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The PayúnMatrú Volcanic Field consists of two polygenetic andmostly trachytic volcanoes (PayúnMatrú with a
summit caldera and Payún Liso) along with around 220 scoria cones and basaltic lava flows. This volcanic field
belongs to the Payenia Basaltic Province (33° 30′–38° S), a Quaternary Andean back-arc basaltic province of
the Southern Volcanic Zone, in western Argentina. The vent density distribution of the Payún Matrú Volcanic
Field is different from the other volcanic fields within Payenia. The Payún Matrú volcano and the scoria cones
are distributed in an E–W oriented fringe about 15 km wide and 70 km long, with the Payún Matrú caldera in
the middle of this fringe. The structural framework in which the volcanic field is located allows to infer that
this vent density distribution is strongly conditioned by pre-existing crustal anisotropies. The volcanic field is lo-
cated in a transfer zone related to Jurassic extensional structures of the Neuquén Basin, whichwere inverted also
as a transfer zone during the Miocene compressive deformation that formed the Malargüe fold and thrust belt,
and, in addition, it is located in the southernmargin of a Neogene syn-orogenic basin. The analysis of vent center
location and vent morphology is helpful to determine basaltic vent alignments within the PayúnMatrú Volcanic
Field and to infer the syn-eruptive stress field. This analysis shows that vent alignments are compatible with the
present-day maximum horizontal stress, as measured by break-out of oil wells.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Volcanic eruptions are frequently observed to form alignments, by
means of the spatial distribution ofmonogenetic cones, polygenetic vol-
canoes, or fissural eruptions (Alaniz-Alvarez et al., 1998; Cole, 1990;
Connor et al., 2000; Gudmundsson, 2000; Takada, 1994). The state of
stress in the lithosphere at the time of volcanismhas a remarkable effect
on the distribution of volcanic centers and in the configuration of
their plumbing system (Nakamura, 1977; Paulsen and Wilson, 2010;
Takada, 1994) and therefore in the alignments of vents. In addition,
the presence of pre-existing structures in the crust may serve as path-
ways for magma ascent, and therefore volcanic vents may be related
to these crustal structures (Connor et al., 2000; Geyer and Martí,
2010; Petrinovic et al., 2006; Tibaldi et al., 2010).

In this contributionwewill analyze the vent density distribution and
vent alignments in the PayúnMatrú Volcanic Field (PMVF). The PMVF is
located within the Quaternary Payenia Basaltic Province (Polanski,
1954), one of themost significant back-arc basaltic provinces in the An-
dean back-arc of western Argentina. The volcanic eruptions in Payenia
frequently form vent alignments which are thought tomimic the orien-
tation of basement structures (Bermúdez and Delpino, 1989; Folguera
. Hernando).
et al., 2009; Llambías et al., 2010). The volcanic vents in the PMVF are
distributed in an east–west fringe, and this distribution is peculiar
in Payenia and different from the other volcanic fields of this basaltic
province. The aim of this study is to examine the relationship between
pre-existing crustal structures, the present-day stress field, and the vol-
canism in PMVF, in order to understand the relationships between base-
ment structures and the stress field in the locus of the volcanic activity.

2. Geological setting

2.1. Payenia Basaltic Province

The Payenia Basaltic Province (33°30′ S–38° S) is located in the An-
dean back-arc of the northern segment of the Southern Volcanic Zone
(Fig. 1). Its age is Pleistocene–Holocene, beginning its activity about
2 Ma (Espanon et al., 2014; Folguera et al., 2009; Germa et al., 2010;
Gudnason et al., 2012; Kay et al., 2006; Quidelleur et al., 2009), being
the largest Quaternary back-arc province of South America with an
area of around 16,000 km2 (Bermúdez et al., 1993; Folguera et al.,
2009). This province is composed mainly of monogenetic alkaline ba-
salts with an intraplate geochemical affinity, and with relatively scarce
polygenetic volcanoes (Hernando et al., 2012; Kay et al., 2006), such
as Nevado, Payún Matrú and Payún Liso (Fig. 1). The volcanism of
Payenia develops mainly in the foreland region, while it is poorly
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Fig. 1. Location of the Payenia Basaltic Province in the Andean back-arc, within the Southern Volcanic Zone. The Central Depression (Llambías et al., 2010) is located between the Main
Cordillera and Frontal Cordillera (north of 34°30′ S).
Limits of the Central Depression and foreland are according to Llambías et al. (2010). Cortaderas lineament is drawn according to Ramos (1978), and Tromen–Domuyo volcanic belt is
according to Llambías et al. (2010).
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developed in the Orogenic Belt (Llambías et al., 2010). South of Auca
Mahuida volcano (Fig. 1), the Central Depression and the Cenozoic
basaltic back-arc volcanism are absent, limited by the Cortaderas linea-
ment and the Tromen–Domuyo volcanic belt (Kay et al., 2006; Llambías
et al., 2010; Ramos, 1978).

