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Abstract
Volcanoes can stay dormant for much longer than 10 ka and hence many Quaternary volcanoes lacking Holocene activity have the
potential to become active. Reconstructing the eruptive histories of these volcanoes is an important first step towards evaluating their
long-term eruptive probabilities. The southern Central Volcanic Zone (CVZ) of the Andes at ~ 27° S latitude has a notable concen-
tration ofQuaternary volcanoes, several considered potentially active, butmost of which are poorly known.We reconstruct the eruptive
histories of three of these volcanoes, Incahuasi, Falso Azufre and El Cóndor, on the basis of field and satellite image mapping and
unspikedK-Ar geochronology, supported by petrography andwhole-rock geochemistry. Incahuasi (volume of 62 ± 6 km3) comprises a
main conical edifice, capped by a summit crater, that was constructed between ~ 1.6 and 0.7 Ma by mostly andesitic lavas at a growth
rate of ~ 0.07 km3/ka. At 0.8–0.7 Ma, activity shifted to the eastern flank, with the emplacement of a trachydacitic lava dome and a
trachyandesitic lava field. At 0.35 Ma, a mafic center consisting of overlapping scoria cones and basaltic andesite lava flows was
emplaced on theNE flank. FalsoAzufre (98 ± 12 km3) is an arcuate-shapedmassif with several vents alignedNW-SE and ENE-WSW.
It contains the remnant of a Pliocene andesitic edifice. The bulk of the massif was constructed between ~ 0.9 and 0.5 Ma by andesitic
and trachyandesitic lava flows.More recent activity (< 0.4Ma) consists of andesitic to dacitic flows, coulées and domes restricted to the
summit regions and the eastern flank. The average Quaternary growth rate is ~ 0.1 km3/ka. El Cóndor (109 ± 8 km3) is a NW-SE
elongated massif with two distinct stages of activity. The Pliocene stage consists of andesitic to dacitic rocks. Recent activity (<
0.15Ma) is among the youngest recorded in the region and consistsmainly of trachyandesitic to trachydacitic lava flows. The estimated
eruption rate of ~ 0.4 km3/ka is one of the highest of the CVZ. Incahuasi has the lowest long-term eruptive potential of the three
volcanoes. Falso Azufre has an intermediate long-term eruptive potential and a minor felsic phase may be ongoing. El Cóndor has the
highest long-term eruptive potential and its main constructive phase may still be ongoing. Most CVZ volcanoes, including Incahuasi
and FalsoAzufre, have longer lifespans and lower average growth rates compared to volcanoes fromother arcs, suggesting a significant
difference between the CVZ and other arcs.
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Introduction

Many volcanoes in the world with no record of historic
activity are considered potentially active based on dif-
ferent criteria (e.g. youthful morphology, geochronolo-
gy, thermal and/or fumarolic activity, surface deforma-
tion, seismic activity) (e.g. de Silva and Francis 1991;
Szakács 1994; McNutt 1996; Siebert et al. 2010;
Crosweller et al. 2012; Biggs et al. 2014; Carniel
2014; Brown et al. 2015). Evidence of Holocene activ-
ity has been the conventional condition to consider a
volcano as active (e.g. Szakács 1994; Siebert et al.
2010), but it has become increasingly evident that vol-
canoes can have repose periods much longer than
10 ka (e.g. Hildreth and Lanphere 1994; Szakács
1994; Davidson and de Silva 2000; Connor et al.
2006) and hence many Quaternary volcanoes lacking
Holocene activity have the potential to become active
(e.g. Siebert et al. 2010; Crosweller et al. 2012;
Loughlin et al. 2015 and references therein). Indeed,
Scandone et al. (2016) suggest that a volcano should
be considered active while the processes that lead to
an eruption (availability of magma and of a pathway to
reach the surface) are still operative, thus not limiting
the definition to a specific time frame. Reconstructing
the eruptive histories of potentially active volcanoes is
necessary to understand their past activity and is a first
step towards evaluating their long-term eruptive
probability.

In the Central Volcanic Zone of the Andes (CVZ;
~ 15°–28° S latitude), the eruptive histories of most
Quaternary volcanoes are not well constrained. This re-
gion contains at least 110 Quaternary composite volca-
noes (de Silva and Francis 1991; Siebert et al. 2010),
but historical eruptions are known at only 14 of these
and only five have Holocene absolute ages (Siebert
et al. 2010). Of the remaining ~ 90 Quaternary volca-
noes, ~ 60 are considered Pleistocene and ~ 30 are con-
sidered to have had Holocene activity, mainly based on
their youthful morphologies not affected by glaciation
(de Silva and Francis 1991; Siebert et al. 2010).
However, determining relative ages for volcanoes of this
region has proven difficult (e.g. de Silva and Francis
1991; González-Ferrán 1995; Siebert et al. 2010) given
the very low erosion rates due to the arid climate (e.g.
Karátson et al. 2012). Furthermore, many of these vol-
canoes show prolonged lifespans, sometimes longer than
1 Ma (e.g. Taapaca, Clavero et al. 2004b; Ollagüe,
Vezzoli et al. 2008), and repose periods well over
0.1 Ma (e.g. Aucanquilcha, Klemetti and Grunder
2008; Llullaillaco, Gardeweg et al. 1984; Richards and
Villeneuve 2001), thus making the distinction between
dormant or extinct volcanoes particularly challenging.

Of the > 110 Quaternary volcanoes of the CVZ, ~ 15
have been studied with some detail, whereas the rest
are poorly known, their eruptive histories are ill-
constrained and their eruptive potentials are uncertain.

In the southern CVZ, the largest concentration of
Quaternary volcanism is found along a ~ 100 km seg-
ment of the arc between 26.4° and 27.3° S latitude,
around Paso San Francisco (Fig. 1), with ~ 20 compos-
ite volcanoes (Table 1; Fig. 2). Although only one mi-
nor historical eruption has been documented (at Ojos
del Salado in 1993), eight volcanoes are listed as
Holocene by Siebert et al. (2010) (Table 1). In strong
contrast, there is a gap of ~ 90 km to the north without
any Quaternary volcanic center along the main arc
(Fig. 1), whereas to the south the only occurrence of
Quaternary volcanism is the Incapillo caldera and dome
complex (Fig. 1). In addition to its unusual abundance,
Quaternary volcanism in the Paso San Francisco region
shows a particularly complex spatial distribution and
relation with regional tectonic structures. Furthermore,
the region is located near the southern end of the
CVZ, in a transition zone where the Nazca plate chang-
es its subduction angle from ~ 30° to sub-horizontal
towards the south (e.g. Barazangi and Isacks 1976;
Cahill and Isacks 1992). Also, this region partially co-
incides with a low-velocity seismic zone at ~ 35 to
20 km depth (Bianchi et al. 2013; Ward et al. 2017),
interpreted by Ward et al. (2017) as a 12,000 km3 mag-
ma body.

Notwithstanding the intriguing combination of high
magma production rate, complex distribution and partic-
ular geodynamic location, the Quaternary volcanoes of
the Paso San Francisco region lack detailed studies and
are known mostly through regional investigations, geo-
logical survey maps and a few more specific contribu-
tions (see next section). Here, we reconstruct the erup-
tive histories of three poorly known volcanoes in this
region: Incahuasi, Falso Azufre and El Cóndor (Fig. 2),
based on detailed field and satellite image mapping,
K-Ar geochronology, petrography and whole-rock geo-
chemistry. Our goals are to increase the basic knowl-
edge of these volcanoes, quantify their volumes,
lifespans and growth rates and make a preliminary
assessment of their eruptive potentials. Although these
volcanoes are located in very remote areas and thus
imply minimum risk for local populations, reconstruc-
tion of their eruptive histories is an initial step towards
assessing the hazards that they may pose, and can give
insights for similar volcanoes located in more vulnerable
areas within the CVZ. Furthermore, by comparing these
volcanoes with others from the CVZ and from other
arcs, we highlight basic differences in lifespans and
growth rates at CVZ volcanoes.
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Cenozoic volcanism in the Paso San Francisco
region

Cenozoic arc volcanism in the southern CVZ began at ca.
26 Ma, in coincidence with the break-up of the Farallon plate
into the Nazca and Cocos plates, and an increment in conver-
gence rate between the Nazca and South American plates (e.g.
Somoza and Ghidella 2012). In the Paso San Francisco region,
between ca. 26 and 8 Ma, the volcanic arc front was located
about 60 km west of the present arc front, along the N-S
trending Maricunga Belt arc (Fig. 1) (e.g. Mpodozis et al.
1995; Kay and Coira 2009). Only minor backarc activity

occurred, first in the Cordillera Claudio Gay (27–21 Ma),
and later along the Cordón Los Amarillos (15–12 Ma)
(Mpodozis et al. 1996; Clavero et al. 2012; Kay et al. 2014)
(Fig. 2). Between ca. 8 and 3 Ma, the arc front migrated east-
ward to its present position, possibly in response to a major
pulse of forearc subduction erosion (Kay andMpodozis 2002;
Kay and Coira 2009; Goss et al. 2013). As a result, numerous
Upper Miocene and Pliocene volcanic centers are scattered
throughout the Paso San Francisco region, encompasing a
broad, ca. 80 km-wide, belt (Fig. 2) (e.g. González-Ferrán et al.
1985; Baker et al. 1987; Mpodozis et al. 1996). During this
time, extensive ignimbrite deposits from both recognized

