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a b s t r a c t

A series of mesosilicic volcanic centers have been studied on the San Rafael Block (SRB), 300 km to the
east of the present-day volcanic arc. K-Ar ages indicate that this magmatic activity was developed in at
least two stages: the older volcanic centers (~15e10 Ma) are located in the central and westernmost part
of the SRB (around 36�S and 69�W) and the younger centers (8e3.5 Ma) are located in an eastern po-
sition (around 36�S and 69�300W) with respect to the older group. These volcanic rocks have andesitic to
dacitic compositions and correspond to a high-K calc-alkaline sequence as shown by their SiO2, K2O and
FeO/MgO contents. Elevated Ba/La, Ba/Ta and La/Ta ratios show an arc-like signature, and primitive
mantle normalized trace element diagrams show typical depletions of high field strength elements
(HFSE) relative to large ion lithophile elements (LILE). Rare earth element (REE) patterns suggest py-
roxene and amphibole crystallization. Geochemical data obtained for SRB volcanic rocks support the
proposal for a shallow subduction zone for the latest Miocene between 34�3000e37�S. Regionally, SRB
volcanism is associated with a mid-Miocene to early Pliocene eastward arc migration caused by the
shallowing of the subducting slab in the South-Central Andes at these latitudes, which represents the
evolution of the Payenia shallow subduction segment. Overall, middle Miocene to early Pliocene
volcanism located in the Payenia back-arc shows evidence for the influence of slab-related components.
The younger (8e3.5 Ma) San Rafael volcanic rocks indicate the maximum slab shallowing and the
easternmost extent of slab influence in the back-arc.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Large variations in morphology along the Andes, particularly
those related to the segmentation associated with variable short-
ening processes, are still the focus in local and regional tectonic
studies. Many of these large variations correlate with the devel-
opment of arc magmatism. The geometry of the subducting slab,
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and evenmore importantly changes in slab geometry through time,
are one of the major factors that control the development, intensity
and migration/expansion of volcanic arcs (Kay et al., 1991, 1999;
Litvak et al., 2007; Ramos and Folguera, 2005a).

The Andes between 34� and 37�300S consist of the Cordillera
Principal and a lower mountain system to the east known as the
San Rafael Block (SRB), which is separated by a Neogene foreland
basin. The SRB lies in a similar longitudinal position to the Pre-
cordillera, which is located to the north of the study region in the
present-day Pampean flat-slab segment (Fig. 1). However, its
morphology, which corresponds to a dismembered peneplain that
emerges in the foreland region, and the mechanics of its exhuma-
tion, which is related to the reactivation of high-angle basement
faults during Miocene to Quaternary times (Polanski, 1963;
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Fig. 1. The location and main morphotectonic features of the present-day Pampean flat-slab segment and the partially contemporaneous late Miocene Payenia shallow subduction
zone, which is responsible for uplifting the San Rafael Block in the foreland area (locations of arc-related centers in the Pampean flat-slab segment after Ramos et al., 2002; Río de La
Plata Craton after Rapela et al., 2007).
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Gonz�alez Díaz, 1964, 1972a), makes the SRB similar to the Sierras
Pampeanas. The Sierras Pampeanas are part of a broken foreland
which is located to the north of the SRB and to the east of the
Precordillera. Its formation has been linked to the shallowing of the
subducting Nazca plate between 27� and 33�S, which started at
~17 Ma (Jordan et al., 1983; Ramos et al., 2002).

A series of andesitic to dacitic volcanic complexes has been
mapped on the SRB, 300 km behind the present-day volcanic arc
and in the back-arc of the Andean Southern Volcanic Zone (SVZ)
(Holmberg, 1962; Polanski, 1964; Gonz�alez Díaz, 1964), (Fig. 2). As
summarized by Dyhr et al. (2013a), evolution of the volcanism in
the back-arc, in the Payenia region, can be divided into three main
episodes which are differentiated according to their age, compo-
sition and tectonic setting: i) an early Miocene episode of alkaline
volcanism, which is represented by the LaMatancilla and Fortunoso
lavas (Kay and Copeland, 2006; Kay et al., 2006b; Dyhr et al.,
2013b), ii) a middle Miocene to early Pliocene episode
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represented by the Palaoco, Chachahu�en and Huinc�an volcanic
sequences, which have arc-like signatures (Kay et al., 2006a,b;
Nullo et al., 2002; Spagnuolo et al., 2012; Dyhr et al., 2013a) and
iii) an episode of late Pliocene-Recent volcanism, which involved
the eruption of alkali basalts with typical back-arc compositions
and variable slab input (Bermúdez et al., 1993; Bertotto et al., 2009;
Gudnason et al., 2012; Søager et al., 2013). The evolution of this
volcanic activity was influenced by the shallowing of the down-
going slab; the shallowing of the subduction zone is thought to
have occurred between 18 and 5Ma, with the plate at its shallowest
at the time the Chachahu�en sequence erupted (7.3e4.9 Ma) (Kay
et al., 2006a,b).

The main focus of this work was to study the andesitic and
dacitic volcanic complexes located in the easternmost back-arc
position of the Payenia volcanic province, to the east of Laguna
Llancanelo (Figs. 2 and 3), with a view to examining the
geochemistry and petrogenesis of the volcanism in this region. On
lkaline volcanism over the Payenia shallow subduction zone, South-
uth American Earth Sciences (2015), http://dx.doi.org/10.1016/



Fig. 2. Regional distribution of mesosilicic volcanic rocks from the eastern Main Andes to the San Rafael Block in the foreland area showing the eastward expansion and migration of
the middle Miocene to early Pliocene arc influence in the back-arc area. Age compilation are from Nullo et al. (1993, 1999, 2002), Ramos and Barbieri (1989), Ostera et al. (1999),
Cobbold and Rossello (2003), Giambiagi et al. (2005), Kay and Copeland (2006), Kay et al. (2006a,b), Folguera et al. (2009), Spagnuolo et al. (2012), Dyhr et al. (2013a,b) and Ramos
et al. (2014).
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the basis of a recent detailed chronological study (Ramos et al.,
2014), these volcanic complexes can be included in the middle
Miocene to early Pliocene episode of Payenia back-arc volcanism.
Herewe present newgeochemical data for these SRB volcanic rocks
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and compare them to previously published analyses of regionally
and temporally related magmatism in order to document the vol-
canic evolution of the Payenia province during the middle
Miocene-early Pliocene. By studying the geographic position and
lkaline volcanism over the Payenia shallow subduction zone, South-
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Fig. 3. Geological map of the MioceneePliocene mesosilicic volcanic sequences in the San Rafael Block and their relationships to pre-Miocene and post-Miocene volcanic units
(after Desanti, 1956; Polanski, 1963, 1964; Gonz�alez Díaz, 1964, 1972a,b,c, 1979; Holmberg, 1964, 1973; Nú~nez, 1976a,b, 1979; Fidalgo, 1973), with sample locations indicated. A
dashed line separates the distribution of San Rafael volcanics according to their age, as determined by Folguera et al. (2009) and Ramos et al. (2014).
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geochemical signatures of the SRB volcanic rocks we are able to re-
evaluate both the lateral expansion and latitudinal differences of
the shallow subduction regime over the back-arc.