2.1.1. Overview of the Payún Matrú Volcanic Field
The Payún Matrú Volcanic Field is a Pleistocene–Holocene volcanic

field located in southern Payenia (Germa et al., 2010; González Díaz,
1972; Gudnason et al., 2012; Llambías, 1966). It comprises two polyge-
netic (mostly trachytic in composition) volcanoes, Payún Matrú and
Payún Liso, along with around 220 scoria cones and related basaltic
lava flows (Fig. 2a). Payún Matrú is the biggest volcano in the field;
it is a shield-shaped volcano with a summit caldera 8 km wide and a
gentle slope (ca. 10°–15°).

The PayúnMatrú volcano and scoria cones are distributed in an E–W
oriented fringe about 15 km wide and 70 km long (Fig. 2a). The Payún
Matrú caldera is located in the middle of this fringe, where no basalts
occur. Thus, the distribution of monogenetic cones and related basaltic
lava flows is divided into an eastern and a western basaltic field
(Fig. 2a; Hernando et al., 2012). The presence of the Payún Matrú
caldera and its associated ignimbrite sheet of upper Pleistocene age,
the Portezuelo Ignimbrite, allowed the definition of three stages in the
PMVF: a pre-caldera, a syn-caldera and a post-caldera stage (Fig. 2b;
Hernando et al., 2012). The volcanic stratigraphic scheme is shown in
Fig. 2b.
2.2. Pre-Payenia tectonic framework

The basement of Payenia is composed of Mesoproterozoic to Mio-
cene sequences. The oldest units are exposed in the San Rafael Block
(Criado Roque, 1972),which is composed of sedimentary, metamorphic
and igneous rocks ranging from Mesoproterozoic to Triassic (Cingolani
and Varela, 1999; Llambías et al., 1993). The Mesozoic units are repre-
sented by the infill of the Neuqúen Basin, which is a huge extensional
basin (32°–40° S) generated in the western margin of Gondwana by
the Late Triassic to Lower Jurassic times (Franzese and Spalletti, 2001;
Legarreta and Uliana, 1991; Vergani et al., 1995). A compressional
tectonic regime active from the Late Cretaceous inverted the previous
extensional structures (Vergani et al., 1995), and the basin evolved to
a foreland retro-arc basin (Howell et al., 2005).
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Fig. 2. a) LANDSAT 7 satellite image of the PMVF. b) Stratigraphic scheme of the PMVF.
Modified from Hernando et al. (2012).
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In the PMVF area, two Early Jurassic depocenters of the Neuquén
Basin are present: the Palauco and Chacay Melehue half-grabens
(Fig. 3; Manceda and Figueroa, 1995). The Palauco half-graben,
interpreted on the basis of exploration wells, presents more than 1200
m of Jurassic sediments distributed in 1800 km2, delimited by a major
N–S fault along its western limit (Manceda and Figueroa, 1995). The
Palauco half-graben was later inverted during the Cenozoic compres-
sive regime, and their listric border faults were reactivated involving
the basement (Manceda and Figueroa, 1995). The Chacay Melehue
depocenter (Fig. 3) is located southwest of the Palauco half-graben,
and it continues further south, with more than 2000 m of Jurassic sedi-
ments and a preserved area of 12,000 km2 (Manceda and Figueroa,
1995). Both depocenters are laterally displaced (Fig. 3), which implies
a Jurassic extensional transfer zone (Morley, 1995) between the active
borders of these half-grabens, with a nearly E–W orientation.

In the Cenozoic Andean orogeny, the compressive regime led to the
development of the Malargüe and Agrio fold and thrust belts, and the
exhumation of the San Rafael Block (Fig. 1; Howell et al., 2005). The
Agrio fold and thrust belt (36°–38° S) began in Late Cretaceous and it
was later reactivated during the compressive regime of the Late Mio-
cene (Zapata and Folguera, 2005). The main contractional deformation
in the Malargüe fold and thrust belt occurred in the late Miocene
(between 10.5 and 8Ma, Giambiagi et al., 2008), and lasted until the Pli-
ocene (Giambiagi et al., 2009). The Malargüe fold and thrust belt com-
prise low angle reverse faults with N–S and NNE trends (Fig. 4), and
also high angle reverse faults with NW and NNW strikes (Giambiagi
et al., 2009). The San Rafael Block is an asymmetric basement block
uplifted in Late Miocene to Early Pliocene by high angle NNW–SSE
and NNE–SSW reverse faulting in its eastern border (Fig. 4) (Folguera
et al., 2009; Ramos and Kay, 2006; Sagripanti et al., 2012). At the
PMVF latitude, the Neogene compression is displaced to the east
(Fig. 4), which results in the uplifting of the San Rafael Block and implies
a transfer zone of the Neogene deformation. This transfer zone is spa-
tially coincident with the Jurassic accommodation zone between the
Palauco and Chacay Melehue half-grabens. The PMVF is located in
both these Jurassic and Neogene transfer zones.

