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Understanding the relationship betweenmonogenetic and polygenetic volcanism has been a long-standing goal
in volcanology, especially in cases where these two styles of volcanism are coeval and geographically adjacent.
We studied the Carrán–Los Venados (CLV) volcanic field and made comparisons with published data on CLV's
polygenetic neighbor Puyehue–Cordón Caulle (PCC) in the Southern Andean arc, using quantitative tools and
recent numerical simulations of magma reservoir formation. CLV is a basaltic to basaltic andesitic volcanic field
composed of 65 post-glacial scoria cones and maars and a 1-km-high Pleistocene stratovolcano, whereas PCC
is a basaltic to rhyolitic composite volcano. Our results point to three main differences between CLV and PCC:
(1) the CLV magmas differentiate at low-crustal reservoirs, followed by rapid ascent to the surface, while the
PCC magmas stagnate and differentiate in lower- and upper-crustal reservoirs; (2) CLV is elongated in the NE
direction while PCC is elongated in the NW direction. Under the current stress field (N60°E σHmax), these two
volcanic alignments correspond, respectively, to local extensional and compressive deformation zones within
the arc; and (3), the post-glacial CLV magma flux was estimated to be 3.1 ± 1.0 km3/ky, which is similar to the
average magma flux estimated for PCC; however, the PCC magma flux is estimated at approximately twice this
value during peak eruptive periods (5.5± 1.1 km3/ky). Based on numerical simulations, CLV is in a limit situation
to create and sustain amush-type upper-crustal reservoir containing highly crystallinemagma,which is however
not eruptible. The PCC volcanic system would have been able to create a stable reservoir containing eruptible
silicic magma during periods of peak magma flux. We postulate that monogenetic volcanism occurs at CLV due
to both lowmagma flux and an extensional/transtensional regime that favors rapid magma rise without storage
and differentiation in stable upper-crustal reservoirs. However, the CLV system seems to be at an inflection point,
and could become polygenetic if magma flux increases. For PCC, high magma flux during some periods together
with compressive deformation would have led to the construction of one or several stable upper-crustal magma
reservoirs, with subsequent silicic volcanism and construction of central conduits for magma extrusion, resulting
in polygenetic volcanism with evolved compositions. In this model, monogenetic volcanic systems can become
polygenetic despite extensional regime if magma flux increases sufficiently to create and sustain a stable
upper-crustal magma reservoir.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Monogenetic and polygenetic volcanism are the two classic and
opposite styles of volcanism (Nakamura, 1977; Takada, 1994; Martin
et al., 2003; Cañón-Tapia and Walker, 2004), each associated with dif-
ferent sub-volcanic structures: monogenetic volcanic fields lack stable
upper-crustal magma reservoirs, while polygenetic volcanoes have
one or several stable upper-crustal reservoirs (Fedotov, 1981; Takada,
1994; López-Escobar et al., 1995; Cañón-Tapia and Walker, 2004; Lara
et al., 2006a). Monogenetic volcanism is characterized by the formation
olcánica, Av. Santa María 0104,
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of a volcanic vent through one single eruption, most commonly basaltic
(e.g. Nakamura, 1977; Németh, 2010). However, a wide range of chem-
ical compositions occur in volcanicfields, both in arc (e.g. Chichinautzin)
(Straub et al., 2011) and in intraplate settings (e.g. Jeju) (Brenna et al.,
2010). Monogenetic volcanic activity tends to form volcanic fields,
themselves formed by clusters of vents (Condit and Connor, 1996; Le
Corvec et al., 2013b). Monogenetic eruptions are generally, but not
exclusively, small-volume (e.g. Connor et al., 2000, 2012). Finally,
monogenetic volcanic fields tend to have low average magma output
rates (Fedotov, 1981; Walker, 1993). Although polygenetic volcanism
is as varied as monogenetic volcanism, it is usually characterized by
the presence of relatively more differentiated andesitic to rhyolitic
magmas, a central conduit that channels the magma in most eruptions,
and high average magma output rates.
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Coexistence in time and space of monogenetic and polygenetic
volcanoes having such contrasting characteristics is an intriguing topic
in volcanology. Nakamura (1977) noted that monogenetic volcanism
is favored in extensional tectonics, and other authors have proposed
that the style of volcanism may be determined by the magma supply
rate (Fedotov, 1981; Hildreth, 1981; Takada, 1994; Cañón-Tapia and
Walker, 2004), the magma extrusion/intrusion rate (Hildreth, 1981)
and/or crustal tectonics (Takada, 1994; Cañón-Tapia and Walker,
2004; Valentine and Perry, 2007). Nowadays, more precise quantitative
studies on monogenetic and polygenetic volcanism have become possi-
ble, through the use of a number of tools such as numerical simulations
of upper-crustal magma reservoir formation (e.g. Annen, 2009; Gelman
et al., 2013; Menand et al., 2015), statistical analysis of vent distribution
within volcanic fields (e.g. Hammer, 2009; Connor et al., 2012; Runge
et al. 2014), and extensive geochronological and geochemical character-
ization of volcanoes in general (e.g. Singer et al., 2008). Thus, it is possi-
ble to re-evaluate these controlling factors and understand whether
distributed venting is a permanent condition or a step toward central
systems in arc volcanoes.

