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The aim of our paper is to contribute to a better knowledge of the volcanism in the back-arc region of the Central
Andes and its relationships with the basement geology, the stress field and the tectonic evolution, by studying in
detail the stratigraphy and the structure of the Quaternary Cerro Tuzgle stratovolcano in the Puna Plateau. Field
mapping and remote sensing analysis reveal the stratigraphic architecture, the geological evolution and the
volcanotectonic interactions in the Cerro Tuzgle area. For the first time in a volcano of the Puna Plateau,
synthemic units bounded by unconformity surfaces have been defined, unrevealing the temporal and spatial
relationships between constructive and destructive phases of the volcano history. Our study indicates that
after the emplacement of a small ignimbrite deposit and of few scattered lava domes, the central Cerro Tuzgle
volcano built up throughout three distinct phases of edifice construction. The first of these constructive phases
ended with a previously unreported destructive event, consisting of ~0.5 km?, catastrophic sector collapse of
the volcanic edifice, whose stratigraphic position and main characteristics have been identified. The study
suggests that the regional stress regime and the topography of the substrata are the main non-magmatic factors
controlling the constructive and destructive phases of the volcano, including the directions of magmatic intru-
sions, faulting and gravitational sector failure of the volcano. The integration of synthemic stratigraphy and
volcanotectonic analysis in the study of volcanic edifices showed to be an effective methodological approach
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for the understanding of the magmatic and tectonic evolution of the Puna Plateau.
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1. Introduction

During the last years much effort has been made in the understand-
ing of the origin and evolution of the back-arc volcanism of the Puna
Plateau in the Central Andes (Fig. 1). Along with regional studies on
the petrochemical features of magmas and the tectonic, magmatic and
stratigraphic characteristics of the back-arc area, few works have been
focused on the evolution of single volcanic edifices, like monogenetic
effusive and phreatomagmatic centres, stratovolcanoes and calderas
(e.g. Viramonte et al., 1984; Salfity, 1985; Viramonte and Petrinovic,
1990; Coira and Kay, 1993; Riller et al., 2001; Matteini et al., 2002;
Petrinovic et al., 2005; Ramelow et al., 2006; Guzman et al., 2006;
Petrinovic et al., 2006; Trumbull et al., 2006; Mazzuoli et al., 2008;
Kay and Coira, 2009; Kay et al., 2010; Petrinovic et al., 2010; Acocella
et al,, 2011; Norini et al.,, 2013). Many of these works pointed out the
strict relationship among the transport of magma to the surface, the
evolution of the volcanic centres and the geometry and kinematics of
the tectonic faults (e.g. Riller et al., 2001; Petrinovic et al., 2005;
Ramelow et al., 2006; Petrinovic et al., 2006, 2010). Identifying the
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transport, emplacement and eruption mechanisms of the back-arc
volcanoes and their interplay with the basement geology, stress field
and tectonic structures have been shown to be crucial for the under-
standing of the magmatic and tectonic processes in the Central Andes
(e.g. Acocella et al., 2011). A better knowledge of these mechanisms
may also be very useful for the assessment of volcanic hazard and the
exploration of geothermal reservoirs and ore deposits in the back-arc
portions of convergent margins (e.g. Petrinovic et al., 2010; Giordano
et al,, 2013). Among the volcanic centres in the back-arc region of the
Central Andes, many small to medium sized stratovolcanoes punctuate
the Puna Plateau, like the Rincon, Chimpa, Quevar, El Azufre, Tul Tul, Del
Medio, Pocitos and Cerro Tuzgle volcanoes, for which very few data
have been published before (e.g. Acocella et al.,, 2011) (Fig. 2).

The aim of our paper is to contribute to a better knowledge of the
volcanism in the back-arc region of the Central Andes, by studying in de-
tail the stratigraphy, geological evolution and volcanotectonic processes
of the youngest of the Puna Plateau polygenetic volcanic centres, the Qua-
ternary Cerro Tuzgle stratovolcano (<0.65 Ma) (Coira and Kay, 1993)
(Fig. 2). For this purpose we mapped with remote sensing and in the
field all the volcaniclastic and lava units belonging to the Cerro Tuzgle
volcano. We employed lithostratigraphic units as the main criterion for
fieldwork and geological mapping. The recognition of unconformity
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Fig. 1. a) Location of the Central Volcanic Zone in the geodynamic framework of South America; volcanic zones are depicted in dark grey. The location of Fig. 1b is also shown. b) Position of
the Cerro Tuzgle volcano (TZ, depicted by a red triangle) in the regional framework of the Puna Plateau-Altiplano, the location of Fig. 2 is shown. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

surfaces has enabled several lithostratigraphic units to be grouped in
Unconformity Bounded Stratigraphic Units (UBSU, synthemic units).
The adoption of the synthemic unit criteria allowed the synthesis of tem-
poral and spatial relations among constructive and destructive phases
of the volcano history, linking stratigraphic information together with
morphogenetic and tectonic processes (e.g. Branca et al., 2004; Bellotti
et al,, 2006; Branca et al.,, 2011). We also focused our fieldwork on the
volcanotectonic structure of the Tuzgle edifice, to identify the main defor-
mation features and the interplay among the stress field, the basement
faults and the volcanic activity. As a result of our study, we propose
a new detailed geological map of the Cerro Tuzgle volcano and a
reconstruction of its volcanic evolution in the geological and structural
framework of the back-arc Puna Plateau.

2. Background: geological and structural setting of the Puna Plateau

The Central Andes comprises the vast back-arc Altiplano-Puna pla-
teau, delimited by the Western Cordillera magmatic arc to the west and
the Eastern Cordillera and Subandean Ranges to the east (Fig. 1b). The
Puna Plateau is an internally drained plateau that constitutes the south-
ern sector of the Altiplano-Puna region. Since the Eocene-Oligocene
the Puna Plateau formed by crustal shortening and thickening, with
both orogen-parallel thrusting and orogen-oblique strike-slip faulting
(Allmendinger et al., 1983; Jordan et al., 1983; Salfity, 1985; Isacks,
1988; Dewey and Lamb, 1992; Allmendinger and Gubbels, 1996; de
Urreiztieta et al., 1996; Allmendinger et al., 1997; Kley and Monaldi,
1998; Coutand et al,, 2001; Riller et al.,, 2001; Riller and Oncken, 2003;
Elger et al.,, 2005; Barnes and Ehlers, 2009; Norini et al., 2013). The far-
field stress responsible for the crustal shortening regime is imparted by
the plate convergence between the Nazca and South American plates
(Gripp and Gordon, 1990; Assumpcdo, 1992; DeMets et al., 1994; Klotz
et al., 1999; Norabuena et al., 1999; Ramos, 2009).

