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Polygenetic, silicic collapse calderas are common in the central Andes. Here we describe in detail the Cerro
Aguas Calientes caldera in NW Argentina, which comprises two caldera-forming episodes that occurred at
17.15Ma and 10.3 Ma. We analyse the significance of its structural setting, composition, size and the
subsidence style of both caldera episodes. We find that the caldera eruptions had a tectonic trigger. In both
cases, an homogeneous dacitic crystal-rich (>60 vol.% of crystals) reservoir of batholithic size became
collapse caldera unstable due to the effect of increasing regional transpression, which favoured local dilation through minor
Central Andes strike-slip faults from which ring faults nucleated and permitted caldera collapse.

Puna Both calderas are similar in shape, location and products. The 17.15 Ma caldera has an elliptical shape
(17 x 14 km) elongated in a N30° trend; both intracaldera and extracaldera ignimbrites covered an area of
around 620 km? with a minimum volume estimate of 140 km> (DRE). The 10.3 Ma episode generated
another elliptical caldera (19x 14 km), with the same orientation as the previous one, from which
intracaldera and outflow ignimbrites covered a total area of about 1700 km?, representing a minimum
eruption volume of 350 km>(DRE).

In this paper we discuss the significance of the Cerro Aguas Calientes caldera in comparison with other well
known examples from the central Andes in terms of tectonic setting, eruption mechanisms, and volumes of
related ignimbrites. We suggest that our kinematic model is a common volcano-tectonic scenario during the
Cenozoic in the Puna and Altiplano, which may be applied to explain the origin of other large calderas in the
same region.
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1. Introduction

Silicic collapse calderas constitute a major target in economic
geology due to their association with epithermal deposits (Guillou-
Frottier et al. 2000; Vigneresse, 2007; Aguirre-Diaz et al. 2008),
geothermal reservoirs (Martinez Reyes et al., 2008; Lopez-Hernandez
et al., 2009), and more recently, with major hydrocarbon reservoirs
(Suarez and Marquez, 2007). Silicic calderas are also the source of
major ignimbrite eruptions and represent one of the main hazards
associated with volcanic activity. The tectonic setting that favours the
formation of large silicic calderas is still not well understood.
Therefore, additional combined remote sensing and detailed field
studies are required to determine the regional and local structural
constraints of large silicic calderas.

* Corresponding author. CICTERRA—AVv. Velez Sarfield 1611, CP X5016GCA—Cérdoba,
Argentina. Tel.: +54 351 4344983; fax: +54 351 4333199.
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In the Central Andes ignimbrite province (NW Argentina, N Chile
and S Bolivia), 20 collapse calderas have been identified (Fig. 1) but
many of the Neogene ignimbrites still have not been correlated to
these known emission centres. Many of these calderas have been
identified using satellite images such as the Cerro Galan caldera
(Francis et al., 1983), but others have required detailed geological
mapping of ignimbrite facies and caldera structures to delineate their
geometry and reconstruct their history, such as Luingo caldera
(Guzman and Petrinovic, 2008) and Vilama caldera (Soler et al.,
2007). Available information reveals that most of the Andean calderas
are recurrent in time, showing a polygenetic nature, but there is not a
common pattern followed by these calderas. However, a rapid view of
satellite images reveals that most of the Andean calderas are
associated with major fault zones with orogen-parallel and oblique
trends (Riller et al., 2001), but the role of regional and local tectonics
on the formation of these calderas still remains speculative.

In this work we study the particular example of the Cerro Aguas
Calientes caldera, located in the NW sector of the Argentinean Puna.
Two caldera episodes at ca. 17 and 10 Ma, respectively, generated


mailto:ipetrinovic@yahoo.com
http://dx.doi.org/10.1016/j.jvolgeores.2010.04.012
http://www.sciencedirect.com/science/journal/03770273

16 LA. Petrinovic et al. / Journal of Volcanology and Geothermal Research 194 (2010) 15-26

Bolivia

20°

210 Argentina

65°

220

23°

240

25°

26°

27°

28°

71° 70° 69° 68°

CALDERAS

. Kari-kari
. Pastos Grandes
. Capina
. Cerro Panizos
Vilama
. Cerro Guacha
. Coranzuli
. La Pacana
. Cerro Aguas Calientes
10. Negra Muerta
" | 11. Cerro Galan
j' 12. Luingo
i

CONDUTAWN =

13. Vicuiia Pampa

14. Farallén Negro

15. Cerro Blanco

16. Laguna Escondida
17. Whellwright

” * 18. Mulas Muertas

j & 19. Maricunga

2' 20. Incapillo o Bonete

67° 66° 65° 64°

Fig. 1. Regional map of the Puna-Altiplano Cenozoic calderas and the present state of knowledge about both caldera-related and unrelated ignimbrites. Caldera names modified from

Riller et al. (2001).

similar ignimbrites and caldera depressions in an analogous structural
framework. We revise the previous stratigraphy of the Cerro Aguas
Calientes caldera proposed by Coira and Paris (1981) and latter
modified by Petrinovic (1999). New distribution and volume
estimates of the associated ignimbrites are provided, as well as a
reinterpretation of the caldera episodes and the structural limits of the
resulting depressions. We also analyse the role of the local and
regional tectonics on the evolution of caldera-forming episodes.
Results are compared with theoretical stages of caldera formation and
resurgence (e.g. Marti et al., 1994; Acocella et al., 2004; Holohan et al.,
2005, 2008; Geyer et al., 2006).

