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This article identifies the Pucarilla–Cerro Tipillas Volcanic Complex and its major eruptive source, the Luingo
caldera (26° 10′S–66° 40′W). Detailed geological mapping, stratigraphic sections, facies analysis and
correlations, including the identification of typical caldera components, allow us to infer the position of a
collapse caldera, elongated at N65° and with a diameter of 19 km×13 km, which is responsible for an
eruption of 135 km3 (DRE) of magma. The high-crystal contents of the associated ignimbrites, combined
with its tectonic setting, indicate that regional and local tectonic structures played a crucial role in the
formation of the caldera.
The Luingo caldera is located on the south-eastern border of the Puna, and is the south-easternmost
recognised caldera of the Altiplano–Puna plateau. The age of the caldera and its products is 12.1 to 13.5 Ma.
Based on its location near the Cerro Galán Complex (2 to 6.5 Ma), we can imply that volcanism existed in the
area for about 10 Ma. The caldera morphology and product distribution account for a middle Miocene
paleao-topography similar to the present one.
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1. Introduction

The number of studies of large collapse calderas in the Central
Andes and their silicic products has increased notably in the last
decade (e.g., de Silva, 1989; Ort, 1993; Petrinovic et al., 1999; Lindsay
et al., 2001a, b; Soler et al., 2007; Petrinovic et al., 2010).

At present, 20 major collapse calderas have been recognised in the
28°–18° S segment (Fig. 1) of the Central Volcanic Zone (CVZ: 28–14°
S Thorpe et al., 1984; de Silva and Francis, 1991). They are
concentrated between 21° and 25° S and include the well known
Altiplano–Puna Volcanic Complex (APVC: de Silva, 1989), where large
ignimbritic fields and calderas have been the focus of several studies
(e.g., de Silva, 1989; Ort, 1993; Lindsay et al., 2001a, b; Soler et al.,
2007). In contrast, few detailed studies have been conducted of the
ignimbrites within the Southern CVZ (25–27°S), where there are few
recognised vents. Between 67 and 69°W, these ignimbrites are
characterised as small to medium in volume (b10 km3) and have
crystal-poor felsic compositions (e.g., Siebel et al., 2001; Schnurr et al.,
2007). One exception is the large-volume Cerro Galán caldera to the
east, which ignimbrites are dacitic and crystal-rich, similar to many of
the ignimbrites of the APVC.

To gain knowledge of the Southern CVZ volcanic sources and
products, we have studied the Pucarilla–Cerro Tipillas Volcanic
Complex (PCTVC) in the south-eastern Puna border. This complex is
composed of vast pyroclastic deposits and minor lava flows that until
now remained unrelated to any known vent. This study identifies an
older caldera-forming episode, the Luingo caldera, within the Cerro
Galán caldera area (Francis et al., 1980; Sparks et al., 1985).We include
field characteristics and facies analysis of deposits of the Luingo
caldera, as well as new isotopic ages and volume computations.

The Luingo caldera's volcanic structure and its products become
the south-easternmost of the Altiplano–Puna plateau. The spatial
and temporal relationship of the Luingo caldera to the Cerro Galán
caldera suggests a recurrent and protracted volcanism, including
similar characteristics in a reduced area which was strongly
conditioned by magma input, storage, and favourable eruption
conditions. Additionally, ash-fall deposits interbedded in sedimen-
tary sequences near the volcanic source, which are approximately
the same age as the Luingo caldera, allow us to evaluate the two for
a possible relationship.

2. Geological background and tectonic setting

The stratigraphy of the volcanic units of the PCTVC has been
proposed by González et al. (1999) and Hongn and Seggiaro (2001).
Reported ages in the area include 12.11±0.11 Ma (Marrett et al.,
1994) for the Pucarilla Ignimbrite and 15.83±0.44 Ma to 14.22±
0.33 Ma for the Hornblendic welded tuff (Sparks et al., 1985). These
ignimbrites have been correlated by González et al. (1999) and Hongn
and Seggiaro (2001). This article unifies the stratigraphy above. The
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Fig. 1. Regional map of the 18–28°S segment of the Central Andes Central Volcanic Zone (modified from Petrinovic et al., 2010), showing the present understanding of the
distribution of ignimbrites and calderas.
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Table 1
Former naming of the units related to PCTVC and the ones suggested in this work.

Former naming Distribution Brief
description

Former assigned
age

Reference Suggested naming

Generic denomination
including large areas

Laguna Blanca Formation W of El Cajón Range Dacitic tuffs Lower Quaternary Turner (1962) Units of the PCTVC (when present
in the area assigned to PCTVC)Laguna Blanca Formation:

Tobas dacíticas
Between El Cajón and
Carachipampa ranges

Dacitic tuffs Lower Quaternary?
Upper Tertiary?

Navarro García
(1984)

Andesitas y dacitas
Tebenquicho

Broadly Spread in the
southern portion of Puna

Andesitic and
dacitic lavas

Middle Miocene
(10–15 Ma)

González
(1992)

Specific denominations Flujos Ignimbríticos South of Hualfín Valley Dacitic
welded tuffs

Quaternary Castillo and
Aguilera
(1988)

Pucarilla Ignimbrite

Welded Tuff Around Jasimaná fault Welded tuff 12.11±0.11 Ma Marrett et al.
(1994)

Pucarilla Ignimbrite Near Hualfín Dacitic tuff Middle Miocene Hongn and
Seggiaro
(2001)

Pampallana Ignimbrite South of Pampallana Andesitic tuff Middle Miocene González et al.
(1999)

Hornblendic welded tuff/old
hornblende welded tuff

Eastern flanks of Cerro
Galán Caldera

Welded tuff 14.22±0.33 to
15.83±0.44 Ma

Sparks et al.
(1985)

Alto de Las Lagunas Ignimbrite
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Pucarilla–Cerro Tipillas Volcanic Complex consists of deposits that
were previously assigned to the Laguna Blanca Formation (Turner,
1962), Tobas dacíticas (Navarro García, 1984), hornblendic welded
tuff (Sparks et al., 1985), flujos ignimbríticos (Castillo and Aguilera,
1988), andesitas y dacitas Tebenquicho (González, 1992), Ignimbrita
Pucarilla (Hongn and Seggiaro 2001), Ignimbrita Pampallana (Gonzá-
lez et al., 1999), and Basalto Antiguo and Andesitas Viejas (González,
1992). The stratigraphic correlations and the new names proposed are
shown in Table 1.

