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ARTICLE INFO ABSTRACT

Keywords: Pyroclastic density currents (PDCs) are one of the most dangerous volcanic phenomena. The correct interpre-
Caviahue-Copahue Volcanic Complex tation and mapping of PDC deposits in the volcano record is important to establish the eruptive style and play a
Glaciovolcanism

fundamental role in hazard assessment and risk management. The Copahue volcano is an active intermediate
volcano of the Southern Volcanic Zone of the Andes (Argentina-Chile) that presents fragmentary evidence of
explosive activity during its evolution, with unusual minor PDC deposits. The recorded historic eruptions were
mainly phreatomagmatic due to the presence of a crater lake. In this study, four key deposits previously inter-
preted as PDC products corresponding to different stages of the Copahue volcano evolution (Pleistocene, Ho-
locene, and Historic times) are analyzed and this origin is discussed: (i) A Pleistocene reddish succession located
in the northeast flank of the volcano formed by stretched bombs in a coherent lava is interpreted as clastogenic
lavas; (ii) a series of proximal bedded volcaniclastics deposits of Pleistocene age are interpreted as redeposition
of hyaloclastic fragments from syn-eruptive subglacial meltwater flows associated with subglacial eruptions; (iii)
a distal Holocene deposit located ~12 km east of the active crater consist mainly in fine-sized clasts forming
aggregates is reinterpreted as a sedimentary (lacustrine) deposit with volcaniclastic input; and, (iv) a historic
whitish-grey clastic deposit located on the eastern flank is considered a product of a mixed avalanche generated
during the 1992-1995 activity. Consequently, the PDC occurrence during the Copahue volcano evolution is less
than previously thought. Large PDCs are unlikely in the future and their influence area would be reduced near
the active crater as observed in recent eruptions. Flows triggered by the melting of snow/ice during volcanic
activity and sudden drainage of the crater lake appear to be a more likely potential hazard that should be
considered during risk assessment.

Mixed avalanches
Clastogenic lavas
Volcanic hazards

1. Introduction PDCs are inhomogeneous mixtures of pyroclastic particles and gas that

flow under the influence of gravity and present a continuum from dilute

Explosive volcanic activity is one of the most amazing natural phe-
nomena and it is potentially destructive and capable of causing devas-
tating societal impacts (e.g. Houghton, 2015; Cassidy et al., 2018). It can
be generated by purely magmatic mechanisms (Cashman and Scheu,
2015) or by the interaction of magma with external water (Houghton
et al., 2015). Explosive eruptions can lead to the generation of pyro-
clastic density currents (PDCs), which are one of the most dangerous
volcanic phenomena and the main cause of death by volcanic activity
worldwide, at least since 1600 CE (Witham, 2005; Auker et al., 2013).

to concentrated members given by the ratio between the solid and the
fluid phases (Branney and Kokelaar, 2002; Sulpizio et al., 2014). This
spectrum is reflected in a diverse range of PDCs deposits that record the
processes and conditions of the lowermost part of the current denomi-
nated flow-boundary zone (Branney and Kokelaar, 2002; Sulpizio et al.,
2014). PDCs deposits vary from massive to stratified and can share
common features with other volcaniclastic or sedimentary deposits,
making their correct interpretation often difficult (Moorhouse and
White, 2016).
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Fig. 1. Location maps. a. The South American continent map showing the distribution of the Andean Volcanic Zones (Austral Volcanic Zone (AVZ), Southern
Volcanic Zone (SVZ), Central Volcanic Zone (CVZ), and Northern Volcanic Zone (NVZ)) with the location of the Caviahue-Copahue Volcanic Complex (CCVC). b. The
Caviahue caldera map showing the location of the Copahue volcano in the western rim of the caldera, and the location of the Argentinian towns of Caviahue and
Copahue inside the caldera. c. Satellite image of the Copahue volcano with the location of the analyzed deposits (NRS: Northeast Flank Reddish Succession; PBD:
Proximal Bedded Deposits; DHD: Distal Holocene Deposit; WHD: Whitish Historic Deposit). The red dashed line indicates the limit of the Copahue volcano, and the
yellow circles indicate the location of the sampling stations. d. Schematic stratigraphic logs of the analyzed deposits (B: blocks; mLT: massive lapilli tuff; fT: fine tuff).

Copahue volcano (37.86°S, 71.17°W; Argentina-Chile) is an active
intermediate volcano of the Southern Volcanic Zone of the Andes
(Fig. 1a). It is emplaced on the western rim of the Plio-Pleistocene
Caviahue caldera, forming together the Caviahue-Copahue Volcanic
Complex (Linares et al., 1999) (Fig. 1b). The Copahue volcano has an
elongated SW-NE shape with several craters aligned in the summit, of
which the easternmost is currently active and host of an acidic crater
lake inside and two acidic hot springs on its eastern flank (Varekamp
et al., 2001; Agusto and Varekamp, 2016). Also, the volcano summit
hosts a small glacier that feeds the crater lake, and the entire edifice is
covered by a significant snow cap during the winter season.

The Copahue volcano is at least younger than ~1.25 Ma (Linares

et al.,, 1999) and evidence of explosive activity during its evolution is
fragmentary with unusual minor PDCs deposits mentioned in the liter-
ature. The explosive character observed in the eruptive activity in the
last three decades is mainly a consequence of the interaction with the
hydrothermal system (Delpino and Bermudez, 1993; Naranjo and
Polanco, 2004; Petrinovic et al., 2014b; Caselli et al., 2016a, 2016b,
2016b; Daga et al., 2017).

