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Abstract

We present a detailed stratigraphy of the Coranzuli caldera-forming deposits. This caldera, located in
the Altiplano-Puna Volcanic Complex (Central Andes), generated four ignimbrite deposits with
similar field characteristics and facies that differ from each other in, above all, the nature of the lithic
fragments they contain. Three different lithofacies (fine-grained cross-stratified facies, massive lithic
breccia facies and massive ignimbrite facies) are found in all the ignimbrite deposits, which
occasionally also contain a lenticular lithic-rich facies and/or a pumice-rich facies. These field
characteristics and, in particular, local deposit thicknesses were used to develop a theoretical model of
the dynamics and emplacement mode of the Coranzuli pyroclastic flows. Our results show that these
ignimbrites were emplaced by dense pyroclastic density currents subjected to high accumulation rates
and velocities, thereby indicating rapid en masse emplacement that was also influenced by local

paleotopography as deduced from facies analysis.
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Altiplano-Puna Volcanic Complex

1. Introduction
In the Altiplano-Puna Volcanic Complex (APVC; de Silva, 1989) within the Altiplano-Puna

plateau large-volume explosive volcanism took place just prior to the late Miocene (Fig. 1). The



APVC (latitude 21-24°S, the Andes) produced more than 15,000 km’ of crystal-rich dacitic
ignimbrites (e.g., de Silva et al., 2015) originating mostly from calderas. The intense volcanism of this
area has been related to the existence of a low-velocity zone at mid-crustal levels known as the
Altiplano-Puna Magma Body (e.g., Chmielowski et al., 1999).

The APVC contains at least eight calderas but the sources of many of its ignimbrite units are still
unknown or buried, as is the case of the Abra Granada Ignimbrite (Caffe et al., 2008). The caldera
complexes in the APVC (Fig. 1) with the greatest volumes (800-2500 km’) are La Pacana, Cerro
Guacha I, Cerro Guacha II, Pastos Grandes, Kapina and Vilama (de Silva, 1989; Lindsay et al., 2001a;
Soler et al., 2007; Salisbury et al., 2011; Iriarte, 2012; Grocke et al., 2017). The calderas of Cerro
Panizos and Coranzuli (each about 650 km’ and 6.5-7 Ma) to the east have slightly smaller volumes
and are peraluminous (Seggiaro et al., 1987, 2019; Ort, 1993).

Studies of the calderas in the APVC have to date mainly focused on their petrologic
characteristics, chronology, volume estimations, the definition of their rims and structural controls, as
well as the type of collapses (e.g., de Silva, 1989; Seggiaro, 1994; Ort et al., 1996; Lindsay et al.,
2001a,b; Soler et al., 2007; Salisbury et al., 2011; Grocke et al., 2017; Seggiaro et al., 2019).
Consequently, less attention has been paid to their stratigraphy and the modes of emplacement and
deposition of the caldera-forming products, although a few studies of these calderas to varying degrees
of detail do exist (e.g., Seggiaro et al., 1987; Ort, 1993; Lindsay et al., 2001a; Soler et al., 2007).

To further knowledge of the APV C ignimbrite deposits and characterise the emplacement and
depositional mechanisms of these large-volume ignimbrites, we concentrated our study on the caldera-
forming products originating from the Coranzuli caldera (Seggiaro et al., 1987, 2019). Our aim was to
develop a theoretical model of the dynamics of the Coranzuli pyroclastic flows that furthers our
knowledge of the behaviour of such large pyroclastic density currents (PDCs) and their depositional
mechanisms.

Pyroclastic density currents and their deposits are generally studied using a number of
different approaches (fieldwork, experimental and numerical studies) and with a variety of objectives
in mind (emplacement and hazard) (Roche et al., 2013; Sulpizio et al., 2014; Neri et al., 2015; Dufek,

2016). In particular, dense PDCs emplacing ignimbrites have been studied by integrating theoretical,



stratigraphic, sedimentological, petrological, paleomagnetic and, more recently, experimental work
(e.g., Sparks et al., 1978; Cas and Wright, 1987; Druitt, 1998; Branney and Kokelaar, 2002; Ort et al.,
2013; Rowley et al., 2014; Roche, 2015). It is thought that dense PDCs emplacing ignimbrites are
thermally conservative flows (McClelland et al., 2004; Lesti et al., 2011; Cas et al., 2011; Sulpizio et
al., 2014; Giordano and Doronzo, 2017; Platzman et al., 2020). They can move whilst retaining
temperature for several kilometres under the action of sustained pyroclastic fountaining with high
mass eruption rates (MERs) during caldera collapse (Marti et al., 2009; Cas et al., 2011; Willcock et
al., 2013; Roche et al., 2016; Trolese et al., 2017) or under the action of flow channelization (Doronzo
et al., 2016; Marti et al., 2017, 2019; Pensa et al., 2019).

Our current understanding of the emplacement mechanisms of thermally conservative flows to
form ignimbrites is still not fully clear due to four principal physical complexities: (i) the transmission
of inertia from a low pyroclastic fountain to a dense PDC; (ii) the time-dependent evolution of pore
pressure within the dense PDC; (iii) the size of the dense PDC (erupted volume versus areal extent of
the DPC); and (iv) the emplacement mechanisms and temperature retention of ignimbrites
(McClelland et al., 2004; Lesti et al., 2011; Cas et al., 2011; Doronzo, 2012; Roche, 2012; Roche et
al., 2016; Sulpizio et al., 2014; Dufek, 2016; Dellino et al., 2019).

In order to accomplish such objective, we used previous (Seggiaro et al., 1987, 2019) and new
field data of the four ignimbrite units that were emplaced during the formation of the Coranzuli
Caldera, mainly concentrating on their lithological and sedimentological characteristics, as well as
their stratigraphic relationships and facies variations. Using this information, we present here a
theoretical depositional model for these deposits aimed at simplifying the above-mentioned
complexities. This model follows reverse engineering and inverts the deposit thicknesses to calculate
accumulation rates and velocities, which can be combined with field data to interpret flow
emplacement, local inertia loss and interaction with topography. The accumulation rates of a
pyroclastic flow deposit or, in general, of a sedimentary deposit are probably the best parameter for
denoting the transition from flow to deposit given the need for a framework in which flow structure
and deposit structure are the same (e.g., Roche, 2015). Hence, we kept the model as simple as possible

and closely linked to field characteristics.



2. Geological setting of the Coranzuli caldera

The Coranzuli Caldera (Fig. 2) lies on the Altiplano-Puna Plateau, within the Central Andes
Volcanic Zone (18-28°S segment of the Andes) (e.g., Harmon et al., 1984; Stern, 2004). It is located
in at ca. 140 km from the present volcanic arc, in the back-arc region. The present-day uplifted
topography of the Altiplano-Puna Plateau has been attributed to tectonic shortening induced by the
subducting Nazca Plate and, also to magmatic addition (e.g., Isacks, 1988; Allmendinger and
Gubbels, 1996; Kay et al., 1999; Oncken et al., 2006).