The Puna Plateau basement of Late Neoproterozoic to Cambrian age
is represented by the Puncoviscana Formation, composed mainly of
deformed meta-sedimentary rocks, and by the Mes6n Group, made of

siliciclastic sediments (Turner, 1960, 1964; Blasco et al., 1996; Sanchez
and Salfity, 1999; Acefiolaza and Acefiolaza, 2005). The Precambrian
and Cambrian units are intruded by the metagranitoid rocks of the Or-
dovician Faja Eruptiva, and are covered through a marked unconformity
by an Ordovician volcano-sedimentary sequence (Coira, 1973; Mendez
et al., 1973; Allmendinger et al., 1983; Blasco et al., 1996; Viramonte
et al., 2007) (Fig. 2).

The Cretaceous-Paleocene sedimentary sequence of the Salta
Group (Fig. 2) and the Oligocene-Miocene siliciclastic and evaporitic
deposits of the Pozuelos Formation crop out above the Pre-Cambrian
and Palaeozoic local basement (Turner, 1960, 1964; Schwab and
Lippolt, 1976; Koukharsky and Munizga, 1990; Alonso, 1993; Blasco
et al.,, 1996). The Salta Group was formed during an initial phase of
rifting followed by a period of thermal subsidence, and is divided into
three sub-groups (Pirgua, Balbuena, and Santa Barbara sub-groups),
representing different stages in the evolution of the rift (Reyes and
Salfity, 1973; Galliski and Viramonte, 1988; Salfity and Marquillas,
1994; Viramonte et al., 1999; Palma, 2000; Marquillas et al., 2005;
Salfity and Monaldi, 2006; Monaldi et al., 2008).

The basins of the Salta Group and Pozuelos Formation were inverted
during the subsequent orogenic phases started in the Eocene-Oligocene
and leading to the uplift of the Puna Plateau (Salfity et al., 1993;
Reynolds et al., 2000; Coutand et al., 2001; Kley and Monaldi, 2002;
Carrapa et al., 2005; Hongn et al., 2007; Monaldi et al., 2008). The
plateau has a basin-and-range morphology, with the N-S trending
valleys filled by continental clastic sediments and volcanic rocks of
Miocene-Quaternary age (e.g. Wigger et al., 1994; Beck et al., 1996;
Blasco et al., 1996; Allmendinger et al., 1997; Kraemer et al., 1999;
Coutand et al., 2001; Sobel et al., 2003; Carrapa et al., 2005; Coutand
et al., 2006; Giordano et al., 2013; Norini et al., 2013) (Fig. 2). The struc-
tural style of the plateau is characterized by the Precambrian-Ordovician
units thrusted over the Cretaceous-Recent sedimentary and volcanic
rocks, with vertical strike-slip orogen-oblique faults developed as
transfer structures connecting some of the listric orogen-parallel thrusts
(Allmendinger et al.,, 1983; Cladouhos et al., 1994; Marrett et al., 1994;
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Fig. 2. Regional geological map of the back-arc Puna Plateau in the Cerro Tuzgle area on a SRTM shadow relief (partly modified from Blasco et al. (1996) and Norini et al. (2013)). TU: Tul
Tul; ME: Del Medio; PO: Pocitos; CB: Cerro Bola; AZ: El Azufre; Q: Quevar; PU: Pucara; RU: Rupasca; AC: Aguas Calientes; OR: Organullo; NCH: Negro del Chorrillo; SG: San Geronimo; TO:
Tocomar; TZ: Tuzgle; CON: Concordia; RA: Ramada; EM: El Morro; NM: Negra Muerta; ACY: Nevado de Acay; CH: Chimpa; RUM: Rumio; COT: Calama-Olacapato-El Toro Fault System.

Marrett and Strecker, 2000; Coutand et al., 2001; Omarini et al., 2001;
Riller et al., 2001; Riller and Oncken, 2003; Norini et al., 2013).

2.1. Volcanism in the Puna Plateau

Volcanism in the Cenozoic Andean Cordillera is the product of
subduction of the Nazca and Antarctica Plates beneath the South
American Plate (Fig. 1a). Complex segmentation of the tectonic,
magmatic and sedimentary processes through time and space defined
distinct tectonomagmatic sectors within the cordillera (e.g. Coira et al.,
1982; Stern, 2004; Ramos, 2009). In the Central Andes, Miocene-
Quaternary volcanic activity occurred within the Central Volcanic
Zone in two well-defined segments: the Western Cordillera magmatic
arc and the Altiplano-Puna Plateau back-arc region (Fig. 1b). The
occurrence of extensive volcanic activity in the Puna Plateau has been
attributed to NW-SE, vertical, strike-slip faults, tapping mid-crustal
magma sheets originated by slab steepening or delamination of the
thickened lower crust and mantle lithosphere (e.g. Allmendinger et al.,
1983; Salfity, 1985; Yuan et al., 2000; Riller et al., 2001; Matteini et al.,
2002; ANCORP Working Group, 2003; Petrinovic et al., 2006; Trumbull
et al., 2006; Kay and Coira, 2009; Acocella et al., 2011). Also, a role
played by the orogen-parallel thrust faults in focusing hydrofractures
arrest, magma chamber formation and the emplacement of polygenetic
volcanoes has been recently proposed by Norini et al. (2013). The best
exposed NW-SE tectonic structure in the Puna Plateau is the Calama-
Olacapato-El Toro (COT) fault system, an active left-lateral strike-slip

fault zone associated with several Miocene to Quaternary volcanoes,
comprising the Cerro Tuzgle stratovolcano (Fig. 2) (e.g. Allmendinger
et al., 1983; Viramonte et al., 1984; Salfity, 1985; Matteini et al., 2002;
Ramelow et al., 2006; Petrinovic et al., 2006; Mazzuoli et al., 2008;
Acocella et al., 2011; Norini et al., 2013).