Units from the PCTVC unconformably overlie sediments of the
Payogastilla Group (Díaz and Malizzia, 1984) and more precisely, of
the fluvial Angastaco Formation (Camacho de Alcalde, 1977). In the
studied area, only the basal-middle sections of this formation have
been identified; its middle Miocene age (Grier and Dallmeyer, 1990;
Pereyra et al., 2008) is constrained by the presence of three
interbedded tuffs. The interbedded tuffs are approximately coeval
with the ages determined by Sparks et al. (1985) and Marrett et al.
(1994) for the PCTVC.

In other sections, the PCTVC covers the local Neoproterozoic–
Palaeozoic basement, and includes medium- to high-grade metamor-
phic rocks, such as the La Paya Formation (Aceñolaza et al., 1976), the
Río Blanco Metamorphic Complex (e.g., Hongn and Seggiaro, 2001)
and the Loma Corral Formation (Navarro García, 1984), granitoids of
the Oire Eruptive Complex (Blasco and Zappettini, 1996), and the
Peñas Blancas Granite (Castillo, 1999). The Peñas Blancas Granite
could also be included within the Oire Eruptive Complex, as it is
similar to leucogranites found in this complex described by Viramonte
et al. (2007).

The PCTVC is located on the Puna border, on the boundarywith the
Eastern Cordillera, and marks the eastern limit of the large-volume
Cenozoic magmatism found in the Altiplano–Puna plateau. Most of
the PCTVC deposits are located in the southern prolongation of the
Colomé–Hualfín Valley (Fig. 2). This valley, consistent with most in
the Puna region, is bounded by regional faults with opposite vergence.
The western fault thrusts basement rocks onto the Payogastilla Group,
whereas the eastern fault (Jasimaná Fault: Marrett et al., 1994)
reflects a Neogene inversion of a previous normal fault (e.g., Seggiaro
et al., 2006; Carrera and Muñoz, 2008) and marks the western limit of
the Cretaceous Salta rift (e.g., Hongn and Seggiaro, 2001; Mortimer et
al., 2007) and the eastern limit of the PCTVC. Seggiaro et al. (2006)
show that this reverse NW–SE trending fault has an oblique left-
lateral component. The deposits of the PCTVC are now affected by a
reactivation of the Jasimaná fault (e.g., Marrett et al., 1994; Seggiaro et
al., 2006; Guzmán, 2009); nevertheless, at the time of the major
PCTVC eruption (13.5–12 Ma) this area served as a topographic
barrier, as no deposits or clasts of this complex have been preserved in
the middle Miocene sedimentary sequence to the east of this master
fault. The presence of a topographic high in this area in middle
Miocene time has been previously suggested by Coutand et al. (2006),
based on other evidence.

Other faults to the west (Fig. 2) have similar trends as the Jasimaná
fault (Fig. 2), including left-lateral oblique components and the same
western vergence (Guzmán, 2009). It is noteworthy that some of
these faults were active before the PCTVC major eruptive event and
other faults after it (Guzmán, 2009).

The boundary between the Puna, the Eastern Cordillera and the
Sierras Pampeanas is a highly deformed belt which has been active
since the Proterozoic (Hongn et al., 2008). Different basement
lithologies in contact through the master fault planes are covered by
syn-deformational sedimentary rocks from the Cretaceous rift basin
(e.g., Seggiaro et al., 2006) and the Eocene–Miocene foreland basin
(Hongn et al., 2008). Taking these conditions into consideration, the
successive reactivation of basement anisotropies (Hongn et al., 2008)
has played a significant role in the structural configuration of the area.

3. PCTVC stratigraphy

Here we define new stratigraphic units and redefine previously
named units. The PCTVC includes pyroclastic and effusive deposits
which are divided into units. The discrimination between the different
volcanic units is mainly based on field characteristics, stratigraphic
relationships, petrographic aspects, and chemical composition. The
Pucarilla Ignimbrite is then subdivided based on lithofacies variations.
Stratigraphic sections of particular sites are shown in Fig. 3; three
generalised sections of the recognised volcanic units are represented
in Fig. 4.

3.1. Alto de Las Lagunas Ignimbrite

Based on the well-exposed outcrops in the surroundings of Alto de
Las Lagunas, we rename the hornblendic welded tuff of Sparks et al.
(1985) as the Alto de Las Lagunas Ignimbrite. The base of this
ignimbrite has not been observed; its maximum observed thickness is
80 m and it is commonly covered either by Lavas II (see below) or by
the Cerro Galán Ignimbrite (Sparks et al., 1985). We have determined
a new age of 13.52±0.12 Ma (Table 2; Appendix A), which is younger
than previously reported ages (c.f., Sparks et al., 1985). There is no
evident stratigraphic relationship between the Alto de Las Lagunas
Ignimbrite and the other units of the PCTVC, but this new date
indicates that this ignimbrite initiated the PCTVC sequence. It is a pink



Fig. 2. Geologic map of the Pucarilla–Cerro Tipillas Volcanic Complex and the surrounding area.
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Fig. 3. Measured stratigraphic sections of the PCTVC showing correlation lines. uP: upper Miocene; Pz: Paleozoic. 1) Paleozoic basement, 2) Angastaco Formation, 3) Alto de Las
Lagunas Ignimbrite, 4) Luingo I Ignimbrite, 5) Luingo Breccia, 6) Luingo II Ignimbrite, 7) Hualfín Unit, 8) Arremo Unit, 9) Jasimaná Unit, 10) Lavas I, 11) Lavas II.
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to grey colour, intensely welded and devitrified, massive lapilli tuff.
Three varieties of vesiculated clasts are recognised; the most
abundant type is a grey, crystal-rich (∼30 vol.%) fiamme that forms
about 20 vol.% of the deposit volume, a variety of pink pumice clasts
(altered and flattened, with about 50 vol.% of crystals) are scarce
(b2 vol.%), as are grey crystal mush clasts (vesicle poor, with up to
90% of crystals). Lithic fragments of Palaeozoic granitoids are below
1 vol.%. The ignimbrite is dacitic and crystal-rich (35 vol.%) with
plagioclase, alkaline feldspar, quartz, amphibole and biotite, and with
accessory phases of sphene, apatite, zircon and Ti–Fe oxides.