Fig. 1 Location of Quaternary
composite volcanoes,
monogenetic centers and collapse
calderas within the southern
Central Volcanic Zone of the
Andes draped on Shuttle Radar
Topography Mission 90 m digital
elevation model-derived shaded
relief image. Box indicates
extension of Fig. 2. Inset map of
South America shows locations of
active and potentially active
volcanoes (orange triangles)
according to Siebert et al. (2010),
and the volcanic zones of the
Andes (NVZ: Northern Volcanic
Zone; CVZ: Central Volcanic
Zone; SVZ: Southern Volcanic
Zone; AVZ: Austral Volcanic
Zone)
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calderas (Wheelwright, Laguna Escondida and Laguna
Amarga) and unknown sources were emplaced (e.g.
González-Ferrán et al. 1985; Siebel et al. 2001; Schnurr
et al. 2007; Clavero et al. 2012; Guzmán et al. 2014) (Fig. 2).

The Quaternary volcanic centers are built on top of the
Upper Miocene and Pliocene centers (Fig. 2). Available K-
Ar and Ar-Ar ages for the Quaternary centers span the
Pleistocene up to 0.02 Ma (Table 1). Several centers form
the ENE-WSW Ojos del Salado volcanic chain (González-
Ferrán et al. 1985) (Fig. 2). These are, from west to east, the
Tres Cruces massif, the El Solo dome, the Ojos del Salado
massif, the El Muerto and El Muertito cones, the El Fraile
dome and the Incahuasi cone. All these centers are dominantly
dacitic, except for Incahuasi, which is dominantly andesitic
(González-Ferrán et al. 1985; Baker et al. 1987; Mpodozis
et al. 1996; Gardeweg et al. 2000). South and southeast of

Ojos del Salado is the similar Tipas dacitic complex and other
poorly known centers (Fig. 2). North of the Ojos del Salado
chain are the San Francisco and Cerro Bertrand cones and the
Falso Azufre massif, all of which are dominantly andesitic
(Mpodozis et al. 1996; Kay et al. 2006; Clavero et al. 2012).
Further north stands the El Cóndor massif, which lacks any
previous studies, and the andesitic-dacitic Sierra Nevada-
Azufrera de Los Cuyanos chain (Clavero et al. 2012;
Polanco et al. 2014) (Fig. 2). At the eastern edge of the arc
front, several mafic monogenetic centers, the mafic Peinado
cone and the dacitic Cerro Torta lava dome are aligned NNE-
SSW (Seggiaro et al. 2006) (Fig. 2).

Overall, the Quaternary volcanoes of the Paso San
Francisco region follow the main N-S trend of the arc, but
their vents and edifices show several different alignments
(Fig. 2): WNW-ESE (Sierra Nevada-Azufrera de Los

Fig. 2 Geological map of the
Paso San Francisco (PSF) region
of the Central Volcanic Zone of
the Andes between 26.4° and
27.3° S latitude, from compilation
of previous maps and references
and our own work, draped on
Shuttle Radar Topography
Mission 30 m digital elevation
model-derived shaded relief
image. Volcanoes: CO: El
Cóndor; FA: Falso Azufre; IN:
Incahuasi; AC: Azufrera de Los
Cuyanos; CB: Cerro Bertrand;
CT: Cerro Torta; EF: El Fraile;
EM: El Muerto; ES: El Solo; LE:
Laguna Escondida; LV: Laguna
Verde; Me: Medusa; Mo:
Morocho; Mu: El Muertito; Na:
Nacimientos; Ol: Olmedo; OLL:
Ojo de Las Lozas; OS: Ojos del
Salado; PE: Peinado; SF: San
Francisco; SN: Sierra Nevada;
TC: Tres Cruces; Ti: Tipas; Vi:
del Viento
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Cuyanos), NNW-SSE (El Cóndor), NW-SE (western part of
Falso Azufre), ENE-WSW (Ojos del Salado chain; eastern
part of Falso Azufre), NNE-SSW (Peinado and several scoria
cones) and N-S (Tres Cruces; volcanoes south of Ojos del
Salado). These different trends may reflect the complex base-
ment architecture of the southern CVZ, which contains sets of
structures with different orientations that have been repeatedly
reactivated and have localized magmatism (e.g. Chernicoff
et al. 2002; Richards et al. 2006). North of the Paso San
Francisco region, relationships between volcanism and the
NW-SE trending Calama-Olacapato-El Toro and Archibarca
lineaments (Fig. 1) have been well documented (e.g. Riller
et al. 2001; Matteini et al. 2002; Richards and Villeneuve
2002; Petrinovic et al. 2006; Richards et al. 2006; Acocella
et al. 2011; Norini et al. 2013). The Ojos del Salado lineament
supposedly crosses the Paso San Francisco region (e.g. Salfity
1985), but there is no specific study on this lineament and its
possible influence on the spatial distribution of volcanism is
not clear.

In addition to composite volcanoes along the arc front,
Quaternary mafic monogenetic centers are common, mainly
in the backarc, especially in the Antofagasta de la Sierra re-
gion (Fig. 1), with a peak of activity at < 1 Ma (Risse et al.
2008). Moreover, three collapse caldera centers formed during
the Quaternary, with associated ignimbrites and domes: Cerro
Galán, with its main collapse at 2.08 Ma (e.g. Sparks et al.
1985; Folkes et al. 2011; Kay et al. 2011), Cerro Blanco, 0.44
to < 0.005 Ma (e.g. Kraemer et al. 1999; Seggiaro et al. 2006;
Montero López et al. 2010; Báez et al. 2015) and Incapillo,
0.51 Ma (Goss et al. 2009), at the southern termination of the
CVZ (Fig. 1).

Methods

Mapping and volcano morphometry

Mapping of volcanic units was performed on a GIS platform
(QGIS Geographic Information System: http://qgis.osgeo.
org) and was based on fieldwork, the interpretation of
Landsat 7 ETM and GoogleEarth satellite images and the
Shuttle Radar Topography Mission (SRTM) 30 m digital ele-
vation model (DEM), as well as published geological maps
(Mpodozis et al. 1996; Gardeweg et al. 1997; Seggiaro et al.
2006; Clavero et al. 2012).

Morphometric data for the studied volcanoes were obtained
applying theMORVOLC algorithm (Grosse et al. 2009, 2012;
http://cediac.uncu.edu.ar/software/) on the SRTM 30mDEM.
Acquired morphometric parameters include the areal extents,
widths, heights and volumes of edifices and main units. The
mapped outlines of edifices and units were used to compute
exposed areas and widths. For the estimation of heights and
volumes, MORVOLC fits an inverse distance weighting

(IDW) basal surface to the outlines; height is the maximum
vertical distance between this basal surface and the DEM sur-
face, and volume is the integrated sum of the space between
both surfaces. Further measurements of smaller features such
as individual lava flows (lengths, widths, thicknesses) and
craters (diameters) were obtained directly with the GIS soft-
ware. The Quaternary volcanoes of the Paso San Francisco
region were classified into morphometric types (Table 1)
following Grosse et al. (2009, 2017).

Sampling, petrography and whole-rock geochemistry

A total of 55 samples were collected from the Incahuasi, Falso
Azufre and El Cóndor volcanoes during fieldwork.
Petrographic analyses of 44 thin sections aided in the correla-
tion of units (petrographic results are not presented as they are
beyond the scope of this contribution). Twenty-six represen-
tative and unaltered samples were chosen for whole-rock
chemical analyses, performed at the Earthquake Research
Institute, University of Tokyo (Japan). Major elements were
determined by the X-ray fluorescence (XRF) method (Rigaku
ZSX Purimas II). The error is estimated to be 5% based on
reproducibility of repeat measurements of the rock standard
JB-1b issued by the Geological Survey of Japan. Rocks were
classified using the total alkalis silica (TAS) diagram (Le
Maitre et al. 1989) (Fig. 3) and the K2O vs. SiO2 diagram
(Peccerillo and Taylor 1976) (not shown), on a volatile-free
basis. Major element geochemistry of representative samples
is presented in Table 2.