In the Cerro Tuzgle area, in the back-arc region, two different
eruptive cycles have been identified based on radiometric age of the
magmatic products. The first cycle took place between 17.15 and
5.3 Ma and interested all the sectors of the plateau, the second cycle
dates back to the Quaternary (<1.5 Ma) and only interested the
central-eastern part of the Puna Plateau (Coira and Kay, 1993;
Trumbull et al., 2006; Mazzuoli et al., 2008; Petrinovic et al., 2010;
Acocella et al,, 2011 and references therein). In the first magmatic
cycle (17.15-5.3 Ma), volcanic centres consist mainly of basaltic-dacitic
stratovolcanoes (Rincon, Tul-Tul, Del Medio, Pocitos, Quevar, Azufrero
and Chimpa), andesitic-rhyolitic calderas (Aguas Calientes, Negra
Muerta), rhyolitic phreatomagmatic vents (Ramadas) and dacitic
domes (El Morro, Organullo, Rupasca and Concordia) (Acocella et al.,
2011, and references therein) (Fig. 2).

After the deposition of the Upper Miocene-Pliocene sedimentary
clastic succession of continental conglomerates, sandstones and silt-
stones of the Pastos Chicos Formation (Giordano et al., 2013), magmatic
activity resumed in the central Puna Plateau with the emplacement
of small rhyolitic ignimbrite blankets (Tuzgle ignimbrites), rhyolitic
phreatomagmatic pyroclastic deposits (Tocomar), shoshonitic monoge-
netic scoria cones/effusive basalts (Negro de Chorrillos and San
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Jeronimo), and the polygenetic Cerro Tuzgle volcano (Acocella et al.,
2011, and references therein) (Fig. 2).

2.2. The Cerro Tuzgle volcano

The Quaternary Cerro Tuzgle stratovolcano (0.65 Ma—Holocene?,
Schwab and Lippolt, 1976; de Silva and Francis, 1991; Gonzalez-Ferran,
1995) is one of the most prominent volcanic edifices within the back-
arc Andes. It is located about 280 km behind the active magmatic arc
and belongs to the Miocene-Quaternary volcanic sequence of the Puna
Plateau. The Cerro Tuzgle is a high-K calcalkaline andesitic-rhyodacitic
volcanic centre with an altitude of 5486 m a.s.l. (Coira and Kay, 1993).
The volcano is located in a N-S-trending, thrust faults-bounded,
intramontane depression. This tectonic depression is closed by the
main COT fault scarps 10-15 km south of the Cerro Tuzgle, and has a
northward gently dipping floor, from 4400 m a.s.l. to the south of the
stratovolcano to 4100 m a.s.l. to the north of it (Norini et al., 2013, and
references therein) (Fig. 2).

The volcanic activity of the Cerro Tuzgle has been fed by a mid-
crustal magma sheet located below the Puna Plateau (Cahill et al.,
1992; Coira and Kay, 1993; Yuan et al., 2000; Riller et al., 2001). A
zone of magma ponding between 8 and 22 km of depth, just above
the mid-crustal magma sheet, has been imaged by magnetotelluric
and gravimetric surveys (Mon, 1987; Sainato and Pomposiello, 1997).
Coira and Kay (1993) reported thermobarometric data suggesting a
>2.5 to 3 kbar pre-eruption crystallization pressure for the oldest unit
of the Cerro Tuzgle volcanic succession, the Tuzgle Ignimbrite, and a
5-6 kbar pre-eruption crystallization pressure for the overlying lava
units. With a lithostatic pressure gradient of 0.26-0.28 kbar/km, the
crystallization pressures correspond to depths of about 10-20 km
below the surface (Zang and Stephansson, 2010). These depths have
been considered consistent with ponding and evolution of Cerro Tuzgle
magmas beneath the sole of the main N-S-striking thrust faults,
representing mechanical barriers for hydrofractures arrest and magma
chambers formation (Coira and Kay, 1993; Norini et al,, 2013).

Coira and Kay (1993) recognize 6 main phases of Cerro Tuzgle
volcanic activity, beginning with a wide plateau made of rhyodacitic
pyroclastic flow deposits (Tuzgle Ignimbrite, 0.65 + 0.18 Ma, Schwab
and Lippolt, 1976), followed by a dacitic lava dome complex located
along the caldera rim of the Tuzgle Ignimbrite (Old Complex Unit,
3.5 km?), by andesitic lava flows (Pre-platform Unit, 0.3 + 1.0 Ma,
Aquater, 1980), and by prominent mafic andesitic lava flows (Platform
Unit). A tectonic event characterized by vertical faults, E-W and
NW-SE oriented, dissected the older units and fed the younger Post-
platform Unit and the latitic Young Flow Unit (Coira and Paris, 1981).
Even if the Young Flow Unit has been dated at 0.1 + 0.1 and 0.1 +
0.3 Ma (Schwab and Lippolt, 1976), it is supposed to be of Holocene
age (de Silva and Francis, 1991; Gonzalez-Ferran, 1995) or at the
Pleistocene-Holocene boundary (Coira and Kay, 1993). Pre-platform,
Platform, Post-platform and Young Flow units present a total volume
of about 0.5 km® and form the central volcanic edifice (Coira and Kay,
1993).

3. Stratigraphy and geological mapping of the Cerro Tuzgle volcano

The study of the Cerro Tuzgle geology began with the analysis of
digital elevation models (DEMs), orthorectified satellite imagery and
aerial photographs, plus a critical recompilation of the geological map
of Coira and Kay (1993). The morphology and boundaries of the main
volcanic units and structures have been mapped in a Geographic
Information System (GIS) from Aster satellite images (channels 1, 2, 3
with resolution of 15 m) (Pieri and Abrams, 2004); B/W aerial photo-
graphs at 1:50,000 scale; shaded relief images of DEMs computed from
SRTM data (90 m resolution) (USGS, 2006) and digital photogrammetry
of the aerial photographs (10 m resolution).