Between theMalargüe fold and thrust belt and the San Rafael Block,
there is a topographic low known as the Central Depression (Llambías
et al., 2010), within which a foreland basin was developed in the vicin-
ity of Laguna Llancanelo, i.e. the Malargüe Basin (Fig. 1; Silvestro et al.,
2005). The beginning of this foreland basin could be in the Middle Mio-
cene (ca. 16 ma ago) according to ages presented in Silvestro et al.
(2005) and paleontological data of the Aisol Formation (Forasiepi
et al., 2011; Soria, 1983), although most of its infill are Late Miocene–
Pliocene syn-orogenic sediments and Pleistocene–Holocene post-
orogenic sediments (Silvestro et al., 2005). The lowest area of the
Central Depression, south of Río Salado (35° S, Figs. 1 and 4), presents
an endorheic drainage towards the Laguna Llancanelo, and therefore
this foreland basin has also been referred as the Llancanelo basin in
Llambías et al. (2010). The thickness of the Pliocene–Quaternary sedi-
mentary sequences in the Malargüe basin is highly variable but around
1000 m (Llambías et al., 2010; Ostera and Dapeña, 2003).

The Malargüe Basin disappears south of the Payún Matrú Volcanic
Field, where the Pleistocene basalts overlie Cretaceous and Paleogene
rocks of the Neuquén Basin and Miocene lava flows, in the vicinity of
Chachauén and Auca Mahuida volcanoes (Fig. 1; Llambías et al., 2010;
Rossello et al., 2002). The southern limit of the Malargüe basin is close
to the PMVF latitude, since in the Salar El Cortaderal (~36° 40′ S and
~68°30′ W) Pleistocene basalts of Payenia cover Cretaceous–Paleocene
sediments of the Malargüe Formation of the Neuquén Basin (Fig. 4).
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2.3. Spatial distribution of the volcanic activity in Payenia

Vent alignments in Payenia follow five main orientations (Fig. 4):
the most important are NE–SW, NW–SE, NNW–SSE, and with less rep-
resentation there are N–S and E–W alignments (Mazzarini et al.,
2009). In the Northern segment of Payenia, the relatively monogenetic
cones are associated with two NW–SE fault zones with sinistral strike-
slip displacements, and also with minor E–W vent alignments (Fig. 4;
Cortés and Sruoga, 1998). In the central zone of Payenia the volcanic
eruptions above the San Rafael Block formed NW–SE vent alignments,
reaching up to 60 km in longitude (Fig. 4; Bermúdez et al., 1993), and
which were related to reactivation of Paleozoic faults of the volcanic
basement (Llambías et al., 2010). In the northern zone of the Nevado
Volcanic Field (~35° S), there is a NW fault system (Fig. 4) related to
basaltic eruptions (Folguera et al., 2009). Vent alignments with E–W
orientation and up to 10 km long are present near the Laguna
Llancanelo (Fig. 4; Bermúdez and Delpino, 1989).

Basaltic vents in the Payún Matrú Volcanic Field (Fig. 4) are distrib-
uted along E–W and N 60° W fractures (Bermúdez and Delpino, 1989;
Bermúdez et al., 1993; Mazzarini et al., 2009). A few Pleistocene lavas
of Payenia were erupted within the Malargüe fold and thrust belt,
near Río Salado and further south (Fig. 1; Llambías et al., 2010;
Gudnason et al., 2012). The monogenetic cones in this region are con-
trolled by N–S and also NW structures of the fold and thrust belt
(Fig. 4; Llambías et al., 2010; Gudnason et al., 2012).

3. Vent distribution and alignments in PMVF

3.1. Volcanic vents as stress indicators

Vent alignments are common features both in arc/back-arc and in-
traplate settings. They frequently are the surface expression of almost
planar vent systems in deep (Ancochea et al., 1996; Németh and
Martin, 2007) and are strongly related with the syn-eruptive stress
field. Hence, the presence and identification of vent alignments is im-
portant to infer the maximum horizontal stress present in a region at
the time of volcanism, if the alignments are not influenced by pre-
existing crustal structures. These vent alignments can be used as stress
indicators in cases where vents are not affected by the presence of a
polygenetic volcano or a magma chamber in the crust (Gudmundsson,
2006; Paulsen and Wilson, 2010). A magma chamber in the crust has
the effect of deviate the regional stresses around it, although the influ-
ence of the magma chamber disappears at a relatively short distance
from it (Gudmundsson, 2006). The fractures produced by the internal
pressure of the magmatic chamber, or others fractures present in the
country rock, tend to orientate perpendicular to the magma chamber
wall, if the magma inside the chamber does not contain a high percent-
age of crystals and therefore do not acquire resistance. As indicated by
analytical and numerical models, the influence of the magma chamber
in the regional stress orientation reaches a distance away from the
chamber of about the diameter of it, and further away the orientation
of the stress field shows no deviations (Gudmundsson, 2006).

Vent alignments are common in the western and eastern basaltic
fields of PMVF. The presence of Payún Matrú volcano (and also pre-
existing crustal structures) may have influenced the orientations of
vent alignments and fissural eruptions, and therefore it is important to
consider their distance to the polygenetic volcano (Corazzato and
Tibaldi, 2006). The Payún Matrú caldera is a strong evidence for the
presence of a shallow magma chamber (Lipman, 2000; Parfitt and
Wilson, 2008), at least during the syn- and post-caldera stages. It is as-
sumed here that the diameter of the caldera is approximately equal to
the diameter of the magma chamber, due to the recurrent geometry of
reverse and normal faults formed during caldera collapse, which con-
form a relatively vertical annular zone around the chamber margins,
as shows different analogous and numerical models (Acocella, 2007,
and references therein; Gudmundsson, 2007a).

