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In order to better constrain the temporal volcanic activity of the back-arc context in Payenia Volcanic Province
(PVP, Argentina), we present new K-Ar dating, petrographic data, major and trace elements from 23 samples col-
lected on the Auca Mahuida shield volcano. Our new data, coupled with published data, show that this volcano
was built from about 1.8 to 1.0 Ma during five volcanic phases, and that Auca Mahuida magmas were extracted
from, at least, two slightly different OIB-type mantle sources with a low partial melting rate. The first one, con-
taining more garnet, was located deeper in the mantle, while the second contains more spinel and was thus
shallower. The high-MgO basalts (or primitive basalts) and the low-MgO basalts (or evolved basalts), produced
from the deeper and shallower lherzolite mantle sources, respectively, are found within each volcanic phase,
suggesting that both magmatic reservoirs were sampled during the 1 Myr lifetime of the Auca Mahuida volcano.
However, a slight increase of the proportion of low-MgO basalts, as well as of magmas sampled from the
shallowest source, can be observed through time. Similar overall petrological characteristics found in the
Pleistocene-Holocene basaltic rocks from Los Volcanes and Auca Mahuida volcano suggest that they originated
from the same magmatic source. Consequently, it can be proposed that the thermal asthenospheric anomaly is
probably still present beneath the PVP. Finally, our data further support the hypothesis that the injection of hot
asthenosphere with an OIB mantle source signature, which was triggered by the steepening of the Nazca
subducting plate, induced the production of a large volume of lavas within the PVP since 2 Ma.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Seager and Holm, 2013; Hernando et al., 2014a). The description of
the spatial and temporal evolution of this exceptional geological prov-

A unique back-arc Plio-Quaternary intraplate volcanic province lies
to the west of the Southern Volcanic Zone (SVZ) that was built by the
subduction of the Nazca oceanic lithosphere underneath the South
American plate (Fig. 1). This province, referred to here as the Payenia
Volcanic Province (PVP), is made of several composite volcanoes and
wide volcanic fields accounting for a large arc-parallel area developed
between 35° and 38°S. The origin of back-arc magmatism has been
related to changes affecting the dip of the subducting slab (e.g., Ramos
et al., 2014; Kay et al., 2006a), which induced a complex interaction
between asthenosphere and lithosphere into the mantle wedge be-
neath this zone.

The geochemical affinities found in the Plio-Quaternary back-arc ba-
salts from the PVP vary significantly, including intraplate (OIB-type) or
arc-related signatures (Kay et al., 2006a, 2013; Sgager et al., 2013;
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ince is therefore of major relevance. It was recently analyzed by several
authors: the relationship between volcanism and deformational events,
the geometry of the subducting slab, the nature of associated
magmatism and its sources (e.g., Ramos et al., 2014; Hernando et al.,
2012, 2014a, 2014b; Kay et al., 2006a, 2013; Seager et al., 2013, 2015a,
2015b; Seager and Holm, 2013; Dyhr et al., 2013a, 2013b; Gudnason
et al., 2012; Ramos and Folguera, 2011; Llambias et al., 2010; and refer-
ences therein).

Among the large Plio-Quaternary volcanic complexes present in the
PVP (Fig. 1), the Auca Mahuida is the only shield-type volcano in the
PVP. It appears as a key edifice due to its position, volume, and magmat-
ic type, and also because it lies in the southernmost position within the
so-called Central Depression, a part of the Cortaderas lineament, which
marks the southern end of the Plio-Quaternary back-arc volcanism
(Seager et al., 2013). The Auca Mahuida volcano erupted an important
volume of lava and displays an intraplate OIB-type signature (Kay
et al., 2004, 2006a, 2013; Bertotto et al., 2009; Sgager et al., 2013;
Seager and Holm, 2013; Hernando et al., 2014a).
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Fig. 1. Shaded view of the digital elevation model (DEM) at a resolution of 1:90,000 (Shuttle Radar Topography Mission: SRTM data) of the studied area. Coordinates are in UTM. Insert:
location of the studied area within South-America. Modified from Ramos and Kay (2006) and Llambias et al. (2010). Green field: Payenia Volcanic Province; red field: Auca Mahuida shield
volcano; orange fields: other volcanoes; large dotted line: Fold and thrust belt of Agrio and Cortaderas Lineament; medium dotted line: Backland border; small dotted line: Fold and thrust
belt of Malargiie. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)

In this paper, we present new K-Ar ages, major and trace element
data from the Auca Mahuida shield volcano, in order to better describe
its magmatic evolution, and to investigate its relationship with other
young back-arc volcanoes in the PVP.

2. Geological setting
2.1. Back-arc magmatism of the PVP

The Miocene-Quaternary geological history of PVP and surrounding
areas (Fig. 1) was marked by a major change of the subduction geome-
try, from a shallowed slab regime at the end of the Miocene to a normal
~30° dip subduction since about 4 Ma (Kay et al., 2004, 2006a, 2006b;
Ramos and Kay, 2006). Between 8 and 3.5 Ma (Kay et al., 2006a;
Litvak et al., 2015), the volcanic activity in the foreland had a mainly
subduction-related affinity, as shown by the Chachauén lavas (Kay

et al., 2006b), or, the eastern mesosilicic volcanic centers from San
Rafael Block (Litvak et al., 2015). A compressional tectonic regime, asso-
ciated with the Payenia shallow subduction (Ramos et al., 2014 and ref-
erences therein), redeformed in the late Miocene (Folguera et al., 2015a;
Fennell et al., 2015) the Malargiie fold and thrust belt (Fig. 1) initially
generated in the Cretaceous-Eocene times. Overall, the Payenia shallow
subduction triggered an important compression episode in the whole
Andean foothills (Ramos and Folguera, 2005; Ramos and Kay, 2006). Af-
terwards, the steepening of the Nazca oceanic subducting plate caused
an extensional tectonic regime (Kay et al., 2006a; Ramos and Kay,
2006; Gudnason et al., 2012) thinning the crust to less than 42 km in
the axial part of the PVP (Ramos et al., 2014). This event produced the
development of the Central Depression tectonic structure (Ramos and
Folguera, 2011; Fig. 1), also referred to as the Los Huarpes Depression
in its northern part (Llambias et al,, 2010). This extensional setting be-
neath the PVP also favored the increase of volcanic activity since 2 Ma,
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with the formation of about 800 monogenetic basaltic cones and a few
polygenetic volcanic complexes (Bermidez et al., 1993; Folguera et al.,
2009; Llambias et al., 2010).

Overall, magmatic rocks from PVP contain to some extent arc-
magmatism characteristics, where magma is generated by hydrous
fluxing and melting of the mantle wedge during the subduction of the
Nazca plate. However, some back-arc rocks do not display subduction-
related affinity and have been linked to the injection of hot
asthenosphere producing intraplate rocks (also termed: OIB-type
rocks; Kay et al., 2004, 20064, 2013; Bertotto et al., 2009; Sgager et al.,
2013, 20154, 2015b; Seager and Holm, 2013; Hernando et al., 2014a)
during steepening of the subducting slab. Although the origin and
evolution of these back-arc rocks is complex, the authors generally
agree with a magmatic genesis produced in the mantle asthenosphere,
and a probable northward migration based on pronounced geochemical
differences and geochronological data between the southern and
northern PVP basalts from the last 2 Ma (Gudnason et al., 2012;
Sgager et al., 2013; Sgager and Holm, 2013). Southern back-arc basaltic
rocks are thought as sourced from an EM1-like mantle where eclogite
and peridotite melts interacted at different pressures, with a small or
null contribution of subduction-related components (Sgager et al.,
2013; Seager and Holm, 2013), or as resulting from mixing of an EM1
ocean island basalt type, pyroxene-rich source and a peridotitic source
with more radiogenic Pb that was metasomatized by subduction-zone
fluids and/or melts (Sgager et al., 2015b). Or else, these basaltic lavas
are sourced from an EM1-like garnet-bearing mantle at 4-7% melting,
above a steepening subduction zone, and finally mixed with continental
lithosphere after storage near the base of a 65-70 km-thick lithosphere
(Kay et al., 2013). The last interpretation from Kay et al. (2006b, 2013) is
based on the high Sr and Ba contents of the Auca Mahuida lavas, which
are interpreted as reflecting the residues of arc components that were
introduced into the continental lithosphere during the shallow
subduction stage. This lithospheric component was proposed to enter
the Auca Mahuida magmas as they stall at the base of lithosphere and
ascend. In contrast, the northern back-arc basaltic rocks were sourced
from a similar to normal MORB mantle, which was affected by addition
of fluids and melts from the subducting slab (Sgager et al., 2013, 2015a).

2.2. The Auca Mahuida shield volcano

The Auca Mahuida shield volcano, was emplaced in the Malargiie
fold and thrust belt that deforms the Mesozoic Neuquén sedimentary
Basin. It is the southernmost volcanic edifice from the PVP (Llambias
et al., 2010). It displays a semicircular structure with a diameter of
about 50 km and an altitude of 2250 m above sea level. It has an overall
E-W elongated morphology with a high density of parasitic cones
following the same main orientation (Ventura et al.,, 2012). A central
cone of 15 x 11 km with 30° slope and a 2 km wide summit caldera is
present (Risco Alto Auca Mahuida). Examination of the Landsat 7
satellite images reveals that several other eruption centers existed,
such as Cerro La Faja or Cerro de Los Ingenieros, and that lavas could
have also been erupted from lateral fractures, obliterated by younger
lavas (Fig. 2). In addition, we note the occurrence of short and thick vis-
cous lava flows close to the summit caldera, as also observed on the
Payun Matrd volcano (e.g., Germa et al., 2010). The area has been widely
investigated for oil and gas exploration but published studies remain
scarce.

