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A B S T R A C T

Mid-Cenozoic widespread arc magmatism in North Patagonia extends from the forearc to the retroarc zones,
representing an anomalous large volume when compared to the present-day arc zone and even other past arc
configurations. It represents a crucial stage in Andean arc evolution as was developed after a period of arc
waning and within plate magmatism. Controversies exist regarding the origin of these volcanic sequences, with
scarce integrated field, geochemical and geochronological analyses. We focused our study on the El Maitén Belt,
located in the present-day retroarc zone, particularly on a poorly studied section corresponding to the southern
outcrops of this volcanic belt. This volcanism consists of basaltic and andesitic lava flows and interbedded
pyroclastic deposits, whose emplacement was controlled by extensional tectonics as indicated by the occurrence
of wedge-like strata associated with normal faults. A U-Pb age on the basal part of this section shows that
magmatic activity started by 37 Ma, earlier than previous studies that considered this volcanism as Oligocene.
Geochemically, these rocks are part of the subalkaline and particularly tholeiitic series. All samples show trace
element enrichments, depletions and ratios characteristic of arc magmas, though fluids and sediment imprint
seem limited. On these bases, we propose decompression melting as the main process associated with the genesis
of this volcanism. Therefore, this magmatic association constrained to the late Eocene represents the earliest
evidence of arc volcanism in the Patagonian Andes, under an extensional regime, after a Paleogene waning of arc
activity.

1. Introduction

The development of a magmatic arc represents the product of sub-
duction, driven by dehydration reactions on the downgoing oceanic
slab (Gill, 1981). Arc-related magmatism reflects variations in the
composition of the mantle source, the degree of melting, and the nature
and amount of subducted material involved during its genesis (e.g.,
Hofmann et al., 1986; Jacques et al., 2013; Wehrmann et al., 2014).
Additionally, the interaction between the continental upper plate and
the subducting oceanic slab plays an important role in magmatic arc
development (Ducea et al., 2015b), being influenced by changes in
plate convergence, absolute motion of the upper plate, geometry of the
slab, and the age of the subducted slab among other controls (e.g., Cross
and Pilger, 1982; Heuret and Lallemand, 2005; Horton and Fuentes,
2016; Lee et al., 2009; Silver, 1998).

Arc development is controlled by the position of the magmatic locus
relative to the trench, which can change, along with magma production
rates, as a function of plate dynamics (e.g., Chapman et al., 2017;
DeCelles et al., 2009; Karlstrom et al., 2014). Two end-members of this
situation can be represented by a shallow subduction setting and a slab
rollback scenario. In the first case, magmatism migrates toward the
retroarc zone, governed by a compressive regime on the upper plate
(e.g., Cross and Pilger, 1982; Ducea et al., 2015a; Folguera and Ramos,
2011). Contrastingly in the case of slab rollback, oceanward retreat and
steepening of the slab moves the magmatic locus toward the trench,
under an extensional regime in association with the development of
intra- and- retroarc basins (e.g., Encinas et al., 2016; Jordan et al.,
2001; Rosenbaum and Lister, 2004). Under certain conditions, sub-
duction systems can experience a waning in arc activity. These periods
are considered a key point in the evolution of subduction margins as
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they frequently obey to particular events such as the development of
shallow subduction settings and/or collision of mid ocean spreading
centers (Cole and Stewart, 2009; Folguera and Ramos, 2011; and re-
ferences therein). Even though several works illustrated the onset of arc
magmatism after arc-waning stages (e.g., Ferrari et al., 2012; Lee et al.,
2009; Rossel et al., 2013), common patterns and insights on the pet-
rologic and geochemical characteristics of the initial arc-related
magmas are barely addressed in Andean evolution.

In order to evaluate arc characteristics through a period of arc re-
sumption; we studied a particular sector in the North Patagonian Andes
where arc activity registered a waning (gap) in early Paleogene times
(Fig. 1). During the Late Cretaceous the magmatic locus had migrated
toward the retroarc zone, coincidentally with a compressive regime
(Echaurren et al., 2016), while an extensional regime was established
later in the Paleogene coinciding with the mentioned gap in arc activity
(Aragón et al., 2013, 2011b; Pankhurst et al., 1999). This last setting
was characterized by Paleocene–early Eocene bimodal volcanism in the
former retroarc zone (Pilcaniyeu Belt; Rapela et al., 1988, 1984)
(Fig. 1), interpreted as a within-plate magmatic association, promoted
by a slab detachment after the subduction of the Aluk-Farallón mid-
ocean ridge (Aragón et al., 2013, 2011b). Then, late Oligocene–early
Miocene arc-related volcanism was registered in the eastern North Pa-
tagonian Andes, as part of the El Maitén Belt (Rapela et al., 1988),
although the exact timing, involved processes in magma genesis and
tectonic setting of this arc resumption are still discussed (Fig. 1). This
arc stage would have been associated with the rollback of the subducted
Farallón and Nazca plates that promoted invigorated asthenospheric
circulation, giving as a consequence a mixture of slab-modified and
pristine magma sources, coeval with a migration of arc magmatism
toward the trench (Encinas et al., 2016; Jordan et al., 2001; Muñoz
et al., 2000).

This study is focused on the Rivadavia range (Fig. 2), where arc-
related series are exposed at the southern part of the El Maitén Belt,
which had been primarily assigned to the late Oligocene (Rapela et al.,
1988). In order to determine a coherent framework for the evolution of
the Paleogene magmatism in the North Patagonian Andes, we carried
out field, geochemical and geochronological studies comparing our
results with other spatially and temporally related magmatic units.
Then, our findings indicate that this volcanic activity marks the re-
sumption of arc magmatism under extensional conditions during the
upper Eocene, after a protracted gap in arc activity and within-plate

magmatism in Patagonia.

2. Geological setting

The study area is located in the eastern slope of the North
Patagonian Andes, in the transition zone with a series of ∼N-striking
ranges to the east referred to as the Patagonian broken foreland (e.g.,
Bilmes et al., 2013; Echaurren et al., 2016; Orts et al., 2012) (Fig. 1).

These broken foreland ranges are locally cored by basement units
comprising Upper Paleozoic igneous and metamorphic rocks (Caminos
and Llambías, 1984; Volkheimer, 1964), intruded by an Early Jurassic
NW-striking plutonic belt known as the Subcordilleran Batholith
(Gordon and Ort, 1993; Rapela et al.,2005). To the west, the axial part
of the North Patagonian Andes is formed by the Mid Jurassic-Cretac-
eous North Patagonian Batholith that includes a series of calc-alkaline
granitoid suites (Aragón et al., 2011a; Castro et al., 2011; González
Díaz, 1979; González Díaz and Lizuaín, 1984; Pankhurst et al., 1999).
Volcanic counterparts (Jurassic Lago La Plata Formation and mid-Cre-
taceous Divisadero Group) are spread out toward the east reaching the
Patagonian broken foreland (Echaurren et al., 2017; Haller and Lapido,
1982).

Cenozoic units are exposed from the North Patagonian Andes to the
Patagonian broken foreland, including volcano-sedimentary sequences
with different geochemical imprints (Rapela et al., 1988; Figs. 1 and 2).
Paleocene-Eocene magmatism is represented by the 60–42 Ma Huitrera
Formation, known in the geological literature as the Pilcaniyeu Belt,
which extends between 40° and 44°S in the broken foreland zone
(Feruglio, 1949; Ramos, 1982; Rapela et al., 1988). This belt comprises
a bimodal association of volcanic rocks interbedded with continental
deposits (Rapela et al., 1988, 1984, 1983). The volcanic rocks consist of
calc-alkaline ignimbrites at the basal part of this unit and within-plate
alkali basalts and tholeiitic basalts-trachytes at the upper part (Aragón
et al., 2013, 2011b). This sequence was genetically interpreted as an
ignimbrite flare up with a final basaltic stage due to the development of
a slab window (Aragón et al., 2013).