Finally, we analyse the results obtained in order to check if the
Cerro Aguas Calientes caldera constitutes an example of tectonically
controlled collapse caldera comparable to other major Andean
calderas. A discussion on areas and volumes of calderas and
ignimbrites and their significance in the Puna-Altiplano region is
also included.

2. Geological background and tectonic setting

The stratigraphic basement of the studied area corresponds to the
Late Neoproterozoic to Early Cambrian Puncoviscana Formation
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(Turner, 1964) (Fig. 2) and is represented by turbiditic sandstones,
affected by low-grade metamorphism. The rest of the Palaeozoic
sequence is limited to Ordovician rocks in the area, and comprise a
plutonic-volcano-sedimentary marine sequence (Coira, 1973; Vira-
monte et al., 2007). The Cretaceous to Paleocene basins constitute the
westernmost outcrops of the northwestern Argentina Cretaceous rift;
the Eocene to Recent sequence represents parts of the Andean
foreland basin (Hongn et al., 2007; Carrapa and Decelles, 2008).

The Cerro Aguas Calientes caldera is placed on the Precambrian to
Ordovician basement that thrusts on Cretaceous to Recent sediments
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(Fig. 2). This structural pattern is common in the Puna physiography,
where bivergent faults delimit narrow valleys within mountain
chains. While Neogene sediments fill the intermountain basins, the
topographic highs are always made of basement and older rocks.
The Cerro Aguas Calientes caldera is placed 15 km westward of the
eastern border of the Puna. This morphological limit includes a
protracted deformation belt that has been active from Ordovician to
Present time. The Cretaceous outcrops mark the western limit of the
NW Argentina rift. These sediments were then inverted in Eocene
time, during the early stages of the Andean orogeny (Hongn et al.,

N

<>

Fig. 2. Geological map of the Cerro Aguas Calientes area showing major volcanic units, main structures and basement rocks distribution (modified from Petrinovic et al., 1999).
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2007). At present, historic earthquakes >7 in magnitude (e.g. La Poma
1930) evidence neotectonic activity. So, the eastern border of the
Puna, from 20°S to 26°S, is a wide, mechanically anisotropic area,
which may favour emplacement and ascent of magma, if it is available
at depth.

A major fault, the “Calama-Olacapato-El Toro fault zone” (Salfity,
1985; Riller et al., 2001) is delineated by discrete and diverse minor
faults, most of which have a left-lateral slip component (Fig. 2). Some
volcanic centres are aligned on this major fault, which has
traditionally assumed to play a major role in the emplacement of
these emission centres (e.g. Matteini et al., 2002; Petrinovic et al.,
2005), but also in the formation of some calderas located on the same
tectonic lineament (e.g. Negra Muerta Caldera: Riller et al., 2001).

The relationship between these major fault zones and volcanism in
the Puna region is a subject of present debate (Viramonte and
Petrinovic, 1990; Riller et al., 2001), but only few kinematic studies
and tectono-volcanic timing and relations are available (Marret et al.,
1994; Riller et al., 2001; Petrinovic et al., 2005, 2006; Mazzuoli et al.,
2008).

3. Stratigraphy of the Cerro Aguas Calientes caldera

The stratigraphy of the volcanic units of the Cerro Aguas Calientes
was formerly proposed by Coira and Paris (1981) and then modified
by Petrinovic (1994, 1999). Here, we have unified both stratigraphic
frameworks and added new data and interpretations of the area
(Figs. 3 and 4).

The volcanic sequence of the Cerro Aguas Calientes caldera
includes two major ignimbrites: the Verde and Tajamar ignimbrites.

3.Abra Gallo

4.Q. Tajamar
2. C.Colorado i

1.El Tegca

3.1. Verde ignimbrite

This unit, identified by Petrinovic (1994), forms the lowermost
unit of the caldera sequence. It is a strongly indurated rock due to
welding and devitrification. The base is not exposed and its top is
partially covered by the Tajamar ignimbrite. It is a homogeneous
pumice-rich deposit, with a characteristic dark to pale green colour
and an intense tectonic foliation (Fig. 5A). The pumice fragments are
commonly flattened due to welding and show diffuse contacts with
the matrix. The Verde ignimbrite is also characterised by the presence
of non-vesicular juvenile components (commonly silicified), which
have a petrographic and geochemical composition identical to the
pumice fragments (Fig. 5B). Crystal fragments are quartz (up to
2 mm), plagioclase (>3 mm), and biotite and hornblende that are
generally replaced by hematite-magnetite. Plagioclase crystals com-
monly show corrosive textures, evidencing disequilibrium growth.
The groundmass is vitrophyric, with pyroxene and plagioclase
microlites; it is commonly re-crystallised, silicified and mineralised,
with Pb-Ag-Zn (Fig. 5C) and Sb-Au veins (Sureda et al., 1986). The
crystal content of the pumice fragments (58% vol) is equivalent to that
of the matrix and the original glass has been completely devitrified
due to vapor-phase and post-emplacement hydrothermal alteration.
The latter transformed the original glass into a micro-crystalline
aggregate of chlorite, clay minerals, iron-titanium oxides and quartz.