In this article, we study the relationship between monogenetic and
polygenetic volcanism in a strike-slip intra-arc setting. The case study
is the Carrán–Los Venados (CLV) volcanic field and its polygenetic
neighbor Puyehue–Cordón Caulle (PCC) (Fig. 1), for which a possible
connection at themantle source and/or lower-crust has been suggested
(Lara et al., 2006a). For PCC, compositions, time–volume relationships
and ages are available (e.g. Lara et al., 2004; Sepúlveda et al., 2005;
Singer et al., 2008), but this is not the case for CLV, and this study aims
to expand existing knowledge about CLV.
Fig. 1. (a) Tectonic setting of the Andean Southern Volcanic Zone (33–46°S). Oblique convergen
andmonogenetic volcanic fields alternate. Quaternary stress field in the intra-arc zone shows a
tensors (Lavenu and Cembrano, 1999; Rosenau et al., 2006) and coincides with plate converge
Puyehue–Cordón Caulle area. Faults were compiled from Campos et al. (1998); Lara et al. (200
The evidence in this article is presented as follows: (1) spatial distri-
bution analyses were performed in order to determine the clustering
and alignments of minor eruptive centers (MEC) within CLV. This type
of study provides abundant information about the plumbing system of
monogenetic volcanic fields, because the distribution of volcanoes
within these fields is thought to be the result of a competition between
deepmagmatic processes and shallow structural control onmagma rise
(Tibaldi, 1995; Condit and Connor, 1996; Kiyosugi et al., 2010; Németh,
2010; Le Corvec et al., 2013b; Tibaldi, 2015); (2) the source of CLV
magmas and their differentiation processes were characterized using
petrography and geochemistry; and (3) CLV time–volume relationships
were estimated and used to evaluate the formation of upper-crustal
magma reservoirs, using a model of incrementally formed reservoir
that takes into account basaltic and silicic compositions (Gelman
et al., 2013). In this model, potentially eruptible magma is available
in upper-crustal reservoirs only if it has accumulated at rates that
exceed a certain threshold. Finally, we discuss the hypothesis of mono-
genetic volcanic fields as precursors of polygenetic volcanism (López-
Escobar and Moreno, 1994).

2. Geological setting

The CLV volcanic field is located in the Central Southern Volcanic
Zone (CSVZ, 37°–42°S) (López-Escobar et al., 1995), which is character-
ized by a ca. 35-km-thick crust (Hildreth and Moorbath, 1988) and the
oblique convergence of the Nazca and South America plates (Fig. 1).
Volcanism in the CSVZ is spatially related to the Liquiñe Ofqui Fault-
Zone (LOFZ), which is a 1200 km-long, major long-lived intra-arc fault
ce induces dextral-shearing in the intra-arc zone between 38 and 46°S, where polygenetic
N60°E-trendingmaximumhorizontal stress, inferred from shallow earthquakes and stress
nce vector. (b) Sketch map showing distribution of volcanism in Carrán–Los Venados and
6a); and Rosenau et al. (2006).
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system (Cembrano et al., 1996; Rosenau et al., 2006). The LOFZ accom-
modates deformation along the intra-arc domain by dextral strike-slip
shearing along the NNE-striking master fault in a bulk transpressive
regime (Lavenu and Cembrano, 1999; Rosenau et al., 2006; Cembrano
and Lara, 2009). Fault-slip data and stress tensors for Pleistocene defor-
mation along the northern portion of the LOFZ consistently show a
subhorizontal maximum principal compressive stress (σHmax) trending
N60°E (Lavenu and Cembrano, 1999; Rosenau et al., 2006), which can
also be inferred from some focal mechanisms of crustal earthquakes
(Barrientos and Acevedo, 1992), and is coincident with the angle of
plate convergence (Angermann et al., 1999).

In addition to LOFZ, NW-striking fault zones have been documented
in the CSVZ and in the CLV area (Lara et al., 2006a). These faults have
been interpreted as crustal-scale weaknesses associated with pre-
Andean faults, and are thought to have reactivated under the prevailing
stress field as sinistral-reverse strike-slip faults during arc development
(Lara et al., 2006a,b; Rosenau et al., 2006; Glodny et al., 2008; Lange
et al., 2008). These faults are capable of reactivation during co- and
post-seismic relaxation (Lara et al., 2004).

2.1. The Carrán–Los Venados volcanic field

The CLV volcanic field (40.35°S/72.07°W) is a cluster of 65 scoria
cones and maars, and the 1-km-high Los Guindos stratovolcano, all of
them distributed in ~160 km2 (Fig. 2). Eruptive styles are strombolian
and phreatomagmatic, the latter being more frequently close to the
LOFZ master faults. The MECs in CLV form a N60–70°E-trending 4-km
wide and 17-km long corridor. The Los Guindos stratovolcano and a
group of 3 scoria cones called Medialuna are distinguished in CLV as
peripheral centers on the basis of geochemical data, and because they
are not located exactly within the main group of MECs (Moreno, 1977;
Rodríguez, 1999). The basement of the area largely comprises Paleozoic
toMiocene arc intrusive rocks,with a fewoutcrops ofOligocene–Miocene
sedimentary strata in the western part of the field (Campos et al., 1998).
Fig. 2. Simplified geological map of the Carrán–Los Venados area. Geologic
The onset of volcanism at CLV is marked by the oldest Los Guindos
unit, and is assigned a Mid-to-Late Pleistocene age due to the evidence
of glacial erosion in lavas (Fig. 2) (Campos et al., 1998). All subsequent
units have been assigned a post-glacial age (b13.9 ka) because they
lack glacial erosion (Campos et al., 1998). This age is supported by six
14C dates made in this study (Table 1). These young units include the
upper units of Los Guindos (Holocene lavas and pyroclastics, in Fig. 2),
the ‘basal lavas’, and the overlying pyroclastic and effusive products
from the scoria cones and maars (Fig. 2). The ‘basal lavas’ are extensive
lava flows that fill the Riñinahue and Nilahue river valleys. Their emis-
sion centers are unknown, but are thought to be now-covered eruptive
fissures or vents partially destroyed by subsequent eruptive episodes.