In this study, we reappraisal the significance of the generation of
PDCs during the Copahue volcano evolution from the analysis and
reinterpretation of four key deposits previously interpreted as PDCs
products corresponding to different stages of the edifice evolution
(Pleistocene, Holocene, and Historic times) (Fig. 1c¢ and d). The correct
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Fig. 2. General features of the Northeast flank Reddish Succession (NRS). a. Overview of the reddish wall formed by the NRS. Note the alternation between coherent
and eroded domains. b. Aspect of coherent areas showing oriented, elongated lenses in a red matrix. Hammer is 28 cm in length. c. Detail of the contact between the
lenses and the matrix. d. Photomicrograph under cross-polarized light of the lava (matrix) with vitreous groundmass showing a broken plagioclase. e. Photomi-
crograph under cross-polarized light of vesicular lens showing plagioclase and clinopyroxene phenocrysts.

estimation of the style of volcanic activity and its associated processes
plays a fundamental role in the hazard assessment and risk management
of the Copahue volcano. This is extremely important considering that
the Argentinian towns of Caviahue and Copahue are located 9.5 km and
5 km from the active crater.

2. Explosive activity of Copahue volcano

Evidence of Pleistocene explosive activity comprises only the
mention of minor PDC deposits without detailed descriptions of them
(Melnick et al., 2006; Sruoga and Consoli, 2011; Forte and Caselli, 2014;
Caselli et al., 2016a). During Holocene times, the SW-NE-aligned sum-
mit craters were formed in association with the generation of small PDCs
(Delpino and Bermtdez, 1993, 1994, 1994; Melnick et al., 2006).
Polanco (1998, 2003) described six PDC deposits distributed in the
surroundings of the Copahue volcano in Chilean and Argentine territory,
and groups them within the unit “Depésitos Pirocldsticos Copahue’”.
Radiocarbon dating on these deposits yields ages between 8.770 + 70 BP
and 2.280 + 50 BP (Polanco, 1998). Based on the ages obtained, a
recurrence rate of explosive activity of 650-700 years was estimated
(Polanco et al., 2000). A possible historical dilute PDC deposit located
just east of the active crater is mentioned by Baez et al. (2020).

In historic times, 10 eruptions have been reported (1750, 1759,
1867, 1876, 1937, 1944, 1960-1961, 1992-1995, 2000, 2012-2021),
most of them corresponding to phreatic and phreatomagmatic activity
(Petit-Breuilh, 2004; GVP, 2013; Caselli et al., 2016a; Caselli, pers.
comm.). However, only 1992-1995, 2000, and 2012 eruptions have
detailed descriptions.

The 1992-1995 activity cycle consisted of low-magnitude phreatic-
phreatomagmatic eruptions characterized by eruptive columns smaller

than 1500 m height and the occurrence of several lahars (Delpino and
Bermudez, 1993; Bermiidez and Delpino, 1995).

The 2000 eruption also began with phreatic-phreatomagmatic ex-
plosions, but then changed to a strombolian activity when the crater lake
was completely emptied (Delpino and Bermtdez, 2002; Naranjo and
Polanco, 2004). During the most intense stages, the eruptive column
reached up to 2000 m height, a small lahar that traveled <2 km along
the upper Agrio river was generated, and only small dilute PDCs were
formed on the northern and eastern flanks (Delpino and Bermtidez,
2002; Naranjo and Polanco, 2004). Fish mortality due to a decrease in
pH values of the water was mentioned for the Lomin river, although no
lahars was registered (Naranjo and Polanco, 2004).

A small phreatomagmatic explosion during July 2012 begins the
most recent eruptive cycle (Daga et al., 2017), which presented its
largest eruption on December 22, 2012. Similar to the 2000 eruption,
this eruption changed from a phreatic-phreatomagmatic activity to a
strombolian style, the eruptive column reached up to 2000 m height,
and small dilute PDCs were observed near the crater (Petrinovic et al.,
2014b; Caselli et al., 2016b). New minor magmatic eruptive events were
recorded in the following years, even up to the date of presentation of
this contribution (March 2021) (Caselli et al., 2018; Caselli, pers.
comm.)

3. Methods

In this work, we use a multiproxy approach to determine the origin of
the analyzed deposits. Fieldwork was carried out between 2015 and
2019 and consisted of conventional volcanic stratigraphy field studies
(stratigraphic logging, detailed description of the lithofacies, collection
of samples, etc.). The volcaniclastic deposits (including syn-eruptively
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Fig. 3. General features of the Proximal Bedded Deposits (PBD). a. Panoramic view of the PBD and the associated lavas located ~500 m east of the active crater
(top), and sketch of the same area (bottom). Field of view ~100 m. b. Matrix-supported basal breccia locally preserved. Hammer is 28 cm long. c. Massive to crudely
bedded lapilli tuff with few blocks. d. Tuff breccia lithofacies. e. Rhythmic alternation of inversely grade beds. In figure d and e the hammer is 33 cm long. f. Scour
and fill structure in clast-supported bed, and truncation of the underlying beds. Note the block-size fragment without sags structures. g. Clast of vesicular black glass
with palagonitized rims. h. Clast of pale glass with several acicular opaques microlites. i. Clast showing the transition between black glassy domain and pale glassy
with acicular microlites domain. Figs. g-i are photomicrographs under plane-polarized light.

redeposited deposits) are described using the terminology proposed by
White and Houghton (2006).