The southern and westernmost outcrops (Figs. 3, 4) exhibit
conspicuous breccia lenses, more than 10 m long, composed by
granitic and pelitic blocks, up to 60 cm in diameter, from the
Ordovician-Precambrian basement and pumice fragments of 0.1 to
8 cm in size, both immersed in an ashy matrix. These breccia lenses
are included into the main body of the ignimbrite and are interpreted

REFERENCES

{2%@? Tajamar Unit
- (1 a. Stratified layer Tajamar
Ignimbrite
Chorrillos Unit
a. Lithic breccia

<1 Verde Ignimbrite
1 a. Lithic breccia

# o+
", * .+ | Ordovician plutonic rocks
B+ <+

Fig. 3. Generalised stratigraphic sections of Aguas Calientes caldera ignimbrites. Location of individual sections is represented by stars in Fig. 4. No vertical and horizontal scales.
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Fig. 4. Geological map of the Cerro Aguas Calientes caldera and related ignimbrites (modified from Petrinovic, 1999).

as co-ignimbrite lithic lag breccias, in the sense defined by Druitt and
Sparks (1982).

The exposed thickness of the Verde ignimbrite ranges from
>520 m at the top of the Cerro Verde (Fig. 4) to 80 m thick in the
southernmost outcrops. The area covered by the Verde ignimbrite is of
about 650 km? and the minimum estimated volume is ca. 140 km>
(DRE). In all the volume computations, we have included both
primary and extrapolated data. Primary thickness measurements
were surveyed at key places in the field (as proximal facies at collar
zone, intracaldera sections in the caldera moat, dissected sections at
the resurgent domes and distal outflow facies). Intermediate points

both in intracaldera and outflow ignimbrites were extrapolated from
those and integrated in a grid of thickness data. Volumes were then
obtained from solids which were built with commercial software
(Surfer + Voxler, Golden software®©).

The available K/Ar ages (Petrinovic et al., 1999) for the Verde
ignimbrite are shown in Table 1. Also, an age of 17.2 4-0.5 Ma (K/Ar in
biotite) was reported by Olson and Gilzean (1987) Field relationships
and field characteristics, such as the presence of a strong tectonic
foliation and a marked angular unconformity with the overlying unit,
allows the distinction of the Verde ignimbrite (Verde ignimbrite +
Aguas Calientes ignimbrite in the sense of Petrinovic et al., 1999) from
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Table 1
Available isotopic ages of the Cerro Aguas Calientes ignimbrites.*

Sample  Unit %K 40 Ar* 40Ar*/ Age 20

(nl/g) 40Art (Ma) (Error)

931242  Tajamar Ignimbrite 732 296 0.57 104 +0.3
(outflow facies)

931247  Tajamar Ignimbrite 7.03 285 0.64 104 +03
(outflow facies)

931233  Tajamar Ignimbrite 7.28 291 0.63 102 +0.2
(outflow facies)

931234  Tajamar Ignimbrite 745 3.51 0.62 121  +04
(outflow facies)

891211  Tajamar Ignimbrite 73 3 0.76 105 +0.7
(outflow facies)

931212  Tajamar Ignimbrite 744 3.05 0.61 105 +0.2
(outflow facies)

89118 Tajamar Ignimbrite 6.75 2.59 0.72 9.8 +0.3
(outflow facies)

9173 Tajamar Ignimbrite 7.54 3.03 0.48 103 +0.3
(Intracaldera-Tajamar unit)

89114 Tajamar Ignimbrite 7.52 3.09 0.44 105 +03
(Intracaldera-Tajamar unit)

941247  Tajamar Ignimbrite 7.04 294 0.85 107 +14
(Intracaldera-Tajamar unit)

941248  Tajamar Ignimbrite 7 25) 0.85 106 +0.3
(Intracaldera-Tajamar unit)

9179 Tajamar Ignimbrite 7.47 293 0.78 101  +03
(Intracaldera-Tajamar unit)

931231  Tajamar Ignimbrite 7.18 2.85 0.66 102 +0.3
(Intracaldera-Tajamar unit)

931223  Tajamar Ignimbrite 6.55 2.6 0.65 102 +0.3
(Intracaldera-Tajamar unit)

931226  Tajamar Ignimbrite 7.24 2.86 0.69 10.1  +03
(Intracaldera-Tajamar unit)

931214  Tajamar Ignimbrite 7.51 3.07 0.64 105 +0.3
(Intracaldera-Tajamar unit)

931229  Tajamar Ignimbrite 7.64 3.11 0.38 104 +04
(Intracaldera—Chorrillos unit)

931230  Tajamar Ignimbrite 7.12 3.01 0.59 108 +03
(Intracaldera-Chorrillos
unit-lag breccia)

891113  Tajamar Ignimbrite 7.52 3.02 0.74 103 +0.2
(Intracaldera-Chorrillos unit)

9178 Verde Ignimbrite 711 283 0.36 102 +03
(intracaldera facies)

931213  Verde Ignimbrite 6.15 24 0.65 10 +0.3
(intracaldera facies)

941206  Verde Ignimbrite 6.99 4.41 0.83 162 +1.8
(outflow facies)

941202  Verde Ignimbrite 749 5.11 0.13 175 +05

(outflow facies)
941202d Verde Ignimbrite (lag breccia) 7.49 4.92 0.29 168 +0.5

*Modified from Petrinovic et al. (1999).
Ar*: radiogenic Argon.

Art: atmospheric Argon.

*K/Ar in pumice biotites.

the younger units (Fig. 3). We validated the 17.54+0.5 Ma date
because of its general field relationships and because it is in
agreement with the available geochronological determinations
(Olson and Gilzean, 1987 and with a recent U/Pb determination of
ca. 17 Ma in volcanic clasts from a nearby basin (Petrinovic, unpubl.).