Oligocene–early Miocene volcanism (32–20 Ma) is included in the
Ventana Formation (González Bonorino, 1973). This volcanism forms
part of the El Maitén Belt (Rapela et al., 1988), which extends in a N-S
direction between 40° and 43°S, to the west of the Pilcaniyeu Belt and
toward the cordilleran axis. The El Maitén Belt comprises volcano-se-
dimentary sequences that consist of basaltic and andesitic lavas and

Fig. 1. Tectonic setting of the North Patagonian fold-
thrust belt and easternmost limit of the Andean de-
formation (Echaurren et al., 2016; Gianni et al.,
2015; Lavenu and Cembrano, 1999; Muñoz et al.,
2000; Orts et al., 2012). The main morphostructural
units that constitute the North Patagonian Andean
margin are the Coastal Cordillera, Central Valley,
North Patagonian Andes, and the broken foreland
area. Triangles represent the active volcanic front
(Lopez-Escobar et al., 1995), showing a close spatial
relationship with the Liquiñe-Ofqui Fault Zone. CMB:
Coastal Magmatic Belt; TF: Traiguén Formation;
EMB: El Maitén Belt; PB: Pilcaniyeu Belt; SC: So-
muncura province; SAR: Paleogene mafic volcanism
in Sarmiento Region.
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Fig. 2. Geological map of northern Patagonia from Sernageomin (2003), González (1994) and Lizuain et al. (1995), with the Paleogene-lower Neogene volcano-sedimentary sequences
highlighted: CMB, Coastal Magmatic Belt (37?; 29–18 Ma); EMB, El Maitén Belt (37–20 Ma); PB, Pilcaniyeu Belt (60–42 Ma); TF, Traiguén Formation (32?, 26–20 Ma); SC, Somuncura
province (29–16 Ma). Radiometric ages are from Aragón et al. (2011a), Bechis et al. (2014), Encinas et al. (2014), González Bonorino and González Bonorino (1978), González Díaz
(1979), Henríquez Ascencio (2016), Iannelli et al. (2017b), Kay et al. (2007), Lizuain and Viera (2010), Mazzoni et al. (1991), Muñoz et al. (2000), Rabassa (1974), Ramos et al. (2014),
Rapela et al. (1988, 1983), and Turner (1982). Note the square denoting the Rivadavia range location.
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minor pyroclastic rocks, interbedded with marine deposits at the upper
part of this unit (Bechis et al., 2014; Dalla Salla et al., 1981; González
Bonorino, 1973; Ramos, 1982; Rapela et al., 1988). These volcanic
rocks were geochemically described as calc-alkaline, with a change to
tholeiitic compositions toward the upper part of the unit (Iannelli et al.,
2017b; Litvak et al., 2014; Rapela et al., 1988, 1983). It was also pro-
posed that this volcanic belt evolved in the context of progressive
crustal thinning related to a regional extensional stage that favored the
incursion of a marine transgression during the earliest Miocene (Bechis
et al., 2014; Rapela et al., 1988). Northern outcrops of this unit near
Bariloche city (40°S) show middle/upper Paleocene to lower Miocene
ages, based on Rb-Sr and K-Ar methods (González Bonorino, 1973;
González Bonorino and González Bonorino, 1978; González Díaz, 1979;
Rapela et al., 1988, 1983), and more recent lower Miocene U-Pb ages
(Aragón et al., 2011a; Bechis et al., 2014; Fig. 2). Southern outcrops
between the localities of El Maitén and Esquel (42°–43°S) show that the
earliest magmatic activity could be assigned to the Eocene on the basis
of its fossil flora (Sepúlveda, 1980), with also scarce K/Ar Eocene and
Oligocene ages (Cazau et al., 1989; Lizuain and Viera, 2010; Rapela
et al., 1988) (Fig. 2). Despite the limited consensus regarding the age of
El Maitén Belt, it is presently assigned to the Oligocene-lower Miocene,
considering reliable K-Ar ages and the new U-Pb ones. At these latitudes
(40°–43°S), partly contemporaneous volcanic activity is registered in
the Coastal Cordillera, referred to as the Coastal Magmatic Belt
(∼29–18 Ma), composed of basaltic to dacitic lava flows (Muñoz et al.,
2000); and to the south in the Chonos Archipelago (∼45° S) as pillow
basalts and tuffs of the Traiguén Formation (∼26–23 Ma) that were
erupted in association with an extensional regime (Encinas et al., 2016;
Hervé et al., 1995; Silva, 2003). On the foreland zone, con-
temporaneous volcanism includes a broad mafic plateau, known as the
Somuncura province (∼29–16 Ma), which was associated with a short
asthenospheric anomaly (Kay et al., 2007).

The Oligocene volcanic sequences are overlain by the Ñirihuau
(22–16 Ma) and Collón Curá (16–10 Ma) formations, which represent
the main infill of the Ñirihuau basin (Bechis et al., 2014; Cazau et al.,
1989; Giacosa et al., 2005; Rabassa, 1978; Spalletti, 1983; Yrigoyen,
1969). It was proposed that extensional conditions may have controlled
the deposition of the basal part of the Ñirihuau Formation, while the
middle and upper parts of this unit and the younger Collón Curá For-
mation represent synorogenic deposits, associated with the last oro-
genic uplift and contraction that affected the North Patagonian Andes
(Bechis et al., 2014; Echaurren et al., 2016; Orts et al., 2012).

After protracted quiescence in arc-related activity along the Andean
axis, the North Patagonian Batholith resumes its magmatic activity in
the early Miocene (20 Ma), extending to the Pliocene, localized along
the dextral-transpressive Liquiñe-Ofqui Fault Zone (LOFZ) (Fig. 2)
(Pankhurst et al., 1999). Recent arc volcanism included in the Southern
Volcanic Zone (SVZ), and particularly at the studied latitudes in the
South Southern Volcanic Zone (SSVZ), is characterized by highly active
centers associated with the LOFZ (e.g., Amigo et al., 2013; Lopez-
Escobar et al., 1995; Watt et al., 2011).

3. Geology of the Eocene El Maitén Belt in the Rivadavia range

Sampling and lithofacial analyses of El Maitén Belt volcanic rocks
were carried out at the southwestern slope of the Rivadavia range, a
∼N to NNW-striking highly asymmetric double-vergent anticline. The
western flank of the anticline exposes the volcanic rocks of the El
Maitén Belt, while the eastern slope comprises volcano-sedimentary
sequences of the Lago la Plata Formation and the Divisadero Group in
the core of the anticline (Viera and Hughes, 1999) (Fig. 3).

Volcanic rocks of El Maitén Belt mainly consist in basaltic and an-
desitic lava flows with interbedded pyroclastic deposits; unconformably
covering Mesozoic rocks (Figs. 3 and 4). These constitute a NW-striking
section with variable SW dipping horizons. Two high angle E/SE-dip-
ping reverse faults and an associated anticline were recognized in the

SE sector, which structurally control the distribution of the volcanic
facies (Fig. 3). The southern reverse fault is associated with an asym-
metric anticline with a nearly subhorizontal eastern flank and a sub-
vertical western flank. The increasing thickness of the different volcanic
units toward the fault plane indicates normal faulting contemporaneous
with the emplacement of the volcanic sequence (Echaurren et al., 2016)
(Fig. 5).