K-Ar geochronology

The same 26 samples that were geochemically analyzed
were dated by the unspiked K-Ar method on whole-rock
samples. In this technique, the radiogenic 40Ar concentra-
tion is determined by a direct comparison of the 40Ar/36Ar
ratio and the 40Ar signal intensity of the samples with
those of a volumetrically calibrated amount of atmospher-
ic Ar at the same condition of the mass spectrometer. The
technique can precisely date rocks younger than 0.1 Ma
(as demonstrated by recent studies, e.g. Guillou et al.
2010; Samaniego et al. 2016) since it allows measurement
of small amounts of radiogenic Ar and determines the
isotopic composition of the initial Ar in the sample by
measuring 38Ar/36Ar without assuming that the 40Ar/36Ar
ratio in the sample is equal to the modern atmospheric
value of 296 (e.g. Gillot et al. 1982; Nagao et al. 1991;
Matsumoto and Kobayashi 1995; Orihashi et al. 2004;
Scaillet and Guillou 2004).

Samples were crushed by a jaw crusher and sieved to 60–
80 mesh size. The ferromagnetic minerals were separated
using a hand magnet. Samples were then washed in an ultra-
sonic bath. The same material was used for both K and Ar
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analyses. Ar isotopes were analyzed using a noble gas mass
spectrometer MS-III (modified-VG5400) at the Geochemical
Research Center, University of Tokyo. The sensitivity of the
mass spectrometer for 40Ar and mass discrimination factors
for 38Ar/36Ar and 40Ar/36Ar ratios were determined with mea-
surements of atmospheric Ar standard (1.5 × 10−7 cm3 STP).
The error on 40Ar sensitivity is estimated to be 5% based on
reproducibility of the repeated measurements of the standard.
The errors on 38Ar/36Ar and 40Ar/36Ar ratios, which were
maintained below 0.2%, include statistical errors during signal
acquisition of the measurements of samples and that of the
standard. K concentration was determined by the XRF
method at the Earthquake Research Institute, University of
Tokyo. Further details on the method, including the error
calculation on the age determinations, can be found in
Nagao et al. (1991, 1996) and Orihashi et al. (2004).

The geochronological results are shown in Table 3 and
Fig. 4. Thirteen samples have 38Ar/36Ar ratios in agreement
with the modern atmospheric value of 0.1880, within the
range of analytical error (1σ). The other samples have
38Ar/36Ar ratios either lower (five samples) or higher (eight
samples) than the atmospheric value beyond the range of the
analytical error. In these cases, the mass fractionation effect
was corrected by using the measured 38Ar/36Ar ratios of the

samples, and then K-Ar ages were recalculated; the resulting
analytical errors are larger for these samples due to the insuf-
ficient accuracy of the measured 38Ar/36Ar ratio for the cor-
rection of mass fractionation.

Estimation of volumes, lifespans and growth rates

DEM-derived volumes suffer from a number of uncertainties
that can be linked to the properties of the DEM (accuracy,
resolution), the delineation of the unit outlines, the interpola-
tion methods used and, more significantly, the coalescence of
units and the assumption of a uniformly sloping original to-
pography beneath the volcano or unit. For coalescing units,
obtained heights and volumes are realistic values for the youn-
ger units, but are too low for the older units or for units of
equal age. For the later, better estimates were obtained consid-
ering an IDW basal surface fitted only to the outline elevations
that do not coalesce. For the older units, assuming that they
have a continuation below the younger units, an excess vol-
ume was estimated adding the volume of a wedge located
below the younger unit.

To take into account these uncertainties, we have added to
each volume estimate (V) a somewhat arbitrary uncertainty
value (σV) considering uncertainties of ± 10 to ± 100 m over

Fig. 3 Classification of rocks from the Incahuasi, Falso Azufre and El Cóndor volcanoes in the total alkalis silica (TAS) diagram of Le Maitre et al. (1989)
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the area of the underlying basal surface, depending on how
well-defined the unit is, the inferred roughness of the under-
lying topography and its size. This results in uncertainties
mostly between 10 and 20% (and up to 60%) of the total
values, similar or larger than those considered in equiva-
lent studies (e.g. Frey et al. 2004; Hora et al. 2007). Note
that these uncertainties will spread to the estimated
growth rates (see below). Two further sources of uncer-
tainty come from the volumes lost through erosion and
ash dispersal due to explosive volcanism. However, for
the studied volcanoes, these uncertainties can be consid-
ered negligible compared to the above-mentioned uncer-
tainties, taking into account the arid climate, the fresh
appearance of the deposits, the lack of evidence of glacial
erosion and the mostly effusive character of the volca-
noes. The calculated volumes are bulk volumes.

Lifespans (L) were estimated as the time interval between
the oldest (AgeMAX) and youngest (AgeMIN) ages available
for each volcano or unit. Lifespan uncertainties (σL) were
estimated considering the 1 sigma errors (1σ) of these ages:

σL ¼ LMAX−LMINð Þ=2

where LMAX = (AgeMAX + 1σ) − (AgeMIN − 1σ) and LMIN =
(AgeMAX − 1σ) – (AgeMIN + 1σ).

Volumes and lifespans allow calculating overall growth
rates, GR = V / L, with a growth rate uncertainty range
(σGR) given by maximum (GRMAX) and minimum (GRMIN)
possible growth rates:

GRMAX ¼ V þ σVð Þ= L−σLð Þ
GRMIN ¼ V−σVð Þ= Lþ σLð Þ

Results

Incahuasi volcano

At over 6600 m elevation, Incahuasi is one of the highest
volcanoes on Earth. It straddles the Argentina-Chile border,
occupying an area of 207 km2 (Fig. 5). Incahuasi is the east-
ernmost volcano of the Ojos del Salado chain and is bounded
to the north by the Quaternary San Francisco volcano and by
Upper Miocene volcanic rocks, and to the south and southeast

Fig. 4 Available absolute ages
(with 1σ uncertainty error bars)
for the three studied volcanoes;
ages without references are from
this study
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by the Upper Miocene Cerro Ojo de Las Lozas and Cerro
Morocho volcanoes (Figs. 2 and 5).

Incahuasi consists of a main steep-sided conical edifice
and three peripheral units located on its eastern flanks
(Figs. 5 and 6): a large lava dome, a small lava field and
a mafic monogenetic center. The main edifice is 13 km
wide at the base and 1.9 km high. It has a relatively flat
2 km-wide summit region capped by a summit crater
(900 × 750 m). The main edifice flanks consist of moder-
ately preserved blocky lava flows < 1 km wide and < 5 km
long (Flank lava flows; Figs. 5 and 6); the best-preserved
flows on the southern flank show levees and flow ridges. In
the summit region, two thick, stubby coulées with well-
preserved ridges flow north and east of the crater
(Summit region coulées; Figs. 5 and 6).

The steep-sided lava dome on the eastern flank of the main
edifice gives the volcano an overall ENE-WSW elongation
(Lava dome; Figs. 5 and 6). It has a 6 × 4 km base and is

0.6 km high. Southeast of the lava dome and on the lower
ESE flank of the main edifice is a 18 km2 field of dark lava
flows whose vents are not clearly identified (SE lava field;
Fig. 5). On the NE flank of the main edifice, a set of pristine
overlapping scoria cones produced extensive dark, well-
preserved blocky and ‘a‘ā lava flows that spread towards the
NE and E, covering 41 km2 and extending up to ca. 8 km from
the vents (NE mafic center; Figs. 5 and 6). This center is part
of a group of mafic centers aligned SSW-NNE from south of
Incahuasi to the southern tip of the Antofalla salar (Grosse
et al. 2014b; Ochi Ramacciotti et al. 2017) (Fig. 2).

The main edifice flank lava flows range from basaltic
trachyandesites to andesites and trachyandesites, whereas
the lava dome is trachydacitic (Fig. 3; Table 2). Lava flows
of the NE mafic center are basaltic andesites, and one lava
flow sample of the SE lava field is trachyandesitic (Fig. 3;
Table 2). All samples belong to the high-K calc-alkaline
series.

Fig. 5 SRTM 30 m DEM-derived shaded relief image of Incahuasi volcano showing volcanic units and features and new K-Ar ages
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K-Ar ages

Two lava flows from the NWand N flanks of the main edifice
have been previously dated by the conventional K-Ar method.
González-Ferrán et al. (1985) obtained ages of 0.71 ± 0.08Ma
onwhole-rock and 1.15 ± 0.05Ma on biotite crystals, whereas
Mpodozis et al. (1996) obtained an age of 0.80 ± 0.30 Ma on
whole-rock.

We have obtained six newK-Ar ages (Table 3; Figs. 4 and 5).
Three ages are of lava flows from the main edifice flanks. The
least well-preserved dated lava belongs to a small andesitic
flow on the northern flank that yielded an age of 1.57 ±
0.10 Ma. A sample from a thick trachyandesitic flow on the
SE flank gave an age of 1.14 ± 0.37 Ma, and a thin basaltic
trachyandesite flow on the SSE flank yielded an age of
1.00 ± 0.13 Ma. The lava dome (0.76 ± 0.09 Ma) and the
SE lava field (0.74 ± 0.05 Ma) have similar ages within
error. The youngest recorded age of 0.35 ± 0.03 Ma is of
a lava flow from the NE mafic center.