The Auca Mahuida shield volcano was constructed during the
Quaternary (Holmberg, 1964; Rossello et al., 2002; Kay et al., 2006a,
2013; Ramos and Folguera, 2011), but its temporal evolution remains
poorly constrained because only a few reliable radiometric ages have
been published. The lavas from Auca Mahuida volcano, which belong
to the alkaline series, present geochemical similarities with those from
Paytin Matrd and Llancanelo volcanic fields, such as intraplate features
(Bermudez et al., 1993; Kay et al., 2004, 20064, 2013; Bertotto et al.,

2009; Seager et al., 2013; Seager and Holm, 2013; Hernando et al.,
2014a).

3. Material and methods
3.1. Sampling

We have collected 23 samples in the central and southern part of
the Auca Mahuida shield volcano (Fig. 2). All of them (except AM82
and AM40) were analyzed for major and trace elements, and 11 were
dated using K-Ar. Our sampling was aimed to complete the previ-
ously available data set from Auca Mahuida volcano (Ardolino
et al., 1995; Rossello et al., 2002; Kay et al., 2004, 2006a, 2013;
Gudnason et al., 2012; Jacques et al., 2013), and our samples fall in
younger and/or older mapped categories (Fig. 2). Based on the geo-
logical map (Ardolino et al., 1995), our samples are mainly located
in a zone delimited by the Rincén del Palo Blanco Canyon, Cerro La
Faja, the main caldera, and Cerro de Los Ingenieros (Figs. 2 and 3).
In addition, some samples are located on the southeast side of the
main shield (AM28 and AM52) and others lie to the north of main
caldera (AM71 and AM82). Using the different units from the strati-
graphic sequence (Ardolino et al., 1995; Fig. 3) our samples belong to
Pampa de Las Yeguas Basalt (AM37), La Faja Basalt (AM52, AM26,
AM?71), Rincon del Infiernillo Basalt (88Al, 88A], 88AH, 88AK, 88AG,
AM33), Pampa del Leon Basalt (AM79, AM82, AM28, AM40), Auca
Mahuida Trachyandesite (AM66, AM50, AM7, AM8), Puesto Retamal
Trachyandesite (AM70, AM45, AM31, 88AE) and Aguada Lastra
Volcanics (88AF). Most of analyzed samples come from lava flows,
except some which have been taken from pyroclastic deposits
(AM31) or lava domes (AM8, 88AE).

3.2. Major and trace element composition

The geochemical data have been analyzed by the Service d'Analyse
des Roches et Minéraux (SARM) at Centre de Recherches
Pétrographiques et Géochimiques de Nancy, France (CRPG). The major
elements data were obtained by Inductively Coupled Plasma-Atomic
Emission Spectrometry (ICP-AES: Thermo Electron IRIS Advantage)
and the trace elements by Inductively Coupled Plasma-Mass Spectrom-
etry (Thermo Elemental X7). Overall, our analyzed samples lack second-
ary minerals, except carbonate and zeolite minerals that fill some
vesicles in rare cases, but they have been removed during sample
preparation. The samples were then finely powdered in an agate
grinder; 200 mg of rock was melted with LiBO, in Pt-Au crucible, and
then dissolved with HNOs. International standards were used for
calibration tests (AN-G, BR, UB-N, DR-N, GH), which underwent the
same processing (Carignan et al., 2001; Govindaraju and Mevelle,
1987; Govindaraju and Potts, 1994). Analytical uncertainties for each
element can be found on the SARM-CRPG website at: http://helium.
crpg.cnrsnancy.fr/SARM/index.html.

3.3. K-Ar dating

In order to provide strong geochronological constraints, we have
dated 11 samples from the Auca Mahuida using the K-Ar Cassignol-
Gillot technique (Cassignol and Gillot, 1982; Gillot and Cornette, 1986).
This technique was successfully applied to volcanic rocks from the
Cerro Nevado (1.88 &+ 0.03-0.94 + 0.01 Ma; Quidelleur et al., 2009)
and Payun Matrti (285 4+ 5-<7 + 1 ka; Germa et al,, 2010). It allows ac-
curate dating of both ancient and young lavas, even of samples with low
radiogenic argon content. In order to avoid K loss due to weathering, as
well as excess argon carried by mafic minerals and low K content plagio-
clases, analyses were performed on groundmass, in a narrow density
range phase. Only sample AM8 was dated using alkali feldspars. Selected
rocks were processed according to phenocrysts size, with crushing and
sieving at typically 125-250 pm or 100-200 pm. Grains were


http://helium.crpg.cnrsnancy.fr/SARM/index.html
http://helium.crpg.cnrsnancy.fr/SARM/index.html

C. Pallares et al. / Journal of Volcanology and Geothermal Research 323 (2016) 19-37

i 7 RDB
1R T T n.3010.14
i ﬂuﬂ ; ’ﬁ S, e (o5

1260702

A

0O

* 17002

0.99+0.04

1.78%0.10

£

69°20' 69°10’ 68°40'

w AMT71

Calderé

m 88AE

88AF
RD20b® 3 88AG

AM70® Stall

AM33 i i Co de Los

88Al Ingenieros

88AJ \

*,

Fig. 2. Vertical and oblique views of the Auca Mahuida volcano and studied area, respectively, obtained using GMRT (a) and Google Earth (a) images. Samples from this study (labels 88XX
and AMXX) are shown with a grey (basaltic rocks) or white (andesitic rocks) square symbol. Those from Kay et al. (2004, 20064, label RDX), and associated ages in Ma, are shown with gray
and white hexagons.
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ultrasonically washed with deionized water and a 10% nitric acid
solution. Heavy liquids were used to keep groundmass in narrow density
ranges, and to remove phenocrysts and, if present, any slightly
weathered fraction. A Frantz magnetic separator was used to further im-
prove purity of the groundmass fraction. Both potassium and argon were
measured in the GEOPS (Geosciences Paris Sud) laboratory at Orsay
(France), on different aliquots of the same preparation. Potassium was
measured by flame absorption spectroscopy and compared with MDO-
G, ISH-G and BCR-2 (USGS) standards (Gillot et al., 1992). The relative
uncertainty on K measurement is about 1% over a range of K contents
between 0.1 and 15%. Argon (Ar) was measured by mass spectrometry
using an instrument similar to the one described in Gillot and Cornette
(1986), with a limit of detection of the radiogenic Ar content of 0.1%
(Quidelleur et al., 2001), which allows ages as young as 2 ka to be obtain-
ed with only a few centuries uncertainty (Gillot et al., 2006). Calibration
of the system is obtained by systematic measurements of an air pipette,
which is routinely compared to the HD-B1 standard (Fuhrmann et al.,
1987), with a recommended age of 24.21 + 0.32 Ma (Hess and Lippolt,
1994), recently confirmed at 24.18 + 0.09 Ma (Schwarz and Trieloff,
2007). Such a “°Ar signal calibration introduces an additional relative
uncertainty of 1%, which leads to a total relative age uncertainty of
about 1.5% for a 1 Ma sample. Age calculations were performed using
decay constant and K isotopic ratios of Steiger and Jager (1977). All K
and Ar measurements have been duplicated. The mean age and

uncertainty (reported here at the 10 level) have been calculated by
weighting each analysis with the amount of “°Ar*,

4. Results
4.1. Major and trace element composition

The new chemical analyzes from Auca Mahuida volcano are listed in
Table 1. Our new data were combined with previously published data
for the Auca Mahuida (Kay et al., 2006a, 2006b, 2013, 2004; Gudnason
et al., 2012; Jacques et al., 2013. See caption in Fig. 4, for better
understanding and interpretations). All these samples are relatively
fresh, with loss on ignition (LOI) values about 1. K;0 vs SiO,
(Peccerillo and Taylor, 1976) show that rocks from Auca Mahuida volca-
no plot along a single magmatic series between the high-K calc-alkaline
and shoshonitic series (Fig. 4a). We also used the TAS diagram
(Na0 + K,0 vs SiO, from Le Bas et al. (1986); Fig. 4b) more adapted
for alkali magmas, there, the rocks plot in trachybasalt, basaltic
trachyandesite, trachyandesite and trachyte fields.

Two out of the 23 newly collected samples from Auca Mahuida vol-
cano are alkali basalts, 9 trachybasalts, 6 basaltic trachyandesites, 5
trachyandesites and only one is a trachyte (Fig. 4; Table 1). Alkali basalts
are located in the Pampa de Las Yeguas and Pampa del Leon formations,
while trachybasalts are distributed in several formations (La Faja,
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Table 1

Chemical analyses of Plio-Pleistocene lavas from Auca Mahuida volcano. ICP-AES: Thermo Electron IRIS Advantage and Thermo Elemental X7 analyses according to the procedures used at
CRPG. Fe,05*: total iron as Fe,0s; LOI: loss on ignition; CIPW norm: q — quartz, an — anorthite, di — diopside, ne — nepheline, ol — olivine, hy — hypersthene; Mg# = Mg / (Mg + Fe?™).
CIPW norm and Mg# calculated with 15 at.% of total iron as Fe** and 85% as Fe? ™.