The Altiplano-Puna Plateau is structurally controlled by several sets of fault systems oriented
N-S to NNE-SSW, NW-SE and NE-SW ( Salfity, 1985; Riller and Oncken, 2003) and the volcanic
centres they contain are aligned along these fault systems ( Mon, 1979; Salfity, 1985; Marrett and
Emerman, 1992; Riller et al., 2001; Richards and Villeneuve, 2002; Trumbull et al., 2006; Guzman et
al., 2014; Tibaldi et al., 2017). This is the case of the Coranzuli Caldera, which is located at the
intersection of N-S, NW-SE and NE-SW fault systems (Seggiaro et al., 2014, 2019).

The Coranzuli Caldera (23° 00’S- 66° 15’ W) is located in the Northern Puna (ca. 24-21.5
°S). Its basement consists of Paleozoic and Mesozoic granitoids and marine Ordovician rocks
interbedded with volcanic and subvolcanic successions (Coira, 1973). Although no high-grade
metamorphic pre-Ordovician outcrops exist in the Northern Puna, the presence of accessory lithic
fragments of sillimanitic gneisses within the Coranzuli ignimbrites points to the presence of such a
basement beneath the Ordovician sediments (Seggiaro, 1994). The pre-caldera sedimentary
successions are composed of Cretaceous syn-rift and Paleogene post-rift deposits belonging to
carbonatic and clastic deposits of the Salta Group and of Eocene—Miocene volcano-sedimentary
deposits (See Fig. 2 in Seggiaro et al., 2019).

Pre-caldera Cenozoic volcanic activity in the Coranzuli area is represented by sandstones,
pyroclastic successions and reworked volcanic material from the Middle Miocene (Seggiaro and
Aniel, 1989). To the east of Coranzuli Caldera there are deposits of 7.2—8.4 Ma belonging to the

Rachaite stratovolcano of andesitic—dacitic composition (Coira et al., 1993; Kay et al., 2010, and



references therein). To the southwest outcrops the Morro Grande Ignimbrite, consisting of massive
and brecciated pyroclastic deposits of similar composition to those of the Coranzuli ignimbrites
(Lopez et al., 2016) covered by lacustrine deposits interbedded with massive and stratified pyroclastic
deposits of 6.99 + 0.18 Ma (Alonso, 1986). The Coranzuli ignimbrites overlie these successions (see

Fig. 2 in Seggiaro et al., 2019).

3. Methodology

In addition to the previous stratigraphic data available on the Coranzuli ignimbrites, we
constructed 20 new stratigraphic logs chosen on the basis of their accessibility, quality of exposure
and degree of preservation (Fig. 3). In each stratigraphic log we recorded lithological and
sedimentological data, including component analysis at macroscopic and microscopic scales, grain-
size estimates for pumices and lithics, characterisations of basal and top contacts for each ignimbrite
unit, and the thickness of each deposit. Previous and new stratigraphic data were combined in order to
establish the stratigraphic correlations and facies variations of these deposits. We also measured the
five largest pumice and lithic fragments (minimum and most frequent sizes) in each ignimbrite unit, as
well as the maximum and minimum axes of pumice/fiamme to determine their aspect ratios. Other
standard descriptions such as colour, induration degree, size of the matrix and the recognition of

textures and fabrics were also noted.

4. Results
As it was already indicated by Seggiaro et al. (1987, 2019), the stratigraphic succession of the
Coranzuli Caldera is composed of four different ignimbrite units. Seggiaro et al. (2019) suggested that
these ignimbrites derived from four different PDCs each of which originated from a specific sector of
the ring fault at a particular stage of the caldera collapse process. Our field revision confirms this
stratigraphy and the fact that each ignimbrite units was emplaced from a different sector of the caldera.
The base of each ignimbrite is marked by lithic breccias at proximal distances (<5 km), while

at medial distances from the caldera (5—15 km) contacts are identified by fine-grained ash layers.



However, in some outcrops the contact between ignimbrites is not that evident and they can be only
distinguished by the nature and proportion of the lithic fragments they contain. The contacts between
the ignimbrites can be erosional or gradational depending on the observation point, and internally they
may show variations in grain size and the percentage of juvenile and lithic components, and variations
in primary bedforms. All the ignimbrite units exhibit the same types of facies, e.g., fine-grained cross-
stratified facies, massive lithic breccia facies and massive ignimbrite facies, which form the main body
of the deposits; occasionally, they may also contain a lenticular lithic-rich facies and/or a pumice-rich
facies. The characteristics of each facies are very similar in each ignimbrite unit despite certain
differences in the nature of the lithic fragments, the size and degree of flattening of the pumice clasts,
the degree of welding and the thickness of each one.

Near the northern edge of the caldera rim the base of the unexposed pre-caldera deposits
consists of a ~10-m-thick massive indurated monolithologic breccia (Fig. 4a, b) with a matrix of fine
ash containing 50-70% volume of subangular lithic fragments of dacitic lavas ranging in size up to
3040 cm in diameter (Fig 4b). This massive and monolithologic volcanic breccia contains no pumice

but does contain some vitrophyres with perlitic alteration.

4.1 Ignimbrite unit 1

This ignimbrite flow unit was emplaced north- and northwestwards but only towards the north
of the caldera the base of this unit is visible. The average thickness of the ignimbrite is 50 m and the
flows that fed this ignimbrite travelled for at least 28 km from the caldera rim.

The base of this unit is formed by a 4-8 m-thick, yellow—greenish fine-grained cross-stratified
facies, which overlies the pre-caldera monolithologic volcanic breccia (see log 1 in Fig. 3a). Its
internal structures consist of low-angle cross-stratified beds (Fig. 4 a,c,d) with internal normal grading
in some sets. They are composed of quartz, plagioclase and biotite crystals and crystal fragments and
rounded, well-sorted, ash pumice grains, and are rich in small lithic fragments of dacitic lavas and
Ordovician metapelites, as well as in small fine lapilli (~ 0.2-0.5 cm) white pumice fragments. Some

layers (up to 50-cm thick) within this succession form lenticular lithic-rich facies (lensl; Figs. 3a, 4d),



in which rounded-to-subrounded lithic fragments of Ordovician pelites and dacitic lavas of up to 8 cm
in diameter are concentrated in an ashy/fine lapilli matrix.

The fine-grained cross-stratified facies is covered by a massive lithic breccia facies (Figs. 3a,
4a,e) (see log 1 in Fig. 3a) with a maximum thickness of 5 m. The pumice are white, about 25 vol. %,
(<5 cm in diameter), while the subangular lithic fragments (~40%) consist of dacitic lavas (up to 35—
50 cm in diameter) and minor, usually very small (~0.8 cm) Ordovician metapelitic fragments (log 1
in Fig. 3a). Dense juvenile fragments (~3 vol. %) are rounded with a maximum size of 10 cm.

The massive ignimbrite facies (see log 1 in Fig 3a) is only exposed in a few places, probably
because it has been covered by other younger ignimbrite units (unit 2, 3 or 4). It is grey and mostly
indurated; its matrix consists of fine-to-medium ash and crystal fragments of bipyramidal quartz
(translucent and pink), biotite and feldspars. Its degree of welding varies laterally and vertically, from
low to moderate. The upper sections are welded and have columnar jointing. Its lithic content is low
(1-3 vol. %) and decreases upwards and in distal facies and consists predominantly of dacitic lavas
(log 1 in Fig. 3a) with maximum sizes of 14 cm (but usually <3 cm). The pumice content is variable,
from 10-20 vol. %, and of variable sizes (usually <I cm), white-to-yellowish or -black when they are
welded, with maximum sizes of 12 cm. Dense juvenile fragments are observed in all sections at a

proportion of about 1 vol. % with a diameter of <4 cm.