Falso Azufre volcano

Falso Azufre is an elongated massif straddling Argentina and
Chile, reaching an elevation of ca. 5900 m. It has numerous
vents that are aligned in two main directions, NW-SE on the
western side and ENE-WSWon the eastern side, conferring an
arcuate plan shape to the whole massif (Fig. 7). It is one of the
largest massifs of the region, covering an area of 387 km2,
with approximate basal diameters of 25 × 20 km and a height
of 1.2 km. It is constructed mainly by numerous (ca. 50

exposed) blocky lava flows covering all flanks (Fig. 7), some
of which are very voluminous, up to 7 km long and 4 km
wide.

Falso Azufre stands northwest of the San Francisco volca-
no and south of the Laguna Amarga caldera (Figs. 2, 7 and 8).
It is bounded to the east by Pliocene volcanic rocks and to the
west by the Upper Miocene Laguna Verde volcano and
Miocene/Pliocene volcanic rocks (Figs. 2 and 7). To the north,
its lava flows are in contact with flows from El Cóndor vol-
cano (Figs. 2 and 7).

The NW side of Falso Azufre is formed by the morpholog-
ically oldest part of the massif, the Kunstmann edifice
(González-Ferrán et al. 1985; Clavero et al. 2012; Figs. 7 and
8). This edifice has smooth flanks and is truncated by a 3-km-
wide collapse scar open towards the SE and filled by younger
lavas (Fig. 7). On the lower SW flank of the massif, there is a
small, 2-km-wide edifice with short stubby lava flows (SW
edifice; Figs. 7 and 8) that appears to be older than the main
edifice of Falso Azufre, as it has diverted its lava flows.

The highest and main edifice of the complex (Falso Azufre
sensu stricto) occupies the central-western part of the massif
(Figs. 7 and 8). It has a relatively large and flat summit region
occupied by a main crater (1.3 × 1 km) on the NW end, and
several minor craters and vents (with diameters ranging be-
tween 0.3 and 0.6 km) aligned towards the SE (Falso Azufre
s.s. summit region; Fig. 7). We interpret from satellite image
analysis that this summit region is blanketed by pyroclastic
deposits, as was previously suggested by de Silva and Francis
(1991). The flanks of the main edifice are covered by several
lava flows extending towards the N, W and S (Falso Azufre
s.s. flank lava flows; Figs. 7 and 8).

Fig. 6 Panoramic views of Incahuasi volcano from a Northeast and b Southeast. Values at the lower left of each photograph are the approximate
horizontal distances covered by the images
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The eastern part of the massif is made up of the Dos
Conos edifice (Figs. 7 and 8). Its summit region, bounded
to the south by a ENE-WSW-oriented scarp, consists of
two small, steep cones, other minor eruptive vents and
several short lava flows (Dos Conos summit region; Figs.
7 and 8). Both voluminous and small lava flows cover the
N and S flanks of the edifice (Dos Conos flank lava flows;
Figs. 7 and 8).

At the eastern edge of the massif, two large coulées (3 and
5 km long), a large dome and its associated lava flow (7 km
long), small stubby flows and five small (diameters of ~ 400 m)
domes lay on top of the Dos Conos flank lavas or intrude older
volcanic rocks (Eastern domes, coulées and flows; Figs. 7 and
8). Their pristinemorphology suggests that this unit is the youn-
gest of the massif. The Dos Conos edifice and the Eastern unit
are cut by several lineaments and faults striking ENE-WSW to
E-W (Fig. 7).

A sample of the Kunstmann edifice is andesitic and has the
lowest SiO2 concentration (58%), whereas all other lavas of
the massif have SiO2 > 60%. The lava flows of the Falso
Azufre s.s. and Dos Conos edifices are andesitic or
trachyandesitic. The Eastern unit domes and coulées are
dacitic, whereas the Eastern unit flows are andesitic, similar
to the andesites of the main edifices (Fig. 3; Table 2). All
samples of Falso Azufre belong to the high-K calc-alkaline

series. At several locations, the massif has undergone strong
hydrothermal alteration (Figs. 7 and 8).

K-Ar ages

There are seven previous K-Ar ages of lavas from Falso
Azufre. Zentilli (1974) obtained ages of 0.91 ± 0.18 and
0.89 ± 0.26 Ma for andesitic lavas on the southern flank.
Mpodozis et al. (1996) obtained ages of 0.70 ± 0.20 Ma for
an andesite flow on the western flank and < 1 Ma for an
andesite on the southeastern flank. Clavero et al. (2012) ob-
tained an age of 1.0 ± 0.4 Ma for a dacite on the NW flank and
two ages of 2.9 ± 0.2 and 3.5 ± 0.7 Ma for andesites belonging
to the Kunstmann edifice.

We have obtained 11 new K-Ar ages (Table 3; Figs. 4 and
7). The oldest age of 2.53 ± 0.24 Ma is of a lava flow from the
Kunstmann edifice; all other ages are < 1 Ma. Six samples of
the Falso Azufre s.s. and of the Dos Conos flank lava flows
have ages between 0.9 and 0.5 Ma. They belong to lavas
located on the S (0.64 ± 0.22 Ma), SW (0.64 ± 0.06 Ma), W
(0.66 ± 0.07 Ma) and N (0.53 ± 0.09 Ma) flanks of the Falso
Azufre s.s. edifice, and on the S (0.91 ± 0.22 Ma) and NE
(0.71 ± 0.19 Ma) flanks of the Dos Conos edifice (Fig. 7).

The remaining four samples have ages < 0.4 Ma and be-
long to the Dos Conos summit region and the Eastern unit. A

Fig. 7 SRTM 30 m DEM-derived shaded relief image of Falso Azufre volcano showing volcanic units and features and new K-Ar ages
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short lava flow in the Dos Conos summit region, at the SW
foot of the western cone, gave an age of 0.37 ± 0.04 Ma
(Fig. 7). A small thick flow on the SE flank of the massif
has an age of 0.26 ± 0.08 Ma (Fig. 7). The large southeast-
ern dacitic coulée gave an uncertain age with a large error
(0.26 ± 0.31 Ma); however, its stratigraphic position on top
of the flow with an age of 0.26 ± 0.08 Ma indicates it is
younger than this age (hence, its age can be adjusted to <
0.34 Ma). The youngest obtained age of 0.16 ± 0.08 Ma
belongs to the lava flow of the eastern dome and associated
flow (Fig. 7).

El Cóndor volcano

El Cóndor volcano is located in an extremely remote region,
entirely within Argentina, reaching an elevation of ca.
6400 m. It covers the western part of the Laguna Amarga
caldera (Figs. 2 and 9). The distribution of its lava flows was

constrained by the Laguna Escondida volcano to the NW, an
unnamed volcano to the SW (we name it Condorito) and by
Falso Azufre lavas to the S (Figs. 2 and 9). To the N, the
volcano covers the Lower Pliocene Laguna Amarga
Ignimbrite, whereas to the east, El Cóndor lavas were free to
flow long distances across the floor of the Laguna Amarga
caldera (Figs. 2, 9 and 10).

El Cóndor is a NNW-SSE elongated massif and covers an
area of 281 km2; its height is estimated at 1.8 km. Two distinct
stages of activity are evident, an older pre-Cóndor stage, and a
more recent Cóndor stage (Fig. 9).

The pre-Cóndor units make up most of the northern flank
of the massif and parts of the eastern and southeastern flanks
(Main pre-Cóndor edifice; Figs. 9 and 10). The upper parts of
these flanks show large scarps. The 2.5-km-wide SE scarp
open towards the west, looks very much like a caldera rem-
nant. The lower flanks of the northern pre-Cóndor sector con-
sist of a few relatively well-preserved lava flows and two

Fig. 8 Panoramic views of Falso Azufre volcano from aNortheast, b Southeast and c Southwest; d large coulée on SE flank; e small dome on NE flank.
Values at the lower left of each photograph are the approximate horizontal distances covered by the images
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possible domes. To the SW, El Cóndor volcano abuts with the
small Condorito edifice which can be considered also part of
the pre-Cóndor stage (Condorito edifice; Figs. 9 and 10). It is a
0.7-km-high conical edifice with a 4 km base and truncated by
a large 1.4-km-wide, partially filled, crater.

On the NNW lower flank of the massif, two small mafic
scoria cones and associated lavas rest on top of the pre-Cóndor
deposits (NW mafic center; Fig. 9). Their degree of preserva-
tion suggests that this center is older than the Cóndor stage.

The Cóndor stage consists of a great number of well-
preserved blocky lava flows partially covering the pre-
Cóndor deposits and extending beyond them (Cóndor stage;
Figs. 9 and 10). The flows make up the western flank, most of
the southern flank, and parts of the eastern flank of the volcano
(Fig. 9). The summit region has four small (0.1 to 0.35 km
diameters) craters aligned NNW-SSE (parallel to the elonga-
tion of the whole massif) and seems to be blanketed by scoria
and pyroclastic deposits (Summit region; Fig. 9). Three other
vents are present on the upper SE flank (Fig. 9). Lava flows
seem to have filled the pre-Cóndor scarps and at places
overpassed their rims. Towards the west, flows travelled ca.
9 km until reaching the foot of the Laguna Escondida volcano.