We defined two lithological domains controlled by the cited NE-
trending thrusts: a south-east domain (SED) and a north-west domain
(NWD) (Fig. 3). The major lithofacial variation was recognized in the
SED, where thicker units from the lower and middle volcanic section
crop out including five facies. The NWD comprises the three facies of
the upper section, characterized by monolithological outcrops with
lower thicknesses (Figs. 3 and 4). A representative vertical section of
the volcanic sequence includes the eight defined lithological facies
(Fig. 4a), from base to top the succession includes: basaltic andesites,
crystalolithic tuffs, fine grained basalts, vesicular basalts, volcanic
breccias 1, volcanic breccias 2, aphanitic basalts and columnar ande-
sites. The petrographic features of these rocks are described in Table 1.

The SED consists of a folded sequence that represents the major
thickness of the profile (Figs. 3–5). The lower part of the sequence is
composed of the basaltic andesites facies (sample RV08; Fig. 4b). This
facies consists of 90 m of porphyritic rocks with columnar disjunction,
characterized by interstitial quartz and alkali feldspar in granophyric
texture. Above, the crystalolithic tuffs facies (sample LS23) extends as a
thin horizon (∼36 m thick) with a wide lateral continuity (Fig. 3).
These light brown and partially stratified pyroclastic rocks (Fig. 5)
contain a high percentage of volcanic lithics (45%) and crystal frag-
ments (35%), with minor amounts of pumice and volcanic shards
(20%). Microscopically, shards preserve triaxone shapes, while pumices
are partially deformed and form occasionally a pseudomatrix.

A thick succession (∼170 m thick) of fine grained basalts continues
up in the profile, with interbedded levels of vesicular basalts and vol-
canic breccias (Fig. 4c–f). Fine grained basalts facies consist of 101 m of
greenish gray basalts with an intense subhorizontal jointing, whose
main feature is the decrease in grain size to the top of the level (samples
LS25, LS17, LS07, and LS10). These rocks have aphyric to micro-
porphyritic textures with plagioclase, clinopyroxene and opaque mi-
nerals. Groundmass is mainly intersertal to intergranular, with plagio-
clase as the main phenocryst in the more porphyritic varieties.
However, olivine phenocrysts are present at the base of this succession,
where ophitic textures are more common. The vesicular basalt facies
corresponds to 63 m of gray basalts (sample LS12a), with similar pet-
rographical characteristics as the fine grained basalts, but with a re-
markable presence of vesicles (25%), some of them filled with calcite.
The interbedded volcanic breccias consist of 5 m of reddish brecciated
rocks (sample LS09, volcanic breccias 1 facies) with porphyritic basaltic
autoclasts immersed in a volcanic groundmass of similar composition.
Some of these autoclasts have clear limits with the matrix, while others
have transitional passages, showing their plastic stage at the moment of
the incorporation to the lava flow.

The uppermost facies of the profile crop out in the NWD. The first
level corresponds to 5.8 m of volcanic breccias (sample LS31, volcanic
breccias 2 facies; Fig. 4g) with microporphyritic basaltic autoclasts of
2–20 mm in size, within a matrix of the same composition. Above these
rocks, the aphanitic basalt facies comprises 15 m of aphanitic grayish
rocks (samples LS30b and LS35b; Fig. 4h and i), which grade from
aphyric to microporphyritic textures with plagioclase, clinopyroxene,
orthopyroxene and opaque minerals. Finally, the columnar andesites
facies is primarily represented by andesitic lava flows of 2 m of thick-
ness exposed toward the top of the profile (sample LS04), and a minor
intrusive body (sample LS08), both with a characteristic columnar
disjunction (Fig. 4a and j). This facies comprises dark gray porphyritic
andesites with plagioclase and orthopyroxene phenocrysts within a
glassy groundmass.
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4. Analytical results

4.1. Sampling and methodology

Geochronology analysis was performed through U-Pb Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
on zircons from a crystalolithic tuff from the lower levels of the El
Maitén Belt section studied in the Rivadavia range (Sample LS23; see
Supplementary Material A for zircon data). Heavy mineral concentrates
of the<350 μm fraction were separated using traditional techniques at
ZirChron LLC. Zircons from the non-magnetic fraction were mounted in
epoxy and slightly ground and polished to expose the surface for laser
ablation analyses. LA-ICP-MS U-Pb analyses were conducted at
Washington State University prior to cathodoluminescence (CL) ima-
ging 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. Operating procedures and parameters are a modification of
Chang et al. (2006). Laser spot size and repetition rate were 30 nm and
10 Hz, respectively. He and Ar carrier gases delivered the sample
aerosol to the plasma. Each analysis consisted of a short blank analysis
followed by 250 sweeps through masses 204, 206, 207, 208, 232, 235,
and 238, taking approximately 30 s. Time-independent fractionation
was corrected by normalizing U/Pb and Pb/Pb ratios of the unknowns
to the zircon standards (Chang et al., 2006). For this study, two zircon
standards were used: Peixe, with an age of 564 Ma (Dickinson and
Gehrels, 2003), and FC-1, with an age of 1099 Ma (Paces and Miller,

1993). Uranium-lead age was calculated using Isoplot (Ludwig, 2003).
The final ages include systematic and analytical errors, which are
around 2%.

Geochemical analyses were performed on nine fresh samples, se-
lected for their well-defined stratigraphic relationships, representatives
of the lithological facies described in the Rivadavia range (Tables 1 and
2, Fig. 4). Samples for geochemical analyses were prepared and ana-
lyzed at the Activation Laboratories of Ancaster, Canada: major, trace
and rare earth elements were measured by total fusion and inductively
coupled plasma mass spectrometry (FUS-ICP-MS). According to the
laboratory procedures (http://www.actlabs.com), unaltered rock frag-
ments were crushed until 90% were< 2 mm. A 250 g split was then
pulverized with a mild steel mill until 95% passed through a sieve with
a mesh of 105 μm. Samples were prepared and analyzed in a batch
system, where they were mixed with a flux of lithium metaborate and
lithium tetraborate. The molten melt was immediately poured into a
solution of 5% nitric acid containing an internal standard, and was
mixed continuously until completely dissolved (∼30 min). The samples
were run for major oxides and selected trace elements on a Varian Vista
735 ICP-OES. In trace element analysis, fused samples were diluted and
analyzed by Perkin Elmer Sciex ELAN 6000. The standards used were
NIST-694, DNC-1, W-2a, SY-4 and BIR-1a for major elements and trace
elements, plus, LKSD-3, TDB-1, CTA-AC-1, NCS-DC86312, NCS-
DC70009, OREAS-100a, OREAS-101a, OREAS-101b and JR-1, also for
trace elements (see Supplementary Material B for quality controls). The
detection limit for the major oxides is 0.01 wt.%, except for MnO and

Fig. 3. Geological map of the study area. El Maitén
Belt volcanic rocks outcrop in the western slope of
the Rivadavia range, showing eight different litho-
facies. The A-B section shows the structural control
in the emplacement of volcanic sequences as a series
of normal faults, some of them partially inverted.
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TiO2, which is 0.001 wt.%. For most of the trace elements, the detection
limit is 0.01 ppm, with the exception of Sr (2); Rb, Sc, Co, Ga, Zr (1); Ba
(3); Pb (5); Zn (30); Cu (10); Th, La, Ce, Nd (0.05); Nb (0.2); Hf (0.1); Y
(0.5); Cr, Ni (20); Eu, Tm (0.005) and Lu (0.002).