4.2 Ignimbrite unit 2

The base of Unit 2 is characterised by a massive lithic breccia facies lying in some areas close
to the caldera (see log 2 in Fig. 3a), although in other proximal and medial sections it has a stratified
indurated ash layer (fine-grained cross-stratified facies) (see Seggiaro et al., 2019). The main body of
the unit corresponds to a massive ignimbrite facies showing lithic-rich lenses (lenticular lithic-rich
facies) in distal locations. The maximum outflow distance is 45 km.

This ignimbrite unit (see Figs. 2, 3) was deposited radially from the caldera (Seggiaro et al.,
2019) but maximum thicknesses of 200 m are present to the east (see log 5 in Fig. 3b). In proximal
areas its base corresponds to a massive lithic breccia facies, highly indurated and about 5-m thick to

the north of the caldera (see log 2 in Fig. 3a). Within this breccia, the pumice are white, about 15 vol.



% (<5 cm but usually small, around 0.5 cm), while the lithic fragments (~20 —25 vol. %) are
subangular. The main types of lithic fragments are Ordovician metapelites and quartzites (<27-cm
long), whereas the dacites are subordinate. Dense juvenile fragments (~3 vol. %) reach maximum
sizes of 4 cm. This massive lithic breccia facies may vary laterally (see log 3 in Fig. 3a) and develops
diffuse stratification where pumice are larger (15 cm) and more abundant (30 vol. %), and lithic
fragments are smaller and less abundant. At medial distances from the caldera the base of this
ignimbrite unit corresponds to the fine-grained cross-stratified facies followed by the massive
ignimbrite facies (see Fig. 3 in Seggiaro et al., 2019).

This massive ignimbrite facies forms the main body of the ignimbrite and is pink-to-grey in
colour, with a degree of welding that varies vertically and laterally from low to high. Its matrix
consists of medium-to-coarse ash and crystal fragments of pink and crystalline quartz (frequently
forming bipyramidal grains), biotite and feldspars. Towards the east this ignimbrite unit is highly
welded at proximal and medial distances, with fiamme aspect ratios of up to 14:1, whereas more
distally (>15 km) there is only a very low degree of welding (fiamme aspect ratios of 2:1), albeit it is
still indurated. The greatest amount of welding is to the north, towards the surface, and more distally,
and has aspect ratios of 8:1. Pumice fragments are white-to-yellowish in colour in poorly welded
sectors but form black (Fig. 5a) and pink fiamme (Fig. 5b) in welded sectors. The concentration of
pumice clasts is highly variable both vertically and laterally; in proximal areas their content lies in the
range 5-25 vol. % but they are usually more abundant towards the top of the succession. More
distally, their content also varies greatly (5-30 vol. %). Except for the outcrops to the north, where
well-defined flamme (<16-cm long) are visible, all other distal exposures are non-welded, with white-
to-yellow rounded pumice up to 10 cm in length and rich in crystal fragments. The largest pumice are
found at intermediate distances from the caldera, where they reach up to 21 cm in diameter. The most
common pumice size in both proximal and distal facies is 0.5-3 cm.

Lithic fragments are scarce, usually <1 vol. % but occasionally up to 7 vol. % (exceptionally
they reach 25 vol. %), angular, predominantly composed of Ordovician metapelites and quartzites (see
Fig. 3) and, to a much lesser extent, dacitic lava fragments. In sections to the east of the caldera there

is an increase in dacitic lithic fragments towards the upper part of the deposit; however, in all cases



lithics from the Ordovician basement are the most abundant. Lithic fragments are usually small (0.5-4
cm), although fragments measuring 16—18 cm are present in distal facies and proximal upper facies.
Dense juvenile fragments are observed in all sections and are about 1-3 vol. %, with sizes of up to
16.5 cm.

This lenticular lithic-rich facies is observed in distal zones and represents a transition to the
massive ignimbrite facies in which it is hosted (Fig. 6a). This facies can be seen at the front of the
flow unit (see log 14 in Fig. 3c) at approximately 18 km northwest of the caldera rim (see Fig. 2),
where it is up to 2 m thick. The matrix is composed of coarse ash with a lithic content of about 40 vol.

%, most of which consists of subangular (Fig. 6b) quartzites with a maximum clast size of 30 cm.

4.3. Ignimbrite unit 3

This unit has a basal massive lithic breccia facies to the northwest of the caldera (see Casa
Blanca log, Fig. 4 in Seggiaro et al., 2019) but is composed mainly of a massive ignimbrite facies with
lenticular lithic-rich facies in proximal settings and a pumice-rich facies in the uppermost and
proximal part of the deposit. Its average thickness is 40 m and its most distal outcrops are 37 km from
the caldera rim. The basal massive lithic breccia facies attains a maximum thickness of 6 m and
consists mainly of dense co-magmatic lithic fragments (up to 80 cm in diameter) and variable amounts
of Ordovician sedimentary rocks, dacitic lavas and metamorphic lithics (gneiss) (Fig. 6¢c). As in the
previous ignimbrite units, at medial distances the base of this third ignimbrite unit corresponds to an
indurated ash layer visible in the Abra Grande log (Fig. 4 in Seggiaro et al., 2019).

The massive ignimbrite facies is light-to-dark grey or -pink due to surface alteration (Fig. 6d).
Welding varies from low to high, being the most welded parts located towards the top of the deposit.
The ignimbrite matrix consists of medium-to-coarse ash and crystal fragments of quartz (pink and
crystalline), biotite and feldspars. Pumice fragments are white to yellow and rounded in non-welded
facies; on the other hand, black and pink fiamme are found in the welded facies. Pumice content is
variable (10-25 vol. %) but usually high (20-25 vol. %); pumice can be up to 17 cm in diameter,
although the commonest sizes are 2-3 cm. This ignimbrite is poor in lithic fragments, usually <1 vol.

%, and are mainly small (0.5-2 cm), reaching a maximum size of 26 c¢cm in diameter in proximal and



basal zones. Lithic fragments are of the same type as those found in the massive lithic breccia,
although small amounts of small-sized porphyritic dacites and Cenozoic red pelites and sandstones are
also present. Rounded, dense juvenile grey lithic fragments represent 1-3 vol. % and are up to 25 cm
in diameter.

A massive pumice-rich ignimbrite facies can be distinguished at proximal sites (see Seggiaro
et al., 2019), where up to 25 vol. % of rounded pumices are concentrated towards the upper levels of
the deposit. This facies has up to 3 vol. % of dense grey juvenile fragments that are <14 cm in
diameter. Pumices are white-to-yellow, crystal-rich (30-60%) and usually subrounded and small (0.5—
3 cm), even though larger fragments, frequently recognised as fiamme, can reach 18 c¢cm in diameter.
Fragments of dense juvenile fragments are ubiquitous, subrounded, up to 25 c¢cm in diameter, with
content <1— 3% in volume.