3.2. Pucarilla ignimbrite

Originally defined by Hongn and Seggiaro (2001), the Pucarilla
Ignimbrite is a medium- to high-grade dacitic ignimbrite with an
intense to (less commonly) moderate degree of welding. The
ignimbrite is crystal-rich (15 to 38 vol.% in pumice and 32 to 48 vol.%
in matrix, see Fig. 5) and has a low lithic content (b3 vol.%). Pumice
contents vary between 10 and 40 vol.%, but generally are between 20
and 30 vol.%. Vesiculated fragments can be divided into three types: 1)
most prominent are common pumice clasts, which vary in colour from
white to black based on the degree of welding, 2) pink pumice clasts
which are flattened (fiamme) and crystal-rich and 3) grey crystal
mush clasts which are crystal-rich (up to 90 vol.% crystal content) and
vesicle poor. It is important to note that the grey crystal mush
fragments are interpreted as cognate fragments, representing side-
wall accumulations of early crystallised (c.f. Lindsay et al., 2001b) but
still are not solidified fractions. The mineral assemblage of this
ignimbrite is plagioclase, clinopyroxene, biotite, quartz with accessory
minerals sphene, magnetite, zircon and apatite. Based on observed
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Fig. 4. Generalised sections of volcanic sequences from the PCTVC. 1) Lavas, 2) breccias, 3) ignimbrites, 4) lithic fragments, 5) pink fiamme, 6) common fiamme/pumices, 7) grey
crystal mush clasts. Ages are from this contribution, except *Marrett et al. (1994), **Folkes et al. (submitted for publication).
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lithofacies variations, the Pucarilla Ignimbrite is subdivided from base
to top into the Hualfín, Arremo and Jasimaná units, described below.

3.2.1. Hualfín Unit
The Hualfín Unit is the lowermost of the Pucarilla Ignimbrite and is

exposed only in a few sections. Identified outcrops are located at
Hualfín, around Tiopampa, and on thewesternmargin of the Los Patos
River (Fig. 2). Its thickness varies from b1 m to amaximumof 6 m and
it is whitish-grey in colour. The Hualfin Unit is a medium-grade
ignimbrite which shows a variable welding degree, ranging from
moderate to low, and constitutes a massive lapilli tuff (Fig. 6a) with a
medium to fine ash matrix. Common pumice clasts are white; their
content is highly variable throughout the section, from 10 to 20 vol.%.
They are sub-rounded and their major axes length varies from less
Table 2
AgesN7.4 Ma in the Cerro Galán area, from the literature and from this work.

Unit Sample description Metho

Ignimbrites K–Ar
Lavas (dacites) K–Ar
Lavas (dacites) K–Ar

Lavas I Lavas (dacites) 40Ar/3

Pucarilla Ignimbrite (Jasimaná Unit) Welded tuff (whole rock) 40Ar/3

Pucarilla Ignimbrite (Jasimaná Unit) Dacite (pumice) 40Ar/3

Pucarilla Ignimbrite (Arremo Unit) Dacite (whole rock) 40Ar/3

Alto de Las Lagunas Ignimbrite Dacite (whole rock) 40Ar/3

Ignimbrites K–Ar
Alto de Las Lagunas Ignimbrite Hornblendic welded tuff (whole rock) Rb–Sr
Alto de Las Lagunas Ignimbrite Old hornblende welded tuff (whole rock) K–Ar
Alto de Las Lagunas Ignimbrite Old hornblende welded tuff (whole rock) K–Ar

a Castillo (1999).
b Francis et al. (1980) ages by Kretzschmar.
c This work.
d Marrett et al. (1994) average of 6 dates, location and identification of Unit pers. comm
e Folkes et al. (submitted for publication).
f Sparks et al. (1985).
than 0.1 to 16 cm, showing some degree of flattening (Fig. 6b) with
maximum strain ratios of 6:1. Grey crystal mush clasts and pink
pumice clasts are fine grained and scarce (b1 vol.%). The grey crystal
mush clasts are commonly incorporated inside the white pumice
clasts. Lithic fragments of granitoids are scarce (b1 vol.%), sub-
rounded to sub-angled, and do not exceed 2.2 cm. The crystal content
of the pumices varies between 15 and 35 vol.% and between 33 and
45 vol.% in the matrix (Fig. 5).

3.2.2. Arremo Unit
The Arremo Unit overlies the Hualfín Unit. We obtained an age of

12.9±0.3 Ma for this unit (see Table 2; Appendix A). It is well-exposed
at the Arremo River (Fig. 2); exposure also occurs at Hualfín, Tiopampa,
Pampa Ciénaga and on themargins of the Los Patos River. Thismedium-
d Mineral Sample Location Age±2σ
errors (Ma)