4.2. U-Pb geochronology of Rivadavia range sequences

The U-Pb geochronological analysis was carried out on a crystal-
olithic tuff (crystalolithic tuff facies) located near the base of the se-
quence (Sample LS23; Figs. 4 and 5). Results of the 95 analyzed zircons
yielded ages that overlap within the error, suggesting a single source.
Th/U ratios for the analyzed zircons are> 0.1, which correspond to a
typical igneous origin (Rubatto, 2002). Analyses provide a 206Pb/238U
mean age of 37.0 +0.7 −0.5 Ma (2 sigma, Fig. 5), which was calcu-
lated from a group of 58 zircons with 95% of confidence and 207Pb

corrected. A small number of zircons (n = 5) shows ages between
Jurassic to Cretaceous, representing the underlying Mesozoic volcanic
sources (Divisadero Group and Lago la Plata Formation); while another
group (n = 7) yields ages between 47.2 and 63.4 Ma, probably related
to the Paleocene-Eocene magmatism cropping out to the west (Pilca-
niyeu Belt).

This new determination indicates an upper Eocene age for the stu-
died sequences, and corroborates previous paleontological determina-
tions of an Eocene age for similar outcrops exposed in the northern area
of the Rivadavia range (Sepúlveda, 1980).

4.3. Geochemistry of El Maitén Belt volcanism at the Rivadavia range

4.3.1. Major elements
Basaltic to andesitic lava flows comprise a SiO2 content from 49.64

Fig. 4. El Maitén Belt volcanic and volcanoclastic
rocks. (a) Representative section of El Maitén Belt
volcanism in Rivadavia range. (b) Basaltic andesites
exposures with columnar disjuntion, in contact with
crystalolithic tuffs facies. (c) Lower section of fine
grained basalts facies dipping to SW. (d) Detail of
vesicular basalts facies. (e) Irregular contact between
reddish volcanic breccias 1 and fine grained basalts
above. (f) Upper section of fine grained basalts facies
dipping between 5°W and 21°W. (g) Detail of vol-
canic breccias 2f acies whit clasts of irregular shapes.
(h) Contact between aphanitic basalt facies that
covers the volcanic breccias 2 facies, both dipping to
the SW. (i) Detail of the aphanitic basalt outcrops
with their characteristic subhorizontal jointing. (j)
Columnar andesites facies cropping out with their
typical disjuntion.
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to 66.02 wt.%, increasing gradually from the base to the top of the
sequence. The only exception to this trend is the sample RV08 from the
lower section (64.32 wt.%), which shows high silica content due to the
presence of interstitial quartz and alkali-feldspar (see Table 1). Based in
the total alkalis vs. silica classification (Fig. 6), samples are basaltic
andesites, andesites and dacites representatives of the subalkaline
series. This geochemical classification does not coincide with the pet-
rographical characterization, a discrepancy that is justified by the high
percentage of interstitial volcanic glass (see Table 1). The rocks show
FeOt/MgO ratios comparable with tholeiitic series and K2O contents
from 0.76 to 2.7 wt.% (corresponding to medium-K series); an excep-
tion to this is the dyke of the upper section which plots in the calc-
alkaline field (Fig. 6).

Harker diagrams (Fig. 7) show negative correlation of Al2O3, MgO,
CaO and TiO2 oxides with SiO2, consistent with the fractionation of
calcic plagioclase, olivine, clinopyroxene and ilmenite or titano-
magnetite (decreasing CaO, MgO and TiO2), while positive correlations
of Na2O and K2O would indicate no alkali feldspar fractionation. Fe2O3

and P2O5 have positive correlations at early crystallization stages
(samples with< 55 wt.% of SiO2) and negative correlations in more
evolved samples (SiO2>55 wt.%), common in tholeiitic series where
magnesium olivines fractionated first, while clinopyroxene is dom-
inantly fractionated in later crystallizing phases. Apatite fractionation
in more evolved samples also explains the inflexion in P2O5 trend.

4.3.2. Trace elements
According to compatible trace elements content, the more primitive

signature is shown by the basalts stratigraphically located at the base of
the middle section (fine grained basalts, samples LS17 and LS25), with
the highest Ni, Co, Cr, and Mg# values (Ni = 50–80 ppm,
Cr = 30–160 ppm, Co = 21–37 ppm and Mg# = 42–56).
Representative trace elements content plotted against silica content
(Fig. 7) show increasing Rb, Ba, Th and Zr with increasing differ-
entiation, which indicates that none of these elements were in-
corporated in the crystallizing phase. A slightly negative correlation of
Sr with increasing SiO2 content indicates fractionation of plagioclase;

Fig. 5. (a) Outcrops of El Maitén Belt facies re-
cognized in the SED of the studied area; note the
increase in thickness of the different volcanic levels
toward a partially inverted normal fault. (b) Detail of
the crystalolithic tuffs facies outcrops with their
characteristic subhorizontal stratification. (c)
Concordia diagram of LA–ICP–MS U–Pb age for
sample LS23 from Rivadavia range. (d) Probability
density functions of detrital zircon ages. A main
probability of ∼37 Ma age was obtained for El
Maitén Belt sample, with minor peaks in 50, 140,
160 and 180 Ma mainly represented in the region by
the Pilcaniyeu Belt, the Divisadero Group and the
Lago La Plata Formation. (e) Resulted ages calcu-
lated from a group of 58 grains, 207Pb corrected. All
uncertainties are 2 sigma; systematic, analytical and
propagation errors are included.
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whereas the more pronounced decrease of V implies ilmenite and/or
titanomagnetite fractionation. A scattered trend is shown in Y vs. SiO2

diagram, which suggests that fractional crystallization had probably no
particular influence on Y content.

Selected trace elements ratios were plotted against silica content in
order to discard the effects of fractional crystallization on these ratios,
for its later use as tectonic discriminants (Fig. 7). U/Th, Pb/Ce and Ba/
Nb do not correlate or correlate weakly with SiO2 content, and there-
fore appear to be not significantly influenced by fractional crystal-
lization. However, some anomalous values are seen in Ba/Nb ratios,
which are associated with anomalous Nb contents in some samples from
the middle section.

Multi-element diagrams are characterized by patterns with slightly
Rb, Ba, Th, U, La and Pb enrichment relative to the negative Nb-Ta, Sr-P
and Ti anomalies (Fig. 8). Enrichment in these large ion lithophile
elements (LILE) relative to the high field strength elements (HFSE) is
associated with hydrous fluids driven off subducted oceanic crust into
the asthenospheric-mantle source. Particularly, samples with higher
silica content (> 55 wt.% SiO2) show more marked negative anomalies
in Nb-Ta, Sr-P and Ti. The depletion in Sr within these samples may be
associated with plagioclase fractionation, while P and Ti negative
anomalies may occur as a consequence of fractional crystallization of

accessory minerals such as apatite and Fe-Ti oxides. A conspicuous
feature between basic and intermediate samples is a change in Ba be-
havior, represented by a negative anomaly in more evolved rocks,
possibly as a result of amphibole fractionation.

Rare earth element diagrams show flat patterns with low light REE
(LREE) ((La/Sm)n = 1.86–3.8) and heavy REE (HREE) ((Sm/
Yb)n = 1.73–2.45) ratios, despite silica content (Fig. 8). Samples
with< 55 wt.% SiO2 show slightly positive anomalies (Eu/
Eu* = 0.99–1.03), that could reflect plagioclase accumulation
(Vukadinovic, 1993). In contrast, intermediate to acid rocks (> 55 wt.
% SiO2) have a small negative Eu anomaly (Eu/Eu* = 0.74–0.96), that
accompanied by Sr depletion suggests an incipient plagioclase fractio-
nation.

The analyzed volcanic rocks display an increase in La/Yb (La/
Yb = 5.35–9.63) and a decrease in Dy/Yb ratios (Dy/Yb = 2.02–1.55)
with increasing silica content (Fig. 9). Comparisons with expected
fractionation effects for intermediate rocks indicate that the studied
samples respond more to amphibole fractionation than to a magma
differentiation trend, with clinopyroxene controlling differentiation
(Davidson et al., 2007; Macpherson et al., 2006).