The petrographic analysis consisted of the study of thin sections
under the petrographic microscope or under the binocular loupe,
depending on the nature of the sample. To determine the granulometric
distribution, some volcaniclastic samples were sieved using a Ro-Tab
sieve shaker. Statistics parameters were calculated using the Folk and
Ward (1957) method through the program GRADISTAT (Blott and Pye,
2001).

Supplementary estimation of the content of organic matter was
realized by loss of ignition (LOI) in 1-g samples at 550 °C for 4 h (Heiri
etal., 2001). The SEM-EDS analysis was carried out in a Philips SEM 515
scanning electron microscope, and a SEM-FEG FEI Nova Nanosem 230 in
the Centro Atémico Bariloche (Departamento de Caracterizacion de Mate-
riales, CNEA), Argentina. Bulk mineralogy was analyzed by X-ray
diffraction (XRD) with a PANalytical X-ray diffractometer operated at

30 mA and 40 kV at the Departamento Caracterizacién de Materiales
(Centro Atomico Bariloche, Argentina), collecting data from 5° to 60° 26.
LandSat 4-5 TM imagery was obtained from the USGS Global Visuali-
zation Viewer (GloVis) development by the United States Geological
Survey (https://glovis.usgs.gov/).

4. Analysis of the deposits

In this section, we analyze four key deposits previously interpreted as
PDC products, named here as Northeast Flank Reddish Succession
(NRS), Proximal Bedded Deposits (PBD), Distal Holocene Deposit
(DHD), and Whitish Historic Deposit (WHD). These correspond to
different stages of the edifice evolution, including Pleistocene (NRS and
PBD), Holocene (DHD), and Historic times (WHD). Pleistocene deposits
are volumetrically larger than the younger ones, although the latter are
preserved in more distal positions. Each sub-section below corresponds
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____Caviahue town

Copahue volcano

Fig. 4. General features of the Distal Holocene Deposit (DHD). a. Overview of the DHD ~12 km east of the active crater. b. Photography of the 0 phi fractions of the
sieved DHD showing aggregates. c. SEM image of fine cuspate glass shard. d. SEM image of fragment altered mainly to smectites. e. Fraction of the DHD in loose

grains showing the presence of diatoms (red circle).

to one of these deposits and includes its location, background, and
description. The discussion of their interpretation is addressed in the
following section. The name assigned to each deposit corresponds to a
combination of location, age, and/or distinctive-feature descriptors. It is
important to emphasize that these nomenclatures do not correspond to
new formational names and are only intended to quickly differentiate
and recognize the analyzed deposits (for a discussion of the stratigraphic
scheme of the Copahue volcano see Béez et al., 2020).

4.1. Northeast Flank Reddish Succession (NRS)

Northeast Flank Reddish Succession (NRS) refers to a distinctive
reddish outcrop that forms a wall of ~20 m thick located ~500 m
northeast of the active crater (Fig. 1). This sequence has been previously
defined as a welded ignimbrite of Pleistocene age (Forte and Caselli,
2014; Caselli et al., 2016a). No detailed analysis supports this inter-
pretation and only the presence of a massive welded fluidal texture has
been mentioned (Forte and Caselli, 2014). Recently, Baez et al. (2020)
reinterpreted this sequence as a succession of clastogenic lavas.

The NRS forms a distinctive reddish wall with vertical transitional
intercalations between coherent domains and eroded domains (Fig. 2a).
The coherent domains show a welded fluidal aspect composed of greyish
elongated vesicular lenses in a coherent red (black in the fresh face)
matrix (Fig. 2b). The eroded domains consist of similar components but
with a predominance of vesicular lenses and scarce matrix.

The red/black matrix consists of a non-vesicular lava composed of an
aphanitic groundmass that contains plagioclase and clinopyroxene
phenocrysts up to 5 mm in length (Fig. 2¢). The groundmass is vitreous
to cryptocrystalline and contains microphenocrysts of plagioclase and
clinopyroxene. In some sectors variation in microlites content evidence

relicts of individual clasts. The crystals are weakly to moderately ori-
ented and generally broken (Fig. 2d). Some fine crystal corresponds to
fragments of broken crystals.

The greyish lenses are easily recognizable flattened and stretched
bombs oriented parallel to the base. These are moderate to highly ve-
sicular with vesicles up to ~1 mm in diameter and contain plagioclase
and clinopyroxene phenocrysts (Fig. 2e). The vertical axis of the lenses
is < 20 cm thick, while the horizontal axis varies from centimetric to
metric scale, forming flow-banded textures in sectors of higher
deformation.

4.2. Proximal Bedded Deposits (PBD)

The Proximal Bedded Deposits (PBD) includes a set of downslope-
dipping bedded volcaniclastic deposits emplaced up to 1500 m from
the active crater and preserved under fractured lavas and hyaloclastites
with evidence of lava/ice interaction (Fig. 3a). The three main outcrops
are located ~500 m to the east of the active crater, on the valley of the
upper Agrio River, and immediately south of the active crater (Fig. 1).
The outcrop located in the upper Agrio River has been previously
mentioned as a dilute PDC deposit of Pleistocene age (Sruoga and
Consoli, 2011a; Forte and Caselli, 2014; Caselli et al., 2016a). Baez et al.
(2020) described the PBD and reinterpreted them as deposits emplaced
by subglacial meltwater drainage streams with a syn-genetic relation-
ship with the emission of the overlying lava flows.