2. Regional tectonic framework

The Andes between 34� and 38�S are formed by two east-
verging mountain systems, which are associated with foreland
basins (Figs. 1 and 2): a) the Malargüe fold and thrust belt associ-
ated with the Río Grande basin and its continuation to the south
into the Agrio fold and thrust belt, associated with smaller
Please cite this article in press as: Litvak, V.D., et al., Late Cenozoic calc-a
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synorogenic depocenters; and to the east b) the San Rafael Block
whose uplift and exhumation has been associated with sedimen-
tation in the upper section of the Alvear basin, together with other
smaller basement uplifts to the southeast following the same trend,
as the Sierras Lihuel Calel (Fig. 2).

During the late Oligocene to early Miocene, the westernmost
sections of the Malargüe and Agrio fold and thrust belts experi-
enced an episode of extension leading to the formation of the
Abanico (Godoy et al., 1999; Charrier et al., 2002; Fock, 2005; Fock
et al., 2006) and Cura Mallín (Su�arez and Empar�an, 1995; Radic
et al., 2002; Croft et al., 2003; Burns et al., 2006; Flynn et al.,
lkaline volcanism over the Payenia shallow subduction zone, South-
uth American Earth Sciences (2015), http://dx.doi.org/10.1016/
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2008) basins respectively; volcaniclastic depocenters greater than
3000 m thick. Extensionwas likely related to strong roll back of the
subducting Nazca Plate caused by the deceleration of the South
American Plate (see Rojas Vera et al., 2014 and references there in).
Back-arc alkaline, volcanic successions of late Oligocene-early
Miocene age accumulated further east over the southern section
of the SRB at the same latitudes (Gonz�alez Díaz, 1979; Ramos and
Barbieri, 1989; Kay et al., 2006a,b; Dyhr et al., 2013b). These back-
arc successions could be associated with the intra-arc Cura Mallin
and Abanico volcanic successions being emplaced to the west
during the same time interval (Kay et al., 2006a,b).

The SRB and Lihuel Calel uplifted blocks were developed on the
western margin of the Alvear basin, which was subsequently
covered by synorogenic deposits resulting from these uplifts
(Yrigoyen, 1993). The main phase of uplift of these ranges can be
inferred as post-mid Miocene based on the age of the Aisol se-
quences, which are considered to be distal facies of the initial Río
Grande basin that extensively covered the foreland area prior to the
uplift of the SRB (Desanti, 1956; Polanski, 1964; Gonz�alez Díaz,
1972a; Soria, 1983; Yrigoyen, 1993, 1994).

The calc-alkaline intrusive bodies and volcanic sequences that
constitute the focus of this work, intruded and covered the distal
foreland deposits represented by the Aisol sequence (Fig. 3). This
magmatism was previously assigned to Miocene times (Desanti,
1956; Polanski, 1964; Gonz�alez Díaz, 1972a; Nú~nez, 1976a,b, 1979;
Marshall et al., 1986; Yrigoyen, 1994) and more recently to the
middle Miocene-early Pliocene (Kay et al., 2006a,b; Dyhr et al.,
2013a; Ramos et al., 2014). These middle Miocene-early Pliocene
volcanic and intrusive rocks were subsequently covered by Qua-
ternary, mafic volcanic sequences, which constitute one of the
major volcanic provinces in the Andean back-arc (Fig. 3) (Groeber,
1946; Mu~noz Bravo et al., 1989; Bermúdez et al., 1993; Ramos and
Folguera, 2005b, 2011; Folguera et al., 2009; Llambías et al., 2010;
Gudnason et al., 2012; Søager et al., 2013). Most of the volcanic
vents corresponding to this magmatic stage aremonogenetic, rising
in the foreland area and the Malargüe orogenic front, and are
associated with extensive mafic fields on their flanks (Holmberg,
1964; Gonz�alez Díaz, 1972b; Bermúdez et al., 1993; Bermúdez y
Delpino, 1989; Rossello et al., 2002; Hernando et al., 2002, 2014;
Galland et al., 2005; Llambías et al., 2010).

3. Distribution and age of middle Miocene to early Pliocene
volcanic sequences

Mesosilicic volcanic sequences of mid-Miocene to early Pliocene
age located in the Payenia back-arc are distributed from the eastern
Malargüe fold and thrust belt to the SRB in the foreland area (Fig. 2).
Most of the volcanic units in the Malargüe fold and thrust belt are
between 19 and 10 Ma, while ages to the east range from ca. 14 to
4Ma (Baldauf, 1997; Nullo et al., 2002; Giambiagi et al., 2005, 2008;
Kay and Copeland, 2006; Kay et al., 2006a,b; Spagnuolo et al., 2012;
Dyhr et al., 2013a,b; Ramos et al., 2014).

A series of isolated volcanic centers, which are the focus of this
work, are located on the SRB and constitute the easternmost
expression of back-arc volcanism in the Payenia region. Recently
reported K-Ar ages indicate that this magmatic activity was
developed during middle Miocene to early Pliocene times (Ramos
et al., 2014). Based on the spatial distribution of the volcanic cen-
ters, we are able to distinguish two separate groups with two
distinct age ranges (Fig. 3). The first group is located in the west-
ernmost and central part of the SRB (~36�S and 69�W), and com-
prises three stratovolcanoes: Cerro Chorreado, Cerro Puntudo and
Cerro El Zaino. Age determinations for these volcanoes range be-
tween ~15 and 10 Ma; Puntudo volcano has two K-Ar radiometric
determinations of 11.1 ± 0.6 Ma (plagioclase) and 11.4 ± 0.8 Ma
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(amphibole); while El Zaino and Chorreado volcanoes have K-Ar
ages of 13.7 ± 0.8 Ma (whole rock) and 11.3 ± 0.8 Ma (plagioclase)
respectively (Ramos et al., 2014). A second stage of volcanism is
identified to the east and is comprised of younger mesosilicic vol-
canic centers (8e3.5 Ma) (Fig. 3). From north to south, these
correspond to Los Cerritos, Cerros Plateado and Cerro Pelado vol-
canoes. Los Cerritos yielded a K-Ar age of 7.4 ± 0.5 Ma (plagioclase/
amphibole); and an age of 3.9 ± 0.4 Ma (K-Ar on plagioclase) was
obtained for Plateado volcano (Ramos et al., 2014). Lava flows from
the older parts of the Diamante volcano, which is located further
north (34�150Se69�W, Fig. 3), yielded a K-Ar age of 7.4 ± 0.5
(Folguera et al., 2009), making them coeval with the younger flows
present in the SRB.

