sections. Las Bayas samples show higher (La/Yb)N and Sr/Y than Ventana‐Ñireco samples, which
implies a higher average depth at which magmatic fractionation would have occurred (Figures 7f–7h).
Very low Ce/Y, (La/Yb)N, and Sr/Y values of Ventana‐Ñireco samples suggest that magmatic differentiation
occurred within a thinned crust.

6.2. Tectonic Evolutionary Model
6.2.1. Late Eocene‐Early Oligocene: Arc Establishment
Before the development of the El Maitén Belt magmatism in the North Patagonian Andes, Paleocene‐middle
Eocene time was characterized by the subduction of the Aluk plate beneath the South American plate, while
the Aluk‐Farallon mid‐ocean ridge migrated southward along the margin (Cande & Leslie, 1986; Somoza &
Ghidella, 2005, 2012). Recent plate reconstructions show low absolute convergence rates for this period that
could have led to extensional conditions along the margin, which went along with the development of the
intraplate associations of the Pilcaniyeu Belt in the former backarc and a waning in arc activity as the sub-
ducted plate decelerated (Figures 7, 8a, and 8b; ∼57.8–44 Ma; Aragón, D'Eramo, et al., 2011, Aragón et al.,
2013; Iannelli et al., 2017; Matthews et al., 2016; Somoza & Ghidella, 2005). Aragón, D'Eramo, et al.
(2011) and Aragón et al. (2013) proposed that after the subduction of the Aluk‐Farallon mid‐ocean ridge,
the Aluk plate detached and the subduction of the Farallon plate was interrupted. Recent studies focused
both in the Andean margin and in other subduction zones around the world had shown that after ridge sub-
duction, a period of slow subduction occurred until slab‐pull force was restored, and so arc magmatism
(Fennell et al., 2018; Sun et al., 2018).

Arc activity resumed at North Patagonian latitudes by late Eocene times, forming part of the earliest pro-
ducts of the El Maitén Belt (~37 Ma; Fernández Paz et al., 2018). This initial magmatism consisted of tholeii-
tic lava flows, generated mainly by decompression melting with subordinate slab contributions, which
would have been emplaced within the context of an extensional regime (Echaurren et al., 2016;
Fernández Paz et al., 2018). Our new geochemical analyses and correlations suggest that a consolidate
and mature volcanic arc developed toward the Oligocene, characterized by calc‐alkaline lavas with higher
slab contributions and a marked arc signature. This Oligocene magmatic arc developed in the Main
Cordillera including the El Maitén Belt volcanism (Las Bayas section, 33 Ma; Figures 5, 6, and 7) and the
Auca Pan Formation (~39°S, 28 Ma; Iannelli et al., 2017; Rapela et al., 1988), and in the present forearc zone,
the initial stages of the Coastal Magmatic Belt (~42°S, ~39–37 Ma; Henríquez Ascencio, 2016; López‐Escobar
& Vergara, 1997; Muñoz et al., 2000; Figures 7, 8a, and 8c).