Additionally, lenticular lithic-rich facies are observed at proximal facies in transition to the
massive ignimbrite facies that host them. The main lithic type in this lenticular facies is dacitic lava

(see Norte de Coranzuli log Fig 4 in Seggiaro et al., 2019).

4.4. Ignimbrite unit 4

The fourth ignimbrite unit is located to the south of the caldera and travelled 18 km from the
caldera rim. It has at its base a pink massive lithic breccia facies, ~ 8 m thick, that contains ~15-30
vol. % of crystal-rich white pumice; its upper portion is highly indurated. It is characterised by the
presence of blocks of dacitic ignimbrites (Fig. 7h) up to 50 c¢cm in diameter, and minor sedimentary
Ordovician lithics, dacitic lavas and a few metamorphic and granitoid fragments. Dense grey juvenile
fragments up to 10 cm in diameter are also visible in this facies. The breccia is overlain by the massive
ignimbrite facies, which in very proximal outcrops (log 15 in Fig. 3d) near the caldera rim have an
interbedded fine-grained cross-stratified facies (Figs. 7 a-c). The latter forms individual layers of less
than 2 m in thickness, each interbedded with the massive ignimbrite facies, which exhibit cross (Fig.
7a) and planar (Fig. 7b) stratification and contain abundant pumice fragments and dense juvenile lithic
fragments. In this facies, levels of concentrations of pumice (up to 50 vol. %) are common where the

matrix presents vapour-phase alteration, probably due to the release of gases from the pumice
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fragments during cooling. These layers, being originally more porous are hence more prone to vapour-
phase alteration (Smith, 1960) are harder and darker than the unaltered layers (see Fig. 7d). Dense
grey juvenile fragments are up to 30 cm in diameter in this succession. No other lithic fragments are
present within this sequence of alternating stratified and massive facies.

The massive ignimbrite facies is grey-to-pink in colour and its matrix consists of medium
grained ash and crystal fragments of quartz, biotite and feldspars. The degree of welding is variable,
being greater in proximal and upper sections where columnar jointing is frequent (Figs. 7e) but only
slightly welded-to-non-welded in distal outcrops. The pumice content is variable but is usually above
20 vol. %, with some concentration levels of up to 50 vol. % (pumice-rich massive ignimbrite facies;
see log 17 in Fig. 3d). The pumice are white and crystal-rich and rounded-to-subrounded when the
ignimbrite is non-welded (Fig. 5c) but contain grey-to-black fiamme (Fig. 5d) when welded. Although
most pumices are small (1-2 ¢cm), maximum sizes vary from 8 to 18 cm, with the largest fragments
visible at medial and distal distances from the caldera rim. This facies is lithic-poor (<1%) and usually
has small fragments (0.5—-1 cm with maximum sizes of <4 cm) of Ordovician pelites and quartzites,
dacitic lavas, metamorphic fragments and Cenozoic red pelites and dacitic ignimbrites. Dense juvenile
fragments (Fig. 5c) are <3 vol. %, and are up to 30 cm in diameter in proximal facies, 25 cm in medial
facies, but smaller in distal facies.

The pumice-rich massive ignimbrite facies is found in proximal and distal areas (Fig. 7g) at
about 18 km from the caldera rim. Pumices represent up to 50 vol. %, vary in size (0.5-18 cm in
diameter) and are embedded in a matrix of medium-to-coarse ash. This pumice-rich massive
ignimbrite facies is poorly sorted and contains small amounts of lithic fragments of dacitic ignimbrite
(Fig. 7f) up to 65 cm in length and dense grey juvenile fragments. They have diffuse margins that
grade continuously into the enclosing massive ignimbrite. This ignimbrite is about 4 m thick but its
lateral extension — probably of just a few metres — is imprecise as it only appears as eroded

discontinuous outcrops.

5. Depositional model

5.1 Model design
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The importance of accumulation rates and velocities is increasingly being recognised not only
for volcanic deposits but also for sedimentary deposits in general (e.g., Lowe, 1988; Kneller and
Branney, 1995; Girolami et al., 2010; Doronzo et al., 2012, 2017; Breard et al., 2016; Dellino et al.,
2019). The theoretical model we develop here aims to estimate the accumulation rates of the Coranzuli
ignimbrite deposits by inverting the field deposit thicknesses and introducing a dimensionless
temperature that expresses the variation rate of temperature during emplacement. This should be
regarded as a reverse engineering problem, in which the dense PDC is not directly modelled.
Conceptually, we approximate the depositional system of the dense PDC as a dense single-phase flow,
which supplies sediment for the growing deposit (see Legros and Marti, 2001; Roche, 2015).

The first equation of the model defines the accumulation rate A4, from the dense PDC as the
rate at which the final deposit builds up from the substrate to the surface (after Doronzo et al., 2016;

Giordano and Doronzo, 2017; see also Marti et al., 2019, for application to welded deposits)

h,
A, = L e (Eq. 1)

T
TP

where the deposit thickness / refers to the cumulative or total deposit emplaced by various
flow pulses (each one emplacing a depositional unit, i.e., lamina, massive layer), p, is the average
density of all the particles involved, ¢ is the emplacement timescale, Ty, is the average temperature of
the flow at emplacement, and 7, is the particle (weighted average of juvenile and lithic fragments)
temperature. Thus, Eq. 1 contains an accumulation velocity, 4/¢, and a dimensionless temperature,
Taep/T,. Following Sulpizio and Dellino (2008) and Doronzo and Dellino (2014), we separate the
concept of ‘flow’ from that of ‘current’, which implies that various flow pulses, i.e., individual
pyroclastic flows, could have sustained the currents that generated the Coranzuli ignimbrites (a time-
dependent issue). We consider the deposit thickness as local as we cannot rule out the possibility that
more than one current (probably from different ring-fault sectors; see Seggiaro et al., 2019) formed the
final deposit by overlapping at a specific site (a space-dependent issue). Another limitation is that the
deposit thickness likely represents a minimum thickness, because some erosion could have occurred in

an arid region like Altiplano-Puna. This is a common issue in stratigraphy in general, particularly
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when relatively old rocks are involved, and when erosion rates are difficult to assess. On the other
hand, we consider the whole studied pyroclastic sequence as built up in a single eruption, which
implies that the proportion between the different ignimbrite units could have not been particularly
affected by erosion. For the dimensionless temperature, we consider two opposite cases: (1) 7y, <7,
whereby the pyroclasts cool down in relation to their initial temperature (heat loss) without ever
falling below the glass transition temperature (Marti et al., 1991); and (i1) 7,,>T,, whereby the
pyroclasts heat up in relation to their initial temperature (strain heating) and stay reasonably above the
glass transition temperature (Robert et al., 2013). In order to take into account both thermal cases, we
consider a range of T,/T, of 0.7-1.5, which is compatible with reduced flow dilution within the dense
PDC (Walker, 1972; see also Girolami et al., 2015).