The exceptional exposure and lack of vegetated land in the high-
altitude hyperarid Puna region allowed comprehensive and precise
remote mapping of many of the lava flows and volcaniclastic units
cropping out on the volcano flanks. Most of these units have been
then verified in the field through the analysis of 69 accessible outcrops
(Fig. 3). The fieldwork was conducted at the 1:10,000 scale and based
on contour maps derived from the DEMs and orthorectified satellite im-
ages, due to the lack of published topographic maps at a reasonable
scale. The resulting geological map at the 1:25,000 scale covers an
area of 180 km? (presented with synthemic units at the 1:70.000 scale
in Fig. 4). Description of the lithology and stratigraphic relationships
were conducted on all the visited outcrops. The petrographic character-
istics of the outcropping units have also been described in thin sections,
mainly to support correlations among clastic deposits and lavas.

The volcanic units visited in outcrops are well preserved lava flows
and volcaniclastic deposits. Unconformity surfaces consisting of angular
unconformities and erosive non conformities have been identified
among these units, and interpreted as the record of main episodes of
change in volcanic activity, erosional events and volcanotectonic defor-
mations, as the volcano construction progressed during time (Fig. 5).

3.1. Stratigraphic succession and main unconformities of the Cerro Tuzgle
volcano

At the base of the stratigraphic succession of the Cerro Tuzgle volca-
no, metagranitoid and volcano-sedimentary Ordovician rocks crop out
on the eastern side of the mapped area (Blasco et al., 1996) (Fig. 4).
The Ordovician units are covered by the Miocene dacitic ignimbrite de-
posit of the Trinchera Formation and by the Upper Miocene-Pliocene
sedimentary succession of the Pastos Chicos Formation, to the south
and west of the mapped area, respectively (Petrinovic et al., 2010;
Giordano et al., 2013) (Figs. 4 and 6).

After the deposition of the continental clastic sediments comprised
in the Pastos Chicos Formation, a local non conformity marks a temporal
hiatus (from >2.5 Ma to 0.65 Ma, Schwab and Lippolt, 1976; Giordano
et al., 2013) and the subsequent resume of volcanic activity in the
central Puna Plateau.

In the stratigraphy of the Cerro Tuzgle volcano a generally homoge-
neous lithology characterizes each synthem, allowing to correlate and
to group the different lithostratigraphic units and, at the same time, to
describe their petrographic and geochemical composition on the base
of the synthemic classification (Table 1).

3.1.1. Tuzgle Ignimbrite Synthem

The stratigraphic sequence of the Cerro Tuzgle volcano starts with
the 0.5 km® Tuzgle Ignimbrite (e.g. Coira and Kay, 1993). This pyroclas-
tic flow deposit, dated at 0.65 + 0.18 Ma (Schwab and Lippolt, 1976),
creates a wide 80 m-thick plateau to the north and north-west of
Cerro Tuzgle (Fig. 4). The Tuzgle Ignimbrite is homogeneous throughout
its extension, shows light yellow-white colour, has vertical columnar
joints and is moderately indurated by vapour phase crystallization in
its upper part (outcrop Tzg03 of Figs. 3, 7). The deposit is massive,
pumice-rich (30-35%), matrix supported, with slight reverse grading
of rounded juvenile pumices (up to 6 cm) and normal grading of angu-
lar lithic fragments made of metamorphic, plutonic and volcanic rocks
(up to 5 cm). Matrix is crystal-rich fine ash made of plagioclase, quartz,
biotite, sanidine, orthopyroxene, zircon and oxides. Pumices in thin
section are described in Table 1.

Even if the emission vent of this pyroclastic deposit has not been
identified, its limited extension, following the gently northward dipping
pre-volcano topography, suggests that it originated form a buried
structure (small collapse caldera) centred beneath the present Cerro
Tuzgle edifice (Coira and Kay, 1993).

At the top of the Tuzgle Ignimbrite, an evident angular unconformity
with the overlying lithostratigraphic units marks a change in eruptive
style, from explosive activity to effusive volcanic products (Fig. 5a).
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3.1.2. Basal Dome Complex Synthem

A series of six lithostratigraphic units corresponding to lava domes
have been mapped along the periphery of Cerro Tuzgle, in the south-
eastern, eastern and northern sectors of the volcano (Fig. 4). These
circular and flat-topped domes are formed by homogeneous lava
deposits, light grey to brown-reddish in colour, with maximum
observed thickness of 50 meters (outcrop Tzg01 of Fig. 3). Complex
flow structures and laminations are common in all outcrops (Fig. 8).
The lavas have a porphyritic and thinly-vesiculated to non-vesiculated
texture, with <20 cm rounded magmatic xenoliths (Table 1). The wide
spatial distribution of the lava domes around the volcano periphery
and their well constrained stratigraphic position suggest a magmatic
phase of viscous lava emplacement, representing the emplacement of
a lava domes complex with a not well defined eruptive axis (Coira and
Kay, 1993). The spatial distribution of some lava domes, arranged in a
semicircle, could be controlled by the ring faults and other structures
associated with the caldera collapse of the Tuzgle Ignimbrite.

At the top of these lava domes, an angular unconformity with the
overlying lithostratigraphic units marks the establishment of a central
feeding system and a change of the eruptive style toward less viscous
effusive products (Fig. 5b).

3.1.3. San Antonio Synthem

Six lithostratigraphic units corresponding to lava flows radiating
from a common emission area have been defined and mapped on the
north-western and southern flanks of Cerro Tuzgle (Fig. 4). These lava
flows are massive, dark grey to brown-reddish in colour, with
maximum observed thickness of 30 m (outcrop Tz10 of Figs. 3, 9). The
lavas generally have a porphyritic and slightly-vesiculated texture,
are rich in mega-xenocrystals of plagioclase (<10 cm), with abundant
large (<40 cm) rounded magmatic xenoliths (Coira and Kay, 1993)
(Table 1). Attitude data show that these lavas flowed on slopes of
more than 15°-20°, suggesting that a steep central volcanic cone was al-
ready established when they have been emplaced, and then representing
the first recognized constructive event of the Cerro Tuzgle central
volcano.