To identify vent alignments, it is important not only the center loca-
tion of vents, but also the morphology of scoria cones, the presence of
fissural ridges and/or fissural eruptions that lack the presence of a sig-
nificant topographic relief (Paulsen and Wilson, 2010; Tibaldi, 1995).
Elongated cones and fissural ridges, common in the basaltic fields, are
reliable indicators of the stressfield because they are the surface expres-
sion of the orientation of the feeder dyke (Paulsen and Wilson, 2010).
The study of the vents is particularly important in cases where the
erosion of the volcanic field has not been enough as to expose the
sub-superficial feeder dykes, which are only observed in rare occasions
(Galindo and Gudmundsson, 2012; Geshi et al., 2010).

3.2. Distribution and morphology of eruptive centers

The center location of basaltic and trachytic eruptions were mapped
using a GIS software and LANDSAT 7 as well as Google Earth Pro images
(license key JCPMM7BUX3EVPP3), and supported by field work
(Fig. 5a). The monogenetic cones of the Pre-caldera Basalts unit were
identified according to their partial cover by the Portezuelo Ignimbrite
or, where the field control was not possible, according to their relatively
advanced state of erosion or their previous identification in Llambías
(1966). The basaltic cones of the Post-caldera Basalts I and II units
were divided according to their lava flows (lava flows originated in
the Post-caldera Basalts II cones cover those of the Post-caldera Basalts
I), and also according to their better preservation in terms of the scarce
vegetation cover. The field studies were carried out between ~69°30′W
and 69°00′ W (Fig. 5a), and therefore the majority of the monogenetic
cones outside these limits could not be assigned precisely to a basaltic
unit. Therefore, these cones were grouped in a fourth unit: the undiffer-
entiated basalts (they correspond either to the Pre-caldera Basalts or the
Post-caldera Basalts I units).

Since the diameter of the Payún Matrú caldera is about 8 km, the
basaltic vents structurally influenced by its presence would be at a
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distance of around 8 km from the caldera margin. Most of the basaltic
vents in PMVF are located outside this area of influence of the calde-
ra, and therefore they can be used as stress indicators (Fig. 5a). Given
the abundance of fissural eruptions and elongate cones or ridges, we
consider more appropriate to determine vent alignments consider-
ing also the vent morphology rather than only the center location
of each vent.

The vent density distribution was determined bymeans of a density
map of the basaltic vents (“heat map” with points with a 3 km radius
and a decay ratio of 0.1, Fig. 5b). In the density map (without the tra-
chytic vents highly influenced by caldera structures) it is shown that
the basaltic vents are concentrated in an east–west zone near the calde-
ra, with a greater concentration in the western basaltic field (Fig. 5b).
Further away from the caldera the vents are more dispersed and also,
the vent densitymap shows higher concentrationswith different orien-
tations. Of the 223 identified vents in the PMVF, 122 are present in the
western basaltic field, 98 are in the eastern basaltic field, and only 3
vents are located north of the caldera. In the eastern basaltic field, the
vents in its eastern sector present higher densities with NW–SE orienta-
tions, similar to the alignments observed in the Nevado Volcanic Field
and faults present in the SanRafael Block (Figs. 4 and 5b). In thewestern
basaltic field, the vents in its western sector have a density concentra-
tion with NE–SW orientation (Fig. 5b), similar to the orientation of
some Neuquén basin structures and dikes and asphaltite veins present
in Sierra de Cara Cura and Sierra de Reyes (Cobbold et al., 2011).

Themorphology of craters and the bases of scoria cones (whichmay
be obliterated by later lavas in some cases), the ridges of fissural ridges
and the traces of the fissural eruptions were mapped (Fig. 6). Align-
ments in the basaltic fields were identified by means of the center loca-
tion of vents, vent morphology (crater and basal shapes where it was
possible) and also fissural eruptions that lack a significant topographic
expression (Fig. 7). The breaching direction of scoria cones can be
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used to inferfissures,when the topography is sub-horizontal (Corazzato
and Tibaldi, 2006; Tibaldi, 1995). Breaching in cones is common in the
PMVF, but since it is observed that in most cases the breaching
is controlled by topography, it was not used to determine
alignments.

The morphology of crater and bases of scoria cones varies from cir-
cular to highly elongated (Fig. 6). Besides, the fissural ridges and other
scoria and spatter deposits indicate the strike of the fissure (Fig. 7).
This is observed, e.g. in a 1650 m long fissural eruption in the western
basaltic field, in which there are seven circular spatter accumulations
a few meters in diameter, two small cones (less than 100 m in diame-
ter), and one scoria cone, all of which are aligned in a WNW direction
(Fig. 7a,b). Other example is a fissural eruption near the caldera, in the
eastern basaltic field, in the so-called La Carbonilla fault (Fig. 7c;
González Díaz, 1972; Llambías et al., 2010).