Differences between LILE, HFSE and REE contents can be high-
lighted with trace elements ratios, which might reflect variable tectonic
settings. Studied samples show La/Ta = 25.31–41, Nb/La = 0.2–0.53,
Ba/La = 8.15–17.44, Ba/Ta = 206–715 and Ba/Nb = 15.35–65.75
contents. In comparison with typical arc values (La/Ta>25, Ba/
La>20, Ba/Ta> 500, Ba/Nb>30 and Nb/La<0.5), the analyzed
samples have La/Ta and Nb/La ratios that resemble arc composition,
while Ba/La, Ba/Ta and Ba/Nb show lower ratios (Fig. 10).

5. Discussion

5.1. Geochronological and geochemical constraints on the upper Eocene El
Maitén Belt volcanism

The El Maitén Belt was defined as a voluminous volcanic belt de-
veloped along the eastern slope of the North Patagonian Andes, in the
present-day retroarc zone (40°–43°S, Fig. 2) (Rapela et al., 1988, 1984).
Despite its location and big volume within the continental interior,
these volcanic sequences were interpreted as indicative of a Paleogene
arc activity (Dalla Salla et al., 1981; Rapela et al., 1988, 1984). Tem-
poral constraints, derived mostly on the basis of Rb-Sr and K-Ar ages
with limited U-Pb ages, assigned the northern outcrops of this belt to a
large time span between upper Paleocene and lower Miocene times.
However, the restricted continuity between outcrops and the close
spatial association with the older Pilcaniyeu Belt (mainly around
∼39–41°S) have led to a misleading Paleocene-lower Eocene age as-
signation (see González Bonorino, 1973; González Bonorino and
González Bonorino, 1978; González Díaz,1979). In this context, the
northern part of the El Maitén Belt is presently described in geological
literature as typically Oligocene, with younger ages reaching the lower
Miocene (Aragón et al., 2011a; Bechis et al., 2014; Rapela et al., 1988).

As part of the southern extreme of the El Maitén Belt, previous
studies on the Rivadavia range determined a middle Eocene age for the
interbedded continental sedimentary rocks with fungal spores
(Sepúlveda, 1980). Our new U-Pb age of ∼37 Ma constraints this se-
quence to the upper Eocene, which is an unequivocal evidence for an
older age for the beginning of the El Maitén Belt magmatism. However,
it is worth noting that the dated sample is located in the middle part of
the stratigraphic column (Fig. 4), implying that this section of the El
Maitén Belt could be even older. Particularly, the probability density
functions of detrital zircon ages (Fig. 5) show a∼50 Ma peak that could
represent an age closer to the lower terms of this unit or inherited
zircons of the Pilcaniyeu Belt.

Our geochemical analyses of the volcanic rocks of the Rivadavia
range indicate that they are basic to intermediate lava flows mostly
assignable to tholeiitic series (Fig. 6). Their evolution is marked by

Table 2
Geochemical results of the Eocene El Maitén Belt volcanic rocks. Samples location and
lithological type are given in Table 1.

Sample RV08 LS17 LS25 LS10 LS07 LS30B LS35B LS08 LS04

Major and minor elements (wt.%)
SiO2 64.32 52.85 49.64 54.32 56.79 60.98 64.4 65.86 66.02
Al2O3 14.85 16.87 16.78 17.27 16.4 15.92 15.88 14.55 14.79
Fe2O3t 5.55 9.9 8.26 9.31 8.16 6.28 5.04 4.72 5.18
MnO 0.098 0.143 0.101 0.198 0.136 0.108 0.08 0.122 0.11
MgO 1.2 4.54 5.43 3.52 2.53 1.64 0.72 1.58 0.86
CaO 2.46 7.74 7.91 6.73 5.67 5.43 3.38 2.18 2.7
Na2O 4.64 4.01 3.73 4.12 4.07 3.78 4.49 4.51 5.4
K2O 2.7 0.92 0.76 1.29 1.87 1.99 2.42 2.45 2.01
TiO2 0.689 1,962 1,921 1,657 1,451 1.19 0.518 0.665 0.671
P2O5 0.22 0.4 0.38 0.65 0.55 0.35 0.28 0.21 0.22
LOI 2.17 1.38 3.6 1.03 0.94 1.49 1.65 2.19 2.02
Total 98.89 100.7 98.51 100.1 98.56 99.16 98.85 99.04 100

Trace elements (ppm)
Sc 10 24 26 19 16 16 5 10 10
V 29 202 190 141 134 139 10 28 27
Cr < 20 30 160 <20 20 30 20 20 <20
Co 7 29 34 21 19 16 6 6 6
Ni < 20 80 70 50 <20 <20 <20 <20 <20
Rb 92 20 12 30 73 88 97 69 112
Sr 182 366 350 379 331 294 296 180 187
Y 48.8 29.1 33.6 36.6 36.8 28.3 34.5 44.4 42.6
Zr 382 210 222 267 269 198 407 364 413
Nb 13.3 3.5 8.6 6 9.2 7.6 8.7 12.2 15.2
Cs 1.8 0.3 0.2 0.7 1.8 3.4 3.3 0.5 4.5
Ba 570 188 132 305 377 383 572 564 619
La 40.4 16.6 16.2 23.8 27.8 23.5 32.8 36.8 35.8
Ce 80.9 39.3 38.5 54.8 61.2 47.7 67.5 76.7 76.3
Pr 10.1 5.37 5.15 7.37 7.99 5.95 8.19 9.04 9.06
Nd 37.8 22.6 22.5 31.3 31.7 23.5 30.7 33 34.5
Sm 8.14 5.52 5.5 7.42 7.06 5.52 6.38 6.91 7.5
Eu 1.95 1.8 1.89 2.39 2.21 1.59 1.86 1.84 1.8
Gd 8.14 5.62 5.82 7.28 7.1 5.57 5.74 6.84 6.98
Tb 1.31 0.9 0.95 1.13 1.15 0.85 0.96 1.15 1.14
Dy 7.88 5.47 5.8 6.97 6.63 4.93 5.59 7.12 6.99
Ho 1.6 1.09 1.15 1.37 1.29 0.95 1.11 1.48 1.4
Er 4.58 3.23 3.31 3.73 3.66 2.65 3.51 4.37 4.08
Tm 0.68 0.463 0.48 0.534 0.525 0.381 0.526 0.668 0.62
Yb 4.59 3.02 3.03 3.55 3.44 2.44 3.61 4.33 4.27
Lu 0.742 0.466 0.483 0.571 0.561 0.359 0.594 0.705 0.675
Hf 8.6 4.2 4.7 4.8 5.9 4.7 8.5 8 9.1
Ta 1.09 0.53 0.64 0.67 0.78 0.71 0.8 1.09 1.07
Pb 14 <5 <5 7 10 12 14 14 14
Th 9.25 2.33 1.81 3.67 5.32 6.58 7.03 8.9 9.01
U 2.11 0.53 0.24 0.88 1.38 1.99 1.81 2.08 2.17
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early crystallization stages that involve fractionation of magnesium
olivines and later fractionation of clinopyroxene, amphibole, minor
calcic plagioclase, ilmenite, titanomagnetite, and apatite (Figs. 7–9).
Petrographic, stratigraphic and geochemical analyses through the dif-
ferent facies allowed the discrimination of diverse volcanic pulses. The
first pulse included lavas and pyroclastic rocks of more silicic compo-
sitions (basaltic andesites and crystalolithic tuffs facies), followed by a
second pulse of basic to intermediate lava flows (fine grained basalts,
vesicular basalts, volcanic breccias 1, volcanic breccias 2 and aphanitic
basalts facies) and a last and more differentiated pulse, unconformably
covering previous episodes, composed of dacitic lava flows and asso-
ciated dykes (columnar andesites facies).