At the northern base of the central volcano, a well exposed
volcaniclastic fan with a surface of 12 km? has been mapped. This fan is
homogeneous in satellite views and composed of a single volcaniclastic
deposit, the San Antonio Volcaniclastic (SAV) unit, with an estimated
thickness of at least 30-40 m (Figs. 3 and 9d). The SAV overlies the
Tuzgle Ignimbrite unit (Tuzgle Ignimbrite Synthem) and is covered and
sealed upslope by a lava flow of the younger Azufre Central Volcano
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Synthem (Section 3.1.4). In the field, the SAV deposit has a flat surface
without clear evidences of hummocky morphology (Fig. 9d). No good
sections of this deposit have been found in outcrop, where the
SAV unit looks massive, matrix-supported, with unconsolidated sandy
matrix and rounded monolithologic lava clasts up to 6-7 m in diameter
(outcrop Tzg02 of Fig. 3). The clasts have a slightly-vesiculated texture,
with porphyritic index of 20%-35%, and are rich in mega-xenocrystals
of plagioclase (<10 cm) and large rounded magmatic xenoliths
(<40 cm). The mineral association of clasts observed in thin section
and their mega-xenocrystals and xenoliths contents are similar to
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Fig. 4. Geological map of the Cerro Tuzgle volcano based on the synthemic units. The trace of the schematic geological cross section A-A’ of Fig. 6 is shown.
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those of the San Antonio Synthem lava flows. Even if the SAV unit is not
clearly exposed and its base is not visible, its well-constrained spatial
location, size and main internal features (massive, homogenous and
monolithologic character) suggest that it was generated by a catastroph-
ic en-mass failure of a significant portion of the central volcano.

At the top of the San Antonio Synthem, a sharp angular unconformity
with the overlying lithostratigraphic units marks a major, previously
unrecognized, volcanotectonic and erosive event (Section 4) (Fig. 5a,
¢, d). This event occurred before the construction of the central volcano
resumed with new lava flows.
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Upper boundary of BDC

Fig. 5. Field photographs of Cerro Tuzgle depicting the main unconformities recognized in the volcano stratigraphy. a) View from north to south. b) View from SSE to NNW. ¢) View from
NNW to SSE. d) View from WNW to ESE, location of the main sulphur mines on the western flank of the volcano is shown. Dashed line in blue depicts the angular unconformity at the top of
the Tuzgle Ignimbrite Synthem (TI). Dashed line in green depicts the angular unconformity at the top of the Basal Dome Complex Synthem (BDC). Dashed line in red depicts the
volcanotectonic scarp and angular unconformity at the top of the San Antonio Synthem. Dashed line in yellow depicts the angular unconformity named Platform surface at the top of the
Azufre Synthem. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.1.4. Azufre Synthem

A succession of nine lithostratigraphic units corresponding to lava
flows radiating from a common emission point, coincident with the sum-
mit of Cerro Tuzgle, has been mapped on the volcano flanks (Fig. 4). The
lava flows are massive, grey to brown-reddish in colour, with maximum
observed thickness of 15 m (outcrop Tz13 of Figs. 3, 10). Some portions
of the lava flows have a strong hydrothermal alteration, with sulphur
precipitates and small abandoned mines for sulphur extraction on
the southern, western and northern flanks of the volcano (Figs. 5c,d
and 9b). The lavas generally have a porphyritic and slightly-vesiculated
texture, seldom with mega-xenocrystals of plagioclase (<10 cm)
and rounded magmatic xenoliths up to 20-30 cm in size (Table 1).
On the whole, these lava flows correspond to the effusive volcanic
activity occurred after the volcanotectonic event recognized at their
base (Section 4), and then representing the second mapped constructive
event of the central volcano in the stratigraphic record of Cerro Tuzgle.

At the top of these lava flows, an angular unconformity with
the overlying lithostratigraphic units marks a volcanotectonic event,
generating the flat 0.5 km? Platform surface near the volcano summit
(Fig. 5a,c) (Coira and Kay, 1993).
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3.1.5. Tuzgle Synthem

A series of 13 lithostratigraphic units corresponding to well pre-
served lava flows radiating from the volcano summit have been mapped
on the flanks of Cerro Tuzgle (Fig. 4). These “aa” and block lava flows are
black to grey in colour, with maximum observed thickness of 30 m (out-
crop Tz31 in Figs. 3, 11). The lavas have a porphyritic and vesiculated
texture (Table 1).

These lava flows correspond to the last eruptive activity recognized
in the volcano stratigraphy, representing the third and final constructive
event of the Cerro Tuzgle central volcano. Wide portions of the volcanic
units of Cerro Tuzgle are partly covered by recent alluvial, colluvial and
aeolian deposits (Fig. 4).

4. Volcanotectonic structures of Cerro Tuzgle

The main prominent structural features in the Cerro Tuzgle area are
the orogen-parallel thrust faults and the orogen-oblique strike-slip
faults, which have been extensively described in previous works
(e.g. Norini et al,, 2013, and references therein). These tectonic structures
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Fig. 6. Schematic geological cross section across the Cerro Tuzgle volcano. TI: Tuzgle Ignimbrite Synthem; BDC: Basal Dome Complex Synthem; SA: San Antonio Synthem; AZ: Azufre
Synthem; TS: Tuzgle Synthem; SAV: San Antonio Volcaniclastic unit. The trace of the cross section is shown in Fig. 4. Legend as in Fig. 4.
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Table 1
Schematic resume of the main lithologic, petrographic and geochemical characteristics of the Cerro Tuzgle volcanic products based on the synthemic classification.