San Rafael volcanic rocks are presently preserved as highly
eroded stratovolcanoes. These middle Miocene-early Pliocene
volcanoes were explosive and generated lava flows, alongside with
pyroclastic deposits and subvolcanic bodies. The volcanic products
were originally named the Cortaderas Formation (Delpino and
Bermúdez, 1985; Llambías et al., 2010).

The oldest and westernmost Miocene stratovolcanoes, such as
Chorreado, Puntudo and Zaino, are composite volcanoes of 2e6 km
in diameter, while the younger and easternmost stratovolcanoes
have smaller dimensions (1e3 km in diameter) (Figs. 3 and 4).
However, Cerro Nevado, located to the north of Cerro Plateado, was
developed as a complex volcanic system, the Nevado-Plateado
Complex, with alkaline trachytes, trachyandesites and basalts,
grouped as Nevado Formation by Bermúdez (1991), and deter-
mined to be Pliocene (Quidelleleur et al., 2009; Ramos et al., 2014).

Basaltic lava flows of late Oligoceneeearly Miocene age
(Gonz�alez Díaz, 1979; Kay et al., 2006a,b) underlie the mesosilicic
sequences in the SRB at the southeast of the El Zaino volcano. These
basalts were also sampled for geochemical purposes, in order to
compare with the andesitic and dacitic sequences.

4. Analytical techniques

The samples selected for geochemical analyses are from fresh
lava flows from each of the Miocene and Pliocene stratovolcanoes
located within the SRB. Specifically samples were collected from
the same lava flows dated by Ramos et al. (2014). Samples were
prepared and analyzed at the Activation Laboratories of Ancaster,
Ontario, Canada: for major elements by fusion-inductively coupled
plasma (ICP) and for trace and rare earth elements by fusion-ICP
Mass Spectrometry (ICP-MS). According to the laboratory pro-
cedures (http://www.actlabs.com) unaltered rock fragments 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 microns. For major element analysis, samples were mixed
with a flux of lithiummetaborate and lithium tetraborate and fused
in an induction furnace. Themelt was then poured into a solution of
5% nitric acid containing an internal standard, and mixed contin-
uously until completely dissolved.

The samples were analyzed for major element oxides on a
combination of simultaneous/sequential Thermo Jarrell-Ash EN-
VIRO II ICP or a Varian Vista 735 ICP. Calibration was performed
using 7 prepared USGS and CANMET certified reference materials.
One of the 7 standards was run as unknown during the analysis of
every group of ten samples. For trace element analysis, fused
samples were diluted and analyzed by Perkin Elmer Sciex ELAN
6000, 6100 or 9000 ICP/MS. Three blanks and five controls (three
before each sample group and two after) were analyzed per
group of samples. The standards used were SY-3, NIST-694, W-2,
DNC-1, BIR-1, GBW-07113, NIST-1633b and STM-1 for major ele-
ments and trace elements, plus IFG, FKN, WMG-1, MAG-1, GXR-2,
LKSD-3, MICA-FE and GXR-1, also for trace elements, as reported
lkaline volcanism over the Payenia shallow subduction zone, South-
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Fig. 4. Field pictures of middle Miocene to early Pliocene volcanic centers from the San Rafael Block preserved as highly eroded stratovolcanoes. See Fig. 3 for location in a plan view.
Ages are from Ramos et al. (2014).
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by the laboratory (see Supplementary material for results of
analyzed standards). Sample locations, lithological type, and the
results of major, trace and rare earth element analysis are pre-
sented in Table 1, together with the detection limits of the
analysis.

5. Sampling strategy and petrographic features

A regional reconnaissance of the volcanoes was undertaken in
order to identify representative samples for dating, petrographical
and geochemical purposes. Sample locations are shown in Fig. 3
and presented in Table 1. In general the lava flows are gray with
porphyritic textures, containing 20e30% sub-to-euhedral pheno-
crysts of plagioclase and mafic minerals, which appear unaltered in
hand specimen.

The mineral assemblages and textures of both the younger and
older lavas are very similar; all of them show porphyritic to seriate
textures with a felty groundmass (Fig. 5). Plagioclase is usually the
main crystal phase and bigger phenocrysts frequently show oscil-
latory zoning and sieve textures on the margins of the crystals
(Fig. 5a and b). Samples from both age groups have amphibole
phenocrysts (Fig. 5b, d and e), while pyroxene is more frequent in
the older lavas (e.g., SR6 from Cerro Chorreado, Fig. 5a) and is only
present in the younger lavas with more basandesitic compositions.
In the older samples, amphibole is frequently replaced by opaque
minerals, but in the younger samples it appears as fresh pleochroic
hornblende (Fig. 5bee).

The groundmass of the lavas is mostly felty, with interstitial
tridymite commonly occurring in themore silica-rich compositions
(e.g., SR7 from Cerro Plateado, SR10 from Los Cerritos). Smaller,
uncolored pyroxene crystals are present in the felty matrix of the
more basandesitic samples. Opaqueminerals and apatite constitute
the main accessory phases; abundant and euhedral brownish
apatite is present as a distinguishing feature of sample SR4 (Cerro El
Zaino, Fig. 5c).

Some samples, such as SR4 from El Zaino, show evidence for
mixing, apparent not only by the sieve texture and zoning of
plagioclase, but also by the presence of two groundmasses, one
felty an another rich in tridymite and opaque minerals.

The sample from the earlyMiocene basaltic sequence (SR1) is an
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olivine rich-basalt, with an ophitic to a subophitic texture. The
olivine present in this sample is slightly altered to iddingsite, while
clinopyroxene and plagioclase appear alteration free; all these
mineral phases have an average grain size of 0.6 mm.