In the Payún Matrú volcano, the base of the pumiceous cones were
mapped aswere the scoria cones but, in contrast to their basaltic equiv-
alent, they usually lack a crater andmayhave an elongated ridge instead
(Fig. 6). Alignments in the Payún Matrú caldera area where no scoria
cones are present were defined using the morphology of pumiceous
cones and the locus of lava domes and lava flow vents.

3.3. Analysis of vent alignments in the PMVF

Where no fissural eruptions are present, or when there are no elon-
gated cones, there must be three or more adjacent cones to define an
alignment. Less than three cones can define an alignment if there is a
clearly elongated vent and/or fissural ridges or eruptions, since these in-
dicate the trace of the feeder dyke (Paulsen and Wilson, 2010). The
alignments defined in the basaltic fields and the Payún Matrú volcano
were divided qualitatively in two types, A and B, according to their de-
gree of confidence. Type A alignments are those that present a clear
fissural eruption, or fissural ridges plus three or more vents, or 5 or
more vents separated by hundreds of meters. Type B alignments are
those that present fissural ridges plus one or two scoria cones, or
three or four vents with neither evident fissural eruptions nor fissural
ridges. The longitude of the alignments defined span between 738 m
and 9480 m (with a mean longitude of 3421 m), and the longest ones
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are present in the eastern basaltic field. Fig. 8 shows the alignments de-
fined based on location and morphology of basaltic and trachytic vents.

Twenty five alignments formed by basaltic eruptionswere identified
in the eastern basaltic field, while 30were identified in thewestern one.
SC
SC posI

N

b

a

Fig. 7. Photographs of basalticfissural eruptions. a and b) Seven spatter accumulations as in phot
in thewestern basalticfield (Post-caldera Basalts II unit). SC posI: post-caldera basalt I scoria con
in the eastern basaltic field.
Of each alignment, the longitude, azimuth and type were determined,
along with the number of vents and the presence of fissural ridge or a
fissural eruption (Table 1). Fig. 9 shows the rose diagrams for all the
alignments identified in the eastern and western basaltic fields, sepa-
Payún Matrú

 posI

SC posII

E

1 km

c

N

o b, two small cinder cones and onewell developed scoria cone, with aNW–SE orientation,
e; SC posII: post-caldera basalt II scoria cone. c) Fissural eruption in the La Carbonilla Fault,
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rately. Although both fields shownear E–Worientations, there is clearly
a difference between them.

The orientations of all the alignments present in the eastern basaltic
field have a mean azimuth of N 87°, although the direction with higher
frequency is in the range of N 71°–80° (Fig. 9b). Other directions with
lesser representation are approximately E–W (between N 80° and N
100°), and scarce NW–SE alignments (Fig. 9b). In regards to the type A
alignments of the eastern basaltic field, the most frequent directions
are in the N 81°–90° range (with a mean value of 91°), while the most
frequent type B alignments are have an azimuth between N 71° and N
80°, with a mean direction of 84° (Fig. 9d). The only alignment with a
NW–SE direction in this field is the most farther away from the caldera
(Fig. 8). Its orientation is the same as those observed in the Nevado Vol-
canic Field, which presents NW–SE vent alignments and is located
above the San Rafael Block. The location of this alignment in the PMVF
suggests that the most eastern portion of the volcanic field is controlled
by the San Rafael Block structure.

In thewestern basaltic field, the preferred orientations of vent align-
ments have slightly different orientations than in the eastern field
(Fig. 9a). The mean azimuth of all alignments is N 99°. The directions
with higher frequency are ESE (azimuth between N 101° and N 110°)
and with lesser representation are near E–W directions (between N
80° and N 90°, Fig. 9a). There are some differences in the orientations
of type A and type B alignments (the ENE and NW directions are more
important in the type B alignments), although the prevalent orienta-
tions are the same as described above (Fig. 9c).

In order to compare the vent alignments of areas partly or complete-
ly inside the caldera with areas outside of it, rose diagrams were per-
formed, showing no significant differences (Fig. 9d,e). Of the twenty-
five alignments defined in the eastern basaltic field, only six are fully
or partly within the area of influence of the Payún Matrú caldera, ac-
cording to the considerations of Gudmundsson (2006). In the eastern
basaltic field, the rose diagrams of alignments within and outside of
the caldera influence show the same mean direction (N 86° and N
88°) and the same most frequent range (between N 71° and N 80°)
(Fig. 9f), although the E–W direction is more important in the align-
ments within the area of influence of the caldera. As in the previous
case,most of the vent alignments in thewestern basalticfield lie outside
the zone of Payún Matrú caldera influence (only seven of thirty within
this area), and they do not showmajor differences with the alignments
farther from the caldera. The mean direction is the same in both cases
(N99° andN102°), but the frequencies vary slightly (Fig. 9e). Neverthe-
less, in the proximity of the caldera the vents are concentrated in a
narrower zone than in areas away from it (Fig. 5a,b). Thus, the presence
of Payún Matrú volcano and its caldera seems to have an influence on
the location and density of vents, but no significant influence is
observed in the orientation of the vent alignments.