3.2. Tajamar ignimbrite

The Tajamar ignimbrite is represented by two units: the Chorrillos
and the Tajamar units. Both of them are quite similar in composition
and distribution pattern, but were interpreted as two different
ignimbrites in previous studies (Petrinovic et al., 1999). However,

both units do not show significant differences in their geochronolog-
ical age determinations (see Table 1). This, together with field
evidence such as the absence of erosion or weathered surfaces
between the two, suggests that they were erupted in a short time
interval, so they can be treated as two units of the same eruptive
phase separated by a cooling break and a significant change in the
conduit conditions, as we will see below. Therefore, we interpret them
to represent a single ignimbrite-forming eruption.

The Chorrillos unit (Chorrillos ignimbrite in Petrinovic et al., 1999)
unconformably overlies the Verde ignimbrite. It is a grey coloured,
pumice-rich deposit. Pumice fragments are less than 5cm in
diameter, rounded and poorly vesiculated (ca. 35 vol.%), with 40 vol.
% of crystal fragments of quartz, sanidine, plagioclase, biotite and
magnetite/hematite. The bulk matrix of the deposit has a crystal
content proportionally equivalent to that of the pumices. It is a
strongly devitrified pumiceous ash, which was transformed into
smectite/illite association, and contains lithoclasts of pelites from the
basement, up to 7 cm in diameter.

In the southern outcrops, the Chorrillos unit also contains breccia
lenses of pumice and basement-derived lithic fragments (granitoids,
lavas and pelites 5 to 200 cm in size) supported in an ashy matrix
(Fig. 5D). Some lithic clasts of tourmalinic and garnetiferous
granitoids, which do not crop out in the region, occur within these
breccia lenses. These breccia lenses are interpreted as co-ignimbrite
lithic lag breccias, with clasts apparently derived from subsurface
units at the vents of this ignimbrite.

At the eastern side the maximum thickness of this unit is 120 m,
while at the top of the Cerro Aguas Calientes, the ignimbrite is only
35m thick (Fig. 3). The ages of the Chorrillos unit obtained by
Petrinovic et al. (1999) are shown in Table 1. The Tajamar unit always
overlies the Chorrillos and is characterized by a red to pale pink unit
with 26 vol.% of crystal-rich (60 vol.%) pumice fragments up to 35 cm
in diameter in the proximal facies (Fig. 5E). It is composed of highly
re-crystallised ashy matrix, with up to 61 vol.% of phenocrysts of
plagioclase, quartz, biotite and augite. In proximal facies, is strongly
welded, with flattened pumice fragments, and shows a well
developed columnar jointing. As in the case of the Verde ignimbrite,
the Tajamar unit, in both proximal and distal facies is characterised by
the presence of juvenile non-vesiculated fragments, with a compo-
sition similar to the pumices and commonly silicified. The character-
istic red colour of the proximal facies is interpreted as due to a vapour-
phase alteration that led to the oxidation during devitrification of the
matrix and pumice fragments, transforming them into a kaolinite—
montmorillonite-illite—calcite mineral assemblage. The red colour
becomes somewhat little-oxidised pale pink-grey at the distal facies,
showing no flattened pumice fragments.

Near to the top of the Cerro Aguas Calientes, the base of the
Tajamar unit shows a 4 to 8 m thick finely stratified and reversely
graded sets of 4 cm each (Fig. 5F) which grades transitionally to the
main ignimbritic deposit. It is interpreted as a fine dilute pyroclastic
density current deposit starting a new episode of a major ignimbritic
eruption.

The Tajamar ignimbrite shows a clear distinction between
intracaldera and outflow facies, which depends on the caldera border
considered. Towards the south, the facies transition occurs in a
horizontal distance of 800-1000 m. At the northern border, the facies
variation is more clear and occurs in a horizontal distance of 500 m,
while at the eastern border, this change is abrupt and occurs in 150 m
of horizontal distance (Fig. 3). In the later, the intracaldera ignimbrite
increases in thickness more than 300 m when climbing the topo-
graphic barrier and quickly thinning to 100 m when the flows

Fig. 5. Field photographs of: A) folding and alteration of Verde ignimbrite, B) Verde ignimbrite, (j: juvenile unvesiculated fragment, p: pumice fragment); see text for details, C) Mina
La Poma veins and fault plane, D) co-ignimbrite lag breccia deposit next to vents close to eastern ring fault, E) detail of Tajamar ignimbrite in intracaldera facies (j: juvenile
unvesiculated fragment and p: pumice fragment), F) ground surge deposit at the base of Tajamar ignimbrite in intracaldera facies, G) ramp structures in outflow facies of Tajamar
ignimbrite, a white contour delineates an individual ramp with its interpreted strike, H) pyroclastic dykes of Chorrillos unit.
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surpassed the ring fault. Size of crystal-rich juvenile fragments,
flattening and welding degree of pumice fragments and the presence
of well developed columnar jointing decrease drastically in this
transition from intracaldera to extracaldera facies. The ignimbrites
thickness also varies considerably. In Cerro Aguas Calientes, at the
caldera's interior, this ignimbrite has a maximum thickness of 450 m.
By contrast, towards the distal outcrops, the Tajamar ignimbrite thins
considerably, up to less than 100 m. The estimated total volume of the
intracaldera ignimbrite is ca. 100 km? (DRE) and was computed with
the same methodology explained before.