Traditional plate reconstructions have proposed an oblique subduction of the Farallon plate beneath the
South American margin during the middle Eocene to late Oligocene period (47–28 Ma; Somoza &
Ghidella, 2005). However, new plate reconstructions show a higher complexity with two stages; first, low
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Figure 8. (a) Age distribution of studied volcanic sequences. TF = Traiguén Formation; CMB = Coastal Magmatic Belt; EMB = El Maitén Belt; PB = Pilcaniyeu
Belt; SC = Somuncura mafic magmatism. (b, c, and d) Tectonic model for the evolution of Paleocene‐early Miocene North Patagonian magmatism, which includes
Paleocene ridge subduction (based on Aragón et al., 2013), late Eocene‐Oligocene arc consolidation, and late Oligocene‐early Miocene widespread extension during
Nazca Plate rollback, respectively. The left column shows paleogeographic distribution of magmatic units, trench positions, and arrows representing angle of
convergence and plate velocities (Matthews et al., 2016). Dotted arrows represent Farallon/Nazca oceanic plate velocities, while filled arrows show South American
plate velocity. The right column comprises the tectonic schemes for the different stages of North Patagonian Andes evolution. Ages of magmatic units are from
Aragón, Castro, et al. (2011), Aragón, D'Eramo, et al. (2011), Ardolino and Franchi (1993), Bechis et al. (2014), Benedini et al. (2017), Coira et al. (1985), Corbella
(1982a, 1982b), Encinas et al. (2016), Fernández Paz et al. (2018), González Díaz (1979), Henríquez Ascencio (2016), Hervé et al. (1995), Iannelli et al. (2017), Kay
et al. (2007), Lizuain and Viera (2010), Marshall et al. (1983, 1986), Mazzoni et al. (1991), Muñoz et al. (2000), Ramos et al. (2014), Rapela et al. (1983, 1988), Remesal
et al. (2012), and Turner (1982).
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convergence rates and low obliquity (37–33 Ma), followed by a second stage with increasing convergence
rates and high obliquity (32–28 Ma; Matthews et al., 2016; Figure 8b). In this context, we found that the geo-
chemical signature of arc‐related volcanism of the El Maitén Belt evolves in accordance with these changes:
During the first stage, the subduction at low convergence rates may have conditioned the initial develop-
ment and limited extent of the tholeiitic arc magmatism, while the development of a more mature arc activ-
ity coincides with higher convergence rates at oblique angles by 32 Ma (Figure 8c; Matthews et al., 2016).
6.2.2. Late Oligocene‐Early Miocene: Widespread Extension and Magmatism
During late Oligocene‐early Miocene times, magmatic activity of variable signature developed all along the
Andean margin in direct association with extensional forearc, intraarc, and retroarc basins: Abanico basin
(33–36°S; Charrier et al., 1996, 2002; Kay et al., 2005), Cura Mallin basin (36–39°S; Jordan et al., 2001;
Radic, 2010), Ñirihuau basin (41–43°S;Bechis et al., 2014 ; Cazau et al., 2005), and Traiguén basin (45–
46°S; Encinas et al., 2016; Hervé et al., 1995). Volcanic activity in the Main Patagonian Cordillera comprises
the ~23 to 19 Ma El Maitén Belt (Ventana‐Ñireco section), which develops as the initial infill of the Ñirihuau
basin, meanwhile Pacific and Atlantic‐derived transgressions coexisted with volcanic activity (Bechis et al.,
2014; Cazau et al., 2005). Contrarily to the older arc‐related volcanic rocks of the Las Bayas section, the lower
Miocene tholeiitic basalts from the Ventana‐Ñireco section show an E‐MORB‐like signature with limited
slab contributions. These rocks constitute a backarc volcanism with a limited arc signal or a remnant arc sig-
nature, which decreases toward the younger pulses of the sequence (Figure 7). Moreover, this sequence is
intruded by a probably slightly younger alkaline sills with an OIB signature, originated from a different
magma source.

In a regional context, coeval magmatic units located in the present‐day forearc zone comprise the
subduction‐related tholeiitic pillow basalts of the Traiguén Formation (26–23 Ma; Encinas et al., 2016;
Hervé et al., 1995; Silva, 2003) and the mainly andesitic to dacitic volcanism of the Coastal Magmatic Belt
(~29–18 Ma; Henríquez Ascencio, 2016; López‐Escobar & Vergara, 1997; Muñoz et al., 2000). These arc‐
related volcanic units are located in a western position regarding the late Eocene‐early Oligocene arc locus
and show higher slab contributions (e.g., higher Ba/Ta, La/Ta, and Th/Yb ratios; Figure 7) than the outcrops
of the El Maitén Belt located toward the east (~23–19 Ma; Ventana‐Ñireco section and equivalents). ThN ver-
sus NbN diagram highlights these geochemical differences: While these volcanic units located on the forearc
zone plot in the volcanic arc field, Miocene samples from the El Maitén Belt show a shift toward backarc
fields. These data suggest that arc volcanism migrated westward to the present‐day Pacific coastal zone dur-
ing lower Miocene times (Encinas et al., 2016; Muñoz et al., 2000). Both the Traiguén Formation and the
Coastal Magmatic Belt include not only subduction‐related volcanic products but also rocks with OIB affi-
nity (Muñoz et al., 2000; Silva, 2003), which highlight the geochemical variability of magmatism during
this stage.