These volcanic rocks have an arc-related signature, shown by trace
elements patterns and ratios, with typical LILE and LREE enrichment
respect to the HFSE and HREE (Figs. 8 and 10). Discrepancies with arc-
like features are given by lower Ba/La, Ba/Ta and Ba/Nb ratios
(Fig. 10a and b). Ba/La and Ba/Ta ratios are often associated with the
contribution of slab-derived fluids into the mantle wedge, and there-
fore, these low values would suggest little fluid intake. However, mo-
bile elements composition is comparable with the SSVZ ratios, while Ba
content shows to be strongly controlled by amphibole fractionation in
more acidic rocks, justifying the lower ratios (Fig. 9). Studied samples
have increasing Th/Yb ratios (Th/Yb = 0.6–2.7) against increasing Ta/
Yb (Ta/Yb = 0.18–0.29) (Fig. 10d), typically associated with higher
contributions of arc components to the magma (Gorton and Schandl,

2000). It is noteworthy that the analyzed samples span the fields of
within-plate volcanic zones (WPVZ) and active continental margins
(ACM), similarly to the behavior observed in complex regions, where
volcanism is transitional between subduction- to extension-related
(Gorton and Schandl, 2000; Lipman, 1987). Additionally, Ta/Hf ratios
(Ta/Hf = 0.09–0.15) show comparable values to those of arc volcanism
(Ta/Hf< 0.15), whereas Th/Hf ratios (Th/Hf = 0.39–1.40) indicate
tholeiitic/MORB sources rather than typical calc-alkaline ones (Fig. 10),
though the more evolved and younger products show a trend to a more
calc-alkaline-like imprint.

The analyzed samples show a tendency to Th enrichment
(Th = 1.81–9.25), when compared to U/Th ratio (U/Th = 0.13–0.3),
and present a trend toward GLOSS (Global Subducted Sediments)
composition (Fig. 10c and e). Some arcs bear high Ba/La and U/Th
ratios as a result of slab-derived fluids contributions, while others are
characterized by higher Th contents and thus higher Th/Yb ratios, more
compatible with sediment recycling (Hawkesworth et al., 1997;
Woodhead et al., 2001). Overall, in the analyzed volcanic rocks, the low
U/Th ratios, together with the Ba/La and Ba/Ta behavior, would refer
to the scarce slab-derived fluids input, despite Ba content being influ-
enced by amphibole fractionation in the more silica-rich samples.
However, the increasing Th content trend versus U/Th ratios could
reflect sediment supply into the mantle source.

In conjunction, the early stages of El Maitén Belt magmatism, re-
presented by the ∼37 Ma volcanic pulses in the Rivadavia range, are

Fig. 6. (a) Total alkali vs. silica classification (TAS). Alkaline and subalkaline fields are according to Irvine and Baragar (1971), (b) FeOt/MgO vs. SiO2 (Miyashiro, 1974) and (c) K2O vs.
SiO2 diagrams. K2O vs. SiO2 fields are after Le Maitre et al. (2002).
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signed by a clear arc signature. However, contrarily to typical arc set-
tings, where fluid-flux melting is the main magma generation process
(e.g., Tatsumi, 1989), the genesis of these magmas with tholeiitic

sources and limited slab contributions suggests that a different melting
process should be operating. The scarce mobile elements input is best
explained through the model of decompression melting at shallow

Fig. 7. (a–o) Major, minor and trace elements vs. silica content plots. (p–q) Variation of selected trace elements ratios vs. silica content for El Maitén Belt analyzed volcanic samples.
Symbols are as in Fig. 6.
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depths in the mantle wedge (< 70 km), where the effect of fluids and
sediment recycling is probably secondary in magma generation (Lee
et al., 2009). Despite fluid-flux melting is one of the most common
processes by which magma is generated in arc fronts, it was demon-
strated that decompression melting also occurs in arc settings (Sisson
and Bronto, 1998). Subduction zones dominated by slab flux melting
show that slab input (e.g., Ba/La ratio) correlates directly with the
degree of melt production (e.g., La/Yb ratio) (e.g., Agostini et al., 2008;
Carr et al., 2007; Hochstaedter et al., 1996; Tatsumi, 1989). In this way,
Fig. 10f shows that the present-day arc zone at the same latitudes
(SSVZ) displays a steep negative trend, supporting fluid-flux melting as
the increase in Ba/La ratio raises with decreasing La/Yb. On the con-
trary, the upper Eocene studied volcanic rocks are characterized by a

relatively subordinate slab signature, with almost no correlation be-
tween Ba/La and La/Yb (Fig. 10f). This corroborates the prominent role
of decompression melting beneath El Maitén Belt, in detriment of fluid-
flux contribution from the slab.

Low La/Yb and Dy/Yb ratios for the analyzed samples, regardless
their silica content, reflect their equilibrium with low pressure residual
mineral assemblages (Fig. 9). As some authors suggest, this could reflect
magma equilibration at relatively shallow levels within the crust and/or
in a relatively thin crust (Ducea et al., 2015b; Profeta et al., 2015). This
is consistent with petrographical characterization where aphyric tex-
tures suggest low time of residence within the crust. Moreover, this is
supported by decompression melting as the main process in magma
generation and by the presence of extensional structures controlling the

Fig. 8. (a-b) Trace element plots normalized to primitive mantle values (Sun and McDonough, 1989). (c-d) Chondrite-normalized (Nakamura, 1974) spider diagrams for El Maitén Belt
samples. Shaded areas correspond to the patterns of the present arc-related volcanic rocks from the SSVZ (Amigo et al., 2013; Lopez-Escobar et al., 1995; Watt et al., 2011). Symbols are as
in Fig. 6.

Fig. 9. (a) La/Yb and (b) Dy/Yb ratios versus SiO2. El Maitén Belt volcanic rocks show increasing La/Yb and decreasing Dy/Yb ratios with increasing silica content, consistent with
amphibole fractionation. Symbols are as in Fig. 6.
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emplacement of these volcanic sequences. Decompression melting is a
typical process in arc-extensional settings, such as occurs in the Central
America volcanic front, where the rate of extension controls the degree
of melting and facilitates rapid magma ascent (Cameron et al., 2003;
Mattioli et al., 2016).

5.2. Implications of late Eocene arc volcanism in the evolution of
paleogene–early neogene magmatism at the North Patagonian Andes

In order to evaluate spatiotemporal changes in magmatic activity
along the North Patagonian Andes during the Paleogene to Early
Neogene, we compared the Eocene rocks of the El Maitén Belt at the
Rivadavia range with both older and younger volcanic series in
neighbor regions (Fig. 11).