Sample 88AE 88AG 88AF 88AK 88AH 88A] 88AI
Coordinates 37°44'54.60"S 37°46'1.12"S 37°45'53.53"S 37°47'23.11"S 37°46'13.41"S 37°46'50.20"S 37°46'43.62"S
68°53/35.20"W 68°53/10.36"W 68°53/12.44"W 68°52'53.20"W 68°53'7.69"W 68°53/10.20"W 68°53/8.22"W
Rock type Trachyandesite Trachybasalt Trachybasalt Trachybasalt Trachybasalt Trachybasalt Trachybasalt
Age (Ma) 1.26 4+ 0.02 1.36 4 0.02 1.17 4 0.02 1.35 4 0.02 1.40 £ 0.02 1.44 4+ 0.02
Major elements (wt.%)
Si0, 58.00 49.47 48.04 4715 46.94 46.89 46.84
TiO, 0.82 217 2.36 2.11 2.05 2.06 2.02
Al,05 18.15 17.39 17.25 14.98 14.77 14.38 14.78
Fe,03 6.35 10.28 11.71 11.64 11.69 12.02 11.42
FeO* 5.71 9.24 10.53 10.47 10.51 10.81 10.27
MnO 0.15 0.16 0.17 0.16 0.16 0.16 0.16
MgO 0.95 3.85 4.50 9.03 9.20 9.70 8.73
Ca0 3.04 7.87 7.75 8.53 8.89 8.73 8.93
Na,O 6.85 4.72 4.79 3.80 3.64 3.58 3.75
K,0 3.94 213 1.83 1.59 1.36 1.40 1.50
P,05 034 0.75 0.72 0.57 0.51 0.56 0.52
LOI 0.15 0.00 —0.07 —0.46 —0.29 —0.34 —0.04
Total 98.72 98.78 99.05 99.10 98.92 99.15 98.61
CIPW minerals
q 0.00 0.00 0.00 0.00 0.00 0.00 0.00
an 7.27 20.35 20.50 19.36 2027 19.29 19.48
di 4.89 11.67 11.21 15.78 16.95 16.74 17.87
ne 4.09 3.94 5.64 4.73 4.02 3.86 5.01
ol 2.74 6.38 8.90 16.09 16.32 17.61 15.03
hy 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 22.86 42.60 4323 60.58 60.94 61.53 60.24
Trace elements (ppm)
Cs 3.12 132 0.58 0.49 0.57 0.89 0.64
Rb 97.2 46.4 31.8 26.4 23.0 257 252
Ba 579 471 389 303 285 291 286
w 1.68 0.54 0.38 0.40 0.41 0.34 0.38
Th 10.39 4.52 2.55 2.70 232 2.65 2.40
U 333 1.35 0.84 0.70 0.74 0.83 0.75
Nb 57.1 30.7 29.3 25.2 21.9 25.5 22.2
Ta 4.53 2.42 2.16 2.00 1.71 1.88 1.75
La 40.9 29.9 26.6 21.6 18.8 213 19.1
Ce 76.2 61.2 57.2 45.7 40.2 439 40.8
Pb 10.63 461 3.02 2.70 2.47 241 2.54
Pr 7.84 7.06 6.78 5.36 4.82 5.50 4.83
Mo 6.90 2.83 2.09 2.05 1.90 231 2.03
Sr 435 786 750 649 612 597 597
Nd 31.0 32.0 314 24.8 22.8 233 223
Sm 6.06 6.93 7.02 5.51 522 537 5.20
Zr 505 218 193 158 142 165 146
Hf 10.05 5.04 4.55 3.86 3.52 3.73 3.55
Eu 1.85 2.39 2.45 1.94 1.83 1.91 1.82
Sn 3.66 1.97 1.87 1.68 1.45 1.47 1.48
Gd 5.25 6.31 6.58 5.21 497 5.13 4.96
Tb 0.81 0.91 0.94 0.74 0.72 0.75 0.71
Dy 4.72 499 522 4,09 4,02 412 3.89
Y 26.6 25.6 26.6 20.2 19.9 20.2 19.5
Ho 0.89 0.90 0.95 0.71 0.71 0.72 0.70
Er 2.57 2.36 248 1.84 1.82 1.86 1.78
Tm 0.39 0.33 0.34 0.25 0.25 0.26 0.24
Yb 2.76 213 2.18 1.56 1.56 1.61 1.53
Lu 0.43 032 0.32 0.23 0.23 0.23 0.23
Sc 3.7 17.5 16.8 21.0 22.6 0.0 219
\Y 8 199 188 191 206 202 191
Cr 0 23 13 315 352 366 336
Co 4.8 26.7 323 459 483 50.7 44.6
Ni 0 21 22 195 203 227 189
Cu 6.7 331 35.2 45.1 50.6 46.9 48.0
Zn 116 109 122 105 104 114 100
Be 5.11 2.36 1.91 1.65 1.46 1.55 1.52
Ga 28.90 25.24 25.54 21.19 21.29 21.31 20.50
Ge 1.51 1.44 1.48 1.40 1.45 141 134
La/Nb 0.71 0.99 0.90 0.86 0.86 0.83 0.86
Ba/La 14.14 15.77 14.63 14.04 15.18 13.69 14.96

La/Yb 14.84 13.99 12.20 13.86 12.01 13.21 12.47
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Table 1 (continued)

Sample 88AE 88AG 88AF 88AK 88AH 88A] 88AI
Coordinates 37°44'54.60"S 37°46'1.12"S 37°45'53.53"S 37°47'23.11"S 37°46'13.41"S 37°46'50.20"S 37°46'43.62"S

68°53/35.20"W 68°53/10.36"W 68°53/12.44"W 68°52/53.20"W 68°53'7.69"W 68°53/10.20"W 68°53/8.22"W
Rock type Trachyandesite Trachybasalt Trachybasalt Trachybasalt Trachybasalt Trachybasalt Trachybasalt
Age (Ma) 1.26 4+ 0.02 1.36 4+ 0.02 1.17 £ 0.02 1.35 £+ 0.02 1.40 £ 0.02 1.44 4+ 0.02
Ba/Th 55.79 104.08 152.84 112.13 122.95 109.80 119.19
Zr/Hf 50.28 43.25 42.40 41.04 40.32 4422 41.10
Zr/Nb 8.84 7.10 6.57 6.29 6.48 6.46 6.57
Sample AM8 AM31 AM45 AM70 AM7 AM33 AM50
Coordinates 37°44'7.44"S 37°46'22.92"S 37°45'49.92"S 37°46'18.12"S 37°44'14.28"S 37°46/22.92"S 37°44'43.92"S

68°55'14.82"W 68°53'36.54"W 68°54/31.08"W 68°53/38.28"W 68°55'11.46"W 68°53'36.54"W 68°55’4.38"W
Rock type Trachyte Trachyandesite Trachyandesite Trachyandesite Trachyandesite Basaltic Basaltic

Trachyandesite Trachyandesite

Age (Ma) 1.48 4+ 0.02
Major elements (wt.%)
Si0, 61.89 58.21 58.15 54.69 53.72 52.88 52.37
TiO, 0.52 047 0.80 1.38 144 1.51 1.95
ALL,03 18.15 17.01 18.6 17.69 18.15 17.91 17.11
Fe,05 4.46 4.78 6.19 8.02 8.49 8.53 9.81
FeO* 4.01 430 5.57 7.21 7.64 7.67 8.83
MnO 0.15 0.11 0.14 0.13 0.15 0.13 0.14
MgO 0.62 0.6 1.06 2.52 2.31 3.90 3.53
Ca0 2.10 221 3.52 491 4.64 6.91 7.33
Na,O 6.65 427 6.58 5.19 591 5.01 491
K,0 5.01 427 3.81 3.12 3.21 2.64 2.29
P05 0.29 0.26 0.36 0.54 0.72 0.56 0.65
LOI 0.19 7.76 0.74 1.76 0.81 —0.03 —0.13
Total 99.75 92.19 99.21 98.19 98.74 99.98 100.09
CIPW minerals
q 0.00 11.99 0.00 0.00 0.00 0.00 0.00
an 4.89 10.08 10.08 16.13 13.76 18.69 17.98
di 3.04 0.00 435 4.24 4.02 9.77 11.61
ne 0.14 0.00 2.69 0.00 3.74 2.61 1.17
ol 1.35 0.00 2.97 2.62 6.31 6.84 5.75
hy 0.00 4.28 0.00 493 0.00 0.00 0.00
Mg# 21.59 19.91 25.33 38.37 35.03 47.54 41.62
Trace elements (ppm)
Cs 1.70 430 1.90 2.00 1.80 0.50 0.60
Rb 92.8 145.0 96.0 72.6 78.4 44.8 449
Ba 643 273 577 635 668 527 565
w 0.80 3.00 2.20 1.90 2.80 3.90 2.20
Th 7.20 15.60 10.50 6.90 7.20 4.10 4.00
U 1.80 430 0.50 1.90 2.10 1.00 3.00
Nb 35.0 71.3 55.6 40.4 52.0 30.5 27.7
Ta 2.60 5.90 430 3.20 3.70 2.10 2.10
La 34.5 51.6 40.0 353 424 25.6 28.6
Ce 63.6 91.5 74.2 66.5 80.8 50.3 67.7
Pb 9.90 19.90 12.20 11.70 8.70 7.10 6.20
Pr 7.20 9.10 7.80 7.60 9.10 6.00 7.10
Mo 2.40 9.10 7.00 5.50 6.80 5.90 5.80
Sr 224 176 460 567 613 668 607
Nd 24.7 323 29.1 29.5 354 234 29.0
Sm 5.20 5.20 6.90 5.90 6.80 5.20 6.00
Zr 351 649 456 330 382 649 222
Hf 7.30 14.10 9.40 6.90 7.60 4.50 4.90
Eu 1.40 0.80 1.90 1.80 2.20 1.80 2.40
Sn 2.60 5.00 3.40 2.80 2.80 1.60 1.90
Gd 4.10 4.90 4.80 5.10 5.60 430 5.70
Tb 0.60 0.80 0.70 0.70 0.90 0.60 0.80
Dy 3.50 4.70 3.90 3.80 4.60 3.50 4.70
Y 20.0 294 25.7 215 24.7 19.8 23.8
Ho 0.70 0.90 0.80 0.70 0.80 0.70 0.80
Er 1.90 2.80 2.40 2.00 2.10 1.60 2.30
Tm 0.30 0.50 0.20 0.30 0.30 0.30 0.30
Yb 1.90 2.90 2.30 2.00 1.90 1.60 2.00
Lu 0.30 0.50 0.40 0.30 0.30 0.30 0.30
Sc 48 3.5 4.7 8.0 7.5 11.8 133
\Y 9 12 12 79 61 137 164
Cr 10 16 28 40 54 149 67
Co 29 3.6 5.6 10.6 134 229 23.7