Some ignimbrite units in the neighbouring areas, previously
known as Ignimbrita Olacapato, Ignimbrita Pastos Grandes and
Ignimbrita Abra del Gallo (Coira and Paris, 1981; Petrinovic, 1994),
are reinterpreted here as equivalent to the Tajamar ignimbrite,
according to petrographic, geochemical, stratigraphic, geochronolog-
ical and field characteristics. These outflow facies (see Fig. 4) show an
average thickness of 130 m, moderate welding, sub-rounded pumices
fragments of 4 cm in diameter, radial distances of more than 30 km
from the caldera and the ability to surpass topographic obstacles
higher than 100 m. A characteristic feature of the outflow facies,
particularly at distal locations, is the presence of well developed flow
lineations and ramp structures (Fig. 5G), similar to those found in lava
flows and highly welded rheomorphic pyroclastic rocks (e.g. Soriano
etal., 2002). The present area of outflow outcrops is around 1400 km?,
and the deposit volume estimate is close to 200 km> (DRE).

Consequently, the minimum area covered by the Tajamar
ignimbrite (both intracaldera and outflow facies) is about 2265 km?
and the total estimated volume is around 350 km> (DRE). Nineteen
available isotopic dates (Petrinovic et al., 1999) of this unit range from
12.1 to 9.8 Ma, but the determinations with less error give an average
age of 10.3 Ma (Table 1) in coincidence with other available
determinations (JICA, 1993).

4. Structural features of the Cerro Aguas Calientes caldera

Major N-S trending faults delimit both W and E sides of the Cerro
Aguas Calientes area (Figs. 2, 4). The eastern one, thrusts basement
rocks on Cretaceous to Recent sediments and the western one, thrusts
Cretaceous rocks on Miocene to Pleistocene sediments (Figs. 2, 4). As
most of the N-S regional faults in the Puna and Eastern Cordillera,
they have reverse component and both eastern and western
vergences. Notably, if there is a strike-slip component, it is always
subordinated to the vertical one (Petrinovic et al., 2008).

The “Calama-Olacapato-El Toro” (Salfity, 1985; Riller et al., 2001)
regional lineament is represented by a family of NW-SE (N330°)
minor strike-slip faults that commonly have a left-lateral component;
one of these faults delineates the northern caldera rim (Fig. 4). These
N330° minor faults in the Cerro Aguas Calientes area are bounded by
two N-S trending thrusts, showing a major left-lateral slip motion
with subordinated normal component (Fig. 4). Other group of minor
faults recognised in the area have a general trend of N70° (NE-SW)
and always have a normal with subordinated strike-slip component
(Petrinovic et al., 2006).

Ring-fault planes are commonly covered by the caldera-forming
unit, where the intracaldera facies grades into the outflow one (see
interpretations below), but predominately exhibit the precaldera
sequence (Ordovician granitoids). The segments of ring faults that do
not have a clear outline, were extrapolated from the apparent ones
and are shown in Fig. 4.

Eruption conduits can be recognised as pyroclastic dykes and are
tipically placed in the ring fault surroundings and have two main
trends. A set of pyroclastic dykes are controlled by fault planes oblique
to the caldera rim (System 1; Fig. 4) and another set of pyroclastic
dykes outdraw the caldera ring faults (System 2; Fig. 4). Both systems
of conduits and their directions constitute paramount evidences for
the caldera timing, as will be discussed below.

As a whole, dykes of System 1 trend N330° and correspond to the
Chorrillos unit (Fig. 5H), showing the pumice fragments vertically
aligned and drastically flattened parallel to the conduits. Dykes
thickness is around 1 to 2 m and the length is highly variable with a
minimum of 12 m and a maximum of 200 m, with some shaped as a
sigmoid (Fig. 4). Associated with System 1, are hydrothermal dykes
constituted by silicified breccias cutting the ignimbrite.

System 2 (Fig. 4), is represented by 8 to 17 m thick arcuate
pyroclastic dykes that are formed by the Tajamar unit. Distribution of
these conduits outdraws a concentric pattern enclosing an area of
7 km in diameter (Fig. 4). As in System 1, pumice fragments are
vertically oriented into the conduits.

The Cerro Verde (Fig. 4) is a structural dome with its major axis
oriented N30° in coincidence with the major axis of the caldera
(Fig. 4). The Verde ignimbrite was structurally uplifted more than
800 m from the inferred caldera border and formed this intracaldera
dome. Internal layering or foliation of the Verde ignimbrite dips 20°-
25° in both sides of the Cerro Verde (Fig. 4), thus evidencing a final
stage of uplift after the ignimbrite deposition and subsequent cooling
(Fig. 6).

In the same way, the Cerro Aguas Calientes was uplifted after the
Tajamar ignimbrite eruption (Fig. 6). Field evidence of this includes
the isolated outcrops of the ignimbrite dipping outward in both west
and east slopes and the vertical displacement of intracaldera outcrops
and outflow ones (1000 m).

In order to study the pre- and syn-eruptive deformation in the area
and the relationship between tectonics and caldera formation, we
have obtained a kinematic data set including 40 measurement sites
(Fig. 4) from the pre-10.3-Ma caldera rocks (Ordovician granitoids,
pelites and the volcanic rocks of the 17.15 Ma episode), considering
both major and minor fault planes. The theoretical interpretation of
this data set has been integrated with previous regional structural
data and major geological observations to provide a more realistic
geological approach than with kinematics alone.

5. Caldera-forming episodes

Based on the available geochronological data and new field
observations and facies correlations, we have identified two caldera-
forming episodes in the area of the Cerro Aguas Calientes. A first
collapse caldera event occurred at ca. 17.15 Ma (associated with the
Verde ignimbrite eruption) and a second one at ca. 10.3 Ma (Tajamar
ignimbrite eruption). These two episodes of caldera volcanism were
merged into a single one in previous contributions on the same area
(Petrinovic et al., 1999) due to their similarity in bulk characteristics
and coincidence of some of the early age determinations.