Whole rock Peñas Blancas area 7.4±0.3a

G26 Cerro Galán area 9.9b

G30 Cerro Galán area 10.4b
9Ar Biotite CMS-21 26 08 35.6 S,

66 36 24.1 W
12.24±0.1c

9Ar Biotite,
Plagioclase

∼25 52.5 S,
∼66 19.5´W

12.11±0.11d

9Ar Biotite P-002 25 54 31.1 S,
66 19 29.4 W

12.12±0.09e

9Ar Biotite N-02 25 56 9.4 S,
66 17 50.9 W

12.9±0.3c

9Ar Biotite CMS-38 26 05 13.7 S,
66 41 15.7 W

13.52±0.12c

Whole rock Peñas Bancas area 13±1a

Biotite SS168 Eastern flanks of Cerro Galán Caldera 14.22±0.33f

Biotite SS 168 Eastern flanks of Cerro Galán Caldera 14.75±0.40f

Biotite SS 168 Eastern flanks of Cerro Galán Caldera 15.83±0.44f

.
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Fig. 5. Diagram showing crystal content (vol.%) found within pumices and in the matrix
of ignimbrites.
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to high-grade ignimbrite has a maximum thickness of 4 m. It is a grey
massive lapilli tuff with a matrix of medium to fine sized ash. It has a
medium-to-high degree of welding and intense devitrification showing
a conspicuous eutaxitic texture (Fig. 6c) with imbricated fiamme. Most
pumiceous fragments are black and are obsidian-like (c.f., Ross and
Smith, 1961)fiamme,makingup20 to40 vol.% of thedeposit. Themajor
fiammeaxes vary from0.5 to 20 cm,with strain ratios of up to 15:1. Pink
fiamme and sub-rounded grey crystal mush clasts are scarce (b1 vol.%),
the latter also occur in the common black fiamme (Fig. 6d). Lithic
fragments are rare (b1 vol.%) and consist of grey and pink sub-rounded
to sub-angular granitoids. Pumice crystal content reaches 30 vol.% and is
between 32 and 48 vol.% in the matrix (Fig. 5).

3.2.3. Jasimaná Unit
This is the most widely distributed unit of the Pucarilla Ignimbrite

and constitutes the top of the sequence with up to 205 m in thickness.
This moderate to high-grade ignimbrite spreads through much of the
area of the PCTVC. Ages of 12.11±0.11 Ma (Marrett et al., 1994) and
12.12±0.09 Ma (Folkes et al., unpublished) have been reported for this
unit (Table 2). The eastern portion of the complex, from Hualfín to
Pampa Ciénaga, has been surveyed, but it probably spreads farther
south, as shown in Fig. 2, based on the interpretation of satellite images
and descriptions contained in previous works (e.g., Navarro García,
1984; Castillo and Aguilera, 1988; González et al., 1999). Small outcrops
have also been identified to the northeast and to thewest of Alto de Las
Lagunas (Fig. 2). The Jasimaná Unit is a pink, massive, highly welded
(Fig. 6e) and devitrified lapilli tuff, where at least five cooling units are
identified; columnar jointing is common. The high degree of welding
persists both vertically and laterally. In a few places the ignimbrite is
spherulitic (c.f., Mc Arthur et al., 1998), but devitrification textures, such
as spherulites, are more abundant inside the pumice fragments, where
primary porosity is greater. The most common fiamme are generally
grey and their abundance ranges from 15 to 35% of the total deposit
volume; their major axes reach 17 cm. Their strain ratios are generally
less than 10:1, but sometimes reach 20:1. Grey and pink pumice clasts
(Fig. 6f) are subordinate (b1 vol.%). The ignimbrite is crystal-rich, with
20 to 38 vol.% in pumice fragments and 35 to 47 vol.% in thematrix (see
Fig. 5). Lithic fragments are rare (b1 vol.%), and where present are grey
and pink sub-rounded to sub-angular granitoids.

3.3. Luingo I Ignimbrite

The Luingo I Ignimbrite is confined to the west of Peñas Blancas
(Fig. 2). Its base is not exposed; the minimum thickness is
approximately 120 m. It is a crystal-rich (∼35 vol.%) intensely welded
ignimbrite, green to grey coloured due to hydrothermal alteration
(Fig. 7a), and displays well-developed columnar jointing in almost all
its extent (Fig. 7b). The volume of the flattened pumiceous fragments
is between 5 and 18%, with volume increasing towards the top of the
sequence. The fragments are green to white, and are correlated, with
variations in both alteration and porosity degrees. Maximum size
ranges from 9 cm to, exceptionally, 19 cm. Lithic fragments are b3% in
volume. Compositionally it is dacitic; the mineral association is
plagioclase, clinopyroxene, chloritised biotite, and apatite, zircon, Fe–
Ti oxides and sphene as accessory phases.

3.4. Luingo Breccia

Overlying the Luingo I Ignimbrite is the Luingo Breccia. Luingo
Breccia has a total thickness of 100 m and is laterally distributed in a
restricted area of 300 m. The deposit is a grey, massive and
consolidated breccia (Fig. 7c and d). It is composed of fragments of
granitoids from the host rock which are sub-rounded to angular,
varying from 1 cm to more than 1 m in diameter. The matrix is a
microbreccia, which has the same composition as the clasts and
increases in abundance from 5 vol.% at the base to 30 vol.% at the top.

3.5. Luingo II Ignimbrite

This ignimbrite overlies the Luingo Breccia in the surroundings of the
Luingo River and the Palaeozoic basement at Peñas Blancas (Fig. 2). It
has amaximum thickness of 70 m. This crystal-rich (35 vol.%, see Fig. 5)
ignimbrite is pale grey and slightly stratified at thebase; towards the top
it becomesdarker andmore indurated due to higher degrees ofwelding.
Fiamme content varies from 4 to 7 vol.% and reaches from 5 to 10 cm in
size, with amean size of 1 cm. The strain ratio increases towards the top
of the sequence to 10:1. Lithic fragments of sub-angular to sub-rounded
granitoids (and less commonly volcanic fragments) constitute less than
1 vol.%. It has a dacitic composition, with a mineral association of
plagioclase, chloritised biotite, quartz and minor clinopyroxene, and as
accessories sphene, Ti–Fe oxides, zircon and apatite. Crystals found in
the Luingo II Ignimbrite are larger than in other units (4 mm).

3.6. Hydrothermal breccias

In the SW border of the Alto de Las Lagunas depression (Fig. 2) a red
to yellowish breccia delineates an arcuate 10-m thick hydrothermal
dyke. The dyke propagates laterally and discontinuously for at least
100 m; its thickness typically changes laterally. The breccia is composed
of sub-rounded to sub-angular individual crystal grains and lithic
fragments of volcanic composition, all of them intensely silicified.