CLV had three eruptions during the 20th century: in 1907, 1955 and
1979. The 1907 eruption had a first phreatomagmatic phase, which pro-
duced the Riñinahue maar, followed by an effusive phase that filled the
maar with lava. The 1955 eruption was also phreatomagmatic, forming
the Carránmaar with steep walls, which are well preserved to date. The
third eruption, in 1979, was strombolian and formed theMirador scoria
cone, with a total output volume of ~0.01 km3 (López-Escobar and
Moreno, 1981).

Three structural systems are present in the study area (Fig. 2). The
most important is the Liquiñe–Ofqui Fault Zone (LOFZ), which is repre-
sented here by NNE lineaments. The best-defined of these lineaments is
the Contrafuerte river valley, where two eroded scarps are recognizable
on Quaternary rocks. Up to 800 m of vertical separation is observed on
the eastern hanging wall block. Further East, the normal Huishue fault
runs parallel to themain trace of the LOFZ and shows up to 300mof ver-
tical separation between the western hanging wall block (Miocene
granites) and the eastern footwall (Lara et al., 2006a). Further East,
the Cullao normal fault parallels the Huishue fault. The trace of this
fault extends to the north of Maihue Lake and merges with the trace
of the dextral strike-slip LOFZ, which has its morphological expression
in the Maqueo, Fiuko and Pillanleufú river valleys (Fig. 2) (Guzmán,
2013).
al units are modified from Moreno (1977) and Campos et al. (1998).



Table 1
Results of six 14C datings made in this study.

Latitude Longitude Volcano Dated material 14C age (yrBP ± 2σ)

40°21.231'S 72°5.957'W Pocura maar Paleosol over maar's surge deposit 225 ± 75
40°24.262'S 71°59.420'W Medialuna Paleosol under Medialuna's lava flow 690 ± 30
40°22.820'S 72°6.635'W Quilicura centers Charcoal within the scoria cone 760 ± 30
40°22.030'S 72°1.635'W Carrán centers Paleosol in pyroclastic and surge deposits sequence 1330 ± 30
40°22.030'S 72°1.635'W Carrán centers Paleosol in pyroclastic and surge deposits sequence 2280 ± 30
40°22.164'S 72°0.666'W Carrán centers Paleosol in pyroclastic and surge deposits sequence 3720 ± 30
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The second fault system is theNW-striking Futrono fault (Figs. 1 and
2) (Campos et al., 1998). This fault is represented by several well-
defined NW lineaments in the granitic basement.

A third ENE system of faults/fractures is inferred from minor mor-
phologic lineaments in basement rocks, whose orientation is shown in
the Appendix. The kinematics of this system is not well-constrained,
although its orientation is capable of extension under the current stress
field. The three 20th century eruptions occurred at the intersection of
the LOFZ and the ENE fault/fracture system.

2.2. The Puyehue–Cordón Caulle volcanic complex

Puyehue–Cordón Caulle (PCC) is a 15-km-long by 4-km-wide, NW–
SE elongated volcanic complex that includes the Puyehue stratovolcano
and the Cordón–Caulle area of fissure volcanism,with an estimated vol-
ume of ~140 km3 (Sepúlveda et al., 2005; Lara et al., 2006b; Singer et al.,
2008) (Fig. 1). Volcanism started at approximately 0.5 Ma with domi-
nantly mafic extrusions, then erupting mainly dacitic and rhyolitic (up
to 72% SiO2) magmas in the Holocene (Lara et al., 2006b; Singer et al.,
2008). The NW elongation of the volcanic complex is attributed to the
long-livedNW-striking Iculpe River fault, believed to serve as a pathway
for magma ascent (Lara et al., 2006b). Cordón–Caulle is an elongated
volcano-tectonic depression,with normal faults in the edges of a graben
(Sepúlveda et al., 2005; Lara et al., 2006b), whereas Puyehue stratovol-
cano is located at the SE end of Cordón–Caulle, at the intersection of the
LOFZ and the Iculpe River fault (Lara et al., 2006b). The silicic volcanism
at PCC has been explained in terms of the orientation of PCC in relation
to the NE-striking σHmax, defining a compressive domain that promotes
stagnation, storage and differentiation of magmas (López-Escobar et al.,
1995; Lara et al., 2006b; Cembrano and Lara, 2009). The apparent
contradiction in extensional deformation along planes that are perpen-
dicular to regional σHmax has been explained in terms of the Andean
earthquake deformation cycle (Sepúlveda et al., 2005). Extension is
induced by co- and post-seismic relaxation, while compression domi-
nates during inter-seismic periods. In fact, episodes of shallow exten-
sion have been observed after giant earthquakes and before/after
eruptions (Jay et al., 2014). However, transpression is the dominant
state of stress in the crust (Lavenu and Cembrano, 1999).

3. Methodology

3.1. Spatial distribution analyses

The CLV minor eruptive centers catalogue was created using pub-
lished data (Moreno, 1977; Campos et al., 1998; Rodríguez, 1999), Goo-
gle Earth imagery and field work. The result is a list of 65 MECs and one
stratovolcano (in the Appendix), which was used to study the spatial
distribution of vents.

Two types of spatial distribution analysiswere performed: (1) volca-
nic alignments within CLVwere determined using the continuous sector
method, which is implemented in the ‘Paleontological Statistics’ software
(PAST) (Hammer et al., 2001; Hammer, 2009). The radius r (which sets
the length of the alignments to be detected), was set between 500 and
1500m, in 100m increments, using the range of maximum length align-
ments proposed by Le Corvec et al. (2013b). The significance level of the
alignments was set to 90% in PAST; (2) spatial density estimates were
performed using the kernel density estimation, with elliptical and
circular Gaussian kernel functions (Connor et al., 2012). Elliptical kernel
has the advantage of being potentially sensitive to tectonic controls on
volcanism, although it creates a bias in the result (Kiyosugi et al., 2010).
Circular kernel density estimate was performed to have an unbiased
result to compare with. For details about the Kernel density estimation
method,we refer the reader to the ample literature on density estimation
(e.g. Martin et al., 2003; Connor et al., 2012).