5.1. The 17.15 Ma episode

The outcrop distribution of this caldera-forming episode, in
comparison with the later one, suggests the occurrence of major
tectonically induced topographic changes in the area, indicated by
successive folding and faulting events recorded by different foliation
sets in the Verde ignimbrite and a predominant N-S trend gathering
of the outcrops (Figs. 4, 5B).

The distribution of outcrops of the Verde ignimbrite and the
location of proximal facies (e.g. lithic breccias interpreted as lag
breccias) constitute strong evidence for a caldera collapse episode
associated with its eruption. The position and characteristics of the
caldera rim were modified by the later caldera-forming episode, but
the facies distribution of deposits, the presence of topographic rims
clearly associated with some of them, and the thickness variations of
the Verde ignimbrite, allow us to infer the original collapse borders
shown in Fig. 4, which outline a caldera of major proportions.

The 17 Ma peak in volcanic activity appears to be a regional event
in the Puna (Coira et al., 1993; Petrinovic et al., 2006). It represents the
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EST.2 -Normal faults

EST.1 -Reverse and strike faults
N

Fig. 6. Syn-collapse structural model of the 10.3 Ma cycle in the Cerro Aguas Calientes caldera (theoretical transpressive configuration from Saint Blanquat et al., 1998).

older explosive volcanism recognised in the eastern border of the
central and southern Puna.

5.2. The 10.3 Ma episode

The 10.3 Ma caldera-forming episode is represented by a thick
succession of ignimbrites related to a 220 km? caldera structure
(Fig. 4). Petrinovic et al. (1999) only identified the western border of
the caldera, but the new field data allow us to delimit a complete
caldera border (19 x 14 km) with the major axis elongated in a N30°
trend.

A tumescence episode prior to the caldera collapse is evidenced by
changes in dip of ignimbrite outside of the caldera border (see
structural data in Fig. 4).

As we described above, two vent systems were identified: System
1 and System 2 (Fig. 4). System 1 is constituted by pyroclastic dykes of
the Chorrillos unit with an average strike of N330° (slightly oblique
with respect to the main ring fault). System 2 is younger than System
1 and outdraws an arcuate shape enclosing an area of 7 km in
diameter (Fig. 4). An abrupt dip change of layers, from vertical to
horizontal, next to System 1's pyroclastic dykes (see dip data in Fig. 4),
suggests an immediate deposition of the ignimbrite-forming pyro-
clastic flows around these conduits. The nature of the lithic clasts
(Precambrian to Ordovicic basement rocks) of the Chorrillos unit
suggests that the fragmentation level was deeper than 500 m (the
Verde ignimbrite thickness). The intracaldera pyroclastic flows that
formed both Chorrillos and Tajamar units apparently were synchro-
nous with the caldera collapse as they were restricted to the collapsed
area in a predominant N-S trend. This suggests that these eruptions
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were initially controlled by the tectonic structures in the area, and
thus, apparently acting as fissural pyroclastic eruptions as described
by Aguirre-Diaz and Labarthe-Hernandez (2003) for the Sierra Madre
Occidental ignimbrites in Mexico. During caldera collapse, new
conduits opened in the caldera interior along subvertical and curved
fault planes, mostly with reverse component (System 2; Fig. 4). This
pattern of conduits propagation agrees with the timing proposed in
analogue models (Marti et al., 1994; Acocella et al., 2000). The arcuate
pyroclastic dykes favoured the eruption of the Tajamar unit, which
does not contain significant proportion of basement-derived lithics,
thus indicating a shallower fragmentation level than that for the
Chorrillos unit. Crystal-rich (60%) juvenile fragments slightly vesic-
ulated and tipically silicified groundmass were observed.

Moreover, the intracaldera outcrops are irregularly distributed
into the caldera and their thickness is not homogeneous showing
significant variations from one outcrop to another. This suggests that
the original collapsed surface was topographically irregular (Fig. 4),
which may be a consequence of the pre-collapse deformation in the
area.

The caldera-forming episode ended with a generalised resurgence
and a caldera moat around the resurgent structural dome (Figs. 4, 6).
The topographic difference between the caldera moat and the eastern
border of the caldera suggests a resurgence uplift of approximately
1000 m of the intracaldera block.

Resurgence caused inversion of the subvertical collapse faults of
System 2 re-accommodating the blocks in the Cerro Aguas Calientes
summit (Fig. 4). During or after resurgence, localised hydrothermal
base and precious metal veins occurred at the caldera interior close
to ring faults. Two epithermal systems of Pb-Ag-Zn (La Poma mine)
and Sb-Au (Incachule mine) were set on tensional fractures (Fig. 4).
The latter, was placed in 12 veins with different degrees of
mineralisation in the same fault planes than the pyroclastic dykes
of System 1 (Fig. 4) in a N330°-N350° trend and lengths of 600 m.
The mineral association is antimonite, arsenopyrite and pyrite with
quartz (Blasco et al., 1996) probably enriched in depth (JICA, 1993).
The other epithermal system (La Poma mine) constitutes a major
vein system with N70° in trend, 600 to 1200 m in length and
variable thickness between 0.10 and 0.30 m. The mineralisation
consists of argentiferous galena, pyrite, calcopyrite and sphalerite
associated with tetraedrite, bornite, ullmanite and marcasite with
quartz, calcite and siderite (Argaflaraz and Sureda, 1979) with
scarce supergenic mineralisation. Veins immediately followed the
pyroclastic dykes of the 10.3 Ma cycle using the same fault planes.
At present, much of the hot springs recognised are placed close to
the caldera borders (Incachule, Aguas Calientes, Tocomar and
Antuco), some of them noticeable as potential geothermic reserves
(Petrinovic and Colombo, 2006).