Two types of lavas associated with the PBD have been recognized.
Thin fractured sheet lavas enclosed by massive hyaloclastite breccias
generally lie above the PBD. The top hyaloclastite is better developed
while the basal hyaloclastite is thinner and locally disappears. A tran-
sition between the hyaloclastite and the PBD is locally observed. The
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Fig. 5. General features of the Whitish Historic Deposit (WHD). a. Stratigraphic sections of the WHD in the upper Agrio River and the Lomin River basin. The
distances are from the crater following the path of the deposit and its location coincides with the sampling stations in Fig. 1 b. Overview of the WHD showing greater
thickness on flat slopes and thinner thickness without levees on the margins. c. Internal features of the WHD showing a main massive lapilli-tuff lithofacies with a thin
basal fine tuff layer and a surface thin cap of block- and coarse lapilli-size clasts. A second similar underlying sequence is observed. d-f. Main components of the
WHD: white fragments of amorphous silica (d), grey-greenish sulfur spherules (e), and poorly to moderately vesicular juvenile clasts (f). g. Whitish vesicular siliceous

block present in the surface of the WHD.

sheet lavas are overlain by over-thickened lavas with steep margins and
colling fractures. In some cases, these lavas cut the sheet lavas and rest
directly in contact with the PBD. For more details of the cooling fractures
present in these lavas see Baez et al. (2020).

The PBD consist of planar-bedded lapilli tuffs that are locally
deformed, even showing large-scale slumps. A poor preserved matrix-
supported basal breccia is locally observed (Fig. 3b). The main lapilli
tuff consists of centimetric to decimetric individual beds defined by
granulometric and clast/matrix ratio variation. Most of them consist of
internally massive or crudely bedded beds dominated by coarse ash to
fine lapilli-size subangular clasts and some coarse lapilli and isolated
block-size fragments but without sags structures associated (Fig. 3c).
Some beds present a higher content of blocks forming a matrix-

supported tuff-breccia (Fig. 3d). The lack of fine-size components is
persistent in the entire PBD.

Locally, the PBD presents a distinctive rhythmic alternation of cen-
timetric beds that vary between moderately to well-sorted clast-sup-
ported beds composed by coarse ash to fine lapilli-size subangular to
subrounded clasts, and matrix-supported beds consist in minor similar
clasts in an ash-size matrix. In some cases, individual beds appear to vary
between the matrix-supported to the clast-supported domains in the top,
resulting in an inverse gradation (Fig. 3e). The clast-supported layers
can cut to underlying beds (scour and fill structure) and present block-
size fragments up to 30 cm but also without associated sags structures
(Fig. 3f).

The PBD is mainly monomictic, with a predominance of subangular
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dark grey to black lava fragments in the whole size range. These frag-
ments have a porphyritic texture with phenocrysts of plagioclase in an
aphanitic groundmass and are poorly to non-vesicular. Isolated yellow
sulfur fragments of less than 5 cm also are present in the deposit.

In thin sections, three main clasts have been observed: (1) Black
poorly vesicular glass with scarce plagioclase phenocrysts and palago-
nitized rims (Fig. 3g), (2) pale (transparent to yellowish-brown) vesicle-
free glass with an undercooling texture that consists of several moder-
ately oriented acicular opaque microlites and minor plagioclase micro-
lites ranging from 25 pm to 100 pm, and some plagioclase and pyroxene
phenocrysts (Fig. 3h), and (3) brown poorly vesicular glass with perlitic
fractures, scarce plagioclase phenocrysts and palagonitized rims. In
some cases, the contact between the black glass and the pale glass with
acicular microlites is present in an individual clast (Fig. 3i). When a
medium to fine ash-sized matrix is present, it consists of fragments
compositionally like the higher clasts but with sizes between 0.1 and 0.5
mm thick, and without fine fragments <63 pm thick.

4.3. Distal Holocene Deposit (DHD)

The Distal Holocene Deposit (DHD) is located within the Caviahue
caldera about ~12 km to the east of the active crater and ~350 m to the
north of Lake Caviahue (37°51'40” S - 71°1'23"” W) (Figs. 1 and 4a). It is
exposed by erosion on the undercut bank of a stream that flows into the
Caviahue lake.

The DHD is part of the Holocene deposits interpreted as products of
PDCs by Polanco (1998, 2003). They are matrix-supported deposits up
to 2 m thick formed mainly by fine-size components and with inter-
bedded fall deposits (Polanco, 2003). The DHD includes two PDC de-
posits of 2 m and 1.2 m thick separated by a ~80 cm thick sequence
formed by tephra-fall deposits, fluvial/lacustrine deposits, and paleosols
(Polanco, 1998, 2003). The lower deposit is described as an organic-rich
paleosol produced in a PDC deposit, whereas the upper deposit is
described as an organic-rich PDC deposit (Polanco, 1998). Radiocarbon
dating on the upper deposit of the DHD yields an age of 8770 + 70 BP
(Polanco, 1998).

In this contribution, a new stratigraphic section was made in the
DHD and two main deposits were identified and correlated with the
previously PDC deposits described by Polanco (1998, 2003). For the
upper deposit, a maximum thickness less than that mentioned by
Polanco (1998, 2003) was measured, although variations in its thickness
were observed due to surface erosion.