5.2.1. Paleocene–late Eocene
Magmatic activity during the Mesozoic took place in the axial part

of the North Patagonian Andes, represented by the North Patagonian
Batholith (Aragón et al., 2011a; Castro et al., 2011; González Díaz,
1979; González Díaz and Lizuaín, 1984; Pankhurst et al., 1999) with its
volcanic counterparts spread out toward the east (Fig. 2) (Echaurren
et al., 2017; Haller and Lapido, 1982). An eastward migration of the arc
activity occurred during the Late Cretaceous, with subsequently a
waning in arc-related magmatism (Echaurren et al., 2016; Suárez et al.,
2010). Meanwhile, volcanic rocks with a within-plate signature oc-
curred in the Pilcaniyeu Belt, in the former retroarc zone (∼58–47 Ma;
Aragón et al., 2013, 2011b) (Fig. 11d). This volcanism is geochemically
characterized by relatively elevated content of HFSE indicating no slab-
derived fluids contribution and low percentages of mantle melting (Ba/
Ta = 1.84–378.75, La/Ta = 0.36–32.89 and Nb/Yb = 0.42–29.72;
Fig. 11a–c). Younger outcrops of the Pilcaniyeu Belt magmatism

Fig. 10. Plots of (a) Ba/Ta versus La/Ta and (b) Nb/
La versus Ba/La. El Maitén Belt samples show La/Ta
and Nb/La ratios similar to arc compositions, with
lower values for Ba/La, Ba/Ta and Ba/Nb ratios. (c)
Th/Yb versus Ta/Yb diagram from Gorton and
Schandl (2000; revised after Pearce (1983)) for El
Maitén Belt samples showing subduction enrichment
trends. ACM is for active continental margins and
WPVZ for within-plate volcanic zones. (d) Th/Hf
versus Ta/Hf diagram shows that the studied samples
respond to tholeiitic arc sources. (e) U/Th versus Th
diagram (Hawkesworth et al., 1997). The studied
samples show limited slab-fluids input relative to
sediment supply. (f) Ba/La versus La/Yb diagram for
the investigated samples depicting main melting
processes in the mantle wedge.
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(∼44 Ma), where it gets closer to the Andean axis (Fig. 11d), also show
enriched sources and an alkaline-like tendency, although with a more
arc-like signature for some trace elements ratios (Iannelli et al., 2017b).

On the contrary, our studies on upper Eocene (∼37 Ma) volcanic rocks
of the El Maitén Belt, located in the eastern North Patagonian Andes
and west of the Pilcaniyeu Belt (Fig. 11e), show unequivocal signals of

Fig. 11. (a–c) Geochemical diagrams showing arc signature evolution over time: (a) Ba/Ta versus age, (b) La/Ta versus age and (c) Nb/Yb versus age. (d–e) Magmatic units over time: (d)
Paleocene-early Eocene, (e) late Eocene, and (f) late Oligocene-early Miocene. Geochemical data of Pilcaniyeu Belt from Aragón et al. (2011b); Oligocene–Miocene El Maitén Belt data
from Aragón et al. (2011a), Iannelli et al. (2017b) and Kay et al. (2007); Coastal Magmatic Belt from Henríquez Ascencio (2016), López-Escobar and Vergara (1997) and Muñoz et al.
(2000); and present arc data from the SSVZ from Amigo et al. (2013), Lopez-Escobar et al. (1995) and Watt et al. (2011). Geocronological data from: 1) Rapela et al. (1983), 2) González
Díaz (1979), 3) Mazzoni et al. (1991) 4) Aragón et al. (2011b), 5) Iannelli et al. (2017b), 6) Pankhurst et al. (1999), 7) Lema and Cortés (1987), 8) Bruni et al. (2008), 9) Muñoz et al.
(2000), 10) Henríquez Ascencio (2016), 11) (Rapela et al. (1988), 12) Kay et al. (2007), 13) Encinas et al. (2016), and 14) Ramos et al. (2014).
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slab-derived components with Ba/Ta, La/Ta and Nb/Yb ratios com-
parable with the present-day magmatic arc (Fig. 11a–c). The con-
trasting signature of these two Paleogene volcanic episodes implies an
evolution from Paleocene-middle Eocene within-plate magmatism in
the retroarc zone to a late Eocene arc-like magmatism toward the west
in the North Patagonian Andes.

Eocene volcanism was registered also to the west, in the Coastal
Cordillera and Central Depression, coeval with the igneous activity in
the El Maitén Belt (Fig. 11d and e). Small outcrops of ∼39–32 Ma
plutonic and volcanic rocks occur along the Coastal Magmatic Belt
(Fig. 2) (Henríquez Ascencio, 2016; Muñoz et al., 2000; Vergara et al.,
1999), and to the south in the Chonos Archipelago, where Pankhurst
et al. (1999) described Eocene (∼39–44 Ma) granitoid rocks of the
North Patagonian Batholith (Fig. 11d and e). Geochemically, Eocene
rocks of the Coastal Magmatic Belt have slab-related characteristics,
with similar trace elements behavior as the Rivadavia range volcanic
rocks (Fig. 11a–c). This coeval association of arc-related volcanic and
plutonic suites on the Pacific coast points out to a double or perhaps an
expanded arc configuration at this early stage of arc resumption (late
Eocene), after a protracted period of within-plate magmatism (latest
Cretaceous-Paleocene). This kind of particular configuration of an ex-
panded arc has been described for early stages of subduction systems
subjected to extensional stress conditions. During the early Andean
subduction system at northern Chile (26–31°S) in Late Jurassic times, a
widespread arc and retroarc volcanism was registered with geochemical
variations that resembled those in modern island arcs under extensional
conditions (Rossel et al., 2013). Other examples include the trans-
Mexican Volcanic Belt, where a double arc configuration is associated
with extension affecting central Mexico (e.g., Ferrari et al., 2012).

5.2.2. Late eocene–early Miocene
The upper Eocene magmatic component of the El Maitén Belt and

the Coastal Magmatic Belt consisted in relatively small volumes of arc
activity (Fig. 11e), in comparison with Oligocene-early Miocene vol-
canic sequences that developed their main eruptive stages (e.g., Muñoz
et al., 2000; Rapela et al., 1988) (Fig. 11f). Geochemically, these Oli-
gocene-early Miocene eruptive stages display an arc-like signature,
though they registered a large dispersion in Ba/Ta, La/Ta and Nb/Yb
values (Aragón et al., 2011b; Iannelli et al., 2017b; Kay et al., 2007;
Muñoz et al., 2000; Rapela et al., 1988) (Figs. 10 and 11). As our data
show, late Eocene volcanism from the El Maitén Belt (∼37 Ma) is
characterized by scarce contributions from the slab, while the Oligo-
cene phase of volcanic activity (∼29 Ma) shows a higher intake of slab-
derived fluids, a more arc-like tendency and calc-alkaline sources
(Iannelli et al., 2017b) (Figs. 10 and 11), typical of more mature arc
stages (Brown et al., 1984).

To the east in a foreland position (Fig. 11f), the 29–16.6 Ma volcanic
rocks of the Somuncura province (Kay et al., 2007, 2004) present a
similar life-span as the arc associations (Coastal Magmatic Belt and El
Maitén Belt). Even though this foreland volcanism is characterized by
La/Ta and Ta/Hf ratios typical of intra-plate settings (La/
Ta = 9.04–19.84 and Ta/Hf = 0.14–1.03; Kay et al., 2007, 2004;
Remesal et al., 2012) (Figs. 11–13), its most volumetric magmatic pulse
shows higher concentrations of mobile elements, which could imply the
presence of subducted components into the mantle source (Ba/
Ta = 88.10–713.75, Ba/La = 8.97–40.29; Kay et al., 2007, 2004;
Remesal et al., 2012).

Overall, Sr/Y and (La/Yb)n ratios for Paleogene to Early Neogene
volcanism in the North Patagonian Andes (Pilcaniyeu Belt, El Maitén
Belt, and Coastal Magmatic Belt) show relatively similar values
(Fig. 12). Correlations between Sr/Y and (La/Yb)n ratios with crustal
thickness for intermediate rocks in modern subduction-related mag-
matic arcs suggest that magmas emplaced over thicker crusts evolved
initially at deeper average levels than those of thinner crusts (Chapman
et al., 2015; Chiaradia, 2015; Ducea et al., 2015b; Profeta et al., 2015).
Despite the fact that quantitative estimates are subjected to large errors,

this method could reflect a qualitative estimation of crustal thickness
through time. In this context, Cenozoic crustal thicknesses at the stu-
died latitudes would have remained relatively stable through time, near
to 40 km (Fig. 12). However, it is worth highlighting that Oligocene–-
Miocene volcanism within the Coastal Magmatic Belt shows relatively
lower (La/Yb)n values, which can be associated with a slightly thinner
crust. Despite the restricted data set, the tendency toward lower crustal
thicknesses in late Oligocene times is consistent with the mid-Cenozoic
extensional conditions proposed in several works. Besides, the asso-
ciation of mafic volcanism with marine deposits of ∼22–20 Ma in the
El Maitén Belt and in the 26–23 Ma Traiguén Formation constitutes
direct evidence of a thinned crust by early Miocene times (Bechis et al.,
2014; Encinas et al., 2016, 2014; Litvak et al., 2014; Muñoz et al.,
2000) (see Fig. 11f).