The timescale of the emplacement of the ignimbrites (from substrate to surface) depends not
only on the duration of the eruption but also on local depositional mechanisms affected by topography
(Branney and Kokelaar, 2002; Sulpizio et al., 2014). In large volume eruptions, the substrate involved
during the deposition, i.e., the paleotopography, is most of the times completely covered by the
resulting deposits. This happens in our case study, so the best way to account for flow-topography
interaction is to focus on the relative proportions of local deposit thicknesses (see next equation) and
facies variations as a function of the accumulation rate. In these eruptions, however, paleotopography
can locally affect the deposition only when inertia dominates in flow transportation (Doronzo, 2012;
Roche, 2012; see discussion). At a specific site, the emplacement timescale must be shorter than the
entire duration of the eruption, ., as there is no deposition between the onset of the eruption and the
passage of the dense PDC away from the site (Rowley et al., 2014; Platzman et al., 2020). This is also
valid for very proximal zones where the pyroclastic sediment is somehow laterally displaced under the
action of Mass Eruption Rate (Roche, 2012; Roche et al., 2016; Giordano and Doronzo, 2017;
Sweeney and Valentine, 2017; Dellino et al., 2019). In particular, we refer to ., as the duration of
pyroclastic flow phase, from generation to emplacement in a single eruption, which in our case study
coincides with the entire eruption duration as for the absence of an early Plinian phase. The broad
inequality #<t,,,,, will account for the complex mechanisms of deposit formation given that the onset

of the emplacement from the depositional system, i.e., the decoupling of the sediment from the flow,
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should be regarded as very rapid (Roche, 2012; see also Sulpizio et al., 2007; Sulpizio and Dellino,
2008; Doronzo, 2012; Breard et al., 2016; Platzman et al., 2020). For the Coranzuli eruption, we
assume a range of f,,.,,, of 5-50 h, which is reasonable for a large sustained explosive eruption (Self,
2006; Costa and Marti, 2016).

The second equation calculates approximately the emplacement timescale as the product of

the entire eruption and a dimensionless thickness, A./h

hSZ
t= Tterupt (Eq. 2)

A word of caution must be spent with reference to the direct application of Eq. 2.
Macroscopically, we assess that the dimensionless thickness can be appropriate for scaling the
eruption duration to the emplacement timescale because # is the total deposit thickness, while the
shear zone thickness, /4, defines the level of upward migration, from substrate to top, of the
depositional system subject to strain rate within the pyroclastic flows. The shear zone thickness can
also be regarded as the thickness of the depositional unit, which for the Coranzuli ignimbrites is of the
order of meters to tens-of-meters related to the massive units of the pyroclastic flow deposits (layer up
to 1 m, bed > 1 m). The concept around Eq. 2 is that no deposition occurs in a site until the pyroclastic
flow reaches that site, and this justifies the inequality between ¢ and ¢,,,,,. Then, each flow emplaces its
own depositional unit, and the sum of the depositional units defines the total deposit at that site, and
this justifies the inequality between &, and 4. Considering that the temporal scale in sedimentary
systems is recorded in vertical direction in the deposits, we are confident that A./A is appropriate for
capturing the deposit growth and level of upward migration at the site (through ¢) as the eruption
progresses and feeds the dense currents at the vent (through ¢,,,,). Generally, h,, << h (Doronzo and
Dellino, 2013; Robert et al., 2013; Marti et al., 2017; Dellino et al., 2019), from which we can derive
the inequality ¢ << f,,,, which means that the final deposit at a specific site can form in a time that is
shorter than the entire eruption duration (see also Lavallée et al., 2015; Platzman et al., 2020). This is

reasonable during large ignimbrite- and caldera-forming eruptions, since a substantial amount of the
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sediment is deposited ahead of the site, as it spreads out from the caldera rim under the action of Mass
Eruption Rate (Costa and Marti, 2016; Giordano and Doronzo, 2017).

The third equation of the model gives the accumulation rate by combining Eq. 2 and Eq. 1

A _Tdep thp (Eq 3)

T Tp hszterupt

This equation enables us to conduct a parametric study of a theoretical reference scenario for
the Coranzuli eruption, using the following ranges: 0.7< T4,/T), <1.5, 5< tepup <50 h, and 1< by, <2
m. Equation 3 does not consider the eruption rate as it does not directly influence the accumulation
rate for large volume eruptions. In particular, the entire eruption duration will account for the
cumulative dispersion of dense PDCs during the pulsating caldera collapse event, while the shear zone
thickness will account for flow-deposit interface in which the strain rate is the highest (cf., Roche,
2012; Rowley et al., 2014). We chose such ranges to keep the model as general as possible, then the

described stratigraphy will constrain the application to our case study.

5.2 Model description

We first examine a reference scenario for a theoretical large explosive eruption and then
compare it with the Coranzuli case study. In particular, we use as an example an eruption of several
hundreds of km’ of silicic magma, with Mass Eruption Rates of 10°~10"" kg/s, lasting from a few
hours to a few days (Costa and Marti, 2016). Within this timeframe, there is time for the emplacement
of ignimbrites under the inequality ¢ << ¢, (Lavallée et al., 2015; Platzman et al., 2020). We also
assume a single deposit thickness of 100 m and a particle density of 2000 kg/m’. In Fig. 8, the
accumulation rate is plotted as a function of the dimensionless temperature in a range /., of 5-100
m-h. These two values correspond to the extreme cases /.(min)-f,,,(min) and /.(max)-t..,,(max),
respectively, while all possible combinations lie in between these extremes (shaded area in Fig. 8).

The physical meaning of Fig. 8 is that the shorter the eruption, the faster the formation of the
deposit. The slowest scenario gives an accumulation velocity of 28 mm/s and a minimum

accumulation rate of 39.2 kg/m” s, while the fastest gives an accumulation velocity of 550 mm/s and a
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minimum accumulation rate of 770 kg/m” s. These values give broad ranges for these two quantities
due to the variability in the duration of the eruption and indicate that (i) accumulation velocities of >28
mm/s are typical of dense PDCs emplacing ignimbrites by rapid progressive aggradation; and (ii)
accumulation velocities of 550 mm/s are typical of dense PDCs emplacing ignimbrites by rapid en
masse emplacement. Such orders of magnitude have been reported in large-scale laboratory
experiments with dense PDCs (e.g., Roche, 2012; Rowley et al., 2014; Girolami et al., 2015; Breard et
al., 2016; Breard and Lube, 2017; Sulpizio et al., 2016). Thus, the dominant mode of emplacement of
ignimbrites will be either rapid progressive aggradation or rapid en masse emplacement, depending on
the eruption timescale. Nonetheless, a combination of these two modes will probably occur in any
single large eruption, as the accumulation rate changes over space (due to local topography) and time
(due to the pulsating event).

Finally, the intercept 7y,/T, =1 in Fig. 8 separates the fields characterised by heat loss (7,/ T,
<1) and strain heating (7,/T, >1). The physical meaning of the relationship between the accumulation
rate and the dimensionless temperature is that the faster the accumulation, the more thermally
conservative the deposit (cf., Michol et al., 2008; Lavallée et al., 2015; Doronzo et al., 2016; Giordano
and Doronzo, 2017; Trolese et al., 2017; Marti et al., 2019). For example, welded ignimbrites will
form at relatively high accumulation rates, whereas lava-like lithofacies will occur at extremely high
accumulation rates (~1000 kg/m” s). We suspect that the latter case is most likely to occur in intra-

caldera settings under highly sustained pyroclastic fountaining.