Several authors interpreted a rollback scenario of the Nazca plate in order to explain the retraction of the
volcanic front toward the trench, the variability in the signature of the magmas, and the development of
intraarc, forearc, and retroarc basins (de Ignacio et al., 2001; Encinas et al., 2016; Muñoz et al., 2000).
Recently, the subduction model proposed by Fennell et al. (2018; based on Quinteros & Sobolev, 2013) sup-
ports an accelerated slab rollback for a large portion of the late Oligocene‐early Miocene Andean margin
(27–46°S) after the subduction of the Aluk‐Farallon ocean ridge. In this model, the interaction between
the subducted slab and the mantle transition zone at ~410 km increased the slab‐pull forces, which trig-
gered an accelerated retreat of the trench hinge away from the upper plate and a steepening of the slab, pro-
moting the onset of an extensional regime at around 24 Ma. However, it is worth noting that this differs
from recent plate reconstructions that show higher convergence rates from 32 Ma, which suggests that
slab‐pull forces could have incremented earlier, producing accelerated rollback before the breakup of
Farallon pate (Lonsdale, 2005; Matthews et al., 2016). These models invoke the trenchward migration of
the volcanic front that resulted in the development of the Coastal Magmatic Belt and Traiguén
Formation arc volcanism, while the widespread extensional regime would have triggered decompression
melting in the retroarc zone forming part of the younger sequences of the El Maitén Belt (Ventana‐
Ñireco section; Figure 8d).

In the foreland region, coeval Somuncura mafic plateau (∼29–16 Ma) is characterized by a distinctive intra-
plate signature (e.g., low Ba/Ta, La/Ta, and ThN and high Ta/Yb and TaN; Figure 7), although with relatively
higher Ba, Sr, and Th than expected for a within plate setting (Kay et al., 2007). It should be noted that
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Somuncura lava flows share the same geochemical OIB signature of the basaltic sill that intrudes the upper
member of Ventana‐Ñireco section (~23–19 Ma; Figure 7). This coincidence raises the question of why OIB
intrusions took place in the Main Patagonian Cordillera at approximately 20–13 Ma and why Somuncura
magmas recorded the presence of subducted components ~800 km east of the trench between ~27 and
25 Ma (Kay et al., 2007).

An intriguing feature of North Patagonian evolution is the variable geochemical compositions of the wide-
spread magmatic products, which include rocks with variable slab contributions and alkaline rocks with
OIB affinity. Though most of the models agree with the slab rollback model, the variable magmatic response
has been associated with different processes: Muñoz et al. (2000) explain the signature of the Coastal
Magmatic Belt (39–37?, 29–18 Ma), located in the present forearc zone, with the development of a slab win-
dow after the subduction of the Aluk‐Farallon mid‐ocean ridge. However, as seen in the previous section,
after ridge subduction magmatic arc activity resumes and consolidates forming part of the late Eocene‐early
Oligocene El Maitén Belt volcanic front (e.g., Las Bayas section) without influence of the Paleocene‐middle
Eocene slab window (Fernández Paz et al., 2018; Iannelli et al., 2017). Other models focused mainly on
Somuncura mafic volcanism (∼29–16 Ma) in the foreland, for example, the model of de Ignacio et al.
(2001), suggested that the sudden change in the angle of convergence during the breakup of the Farallon
plate induced a favorable slab topography to asthenospheric upwellings. Kay et al. (2007), on the other hand,
attribute this volcanism to a plume‐like mantle upwelling that assimilated subducted components from a
disrupted subducted slab. The presence of a plume‐like upwelling is certainly difficult to explain as there
is no pattern in space and time that can relate this magmatism to a known hotspot (Kay et al., 2007). In this
sense, recent works explain atypical plume‐like structures and focused upwellings by means of models that
associate decompressionmelting with slab‐inducedmantle circulation (Faccenna et al., 2010, and references
therein). This supports de Ignacio et al. (2001) motion that suggests that the slab rollback phenomena and a
curved topography in the subducting plate, associated to the change from oblique to orthogonal plate con-
vergence in the late Oligocene, would have resulted in a hot asthenospheric mantle intake, decompression
melting, and the extrusion of the Somuncura mafic plateau. Furthermore, the numerical model of Fennell
et al. (2018) for the Andean margin shows that the invigorated mantle convection promoted by slab rollback
could allow the transport of fluids/materials up to ~800 km from the trench, supporting the presence of
subducted components in Somuncura magma source. Despite this, this model does not certainly explain
the presence of rocks with OIB affinity in association with the arc and backarc volcanic rocks of the
Traiguén Formation, Coastal Magmatic Belt, and El Maitén Belt located in the forearc and retroarc zones.