(continued on next page)



26

Table 1 (continued)

C. Pallares et al. / Journal of Volcanology and Geothermal Research 323 (2016) 19-37

Sample AMS AM31 AM45 AM70 AM7 AM33 AM50

Coordinates 37°44'7.44"S 37°46'22.92"S 37°45'49.92"S 37°46'18.12"S 37°44'14.28"S 37°46'22.92"S 37°44'43.92"S
68°55'14.82"W 68°53'36.54"W 68°54'31.08"W 68°53'38.28"W 68°55'11.46"W 68°53'36.54"W 68°55'4.38"W

Rock type Trachyte Trachyandesite Trachyandesite Trachyandesite Trachyandesite Basaltic Basaltic

Trachyandesite Trachyandesite

Age (Ma) 1.48 4+ 0.02

Ni 3 5 6 20 12 38 22

Cu 8.0 18.6 9.2 224 189 25.1 26.1

Zn 83 649 456 114 128 104 119

Be 2.50 5.10 4.00 2.30 3.00 1.20 1.70

Ga 26.80 31.30 29.60 26.10 28.50 24.50 24.50

Ge 1.30 1.40 1.50 1.30 1.40 1.20 1.30

La/Nb 0.07 0.08 0.07 0.08 0.071 0.07 0.07

Ba/La 18.62 5.29 1443 17.98 15.75 20.59 19.76

La/Yb 18.16 17.79 17.39 17.65 2231 16.00 14.30

Ba/Th 89.25 17.49 54.97 91.98 92.79 128.56 141.32

Zr/Hf 67.50 124.77 66.09 55.88 56.16 124.75 37.01

Zr/Nb 10.03 9.10 8.20 8.16 7.34 21.26 8.02

Sample AM71 AM28 AM66 AM26 AM52 AM37 AM79

Coordinates 37°42'10.86"S 37°48'11.52"S 37°45'11.10"S 37°44'13.80"S 37°48'12.60"S 37°51'29.22"S 37°48'3.60"S

68°56'29.94"W

68°51'57.90"W

68°56'15.96"W

68°54'43.26"W

68°52'54.78"W

68°35'21.48"W

68°35'14.70"W

Basaltic Basaltic Basaltic Alkali Alkali
Rock type Trachyandesite Trachyandesite Trachyandesite Trachybasalt Trachybasalt Basalt Basalt
Age (Ma) 1.30 4+ 0.02 1.61 £ 0.02
Major elements (wt.%)
SiO, 52.37 51.79 51.78 48.77 47.81 4731 4722
TiO, 1.64 1.69 1.96 1.84 1.86 211 2.00
Al,O3 19.67 19.23 17.31 17.67 13.82 15.12 15.11
Fe,03 7.75 8.46 10.62 10.13 12.03 11.02 12,53
FeO* 6.97 7.61 9.55 9.11 10.82 9.91 11.27
MnO 0.12 0.12 0.16 0.13 0.15 0.14 0.16
MgO 297 3.06 3.21 5.19 10.80 7.87 8.40
Ca0O 7.60 7.89 6.05 9.17 8.45 9.62 9.31
Na,O 5.10 4.79 5.46 4.46 3.69 3.66 3.48
K,0 212 2.04 2.32 1.51 1.36 1.18 0.95
P,05 0.71 0.74 0.80 0.66 0.58 0.54 0.59
LOI —0.10 0.12 0.27 0.19 —0.60 1.37 0.60
Total 100.05 99.82 99.67 99.53 100.55 98.57 99.75
CIPW minerals
q 0.00 0.00 0.00 0.00 0.00 0.00 0.00
an 24.62 25.12 16.04 24.01 17.18 21.81 23.07
di 6.88 7.62 7.38 14.24 16.87 18.69 15.93
ne 1.85 0.91 2.83 4.80 3.68 2.85 137
ol 4.80 5.44 7.72 8.62 19.89 12.39 16.33
hy 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 43.16 41.75 37.46 50.38 64.02 58.60 57.06
Trace elements (ppm)
Cs 1.20 0.70 0.90 0.60 0.50 0.30 0.40
Rb 45.8 415 48.6 28.2 30.5 18.0 19.2
Ba 546 554 605 296 353 286 290
w 2.30 2.30 3.30 4.40 2.20 2.10 2.30
Th 430 4.20 490 230 2.70 2.00 1.50
U 1.10 1.10 1.40 0.60 0.80 0.50 0.40
Nb 29.4 289 389 22.5 25.9 22.6 18.1
Ta 2.10 2.00 2.80 1.40 1.80 1.500 1.20
La 29.8 304 354 21.1 22.0 171 14.9
Ce 59.5 56.6 70.0 42.7 44.0 38.8 339
Pb 7.00 6.60 7.70 5.70 6.30 4.80 3.90
Pr 6.60 7.20 9.00 530 5.60 490 430
Mo 430 20.00 6.50 6.30 420 3.30 3.90
Sr 964 628 626 676 658 692 633
Nd 273 28.8 355 22.7 242 21.6 199
Sm 5.70 5.20 7.90 5.10 530 5.10 5.20
Zr 203 212 282 155 145 142 124
Hf 4.10 4.60 6.10 3.30 3.40 3.30 2.90
Eu 2.10 2.10 2.00 1.70 1.80 1.70 1.70
Sn 1.90 2.00 2.30 1.60 1.50 1.40 1.40
Gd 4.60 5.10 7.40 4.70 4.50 4.70 5.00
Tb 0.70 0.80 1.00 0.70 0.70 0.70 0.70
Dy 3.60 4.00 5.40 3.90 3.80 4.00 3.70
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Table 1 (continued)

Sample AM71 AM28 AM66 AM26 AM52 AM37 AM79
Coordinates 37°42'10.86"S 37°48'11.52"S 37°45'11.10"S 37°44'13.80"S 37°48'12.60"S 37°51'29.22"S 37°48'3.60"S
68°56/29.94"W 68°51'57.90"W 68°56'15.96"W 68°54'43.26"W 68°52/54.78"W 68°35'21.48"W 68°35'14.70"W
Basaltic Basaltic Basaltic Alkali Alkali
Rock type Trachyandesite Trachyandesite Trachyandesite Trachybasalt Trachybasalt Basalt Basalt
Age (Ma) 1.30 4+ 0.02 1.61 + 0.02
Y 20.6 23.7 303 22.0 193 19.9 20.1
Ho 0.70 0.80 1.10 0.70 0.70 0.70 0.70
Er 1.80 2.00 2.70 1.90 1.70 1.70 1.60
Tm 0.20 0.30 0.40 0.30 0.20 0.20 0.30
Yb 1.60 1.80 2.70 1.60 1.40 1.40 1.60
Lu 0.20 0.30 0.40 0.20 0.20 0.20 0.20
Sc 10.6 11.6 113 15.1 16.6 16.6 16.7
\% 116 127 93 179 181 204 197
Cr 72 71 66 176 450 330 311
Co 19.0 20.0 20.2 319 54.4 43.6 50.6
Ni 27 18 11 43 279 146 172
Cu 283 332 22.6 79.0 54.2 42.7 51.5
Zn 97 105 141 106 122 142 126
Be 2.00 1.60 2.10 1.00 1.00 1.20 1.20
Ga 25.40 26.20 27.10 23.40 20.70 21.10 21.90
Ge 1.30 1.10 1.50 1.30 1.20 1.20 1.40
La/Nb 0.07 0.07 0.07 0.06 0.07 0.06 0.06
Ba/La 18.32 18.22 17.09 14.01 16.03 16.72 19.47
La/Yb 18.62 16.88 13.11 13.19 15.71 12.21 9.31
Ba/Th 126.95 131.90 123.51 128.52 130.59 143.00 193.40
Zr/Hf 35.70 40.84 35.73 30.33 27.34 27.84 23.92
Zr/Nb 6.92 7.35 7.26 6.87 5.59 6.28 6.87

Rincon del Infiernillo, Pampa del Leon and Aguada Lastras). Basaltic
trachyandesites belong to the La Faja, Rincon del Infiernillo, Pampa del
Leon and Auca Mahuida formations, whereas trachyandesites come
mainly from Puesto Retamal and only one from the Auca Mahuida
formation. Finally, the only trachyte belongs to the Auca Mahuida
formation.

Incompatible trace elements (Table 1) are shown in Fig. 5 as multi-
element patterns normalized to the primitive mantle (PM; a) and to
the chondrites (CH; b) of Sun and McDonough (1989). Auca Mahuida
basaltic magmas show moderately fractionated patterns and a slight
depletion in heavy REE and Y, as well as no significant depletion in Nb.
These lavas also show positive anomalies in some of the most incompat-
ible elements (Cs, Ba, U, K, Sr), Pb, P, and Ti and negative anomalies in
Rb, Th, Nd, and to a lesser extent in light rare earth elements (La, Ce)
can be observed. Trachyandesites and trachytes displays a pattern
rather similar to that of the trachybasalts, although they show a marked
increase of incompatible elements Pb and Zr, as well as a significant de-
crease of Sr, P, Eu and Ti (Fig. 5a). The pattern of rare earth elements
(REE) is enriched in light rare earth elements (LREE) and slightly
enriched in middle rare earth elements (MREE). Some basaltic samples
from previous studies show negative anomalies in Pr and Gd, while only
one trachyte is depleted in Eu (Fig. 5b). Here, Pr and Gd negative anom-
alies (samples AU4 and RD17 from Kay et al. (2013)) are probably due
to analytical problems.