3.2. Petrographic and geochemical analyses

We collected 30 CLV lava and scoria samples. Petrographic descrip-
tion was made using polarized microscopy and SEM. Major, minor and
trace analyses were performed by ICP-MS and ICP-ES at ACME laborato-
ries in Canada. Mineral chemistry analyses were conducted at the Geo-
chemistry Laboratory of the Geology and Mining National Survey of
Chile using SEM (ZEISS EVO MA-10, EDS Oxford X-AXT detector). Two
Sr and Nd isotope ratios were determined with a mass spectrometer
at Université Blaise Pascal in France, and we included twelve Sr and
Nd isotope ratios from Sun (2001) and Rodríguez (1999). The PCC
chemical data used for comparison was obtained from Singer et al.
(2008) and references therein.

3.3. Volume estimation

The volume of CLV was estimated by measuring the volume
enclosed between the topography and a subjacent surface. Völker
et al. (2011) used this method considering flat basal planes, but, as
they recognized, this method overestimates the volume in cases
where volcanic products rest upon mountainous terrain. Using flat
basal planes to estimate the volume in CLV would trap large portions
of basement. For this reason, we modified this method in order to use
it in CLV, considering that volcanic products are distributed in relatively
thin sheets that cover the pre-existing rugged, glacial-eroded basement
topography. The procedure is as follows: the areawas divided in several
tiles (Fig. 3), whose vertexeswere set to the level of lakes, rivers or low-
lying areas, generating a basal surface that conserves the general dip of
the basement. The level of vertexes in rivers and low-lying areas was
decreased by 10 m to include buried volcanic products. The thickness
of basal lavas was estimated to be 40 m. Both values were estimated
from exposures in rivers. Next, the volume was calculated using Global
Mapper 14 software and Aster GDEM v.2 (downloaded from the Japan
Space Systems website), with a vertical accuracy of 18.5 m (Gesch
et al., 2011). To quantify the error induced by the DEM, two additional
volume estimates were performed with tile vertexes lowered by 20 m
and 0m (50m and 30m for basal lavas), obtainingmaximum andmin-
imum volume estimates. Due to the limitations of this method (DEM
resolution, thickness assumptions) a coarse estimation of CLV volume
will be obtained, which is, however, enough for the purpose of this
article.

3.4. Magma reservoir formation model

Several numerical models focus on the thermal structure needed
to construct an upper crustal magma reservoir fed by sills and dikes
(e.g. Annen and Sparks, 2002; Annen, 2009; Menand et al., 2011;



Fig. 3. Tiles used to estimate the volume of CLV.
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Annen et al., 2013; Gelman et al., 2013; Menand et al., 2015; Molina
et al., 2015). To evaluate the effect ofmagmaflux on the construction of
an upper-crustal magma reservoir, we used the results of the simula-
tions performed by Gelman et al. (2013). This model was selected
because it can also be used to evaluate the effect of basaltic and silicic
compositions. We considered the physical parameters defined by
Gelman et al. (2013), as we lacked specific geometric data on the PCC
magma reservoir.

The Gelman et al. (2013)model determines the amount of eruptible
magma available inside plutons that grow by vertical stacking of sills.
These sills were assigned a thickness of 200 m and a diameter of
20 km each, and intrude the upper crust at depths between 5 and
15 km. The frequency of sill injection depends on the magma input
rate (in km3/ky). Other important parameters in this simulation are
the geotherm (set to 30 °C/km), the T-dependant thermal conductivity
(K) and the type of crystallization–temperature relationship (Gelman
et al., 2013).

The main uncertainty in the use of this model is the magma flux
(or magma input rate), which is unknown, hard to constrain, and in
most cases can only be inferred from magma output rate. To account
for this uncertainty, we considered a range of intrusive to extrusive
(I:E) ratios obtained from literature (White et al., 2006), and discuss
the implications of adopting different I:E ratios. Indeed, the results of
this model are primarily dependant on magma flux and to a lesser
extent on reservoir shape (Annen, 2009). As there is no geometrical
data on the PCC reservoir(s), we decided to use this model's original
parameters in order to have a first-order idea about the effect of differ-
ent magma fluxes and compositions on the characteristics of the CLV
and PCC volcanic systems.

4. Results: Spatial statistical analyses, petrography, geochemistry
and time–volume relationships

4.1. Spatial statistical analyses

Volcanic alignments reflect the orientation and position of feeder
dikes in monogenetic volcanic fields (Nakamura, 1977). In CLV, we
found one preferred and two secondary orientations of volcanic
alignments (Fig. 4a). The preferred orientation trendsN40–60°E, similar
to σHmax, while the secondary orientations are N50°W and N10°E,
matching the strike of the Futrono Fault and the LOFZ, respectively.

Spatial density estimation (Fig. 4b and c) using circular and elliptical
kernels indicates that most MECs fall within a N65°E-trending corridor.
Only the peripheral centers depart from this corridor. Two zones having
a high density of vents (N16×10−3 vents/km2) can be recognizedwith-
in this corridor: one in the SW (Los Venados MECs) and another in the
NE (Carrán MECs). Both zones are separated by the projected main
trace of the LOFZ.

4.2. Petrographic and chemical characterization of CLV

In this section, theperipheral centers are described andplotted inde-
pendently from the rest of CLV. Published data on PCCwas plotted along
with CLV data for ease of comparison (Singer et al., 2008). Results of the
chemical analyses are presented in the Appendix.