6. Discussion

6.1. Deposits and flow characteristics

The Coranzuli Caldera formed about 6.6 Ma ago and generated 650 km® of crystal-rich dacite
ignimbrite deposits, which are distributed to the north, northwest, east and south (Fig. 2) over an area
of 2050 km” (Seggiaro et al., 1987, 2019). This caldera-forming eruption has recently been interpreted
as a pulsating boiling-over event in which the caldera collapse developed immediately after the onset

of the eruption, favoured by a transtensive tectonic system (Seggiaro et al., 2019). Under these
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conditions, caldera collapse was not homogeneous, occurring along different sectors of the ring fault
as subsidence progressed, as indicated by the presence of the massive lithic breccia facies, which can
be interpreted as co-ignimbrite lag breccias (Seggiaro et al., 1987) with different lithic components at
the base of each ignimbrite unit.

In figure 9 we present an integrated interpretation of the facies architecture of Coranzuli
ignimbrites based on the sum of new and published (Seggiaro et al., 2019, and references therein)
stratigraphic logs. This schematic representation highlights the vertical and lateral facies variations of
Coranzuli ignimbrites discussed below. The distribution of the ignimbrite units in different directions
from the caldera rim are related with the interpreted caldera collapse dynamics by Seggiaro et al
(2019).

The absence of Plinian fallout deposits, as has been observed in many other calderas in the
Central Andes (e.g., Cerro Galan: Sparks et al., 1985, Cas et al., 2011; Vilama: Soler et al., 2007,
Aguas Calientes: Petrinovic et al., 2010; Luingo: Guzman and Petrinovic, 2010), and the relatively
low depletion of fines through elutriation indicate that the flows that fed the pyroclastic currents were
mostly concentrated and not much thicker than their resulting deposits (Seggiaro et al., 2019). The
presence of the fine-grained cross-stratified facies in some proximal settings (Fig. 9) can be interpreted
as the result of locally diluted flows, dominated by traction during their emplacement (e.g., ignimbrite
unit 1), which could be the result of their deposition on a steep slope after flow-topography interaction
(e.g., Branney and Kokelaar, 2002; Sulpizio et al., 2014; Giordano and Doronzo, 2017). It is even
possible to find these same lithofacies at significant distances from source, depending on the
morphology of the substrate, and wherever the flows were not directly affected by the Mass Eruption
Rate but, instead, influenced mainly by their own inertia (Roche, 2015; Giordano and Doronzo, 2017).
These are the main physical conditions to have flow-topography interaction as effective in large
volume pyroclastic flows and associated deposits. It is to remark once again that in our case study the
whole pyroclastic sequence covers the paleotopography in most outcrops. In the fine-grained cross-
stratified facies of ignimbrite unit 1 to the north of the caldera some lenticular lithic-rich facies were
identified in the stratified succession. As these deposits are very proximal, we believe that they were

derived from drag forces that picked up lithics from the substrate, which were then locally deposited
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by granular jumps (cf., Marti et al., 2019). This hypothesis is supported by the character and
composition of the fragments (rounded to subrounded fragments of dacites and metapelites and
quartzites from the Ordovician basement). However, we cannot exclude that some lithics could also
derive from erosion of the caldera wall due to the caldera collapse and successive caldera enlargement.
These deposits, which are very localised, may correspond to an initial explosive phase that locally
preceded the opening of the ring fault. This is suggested by the fact that in ignimbrite unit 1 this
deposit grades transitionally into the massive lithic breccia facies rich in dacitic lava lithics, which can
be interpreted as a co-ignimbritic lithic lag breccia that gradually changes into the massive ignimbrite
facies. The massive ignimbrite can be interpreted as having formed under flow boundary zones that
are transitional between granular and fluid-escape-dominated flows.

The massive lithic breccia facies at their base in proximal zones was interpreted by Seggiaro et
al (2019) as a co-ignimbritic lag breccia representing the opening (or widening) of conduits within the
area of the caldera rim. In some logs (see log 1 and 15 in Fig. 3a,d, 9¢) the base of these ignimbrite
units has a fine-grained cross-stratified facies that is the result of traction-dominated parental flows,
probably after flow-topography interaction (inertia condition; Doronzo, 2012; Roche, 2012). As with
Ignimbrite unit 1, the massive ignimbrite facies in units 2, 3 and 4 were formed under flow boundary
zones that were transitional between granular and fluid-escape-dominated flows.

In Ignimbrite unit 2, of note is the lenticular lithic-rich facies up to 2 m thick found at about 18
km to the northwest of the caldera rim (Fig. 9c), which has transitional contacts with the massive
ignimbrite facies in which it is enclosed; blocks are up to 30 cm in diameter. Similar lithic-rich lenses
have been described from other ignimbrites (e.g., Le Pennec et al., 1994). Recently, Roche (2015)
performed experimental analyses in an attempt to understand the conditions required for the formation
of this facies tens of kilometres from its source. This author’s experiments show that clast sizes
entrained by dilute currents reach up to 15 cm in diameter but that entrainment by a PDC consisting of
a dense basal flow with high interstitial gas pore pressure can uplift even bigger substrate particles —
due to the upward pressure gradient at the flow-substrate interface — and then transport and deposit
them in the basal deposit of the flow by granular jumps (cf., Marti et al., 2019). Roche (2015) derived

a velocity of the parent dense PDCs of up to ~25-30 m/s for ignimbrites with lithics up to 2 m. We
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applied Roche’s (2015) equation 8 using the features of the largest fragment in a lenticular lithic-rich
facies at a flow front. We considered a density of 2700 kg/m’ for a quartzite lithic fragment of
ellipsoidal shape with a minor axis of 0.25 cm, and assumed a current bulk density of 1400 kg/m’ and
a density of the interstitial fluid of 1 kg/m’. We obtained a velocity of 7.43 m/s for the PDCs of
Coranzuli, which is similar to those of the Galan ignimbrites (~8—10 m/s) (Roche, 2015, and
references therein). This is further evidence of the mobility of the flows that formed the Coranzuli
ignimbrites and implies that they were highly concentrated PDCs that were moving at relatively low
velocities.

In similar way, it is worth mentioning the presence in some ignimbrite units of a pumice-rich
massive ignimbrite facies (see log 17 in Fig. 3d). This is thought to have formed at a flow boundary
zone dominated by granular flow, a theory backed by the massive character of the ignimbrite, the
absence of elutriation pipes, and the relatively similar crystal contents within the pumices and matrix.
Hence, the pumice may have segregated as flotsam because of their inability to percolate down into
the granular flow (e.g., Branney and Kokelaar, 2002). They may have travelled long distances as a
result of this overpassing (see distal facies of ignimbrite unit 4 in Fig. 3d, 9d). However, the presence
of some lithics up to 65 cm in length in this sequence (see Fig. 7f) and the poor sorting of the pumice
(Fig. 7g) may indicate that these pumice were deposited as flotsam and were immediately remobilised
by a subsequent, more concentrated part of the flow capable of transporting large blocks. These
blocks, once deposited, settled down in the recently sedimented pumice-rich layer. The above-
mentioned blocks of ignimbrites are indistinguishable in composition from those of the Coranzuli
ignimbrites, which thus may indicate that these fragments were part of an ignimbrite that is
compositionally similar to and slightly older than those from Coranzuli. Evidence for the occurrence
of older ignimbrites of similar compositions to those from Coranzuli can be found nearby, as for

example in the Morro Grande ignimbrites (Lopez et al., 2016).