Element concentration ratios from Auca Mahuida lavas, normalized
to the primitive mantle (Sun and McDonough, 1989), such as Th/Nb,
K/Nb, and La/Nb (not shown), are very close to unity. Such a feature
and the high contents in Nb observed for these lavas (Table 1) are con-
sistent with an OIB-type geochemical affinity. This is also supported by
the rather flat patterns displayed in the multi-element diagrams (Fig. 6)
when normalized to OIB-type rock from Sun and McDonough (1989).

4.2. Petrology

Some authors, such as Ardolino et al. (1995) and Kay et al. (2013),
have conscientiously described the mineralogy, petrography and

petrology of Auca Mahuida in the past, thus in this work, we only
aim at completing their research. Samples from Auca Mahuida volca-
no can be separated into different fields based on their MgO content
(Fig. 7 and Table 1). Rocks with MgO contents higher than 8 wt.% will
be referred as primitive basalts (red area), those with MgO contents
between 8 and 5% as evolved basalts (orange area), and those with
MgO contents from 5 to 3 wt.% as basaltic-andesites (yellow area).
In addition, trachytic rocks display a MgO value lower than 3 wt.%
(Fig. 7). Overall, the two main groups can be defined using a cut-off
value of 8 wt.% for their MgO content. The high-MgO group includes
both alkali basalts and trachybasalts, while the low-MgO group
includes evolved trachybasalts and basaltic trachyandesites
(Table 1 and Fig. 7).

The petrographic features of alkali basalts show a microlitic-porphy-
ritic texture where phenocrysts of olivine are predominant (>10%), and
plagioclase and clinopyroxene (augite) are less abundant. Apatite is
sometimes an accessory mineral, and chlorite and Fe-oxides form
some altered minerals produced by the destabilization of olivine and
Fe-Mg-Ti minerals.

The trachybasaltic rocks analyzed here show a dark gray color and
have a fine grained (aphanitic) texture, but rare phenocrysts such as
olivine, pyroxene and plagioclase from about 1 to 2 mm can be found.
Despite their density and compaction, several small (<1 mm) and big
vesicles (1-5 mm) are present, with the latter often filled with
carbonates or zeolitic minerals. The disposition of vesicles is random,
but in some samples, such as 88AG, they are elongated and preferential-
ly aligned. In thin section, the texture of the high-MgO samples, such as
88Al, 88A], 88AH or 88AK (Fig. 6) from the Rincén del Infiernillo
formation, varies from hypocrystalline to middle holocrystalline, slight-
ly doleritic, inequigranular, and slightly intersertal microporphyritic.
These rocks consist mainly of euhedral-subhedral elongated-acicular
plagioclase (bytownite-labradorite) of about 0.2 mm, many subhedral
wrapped round small olivine crystals (about 0.1 mm) and other
euhedral-subhedral plagioclase and olivine phenocrysts varying from
0.2 to 2 mm, some subhedral-anhedral clinopyroxene (augite) and
rare leucite. The interstices are filled with smaller plagioclase, olivine



28 C. Pallares et al. / Journal of Volcanology and Geothermal Research 323 (2016) 19-37

a 7 LI | T 1T TTT I T T T T TT T TT
Basalt BasAnd| Andesite Dacite Rhyolite
6L | —
Shoshonitic|Seri
5 - -

/ 1

Calc-Alkaline|Series 7

j//ﬁ )
/Hu% Calc-Alkaline| Series

| —
/// i
Low-K|Calc-Alkaline[Series
T I T I
60 65 70 75
SiO, (wt %)
b16 SN LR RN R
14 Fnial meling Phonolite -
12 : \%ﬁ:&;""@ :
:\; - -
S0 —
= | Foidite Rhyolte
+ [ Tephrite .
Q 6L Basanite |
z L ]
4 -
L Andesite 4
_ Basaltic
2F Picro- | Basalt andesite 7
- ‘basalt 1
0||||||||||||||||||||||||||||||||||||||
35 40 45 50 55 60 65 70 75

SIO, (Wt%)

Back-arc magmas Arc magmas

Auca Mahuida Shield Volcano
| O This work

@ O Other data

Data come from these volcanoes:
San Pedro Tatara and

1,2,3,4,15 Laguna del Maule® ™ 1 12.13.14.15

. . LOn EVI'M‘ 15,16
Payun area volcanoes Chil?én“‘“- B
] Paytn®®’ Antuco™ 1192
Payan Matr(*®’ Lonquimay™®
Los Volcanes® Copahue™ "%
Callaqui™ "
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2Lopez-Escobar et al. (1981), *?Mufioz and Stern (1988), ?*Mufioz et al. (1989),
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and Fe-Ti minerals. Petrographically, they can be referred to as olivine
basalts.

The low-MgO samples, such as 88AG and 88AF, clearly show a de-
crease of the content in Fe-Mg minerals (Fig. 6). Their texture in thin
section is principally hypocrystalline, inequigranular, microporphyritic,
or seriate. Some samples, such as 88AF (Fig. 6), display an aligned or
oriented texture, highlighting a fluidal orientation of plagioclase micro-
crystals. The main minerals consist in subhedral elongated-acicular an-
orthite-bytownite of about 0.2 mm, and euhedral columnar labradorite
that reached up to a 5 mm size, abundant subhedral round small olivine
(about 0.1 mm) and bigger olivine crystals varying between 0.2 and
1 mm, some phenocrysts of clinopyroxene with an approximate size
of 5 mm. The interstices are filled with much smaller plagioclase, olivine
and Fe-Ti minerals. These rocks can be described as seriate-textured
basalts.

The basaltic trachyandesites from the low-MgO content group show
microlitic and microporphyritic textures. The prevailing phenocrysts
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Fig. 5. Incompatible multi-element patterns of selected Plio-Quaternary lavas normalized
to the Primitive Mantle of Sun and McDonough (1989). Symbols as in Fig. 4.

are plagioclase (andesine-oligoclase), with some olivines,
clinopyroxene, anorthoclase, a few amphibole and Fe-Ti minerals. The
groundmass is generally composed of the same minerals, however,
without any relationship, the proportion of plagioclase seem to increase
when Fe-Mg mineral content decreases. Apatite is sometimes present
as an accessory mineral. The Fe-oxides and chlorite (rare) represent
alteration-related minerals, probably formed by destabilization of Fe-
Mg and Fe-Ti minerals.

Textures of trachyandesitic rocks are heterogeneous and vary from
microlitic to microporphyritic, but glassy ones are also observed. Some
minerals such as plagioclase and anorthoclase are abundant, while
olivine, clinopyroxene, amphibole and Fe-Ti minerals are less abundant.
For example, the macroscopic features of the trachyandesite 88AE are a
gray color and a homogeneous matrix, but some phenocrystals such as
feldspar and amphibole are observable. The size of feldspars reaches up
to 5 mm (rarely up to 1 cm) whereas amphiboles are less than 1 mm.
Some small vesicles exist and are dispersed within the groundmass of
massive and moderately-dense trachyandesite. And the microscopic fea-
tures of 88AE shown in thin section (Fig. 6) reveal hypohyaline,
inequigranular, porphyritic, seriate and slightly glomeroporphyritic tex-
tures. The matrix is mostly composed with microcrystals of plagioclase,
pyroxene and Fe-Ti minerals. Among the most important minerals, we
distinguish subhedral small olivine, plagioclase, anorthoclase and pyrox-
ene (<0.5 mm), and rare euhedral elongated labradorite between 0.2
and 1 cm.

The only trachyte analyzed here (AMS; Table 1) is characterized by a
microporphyritic texture with abundant phenocrysts of plagioclase and
anorthoclase, minor amphibole (perhaps kaersutite) and Fe-Ti min-
erals, and rare clinopyroxene. The whitish groundmass is essentially
composed of an intergrowth of predominant anorthose with less
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Sun and McDonough (1989). The left side pictures were taken in polarized light, and those on the right side were taken in natural light, with a magnification of x 10. Red field: primitive
basalts; orange field: evolved basalts; light yellow field: basaltic-andesitic rocks; white field: trachytic rocks. (For interpretation of the references to color in this figure legend, the reader is

referred to the online version of this chapter.)
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abundant green clinopyroxenes, Fe-Ti minerals and rare mica. Fe-Ti
minerals are destabilized in hematite. In addition, some microliths,
such as apatite and quartz, seem present.

The CIPW normative mineral contents from Auca Mahuida rocks
point to basaltic magmas with a high silica-undersaturated nature,
where nepheline (ne) could be higher than 5% (Table 1 and Fig. 8).
The olivine (ol) values in the high-MgO rocks from Rincén del Infiernillo
and those from Aguada Lastra Volcanics vary from 15.03 to 17.61 while
diopside (di) is given between 15.78 and 17.87. Anorthite (an; between

17.98 and 24.62) values are homogenous in basaltic-andesitic samples,
except for evolved rocks that have 7.27. The CIPW normative mineral di-
agrams from the literature indicate that a lot of back-arc samples plot in
alkali basalts and basanite fields (Thompson, 1984; Yoder and Tilley,
1962), as observed for our samples (Fig. 8). However, previous data
from Auca Mahuida volcano and Pay(n area volcanoes also erupted
some olivine tholeiites (Fig. 8). Note that silica-saturated or
oversaturated rocks, also common in OIB-type magmatism, have not
been found here (Table 1).
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Fig. 8. CIPW normative mineral classification diagram of mafic lavas from back-arc alkali magmas. After Thompson (1984) and Yoder and Tilley (1962). CIPW norm is from Irvine and

Baragar (1971). Same symbols as in Figs. 2 and 4.