The characteristics and stratigraphy of the Tajamar ignimbrite, as
occurs with the Verde ignimbrite from the previous caldera-forming
episode, reveal that Chorrillos and Tajamar units originated during the
same caldera-forming event and that both were erupted simulta-
neously during the subsidence of the caldera block. The lack of plinian
deposits preceding the emplacement of the ignimbrites suggests that
the onset of the caldera collapse started at the beginning of the
eruption, with the emplacement of the co-ignimbrite lag breccias of
the Chorrillos unit. It then developed immediately into massive
proportions without any previous plinian episode that could
decompress the magma chamber. In this sense, the Cerro Aguas
Calientes caldera is classified as an overpressure caldera according to
Marti et al. (2009). The absence of ash deposits associated with the
ignimbrites, the presence of ash in the groundmass, and the similar
high content of crystals in the groundmass and pumice fragments
suggest that the emplacement of the Cerro Aguas Calientes ignim-
brites did not generate significant ash clouds accompanying the main
pyroclastic flows. These behaved as massive, dense poorly expanded
flows that rapidly transformed into a viscous flow similar to lava flows

or rheomorphic tuffs, as it is indicated by the pervasive flow-ramp
structures developed in the outflow facies (Fig. 5G).

6. The structural control of the calderas and its
regional importance

The significant role of regional and local tectonics on the formation
of collapse calderas has been documented in several field studies (e.g.
Bellier and Sébrier, 1994; Acocella et al., 2002; Spinks et al., 2005;
Aguirre-Diaz et al., 2008), as well as in analogue models of collapse
calderas developed in tensional and strike-slip environments (e.g.
Acocella et al., 2004; Holohan et al., 2005, 2008). In the central Andes,
the emplacement of calderas on strike-fault zones has been previously
investigated (e.g. Viramonte and Petrinovic, 1990), but up to now, the
only example where this relation has been proved and documented is
the Negra Muerta caldera (Riller et al., 2001; Ramelow et al., 2005).

There is considerable evidence of the influence of regional and
local tectonic structures on the formation of the Cerro Aguas Calientes
caldera. As explained in previous sections, it is located on the Calama-
Olacapato-El Toro fault zone (Fig. 1), a major strike-slip fault system
oriented NW-SE and oblique to the major N-S tectonic trends of the
central Andes.

As a result, a left-lateral transpressive setting trending N-S can be
interpreted in the Cerro Aguas Calientes area in agreement with
theoretical models of left-lateral transpression (Saint Blanquat et al.,
1998: Fig. 6) and analogue modelling results (Holohan et al., 2008). A
bi-verging and N-S trending fault system with left-lateral component
that occurred before or simultaneously to the caldera collapse (Fig. 6)
caused local dilation in the N330° straight fault planes and fractures. A
shallow reservoir of partially crystallised dacitic magma of batholitic
proportions was affected by this tectonic episode and became
unstable, facilitating magma chamber rupture and magma fragmen-
tation by a mechanism similar to the one recently proposed by
Gottsmann et al. (2009). Magma immediately mobilised and rose to
the surface using the N330° system (System 1: Fig. 4), initiating the
eruption and subsequent caldera collapse by nucleating the ring fault
from the strike-slip system. Caldera subsidence progressed and a new
group of collapse faults propagated to a central position of the caldera
serving as conduits (Systems 2 in Fig. 4) for the evacuation of major
volumes of ignimbrite-forming pyroclastic flows, together with those
coming out from the ring faults. As a difference with the linear dykes
of the System 1 controlled by tectonic fault planes, these arcuate
pyroclastic dykes were purely formed as a consequence of the collapse
itself and not along pre-existing tectonic lineations.

The left-lateral transpression active at the time of the caldera
formation implies an ENE-WSW shortening direction, which is in
agreement with the suggestion of Marret et al. (1994) for the Miocene
in the Puna region and coeval with an increase of the crust thickening
(Isacks, 1988). For the same area, Petrinovic and Colombo (2006)
proposed a NE-SW Quaternary shortening, which is also valid for the
Quaternary volcanism of the northern Calchaqui Valley, at the eastern
Puna border (Guzman et al., 2006).

Nevertheless, if the N70° tensional faults controlling Pb-Ag-Zn
veins (Fig. 4) are considered as coeval with the N330° ones with
pyroclastic dykes and Sb-Au veins, the change of shortening direction
in time, must be not applicable. The solution of both tensional
directions coeval into the same structural model could be drawn if an
orogen-parallel stretching (Riller et al., 2001; Riller and Oncken,
2003) is considered. Hence, the Quaternary shortening direction
proposed by Petrinovic and Colombo (2006) reinforces this sugges-
tion. Therefore, a combination of left-lateral transpression with NE-
SW shortening direction and NS stretching fulfills the proposed local
structural model proposed and accounts for the presence of both
tensional systems in the same model.

There is no evidence for the kinematics preceding and controlling
the first (17.15Ma) caldera collapse of the Cerro Aguas Calientes.
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However, we infer similar kinematics and caldera collapse conditions
for both episodes because of the ring fault position, the caldera and
resurgence axes, and the coincident bulk distribution of facies.