6. Results

For geochemical interpretation, the studied samples are divided
into two groups according to their geographical location and the
reported ages (previously described in Section 3). The older group
(15e10 Ma) includes samples from El Zaino (SR4), Puntudo (SR5)
and Cerro Chorreado (SR6), located in the central and westernmost
part of San Rafael Block; and the younger group (8e3.5 Ma) in-
cludes samples from Cerros Plateado (SR7 and SR8), Pelado (SR9)
and Los Cerritos (SR10), located in an eastern position and to the
north and south of the older group (Fig. 3).

6.1. Major elements

In general, there is an overlap of both groups of lavas in major
elements diagrams; only one sample from El Zaino (SR4) shows
higher K2O and FeO/MgO values that exceed the overlap field of
both groups of lavas (Fig. 6a). All the samples have calc-alkaline,
high-K compositions, as seen in Fig. 6a and b. The older lavas are
all andesites with 60e62 wt.% SiO2, whilst the younger volcanic
rocks are both more and less evolved than the older samples with
SiO2 contents ranging from 54 to 67 wt.% (Fig. 6). Sample SR9 is a
basaltic andesite (54 wt.% SiO2), SR10 is an andesite (58 wt.% SiO2),
and samples SR7 and SR 8 classify as dacites (65 and 67 wt.% SiO2).

The chemical signature of the oldest sample (SR1, early
Miocene) differs from the calc-alkaline trend shown by the previ-
ously described lavas. According to the TAS-diagram (Le Maitre
et al., 1989), it classifies as an alkaline basalt (48.28 wt.% SiO2 vs.
5.38 wt.% K2O þ Na2O).

6.2. Trace elements and REEs

Mantle normalized trace element diagrams for the San Rafael
volcanic rocks of different ages/stages of volcanism are presented in
Fig. 7. SRB rocks show enrichments in the LILE relative to the HFSE,
lkaline volcanism over the Payenia shallow subduction zone, South-
uth American Earth Sciences (2015), http://dx.doi.org/10.1016/



Table 1
Whole rock chemical results of middle Miocene-early Pliocene back-arc volcanism in San Rafael Block.a

San Rafael block volcanic rocks

D.L. Older volcanic centers (15e10 Ma) Younger volcanic centers (8e3.5 Ma) Early Miocene

Cerro Chorreado Cerro Puntudo Cerro El Zaino Cerro Pelado Cerro Los Cerritos Cerro Plateado Cerro Plateado SR1 basalt

SR6 SR5 SR4 SR9 SR10 SR8 SR7

Clpx- , Hbl- bearing andesites Hbl- bearing andesites

SiO2 (wt.%) 0.01 60.39 60.74 62.19 54.14 57.79 64.89 67.17 48.28
TiO2 0.01 0.634 0.608 0.597 1.032 0.599 0.336 0.258 2.303
Al2O3 0.01 16.87 17.07 17.25 16.72 18.69 17.76 16.65 14.68
Fe2O3 (T) 0.01 5.68 5.51 4.86 7.48 5.84 2.95 2.3 12.11
MnO 0.001 0.14 0.167 0.15 0.159 0.167 0.083 0.057 0.156
MgO 0.01 2.23 1.9 1.38 3.98 2.36 1.01 0.86 8.35
CaO 0.01 6.21 6.19 4.85 8.28 7.73 4.1 3.32 8.36
Na2O 0.01 3.78 3.78 4.41 4.11 3.92 5.26 5.17 3.87
K2O 0.01 2.25 2.45 3.85 2.72 2.13 2.47 2.18 1.51
P2O5 0.01 0.27 0.32 0.29 0.43 0.31 0.19 0.14 0.63
LOI 0.01 1.28 0.96 0.34 0.84 0.54 1.45 1.4 <0.01
Total 99.71 99.69 100.20 99.83 100.1 100.50 99.50 99.87
Sr (ppm) 2 708 891 893 979 1220 1228 1074 749
Cs 0.1 2.9 4 6.8 3 1.1 2.7 2.3 0.2
Rb 1 61 82 166 44 168 75 51 15
Ba 3 1199 1040 976 885 921 1266 1290 300
Th 0.05 3.38 3.1 10.3 7.11 9.19 4.35 2.76 1.98
U 0.01 1.41 1.74 4.03 2.06 2.51 1.56 1.31 0.73
Ta 0.01 0.66 0.79 46,2 0.81 0.46 0.49 0.4 2.62
Nb 0.2 8.1 9.7 17.7 11.1 5.7 6.5 4.7 30.4
Zr 1 119 149 225 145 165 152 121 171
Hf 0.1 3.2 3.8 5.6 4 3.7 3.1 2.6 4.1
Y 0.5 17.6 20.1 22.7 17.7 13.1 21.7 12.2 19.9
Sc 1 12 9 5 17 13 3 3 18
Cr 20 <20 <20 <20 90 <20 <20 <20 260
Co 1 10 8 8 18 9 5 4 41
Ni 20 <20 <20 <20 30 <20 <20 <20 160
La 0.05 22.3 22 42,1 31.6 33.7 20 13.4 23.3
Ce 0.05 43.8 46.1 77.1 61.7 64.6 38 25.2 47.6
Pr 0.01 5.43 6.11 9.28 7.8 8.02 4.61 2.96 6.22
Nd 0.05 21.2 24.4 33.1 30.6 29.2 17.6 10.8 26.2
Sm 0.01 4.44 5.23 6.03 6.36 5.35 3.45 2.17 6.33
Eu 0.005 1.51 1.76 1.74 1.97 1.57 1.09 0.708 2.19
Gd 0.01 3.96 4.84 5.3 5.95 4.24 3.06 1.93 5.8
Tb 0.01 0.58 0.71 0.75 0.84 0.56 0.42 0.27 0.86
Dy 0.01 3.05 3.67 3.92 4.14 3.03 2.22 1.41 4.31
Ho 0.01 0.6 0.71 0.75 0.76 0.6 0.4 0.27 0.74
Er 0.01 1.73 2.06 2.26 2.14 1.83 1.18 0.78 1.89
Tm 0.005 0.262 0.323 0.344 0.307 0.273 0.181 0.120 0.247
Yb 0.01 1.75 2.2 2.38 2.01 1.89 1.19 0.79 1.4
Lu 0.002 0.266 0.331 0.364 0.294 0.291 0.181 0.121 0.187
Pb 5 17 13 19 13 15 55 21 <5
Zn 30 70 60 60 60 40 50 <30 80
Cu 10 10 10 10 20 30 <10 <10 40
Ga 1 17 17 19 17 17 17 15 20
La/Yb 12.7 10.0 17.7 15.7 17.8 16.8 17.0 16.6
La/Sm 5.0 4.2 7.0 5.0 6.3 5.8 6.2 3.7
Sm/Yb 2.5 2.4 2.5 3.2 2.8 2.9 2.7 4.5
Ba/La 53.8 47.3 23.2 28.0 27.3 63.3 96.3 12.9
Ba/Ta 1817 1316 21 1093 2002 2584 3225 115
La/Ta 33.8 27.8 e 39.0 73.3 40.8 33.5 8.9
Eu/Eu* 1.10 1.07 0.94 0.98 1.01 1.03 1.06 1.14
Lat �S 35�4300050 35�5600280 36�0400510 35�5000040 35�1700040 35�4500530 35�4000220 36�3600510