The differences observed in the orientations of alignments in the
eastern and western basaltic fields are not only spatial, but also tempo-
ral. This is because in the eastern basaltic field themajority of the align-
ments defined are those formed by pre-caldera basalt vents,while in the
western basaltic field the alignments formed by post-caldera basalt I
and II vents predominate.

In the Payún Matrú caldera, alignments of trachytic domes, pumi-
ceous cones and vents of trachytic lava flows are observed (Fig. 8).
These alignments are distributed in the SE to N margin of the caldera,
in an annular zone that widens in the southern margin (Fig. 8). In con-
trast with the basaltic fields, the orientation of the trachytic vent align-
ments is highly variable, in accordancewith the annular structure of the
caldera. In the slope of Payún Matrú, some trachytic and basaltic erup-
tions share the same orientation. This can be observed in the western
flank of the volcano, with two lava flows and three pumiceous cones
aligned NW–SE (Figs. 5a and 8). In the eastern slope of Payún Matrú,
trachytic domes are concentrated near the caldera margin with an
E–W orientation, similar to adjacent basaltic fissural eruptions
(Fig. 5a).

3.4. Stress field in PMVF as inferred by vent alignments

Vent alignments may represent new fractures produced by hydrau-
lic opening related to magma overpressure and/or incremental
deformation (oriented according to the stress field in the upper crust
present at the time of volcanism, i.e. perpendicular to theminimal com-
pressive stress sigma 3 and parallel with the maximum compressive



Table 1
Vent alignments defined within the Payún Matrú Volcanic Field.

Alignment ID Azimuth (°) Longitude (m) # Vents Fissural ridges Fissural eruptions Type Influenced by caldera Basaltic field

1 104 1067 3 No No B No Western
2 120 2387 3 No No B No Western
3 121 2239 3 No No B No Western
4 107 5990 4 Yes No A No Western
5 104 1946 1 No Yes A No Western
6 74 2757 3 Yes No A No Western
7 100 4252 4 No Yes A No Western
8 66 5351 4 No No B No Western
9 87 3694 3 No Yes A No Western
10 87 4123 3 Yes Yes A No Western
11 80 1672 0 No Yes A No Western
12 84 4989 3 No No B No Western
13 105 4231 5 Yes No A No Western
14 96 738 3 Yes No A No Western
15 99 591 0 Yes No B No Western
16 106 2153 1 Yes Yes A No Western
17 114 4254 5 Yes No A No Western
18 100 1036 3 Yes No A No Western
19 120 3593 3 Yes No A No Western
20 104 1687 1 Yes No B No Western
21 111 3155 3 Yes No A Yes Western
22 76 837 2 Yes No B Yes Western
23 114 1148 2 Yes No B Yes Western
24 106 6316 10 No No A Yes Western
25 105 3502 3 No No B Yes Western
26 89 2064 3 No No B Yes Western
27 110 7921 6 No No A Yes Western
28 96 2611 3 No No B No Western
29 76 5432 3 No No B No Western
30 115 1921 3 No Yes A No Western
31 98 4127 0 No Yes A Yes Eastern
32 83 5079 4 No Yes A Yes Eastern
33 102 9480 7 Yes No A Yes Eastern
34 77 3723 1 Yes No B No Eastern
35 90 1256 3 No No B Yes Eastern
36 72 2136 2 Yes No B No Eastern
37 91 8265 6 Yes No A No Eastern
38 79 5618 4 Yes No A Yes Eastern
39 74 6194 3 No No B Yes Eastern
40 103 5654 4 No No B No Eastern
41 66 2198 3 No No B No Eastern
42 84 1059 0 No Yes A No Eastern
43 81 4496 2 Yes No B No Eastern
44 79 3325 2 Yes No B No Eastern
45 63 1580 2 Yes No B No Eastern
46 65 1627 1 Yes No B No Eastern
47 76 1458 1 Yes No B No Eastern
48 79 2471 2 Yes No B No Eastern
49 87 5007 3 No Yes A No Eastern
50 79 3546 3 Yes No A No Eastern
51 144 4887 3 No No B No Eastern
52 78 1664 1 Yes No B No Eastern
53 116 2218 4 Yes No A No Eastern
54 108 5161 3 No No B No Eastern
55 98 2264 2 Yes No B No Eastern
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stress sigma 1; Gudmundsson, 2011) with or without the influence
of pre-existing crustal anisotropies. These new fractures usually
develop from minor weaknesses in the crust, such as cooling joins
(Gudmundsson, 2011). Although the general E–W vent distribution of
PMVF seems to be controlled by crustal structures, the strike of vent
alignments within the volcanic field suggests that they respond mostly
to the expected stress field present at the moment of volcanism (also
with minor basement structures influence). The stress field is expected
to be controlled basically by two type of forces: the plate-boundary
forces (maximum horizontal stress with a mean azimuth of N 80°)
and the forces exerted by the thickened crust in the Main Cordillera,
with an E–W oriented maximum horizontal stress (Guzmán et al.,
2007; Meijer, 1997). We will first consider the vent alignments as
representing the orientation of the stress field coeval with the volcanic
activity, with no influence of pre-existing crustal structures, in order
to compare this inferred stress orientation with the actual present-day
orientation of the maximum horizontal stress (sigma 1 or sigma 2).