3.7. Lava flows

Restricted lava flows are distributed within the Alto de Las Lagunas
depression, its surroundings, and in the margins of the Luingo River
(Fig. 2). Ventswere not recognised; theflows are probably related toflat
and eroded lava domes or to effusive fissures. These lavas can be
differentiated based on their stratigraphic relations, areal distribution,
chemical composition, and absolute ages. Lavas I are andesitic and are
distributed near the Luingo River. They overlie the Luingo II Ignimbrite
and yield an age of 12.24±0.1 Ma (see Table 2; AppendixA). Lavas II are
dacitic and are distributed around and within the Alto de Las Lagunas
depression. Preliminary data suggests an upper Miocene age (Guzmán
et al., unpublished). Thus, we consider Lavas II as a separate eruptive
episode, which is spatially associated with the 13.5–12.1 Ma episode.

3.8. Tuffs interbedded in middle Miocene sedimentary sequences

Interbedded in the Payogastilla Group continental sequence are
continuous ash-fall deposits N2 m thick, with reported ages between
15.26±0.23 Ma (Pereyra et al., 2008) and 13.4±0.4 Ma (Grier and
Dallmeyer, 1990). These tuffs were compared with the PCTVC
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Fig. 6. Pucarilla Ignimbrite: a) Hualfín Unit: general aspect, it is an indurated massive lapilli tuff, b) some degree of flattening in pumices from the Hualfín Unit, c) eutaxitic texture in
the Arremo Unit, d) Arremo Unit: detail, a grey crystal mush clast incorporated into a common fiamme; e) Jasimaná Unit, intensely welded ignimbrite, f) detail of a pink fiamme from
the Jasimaná Unit.
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deposits in order to determine any possible relationship. The tuffs do
not belong directly to the PCTVC, but do have similar ages and are
close to the ignimbrites of the PCTVC. We name these tuffs, from
oldest to youngest, Tuff I, Tuff II and Tuff III.

The mineral associations of these tuffs were studied by mineral
separation through densimetric and magnetometric methods. Tuff I
(15.26 Ma) has an association of sphene, hornblende, clinopyroxene,
zircon, rutile, apatite and abundant magnetite and ±turmaline. Tuff II
(13.4 Ma) has abundant hornblende, sphene, biotite, magnetite,
zircon, and ±clinopyroxene. Tuff III (middle Miocene based on its
stratigraphic position) has abundant clinopyroxene and ortopyrox-
ene, sphene, rutile, biotite, zircon, apatite and ±hornblende.
The sameanalysiswas carriedoutwith thePCTVC ignimbrites; results
indicate the same mineral association found by petrographic analysis.

4. The Luingo caldera and the PCTVC

Detailed mapping and analysis of stratigraphic sections, facies
association and characterisation, and particularly the identification of
typical caldera components allow us to infer the existence of a
collapse caldera (Fig. 2). As opposed to other well known collapse
calderas in the Central Andes (e.g., Cerro Galán, Pastos Grandes), the
Luingo caldera does not have an evident topographic expression or a
satellite image outline. Therefore its identification is based upon
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Fig. 7. a) Detail of the Luingo I Ignimbrite, showing an intense degree of welding, b) columnar jointing developed on the Luingo I Ignimbrite, c) Luingo Breccia, general appearance,
d) detail of the Luingo Breccia, note sub-rounded to angular fragments within a matrix of the same composition.
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detailed facies association and the survey of morphological elements
in key locations.

The eastern structural side of the caldera rim (Fig. 8) is marked by
the presence of a collapse breccia (Luingo Breccia) interbedded with
intensely welded and hydrothermalised intracaldera tuffs (Luingo I
and Luingo II ignimbrites: Figs. 9a and 10). Evidence of the western
side of the rim was discerned from the presence of an arcuate fault
(Fig. 8), in which intensely silicified hydrothermal breccias are hosted
(Figs. 9b and 10). This fault coincides with the beginning of a
topographic high made of ignimbrites and is the termination of a
depression. The depression (Alto de Las Lagunas) is filled with
epiclastic materials and some younger lava flows (Lavas II) suggesting
that it is an intracaldera valley. Caldera axes (19 km ENE–WSW and
13 km N–S) define an elliptic caldera, elongated at a N65° trend and
located at 26° 10′S–66° 40′W(coordinates of the centre of the caldera).

The distribution and characteristics of the pyroclastic deposits
allow for separation into intracaldera and outflow facies. Thus, we
interpret Luingo I and Luingo II Ignimbrites to be intracaldera facies,
while Pucarilla and Alto de Las Lagunas Ignimbrites to be outflow
facies.

Most of the features of the Alto de Las Lagunas Ignimbrite are
similar to the other ignimbrites of the PCTVC, including identical
pumice and lithic clasts, similar textures and structures. The Alto de
Las Lagunas Ignimbrite has evident outflow characteristics (low
aspect ratios, absence of generalised hydrothermal alteration and
distribution around the caldera) and is located mostly towards the
central-western side of the caldera. However, no intracaldera
equivalent deposits have been found; these must be buried beneath
the exposed intracaldera sequence.
Some uncertainty exists as to the significance of the obtained age
of Alto de Las Lagunas (13.5 Ma), as no pumice separation could be
carried out due to the high degree of welding of the rock samples.
Field relations, facies analysis and bulk characteristics of the deposit
also suggest that Alto de Las Lagunas Ignimbrite is a caldera-related
ignimbrite. However, taking into account solely the ages determined
for the PCTVC ignimbrites, this time period is significant enough to
separate the Alto de Las Lagunas Ignimbrite from the other
ignimbrites, evidence which points to similar but separate episodes.
Future research should elucidate this uncertainty, but with the
present data it is appropriate to consider the Alto de Las Lagunas
Ignimbrite as the first pyroclastic product of the Luingo caldera.

Both the Pucarilla and the Alto Las Lagunas ignimbrites aremassive
lapilli tuffs, where the practical absence of vertical and lateral
variations indicates that steady conditions prevailed during their
sustained deposition. A low to medium aspect ratio (1.21×10−3)
characterises the Pucarilla Ignimbrite.