Synthemic unit Lithology Texture Structure P.L Mineral association Groundmass Composition Note
Tuzgle Ignimbrite Pumice clasts, Pyroclastic texture ~ Pumice clasts with ~10% Plagioclase (<1 cm), Glassy matrix Rhyodacitic ~ Fig. 7b
Synthem lithics fragments, elongated to spherical (pumice) quartz (<1 cm), biotite (pumice)
glass shards and vesicles (<3 mm), sanidine
fragmented crystals (<0.5 mm) (pumice)
Basal Dome Complex Lava Porphyritic texture Perlitic fractures and 25-35%  Plagioclase (<3 cm), biotite Glassy Dacitic Fig. 8b
Synthem spherulites. Iso-orientation (<2 mm), quartz (<4 mm),
of the microphenocrysts of sanidine clinopyroxene
sanidine and biotite parallel (<0.4 mm), orthopyroxene
to the rim of the biggest (<1.5 mm), zircon (<0.1 mm)
phenocrystals and oxides (<0.1 mm)
San Antonio Lava Seriate flux texture Iso-orientation of the 15-35%  Plagioclase (<2 cm), biotite Glassy with microcrystals Andesitic— Fig. 9c
Synthem microcrystals of biotite (<4 mm), quartz (<8 mm), of oxides associate with dacitic
parallel to the rim of the orthopyroxene (<0.7 mm), biotite and plagioclase.
biggest xenocrystals clinopyroxene (<0.4 mm), Olivine, sanidine and
of plagioclase Ti-amphibole (<0.4 mm), orthopyroxene are also
zircon (<0.1 mm) and present as micro-xenocrystals
oxides (<0.1 mm) and as glomerocrystals
(<0.2 mm)
Azufre Lava Seriate flux texture 25-35%  Plagioclase (<3 cm), biotite Glassy with spherulites Andesitic— Plagioclase sometimes has rims with
Synthem (<3 mm), quartz (<1 cm), dacitic sieve texture. Reaction crowns are
Ti-amphibole (<1.5 mm), present around the borders of some
orthopyroxene (<1 mm), quartz crystals. Glomerocrystals
clinopyroxene (<1 mm), of plagioclase, sanidine, orthopyroxene,
zircon (<0.1 mm) and clinopyroxene and amphibole have
oxides (<0.1 mm) also been observed.Fig. 10b
Tuzgle Synthem Lava Seriate flux texture 25-35%  Plagioclase (4.9 mm), xenocrystals Vitreous Andesitic Coronitic rims of clinopyroxene
of quartz (3.9 mm), Ti-amphibole around quartz xenocrystals and
(1 mm), orthopyroxene (1.4 mm), glomerocrystals of orthopyroxene,
clinopyroxene (1.2 mm), olivine sanidine and plagioclase have
(1.1 mm) and biotite (1.5 mm) been observed.
Fig. 11b
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Fig. 7. Tuzgle Ignimbrite Synthem. Field photograph (a) and thin section (b) of the Tuzgle Ignimbrite deposit in outcrop TZG03. For location see Fig. 3.

run at the borders of the tectonic depression where the volcano is located
and do not intersect the volcanic edifice at the surface (Fig. 2).

Associated with the main regional structures, the volcanic edifice
exhibits volcanotectonic features, like (1) a prominent volcanotectonic
scarp, (2) faults exposed in outcrop, and (3) eruptive fissures. All
these recognized structural features related to the Cerro Tuzgle volcano
were mapped and surveyed in the field. They have been used in this
work for the interpretation of the volcanotectonic evolution of Cerro
Tuzgle, and their descriptions are reported below.

4.1. Volcanotectonic scarp and relationship with the volcano stratigraphy

On the north-western flank of Cerro Tuzgle a prominent rectilinear
scarp is exposed (Figs. 5a,c,d and 9b). This structural feature represents
the main evidence of the angular unconformity at the boundary be-
tween the San Antonio Synthem and the Azufre Synthem (Section 3.1).
This previously unreported scarp follows a general NNE-SSW trend
and is continuous for 1.25 km across the volcanic edifice. The apparent
lack of surface continuity of the scarp beyond the central volcano into
the basement and the sharp decrease of the scarp height toward the
volcano periphery indicate that it is a local volcanotectonic structural
feature. Massive, thick lava flows of the San Antonio Synthem are cut up-
slope by the scarp, forming a sharp, 15-20 m-high counterslope on the
otherwise uniform volcano flank (Figs. 9b and 12). This configuration
indicates that the emission area of the lava flows of the San Antonio
Synthem has been displaced/removed by the volcanotectonic event
that generated the scarp, before it was sealed by the lava flows of the
Azufre Synthem. The stratigraphic position of the scarp surface, in be-
tween two well defined synthems composed of lava flows emitted by

a central volcano, suggests that it was formed suddenly by a catastrophic
event (e.g. sector collapse), rather than gradually during the growth of
the volcano.

4.2. Faults exposed in outcrops

The surface of the Cerro Tuzgle volcano is almost entirely made of
recent fractured lava flows and unconsolidated coarse colluvial
deposits, which mask most of the possible evidences of tectonic
or volcanotectonic deformation. Despite extensive search, only on the
upper southern flank of the cone, in outcrop Tz42, faults in a lava flow
of the Azufre Synthem have been recognized (Figs. 3, 14 and 15). The
outcrop is located in an abandoned sulphur mine, with the fault planes
and fault zones showing white-yellow sulphur incrustations and some
2-4 mm-thick crystalline sulphur veins (Fig. 13). No slickenlines were
measured, although there are displaced (10-20 cm) flow units in
the lava deposit, indicating a normal component of motion on the
fault planes. The measured faults and veins show a mean WNW-ESE
orientation and have a dip angle ranging from 54° to 85° (Fig. 14).

4.3. Eruptive fissures

Field analysis of the youngest and best exposed lava flow of the
Tuzgle Synthem (TZ lava flow) reveals that it was generated by three
parallel eruptive fissures (Fig. 15). These features were mapped and
measured because their orientation reflects the geometry of the
magma feeding system, which is strictly connected to the regional
and local stress field (Nakamura, 1977; Fink and Pollard, 1983;
Tibaldi, 1995; Pasquaré and Tibaldi, 2003; Norini et al., 2006, 2010).