CLV rocks are olivine–plagioclase phyric basalts and basaltic
andesites (Fig. 5a). Mineral assemblage includes calcic-plagioclase,
olivine, and (occasionally) clinopyroxene microphenocrysts (b2 mm),
in a groundmass of plagioclase, clinopyroxene, olivine and Fe–Ti oxide
microlites, and minor glass. Microphenocrysts of olivine show a reab-
sorption texture with a corona of orthopyroxene. Peripheral centers
(Fig. 5b) are exclusively olivine–plagioclase phyric basalts. Olivines
show no signs of reabsorption and are associated with chrome–
spinel in a groundmass of plagioclase, olivine, clinopyroxene, and
Fe–Ti-oxide microlites. Clinopyroxene shows a skeletal texture, which
indicates high undercooling rates.

CLV magma composition ranges from non-primitive basalts to
andesitic basalts (up to 56% SiO2) (Fig. 6). All samples are low to
medium-K and plot in the sub-alkaline field (Fig. 7a). They have
low #Mg (b53) and low contents of Cr (b62 ppm) and Ni (b37 ppm).
Peripheral centers show higher MgO (6.8%–7.7%) and CaO (8.4%–9.0%)
and lower FeOt (8.8%–9.4%) than the other CLV rocks. These centers
have the highest #Mg (up to 61), Cr (130–198 ppm) and Ni
(65–98 ppm) contents, being the most primitive CLV magmas.

In CLV and peripheral centers, Ni and Co show an inverse relation-
ship with the degree of differentiation, suggesting olivine and Fe–Ti-



Fig. 4. (a) Volcanic alignment results, where one preferred orientation (N40°–60°E) and two secondary orientations (N10°E and N50°W) are recognized. CLV shape is shown in gray.
(b) Vent density map with contours obtained using circular kernel analysis. (c) Vent density map obtained using elliptical kernel analysis, using circular. 95% of the MECs are located in
a N65°E-striking corridor. Four centers are outside this corridor, namely, Los Guindos and Medialuna centers.
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oxides fractionation, while clinopyroxene fractionation is inferred from
depleted contents of Sc (b37 ppm) and V (b294 ppm). The N-MORB-
normalized REE graph (Fig. 7b) shows a pattern typical of the CSVZ
magmas, with complete overlap of CLV and PCC magmas. The HREE
Fig. 5. SEM backscatter images of CLV rocks. (a) Basaltic andesite with microphenocryst of ol
Medialuna cones (peripheral centers) with microphenocrysts of olivine, and groundmass w
undercooling.
values suggest that garnet is absent in the source, and the peripheral
centers show higher La/Yb ratios. All the products show the Nb and Ta
troughs in the multielements diagram (Fig. 2 in the Appendix), charac-
teristic of subduction-related magmatism. Finally, all CLV samples have
ivine, showing reabsorption texture and a corona of orthopyroxene. (b) Basalt from the
ith clinopyroxene and glass. Clinopyroxene shows skeletal texture, evidencing a high



Fig. 6. Harker diagrams of CLV samples. Peripheral centers show a higher MgO and K2O
content, and lower FeOt than the other CLV rocks. CLV Samples range from basalts to
basaltic andesites, while peripheral centers have emitted only basalts.
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87Sr/86Sr ratios between 0.70401 and 0.70415, similar to those of PCC
basalts and basaltic andesites (between 0.70378 and 0.70417) (Singer
et al., 2008).

The isotopic and geochemical similarities between CLV and PCC
basalts and basaltic andesites suggest similar source and differentiation
processes. REE and trace element patterns are characteristic of an
asthenospheric mantle source, with plagioclase or spinel as the alumi-
nous phase melted due to hydration of the mantle wedge by slab fluids
during subduction (Hildreth and Moorbath, 1988; Wagner et al., 2006;
Gimenez et al., 2009). In addition, almost constant parallel REE patterns
suggest that fractional crystallization is the most important differentia-
tion process in CLVmagmas, as proposed for PCC basalts and basaltic an-
desites (Lara et al., 2006b; Jicha et al., 2007; Singer et al., 2008). Other
processes, like assimilation of the gabbroic lower crust, have been sug-
gested to explain non-mantelic 87Sr/86 Sr ratios of PCC magmas (Jicha
et al., 2007), and could occur on CLVmagma evolution magmas as well.

Petrographic and chemical characteristics of CLV are consistent with
amagmatic evolutionmarked by deep crustal stagnation and differenti-
ation, followed by rapid ascent to the surface. Stagnation in the lower
crust would induce crystallization of Mg-rich olivine, plagioclase and
Fe–Ti-oxides, which would be partly or totally fractionated. After this,
syn-eruptive crystallization (during ascent or surface cooling) would
generate clinopyroxene, olivine, plagioclase and Fe–Ti-oxide microlites
in the groundmass. Within CLV, peripheral centers have erupted the
most primitive magmas, which indicates that differentiation processes
Fig. 7. (a) TAS diagram (Le Bas et al. 1986). CLV rocks plot in the sub-alkaline field, and overlap
compared to the other CLV samples. HREE values indicate absence of garnet in the source. CLV
only proceeded to a lesser extent,which can be interpreted as lower res-
idence times in deep crustal reservoirs, while the skeletal texture indi-
cates a faster ascent compared to the rest of CLV.

4.3. Time–volume relationships

The estimated CLV volume is 14.4 ± 1.4 km3, with Los Guindos con-
tributing 45% of this value (6.2± 0.2 km3). Post-glacial CLV volumewas
estimated to be 8.5 ± 1.2 km3, with basal lavas accounting for 25%
(2.1 ± 0.5 km3). To our knowledge, the only previous estimate of CLV
volume was 61 km3 (Völker et al., 2011), which we consider unrealistic
for a volcanic field with a relatively low number of MECs. For example,
the Auckland Volcanic Field has an estimated volume of 3.4 km3

(DRE) with ca. 50 vents (Allen and Smith, 1994). The probable reason
for this overestimated value is that Völker et al. (2011) measured the
volume enclosed between a flat basal plane at the elevation of Ranco
Lake and the topography, trapping large portions of basement between
those surfaces. CLV time–volume relationships are summarized in
Table 2.