4.3. K-Ar dating

The new ages obtained for Auca Mahuida volcano are reported in
Table 2. All analyses have highly reproducible duplicates, highlighting
the freshness of the rocks and the homogeneity of the mineralogical
preparation. The relatively high K and radiogenic (“°Ar*) contents
(from 0.81 to 3.85% and from 5.4 to 38.5%, respectively; Table 2) made
these samples quite straightforward for the K-Ar Cassignol-Gillot
technique (Gillot et al., 2006). Our new ages for the Auca Mahuida

shield volcano range between 1.17 4 0.02 and 1.61 4 0.02 Ma (Table 2).

5. Discussion
5.1. Comparison with previous ages available for the Auca Mahuida volcano

Several radiometric ages for the Auca Mahuida lavas were previously
available. However, the reliability of some of them is subject to caution.
Three whole-rock K-Ar ages ranging from 1.16 + 0.09 to 1.52 +
0.21 Ma are reported only in an unpublished abstract (Bermidez
et al., 2000), which prevents any assessment of the quality of these
data. Furthermore, because whole-rock ages are often biased by slight

Table 2

alteration, and/or excess argon carried by mafic phenocrysts
(e.g., Samper et al., 2008; Germa et al.,, 2011), we prefer not to consider
further these three whole-rock K-Ar ages. Rossello et al. (2002) obtain-
ed eleven “°Ar/*°Ar ages ranging from 0.88 + 0.03 to 1.7 + 0.2 Ma.
Unfortunately, neither a detail regarding the analytical method nor a
figure showing the age spectra or the inverse isochron is provided.
Results are shown only as a table with plateau, isochron and preferred
ages, when given. Without any justification provided, the preferred
age is the plateau age in 5 out of 11 cases, while in 3 cases it is the
isochron age. Surprisingly, although neither a plateau nor isochron
ages are listed, a preferred age is given for two other samples. Because
these data appear clearly unsupported, we cannot take into account
these ages published by Rossello et al. (2002). Finally, four “°Ar/*Ar
ages obtained on groundmass (RD1, RD3, RD8 and RD20; Fig. 2) have
been obtained by Kay et al. (2006a). The age spectra display relatively
flat plateaus, except for RD8, which shows decreasing apparent ages at
high temperature steps; its age of 1.39 + 0.14 Ma should therefore be
considered as a minimum value. Samples RD1 and RD20 have plateau
ages of 1.55 + 0.07 and 0.99 + 0.04 Ma, respectively. Sample RD3 has
a relatively flat spectrum, and, as specified in Table 2 and in the text of
Kay et al. (2006a), the age is 1.78 4+ 0.07 Ma. Finally, note that since pub-
lication, the ages of the flux-monitors have been revised (e.g., Kuiper

K-Ar ages of Auca Mahuida volcanic rocks. Column headings indicate sample names, geographic coordinates (lat.: latitude; long.: longitude), potassium (K) concentration in
percent, concentration of radiogenic “°Ar (*°Ar*) in percent, concentration of radiogenic “°Ar (“°Ar*) x 10'? in number of atoms per gram, age -+ 1-sigma uncertainty (in Ma),

mean age 4 1-sigma uncertainty (in Ma) for each sample.

Sample Phase Lat. S Long. W K (%) A0Ar* A0pr* Age +10 Mean age
(%) (x10'2 at/g) (Ma) +10 (Ma)
88AF Groundmass 37°45'53.53” 68°5312.44" 1.58 30.0 1.945 1.18 + 0.02
23.7 1.913 1.16 & 0.02 1.17 £ 0.02
AMS82 Groundmass 37°42'36.00” 68°5317.22" 0.81 121 9.966 1.17 £ 0.02
13.2 1.009 1.19 + 0.02 1.18 & 0.02
88AE Groundmass 37°44'54.60” 68°5335.20” 3.83 283 5.080 1.27 + 0.02
38.5 5.000 1.25 £ 0.02 1.26 + 0.02
AM40 Groundmass 37°47'40.80" 68°52/29.40" 2.03 344 2.711 1.28 4+ 0.02
324 2.717 1.28 + 0.02 1.28 + 0.02
AM66 Groundmass 37°45'11.10” 68°5615.96” 2.38 21.1 3.160 1.27 £ 0.02
16.6 3.299 1.32 £ 0.02 1.30 & 0.02
88AK Groundmass 37°47'23.11” 68°52/53.20” 1.53 54 2.147 134+ 0.03
15.0 2.163 1.35 £ 0.02 1.35 + 0.02
88AG Groundmass 37°46'1.12" 68°53'10.36” 1.80 253 2.528 1.35 £ 0.02
225 2.549 1.37 £ 0.02 1.36 & 0.02
88AH Groundmass 37°46'13.41" 68°53'7.69"” 1.21 22.3 1.773 1.40 + 0.02
16.7 1.766 1.40 + 0.02 1.40 + 0.02
88A] Groundmass 37°46'50.20” 68°5310.20” 137 16.8 2.053 143 £ 0.02
12,5 2.081 1.45 4+ 0.02 1.44 + 0.02
AMS8 Feldspars 37°44'7.44" 68°55'14.82" 3.85 383 5919 147 £ 0.02
34.7 6.009 149 + 0.02 1.48 + 0.02
AM52 Groundmass 37°48'12.60” 68°52'54.78" 1.38 38.0 2.302 1.61 £ 0.02
2.229 1.61 £ 0.02 1.61 + 0.02
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et al., 2008) and are now at least 1% older. In the absence of mention of
the flux-monitor and age used, no correction can be applied, but we can
only point out that the ages of RD1, RD3, RD8 and RD20 as published by
Kay et al. (2006a) are probably slightly underestimated.

Fig. 3 shows that the four previous ages selected here belong to the
stratigraphic units of Pampa de Le6n Basalt (RD1; trachybasalt),
Pampa de las Yeguas Basalt (RD3; trachybasalt), Cerro Grande Basalt
(RD8; basaltic trachyandesite) and Puesto Retamal Trachyandesite
(RD20b; trachyandesite). They are located at the SW, S and E ends of
the shield volcano (RD3, 1 and 8, respectively) and one is located
close to the central caldera (RD20). Therefore, they complete nicely
our own sampling, which is mainly focused on the central part of the
shield volcano (Figs. 2 and 3). The complete data set displays ages rang-
ing from 1.78 4+ 0.07 to 0.99 + 0.04 Ma, with an apparent major phase
of activity between 1.2 and 1.5 Ma (Fig. 7).

5.2. Construction of the Auca Mahuida shield volcano

Integrating the new and previous reliable ages (see Section 5.1),
stratigraphy (Ardolino et al., 1995), petrography, rock type and MgO
contents, a high-resolution time-scale can be constructed for the 27
lavas investigated here (Fig. 7). Five main phases of volcanic activity
can be identified for Auca Mahuida volcano from 1.78 + 0.10 to
0.99 + 0.04 Ma. Except for the oldest phase, for which basal lavas
might be lacking here, each of them is initiated by the emission of
high-MgO trachybasalts, which evolved toward more differentiated
products, such as trachyandesites or trachytes (Fig. 7).

The first volcanic phase started at or slightly before 1.78 + 0.10 Ma
(Kay et al., 2006a; Fig. 7). The lavas outcropping today are only found
at the periphery of the shield volcano and are evolved basalts (alkali
and trachybasalts; Fig. 7) from Pampas de las Yeguas and La Faja forma-
tions (Fig. 3 and 7). These rocks belong to the low-MgO group, although
sample AM37 is close to the boundary with the high-MgO content
group (Fig. 7), and hence was supposed to be our oldest rock (as also
supported by geochemical data; see Section 5.3 and Fig. 11).

The second volcanic phase identified here was erupted between
1.61 4 0.02 and 1.48 4 0.02 Ma (Fig. 7). This phase shows a noticeable
evolution from a high-MgO trachybasalt (AM52) to a low-MgO trachyte
(AMBS). It ended the building of the central portion of La Faja formation,
includes the peripheral Las Liebres basalts, and represents the oldest
manifestation of the Auca Mahuida trachyandesite formation (AM8;
Figs. 3 and 7).

The third volcanic phase was erupted between 1.44 + 0.02 and
1.36 + 0.02 Ma, and built the Rincon del Infiernillo, Pampa del Leon,
and Cerro Grande formations (Figs. 3 and 7). The trachybasalts from
Rincon del Infiernillo (samples 88A], 88AH, 88AlI), which are primitive
basalts from the high-MgO group, reveal an intense magmatic activity
mainly located throughout the Rincon del Palo Blanco canyon between
1.44 + 0.02 and 1.40 + 0.02 Ma. Eruption of lavas from the high-MgO
group also occurred in the peripheral zone, as shown by sample AM79
from the Pampa del Leon basalt (Figs. 3 and 7). Lavas from this
formation then evolved to basaltic trachyandesite from the low-MgO
group at 1.40 £ 0.02 Ma (Fig. 7). To the eastern end of the volcano,
the Cerro Grande lavas were emitted at 1.39 + 0.14 Ma (sample RDS8),
while coeval activity was present at 1.36 4 0.02 Ma (sample 88AG) in
Rincon del Infiernillo formation (Figs. 3 and 7).