This particular case of left-lateral transpression favouring a caldera
collapse is probably not unique in the central Andes. Many of the
largest Andean calderas, such as La Pacana, Galan and Panizos, could
be probably explained with a similar structural model. More
interesting would be to look for the same tectonic framework in
those calderas that are still poorly known. Considering the model of
rhomb-shaped domains proposed by Riller and Oncken (2003), most
of the calderas—and generically volcanoes—confined by transpressive
ranges in the Central Andes could be originated in the same manner as
we proposed here.

In order to adequately quantify the potential number of calderas in
this situation, we have calculated the total area, and estimated
volume, of the ignimbritic field in the Altiplano-Puna region. The final
objective is to calculate approximately how much of this ignimbritic
volume is related to known calderas and how much remains
unrelated to recognised emission centres. Fig. 1 summarises the
present state of knowledge about ignimbrites and calderas in this
region. Outcrops of Neogene ignimbrites between 18° and 28°S cover
an area of 44,000 km?, which contrasts with the 70,000 km? proposed
by de Silva et al (2006) for the Altiplano-Puna Volcanic Complex
(APVC; 21°-24°S). If the surface presumably occupied by ignimbrites
but completely eroded out is also considered, then the total area
might be increased by 25%, giving a value close to the 55,000 km?. The
Puna-Altiplano area between 18°S-28°S and 69°W-66°W is of on the
order of 280,000 km?, so the Neogene ignimbritic area is about 20% of
the total surface of the Puna-Altiplano area. From the ignimbritic area,
only 15,000 km? (33%) of the total ignimbritic surface is undoubtedly
related to the recognised collapse calderas, so 29,000 km? (66%) of
ignimbritic outcrops remain without evident association with known
calderas.

Considering a mean thickness of 100 m for the outflow ignimbrites
related to calderas, and providing that the intracaldera volume is 2/3
of the total volume erupted in each episode, the volume of the
ignimbrites related to calderas is about 4500 km® and the total
volume of ignimbrites related and unrelated to calderas is about
7300 km?>. This computation differs again from that of de Silva et al.
(2006) by 15,000 km> for the APVC. Our calculations correspond to
the present state of knowledge on the collapse calderas from the
Puna-Altiplano and reinforce the need to explain this 66% of
“rootless” ignimbrites. Considering that this 33% of caldera-related
ignimbrites is associated with 20 major calderas, another 20 collapse-
calderas (sensu lato Aguirre-Diaz, 2008) could remain unexplored
(see e.g. Aguirre-Diaz y Labarthe-Hernandez 2003).

7. Conclusions

The Cerro Aguas Calientes caldera includes two caldera-forming
episodes that occurred at 17.15Ma and 10.3 Ma respectively. The
17.15 Ma episode is represented by a petrographically homogeneous
eruption unit called Verde ignimbrite, with a minimum volume of
140 km® (DRE) that could increase to 300 km® if non-exposed
outcrops and eroded areas were also estimated. Visible and inferred
borders of this caldera encircle an area of 156 km? with a major axis of
14 km in a N30° trend. Eruption conduits, i.e., ring faults, are outlined
by the presence of co-ignimbrite lithic lag breccia deposits along some
sectors of the caldera border.

The 10.3 Ma caldera-forming episode is better exposed and we can
distinguish the emplacement of two successive cooling units during
this episode, the Chorrillos unit, which represents a minimum volume
of the eruption and the Tajamar unit, which constitutes the main
caldera-forming unit, with a total volume of more than 350 km®
(DRE).

There is strong evidence for a tectonic trigger of the two caldera-
forming eruptions. Deformation along the strike-slip fault of the
Calama-Olacapato-El Toro, on which the Cerro Aguas Calientes
caldera is located, caused pressure disequilibrium in a partially
solidified shallow magma chamber of batholithic proportions. These
caldera-forming episodes initiated with the tumescence of whole
caldera area, probably associated with the growing of the magma
chamber. Magma chamber rupture and opening of eruption conduits
were favoured by N330° fault planes close to the main ring fault
(pyroclastic dykes: System 1) and by the ring fault itself, as it is
marked by the presence of co-ignimbrite lithic lag breccias on the
southern sector of the caldera border. Progressively, subordinate
eruption conduits migrated to the centre of the caldera, forming
arcuate and concentric pyroclastic dykes (System 2) that used reverse
and subvertical fault planes limiting the collapsing blocks. Geometry
and distribution of reverse fault planes are similar to the ones
observed in analogue models of collapse calderas, as occurs with the
propagation from System 1 at the caldera periphery to the System 2 at
the centre of the collapsing zone. As a final stage, 1000 m of
resurgence of the caldera moat provoked the present-day configura-
tion with a N30° elongated structural dome at the interior of the
caldera.

Structural framework indicates an orogen-parallel transpressive
setting, bounded by reverse faults with left-lateral component. This
model agrees in part with the ENE-WSW Miocene shortening
direction proposed for the Puna.

The structural model proposed to explain the formation of the
Cerro Aguas Calientes caldera may be applied to other large calderas
in the central Andes that show similar characteristics and are placed
in similar local tectonic settings.

The two caldera-forming episodes of the Cerro Aguas Calientes
caldera are similar in the eruption sequence and the area and location
of the resulting caldera depressions. Both caldera eruptions started
and continued with the emission of large volumes of ignimbrite,
allowing the caldera collapse to occur from the beginning of the
eruption, without any preceding plinian phase (as much of the Puna-
Altiplano ignimbrites) that could cause magma chamber decompres-
sion. The resulting ignimbrites emplaced as poorly expanded dense
flows that progressively evolved into viscous flows of similar
behaviour to some large-volume silicic lava flows.
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