Magma flux values are needed to use the results of Gelman et al.'s
(2013) numerical simulations. Asmagma flux is unknown, it is general-
ly estimated based on magma output rate (Takada, 1994; White et al.,
2006). This carries with it a considerable degree of uncertainty derived
from the time–volume relationship estimation and the selected intru-
sive to extrusive (I:E) ratio. White et al. (2006) proposed 5:1 as a
reasonable I:E ratio. Here, we use a range of I:E ratios from 4:1 to 6:1
to account for the above uncertainty. Thus, CLV magma flux is 2.4 ±
0.7 km3/ky for the complete CLV, and 3.1 ± 1.0 km3/ky for post-glacial
CLV (Table 2). As for PCC, the estimated average magma flux is 2.1 ±
0.4 km3/ky, which is lower than that of CLV. However, during PCC
peak volcanism periods beginning at 124, 69 and 19 ka, the PCC magma
flux (up to 5.5 ± 1.1 km3/ky) was almost twice the CLV magma flux.
These values are plotted in Fig. 8.

We distinguish here between two types of upper-crustal reservoirs:
(1) stable reservoirs, which are permanent in time, permit differentia-
tion of magma and contain eruptible magma. These reservoirs are char-
acteristic of polygenetic systems; and (2) mush-type reservoirs, which
are also permanent in time and permit differentiation, but lack eruptible
magma because they are formed by a highly crystallinemush (following
the criteria of Annen, 2009, based onMichaut and Jaupart, 2006). These
reservoirs donot have superficial expression and cool over time forming
plutons, unlessmagmaflux increases sufficiently to heat the system and
generate eruptible magma (Gelman et al., 2013), or unless silicic melts
segregate from the crystalline mush to form shallower reservoirs
(Dufek and Bachmann, 2010).

According to Gelman et al.'s (2013) results, basalticmagma accumu-
lates in mush-type upper-crustal reservoirs only if it is injected at rates
PCC rocks. (b) N-MORB-normalized REE plot. Peripheral centers have a higher La/Yb ratio
and PCC overlap completely. PCC data are from Singer et al. (2008).



Table 2
CLV time–volume relationships. CLV and PCC average output rates are similar, but PCC has had three peak output rate periods. We tabulate the first of these periods (ca. 124 to 96 ka).
Magma flux is estimated using three different intrusion to extrusion (I:E) ratios.

Volcano Volume
(km3)

Age Period of extrusion (ky) Output rate (km3/ky) Magma flux
(I:E = 4:1)

Magma flux
(I:E = 5:1)

Magma flux
(I:E = 6:1)

Reference of
output rate

Post-glacial CLV max 9.8 Post-glacial 13.9 0.71 2.8 3.5 4.2 This work
Post-glacial CLV best 8.5 Post-glacial 13.9 0.61 2.4 3.1 3.7
Post-glacial CLV min 7.3 Post-glacial 13.9 0.53 2.1 2.6 3.2
Complete CLV max 15.9 Mid-to-Late Pleistocene 30 (?) 0.53 2.1 2.7 3.2
Complete CLV best 14.4 Mid-to-Late Pleistocene 30 (?) 0.48 1.9 2.4 2.9
Complete CLV min 13.1 Mid-to-Late Pleistocene 30 (?) 0.44 1.7 2.2 2.6
PCC peak 1 33 Medium Pleistocene ca. 124 to 96 ka 1.1 4.4 5.5 6.6 Singer et al. (2008)
Complete PCC 131 Medium Pleistocene 314 0.42 1.7 2.1 2.5
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which exceed a certain threshold (long-dashed line in Fig. 9a). Besides,
for this basaltic magma to be eruptible (stable reservoir), a greater
magma flux is required (short-dashed line in Fig. 9a). According to
this model, magma composition is a determining factor for reservoir
evolution, because silicic reservoirs require lower magma flux to
accumulate eruptible melt than basaltic reservoirs (dotted-dashed
lines in Fig. 9a). Similarly, at a fixed input rate, the amount of eruptible
magma is several times higher in a silicic reservoir than in a basaltic res-
ervoir (Gelman et al., 2013).

Based on these numerical simulations, the estimated average CLV
magma flux is in a limit situation, where the lower-range magma flux
is not sufficient to build and maintain a 20-km diameter cylindrical
upper-crustal reservoir, but the upper-range magma flux is enough to
build a mush-type reservoir (Fig. 9a). In this analysis we considered
the post-glacial CLV magma flux (3.1 ± 1.0 km3/ky) because of the
better temporal constrain of this value. As for PCC, the magma flux dur-
ing periods of peak volcanismwould have been sufficient (regardless I:E
ratio) to produce and maintain a stable 20-km diameter upper-crustal
reservoir containing ~10 km3 of silicic eruptible magma (Fig. 9b).
These results are discussed below.
5. Discussion

Our results show important differences between the Carrán–Los
Venados and Puyehue–Cordón Caulle volcanic systems in terms ofmag-
matic evolution, local crustal deformation and pattern ofmagma ascent.
Fig. 8. CLV and PCC time–volume relationships. Note the three periods
Below,we discuss how these differences can account for the contrasting
styles of volcanism in CLV and PCC.