The fourth volcanic phase started at 1.35 4 0.02 Ma (sample 88AK),
still in Rincon del Infiernillo formation. Lavas from the same formation
but with lower MgO content were then erupted (sample AM33). The
low-MgO content magmatic activity pursued with the emplacement
of the Auca Mahuida formation at 1.30 £ 0.02 Ma (sample AMG66).
Then, basaltic-trachyandesitic magmatism evolved entirely to
trachyandesitic, within the same Auca Mahuida group (sample AM7),
and was followed by the eruption of the Puesto Retamal formation at
about 1.26 + 0.02 Ma (sample 88AE).

The fifth, and probably the youngest volcanic phase of Auca Mahuida
volcano, includes three of the previously proposed (Ardolino et al.,
1995) stratigraphic formations: Pampa del Leon, Aguada Lastra, and
Puesto Retamal. Around 1.18 4 0.02 Ma (sample AM82) a high-MgO
volcanic activity resumed and built the recent trachybasaltic lavas
from the Pampa del Leon formation. Lavas from the low-MgO group be-
longing to the Aguada Lastra Volcanics formation were then erupted at
about 1.17 £ 0.02 Ma (88AF). Finally, the last reported activity of the
Auca Mahuida volcano is the eruption of trachyandesite lava from the
Puesto Retamal dated at 0.99 4 0.04 Ma (sample RD20b; Kay et al.,
2004, 2006a).

Although we did not date each stratigraphic formation identified by
Ardolino et al. (1995), our radiometric data together with petrologic
characterization show an overall good agreement with this previously
proposed stratigraphy. However, our study shows that some
stratigraphic formations had two or more volcanic phases, with marked
geochemical variations through time (Fig. 7).

5.3. Magmatic evolution of Auca Mahuida lavas

The Ta/Hf ratio, shown in Fig. 7 as a function of MgO content, can be
used to discriminate between MORB-Arc or intraplate mantle source
magmatic affinities (Kay et al., 2006a, 2013). High Ta/Hf ratios reflect
an OIB-like chemical signature in the olivine alkali basalts, while low
Ta/Hf ratio can be associated with arc magmatism. Analyses of lavas
from the active SVZ arc showed that the cut-off value is about 0.15
(Kay et al., 2006a). Clearly, as all new and previous rocks from the
Auca Mahuida volcano display Ta/Hf values higher than 0.3, most
being higher than 0.4, these rocks can be associated with an intra-
plate mantle source, as previously inferred (e.g., Kay et al., 2006a, 2013).

The high-MgO rocks from Auca Mahuida (Table 1) display contents
of Co as low as 43 ppm, Cr up to 311 ppm, but slightly above 195 ppm
for Ni (Cr up to 448 ppm, and Ni to 292 reported by Kay et al., 2013
for basaltic samples RD17, RD10, AU4): these values could rule out the
hypothesis that such magmas originate from primitive liquids in equi-
librium with a lherzolitic mantle source, but likely they were extracted
from their mantle source by decompression melting (Kay et al,, 2013) as
a product extracted from a lherzolitic mantle (Allégre et al., 1977;
Villemant et al., 1981; Pichavant et al., 2002).
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Fig. 9. La/Yb ratio vs Yb (ppm) diagram showing the partial melting trend and the likely
mantle sources with their possible mantle mineralogy. Fractional crystallization would
yield trends from the bottom left hand side to the top right hand side. Dark orange field:
primitive basalts and evolved basalts; light yellow field: basaltic-andesitic rocks; white
field: trachytic rocks, green field: lherzolite source with more garnet than spinel; blue
field: lherzolite source with more spinel than garnet. (For interpretation of the
references to color in this figure legend, the reader is referred to the online version of
this chapter.)
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Because La is highly incompatible, it is preferentially partitioned into
the melt resulting from a low rate partial melting of a lherzolitic source.
On the contrary, Yb being less incompatible than La is gradually
incorporated, together with other HREE, in garnet. Thus, the La/Yb
ratio then records variations of the partial melting rates (Luhr et al.,
1995) in the source of the Auca Mahuida lavas (Fig. 9). Therefore, an
Yb content decrease reveals a transition of the magmatic source from
spinel-bearing lherzolite to garnet-bearing lherzolite. Therefore, it can
be inferred from Fig. 9 that the Auca Mahuida lavas were likely extract-
ed from at least two mantle sources, the first one containing more
garnet, thus located deep in the lithosphere (Fig. 9; green area), and
the second containing more spinel, thus shallower (Fig. 9; blue area).
The presence of both kinds of sources was explained by the interaction
of eclogite and peridotite melts at different pressures (Sgager et al.,
2013; Sgager and Holm, 2013), or by melting of a garnet-bearing mantle
above a steepening subduction zone (Kay et al., 2013).

It has been proposed that the source of primitive basalts from
Auca Mahuida volcano is characterized by a melting rate of about
4-7%, where the magmas have been in chemical equilibrium with
their lherzolitic source, and finally equilibrated at the base of the
lithosphere (65 to 70 km-thick; Kay et al., 2013). However, as also
anticipated by Kay et al. (2013), partial melting alone could not
have produced the compositional variations observed in the Auca
Mahuida lava suites, and their data provide evidence for fraction-
ation in the behavior of some incompatible elements e.g. Th (their
Fig. 7a and b). Here, we have attempted to identify the relative role
of the partial melting and fractional crystallization processes based
on the strongly and moderately incompatible elements Th and Hf, re-
spectively, using a Th/Hf versus Th diagram (Fig. 10). As La, Th is
strongly incompatible and it is also preferentially partitioned in
melt resulting from low partial melting rates. Th is therefore mainly
hosted in basanitic type rocks (Fig. 8) from both high and low-MgO
basalts. On the other hand, Hf, being less incompatible (and immo-
bile) is less fractionated and it is relatively preserved during most
processes such as partial melting and fractional crystallization.
Fig. 10 shows that studied lavas display two trends, one involving
mainly primitive and evolved basalts lying on a steep positive slope
illustrating a partial melting process (Luhr et al., 1995), while frac-
tional crystallization is evidenced by the shallower positive trend in-
volving principally trachytic and some basaltic-andesitic rocks. Note
that some basaltic-andesitic rocks lie in between both areas.

The basaltic-andesitic and trachytic rocks are characterized by a
wide range of Th values (2.5-5.5 ppm and 6.5-15.5 ppm, respectively),
while Th/Hf ratios remain relatively constant (between 0.8 and 1.1;
Fig. 10). These features suggest that some heterogeneity is present in
the mantle source, and/or that extracted magmas were stored,
equilibrated and differentiated by fractional crystallization at the base
of the lithosphere (Kay et al., 2013). The high Pb contents (6-20 ppm)
in basaltic-andesitic and trachytic rocks suggest that a crustal contami-
nation could have occurred during differentiation, when stored magmas
interacted with the lithosphere. On the other hand, the low Pb content
of primitive and evolved basalts precludes the presence of a significant
crustal contamination for parent magmas (Fig. 10). Our observation
agrees with previous detailed studies showing that the crustal contam-
ination of southern PVP basalts has been shown to be very limited, with
only some evidence for a small assimilation of a lower crust component
by parental magmas (Kay et al., 2013; Sgager et al., 2013, 20153, 2015b).
On the other hand, significant enrichment of some LILE and HFSE ele-
ments could suggest a continental lithospheric contribution for the
most evolved rocks of Auca Mahuida volcano. Effectively, Figs. 5 and
10 show that K, Rb, Th, U, as well as Pb, are strongly increased in
trachyandesites and trachytes, as well as in some basaltic-andesitic
rocks. Such characteristics agree well with those reported in Fig. 7a
and b from Kay et al. (2013), who suggest that, in Auca Mahuida, melt
injection was episodic after multiple mantle melting events. In this
study, we attempted to better constrain the timing of these events.
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Fig. 10. Th/Hf ratio vs Th (ppm) process identification diagram of partial melting rate and
fractional crystallization for Auca Mahuida lavas.

Given the good timing control available, the temporal evolution of
Auca Mahuida magmas can be investigated in detail throughout the
five volcanic-phases (as identified in Section 5.2). Fig. 11 shows the evo-
lution of Mg#, Ni, some LILE (K, Pb) and HFSE (Th), from 1.8 to 1.0 Ma.
For each volcanic-phase, the oldest sample (mostly a primitive basalt)
has Mg# and Ni values significantly higher than the other samples. In
addition, it can be observed within each phase that when Mg# and Ni
decrease, the LILE and HFSE elements increase (K, Rb, Ba, Th, U, and
specially Pb; Table 1 and Fig. 11). This processes appears to be cyclic be-
tween 1.78 £ 0.10 and 0.99 4 0.04 Ma, suggesting that fractional crys-
tallization occurred during each phase. Overall, these characteristics
suggest that magmas of each volcanic-phase come from a low partial
melting rate mantle source involving both garnet-bearing and spinel-
bearing lherzolite sampled at different depths. There is no clear evolu-
tion of magmatic sampling from deep to shallow source within each
phase. Both sources were sampled without any apparent periodicity.
However, it can be observed that the first lava erupted for each phase
originated from the deepest mantle source (Figs. 9 and 7). In addition,
over the whole period of activity, Auca Mahuida magmas originated
preferentially from the deep source during phases 1 and 2, while after
phase 3, they were preferentially produced from the shallower source.

Then, the magmas extracted were stored, equilibrated and differen-
tiated by fractional crystallization, producing basaltic-andesitic and
trachytic rocks. Irrespective of the source of extraction (spinel-bearing
or garnet-bearing lherzolite), we suggest that each volcanic-phase was
initiated by a new batch of melt that has fed the superficial magmatic
reservoirs at least five times (between 1.78 and 0.99 Ma). After the
emission of primitive basalts (high-MgO) at the beginning of each
phase, the fractional crystallization of basaltic magma in the lithosphere
has produced the low-MgO basaltic-andesitic and trachytic rocks that
were erupted at the end of each volcanic phase (Fig. 11).