Long �W 68�5200360 68�4500200 68�5100470 68�3200440 68�4400420 68�3000220 68�3200530 68�3500000

a Major elements were analyzed by fusion-ICP and rare earth and trace elements by fusion ICP-MS. D.L.: Detection limits. Calculated Eu/Eu*¼(EuN/√(SmN$GdN)). La/Ta
value for sample SR4 was not calculated due to the anomalous value of Ta (see text).
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with negative anomalies in Ta and Nb relative to La and Ce,
regardless of silica content. The early Miocene basalt (SR1) shows
an intraplate signature based on the enriched HFSE concentrations
relative to the REEs (e.g., enrichments in Ta, Nb and, to a lesser
extent, Zr (Fig. 7)), and low La/Ta ratios (8.9) (Fig. 8b).

Andesites from the older group of volcanic rocks have Ba/La
ratios ranging from 23 to 54. The more mafic samples from the
younger group have Ba/La ratios between 27 and 28, while the
silicic samples have much higher ratios, probably related to their
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higher Ba content. The Ba/Ta ratios obtained for the older volcanic
rocks range from 1310 to 1820 and from 1100 to 2000 for younger
samples with the same silica content. The most silica rich samples
(SR8 and SR7) have higher values of 2600 and 3200. All of the
samples have La/Ta values ranging between 28 and 40; except for
the basaltic andesite SR10 which has a higher La/Ta ratio of 73
(Fig. 8a). Sample SR4 has anomalously high values of Ta and Nb
(46.2 and 17.7 respectively) (Table 1), and therefore very low
values for Ba/Ta and La/Ta. As a consequence of this anomalous
lkaline volcanism over the Payenia shallow subduction zone, South-
uth American Earth Sciences (2015), http://dx.doi.org/10.1016/



Fig. 5. Representative thin section microphotographs for the MioceneePliocene lavas: a) an andesite from Cerro Chorreado (SR6) showing a typical porphyritic texture with
phenocrysts of plagioclase, clinopyroxene and amphibole; b) a porphyritic andesite from Cerro Puntudo (SR5) with a large plagioclase phenocryst with sieve texture; c) an andesite
from Cerro El Zaino (SR4) with a felty groundmass and a brownish apatite microphenocryst; d,e) samples from Cerro Plateado (SR8-SR7) with fresh amphibole phenocrysts; f) an
andesite from Cerro Los Cerritos (SR10) with a high phenocryst/groundmass ratio, with phenocrysts of plagioclase-amphibole.

V.D. Litvak et al. / Journal of South American Earth Sciences xxx (2015) 1e168
value for Ta, we excluded this sample from the diagrams that
include Ta.

The older volcanic rocks (SR4, SR5, SR6), which have 60e62wt.%
SiO2, show a moderate slope for light and heavy REE, due to their
La/Sm ratios which range between 4.2 and 7.0 and their Sm/Yb
ratios which range from 2.4 to 2.5 (Table 1, Fig. 7b). Silicic (SR7 and
SR8) and intermediate samples (SR9, SR10) from the younger group
have moderate light REE slopes (La/Sm of 5.8e6.2 and 5.0 to 6.3,
respectively). However, the heavy REE slopes of the younger vol-
canic rocks show a steeper pattern than the older samples; silicic
samples have Sm/Yb from 2.7 to 2.9, and intermediate samples
from 2.8 to 3.2 (Fig. 8b, c). Neither group of samples shows negative
Eu anomalies in their REE diagrams; only andesite SR4 from the
older volcanic centers (cerro El Zaino) shows a weak Eu anomaly
(Eu/Eu* ¼ 0.94). Eu/Eu* obtained for the rest of the volcanic se-
quences range between 0.98 and 1.10 (Table 1).

Fig. 9 shows Th/Hf vs. Ta/Hf ratios of the studied volcanic rocks.
The Ta/Hf values for the dacites and andesites of the younger group
are relatively small compared to the andesites of the older group
(0.15e0.16 vs. 0.21); except for sample SR9 which has a value of
0.20. In contrast, the older, early Miocene basalt (SR1) has a Ta/Hf
value of 0.64.
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7. Discussion

7.1. The development of arc-like signatures

Rare earth element patterns and phenocryst assemblages of the
SRB volcanic rocks are used to gain a greater understanding into
their origin and evolution. Ratios and concentrations of trace ele-
ments and REEs reflect residual minerals that are left in the source
after melting or removed by fractionation processes, or could also
reflect crustal assimilation processes.

In particular, fractional crystallization processes can affect the
trace element compositions of intermediate to high silica rocks,
such as those found in the SRB. Given the evolved nature of some of
the samples, ratios and concentrations of trace elements and REEs
are likely to reflect fractional crystallization and potentially crustal
assimilation during magma ascent.

The concave-up, normalized REE diagrams for the andesitic and
dacitic samples suggests pyroxene and amphibole fractionation
(Fig. 7). The fractional crystallization of apatite is evident in both
the older and younger SRB samples from the negative P anomalies
seen in primitive mantle normalized spider diagrams. SRB volcanic
rocks do not show a significant Eu negative anomaly; the lack of
lkaline volcanism over the Payenia shallow subduction zone, South-
uth American Earth Sciences (2015), http://dx.doi.org/10.1016/



Fig. 6. Major element plots for the mesosilicic sequences of the San Rafael Block. a) K2O vs. SiO2. Note that most of the samples plot in the high-K field; b) SiO2 vs. FeO/MgO. Note the
calc-alkaline trend for the entire intermediate sequences in the San Rafael block. Other magmatic suites in the region are included for comparison (Kay and Gordillo, 1994; Kay et al.,
2006a,b; Nullo et al., 2002; Spagnuolo et al., 2012; Dyhr et al., 2013a).
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negative Eu-anomalies justifies the use of ratios involving Ba for the
evolved rocks as it indicates limited fractional crystallization of
plagioclase.