Both the lower and the upper deposits present a massive aspect and
are unconsolidated. Compositionally they are also similar and consist
mostly of silt/clay-sized material that forms aggregates of up to ~5 mm
(Fig. 4b). These aggregates are mainly composed of clay minerals and
amorphous silica varieties. Black glass shards with poor to moderate
vesicularity are present as isolated fragments up to 1 mm and forming
part of the aggregates (Fig. 4c). Minor plagioclase and pyroxenes crys-
tals and volcanic lithics are also present. White fragments altered to
smectites and Fe-Ti oxides of up to 1 mm are also dispersed in the de-
posits (Fig. 4d). A white bed of 5 cm thick formed mainly by these white
fragments is interspersed with transitional contacts in the lower deposit.

The organic matter content of both deposits is substantial, being
8.20% in the lower deposit and 11.65% in the upper deposit. Another
relevant feature observed in both deposits is the presence of diatoms
(Bacillariophyceae) confirmed by the analysis under the petrographic
microscope of loose grains (Fig. 4e).

4.4. Whitish Historic Deposit (WHD)

The Whitish Historic Deposit (WHD) comprises a set of whitish-grey
outcrops located along the drainages on the eastern flank of the volcanic
edifice (Figs. 1 and 5a). The most significant outcrops are located in the
Lomin and upper Agrio rivers reaching 4 km and 6 km long, respectively.
Other minor outcrops are observed to the southeast and northeast of the
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active crater. Proximal deposits are currently not preserved or covered
by pyroclasts from recent eruptions.

The detailed description of the August 1992 eruption mentions for
August 2 the occurrence of grey ice-bearing lahars that traveled 4 km
downstream into the upper Agrio river and 3.5 km into the Lomin river
(GVP , 1992; Delpino and Bermtdez, 1993). During the September 12,
1995 eruption, a lahar of similar characteristics traveled 8 km into the
upper Agrio river (Bermtdez and Delpino, 1995). The deposits of the
1992-1995 lahars were dark grey in color while wet and turned white
when dried (Delpino and Bermtdez, 1993; Bermidez and Delpino,
1995).

The distribution and general aspects of the WHD are the same as the
1992-1995 lahars, and subsequent contributions have attributed the
WHD genesis to these lahars (Polanco, 2003; Sruoga and Consoli,
2011a). More recently, the WHD was interpreted as a product of PDCs
generated during the 1961 eruption (Petrinovic et al., 2014a) and later
attributed to the 2000 eruption (Balbis et al., 2016). Balbis et al. (2016)
make a facies analysis and conclude that the lithofacies present in the
WHD correspond to PDC deposits, pointing out that these cannot be the
result of lahars. These authors also mention the presence of charred
bushes within the deposit and the presence of the deposit adhered to the
walls of the river valleys as evidence that support this interpretation.
The proposed formation of the WHD during the 2000 eruption is based
on the report of small dilute PDCs during the July 5, 2000 eruption
(Naranjo and Polanco, 2004), and oral reports of the 2000 eruption from
Caviahue inhabitants.

WHD distribution shows a strong topographic control during its
emplacement. On flatter slopes, the deposit reaches up to 65 cm thick,
whereas on steeper slopes and margins is only a few centimeters thick
(Fig. 5b). The lack of marginal levees is present in the entire deposit. In
the Lomin river the distal deposit presents a frontal lobe emplaced in a
flat sector of the valley outside the edifice flank.

WHD consists of a grayish massive lapilli tuff very poorly sorted and
clast-supported (Fig. 5¢). The grain size mainly varies from very fine ash
to medium lapilli, and with <5% of extremely fine ash matrix (<63 pm).
The granulometric mean ranges between 1.5¢ and —1.5¢, showing a
platykurtic and coarse skewed distribution (see supplementary mate-
rial). Few isolated coarse lapilli-sized clasts up to 5 cm are present in
some locations towards the top of the deposit.

The lapilli tuff is polymictic and contains lithics (50-80%), and
minor juvenile clasts (15-25%), and crystal fragments (<5%). The
lithics consist of white sub-rounded fragments of crystalline silica vari-
eties (tridymite + cristobalite + quartz) (Fig. 5d) and grey-greenish
sulfur spherules (Fig. 5e). Minor proportions of yellow sulfur frag-
ments and altered reddish volcanic lithics are also present. Juvenile
clasts are grouped in black poorly to moderately vesicular glassy clasts
with blocky texture and dark-brown to black moderately vesicular pu-
miceous clasts with vesicular textures and elongate vesicles (Fig. 5f).
Crystal fragments are principally plagioclase and pyroxene.

Thin whitish layers (<2 cm) of fine tuff are also present at the base of
the deposit in some sectors. This fine tuff is poorly sorted and mainly
formed of extremely fine ash and very fine ash fragments, showing a
very coarse skewed distribution (see supplementary material). The
fragments in this lithofacies principally correspond to white silica lithics
like the present in the lapilli tuff.