Fig. 8. Basal Dome Complex Synthem. Field photograph (a) and thin section (b) of the lava dome in outcrop TZGO1. For location see Fig. 3.
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Volcanotectonic scarp
Platform surface

Fig. 9. San Antonio Synthem. Field photographs of a lava flow (a) and of the volcanotectonic scarp cutting upslope the lava flows of the San Antonio Synthem (b) in outcrop TZ10. ¢) Thin
section of a lava flow sample collected in outcrop TZ10. d) Field photograph of the SAV deposit in outcrop TZG02. Dashed line in red depicts the volcanotectonic scarp and angular uncon-
formity at the top of the San Antonio Synthem (SA); dashed line in yellow depicts the angular unconformity named Platform surface at the top of the Azufre Synthem (AZ). For location see
Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The eruptive fissures are represented by elongated depressions and ex-
tensional fractures trending N80°E, bordered by rectilinear ridges 1-2 m
high made of superimposed welded scoria deposits. Also, the eastern-
most eruptive fissure is exposed in a section, with several sub-vertical
flow structures parallel to the general trend of the identified eruptive
fissures (outcrop Tz55 in Figs. 3 and 15). The three fissures are aligned
N110°E and are elongated N8O°E, showing a right-stepping en-echelon
arrangement (Fig. 15).

5. Discussion
The geological mapping and the stratigraphic data of the Cerro

Tuzgle volcano, essentially based on synthemic units, allow the descrip-
tion of the volcanic evolution, relating the stratigraphic information

with an effective synthesis of the major volcanic and volcanotectonic
events, as discussed below.

In agreement with Coira and Kay (1993), the Quaternary volcanic
activity in the Cerro Tuzgle area started with an ignimbritic eruption
(0.65 £ 0.18 Ma, Schwab and Lippolt, 1976), whose source vent is
buried under the central volcanic edifice. The ignimbrite flowed toward
the north, following the gently northward dipping topography of the
basement and the lateral constraint of the orogen-parallel ranges
(Fig. 4). The pyroclastic deposit generated by this explosive eruption
has been included in the Tuzgle Ignimbrite Synthem, limited at its
base by a non conformity representing the resume of volcanic activity
in the Puna Plateau, and at its top by an angular unconformity
representing a significant change in volcanic activity.

After the ignimbritic eruption of the Tuzgle Ignimbrite Synthem,
a change in eruptive style occurred, with the emplacement of the

Fig. 10. Azufire Synthem. Field photograph (a) and thin section (b) of the lava flow in outcrop TZ13. For location see Fig. 3.
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Fig. 11. Tuzgle Synthem. Field photograph (a) and thin section (b) of the lava flow in outcrop TZ31. For location see Fig. 3.

scattered effusive lava domes of the Basal Dome Complex Synthem,
representing the first effusive phase in the volcano history (Figs. 4
and 6). The stratigraphic position of the Basal Dome Complex Synthem
is coincident with the stratigraphic position of the Old Complex unit de-
fined by Coira and Kay (1993). However, the mapped Old Complex unit
(Coira and Kay, 1993) completely encloses both the Basal Dome Com-
plex Synthem (scattered lava domes) and the following San Antonio
Synthem (central volcano made of lava flows). The exact configuration
of the Basal Dome Complex Synthem has not been defined, because it is
mostly buried by the subsequent volcanic products, even if it could be
partially fed along ring faults or other structures associated with the
Tuzgle Ignimbrite. After this first effusive event, an unconformity mark-
ing the change from a scattered to a central feeding system has been
recognized.

The building of the central volcano emplaced on top of the Basal
Dome Complex Synthem occurred during three major effusive phases.
During the first phase, the main central edifice has been emplaced,
with the thick lava flows of the San Antonio Synthem radiating from a
common source area. At the same stratigraphic level, the SAV unit,
composed of a volcaniclastic deposit, has been mapped north of Cerro

Tuzgle, extending up to 9 km from the volcano summit (Figs. 3 and 4).
No evidences of associated pyroclastic fallout and/or pyroclastic flow
deposit have been found. The stratigraphic location of the SAV deposit
is coincident to that of the volcanotectonic scarp located on the north-
western flank of Cerro Tuzgle (Section 4.1). This suggests that both
the SAV unit and the volcanotectonic scarp were generated during a cat-
astrophic sector collapse of the central volcano (Fig. 6). The gravitational
collapse removed the volcano summit, cutting upslope thick lava flows
of the San Antonio Synthem, whose materials have been transported to
the NNE and emplaced in a volcaniclastic fan (Fig. 9b,d). The volume
of the sector collapse and resulting deposit is difficult to assess. Consid-
ering the extension of the exposed volcaniclastic fan and a mean thick-
ness of the collapse deposit of about 20 m, an estimated volume of
0.5 km? should be reliable.

Despite the poor accessibility and exposure of sections of the SAV
deposit, this unit presents some features that can be related to a debris
flow deposit (rounded clasts and no hummocky morphology), resulting
from the reworking of a more proximal debris avalanche deposit,
presently completely eroded and covered by the subsequent lava
flows. Similar deposits are described in numerous volcanic areas,

Platform surface

Fig. 12. Field photograph from NNW to SSE of the counterslope associated to the volcanotectonic scarp and angular unconformity at the top of the San Antonio Synthem. Dashed line in
yellow depicts the angular unconformity named Platform surface at the top of the Azufre Synthem. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 13. Fault zone with white-yellow sulphur incrustations and veins in a lava flow of the
Azufre Synthem in outcrop Tz42. For location see Figs. 3 and 15. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

e.g. the Etna and the Nevado de Toluca volcanoes, where debris flows
and alluvial fans are made by the sediments reworked from debris ava-
lanche deposits originated by sector collapses (Calvari and Groppelli,
1996; Calvari et al. 1998, 2004; Capra and Macias, 2000).

The origin of this major, previously unrecognized sector failure can
be attributed to a number of factors, including the regional tectonic re-
gime, the direction of intrusion and faulting in the volcanic edifice, the
local topography and a possible magmatic contribution. The Cerro
Tuzgle area is tectonically characterized by a roughly E-W trending
maximum horizontal stress, responsible for the orogen-parallel thrust-
ing and the orogen-oblique strike slip faulting (e.g. Norini et al., 2013,
and reference therein). This regime generated E-W eruptive fissures
and faults, promoting orthogonal, N-S trending gravitational instability
(e.g. Nakamura, 1977; Moriya, 1980; Siebert, 1984; Vidal and Merle,
2000) (Fig. 16). The northward dipping basement and the western
and eastern lateral constraints of the orogen-parallel ranges and thrust
faults probably also played a role in determining the gravitational col-
lapse direction toward the NNE. Also, magmatic overpressure in E-W
striking dikes could have played a significant role in promoting and
trigger the sector failure. On the opposite side of Cerro Tuzgle, a wide
morphological depression affects the southern flank of the central
volcano (Fig. 16). This morphology could be the remnant of another,
southward directed flank collapse, although no evidences of a corre-
sponding volcaniclastic deposit have been identified morphologically
or in outcrop.