6.2. Model application
To apply this model to the Coranzuli ignimbrites we used our field measurements of the local

deposit thicknesses — we chose not to consider a single thickness as representative of the whole
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deposit (reference scenario) — to calculate site-by-site the corresponding accumulation rates. From
each measurement, we also calculated the accumulation velocities and the emplacement timescales
(Table 1). The results shown in Fig. 8 refer to a theoretical large explosive eruption with uniform
emplacement (single deposit thickness). In Table 1, however, we highlight the spatial variability in the
emplacement of the Coranzuli deposits (local thicknesses). It is to mention, as explained in the
formulation of the model, that the local deposit thicknesses are to be considered as minimum
thicknesses, as we cannot exclude that erosion occurred over the 6.6 Ma, which is a general issue for
volcanic successions in explosive volcanism.

When considering the general characteristics of the Coranzuli ignimbrites, we took into
account two important factors: (i) each local measurement corresponds to the total thickness of the
deposit on a site-by-site basis as it was impossible to know precisely whether or not all dense currents
(each one giving rise to an ignimbrite unit) reached all the sites during the pulsating caldera collapse
event; and (ii) given that the Coranzuli deposits are mostly moderately welded, we first excluded
strain heating (Fig. 8) and then opted for 7,,/T, =0.7, which is still a thermally conservative case. The
first factor gives qualitative results, with the limitation that the accumulation rates change over time.
The second factor relates to the textural characteristics of the deposits, which are far from being
strongly welded, high-grade or lava-like ignimbrites (cf., Wilson and Hildreth, 2003; Quane and
Russell, 2005; Michol et al., 2008; Robert et al., 2013; Pacheco-Hoyos et al., 2018).

Table 1 reveals that the thicker the deposit, the faster its accumulation. The slower cases give
accumulation velocities of <10 mm/s and accumulation rates of <12 kg/m’ s. These cases are the
minority and, except for log 10, correspond to the most distal sites of the Coranzuli deposits. By
contrast, the faster cases have accumulation velocities of >20 mm/s and accumulation rates of >28
kg/m” s. These cases are the majority and correspond to the proximal and medial-to-distal sites of the
ignimbrite deposits. Each case defines a broad range of the two calculated quantities due to the
variability of the duration of the entire eruption. These ranges vary due to variability in the thicknesses
of the local deposits, which shows that, while at some sites the formation of the Coranzuli ignimbrites

was slow, at others it was swift (maximum accumulation velocities >350 mm/s). In particular,
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minimum accumulation velocities of >50 mm/s for logs 5 and 9 indicate that the local accumulation
was rapid.

The Coranzuli ignimbrite sequence is very thick and conceals the paleotopography and so the
application of the depositional model only allows us to infer general flow dynamics: (i) dense currents
led to the Coranzuli ignimbrites piling up over time during a sustained large explosive eruption, i.e.,
for the duration of the whole eruption (caldera scale); and (ii) each pyroclastic flow sustaining a
current emplaced the various depositional units by rapid accumulation, and the facies variations in the
deposits were likely also dependent on local paleotopography (cf., Sparks et al., 1973; Doronzo, 2012;
Roche, 2012; Sulpizio and Dellino, 2008; Marti et al., 2017, 2019).

Our theoretical model of long-lived, large-volume dense PDCs emplacing the Coranzuli
ignimbrites gives a threshold for the accumulation rate of >39.2 kg/m* s. Such an order of magnitude
is found in large-scale laboratory experiments carried out on dense PDCs (Roche, 2012; Girolami et
al., 2015; Breard et al., 2016). On the other hand, a threshold for the accumulation rate of <5 kg/m2 S
has been derived from recent 3D numerical simulations and experiments on short-lived, small-volume
PDCs (Doronzo et al., 2017; Dellino et al., 2019). These two accumulation rates, which diverge in
orders of magnitude, are thought to be responsible for the emplacement of massive versus laminated
deposits at local scales, respectively (Doronzo et al., 2017; Giordano and Doronzo, 2017; Dellino et
al., 2019). Conversely, the eruptive conditions for the formation of a PDC are important at a volcano
scale (Doronzo et al., 2016; Sweeney and Valentine, 2017). In particular, low values for the
accumulation rates will correspond to small- to intermediate-volume dilute PDCs, which lose a
substantial amount of solid load in proximal areas due to short-lived, vertical column collapse and
ground impact (Doronzo et al., 2017; Dellino et al., 2019; Navarrete et al., 2020).

The resulting goal after applying the theoretical model is to relate the emplacement
mechanisms to the eruptive mechanisms at Coranzuli. In this sense, our model is consistent with a
sustained large-volume explosive eruption, in which dense PDCs formed as a consequence of low,
dense pyroclastic fountaining with retained temperature and reduced air entrainment (Sparks and
Wilson, 1976; Bursik and Woods, 1996; Guzman and Petrinovic, 2010; Petrinovic et al., 2010; Dufek,

2016; Pacheco-Hoyos et al., 2018; Dellino et al., 2019). Other similar caldera-forming events show
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that the application of the model to the Coranzuli case study is consistent with cases such as Cerro
Galan (Cas et al., 2011), Vilama (Soler et al., 2007), Aguas Calientes (Petrinovic et al., 2010) and La
Pacana (Lindsay et al., 2001a), which all have similar field characteristics. The absence of Plinian
fallout deposits preceding the emplacement of the four ignimbrite units — and the very low elutriation
of fined-grained particles — support this view (Walker, 1972) and argue against the existence of a high-
rising then collapsing vertical column with associated dilute PDCs, as occurs more frequently in
small-volume eruptions (cf., Sulpizio et al., 2014; Roche, 2015; Navarrete et al., 2020). The general
conceptual model that derives from the Coranzuli case study is thus that of dense PDCs emplacing
large ignimbrites during a sustained large-volume eruption (Cas et al., 2011; Ort et al., 2013; Willcock
et al., 2013; Sulpizio et al., 2014; Costa and Marti, 2016; Roche et al., 2016; Trolese et al., 2017,
Pacheco-Hoyos et al., 2018) dominated by forced convection (Doronzo, 2012; Giordano and Doronzo,

2017), in which local topography enhances flow inertia and deposit facies variation in

correspondence of the fine-grained cross-stratified facies (Doronzo, 2012; Roche, 2012).

Conclusions

The Coranzuli Caldera (23°00’S-66° 15°W) generated four thick, crystal-rich (30-60%)
ignimbrite units with varying pumice (usually >20%) and lithic clast (from <7% to >25%) content.

The caldera eruption occurred in different pulses in different sectors of the ring fault and
generated very low dense eruption columns with little air entrainment that collapsed almost
immediately and continuously. This was then succeeded by concentrated PDCs that travelled at
relatively low velocities (less than tens of m/s). These PDCs were dominated by granular-to- (less
frequently) fluid-escape-dominated flow boundary zones that generated the massive ignimbrite facies.
Some minor pauses in the eruption are revealed by the presence of sudden contacts between lithofacies
and by the presence of small co-ignimbritic ash-cloud surges such as those identified by Seggiaro et al.