Isolated blocks up to 20 cm and coarse lapilli-size clasts lie on the
surface of the deposits in several sectors. These clasts consist of whitish
siliceous fragments with vesicular and massive textures composed of
amorphous and crystalline silica varieties with the presence of sulfur
and gypsum (Fig. 5g).
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Fig. 6. Schematic illustration of the emplacement of the PBD and associated lavas/hyaloclastites. a. Initial subglacial to subaerial eruption with rapid and effective
subglacial drainage of the meltwater. Possible generation of phreatomagmatic explosions. b. Emission of lava flow that interacts with the ice. Meltwater flow
generates the PBD from the redeposition of the material generated in the eruption, mainly from the hyaloclastic fragmentation of the lava. c. The lava flow continues
to advance below the glacier following the tunnels formed by the meltwater drainage flow. d. The glacial partially recedes due the volcanic/ice interaction allowing

the emplacement of subaerial lava that is confined downslope by the ice.
5. Discussion
5.1. Origin of the deposits

5.1.1. Northeast Flank Reddish Succession (NRS)

Based on its textural characteristic and proximal location, we
consider the NRS as a succession of clastogenic lavas, as previously
proposed by Baez et al. (2020). These clastogenic lavas would have been
formed during periods of high accumulation rates of fluid hot pyroclasts
in a lava-fountain eruption.

Lava-fountains consist of sustained jetting of incandescent pyroclasts
during Hawaiian eruptions, and its products include non-welded scoria
cones, spatter piles and ramparts, and clastogenic lavas (Wolff and
Sumner, 2000; Sumner et al., 2005). The latter are proximal lava flows
formed by syn-depositional rheomorphic flow of agglutinated and coa-
lesced hot pyroclasts (spatters), and show obvious fragments typically
flattened, stretched, and deformed (Cas and Wrigth, 1987; Sumner,
1998; Wolff and Sumner, 2000). Internal textural variations from
discernible agglutinate clasts to homogeneous lavas formed by coalesced
clasts have been observed in clastogenic lavas (e.g. Sumner, 1998).

The red matrix of the NRS consists of entirely coalesced clasts with a
total loss of vesicularity that forms quasi-homogeneous lava where
obliterated clast outlines are difficult to recognize. This interpretation is
also supported by the presence of a higher proportion of broken crystals
than in a typical intermediate lava flow, indicating explosive activity
prior to the formation of the lava flow (Yasui and Koyaguchi, 2004;
Riggs and Duffield, 2008). The grey lenses consist of flattened and
stretched pyroclastic bombs that preserve vesicularity, possibly corre-
sponding to an outermost portion of the fountain (Sumner et al., 2005).
The eroded areas with highest proportion of preserved bombs indicate a
decrease in the clast accumulation rate and consequently in the degree
of coalescence (Sumner et al., 2005).

Although lava-fountains represent the most frequent subaerial
explosive eruption type (Sumner et al., 2005; Taddeucci et al., 2015),
the formation mechanisms of fountain-fed clastogenic lavas are rela-
tively poorly analyzed (Wolff and Sumner, 2000). However, in the last
two decades the recognition and description of these type of lavas have
increased (e.g. Riggs and Duffield, 2008; Carracedo Sanchez et al., 2012;
Brown et al., 2014; Maro and Caffe, 2016; Yasui, 2017), and generation
of clastogenic lavas have been reported in recent eruptions (e.g.

Andronico et al., 2008; Waythomas et al., 2014; Frontoni et al., 2019),
even in the Andean Southern Volcanic Zone (e.g. Romero et al., 2018;
Vera, 2018).

5.1.2. Proximal Bedded Deposits (PBD)

The PBD show similarities with other sequences of bedded volcani-
clastic deposits associated with hyaloclastites and lavas recognized in
diverse glaciovolcanic environments (e.g. Smellie and Skilling, 1994;
Smellie, 2008; Bennett et al., 2009; Banik et al., 2014; Lachowycz et al.,
2015; Cole et al., 2018). In these sequences, the bedded volcaniclastic
deposits have been interpreted as syn-eruptive redeposition of either
hyaloclastic or phreatomagmatic clasts from subglacial meltwater flows.

Smellie (2008, 2013) defines subglacial volcanic sheet-like se-
quences as a combination of cogenetic volcanic (jointed lavas with ev-
idence of ice/water interaction) and volcaniclastic lithofacies emplaced
in a glacial eruptive environment that form tabular to ribbon-like out-
crops with very low aspect ratios and steep margins. These represent
sequences emplaced away from the vent and are predominantly basaltic
(Smellie and Edwards, 2016), although examples of sequences with
more evolved compositions exist (e.g. Edwards and Russell, 2002).
Similar sequences with very narrow and sinuous morphologies that
consist of jointed lavas and minor underlying volcaniclastic deposits
interpreted as emplaced in subglacial tunnels have been called esker-like
sequences and the distinction into a separate category from the
sheet-like is uncertain (Smellie and Edwards, 2016).

Two types of sheet-like sequences (Mt. Pinafore and Dalsheidi types)
have been distinguished based on subtle differences in lithofacies and
architecture which would indicate different emplacement and coeval ice
thicknesses (Smellie, 2008). Nevertheless, recent studies question this
distinction arguing that the differences between the two types would be
insufficient and the original interpretations have unresolved problems
(Smellie and Edwards, 2016). In the more common Mt. Pinafore type,
the volcaniclastic lithofacies include planar and cross stratified sand-
and gravel-sized sediments, massive to crudely planar stratified hyalo-
clastite breccia, and in some cases a basal diamictite (Smellie and Skil-
ling, 1994; Smellie, 2008). The former is interpreted as redeposited
hyaloclastites and hyalotuffs by traction currents and hyper-
concentrated flows formed by the meltwater generated during the
eruptions that flushed away from the vent in tunnels beneath a thin
glacial cover (Smellie, 2008; Smellie and Edwards, 2016). Overlying the
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point of comparison. a. LandSat 4 TM image acquired on February 25, 1990 (bands combination 653: RGB). b. LandSat 5 TM acquired on February 26, 1999 (bands

combination 653: RGB). c. Google earth images acquired in January 2014.

volcaniclastic lithofacies, these sequences present a subglacial sheet lava
with glassy chilled margins, cooling joints characteristic of rapid chilling
in presence of water/ice, and maybe locally pillowed (Smellie, 2008;
Smellie and Edwards, 2016). This lava is generally encased by a massive
or crudely planar stratified hyaloclastite breccia. Finally, the sequences
are usually covered by subaerial lavas that can present steep margins
due to the interaction with ice walls (Smellie, 2008).