As seen in multiple subduction zones around the world, the occurrence of OIBmagmatism is not an uncom-
mon process during the development of backarc basins, where arc‐related basalts, OIB, and MORB‐like
basalts frequently coexist, being though most typical of island arcs or thinned continental crust (Gao et al.,
2018; Pearce&Stern, 2006; Rossel et al., 2013; Smith, 1992; among others). The coexistence of differentmantle
sources is often associated with decompression melting of undepleted domains present in heterogeneous
mantle wedges, such as prevalent, OIB‐type or metasomatized subcontinental lithospheric mantle within
themantle wedge (Rossel et al., 2013; Turner et al., 2017; and references therein). The coexistence of different
mantle sources is often associated with decompression melting of undepleted domains present in heteroge-
neous mantle wedges, such as prevalent, OIB‐type or subcontinental lithospheric mantle within the mantle
wedge (Rossel et al., 2013; Turner et al., 2017; and references therein). In this regard, it is proposed that dur-
ing periods of slab rollback and ultrafast subduction (>12 cm/year), downward circulation of mantle materi-
als from the overlying mantle wedge is enhanced and requires a return flow in the mantle behind the arc.
Under such conditions, induced flow in the mantle wedge may control the progressive replenishment of
the mantle wedge, while the increased temperatures as a consequence of higher velocities of the mantle flow
could also promote upward flux of material from significant depths (Brandl et al., 2017; Faccenna et al., 2010;
Gao et al., 2018, Kincaid & Griffith, 2003; Kincaid & Griffiths, 2004; Staudigel & King, 1992). The occurrence
of replenishment of the mantle wedge and the possibility of an upward flux of material from significant
depths certainly explains the occurrence of arc‐related volcanism coexisting with rocks with OIB signature,
observed in the intraarc Coastal Magmatic Belt and Traiguén Formation and retroarc magmatism of the
lower Miocene El Maitén Belt (Figure 8d). Besides, the model of slab rollback and ultrafast subduction
supports also the transport of fluids/materials far from the trench together with upwellings of hot astheno-
spheric mantle in the foreland zone required for the development of Somuncura mafic volcanism.
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7. Conclusions

The long‐standing magmatic activity of the El Maitén Belt records different geochemical trends from late
Eocene to early Miocene times, in association with different tectonic stages in the evolution of Andean
arc magmatism.

Lower Oligocene volcanic sequences in the Las Bayas range comprise mainly porphyritic basaltic andesites
and autobreccias, with interbedded tuffs, dated at 33 Ma (zircon U‐Pb age). Geochemical analyses character-
ize them as andesites and dacites of the calc‐alkaline series. Trace elements patterns and ratios, together with
isotopic results and assimilation and fractional crystallization models, suggest magmas evolved by
assimilation‐fractional crystallization with slab (fluid and sediments) and about 30% of crustal contributions
(Paleozoic basement).

Early Miocene sequences in the Ventana and Ñireco hills comprise andesitic and dacitic lava flows in the
lower section that turns mostly into pyroclastic rocks, volcanic breccias, and conglomerates in the middle
section. Toward the upper section, mafic lavas intercalate with marine deposits and sill intrusions.
Geochemically, mafic lavas can be described as E‐MORB‐like tholeiites, with minor arc signature and trace
elements composition that resemble a backarc setting. Trace element and isotopic compositions suggest that
they were generated by low degree of melting (~5%) of a spinel lherzolite source at low depths within a thin
crust. On the other hand, OIB intrusions are alkaline tephrite‐basanites with a garnet‐bearing
magmatic source.

In the regional context, the evolution of the El Maitén Belt from the late Eocene tholeiitic magmatism to
the Oligocene mature arc front with higher slab contributions was driven by the oblique subduction at
higher convergence rates of the Farallon plate, prior to the breakup of the plate into Nazca and Cocos
plates. Then, the early Miocene sequences of El Maitén Belt comprise a retroarc volcanism, associated with
marine transgressions, which developed during a stage of widespread extensional conditions. This stage
coincides with the breakup of the Farallon plate and the change in the subduction zone configuration into
a normal convergence at high rates. Our studies support the model of accelerated Nazca plate rollback in
which slab retreat would have promoted a vigorous mantle convection. As a consequence, the volcanic
front migrated towards the trench (Coastal Magmatic Belt and Traiguén Formation) and decompression
melting in the retroarc zone led to the development of the youngest volcanism of the El Maitén Belt, in
accordance with widespread extensional conditions and marine transgressions. Besides, this subduction‐
induced mantle flow would have allowed the transport of fluids/materials far from the trench together with
upwellings of hot asthenospheric mantle in the foreland zone (Somuncura mafic plateau). Likewise, an
induced return flow may have favored the income of deep sourced magmas into the mantle wedge, explain-
ing the coexistence of subduction‐related volcanism with rocks of OIB affinity both in the arc and the
retroarc zone.
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