5.1. Petrogenesis and deep crustal processes

Petrographic and geochemical similarities between CLV and PCC
basalts – e.g. 87Sr/86 Sr ratios, HREE values and petrographic textures –
are such that they cannot be distinguished. This suggests that both vol-
canic systems share the same upper-mantle and/or lower-crustal zones
where initial differentiation processes occur. Hence, the difference in
style of volcanism might result from differences in the upper-crustal
components of the volcanic system.

As stated previously for CLV, the presence of only one group of high-
pressure minerals in a groundmass of syn-eruptive crystals indicates a
stage of deep crustal stagnation and differentiation (mainly fractional
crystallization of olivine, clinopyroxene and Fe–Ti-oxides), and a subse-
quent rapid ascent to the surface. We found no evidence for the exis-
tence of a stable upper-crustal reservoir associated with CLV, which is
in agreement with previous studies (López-Escobar et al., 1995; Lara
et al., 2006a). In contrast, PCC has a broader compositional range,
including dacites and rhyolites, which has been explained by low pres-
sure fractional crystallization (Lara et al., 2006b; Singer et al., 2008).
Therefore, compositional differences between CLV and PCC imply differ-
ent crustal stagnation depths: while the CLV volcanic system includes
only deep crustal reservoirs, the PCC volcanic systemwould also include
one or several stable upper-crustal reservoirs (Lara et al., 2006b; Jay
et al., 2014). This crucial element of polygenetic volcanic systems
of high magma flux at PCC. PCC data are from Singer at al. (2008).



Fig. 9. (a) Volume ofmagma in reservoir and eruptiblemagma as a function of magma flux for 20-km diameter basaltic and silicic reservoirs (Gelman et al., 2013). CLVmagma flux is in a
limit situation regarding reservoir formation. (b) PCC estimatedmagma flux plotted on numerical simulation results. Numbers indicate the proposed sequence of PCC reservoir formation.
(c) Drawings of proposed PCC upper-crustal reservoir evolution. IRF = Iculpe River Fault. See text for details.

78 F. Bucchi et al. / Journal of Volcanology and Geothermal Research 308 (2015) 70–81
promotes magma differentiation and favors the creation of a perma-
nent conduit for magma extrusion due to continued feeding of new
magmas (Takada, 1994; Cañón-Tapia and Walker, 2004; Németh, 2010;
Kereszturi and Németh, 2012).

5.2. Upper-crustal magma reservoir formation

In order to envisage possible future scenarios for CLV, first we dis-
cuss the results obtained for PCC. PCC experienced multiple episodes
wherein output rates peaked at values nearly an order of magnitude
larger than the periods in between. Previous to ca. 133 ka, only basalts
and basaltic andesiteswere emitted (b57% SiO2). Then came an increase
in silica content at ca. 133 ka (61.5% SiO2), and magma output rate
peaked between 124 and 96 ka, accompanied by extrusion of andesites
and dacites (Singer et al., 2008).

Based on the Gelman et al. (2013) simulations, the 5.5 ± 1.1 km3/ky
peak magma flux at 124–96 ka (Table 2) was sufficient to create a
mush-type basaltic reservoir containing 0% eruptible magma (Fig. 9b).
However, the high-SiO2 products erupted between 124 and 96 ka
evidence differentiation of magma in upper-crustal reservoirs. This sug-
gests that segregation of differentiated residual liquids in themush-type
reservoir occurred. This segregation is promoted in highly crystalline
reservoirs (60–70 vol. %) with silicic melts tending to accumulate
in the roof of the reservoir or in shallower reservoirs (Fig. 9c) (Dufek
and Bachmann, 2010). Based on geochemistry and using MELTS, we
estimate the silicic melts to be 10% of the reservoir created between
124 and 96 ka (Fig. 9b). As explained before, a silicic reservoir can sus-
tain high-volume volcanism as a result of the greater amounts of erupt-
ible magma compared with basaltic magma at the same temperature
(Gelman et al., 2013). Singer et al. (2008) see a relationship between
peak output rate in PCC and deglaciations. We suggest that ice retreat
probably had a trigger effect on greater magma extrusion, but is not
the causative factor behind the emission of silica-enriched magmas. In
conclusion, we postulate that the peak of magmatism at 124–96 ka
marks the beginning of polygenetic volcanism at PCC as it exists today,
and that magma flux is a first-order factor that determines the style of
volcanism.

For CLV, the estimated magma flux is in a limit situation, in which
the I:E ratio is the main factor determining the result (Fig. 9a). While
the lower-range estimated magma flux (I:E = 4:1) is not sufficient to
build and maintain a 20-km diameter upper-crustal reservoir, the
upper-rangemagma flux (I:E= 1:6) permits the formation of a basaltic
mush-type reservoir that lacks eruptible magma (Fig. 9a).

Our chemical and petrographic evidence supports the absence of a
stable upper-crustal magma reservoir associated with CLV, and this is
consistent with the results obtained for the lower-range estimated
magma flux. In this scenario, ephemeral minor upper-crustal reservoirs
can form, as have been proposed for other monogenetic volcanoes
(e.g. Johnson et al., 2008). They can account for the more evolved CLV
magmas (up to 56% SiO2) and do not survive after an eruptive event.

In the upper-range estimated magma flux, a mush-type reservoir
with 0% eruptible magma could form under CLV, as the one created
under PCC during peak magma flux. However, unlike PCC, there is
no evidence for the segregation of silicic melts in the reservoir. The
products erupted at CLV have been basaltic and basaltic andesitic,
as occurred in PCC previous to the period of peakmagma flux.We inter-
pret this situation as CLV being at an inflection point, with magma flux
as the determining factor. An increase of this parameter would shift the
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equilibrium in favor of silicicmelt segregation at the reservoir leading to
polygenetic volcanism over time (López-Escobar and Moreno, 1994;
Cañón-Tapia and Walker, 2004). Otherwise, this reservoir will cool to
form a pluton and the system will remain monogenetic.