5.3. Paleogene tectonic evolution of North Patagonia: late Eocene arc
resumption

After a shallow subduction configuration achieved in Late
Cretaceous times (Echaurren et al., 2016; Gianni et al., 2015), Paleo-
cene geodynamic reconstructions show the subduction of the Aluk plate
beneath the South American plate at low convergence rates (Cande and
Leslie, 1986; Somoza and Ghidella, 2005) (Fig. 13a). The tectonic
scenario proposed by Aragón et al. (2013, 2011b); indicates that this
oblique subduction of the Aluk-Farallón mid-ocean ridge, at about
50–52 Ma beneath North Patagonia, evolved into a transform margin
with the interruption of the subduction zone and the arc activity until
Miocene times. In that model, the Pilcaniyeu Belt volcanism would have
been the result of an asthenospheric upwelling caused by the detach-
ment and sinking of the Aluk plate at depth (Fig. 13) (Aragón et al.,
2013). In contrast, Echaurren et al. (2016) interpreted this within-plate
volcanism at the Pilcaniyeu Belt as a consequence of the Farallón plate
rollback. However, the subduction of the Aluk-Farallón mid-ocean ridge
has recently been associated to the north (35°30′S) with Late Cretac-
eous intraplate volcanism, implying a trend of younger retroarc erup-
tions to the south in which the Pilcaniyeu Belt magmatic activity could
be part, suggesting the possibility of a diachronous opening of an
asthenospheric window (Iannelli et al., 2017a).

Beyond the mechanisms associated with the development of the
within-plate series, geochronological and geochemical data of the

Fig. 12. Chondrite-normalized La/Yb (McDonough and Sun, 1995) and Sr/Y versus time
diagram with estimated depths to Moho by Profeta et al. (2015). Normalized La/Yb and
Sr/Y for selected samples (see Profeta et al., 2015) show that magmatism was developed
within a context of a relatively normal to thin crust.
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Rivadavia range presented in this study indicates that the onset of the
arc-related volcanism in the North Patagonian Andes occurred at
∼37 Ma (Fig. 13b), immediately after the end of the within-plate stage
of the Pilcaniyeu Belt. These initial stages consisted in low magmatic
volumes, controlled by extensional structures and characterized by a
tholeiitic composition with limited slab contributions into the mantle
wedge, being decompression melting the main process involved in
magma genesis. This scenario is similar to that proposed by Lee et al.

(2009) for the Cascades Arc, where subduction of the young and pre-
sumably hot Juan de Fuca plate beneath North America, dipping∼54°E
(e.g., Govers and Meijer, 2001), was associated with dry decompression
melting at shallow depths. It is worth highlighting that despite the slab
was young and hot, its rheological properties were not the primary
control in subduction angle (Long, 2016). In the same way, the
southern Central American margin (from Costa Rica to Panama) has
also experienced arc development within an oblique subduction

Fig. 13. Late Eocene to early Miocene geodynamic
evolution in North Patagonia. (a) 60–42 Ma re-
constructions propose the interaction between the
Aluk-Farallón mid-ocean ridge with the North
Patagonian margin and the subsequent development
of an asthenospheric window associated with the
eruption of within-plate series. (b) Late Eocene arc
resumption in the west at the North Patagonian
Andes associated with an extensional regime (our
data). (c) 30–20 Ma evolution characterized by the
expansion of the arc activity in a widespread exten-
sional setting as a result of slab rollback, before and
during the breakup of the Farallón plate into Cocos
and Nazca plates (see text for references).
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context, where the increase in obliquity implied a change in the asth-
enospheric flow and a decrease in the amount of fluids reaching the
mantle wedge, resulting in a low volume magmatism that shows minor
slab-derived fluids contributions (Herrstrom et al., 1995; Hoernle et al.,
2008; Rooney et al., 2015). Then, late Eocene arc resumption in North
Patagonia, expressed both in the Coastal Cordillera and in the eastern
North Patagonian Andes, coincided with a changing geodynamic sce-
nario in which: i) the oblique subduction of the Farallón plate could
have conditioned the limited volume of arc magmatism, ii) the rela-
tively young and presumably hot Farallón oceanic plate could have
promoted dry decompression melting at shallow depths in the asthe-
nospheric mantle wedge, while its rheological properties are not the
main control in slab dip (at least ∼30°), and iii) the extensional regime
developed in the upper plate probably allowed a rapid ascent and
emplacement of these magmas.

This extensional regime controlling late Eocene magma emplace-
ment, correlates with the studies of Charrier et al. (2009, 2002, 1996),
which constrained the beginning of the extensional activity in the intra-
arc Abanico Basin (Chile-Principal Cordillera) between ∼43 and 36 Ma
further north (33–36°S), and the intra-arc Traiguén Basin (Chile) at
∼32 Ma to the south (45–46°S) (Encinas et al., 2016). We attribute
these correlations with a slab rollback mechanism, which promoted
extension in the upper plate all through the Southern Andean margin.
In this context, the late Eocene extension may represent a transitional
stage prior to the breakup of the Farallón plate into the Nazca and
Cocos plates after 28–23 Ma (Cande and Leslie, 1986; Lonsdale, 2005),
which leads to intensified widespread extension and increasingly higher
magmatic volumes erupted in the El Maitén Belt, the Coastal Magmatic
Belt and Somuncura province (Henríquez Ascencio, 2016; Iannelli
et al., 2017b; Kay et al., 2007; Muñoz et al., 2000; Rapela et al., 1988;
Remesal et al., 2012) (Fig. 13c). This Oligocene–early Miocene stage
was described all through the Central and Southern Andean margin
(Bechis et al., 2014; Charrier et al., 2002, 1996; Encinas et al., 2016;
Kay and Kurtz, 1995; among others), where slab rollback process may
have been intensified by the increasing convergence rates under a
quasi-stationary upper plate, playing a key role in the distribution and
emplacement of these volcanic sequences, coeval to the development of
fore- and retro-arc basins (e.g., De Ignacio et al., 2001; Jordan et al.,
2001; Kay et al., 2007; Kay and Copeland, 2006; Lonsdale, 2005;
Muñoz et al., 2000).

6. Conclusions

Outcrops of the El Maitén Belt in North Patagonia, dated in this
study in ∼37 Ma comprise basaltic and andesitic lavas with inter-
bedded pyroclastic flows, grouped within eight lithological facies that
represent three volcanic pulses. Extensional tectonics controlled the
emplacement of this volcanic activity as indicated by the occurrence of
synextensional strata associated with normal faults.

Trace elements signature indicates that these rocks are subalkaline,
mainly tholeiitic arc-related, with scarce slab-derived fluid and sedi-
ment contributions. It is inferred that this volcanism was developed in a
normal to relatively thin crust, in which the documented extensional
regime promoted a rapid magma ascent from primary sources. Main
magma generation process was decompression melting at shallow
depths in the mantle wedge.

In a regional context, this volcanism is interpreted as the resumption
of arc activity within an extensional setting in the late Eocene of North
Patagonia, following a period of Paleocene intraplate magmatism and
arc quiescence.
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