Towards the east, flows travelled down the Laguna Amarga
caldera floor and reached distances of up to 17 km from the
summit region; individual flows on both flanks reach
lengths of 9 km. Based on their morphologies and strati-
graphic positions, the Cóndor stage lava flows can be
separated into three groups. Lava flows 1 are the oldest
and are the farthest-reaching flows towards the E and NE
(Figs. 9 and 10). Lava flows 2 consist of two large flows
on the E and S flanks and partially buried flow remnants
on the SW and W flanks (Figs. 9 and 10). Lava flows 3
are the youngest and most abundant, covering most of the
W and NW flanks and parts of the NE and SE flanks
(Figs. 9 and 10). They can be sub-divided into lava flows
3a and 3b, based on their general appearance; lava flows
3b both cover and are covered by lava flows 3a. Lava
flows 3a are the main type and are dark-colored and thin-
ner. Lava flows 3b are light-colored and thicker; the larger
of these descends the NE flank (Figs. 9 and 10), whereas
the smaller forms a short coulée just south of the summit
region (Fig. 9).

All volcanic products of El Cóndor belong to the high-K
calc-alkaline series. The pre-Cóndor stage lavas are mostly

Fig. 9 SRTM 30 m DEM-derived shaded relief image of El Cóndor volcano showing volcanic units and features and new K-Ar ages
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andesites, except for one dacitic flow on the lower northern
flank. The Cóndor stage lavas are mainly trachyandesites, but
also trachydacites (Fig. 3; Table 2).

K-Ar ages

There are no previous published ages for El Cóndor. Here we
present nine new K-Ar ages (Table 3; Figs. 4 and 9). Three
ages are of the pre-Cóndor stage lavas (Fig. 9). The oldest age
of 3.01 ± 0.15 Ma is of an andesitic lava on the SW flank of
the Condorito edifice. The other two ages, 2.67 ± 0.19 and
2.89 ± 0.20 Ma, are of andesitic and dacitic flow fronts on
the northern lower flank.

The remaining six ages are of the Cóndor stage lava flows.
The oldest dated sample, 0.13 ± 0.02 Ma, corresponds to the
trachyandesitic lava flow 1 that is the farthest-reaching flow of
the volcano, located next to the small Laguna Amarga lake
(Figs. 9 and 10). The large, trachydacitic lava flow 2 on the
southern flank gave an uncertain age of 0.09 ± 0.15 Ma
(Fig. 9). Three ages are of lava flows 3a; two are
trachyandesitic flows located on the SE flank, giving ages of
0.04 ± 0.01 and < 0.08 Ma, and the third is a trachydacitic
flow on the western flank that gave an uncertain age of 0.02
± 0.03 Ma (Fig. 9). Finally, the trachydacitic lava flow 3b on
the NE flank gave an age of < 0.03 Ma (Fig. 9). Most of these
ages have large errors because of the difficulty in obtaining

Fig. 10 Panoramic views of El Cóndor volcano from a East, b Northeast, c Northwest and d Southwest. Values at the lower left of each photograph are
the approximate horizontal distances covered by the images
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high-precision values in such young rocks with radiogenic
determinations; 14C dating is not an alternative as no organic
material is interlayered in the lavas. Nevertheless, the obtained
ages are a good approximation showing that these lavas are
very young, as evidenced also by their pristine appearance.

Volumes, lifespans and growth rates

Table 4 shows the calculated volumes, lifespans and average
growth rates for the three studied volcanoes and units, together
with their associated uncertainties. We estimate only overall
Quaternary growth rates for each of the three volcanoes, as the
existing data is not sufficient to estimate neither the Pliocene

growth rates of Falso Azufre and El Cóndor nor distinguish
between different peak or background growth rates.

Incahuasi has an estimated total volume of 62 ± 6 km3. The
lava dome has an estimated volume of 3.2 ± 0.4 km3, whereas
the SE lava field and the NE mafic center are estimated at ca.
1 ± 0.4 km3 each. Hence, the volume of the main edifice,
excluding the three peripheral units, is estimated at 57 ±
6 km3. The total lifespan of Incahuasi is 1.22 ± 0.13 Ma, or
0.86 ± 0.18 Ma if the NE mafic center is excluded. The aver-
age growth rate is estimated at 0.05 km3/ka (σGR = 0.04–
0.06 km3/ka) considering all units, and 0.07 (σGR = 0.05–
0.10 km3/ka) excluding the NE mafic center.

The total volume of Falso Azufre is estimated at 98 ±
12 km3. The minimum volume for the Kunstmann edifice,

Table 4 Volumes, absolute ages, lifespans and average growth rates of Incahuasi, Falso Azufre, and El Cóndor volcanoes and of their main units

Height Area Volumea Absolute agesb Lifespanc Growth rate (km3/ka)

(km) (km2) (km3) Number Age range (Ma) (Ma) Average Ranged

Incahuasi
Total 2.0 207 62 ± 6 9 1.57 ± 0.10–0.35 ± 0.03 1.22 ± 0.13 0.05 0.04–0.06
Total (w/o NE mafic center) 2.0 166 61 ± 5 8 1.57 ± 0.10–0.71 ± 0.08 0.86 ± 0.18 0.07 0.05–0.10
Main edifice 1.9 128 57 ± 6 6 1.57 ± 0.10–0.71 ± 0.08 – – –
Lava dome 0.6 20 3.2 ± 0.4 1 0.76 ± 0.09 – – –
SE lava field 0.2 18 0.9 ± 0.4 1 0.74 ± 0.05 – – –
NE mafic center 0.3 41 0.8 ± 0.4 1 0.35 ± 0.03 – – –

Falso Azufre
Total 1.2 387 98 ± 12 18 3.5 ± 0.7–0.16 ± 0.08 – – –
Kunstmann edifice 0.3 31 15 ± 2 3 3.5 ± 0.7–2.53 ± 0.24 – – –
SW edifice 0.2 6 0.3 ± 0.1 0 – – – –
Quaternary Falso Azufre 1.1 350 83 ± 18 15 0.91 ± 0.22e–0.16 ± 0.08 0.75 ± 0.30 0.11 0.06–0.22
Falso Azufre s.s. edifice 1.1 202 55 ± 10 8 0.91 ± 0.18e–0.53 ± 0.09 – – –
Falso Azufre s.s. summit region 0.4 22 2.7 ± 0.7 0 – – – –

Dos Conos edifice 1.1 109 26 ± 5 4 0.91 ± 0.22–0.37 ± 0.04 – – –
Dos Conos summit region 0.6 21 3.1 ± 0.6 1 0.37 ± 0.04 – – –

Eastern domes, coulées and flows 0.2 39 1.8 ± 1.2 3 0.26 ± 0.08–0.16 ± 0.08 – – –
Quaternary first pulse
(flanks of Falso Azufre s.s. and Dos Conos)

– 268 75 ± 13 11 0.91 ± 0.22e–0.53 ± 0.09 0.38 ± 0.31 0.2 0.1–1.3

Quaternary second pulse
(Eastern unit + summit regions)

– 82 8 ± 3 4 0.37 ± 0.04–0.16 ± 0.08 0.21 ± 0.12 0.04 0.02–0.11

El Cóndor
Total 1.8 281 109 ± 8 9 3.01 ± 0.15–0.02 ± 0.03 – – –
Pre-Cóndor stage 1.0 87 68 ± 9 3 3.01 ± 0.15–2.67 ± 0.19 – – –
Main Pre-Cóndor remnants 1.0 70 > 19 ± 7 2 2.89 ± 0.20–2.67 ± 0.19 – – –
Condorito edifice 0.7 17 > 3.4 ± 0.9 1 3.01 ± 0.15 – – –