Lower crustal contamination could also be an explanation for
low REE, Cs, Rb, Th and U contents and high values of Sr and Ba,
such as seen in the more silica-rich lavas (samples SR7 and SR8),
which also showMg# similar to the moremafic lavas (29 and 28 for
64.89 and 67.17 wt.% SiO2, for SR7 and SR8 respectively).

The andesitic to dacitic volcanic rocks from the San Rafael Block
correspond to a high-K, calc-alkaline sequence as shown by their
SiO2, K2O and FeO/MgO contents (Fig. 6). The Ba/La (>16) and La/Ta
ratios (>25), as well as the Ba/Ta ratios, which are greater than 450,
indicate the influence of the subducting slab on the source of these
arc magmas (e.g., Hickey et al., 1986) (Fig. 8a, Table 1). Evidence for
the influence of the subducting slab on the magma source region is
also provided in their trace element patterns (Fig. 7), which show
depletions in HFSE (e.g., Nb, Ta, Zr) that are immobile in fluids,
relative to LILE (e.g., Rb, Ba, Sr, Pb), which are partitioned into the
hydrous fluids that enrich the melts in the asthenospheric mantle
wedge.
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An arc-like signature is also observed in the Th/Hf vs. Ta/Hf di-
agram (Fig. 9) as these ratios are good indicators for calc-alkaline
arc sources and mantle enrichment sources, respectively (e.g. Kay
et al., 2006b). Overall, none of the samples show contribution
from an enrichedmantle source, instead they all contain arc-related
components (Fig. 8). In contrast, the composition of the early
Miocene basalt (sample SR1) implies significantly enriched mantle
contributions (Fig. 8). Trace element tectonic discrimination dia-
grams, such as Wood (1980), which consider TaeTheHf contents,
also showan arc affinity for the studied volcanic assemblage, whilst
the early Miocene olivine basalts correspond to alkaline intraplate
basalts.

7.2. Temporal relationship

MiddleMiocene to early Pliocenemesosilicic volcanic sequences
from the near back-arc and far back-arc are distributed all along and
across the studied latitudes, between eastern Malargüe fold and
thrust belt in the west, to the SRB in the east. The spatial distri-
bution of ages (Fig. 2) shows amigration of arc-related volcanism to
lkaline volcanism over the Payenia shallow subduction zone, South-
uth American Earth Sciences (2015), http://dx.doi.org/10.1016/



Fig. 7. Trace element spider diagrams for the late Miocene to early Pliocene intermediate sequences in the San Rafael Block, normalized to primitive mantle, (Sun and McDonough,
1989) show typical arc-related signatures. Samples correspond to the following volcanic centers: SR4-El Zaino, SR5-El Puntudo, SR6-El Chorreado, SR7 and SR8-Nevado-Plateado,
SR9-Pelado, SR10-Los Cerritos.
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the east from middle to late Miocene-early Pliocene (Nullo et al.,
1993, 1999, 2002; Giambiagi et al., 2005, 2008; Kay et al., 2006a;
Spagnuolo et al., 2012; Dyhr et al., 2013a,b; Ramos et al., 2014).
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Volcanic sequences located in the near and far back-arc area can
be included in two main volcanic stages, based on their age (Fig. 2):
i) Middle to late Miocene, from 15 to 10 Ma, which includes
lkaline volcanism over the Payenia shallow subduction zone, South-
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Huinc�an I and part of Huinc�an II andesites, Cerro Negro andesite,
and Charilehue volcanic rocks (Nullo et al., 2002; Kay and Copeland,
2006; Kay et al., 2006a; Spagnuolo et al., 2012) and ii) latest
Miocene to early Pliocene, from 8 to 3.5 Ma, which includes
younger Huinc�an II andesites, Palaoco volcanism and Chachahu�en
Volcanic Complex (Nullo et al., 2002; Kay et al., 2006b; Dyhr et al.,
2013a) (Figs. 2 and 3). Volcanism of SRB, located in the far back-arc,
correlates with these stages: older San Rafael volcanic rocks overlap
with the first 15 to 10 Ma period, while younger SRB rocks with the
second phase, between 8 and 3.5 Ma; thus, they represent different
stages of the evolution of the volcanism in the back-arc.

7.2.1. Middle to late Miocene volcanism
Middle to late Miocene magmas located in the back-arc show

chemical signatures that are consistent with a source located in the
mantle wedge above the slab and are therefore influenced by
subducted components (Kay and Copeland, 2006; Kay et al., 2006b;
Litvak et al., 2008, 2009). The 15e10 Ma stage of volcanism, rep-
resented by Huinc�an I and part of Huinc�an II lavas, Cerro Negro
andesites and Charilehue volcanic rocks, has arc-like major and
trace element compositions. However, geochemical differences
between these units require variable arc settings. The Charilehue
Formation, which corresponds to the oldest lavas in the 15e10 Ma
stage, shows lower SiO2 vs. FeO/MgO ratio when compared to the
younger sequences within this stage (Fig. 6b). This indicates a more
tholeiitic differentiation trend within the arc setting. Moreover, as
reported by Spagnuolo et al. (2012), it has the lowest Ba/La and La/
Ta ratios, while low La/Yb and Sm/Yb values are suggested to
indicate a low pressure residual mineral assemblage in the source
region. In comparison, Cerro Negro, and Huinc�an I and II lavas show
more of an arc-related signature based on their Ba/La, La/Ta and Ta/
Hf ratios than Charilehue Miocene lavas (Figs. 8 and 9) (Kay et al.,
2006b; Dyhr et al., 2013a).

The geochemistry of the older San Rafael volcanic rocks
(15e10 Ma) fits within this framework for middle to late Miocene
magmatism in the Payenia back-arc. The calk-alkaline arc-like SRB
rocks are distinctly different to the tholeiitic Charilehue Formation
and early Miocene sequences (Fig. 6). Evidence of arc-related con-
tributions is also seen in their Th/Hf vs. Ta/Hf diagram (Fig. 9) and
particularly, by the low Ti contents and HFSE depletion in San
Rafael volcanic rocks (Fig. 7). In agreement, Dyhr et al. (2013a)
suggested that the late Miocene Palaoco volcanic sequences, ex-
hibits a stronger arc-related geochemical signature when
compared to the older volcanic events (e.g., Charilehue and
Huinc�an), following the general trend towards an increase in slab-
derived components present in back-arc magmas with time.