The best data for determining the eruptive history of the Luingo
caldera is found on the eastern side of the caldera rim, where the
intracaldera sequences are exposed (Figs. 9a and 10). The thickness
and distribution of the intracaldera facies indicate a coeval caldera
collapse. Thus, the sum of Luingo Breccia's characteristics, as well as
its position between the Luingo I and Luingo II ignimbrites, suggest
that the Luingo Breccia corresponds to a collapse breccia (c.f., Lipman,
1976) related to incremental subsidence of the caldera floor and
caldera wall instability. During the eruption, the collapse magnitude
increased in response to an eruption rate step-up (c.f., Druitt and
Sparks, 1984). At this time big blocks of granitoids (the host rock) fell
gravitationally onto the collapsed floor, covering the Luingo I
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Fig. 8. Landsat 7 TM satellite image showing the Luingo caldera area; dashed line highlights the recognised caldera rim.
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intracaldera Ignimbrite, and emitting the Luingo II Ignimbrite. The
collapse breccia (Luingo Breccia) indicates a catastrophic topographic
change, possibly associated with an increase in the conduit size (c.f.,
Wilson et al., 1978; Lipman, 1976; Tucker et al., 2007). The conduit
enlargement was accompanied by the eruption of great volumes of
magma and the deposition of a thick intracaldera ignimbrite (Luingo
II) and its outflow equivalent, the Pucarilla Ignimbrite. Both the
Luingo II Ignimbrite and the Luingo Breccia distributions denote the
presence of an active depression at the time of this episode. The
extensive and homogeneous hydrothermal alteration in the intracal-
dera sequence points to an active and extensive circulation of fluids,
as well as a significant cooling time of the deposits at the end of the
caldera cycle. Finally, lava domes, possibly partially eroded, covered
the intracaldera ignimbrites.

Plume development and possible initial plinian phases in relation
to the caldera-forming events were tested. The caldera event was
coeval with the presence of syn-orogenic basins in the neighbouring
valleys, where extensive and continuous ash-fall deposits were
interbedded in the continental sequence of the upper Payogastilla
Fig. 9. a) intracaldera facies on the eastern side of the rim; collapse breccias interbedded with
the rim.
Group. A comparison of mineral assemblages indicates that Tuffs I, II
and III are not comparable to any of the identified PCVTC ignimbrites.
Thus these ash-fall deposits are not related to the Luingo caldera
episode. The thickness (ca. 1 m) and the grain size (fine ash) of these
tuffs indicate that a major eruption occurred elsewhere to the west.
Therefore, if the Luingo caldera episode produced plinian deposits or
co-ignimbritic ashes, neither have been preserved in the sedimentary
basin around the caldera.

Almost all of the pyroclastic facies of the PCTVC are highly welded
ignimbrites, which reach horizontal distances of more than 35 km and
have similar degrees of welding. To achieve these characteristics, a
combination of factors would have played an important role in
preventing heat loss, leading to high emplacement temperatures. Two
likely factors were high mass eruption rate, that would make the
column dense enough to produce its immediate collapse, and a small
air ingestion (c.f., Smith and Bailey, 1966; Sparks and Wilson, 1976),
that would have a minimum influence on the effective density of the
column, thereby inhibiting the development of a high-eruptive
column (c.f., Sparks and Wilson, 1976). The high-crystal content of
intensely welded tuffs, b) detail of hydrothermal breccia present on the western side of
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Fig. 10. Schematic cross section of the Luingo Caldera for middle Miocene and present day.
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these ignimbrites (Fig. 5) elevates their bulk viscosity; thus the factors
for heat preservationmay have been significant. Hence, the absence of
plinian deposits, the high-crystal content in pumice fragments
(partially solidified magma), the persistent flattening of pumices
(fiamme texture), even in distal facies (high heat retention capacity),
and the immediate deposition of ignimbrites around vents points to a
very low column collapsing immediately. This has been suggested for
many other calderas in the CVZ (c.f., Sparks et al., 1985; de Silva, 1989;
Ort, 1993; Lindsay et al., 2001a; Soler et al., 2007).

One important feature is that the recognised caldera is bounded by
NW–SE regional faults (as seen in Fig. 2). Considering the high-crystal
content of all the deposits related to the caldera, it is tempting to
consider that these faults played a crucial role in allowing the eruption
from a magma chamber with these characteristics.

The caldera has the typical characteristics of an overpressure
collapse caldera according to Martí et al. (2009), including (i) an
absence of plinian phases, (ii) large caldera size, (iii) important
volumes of erupted magma (N100 km3), (iv) almost all of the erupted
magma accompanied caldera subsidence, (v) calc-alkaline dacitic
composition, and (vi) most caldera-forming sequences correspond to
syn-collapse deposits. Some features of this caldera, like the absence
of fallouts beneath major ignimbrites, the crystal-rich nature of
pumice, the large-volume widespread ignimbrite sheets and an
evident tectonic control are indicative of fissure type eruptions
(Aguirre-Díaz and Labarthe-Hernández, 2003), which in Aguirre-Díaz
et al. (2008) may classify as a graben caldera.

Moreover, the Luingo caldera contains features suggesting typical
trapdoor subsidence: (i) elongated configuration (c.f., Lipman, 1997),
(ii) asymmetric distribution of outflow facies in plan view, concen-
trated in the eastern sector, and (iii) presence of a combination of well
defined arcuate and linear faults and less evident structural rims, akin
to those obtained by analogue models in this type of calderas (c.f.,
Kennedy et al., 2004).