NW mafic center 0.1 2 0.07 ± 0.02 0 – – – –
Cóndor stage edifice 1.2 192 41 ± 15 6 0.13 ± 0.02–0.02 ± 0.03 0.11 ± 0.04 0.4 0.2–0.7

a Volume estimates are given with an uncertainty value (σV); see text for details
b Both previously published and our new ages are considered
c Lifespan estimates are given with an uncertainty value (σL); see text for details
d Growth rate uncertainty range (σGR) spans the maximum and minimum possible growth rates; see text for details
e The age of 1.0 ± 0.4 Ma (Clavero et al. 2012) is not considered due to the large error
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considering only the exposed remnant, is 6 km3, whereas a
preferred volume of 15 ± 2 km3 is obtained considering the
lateral projection of the edifice below younger products. The
volume of Falso Azufre excluding the Kunstmann edifice, i.e.
the Quaternary Falso Azufre, is estimated at 83 ± 18 km3. The
volume of the SW edifice is estimated at 0.3 ± 0.1 km3. The
Falso Azufre s.s. and the Dos Conos edifices have estimated
volumes of 55 ± 10 and 26 ± 5 km3, respectively, whereas the
volumes of their summit regions are estimated at ca. 3 ±
0.6 km3 each. The Eastern unit has a volume estimated at
1.8 ± 1.2 km3. The large temporal hiatus between the
Kuntsmann edifice and the rest of Falso Azufre indicates
two distinct stages. Quaternary activity of Falso Azufre, ex-
cluding the age of 1.0± 0.4 Ma of Clavero et al. (2012) due to
its large error, spans between 0.91 ± 0.22 and 0.16 ± 0.08 Ma;
the estimated lifespan is thus 0.75 ± 0.30 Ma. The average
Quaternary growth rate is estimated at 0.11 km3/ka, with a
large σGR of 0.06–0.21 km3/ka. The available ages suggest
two Quaternary growth pulses: a main pulse between 0.91 ±
0.22 and 0.53 ± 0.09 Ma that constructed the bulk of both the
Falso Azufre s.s. and the Dos Conos edifices and a secondary
pulse < 0.37 ± 0.04 Ma restricted to the summit regions and
the Eastern unit. The volume of the first pulse is estimated at
75 ± 13 km3, with a lifespan of ~ 0.4 Ma and an average
growth rate of ~ 0.2 km3/ka, whereas the second pulse has
an estimated volume of 8 ± 3 km3, a lifespan < 0.4 Ma and
an average growth rate of < 0.1 km3/ka.

The total volume of El Cóndor is estimated at 109 ± 8 km3.
The volumes of the pre-Cóndor and Cóndor stages are diffi-
cult to discriminate as they overlap considerably and the ex-
tent of the un-exposed pre-Cóndor deposits is unknown. The
volumes of the exposed remnants of the main pre-Cóndor
stage are estimated at 19 ± 7 km3 and of the Condorito edifice
at 3.4 ± 0.9 km3, whereas a more realistic estimate, projecting
the slopes of the pre-Cóndor remnants (including the
Condorito edifice) below the Cóndor stage products, gives a
volume of 68 ± 9 km3. The estimated volume for the Cóndor
stage is 41 ± 15 km3. The Cóndor stage has a maximum age of
0.13 ± 0.02 Ma and minimum ages of 0.02 ± 0.03 and <
0.03 Ma; its lifespan is estimated at 0.11 ± 0.04 Ma and its
average growth rate is estimated at 0.4 km3/ka (σGR = 0.2–
0.7 km3/ka).

Discussion

Eruptive histories of the studied volcanoes and their
eruptive potential

Incahuasi

The main edifice of Incahuasi is a voluminous symmetrical
cone built up by andesite-trachyandesite, and subordinate

basaltic trachyandesite, lava flows emitted from one central
vent. Our ages, together with previous ages, indicate that con-
struction of the main edifice took place between ~ 1.6 and ~
0.7 Ma at an average growth rate of ~ 0.07 km3/ka. At 0.8–
0.7 Ma, the locus of activity shifted from the main cone to the
eastern flank, with the approximately coeval emplacement of
the dacitic lava dome and the SE lava field. However, the
undated but pristine-looking stubby coulées on the summit
region and a couple of well-preserved flows on the S and
SW flanks are possibly younger than the dated lavas of the
main edifice, thus activity from the main cone may have con-
tinued after 0.7 Ma. The youngest activity recorded at
Incahuasi is from the NE mafic center, with an age of 0.35 ±
0.03 Ma. However, mafic monogenetic volcanism in the re-
gion is considered mantle-derived, without significant magma
stalling in the crust as in the case of the andesitic stratovol-
canoes of the area (e.g. Drew et al. 2009), and hence the NE
mafic center is probably unrelated to the evolution of the main
Incahuasi edifice.

The main edifice of Incahuasi has been inactive since ~
0.7 Ma and hence future activity seems unprobable. It can
be considered a young extinct volcano following the clas-
sification of Szakács (1994), although future activity can-
not be completely ruled out as other volcanoes in the CVZ
have shown repose periods in the order of 1 Ma (e.g.
Tutupaca; Samaniego et al. 2015), and also because there
seems to be availability of magma in the area (Bianchi et al.
2013; Ward et al. 2017).

Falso Azufre

The evolution of Falso Azufre can be separated into two main
stages. The older stage corresponds to the Kunstmann edifice
remnant. The available ages between 3.5 ± 0.7 and 2.5 ±
0.2 Ma are much older than all other ages, suggesting that
the older stage is an unrelated volcanic episode, on top of
which grew the modern Falso Azufre complex. The
Kunstmann edifice seems to have consisted of a rather simple
cone formed by andesitic lavas; its activity possibly ended
with the formation of the large summit scarp that can be as-
cribed to a partially preserved crater or a collapse event. The
volume of 15 ± 2 km3 for this older stage is possibly an under-
estimate, as deposits may be buried below the products of the
newer stage. The undated SW edifice may have been part of
this older stage or else it is younger, but formed before the
Falso Azufre s.s. and Dos Conos edifices.

The younger and main stage of activity at Falso Azufre is <
1.1 Ma. Considering the minimum age of 0.16 ± 0.08 Ma, the
average growth rate of Falso Azufre’s main stage is ~ 0.1 km3/
ka. This stage can be sub-divided into two pulses. The first
pulse, between ~ 0.9 and ~ 0.5 Ma, constructed the bulk of the
massif, including both the Falso Azufre s.s. and the Dos
Conos edifices, at an estimated growth rate of ~ 0.2 km3/ka.
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This pulse consisted in the emplacement of andesitic-
trachyandesitic lava flows on all flanks of the massif. The elon-
gated, arcuate shape of the massif and the many aligned vents
suggest a strong structural control during this time, with migra-
tion of activity along a NW-SE trend on the western part of the
massif and along an ENE-WSW trend on the eastern part.

The second pulse is < 0.4 Ma and was restricted to the
summit region of the Dos Conos edifice (possibly also the
summit region of Falso Azufre s.s.) and the eastern portion
of the massif and seems to be related to ENE-WSW trending
structures. Short andesitic lava flows built the Dos Conos
summit region, whereas dacitic domes and coulées and andes-
itic lava flows were emplaced on the eastern flank of the
massif. Although not dated, the small lava flows and the py-
roclastic deposits located at the Falso Azufre s.s. summit re-
gion are possibly also part of this younger pulse. The youngest
activity seems to be that of the five small domes, three of
which intrude the lava flow dated at 0.16 ± 0.08 Ma (Fig. 7).
The average growth rate of this second pulse was < 0.1 km3/
ka, hence marking a decrease in productivity.

Available ages of Falso Azufre indicate it is a young extinct
volcano following Szakács (1994). However, considering the
age uncertainties and the absence of absolute ages for
stratigraphically younger domes and for the pyroclastic de-
posits on the Falso Azufre s.s. summit region, the second
pulse of activity possibly extends to < 0.1 Ma and could still
be ongoing.

El Cóndor

Similarly to Falso Azufre, El Cóndor was constructed in two
main stages separated by a long hiatus or repose period.
However, at El Cóndor, the older pre-Cóndor stage remnants
have a widespread distribution that suggests a large edifice
built up at approximately the same location as the present El
Cóndor edifice. Pre-Cóndor activity seems to have been cen-
tered around a large summit region which sourced andesitic
lava flows that form the remnants to the east and north.
Peripheral andesitic and dacitic lava flows and domes were
emplaced on the northern flank, and a distinct but coalescing
andesitic cone, Condorito, grew to the SW. The large scarps at
the summit region of the pre-Cóndor edifice suggest a cata-
strophic, possibly final collapse event, after which activity
ceased. Three ages constrain the pre-Cóndor stage, including
Condorito, to 3.0 ± 0.2 to 2.7 ± 0.2 Ma.

The mafic center on the NW flank of El Cóndor intrudes
the pre-Cóndor deposits, and hence is younger than ~ 2.7 Ma.
Its degree of preservation suggests that it is older than the
Cóndor stage.

The modern Cóndor stage built the present massif on top of
the pre-Cóndor edifice, partially covering it. It consists of lava
flows sourced mainly from a summit region formed by vents
aligned NNW-SSE, suggesting a structural control. Lavas of

the Cóndor stage are trachyandesitic and trachydacitic, hence
suggesting a shift to more alkali-rich compositions in compar-
ison with the pre-Cóndor stage. The obtained ages constrain
the Cóndor stage to < 0.15 Ma, with an overall growth rate of
~ 0.4 km3/ka.

Cóndor stage activity continued until at least ~ 0.02 Ma,
although the age uncertainties hinder further precision.
Furthermore, stratigraphically younger undated lavas in the
summit region are < 0.02 Ma and could very well be
Holocene in age. Hence, the main constructive phase could
still be ongoing. El Cóndor can be considered a dormant ac-
tive volcano following Szakács (1994) and has the highest
potential for future eruptions of the three studied volcanoes.