It is worth noting that CLV and PCC averagemagmaflux have similar
values (Table 2), although both have different styles of volcanism. It is
the high PCC magma flux during certain periods that makes the differ-
ence for style of volcanism (Fig. 10).
5.3. Local crustal deformation and its influence on magma
reservoir formation

The shape of volcanic fields has been associated to source and tec-
tonic controls (Spörli and Eastwood, 1997; Cembrano and Lara, 2009).
Applied to the CLV case, the source hypothesis would indicate that the
CLV magma source is elongated in the NE direction. However, this
hypothesis has been proved for intraplate systems with essentially iso-
tropic stress fields (e.g. Spörli and Eastwood, 1997; Tadini et al., 2014).
In tectonically active arc domains, with anisotropic stress fields and ac-
tive basement faults, the tectonic hypothesis accounts for the good
matching between the orientation of the CLV volcanic field (N65°E)
and the σHmax (N60°E). According to this hypothesis, the anisotropic
stress field determines the geometry of the CLV plumbing system
through the emplacement of dikes in a NE-striking extensional or
transtensional crustal domain (López-Escobar et al., 1995; Cembrano
and Lara, 2009), which is consistent with the observation that monoge-
netic volcanism is favored in extensional domains (Nakamura, 1977;
Takada, 1994; Piochi et al., 2005). For PCC NW-striking volcanic system,
this hypothesis implies that the system undergoes compressive defor-
mation, except in the co-eruptive stages when localized extension has
been observed (Jay et al., 2014).

These different deformation regimes could play an important role in
the formation of upper-crustal reservoirs in CLV and PCC. In CLV, exten-
sionwould promotemagma ascent and subsequent extrusion instead of
accumulation in the crust (i.e. lower I:E ratio) (Cañón-Tapia andWalker,
2004; Cembrano and Lara, 2009; Tibaldi et al., 2010), thereby setting
CLV magma flux lower within the range of the estimated values
(b3.5 km3/ky). This condition hampers the formation of a stable reser-
voir, favoring rapid magma rise and the occurrence of persistent mono-
genetic volcanism. On the other hand, compression enhances the ability
of PCC to accumulate magmas (i.e. higher I:E ratio) and create a stable
upper-crustal reservoir. In this case study, local deformation promotes
Fig. 10.Diagramdepicting themain results of this study. Style of volcanism at CLV and PCCwoul
reservoir formation is hampered at CLV by an insufficientmagma flux and extensional or transte
Monogenetic volcanism will be maintained at CLV unless there is an increment of magma flux
sustained monogenetic volcanism in CLV, diminishing its potential to
evolve toward a polygenetic system.

CLV vent alignments suggest an interplay between structural and
magmatic controls for magma ascent. Any of three alternatives is possi-
ble for feeder dikes: a) they are created parallel to NE-striking σHmax,
b) they use pre-existing fractures that are prone to open, or c) they
change their trajectory when passing in between two pre-existing frac-
tures, being channelized between them (Le Corvec et al., 2013a). In low
magma pressure scenarios, NE-striking dikes are favored and NE-
striking fractures or NNE-striking LOFZ faults influence dike orientation
through one of the three above mechanisms. In light of the small-
volume magma batches emitted at CLV, this scenario is to be expected
under average conditions. However, changes of the stress regime may
occur, for example during co- and post-seismic relaxation or during
high magma pressure events, and NW-striking dikes could be favored
(Roman et al., 2004; Cembrano and Lara, 2009; Le Corvec et al., 2013a).

6. Conclusions

We performed studies on CLV volcanic system and made compari-
sons with PCC in order to find the factors that would explain coeval
and nearby sustained monogenetic and polygenetic volcanism in
Southern Andes.

- The CLV volcanic system is characterized by an asthenosphericman-
tle source and deep crustal processes of differentiation, mainly
fractioning of olivine, clinopyroxene and Fe–Ti-oxides, although
assimilation of gabbroic lower crust may also occur. Some differenti-
ation may also occur en route to the surface. CLV geochemical char-
acteristics are similar to those of PCC mafic products.

- The goodmatching between the orientation of the CLV volcanic field
(N65°E) and the σHmax (N60°E) suggests dike emplacement in a NE-
striking extensional or tenstensional crustal domain.

- CLV is in a limit situation regarding stable upper-crustal reservoir
formation.Withmagmaflux in the lower-range values, CLVmagmas
reach the surface directly from the lower crust or stagnate in ephem-
eral upper-crustal reservoirs. This scenario is favored by the local ex-
tensional or transtensional regime (lower I:E ratio). With magma
flux in the upper-range values, mush-type reservoirs containing 0%
eruptible magma are formed. If segregation of silicic melts occurs
at this reservoir, the system will evolve toward polygenetic. Other-
wise, the system will remain monogenetic. An increase in magma
flux would shift the equilibrium in favor of polygenetic volcanism.
dbe determinedby the absence/presence of a stable upper-crustal reservoir. Upper-crustal
nsional deformation of the crust. Amush-type upper-crustal reservoir can exist under CLV.
. Reworked Fig. 7 of Cembrano and Lara (2009).
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Basaltic and basaltic andesitic magmas erupted at CLV suggest that
segregation of silicic melts has not occurred below CLV.

- In PCC, a stable upper-crustal reservoir with silicic eruptible melt
formed during the period of peak magma flux between 124 and
96 ka, favored by the local compressive deformation, and marks
the beginning of polygenetic volcanism at PCC. The upper-crustal
reservoir at PCC led to magmas with evolved compositions and to
the creation of permanent conduits for magma extrusion.

- Differentmagmaflux and local crustal deformation are themain fac-
tors that explain contrasting coeval and nearby styles of volcanism,
in agreement with the pioneer model of Takada (1994).
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