The close relationship, the similar general composition, and the
absence of unconformities between the PBD and the upper subglacial
lavas/hyaloclastites indicate a cogenetic association and support a
similar interpretation of the sheet-like (or esker-like). The soft-sediment
deformation present in the deposits indicates a water-saturated setting
and supports this interpretation. Following this line, Baez et al. (2020)
considered the PBD as a deposit emplaced by these syn-eruptive

subglacial meltwater flows and rejecting the interpretation as a wet
dilute PDC deposit due to the lack of distinctive features (e.g. impact sag
structures, accretionary lapilli, armoured lapilli, or fine ash draping
beds). Also, it should be noted that the emplacement of PDCs in sub-
glacial tunnels is unlikely. Broadly similar deposits of fines-poor, cross-
and parallel-bedded gravel and sand are common in glacial eskers
(Banerjee and McDonald, 1975; Smellie and Skilling, 1994).

During subglacial eruptions, large volumes of meltwater are rapidly
generated and can be released away from the vent site through sub-
glacial tunnels, forming in some cases devastating floods called
Jokulhlaups (Hoskuldsson and Sparks, 1997; Wilson and Head, 2002)
(Fig. 6a). Thin impermeable ice or alpine-type glacial is necessary for
this efficient drainage of the meltwater (Smellie et al., 2011; Smellie and
Edwards, 2016). Traction currents, cohesionless debris flows, and
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Fig. 9. Comparation between the WHD and the path of the 1992-1995 lahar in the Copahue volcano. a. Distribution of the WHD. The different colors of the deposits
indicate their possible origin from the 1992 lahar (yellow) or the 1995 lahar (green), interpretated from the description of the eruptions and the photographic
evidence. Rectangles indicate the approximate position and direction of the photographs in b, ¢, d, and e. The triangles indicate the location of the comparison points
marked in the following figures. b. Lahar generated in the east flank during the 1992 eruption. b’. 3D view of Google Earth image of the same area showing the WHD.
c. Lahar generated in the southeast flank during the 1992 eruption. ¢’. 3D view of Google Earth image of the same area showing the WHD. d. Deposit of the lahar
generated in the southeast flank during the 1992 eruption after the melting of part of the snow cover. In the background is showing the valley of the Lomin river. e.
Lahar generated in the east flank during the 1995 eruption. Note the formation of frontal lobules and the lack of marginal levees. e’. 3D view of Google Earth image of
the same area showing the WHD. Photographs b, ¢, and d courtesy of Higinio del Monte, and photograph e courtesy of Tony Huglich.

hyperconcentrated flows have been interpreted as the origin of similar Schuh, 2009). An initial debris flow that rapidly dilutes and evolves into
volcaniclastic deposits of syn-eruptive meltwater flows (e.g. Smellie and a hyperconcentrated flow may be represented by the locally preserved
Skilling, 1994; Loughlin, 2002; Smellie, 2008; Bennett et al., 2009). In basal breccia. The rhythmites composed of inverse graded beds locally
the case of the PBD, based on the granulometric, textural, and bedding present in the PBD are interpreted as deposited from traction carpets
characteristics we propose a deposition mainly from hyperconcentrated (Todd, 1989; Sohn, 1997; Benvenuti and Martini, 2002). Coarse-sand
flows (McPhie et al., 1993; Benvenuti and Martini, 2002; Pierson, 2005). and fine-gravel rhythmites have also been described in Jokulhlaups
The generation of these flows represents a common phenomenon in deposits (Russell and Knudsen, 1999; Russell and Arnott, 2003).

Jokulhlaups (Russell and Knudsen, 2002; Duller et al., 2008; Marren and The syn-eruptive subglacial meltwater flows can rework and
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redeposit two main types of fragments generated in the associated
eruption: vesicular vitroclasts formed during explosive phreato-
magmatic eruptions, and non-vesicular blocky vitroclasts formed by in
situ hyaloclastic fragmentation (Smellie, 2008, 2009; Banik et al., 2014;
Lachowycz et al., 2015). The poor to non-vesicularity, the angularity,
and the presence of overcooling textures in the fragments present in the
PBD indicate a main contribution of hyaloclastic fragments (Fig. 6b).
Fragments from explosive eruptions are not present in the PBD, although
phreatomagmatic activity in the vent is expected in this context and its
occurrence is not refused. Quick and effective drainage in the vent area,
added to high effusion rates could explain a poor development of the
explosive activity. Also, no pillow fragments were recognized within the
deposit, which supports poor ponding of the meltwater and effective
drainage. Nevertheless, the presence of isolated sulfur fragments would
indicate the formation of a subglacial lake before the eruption, sug-
gesting a vent configuration similar to the currently active crater.