Hazards related to the three studied volcanoes

Incahuasi, Falso Azufre and El Cóndor volcanoes are located
far from urban areas and thus imply very low to null direct
threat to populations. However, amain international road passes
just south of Falso Azufre and the small settlement of Las
Grutas is located nearby (Figs. 2 and 7). Although pyroclastic
deposits are only recognized through satellite image analysis at
the summit regions of Falso Azufre and El Cóndor, their
occurence in unsurveyed areas or as deposits buried by lava
flows cannot be ruled out. Hence, future explosive activity is
not excluded and could affect several aerial routes passing east
of the area (e.g. Buenos Aires-Lima; most domestic flights
connecting with Salta, Tucumán and Jujuy in northwest
Argentina), as winds flow from west to east at these latitudes.

Comparison of volumes and ages with other
volcanoes from the Paso San Francisco region

The largest Quaternary volcanoes of the Paso San Francisco
region are elongated massifs (Table 1), most of which show
two distinct stages of activity separated by a long hiatus. This
is the case of Falso Azufre, El Cóndor, Azufrera de Los
Cuyanos-Piedra Parada and Tres Cruces (Table 1; Fig. 2).
These four volcanoes are made of Upper Miocene or
Pliocene remnants and Quaternary edifices constructed on
top. Incahuasi in turn is by far the largest Quaternary conical
volcano of the region (Table 1).

The older stages of activity of Falso Azufre (~ 2.5–3.5 Ma)
and El Cóndor (~ 2.7–3.0 Ma) are coeval to several Pliocene
volcanoes to the west (Fig. 2). Taken together, these edifices
attest the abundant volcanism during the Pliocene on an al-
ready well-established frontal arc (e.g. Kay and Mpodozis
2002; Kay and Coira 2009).

Available Quaternary K-Ar and Ar-Ar ages in the Paso San
Francisco region are mostly < 1.7 Ma (Table 1), suggesting a
lull in activity during the Early Pleistocene which coincides
with the hiatus at Falso Azufre and El Cóndor. Main activity at
Incahuasi between ca. 1.6 and 0.7 Ma coincides with activity
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Table 5 Volumes, lifespans and average growth rates of volcanoes from the Central Volcanic Zone of the Andes and world-wide examples
from other arcs

Volcano Volume (km3) Lifespan (Ma) Growth rates (km3/ka) References

Average Range

Central Volcanic Zone of the Andes

Ampato-Sabancaya 44–54 0.44 ± 0.01 0.11 0.10–0.13 Samaniego et al. (2016)
Ampato 38–42 0.42 ± 0.01 0.10 0.09–0.10

Sabancaya 6–10 0.012 ± 0.001 0.65 0.47–0.85

El Misti 70–83 0.11 ± 0.01 0.68 0.59–0.78 Thouret et al. (2001)

Ubinas 56 0.38 ± 0.03 0.15 0.13–0.18 Thouret et al. (2005)

Taapaca 35 1.46 ± 0.07 0.02 0.02–0.03 Clavero et al. (2004b)

Parinacota 46 ± 5 0.16 ± 0.01 0.29 0.24–0.33 Hora et al. (2007)

Irruputuncu 4 0.26 ± 0.05 0.02 0.01–0.02 Rodríguez et al. (2015)

Aucanquilcha 38 0.80 ± 0.06 0.05 0.04–0.06 Klemetti and Grunder (2008)

Ollagüe 80–90 1.10 ± 0.12 0.08 0.07–0.09 Feeley et al. (1993); Wörner et al. (2000);
Clavero et al. (2004a); Vezzoli et al. (2008)

Uturuncu 50 0.80 ± 0.01 0.06 0.06–0.07 Muir et al. (2015)

Láscar (edifice) 15 < 0.043 0.35 0.3–0.4 Gardeweg et al. (1998)
Láscar (erupted) 30–40 0.81 0.7–0-9

Llullaillaco 37a 1.45 ± 0.41 0.03 0.02–0.04 Gardeweg et al. (1984);
Richards and Villeneuve (2001)

Azufrera de Los Cuyanos 36a 1.05 ± 0.09 0.03 0.03–0.04 Polanco et al. (2014)

Ojos del Salado 54a 1.53 ± 0.13 0.04 0.03–0.04 González-Ferrán et al. (1985); Mpodozis et al. (1996);
Gardeweg et al. (1997)

Tres Cruces (Quaternary)b 38a 2.07 ± 0.32 0.02 0.01–0.02 Mpodozis et al. (1996); Gardeweg et al. (2000)

El Cóndor (Quaternary)b 41 ± 15 0.11 ± 0.04 0.4 0.2–0.7 This study

Falso Azufre (Quaternary)b 83 ± 18 0.75 ± 0.30 0.11 0.06–0.22 This study; Zentilli (1974); Mpodozis et al. (1996);
Clavero et al. (2012)

Incahuasi (total)c 62 ± 6 1.22 ± 0.13 0.05 0.04–0.06 This study; González-Ferrán et al. (1985);
Mpodozis et al. (1996)Incahuasi (w/o NE mafic

center)c
61 ± 5 0.86 ± 0.18 0.07 0.05–0.10

Volcanoes from other arcs

New Zealand

Tongariro 60 0.27 ± 0.02 0.22 0.18–0.26 Hobden et al. (1999)

Ruapehu 150 0.21 ± 0.03 0.73 0.58–0.93 Gamble et al. (2003); Conway et al. (2016)

Java

Sundoro 4.4 0.034 0.13 0.12–0.14 Prambada et al. (2016)

Kyushu

Unzen 128 0.44 ± 0.02 0.29 0.25–0.34 Hoshizumi et al. (1999)

Aleutians

Tanaga volcanic cluster 97 0.30 ± 0.01 0.33 0.28–0.38 Jicha et al. (2012)

Seguam Island 79 0.32 ± 0.03 0.25 0.20–0.30 Jicha and Singer (2006)

Mount Katmai (erupted) 70 ± 18 0.089 ± 0.013 0.79 0.51–1.16 Hildreth et al. (2003b)

Mount Mageik (edifice) 20 0.093 ± 0.008 0.22 0.18–0.26 Hildreth et al. (2003b)
Mount Mageik (erupted) 30 0.32 0.27–0.39

Trident (erupted) 22 ± 3 0.14 ± 0.01 0.15 0.13–0.19 Hildreth et al. (2003b)

Mount Griggs (edifice) 20–25 0.29 ± 0.01 0.08 0.07–0.09 Hildreth et al. (2003b)
Mount Griggs (erupted) 35 ± 5 0.12 0.10–0.14

Cascades

Mount Baker stratocone 15 0.043 ± 0.005 0.35 0.25–0.47 Hildreth et al. (2003a)
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at San Francisco, Cerro Bertrand, El Solo and El Muertito,
whereas activity at Falso Azufre between ca. 0.9 and 0.2 Ma
coincides with activity at Azufrera de Los Cuyanos, El Fraile
and El Muerto (Table 1). Available ages for Tres Cruces, Ojos
del Salado and Sierra Nevada span the activity of both
Incahuasi and Falso Azufre (Table 1). Activity at El Cóndor
of < 0.15 Ma is younger than at most other centers. The only
other records of activity within this time span are two Ar-Ar
ages at the Tres Cruces massif of 0.028 ± 0.022 and 0.068 ±
0.009 Ma (Gardeweg et al. 2000).

Comparison of volumes, lifespans and average
growth rates with other Quaternary volcanoes
from the Central Andes and from other arcs

Arc volcanoes tend to have lifespans below 1 Ma, although
some record activity exceeding 1 Ma (see Table 5). They
commonly grow in spurts, with peaks of activity, or cone-

building episodes, separated by repose periods with minor or
no activity (e.g. Hildreth and Lanphere 1994; Davidson and de
Silva 2000; Lewis-Kenedi et al. 2005; Singer et al. 2008).
Cone-building episodes usually last < 100 ka, with growth
rates above 0.1 km3/ka and up to 10 km3/ka (e.g. Singer
et al. 2008 and references therein). Repose periods can last
longer, up to 400 ka (e.g. Hildreth and Lanphere 1994) and
possibly even more in CVZ volcanoes, and can show back-
ground activity that is usually < 0.1 km3/ka (Hildreth and
Lanphere 1994; Hildreth et al. 2003a). However, some volca-
noes show almost continuous activity with no or very short
repose periods (e.g. Jicha et al. 2012). Considering their total
lifespans and volumes, average growth rates of arc volcanoes
may vary significantly, but are generally in the order of 0.05 to
1 km3/ka (Table 5). Estimating growth rates is complicated by
the uncertainties linked to both age determinations and vol-
ume estimations. Volume uncertainties are particularly critical,
and can be very high depending on the degree of erosion,

Table 5 (continued)