7.2.2. Latest Miocene to early Pliocene volcanism
The Chachahu�en Volcanic Complex is located immediately south

of the SRB (Fig. 2) volcanism and comprehends a magmatic activity
which ranges from 7.3 to 4.9 Ma (Kay et al., 2006a). In order to
evaluate the evolution of the latest Miocene volcanic rocks, it is
useful to compare the geochemical characteristics of the younger
SRB volcanism with the Chachahu�en Volcanic Complex. Both vol-
canic sequences contain similar ages and petrographic features.
According to Kay et al. (2006a) three main volcanic events can be
identified within the Chachahu�en Volcanic Complex. The first
event, corresponding to the late Miocene Vizcachas Group, ranges
Fig. 8. a) La/Ta ratio vs. SiO2 diagram for volcanic rocks in the Payenia back-arc that shows L
La/Yb ratio vs. SiO2. Note that most of the intermediate sequences in the San Rafael Block ha
Light rare earth elements (La/Sm) vs. heavy rare elements (Sm/Yb). Note that the younger, in
Chachahu�en volcanic rocks, which are located at the southernmost extent of the proposed s
and Palaoco are from Nullo et al. (2002), Kay et al. (2006a,b), Spagnuolo et al. (2012) and D
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in age from 7.3 to 6.8 Ma and is composed of dacitic dikes along
with andesitic to dacitic ignimbrites and lava flows that display
intraplate chemical affinities. Even though this temporal volcanic
stage is represented in the SRB study area, its composition does not
indicate an intraplate affinity. The younger events described by Kay
et al. (2006a) in the Chachahu�en Volcanic Complex are the Early
and Late Chachahu�en groups. The Early Chachahu�en Group has an
age range of 6.8e6.4 Ma and includes an older sequence of inter-
mediate composition (andesites to dacites) and a younger, more
mafic sequence (basaltic to bas-andesitic dykes and lava flows). The
Late Chachahu�en Group is composed of an andesitic to dacitic py-
roclastic unit overlain by basaltic to basandesitic lava flows, and
hornblende-rich andesites; which range in age from 6.4 to 4.9 Ma
(Kay et al., 2006a). The andesites and dacites of SRB volcanism
share common petrographical characteristics with these two
Chachahu�en groups.

The chemical compositions of the Chachahu�en volcanic groups
are also, in general, similar to those of the SRB. Major element
compositions of the SRB volcanic rocks plot within the Chachahu�en
fields; both series are high-K rocks (Fig. 6a) with calc-alkaline
trends as shown by FeO/MgO ratios, although some of
Chachahu�en volcanics also plot in the tholeiitic field (Fig. 6b).

Arc-like affinities were also reported for the Chachahu�en vol-
canic rocks (Kay et al., 2006a), for example as seen in their La/Ta
ratios (Fig. 7a). A plot of Th/Hf vs. Ta/Hf (Fig. 9) also shows arc-
derived contributions for both the Chachahu�en and San Rafael
volcanic sequences. Moreover, the Chachahu�en volcanic rocks and
the younger San Rafael rocks show the strongest arc-related
signature when compared with earlier Miocene volcanism, based
on their high Ba/Ta and La/Ta ratios (700e2000 and 27e50,
respectively). The Chachahu�en and SRB rocks also share a flattened
overall REE pattern and similar La/Yb and Sm/Yb ratios. Although
there is an overlap of both fields, as seen in Fig. 8, some of the Early/
Late Chachahu�en volcanic rocks have lower Sm/Yb ratios than the
SRB rocks. The primary difference between the Chachahu�en and
SRB volcanic rocks is that the Chachahu�en lavas display a small Eu
anomaly (overall Eu/Eu* ¼ 0.82e0.94, Kay et al., 2006b) which is
more pronounced in the silicic samples, while SRB rocks lack this
feature (overall Eu/Eu* ¼ 0.94e1.10). The absence of an Eu anomaly
in younger SRB rocks could reflect plagioclase accumulation in the
SRB magmas. Alternatively, it could reflect more oxidizing condi-
tions for SRB volcanism or plagioclase fractionation inhibited in
magmas with high water content (Muntener et al., 2001).
7.3. The evolution and expansion of the Payenia shallow subduction
zone

By constraining the spatial distribution, age and geochemical
signatures of the volcanic units located in the near to far Payenia
back-arc, an increased understanding can be gained into the in-
fluence of the subducting slab on the composition of arc magmas,
the location and expansion of the arc over time, and the develop-
ment of the Payenia shallow subduction zone. Charilehue volcanic
rocks (15e14 Ma) record the earliest and westernmost position of
slab influence on a near to middle back-arc position in the region,
which can be correlated with Huinc�an I, part of Huinc�an II and the
Cerro Negro Andesite, with a time range of 14e10 Ma (Figs. 2 and
10a). It is important to notice, however, that some slab-derived
a/Ta ratios indicative of arc settings for middle Miocene to early Pliocene sequences. b)
ve relatively high values compared to regionally and temporally related magmatism; c)
termediate samples in the San Rafael Block have slightly higher Sm/Yb ratios than the
hallow subduction zone. Data from Huincan I, II, Chachahu�en, Charilehue, Cerro Negro
yhr et al., (2013a).
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Fig. 9. Th/Hf vs. Ta/Hf ratios. Note that intermediate sequences of the San Rafael Block show Ta/Th ratios more related to arc values, such as the regionally related Miocene magmas
(Nullo et al., 2002; Kay et al., 2006a,b; Spagnuolo et al., 2012; Dyhr et al., 2013a). Contrastingly, early Miocene basalts in the same region show intraplate-related values. Data for the
Pocho volcanic field is from Kay and Gordillo (1994).
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components were also identified in the Sierra de Huantraico lavas
(e.g., Cerro Bayo volcano, 18e16 Ma) which are located slightly to
the south and east of the SRB volcanic rocks (Fig. 2). These lavas
represent the first evidence for the influence of the slab on a back-
arc position in the Neuqu�en basin at around 20 Ma (Kay and
Copeland, 2006; Dyhr et al., 2013b). Therefore, Kay et al. (2006b)
had suggested the initial development of the shallow subduction
zone in this area after 20 Ma, more clearly between 18 and 10 Ma,
when the arc signature becomes stronger. This is based on the
presence of andesitic eruptions in a back-arc position from 18 to
17 Ma, whose geochemical features are consistent with subducted
components influencing a mantle wedge above a subducting slab
Fig. 10. Cross sections showing the main magmatic events during the Miocene, for the Payen
Pampean flat-slab segment (c and d) (modified from Litvak et al., 2007). Note that no activ
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(Kay et al., 2006b). The older SRB volcanic rocks (15e10Ma), whose
distribution shows a marked inflection at 36�S towards the east,
with respect to the zone of arc expansion, display chemical com-
positions characterized by an influence of slab derived fluids. Arc
expansion continued between 10 and 6 Ma and is recorded by the
younger San Rafael volcanic rocks (8e3.5 Ma). After ~4 Ma no
volcanism with clear arc-related signatures was developed in the
back-arc at these latitudes (Figs. 2 and 10b).