Regarding the caldera collapse triggers, we have identified two
major, possibly coeval, processes in the Luingo caldera-forming
events: (i) magma recharge (Guzmán, 2009) and (ii) a syn-collapse
incremental tectonic activity. Processes such as magma recharge and
volatile exsolution alone are not effective or significant enough to
drive eruptions in a caldera-scale crystal-rich magma chamber
(Schmitt et al., 1999; Lindsay et al., 2001b; Riller et al., 2001). On
the other hand, tectonic triggers in calderas that contained crystal-
rich magma chambers of batholithic dimensions are well documented
(e.g., Gottsmann et al., 2009). In most of the Central Andes calderas,
triggers of explosive volcanism, particularly of caldera collapse, have
been interpreted to be a combination of magma recharge and
incremental deformation (Lindsay et al., 2001b; Riller et al., 2001;
Petrinovic et al., 2005; Soler et al., 2007). Regional faults, especially in
the eastern Puna border, are bi-vergent, delineating lowered
basement blocks that enclose syn-tectonic basins and uplifted
basement blocks that act as range-barriers (Coutand et al., 2006;
Hongn et al., 2007; Strecker et al., 2009). The combination of NW–SE
major faults, which have oblique components of left-lateral slip, with
NE–SW faults, which have right-lateral movement, in the area and in
the entire Puna–Altiplano region (e.g., Riller and Oncken, 2003;
Petrinovic et al., 2005; Guzmán, 2009) reinforces the orogen-parallel
stretching model proposed by Riller and Oncken (2003). Hence the
rhombo-shaped geometry bounded by strike–slip faults proposed by
Riller and Oncken (2003) applies favourably to the studied area and
allows for favourable conditions for magma ascent.

Preliminary data suggests that a younger episode (upper Miocene)
in the area is purely effusive (lavas and lava domes), and seemingly
genetically unrelated to the 13–12 Ma episode. However, considering
the ∼7 Ma age of the ignimbrites close to the Peñas Blancas area
(Castillo, 1999), a more detailed survey of the Alto Las Lagunas area
could result in the recognition of an upperMiocene explosive–effusive
cycle similar to the 13–12 Ma episode.

4.1. Volume of pyroclastic facies of PCTVC

Due to the low degree of preservation of the original volcanic
structure and its products, volume estimations are of minimum
values. Volume calculations have been based on the construction of a
solid digital model of the recognised outcrops using GIS software.
Limitations of this method are the uncertainties in the way elevation
contours were obtained, as well as the necessary homogenisation of
paleao-topography in those sectors covered by volcanic facies.
Nevertheless, we were able to obtain what we consider to be
adequate minimum volume estimations. The Pucarilla Ignimbrite
covers a minimum area of 615 km2; we obtained a minimum volume
of 22 km3 (20 km3 DRE: see Appendix B). Based on the calculated

image of Fig.�10


185S. Guzmán, I. Petrinovic / Journal of Volcanology and Geothermal Research 194 (2010) 174–188
volume and area, the average thickness for this unit is 33 m, an
estimationwhich is compatible with field observations. The calculated
volume of the Alto de Las Lagunas plus the undifferentiated
ignimbrites is 2 km3.

The areal dispersion of the outflow facies could be significantly
greater if the covered sectors and the areas lacking field surveys are
considered. Areas to the south and west of the interpreted vent have
not been surveyed, and only limited and isolated pre-existing data for
these areas is available. Nevertheless, considering previous descrip-
tions of pyroclastic rocks (Navarro García, 1984) and analysing
satellite images, in these sectors we can infer the presence of
considerable outcrops of pyroclastic materials related to the centre.
Moreover, to the north of the caldera vast outcrops related to the
Luingo caldera were most likely covered by Cerro Galán ignimbrites.
In view of this, we consider that these deposits have a minimum areal
dispersion of 700 km2 and a minimum volume of 23 km3. Outflow
facies thus have a minimum volume of 50 km3 (45 km3 DRE) and an
areal dispersion of 1 300 km2.

Classical methods for estimating the volume of intracaldera
materials (e.g., Lipman, 1997) require the knowledge of a variety of
parameters (structural elements) that, based on the low degree of
preservation and exposure of the volcanic structure, we are not able to
calculate accurately. Lipman (1984) estimates that outflow volumes
are similar to intracaldera ones. Taking this into consideration, we
obtained a total (intracaldera plus outflow facies) minimum volume
of 100 km3 (90 km3 DRE). Other authors (e.g., Lindsay et al., 2001a;
Soler et al., 2007) have estimated a ratio of 2/3 of the total volume for
the intracaldera facies and 1/3 for the outflow in those cases in where
the caldera collapse occurred in the early stages of the eruption. We
consider this approximation more appropriate for the Luingo caldera,
as it has a structural control that indicates an early subsidence in the
caldera evolution. We therefore estimate an intracaldera volume of
100 km3 (90 km3) and a total volume of 150 km3 (135 km3 DRE) for
the deposits emitted by the Luingo caldera. It is interesting to note
that this volume would give the caldera diameters of about 15 km
when plotting (not shown) in Cas and Wright (1987) caldera
diameter versus volume diagram.

An estimation of the minimum subsidence depth is achieved by
making three assumptions. First, that the volume of the extruded
material is approximately equal to the caldera volume (e.g., Amaraki,
1984), and thus the minimum magma chamber volume is 135 km3.
Second, that the depressed area of the caldera (266 km2) is
approximately equivalent to the magma chamber area in plan view
(c.f., Martí et al., 1994). Third and finally, that the amount of
subsidence should correspond to the height of material withdrawn
from the reservoir (e.g., Martí et al., 2009). Thus we obtain a
subsidence depth of 0.5 km, which is a minimum because the
considered volume is the minimum value.

5. The Luingo caldera in the context of the Southern CVZ

The Luingo caldera is 20 km to the southeast of to the well known
Cerro Galán caldera (Francis et al., 1980; Sparks et al., 1985).
Ignimbrites from the Cerro Galán complex overlie the PCTVC
ignimbrites and both share a common dispersion area. Both the
Cerro Galán Complex and the PCTVC have relatively large volumes, are
crystal-rich, and have mainly dacitic compositions. Magmatic activity
in the Cerro Galán area has a wide spectrum of time; the well
constrained effusive and explosive activity lasted from at least ∼2 to
6.5 Ma (Sparks et al., 1985; Kay et al., 2008; Folkes et al., unpublished).
Effusive magmatism at ∼7–8 Ma (Francis et al., 1980; Schirnick and
van den Bogaard, 2001; Guzmán, 2009) and isolated ages of dacitic
lavas of 9.9 and 10.4 Ma (Francis et al., 1980) have been recorded. A
recurrence of magmatism is evident in this area by two explosive–
effusive cycles during the time periods of 2–6.5 Ma (Cerro Galán
caldera: Sparks et al., 1985) and 12–14 Ma (PCTVC: Sparks et al., 1985;
Marrett et al., 1994; Castillo, 1999; Folkes et al., unpublished; this
work). A gap of about 5 Ma without ignimbrite-forming eruptions is
apparent. Similar episodic caldera volcanism has been reported in the
San Juan Volcanic Field, Colorado (e.g. Lipman, 1976; Lipman, 1984).