Volcano Volume (km3) Lifespan (Ma) Growth rates (km3/ka) References

Average Range

Mount Adams stratocone 200 0.50 ± 0.02 0.40 0.35–0.45 Hildreth and Lanphere (1994)

North Sister 40 0.45 ± 0.15 0.09 0.06–0.15 Schmidt and Grunder (2009)

South sister 17–20 0.05 ± 0.010 0.38 0.29–0.51 Fierstein et al. (2011)

Mount Mazama (erupted) 176 0.42 ± 0.01 0.42 0.37–0.47 Bacon and Lanphere (2006)

Trans-Mexican

Ceboruco 51 ± 2.5 0.10 ± 0.02 0.51 0.40–0.67 Frey et al. (2004)

Tequila 31 ± 2.1 0.04 ± 0.02 0.81 0.51–1.74 Lewis-Kenedi et al. (2005)

Tancítaro 97 ± 3 0.56 ± 0.06 0.17 0.15–0.20 Ownby et al. (2007)

Central America

Santa María 16 0.10 ± 0.02 0.16 0.12–0.21 Escobar-Wolf et al. (2010)
Santa María (pre-1902) 8 0.07 ± 0.02 0.12 0.08–0.19

Northern Andes

Guagua Pichincha 36–38 0.055 ± 0.005 0.67 0.60–0.76 Robin et al. (2010)

Chimborazo (edifice) 72–83 ~ 0.12 0.65 0.55–0.77 Samaniego et al. (2012)
Chimborazo (erupted) 58–80 0.58 0.44–0.74

Southern Andes

Tatara-San Pedro 23.5 0.09 ± 0.02 0.26 0.20–0.36 Singer et al. (1997)

Puyehue-Cordón Caulle 131 0.31 ± 0.01 0.42 0.36–0.48 Singer et al. (2008)
Puyehue 76–104 0.29 0.23–0.35

Lifespans and lifespan uncertainties calculated from maximum and minimum available ages and their errors; for volcanoes with historical activity
minimum ages of zero were considered

For volcanoes lacking a volume uncertainty or range value, a volume uncertainty of 10% was assumed for the estimation of the growth rate uncertainty
ranges
a Volumes estimated by us using the SRTM DEM
bOnly the Quaternary volumes and lifespans are considered
c Values including and excluding the NE mafic center
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notably glacial (e.g. Singer et al. 1997; Hildreth et al. 2003b;
Schmidt and Grunder 2009), and/or the amount of pyroclastic
products not preserved within the edifice (e.g. Gardeweg et al.
1998; Bacon and Lanphere 2006). Hence, caution should be
used when estimating and comparing growth rates, and the
type of growth rate that is being measured (e.g. of the whole
volcano lifespan, of a stage in the volcano evolution, of a peak
cone-building episode) should always be taken into account
(e.g. Hildreth and Lanphere 1994; Singer et al. 2008).

Volumes of individual Quaternary volcanoes from the CVZ
range from 4 to ca. 100 km3 (Table 5; Fig. 11), although a few
other volcanoes not considered here, because they lack de-
tailed studies, have volumes > 100 km3 (e.g. Coropuna,
Chachani, San Pedro-San Pablo, Pular-Pajonales; Grosse
et al. 2014a). Ollagüe, Falso Azufre and El Misti are the

largest volcanoes, with volumes between 70 and 90 km3.
Most of the considered volcanoes have volumes between 35
and 60 km3, and the largest of these is Incahuasi. Lifespans
range from 0.01 to > 1 Ma (0.7 Ma on average). The lifespans
of Incahuasi (~ 0.9 Ma, excluding the NE mafic center) and
Falso Azufre (~ 0.8 Ma) are around average, whereas the cur-
rent lifespan of El Cóndor (< 0.15 Ma) is much shorter than
average, similar to El Misti. The average growth rates range
between 0.02 to 0.8 km3/ka, with a median average of
0.08 km3/ka. The estimated growth rates for Incahuasi (~
0.05 or ~ 0.07 km3/ka) and Falso Azufre (~ 0.1 km3/ka) are
around average. The growth rate of El Cóndor (~ 0.4 km3/ka)
is among the five highest of the CVZ volcanoes, together with
Láscar, El Misti, Parinacota and Sabancaya. These five volca-
noes are the youngest, have the shortest lifespans and have not

Fig. 11 Plot of volume vs. lifespan for volcanoes of the Central Volcanic
Zone of the Andes and world-wide examples from other arcs. For Falso
Azufre and El Cóndor, only the Quaternary volumes and lifespans are

considered; for Incahuasi, values are plotted both including and excluding
the NE mafic center
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yet experienced a considerable repose period; they are proba-
bly undergoing a main growth phase and hence their growth
rates can be considered peak growth rates.

The average lifespan of the selected Quaternary volcanoes
from other arcs is 0.2 Ma, and the median average growth rate
is 0.3 km3/ka. Hence, the Quaternary growth rate of El Cóndor
is similar to the average from other arcs, whereas those of
Falso Azufre and Incahuasi are below average rates. CVZ
volcanoes tend to have longer lifespans and lower growth
rates (and hence probably lower eruptive frequencies) com-
pared to volcanoes from other arcs (Table 5; Fig. 11), suggest-
ing fundamental differences between the CVZ and other arcs
that could be related to the extremely thick crust of the CVZ (>
70 km, e.g. Beck et al. 1996) and/or differences in the subduc-
tion dynamics (e.g. Acocella and Funiciello 2010; Chaussard
and Amelung 2014). A thicker crust may stall magma ascent
(e.g. Trumbull et al. 2006; Chaussard and Amelung 2014),
producing longer lifespans and lower overall growth rates, as
could be the case for most CVZ volcanoes, including Incahuasi
and Falso Azufre. However, higher or peak growth rates are still
possible in the CVZ as shown by the younger volcanoes includ-
ing El Cóndor. Higher rates may occur at volcanoes related to
crustal-scale structures that act as ascent paths (e.g. Wörner
et al. 2000), as could have happened at for example
Parinacota, where a link with a magma focussing lineament
has been suggested by Hora et al. (2007).

Conclusions

Incahuasi, Falso Azufre and El Cóndor are high-K calc-alka-
line, mainly andesitic-trachyandesitic volcanoes, with subor-
dinate dacitic-trachydacitic and rare basaltic (trachy)andesite
products. Activity at the three volcanoes has been mainly ef-
fusive, consisting mostly of the emplacement of lava flows,
but also of coulées and domes, particularly during younger
more felsic phases. Small pyroclastic deposits are only ob-
served at the summit regions of Falso Azufre and El Cóndor.

Activity at Incahuasi was concentrated at a single central
vent during its main constructive phase, from ~ 1.6 to 0.7 Ma,
at a rate of ~ 0.07 km3/ka. The end of this phase was marked
by the emplacement of a large dacitic lava dome and a small
lava field on the eastern flanks, and possibly also felsic
coulées at the summit region. A mafic center formed at ~
0.35 Ma, probably related to a regional event of mafic mono-
genetic volcanism following a NNE-SSW trend.

Falso Azufre and El Cóndor show two stages of activity
separated by long hiatus of ~ 1.6 and ~ 2.6 Ma, respectively.
The older stages are Upper Pliocene. At Falso Azufre, the
younger stage is < 1.1 Ma and had an average growth rate of
~ 0.1 km3/ka. A main pulse between ca. 0.9 and 0.5 Ma con-
structed most of the massif and was followed by a minor more
felsic pulse < 0.4 Ma, restricted to the eastern flank and the

summit regions. At El Cóndor, the younger stage is <
0.15 Ma. It is among the youngest recorded activity in the
region and the estimated growth rate of ~ 0.4 km3/ka is among
the highest reported for composite volcanoes of the CVZ.

Most CVZ volcanoes, including Incahuasi and Falso
Azufre, tend to have longer lifespans and lower average
growth rates compared to volcanoes from other arcs, which
could be related to the extremely thick crust in the CVZ and/or
different subduction dynamics. El Cóndor and a few other
young volcanoes from the CVZ have higher growth rates,
similar to those of other arcs; they have not experienced sig-
nificant repose periods and are possibly still undergoing their
main growth phases.

The three studied volcanoes are at different stages in their
evolutions and hence have different eruptive potentials.
Incahuasi has the lowest long-term eruptive potential, as the
build-up stage ended at ~ 0.7 Ma and no activity from the
main cone has been recorded since then. At Falso Azufre,
the main constructive phase seems to have ended, but a sub-
sequent minor more felsic phase is possibly ongoing; its long-
term eruptive potential is intermediate. El Cóndor has had the
most recent activity and its main constructive phase may still
be ongoing; hence, it has the highest long-term eruptive po-
tential. The eruptive chronology of the three volcanoes plus
the recent identification of a large magma body in the region
(Ward et al. 2017) calls the attention to the hazards that they
may imply. Finally, their eruptive histories may give insights
on the past and/or future behavior of similar volcanoes in other
parts of the CVZ that pose a greater threat.
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