The observed differences in the orientations of basaltic vent align-
ments between the eastern and the western basaltic fields, suggest
that there may have been only a slight difference in the orientation of
the maximum horizontal stress during the Pleistocene–Holocene
evolution of the PMVF. The eastern basaltic field presents some conju-
gate alignments, with acute angles of around 30° and the bisector in
an E–Wdirection (Fig. 8). The acute angle is too small to represent con-
jugate shear faults with a maximum horizontal stress oriented E–W,
which should be around 60° according to the Anderson's law. In addi-
tion, this configuration of conjugate faults and stress should produce
slip in the fault planes, which is not observed. In addition to pure
shear and pure tension fractures, the fractures can be also hybrid, in
which both shear and aperture occur (Ramsey and Chester, 2004).
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Determined with the Stereonet 8 software, Allmendinger et al. (2012).
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Hybrid fractures can form conjugate fractures with a lesser acute angle
than in the case of shear fractures, and they are formed under a mixed
stress field with both compression and extension (Ramsey and
Chester, 2004). As in shear fractures, the orientation of the maximum
horizontal stress in hybrid fractures is coincident with the bisector of
the acute angle between the conjugate fractures (Ramsey and Chester,
2004), which is E–W in the case of the eastern basaltic field. In addition
to the hybrid fractures, the E–W alignments may represent purely ten-
sional fractures, formed parallel to the maximum horizontal stress.
Thus, the orientation of the basaltic vent alignments observed in the
eastern basaltic field can be explained by means of an E–W maximum
horizontal stress (predominating in the pre-caldera stage), which
would produce the ENE–WSW and ESE–WNW conjugated hybrid frac-
tures and the E–W tensional fractures.

In contrast to the eastern basaltic field, conjugated fractures are
not observed in the western basaltic field (Fig. 8). The ESE preferred
orientation of the vent alignments suggest a maximum horizontal
stress in the same direction and the presence of tensional fractures
(N 100°–110°), for the post-caldera stage of PMVF.

4. Discussion

4.1. Vent density distribution of the PMVF

The high density of vents in a relatively wide zone with an E–Wori-
entation observed in the PMVF is not repeated anywhere else within
Payenia, although some east–west vent alignments are observed in cen-
tral and northern Payenia (Fig. 5). Since crustal structures and the stress
field play a significant role in magma transport and storage, the differ-
ence in the distribution of volcanic vents in Payenia may be related to
differences in basement structures and to the Quaternary tectonic
activity.

The use of pre-existing or active structures for the ascent of magma
is widely recorded around the world, and there are examples in differ-
ent geodynamic settings; such is the case of Iceland, where dyke
swarms are found in transform faults (Gudmundsson, 1995, 2007b).
There are several features which suggest that the overall vent distribu-
tion in the PMVF is influenced by crustal anisotropies. First, the PMVF is
located in a nearly E–W transfer zone that connect the southern limit of
the uplifted San Rafael Block with the front of the Malargüe fold and
thrust belt (Sagripanti et al., 2012), i.e. the Miocene deformation front
north of the volcanic field is within the foreland region, and south of
PMVF is in the Main Cordillera (Fig. 10). Second, the Neogene–Quater-
nary syn- and post-orogenic fill is significantly thick north of the
PMVF in the Malargüe basin (around 1000 m of sediments, Ostera and
Dapeña, 2003), while it disappears south of the PMVF (Figs. 4 and 10).
Third, the Payún Matrú Volcanic Field is located in the southern margin
of the Jurassic Palauco half-graben, and thewestern limit of the volcanic
field is coincidentwith thewesternmargin of the depocenter and a near
E–W Jurassic transfer zone (Fig. 3). The E–Worientation of structures is
not unusual in the Neuquén Basin, and this direction appears in other
important basin structures, such as the Huincul high (Pángaro et al.,
2009; Vergani et al., 1995).

The location of the PMVF near or within the southern border of the
Neogene–Quaternary basin along with its location near the southern
border of the Jurassic Palauco half-graben, mostly over the transfer



Fig. 10. Location of the PMVFwithin Payenia, in the southern border of theNeogene basin,
in a transfer zone of the Miocene deformation and also in the southern border of the
Jurassic Depocenter.
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zone between the Jurassic syn-rift depocenters, suggests that this zone
between the two half-grabens also controlled the southern limit of the
Neogene foreland basin. In addition, the Jurassic transfer zone seems
to have influenced the Miocene deformation, being the Jurassic and
Miocene transfer zones at similar latitudes. Therefore, the overall
east–west distribution of the volcanic field may be a reflection of the
pre-existing crustal structures, which also controlled the deposition of
the sedimentary sequences, at least since Jurassic times.