The NNE sector collapse event and the top surface of the SAV deposit
mark the unconformity at the top of the San Antonio Synthem. After
this major gravitational collapse, the building of the central volcano

resumed with the emplacement of new lava flows. These lavas have
been grouped into the Azufre Synthem. After their emplacement, an ex-
tensive phase of hydrothermal alteration took place, with the formation
of the sulphur deposits exposed in the abandoned sulphur mines
on the volcano flanks (Figs. 5d, 6 and 9b). The sulphur deposits are
coeval with the faults exposed on the southern flank of the volcano
(Figs. 13 and 14). These hydrothermal alteration and deposition are
mostly limited to the lavas of the Azufre Synthem, in the upper half of
the volcanic cone. The constructive phase ended with the formation of
a wide flat surface at the top of the volcano, whose origin can be attrib-
uted to a craterization event (Coira and Kay, 1993) or a volcanotectonic
deformation, like the spreading of the highly altered hydrothermal zone
of the Azufre Synthem (Barde-Cabusson and Merle, 2007; Merle et al.,
2010) (Platform surface, Figs. 5a,c and 6). This surface has been used
as the unconformity at the top of the Azufre Synthem.

The third and last constructive phase of Cerro Tuzgle was character-
ized by the emplacement of several extensive lava flows emitted
from the volcano summit and covering its flanks and surroundings.
The products of this last volcanic activity have been grouped into the
Tuzgle Synthem, limited by the present topographic surface.

Our data suggest that both constructive and destructive phases of
the volcanic evolution are consistent with the regional tectonics. No sig-
nificant regional faults cut the volcanic edifice at the surface, and the
structural control of the volcanic activity has been mainly exerted by
the regional stress field. The E-W trending maximum horizontal stress
is responsible for the direction of intrusion, faulting and gravitational in-
stability in the volcanic edifice. The orientation of the eruptive fissures
indicates that the magma has been transported to the surface through-
out E-W striking hydrofractures, whose orientation is controlled by
the direction of the maximum horizontal stress. The hydrothermal
alteration of the volcanic edifice and the deposition of significant
amounts of sulphur have been controlled by the same E-W direction,
with the hydrothermal circuit established along parallel faults and
hydrofractures (mineral veins). Finally, the sector collapse of the central
volcano occurred toward the NNE, nearly perpendicular to the maxi-
mum horizontal stress, denoting a structural control on the gravitation-
al instability of the volcanic edifice.

The topographic configuration of the area also played a role in the
evolution of Cerro Tuzgle, with the northward dipping substrata and
the buttressing of the orogen-parallel ridges partially controlling the
instability of the volcanic edifice and constraining the lateral dispersion
of volcaniclastic products.
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Fig. 14. Stereographic projection of faults and sulphur veins measured in outcrop Tz42. For
location see Figs. 3 and 15.
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Fig. 15. Satellite view of summit area of Cerro Tuzgle. The three ENE-WSW eruptive fissures feeding the TZ lava flow and their ESE-WNW alignment are shown. Location of the outcrops
Tz42 and Tz55 is also shown.

6. Concluding remarks 2. The volcanic evolution described in our work, and mainly the

construction-destruction phases of the central volcano, differs

The principal achievements of our study can be summarized by the considerably with respect to previous reconstructions (Coira and

following points: Kay, 1993). This could provide a new possibility to re-evaluate

the evolution of the Quaternary volcanism in the Puna Plateau,

1. Syntemic units have been applied for the first time to a volcanic including the tectonomagmatic relationships and the petrological-

edifice of the Puna Plateau, showing the ability of this stratigraphic geochemical evolution of magmas, based on the new and accu-

methodology to depict the evolution of the volcanic system in the rate stratigraphic data (e.g. Coira and Kay, 1993; Acocella et al.,
regional geological and tectonic framework. 2011).

== Eruptive fissure = P Inferred sector collapse direction »Maximum horizontal stress [e e 4 Pre-sector collapse units
=L Normal fault --<r~ Inferred sector collapse scarp A Volcano summit [E=_9Tuzgle Ignimbrite Synthem
=3=Transpressive fault == Sector collapse direction Post-sector collapse units [F77]Quaternary sediments
A Thrust fault —T" Sector collapse scarp [WTH]SAV sector collapse deposit Pre-Quaternary basement

Fig. 16. Schematic geological and structural maps of the Cerro Tuzgle area (a) and of the volcanic edifice (b), showing the relationships among the flank instability, the stress regime and the
topography. The Pre-sector collapse units include the Basal Dome Complex Synthem and the San Antonio Synthem, excluding the SAV deposit. The Post-sector collapse units include the Azufre
Synthem and the Tuzgle Synthem. The maximum horizontal stress direction and the faults in the basement are from Norini et al. (2013). See text for explanation (Section 5).
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3. Apreviously unreported sector collapse of Cerro Tuzgle has been rec-
ognized, and its stratigraphic position is identified. This catastrophic
event is the first reported on a stratovolcano in the back-arc region of
the Puna Plateau, and poses a significant concern regarding the
possible occurrence of similar events in the future. Even if the region
is nearly uninhabited, significant plans of mining and geothermal
energy exploitation could be exposed to a non-negligible geological
and volcanic hazard (e.g. Giordano et al., 2013).

4. The main non-magmatic factors controlling the Cerro Tuzgle volcanic
activity have been identified. These are the regional stress regime
and the topography of the substrata.

5. The integration of synthemic stratigraphy and volcanotectonic
analysis at the Cerro Tuzgle stratovolcano proved to be an effective
methodological approach for the study of volcanic edifices in the
geological and tectonic framework of the Central Andes.
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