(2019). Throughout each of the ignimbrite units, different lithofacies including co-ignimbritic lag
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breccias, fine-grained stratified facies, and prominent massive lithofacies are visible, thereby
indicating the presence of different mechanisms of transport and deposition for these currents.

Our theoretical model allows us to explain these very different types of flow behaviour. The
fine-grained proximal lithofacies was formed by locally diluted flows, with flow boundary zones
dominated by traction during their deposition on a steep slope. These stratified lithofacies are the
minority and correspond to flow emplacements under relatively low accumulation rates, as derived
from the theoretical model applied to the Coranzuli case study. By contrast, the massive lithofacies
corresponds to flow emplacement with high accumulation rates, when pyroclastic flows were still far
travelling under the effects of Mass Eruption Rate during the sustained eruption. In particular, some
alternation of stratified and massive thin sets of deposits in proximal settings probably reflects
oscillatory flow-boundary conditions, varying from a fluid-escape-/granular-flow-dominated flow
boundary zone to a traction-flow-dominated boundary zone. These conditions can be related to the
unsteadiness associated with dynamical changes in topography, which in turn are probably related to
the mechanisms of the syn-eruptive subsidence and the widening of the caldera rim. In other words,
the topography was changing during the eruption itself. On the other hand, lithic-rich lenses were
formed by the uplift of substrate blocks by a dense basal flow with high interstitial gas pore pressure,
which was able to transport and deposit these blocks on the basal deposit of the flow.

The depositional model derived from the study of the Coranzuli ignimbritic succession, which
is particularly thick and conceals the paleotopography, can also be applied to infer general flow
dynamics from other similar large-volume, crystal-rich, caldera-forming ignimbrites in the same area.
These large ignimbrites were, in the majority, emplaced by pyroclastic flows by rapid accumulation in
a long-lived eruption dominated by forced convection, while their internal facies variations were, in

the minority, influenced by local paleotopography.
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Figure captions:
Fig. 1. Calderas and caldera-related ignimbrites of the Altiplano-Puna Volcanic Complex, modified

from Petrinovic et al. (2010) and Guzman et al. (2017).

Fig. 2. Ignimbrite units from the Coranzuli caldera shown in a Shuttle Radar Topographic Mission
Digital Elevation Model. Black circles with numbers refer to the 20 new stratigraphic logs shown in

Fig. 3 and Table 1.

Fig. 3. Stratigraphic logs in (a) northern, (b) eastern, (c) northwestern and (d) southern directions from

the caldera.

Fig. 4. Pre-caldera block and ash flow deposit and ignimbrite unit 1. (a) General view with
monolithologic massive breccia, in which lithics consist only of dacitic lavas, fine-grained cross-

stratified facies, massive lithic breccia facies rich in dacitic lithic fragments with some Ordovician
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metapelites and quartzites, followed by a massive ignimbrite facies, (b) detail of monolithologic
massive breccia formed by dacitic lithics, (c) detail of fine-grained cross-stratified facies, (d) lithic-
rich lenses within the fine-grained cross-stratified facies, (e) detail of massive lithic breccia facies rich

in dacitic fragments with subordinated Ordovician metapelites and quartzites.

Fig. 5. (a) Detail of black fiammes, (b) detail of a pink fiamme, (c) detail of crystal-rich pumices in
non-welded facies; a dense juvenile grey fragment is visible in the upper right, (d) detail of grey

flammes in welded facies.

Fig. 6. (a, b) Ignimbrite unit 2: (a) Lenticular lithic-rich facies interlayered within the massive
ignimbrite, (b) detail of lenticular lithic-rich facies; note the subangular fragments; (c, d) Ignimbrite
unit 3: (c) massive lithic breccia facies, (d) general view of the massive ignimbrite facies with

columnar jointing at medial facies.

Fig. 7. Ignimbrite unit 4. (a) Detail of fine-grained cross-stratified facies, (b) detail of fine-grained
planar-stratified facies with levels of concentration of pumices, (c) intercalated sets of fine-grained
cross-stratified and massive ignimbrite facies, (d) detail of pumice-rich facies with dark colours due to
preferential alteration, (e) columnar jointing in welded ignimbrites near the southern rim of the
caldera; note the deformation in the upper portions, (f) pumice-rich massive ignimbrite facies with
blocks of dacitic ignimbrite indicated by an arrow, (g) detail of pumice-rich massive ignimbrite, (h)

massive lithic breccia facies with blocks of dacitic ignimbrite.

Fig. 8. Sedimentation rate as a function of the T,,/T, ratio calculated for different shear zone
thicknesses (1-2 m) and for different large eruption durations (5-50 h). The grey area represents the

thermo-mechanical conditions in which ductile deformation is possible within the aggrading deposit.

Fig. 9. Schematic reconstruction of facies architecture of the Coranzuli ignimbrites derived from facies

relations from stratigraphic logs of this work and from Seggiaro et al. (2019). General views in (a)
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northern, (b) eastern, (c) north-western and (d) southern directions from the caldera. These cartoons

are not to scale.

Table captions:
Table 1. Field data corresponding to the local deposit thickness, /4, and the application of the model to
calculate ranges of the accumulation rate, 4,, emplacement timescale, ¢, and accumulation velocity,

h/t; * no log is available for this point, only its thickness at the locations shown in Fig. 2.
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Profile h Ar min-max t min-max h/t min-max
(Figs.2, 3) [m] [kg/m2 s] [min] [mm/s]
21* 12 06-11.2 25.0 - 500.0 0.4-8.0
17 23 2.1-41.1 13.0 - 260.9 1.5-294
18 80 249 -497.8 3.7-75.0 17.8 - 355.6
20 16 1.0-19.9 18.7-375.0 0.7-14.2
7 6 0.1-2.8 50.0 - 1000.0 0.1-2.0
8 50 9.7-1944 6.0-120.0 6.9 -138.9
2 85 28.1-561.9 3.5-70.6 20.1-401.4
5 200 155.5-3111.1 1.5-30.0 111.1-2222.2
12 87 29.4 - 588.7 3.4-69.0 21.0 - 420.5
14 50 9.7-1944 6.0 -120.0 6.9 - 138.9
6 51 10.1-202.3 59-117.6 7.2 -144.5
10 12 0.6-11.2 25.0-500.0 0.4-8.0
4 10 04-738 30.0 - 600.0 03-5.6
9 141 77.3 -1546.3 2.1-42.5 55.2-1104.5
Table 1
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Highlights
e Coranzuli caldera generated four ignimbrite units at 6.6 Ma
e A theoretical model of emplacement dynamics was developed
e Dense PDCs were subject to rapid en masse emplacement
o Emplacement was influenced by paleotopography only locally
e PDCs travelled at relatively low velocities (less than tens of m/s)
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Profiles to the north of Coranzulf caldera
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Profiles to the east of Coranzuli caldera
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Profiles to the NW of the caldera
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Profiles to the south of Coranzuli caldera
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General section to the NW
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