5.4. Comparison with other Plio-Quaternary back-arc volcanoes

A comparison between lavas from Auca Mahuida volcano and those
from the Paytn area volcanoes (Payn, Paydn Matra and Los Volcanes;
Germa et al., 2010; Kay et al., 2013; Sgager et al., 2013; Hernando et al.,
2014a, 2014b), which is the next northward large-size Quaternary
volcanic complex located within the PVP, can bring strong insights
regarding the spatial evolution of the magmatic source. Within K,0 vs
SiO, diagram (Peccerillo and Taylor, 1976), Auca Mahuida volcano and
Pay(n area volcano lavas plot along the border between high-K calc-
alkaline and shoshonitic series, mainly in the basaltic and basaltic
andesite fields, but also extend in the andesite field (Fig. 4a). On the
contrary, SVZ arc magmas lie mainly within the calc-alkaline and
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Fig. 11. Plots of Mg#, Ni, LILE (K,0), and HFSE (Th, Pb) contents, as a function of
chronologic order of studied lavas, highlighting the geochemical evolution during the
five volcanic phases identified here for Auca Mahuida volcano. See text for details.

high-K calc-alkaline series. Within the TAS (total alkali silica)
Na,0 + K0 vs SiO, diagram (Le Bas et al., 1986), Auca Mahuida volcano
and Paytn area volcano lavas also show strong similarities, with a slight
tendency of Auca Mahuida lavas to be more alkaline (Fig. 4b).

The similarity between magmatism from these two volcanic systems
can be further illustrated using the Ta/Hf ratios, which range between
0.3 and 0.6 for both of them (Fig. 12). Considering Ta/Hf values lower
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Fig. 12. MgO (wt.%) vs Ta/Hf ratio diagram for lavas from Auca Mahuida volcano, the
Paytin area volcanoes and arc magmas of SVZ. It also shows the main affinities (MORB-
Arc and intraplate) of mantle sources.

than 0.15-0.20 as typical of lavas from the active SVZ arc (Kay et al.,
2006a), both volcanic systems of Auca Mahuida volcano and the
Payln area volcanoes can be associated with an intra-plate mantle
source, as previously inferred (e.g., Kay et al., 2006a). However, it is
worth mentioning that no primitive basalt was found in the Paytn
area volcanoes. Regarding the behavior of incompatible elements
normalized to the primitive mantle (Sun and McDonough, 1989;
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Fig. 13. Incompatible multi-element patterns of selected Plio-Quaternary lavas from Auca
Mahuida volcano and the Paytin area volcanoes normalized to the Primitive Mantle of Sun
and McDonough (1989). Same arc magmas data as in Fig. 4.



C. Pallares et al. / Journal of Volcanology and Geothermal Research 323 (2016) 19-37 35

70IIIIII]II[IIIIIIIIIIIIIIIII]I
I~ Arc magmas

La/Ta
&
T
1

10 — —
5 | Intraplate magma i
0 | Y Y | | | T Y I | | | Y Y |
40 45 50 55 60 65 70
SiO, (wt %)
Back-arc magmas Arc magmas

Auca Mahuida Shield Volcano
B O This work
i @ O Otherdata

Data come from these volcanoes:
San Pedro Tatara and
Laguna del Maule® 11211415

1,2,3,4,15

- 5 LOn EVI'M‘ 15,16
Payun area volcanoes ChiI?én“‘“- e
] Payun®®’ Antuco™ 18192
Payan Matr(*®’ Lonquimay™®
Los Volcanes® Copahue™ "%
Callaqui™ "

Fig. 14. La/Ta ratio vs SiO, (wt.%) diagram for Auca Mahuida volcano and the Payin area
volcanoes lavas.
Modified from Kay et al. (2006a).

Fig. 13a and b), LILE and HFSE elements, such as Rb, U, Th, from Auca
Mahuida volcano and the Pay(n area volcanoes are very similar.
Noticeably, a sharp increase of Pb is present, although it is less pro-
nounced for basaltic magmas from Auca Mahuida volcano and Los
Volcanes (Fig. 13), which is the westernmost volcanic field of Payin
area volcanoes where the less evolved basalts were erupted (Germa
et al., 2010; Fig. 1). Considering Ta contents (an element not enriched
in the crust), Figs. 12, 13 and 14 suggest that no significant subduction
imprint is present within Auca Mahuida volcano or Los Volcanes
magmas. This can be interpreted as due to a very low degree of crustal
contamination for Pay(in area volcanoes lavas, as recently demonstrated
by Sr, Nd, Hf and Pb isotopic analyses (Sgager et al., 2015a). Moreover,
the La/Ta ratio vs SiO, diagram (Fig. 14) suggests that magmas from
Auca Mahuida volcano and the Payin area volcanoes (mainly Los

Volcanes) have been emplaced in a back-arc context and their genesis
point out to an intraplate origin (Kay et al., 2006a).

Taking into account the striking similarity between the 1.8 to 1 Ma
Auca Mahuida volcano and the recent Los Volcanes magmatic field
(<0. 3 Ma; Germa et al., 2010) shown here (Figs. 4, 12, 13 and 14), it
can be proposed that the asthenospheric mantle source of Auca
Mahuida lava has migrated northward and is probably presently in
the central part of the PVP, beneath Los Volcanes magmatic field
(Fig. 15). Such a hypothesis is supported by magnetotelluric data
which point to the presence of shallow asthenospheric plumes under-
neath the Payun Matru volcano (Burd et al., 2014; Folguera et al,,
2015b). In addition, note that an asthenospheric window due to slab
breaking must be present to the south of Auca Mahuida (southwards
of 38°S), as shown by recent seismic tomography (Pesicek et al., 2012;
Folguera et al., 2015b). However, this is located south of our study
area, and our data do not require this, therefore we do not show it on
Fig. 15.

Finally, our data further support the hypothesis that the injection of
hot asthenosphere with an OIB mantle source signature, which was
triggered by the steepening of the Nazca subducting plate, induced the
production of a large volume of lavas within the PVP since 2 Ma
(Fig. 15; Kay, 2001; Ramos and Folguera, 2005).

6. Conclusions

The results obtained here help to further constrain the timing of the
back-arc volcanic activity within the southern Payenia Volcanic
Province (PVP) for the last 2 Myr.

Geochemical analyses show that Auca Mahuida magmas were
extracted from at least two different OIB-type mantle sources with
different depths and different garnet and spinel contents, as indicated
by the La/Yb vs Yb diagram. After their extraction, magmas were stored,
equilibrated and differentiated by fractional crystallization at the base of
the lithosphere. Most products erupted are high-MgO basalts (primitive
basalts), low-MgO basalts (evolved basalts, basaltic-andesitic rocks)
and trachytic rocks.

Eleven new and four previous K-Ar ages, combined with new and
previous petrographic and geochemical data show the volcanic activity
of the Auca Mahuida shield volcano was rather continuous between 1.8
and 1.0 Ma. We have identified five different volcanic phases through-
out the volcanic activity of Auca Mahuida volcano. The first volcanic

Fig. 15. Schematic model proposed for the origin of studied back-arc lavas within the Payenia Volcanic Province (PVP), showing a deformed oceanic plate and consecutive asthenospheric
material upwelling. The lithospheric thickness is entirely schematic, drawn with some decrease under the PVP, according to Spagnuolo et al. (in press) and Folguera et al. (2015c).
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phase is dated at around 1.78 + 0.10 Ma (Kay et al., 2004, 2006a), but
the initial activity could have been older. It is only made of evolved ba-
salts from Pampas de las Yeguas and La Faja formations. The second
phase occurred between 1.61 4+ 0.02 and 1.48 + 0.02 Ma, and it finished
to build the central portion of La Faja Basalt and formed the peripheral
Las Liebres Basalt and the oldest manifestation of Auca Mahuida
Trachyandesite. The third volcanic-phase erupted from 1.44 4 0.02 to
1.36 4 0.02 Ma, and it built principally Rincon del Infiernillo together
with Pampa del Leon and Cerro Grande formations. The fourth
volcanic-phase erupted at 1.35 £ 0.02 Ma, ending the emplacement of
the Rincon del Infiernillo formation. At 1.30 + 0.02 Ma the Auca
Mahuida group was erupted and volcanism continues at least up to
1.26 + 0.02 Ma, when the first emission of lavas from the Puesto
Retamal formation took place. Finally, the fifth and probably the
youngest volcanic-phase identified, includes three stratigraphic
formations: Pampa del Leon (1.18 4 0.02 Ma), Aguada Lastra (1.17 +
0.02 Ma) and Puesto Retamal (0.99 + 0.04).

The decrease in Mg# and Ni contents, and increase of some incom-
patible elements, through time suggest that all volcanic phases (except
phase 1) are characterized by an initial primitive basaltic emission
(high-MgO), which evolved towards eruption of more differentiated
products (low-MgO). We have observed that Auca Mahuida magmas
of each volcanic-phase come from a low partial-melting rate mantle
source involving both garnet-bearing and spinel-bearing lherzolite
sampled at different depths. During the whole period of activity, both
sources were sampled without any apparent periodicity to produce
high-MgO and low-MgO basalts.

Finally, we have confirmed the striking similarity, seen by
previous authors, between the petrological characteristics of the
Pleistocene-Holocene basaltic rocks from Los Volcanes and those
from the Auca Mahuida shield volcano. It suggests that the thermal
asthenospheric anomaly, source of both magmatisms, and that was
induced by slab steepening, is probably still present beneath the
central part of the PVP (Fig. 15).
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