In the last years, several studies have been focused on the growth
mechanism of sub-caldera plutons (e.g., Bachmann et al., 2002; Jellinek
and DePaolo, 2003; Lipman, 2006; Bachmann and Bergantz, 2008).
Caldera-forming eruptions of N100 km3 in volume need magma to be
accumulated and stored inside the chamber for longperiods, such as 105

to 106 years (e.g., Jellinek and DePaolo, 2003); this is possible with an
incremental growth of the pluton through recurrentmagma input (e.g.,
Jellinek and DePaolo, 2003; Glazner et al., 2004; Lipman 2006). The
lifetime of these plutons can be as large as 10 Ma (e.g. Tuolumnes
Intrusive Suite: Glazner et al., 2004). If the Glazner et al. (2004)
hypothesis is true, taking the volume of volcanic products from Luingo
and Galán calderas into consideration, then a relationship between the
Luingo caldera and Cerro Galán caldera could exist. Future work in the
Cerro Galán–Luingo area could plausibly bring to light new ages of the
effusive and explosive magmatism that may continue to fill this 5 Ma
apparent gap in large-volume magmatism.

Our results indicate that the Luingo–Galán area is characterised by
large-volume ignimbrite-forming volcanism, which is recurrent in
time and in space for a period of about at least 10 Ma, with favourable
conditions for the production and storage of silicic magmas and a
structural framework which is favourable for caldera collapses.
However no direct relation between the magma chambers that led
to the caldera-forming eruptions of Galán and Luingo can be
established with the available data.

6. Conclusions

This article identifies and describes the previously-unknown
Luingo caldera, a collapse caldera in the southern Central Andes.
Luingo is the south-easternmost (26° 10′S–66° 40′W) and oldest (12–
13 Ma) recognised caldera within the Southern CVZ. It has an
elongated profile at 65°N, with axes of 19×13 km, with a minimum
erupted volume of 135 km3. It is composed predominantly of dacitic,
crystal-rich, welded ignimbrites and minor lavas that represent
related posthumous magmatic events.

The distribution of ignimbrites and collapse deposits indicate
coeval collapse and eruption. The absence of plinian or ash-fall
deposits, the immediate deposition of ignimbrites around vents, and
persistent fiamme textures in proximal and distal ignimbrite facies
suggest a low and continuously collapsing plume, as well as a high and
almost constant rate of eruption. The presence of collapse breccias on
the eastern border and the concentration of outflow ignimbrites to the
east of Luingo caldera suggest an asymmetric collapse, similar to
trapdoor geometry. Both the Luingo and Cerro Galán calderas define a
volcanic area that recorded a recurrence in magmatism for at least
10 Ma. The causes of this recurrence include favourable magma
generation and storage conditions, as well as a favourable structural
framework which permitted magma to ascend to the surface.
However, we cannot establish a direct relationship between the
magma chamberswhich led to the caldera-forming eruptions of Galán
and Luingo with the available data.
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Fig. 11. 40Ar–39Ar age spectra carried out for this study. See Table 2 for a summary of 40Ar–
CMS-21, biotite of Lavas I, and c) sample CMS-38, biotite of the Alto de Las Lagunas Ignimb
Appendices A. Analytic methodologies for age determinations

In the present contribution we show new 40Ar/39Ar dates that
were performed on biotite (Fig. 11). One belongs to lavas and two to
pyroclastic rocks. The only sample from which pumices could be
39Ar data. a) Sample N-02, biotite of the Arremo Unit (Pucarilla Ignimbrite), b) sample
rite.
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separated is from the Jasimaná Unit (Folkes et al., unpublished).
Samples from Lavas I, the Alto de Las Lagunas Ignimbrite and the
Arremo Unit of the Pucarilla Ignimbrite were sent to the SERNAGEO-
MIN (Chile) laboratory where separation of minerals was performed.
The applied methodology was step-wise heating. Ages from plateaus
were taken as valid values for samples CMS-21 and N-02. Conditions
necessary for plateau identification were: a) minimum of three
consecutive steps with concordance of 2 sigma error, and b)minimum
plateau lengthmust be 50% of the cumulative 39Ar released during the
analysis. In the case of sample CMS-38, isochrone values were taken to
be more reliable, because the sample showed a slight excess in Ar. For
methodologies of the sample analysed at Oregon (P-002 from the
Jasimaná Unit) see descriptions in Folkes et al. (unpublished).
Appendix B. Bulk density of the Pucarilla Ignimbrite

We estimated the density of the Pucarilla Ignimbrite using a
hydrostatic weighing technique. Unaltered bulk matrix samples were
selected for the procedure. The method consisted of recording the
displaced volume when a sample portion of known weight had been
introduced in a volumetric flask. This flask is connected to a pipette
through a rubber tube. The procedure consisted of adding a known
volume of distilled water to the flask, then introducing a cube of rock
sample (previously weighted and covered with paraffin in order to
impermeabilise it) then observing the displaced volume of water.
Results indicate densities of 1.951±0.04 g/cm3 for the Hualfín Unit,
2.12±0.02 g/cm3 for the Arremo Unit and 2.348±0.02 g/cm3 for the
Jasimaná Unit. The density increase is clearly proportional to the
increment in the degree of welding.

Considering that the average density of dacites is around 2.6 g/cm3

with these results we obtained conversion factors of 0.75, 0.81 and 0.9
for the Hualfín, Arremo and Jasimaná units respectively by calculating
DRE volumes. However, as the Jasimaná Unit is by far the most
important volumetrically, whenever we estimated the DRE volumes
we used the Jasimaná data for the calculation.
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