Based on the distribution, ages and geochemical features of arc-
related products emplaced in the back-arc position in southern
Mendoza (Fig. 2), the youngest lavas of the Chachahu�en Volcanic
Complex (4.9 Ma) had previously been considered to represent the
ia shallow subduction zone at 36�S (a and b), compared to cross sections at 30�S for the
e volcanism is present over the modern Pampean flat-slab segment.
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easternmost extent of the shallow subduction regime (Kay et al.,
2006a). Even though the San Rafael volcanic rocks analyzed in
this work encompass the entire lifespan of the Chachahu�en Vol-
canic Complex (Kay et al., 2006a,b), SRB volcanism has older
components. The initial period of slab influence between 15 and
10 Ma represented by the older San Rafael volcanic rocks precedes
the long-lived Chachahu�en stratovolcano and indicates an older
permanence of the arc magmatism in the back-arc zone. Addi-
tionally, the distribution of the younger San Rafael volcanism
(8e3.5 Ma) suggests that the shallowly subducting slab had a
greater eastern extent and extended to lower latitudes (i.e., further
north) than previously observed.

Lateral expansion of the Payenia shallow subduction zone on the
SRB shows a more eastward development than previously thought.
However, location of younger volcanic centers, such as Pliocene
Cerro Nevado-Plateado (located ~80 km east of Chachahu�en) are
actually located at a similar distance to the Chilean trench as the
Chachahu�en center (Figs. 1 and 10). This is explained by the
inflexion of the geometry of the trench at these latitudes.

Finally, the evolution of the Payenia shallow subduction
segment can be compared with the Pampean flat-slab segment
located immediately to the north (33�300e27�S) (Fig. 1) (Kay et al.,
1991; Kay and Abruzzi, 1996).

Kay et al. (2006a,b) discussed the geometry of the slab and the
development of shallow subduction during the late Miocene in
both shallow subduction segments. They consider shallow sub-
duction to be less pronounced for the Payenia shallow subduction
zone segment, as the Chachahu�en Complex is located only 500 km
away from the trench, while the Pocho volcanic field, whose
magmatism show arc-related signatures in the Pampean flat-slab
retroarc (Kay and Gordillo, 1994), is ~700 km away. The data we
present here for volcanic rocks from the SRB indicates that slab-
influenced magmatism developed 480e500 km away from the
Chile trench, at ~36�S (Fig. 10), but earlier than previously thought
(~15 Ma).

A further difference between the Payenia shallow subduction
zone and the Pampean flat-slab segment relates to the potential
increase in crustal thickness that could have occurred in both set-
tings, and which should be reflected in the observed geochemical
features. Kay et al. (2006a,b) suggest that the Early/Late
Chachahu�en magmas show similarities with the late Miocene
Pocho volcanic field. They share the same high-K field in the K2O vs.
SiO2 diagram, REE patterns with overlapping La/Yb, La/Sm and Sm/
Yb ratios and ratios of La/Ta, Ba/La and Ta/Hf typical for arc-derived
lavas. SRB volcanism share similar geochemical compositions, with
slightly higher La/Yb and Sm/Yb ratios and less enrichment in K2O
(Figs. 6 and 8).

Kay et al. (2006b) pointed out that the crustal thickness, based
on geophysical criteria, in the Main Cordillera above the Pampean
flat-slab segment (~30�S), is in the order of 60e70 km while it is
close to 40e45 km at 36�S. Crustal thicknesses in the Main
Cordillera over the Pampean flat-slab segment explains the high
Sm/Yb values (>4) of the LateMiocene volcanic rocks present in the
region (e.g., Kay et al., 1991, 1999; Litvak et al., 2007), which would
suggest that magmas were equilibrated with garnet as a residual
mineral phase. The presence of garnet as a residual phase is
indicative of high melting pressure, which can be attributed to an
increase in lithospheric thickness due to crustal shortening in a
compressional setting. In comparison, neither Chachahu�en lavas
nor SRB volcanic rocks in the Payenia region show Sm/Yb that could
reflect garnet as a residual mineral phase (Fig. 8b), which implies a
lithosphere of normal thickness (40e45 km) was present in the
foreland region during the middle Miocene to early Pliocene
(Fig. 10).
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8. Concluding remarks

Miocene to Pliocene magmatism located in the back-arc in the
Payenia region within the SRB comprises andesitic to dacitic vol-
canic centers whose products show typical high-K, calc-alkaline
compositions and trace elements patterns that display arc-like
signatures. Two stages of arc-related volcanism can be recog-
nized: a first stage that corresponds to the oldest volcanic centers
(15e10 Ma) and a second one, which consists of the younger vol-
canic centers (8e3.5 Ma). The spatio-temporal relationship be-
tween volcanic centers and their geochemistry appears to
document the shallowing of the subducting slab and the formation
of the Payenia shallow subduction segment at these latitudes.
Regionally, SRB volcanism can be related to the middle Miocene to
early Pliocene arc expansion from the near back-arc to the far back-
arc whose volcanism show an increase of typical arc-related
chemical signature components.

San Rafael magmatism reflects the maximum development of
the Payenia shallow-angle subduction zone between 15 and 4 Ma.
The shallower-slab had started to develop by 18 Ma to the south of
the SRB area, and then expanded to the north as the arc activity
reached the SRB between 15 and 10 Ma, then expanding even
further to the north and south. Finally, the volcanic activity
remained in this foreland area, until 4 Ma, whose magmas repre-
sent the easternmost influence of the Payenia shallow subduction
zone in the area.
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