In the western zone of the western basaltic field, the basaltic
vent density map shows a greater concentration of vents forming an
NE–SW alignment (Fig. 5b). This orientation is similar to post-Pliocene
dykes and asphaltite veins present in Sierra de Cara Cura and Sierra de
Reyes, south-west from Payún Matrú (Fig. 4, dykes and veins not
shown, Cobbold et al., 2011). Near the Sierra de Cara Cura these
asphaltite veins are oriented NNE, while in Sierra de Reyes and south
of it, the asphaltite veins present a NE orientation (Cobbold et al.,
2011). In the eastern zone of the eastern basaltic field, the highest
vent densities form NW–SE alignments (Fig. 5b), similar to vent align-
ments in the Nevado Volcanic Field and internal structures of the
San Rafael Block. This distribution strongly suggests the control of pre-
existing basement faults on the Quaternary PMVF volcanism.

The orientation of basaltic vent alignments do not seem to be affect-
ed by the presence of the PayúnMatrú caldera, although a greater den-
sity of vents is observed in its vicinity (Fig. 5). The expected influence of
Payún Matrú and its magma chamber/s in the distribution of basaltic
volcanism would be to orientate the feeder dikes perpendicular to the
chamber wall (Gudmundsson, 2006). The lack of influence of the
PayúnMatrú caldera in the orientation of vent alignments in its proxim-
ity could be due to the particular configuration of the eruptive centers.
Since Payún Matrú is located in the middle of an E–W zone with maxi-
mum concentration of basaltic vents, and the general trend of basaltic
vent alignments is ~E–W, then the orientation of fractures due to
regional stresses and the orientation of fractures due to the caldera in-
fluence, coincide. Therefore, the presence of the polygenetic volcano
does not seem to have an effect on vent alignment orientations, but it
does have an influence increasing the basaltic vent density around it.

4.2. Vent alignments within the PMVF

The inferred maximum horizontal stress direction, as deduced by
basaltic vent alignments alone, and without considering the influence
of previous structures, would have a near E–W orientation. In the east-
ern basaltic field, where Pre-caldera Basalts vents predominate (Fig. 5),
the maximum horizontal stress suggested is oriented E–W. A slight
change is suggested in thewestern basalticfield,where Post-caldera Ba-
salts I and II vents predominate over those of the pre-caldera
stage. Here, the maximum horizontal stress is inferred to be ESE
(azimuth N 100°–110°).

The inferred orientation of themaximum horizontal stress is consis-
tentwith the present state of stress in the PMVF region. The current hor-
izontal stress field in the Neuquén Basin has been measured by break-
out of oil wells (Guzmán et al., 2007, 2011). The preferred maximum
horizontal stress orientation in the whole basin is N 89°, although
there are differences south and north of Río Colorado (Fig. 1). North of
Río Colorado the maximum horizontal stress has an ESE trend, with a
mean azimuth ofN 100° (Guzmán et al., 2007). These stress orientations
are consistent with the expected stress field in the Andean foreland.

Although the general vent concentration in PMVF in an east–west
zone seems to be controlled by crust anisotropies, the orientation of
most of the vent alignments within the volcanic field suggest that
these may respond also to the near-surface stress field. The ESE trend
of the maximum horizontal stress suggested by the post-caldera vent
alignments in PMVF matches the present-day measured stress field
and also it is consistent with the expected stress field acting on the
western margin of South America. The slight difference in the mean az-
imuth of pre-caldera vent alignments would suggest that the recent
horizontal stress field in the Andean foreland could be responsible for
the vent alignments in the early stage of the PMVF. Nevertheless, a
few vent alignments in the margins of the volcanic field present an ori-
entation clearly different of the expected according to the stress field
(Fig. 8), such as the alignments that mimic the orientation of NW–SE
structures within the San Rafael Block in the eastern basaltic field.

Considering the present-day stress field and the abundance of volca-
nic activity in a narrow east–west zone, the E–Wcrustal anisotropy that
controls the locus of the volcanism in PMVF would be a suitable struc-
ture formagma ascent.While this crustal anisotropy controls the gener-
al vent density distribution of the PMVF, the nearly E–W present-day
maximum horizontal stress seems to influence the strike of vent
alignments within the volcanic field.

5. Conclusions

The overall E–W vent density distribution in PMVF is controlled
by pre-existing crustal structures as evidenced by: i — the location
of the volcanic field in the southern limit of Jurassic syn-rifts de-
posits, and also in a transfer zone within depocenters, which is nearly
E–W; ii — the southern border of the Neogene basin is not determined
precisely, but it is close to the location of the PMVF and may be also in-
fluenced by Jurassic structures; iii — the Miocene thrusts present a
transfer zone at the latitude of the PMVF, being the thrust front
south of PMVF in the eastern margin of the Main Cordillera, and north
of PMVF in the eastern margin of the San Rafael Block in the foreland;
iv — the most eastern basaltic vents are clearly distributed following
the structures present in the San Rafael Block; and v— themostwestern
basaltic vents in PMVF present the same orientation as dykes, asphaltite
veins and other structures present in the Neuquén Basin.

Vent alignments within the PMVF were determined for the eastern
and western basaltic fields, and the trend of these alignments is
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coincident with the present-day measures of the maximum horizontal
stress. Thus, crustal anisotropies have a significant influence on the
general vent distribution of the PMVF, while the stress field in the
most upper crust would control the orientation of most of the vent
alignments within the volcanic field.
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