The characteristics of the fractured lavas located above the PBD
evidence an interaction with ice/water during the emplacement and
reminds those present in the sheet-like sequences. During the formation
of these sequences, lava flows emitted from the vent can flow downslope
through the subglacial tunnels formed by the meltwater flows (Smellie
and Skilling, 1994; Lescinsky and Fink, 2000). This origin is proposed by
the thin sheet lavas associated with hyaloclastite breccias emplaced over
the PBD (Fig. 6¢). The abundant hyaloclastite breccia in the top of the
sheet lava evidence the interaction with the ice and the minor basal
hyaloclastite breccia would have been formed by the contact with the
underlying water-saturated sediments (Smellie and Skilling, 1994).
Usually, the thin ice on the tunnel roof is subsequently disintegrated
allowing the emplacement of subaerial lithofacies (Smellie, 2008;
Smellie and Edwards, 2016). The upper over-thickened jointed lavas are
interpreted as ice-confined subaerial lavas emplaced in this context
(Fig. 6d).
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5.1.3. Distal Holocene Deposits (DHD)

The predominance of fine-size material forming aggregates and the
presence of diatoms and high organic content in the DHD, support the
interpretation of a sedimentary deposition probably in a lacustrine
setting, and refuses the original interpretation as PDC deposits. The
contribution of volcanic materials is well evidenced by the presence of
glass shards, which may correspond to fallen material or have been
transported by tributaries. Since lakes are low-energy environments
where sediments accumulate almost continuously, dateable organic
matter is present, and tephra can be preserved, they may represent a
useful record of volcanic activity (White and Riggs, 2001; De Fontaine
et al., 2007). The presence of a massive fabric could indicate the action
of pedogenic processes that obliterated original characteristics of the
deposit such as lamination.

Considering its location, the DHD would have deposited during a
higher paleo-level of the Caviahue lake during the Holocene. The alti-
tude of these deposit coincides with the deposits located to the west of
the current coast of the Caviahue lake mapped as lacustrine deposits
(Melnick et al., 2006) (Fig. 7). It is a remarkable fact that aggregates
with similar characteristics to those present in the DHD and high organic
contents have been observed in sediment cores obtained from the cur-
rent Caviahue lake (Cerrato, 2020).

5.1.4. Whitish Historic Deposit (WHD)

Different possible ages have been proposed for this deposit regardless
of its genetic interpretation: 1961 (Petrinovic et al., 2014a), 1992-1995
(Delpino and Bermtudez, 1993; Bermtdez and Delpino, 1995; Polanco,
2003; Sruoga and Consoli, 2011a), and 2000 (Balbis et al., 2016). To
solve this discrepancy, we analyzed a LandSat 4 TM image acquired on
February 25, 1990, and a LandSat 5 TM acquired on February 26, 1999
(Fig. 8). The absence of the WHD in the 1990 image and the presence in
the 1999 image limit the possible temporal range of its formation.
Therefore, considering the recent eruptive history of the Copahue vol-
cano, the WHD would have been deposited during the 1992-1995
eruptions.

The similar components and distribution between the WHD and the
1992 and 1995 lahars, added to the age range obtained, support the
interpretation of the WHD as a lahar deposit (Fig. 9). The main evidence
to reject this interpretation is the assertion that the lithofacial charac-
teristics observed in this deposit cannot be explained by lahar processes
(Balbis et al., 2016). However, the characteristics of the WHD are similar
to those observed in volcanic mixed avalanche deposits (also called
ice-rich lahars or ice-slurries lahars). Although these processes are not
mentioned by this name for the 1992-1995 eruptions, the ice-bearing
lahars described by Delpino and Bermtidez (1993) could correspond to
these, indicating only a nomenclature problem.

A volcanic mixed avalanche is defined as a flow composed of a
mixture of snow/ice, water, and tephra in which the solid particles are
partially supported by the snow/ice fraction (Vallance et al., 2010). This
process has been observed in several snow/ice-clad volcanoes, however,
there are not many detailed descriptions of its deposits (e.g. Cronin
et al., 1996; Kilgour et al., 2010; Vallance et al., 2010; Waythomas et al.,
2013; Romero et al., 2018), even less after the melting of the snow/ice
fraction (e.g. Pierson and Janda, 1994; Waitt et al., 1994; Lube et al.,
2009; Breard et al., 2020). Post melting deposits consist of poorly
compacted thinner massive layers with no obvious characteristics of
typic lahars and low potential for preservation and recognition in the
geologic record (Pierson and Janda, 1994; Lube et al., 2009; Way-
thomas, 2014).

The solid fraction in mixed avalanche deposits is poorly sorted and
present a predominance of ash-size clasts, followed by lapilli-size (even
block-size), and a small proportion of clasts smaller than, showing
weakly negatively skewed bimodal to polymodal grain-size distribution
(Pierson and Janda, 1994; Lube et al.,, 2009; Breard et al., 2020).
However, Waitt et al. (1994) mention < 62 pm-thick clast fractions
between 8% and 24%. These granulometric characteristics are similar to
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Fig. 11. Genesis of the forming-WHD mixed avalanche. a. Schematic illustration of the possible genesis of the mixed avalanche during a phreatomagmatic eruption
in the crater lake. The effect of the dilute PDCs, or the lake water expelled from the lake, on the snow present on the flank of the edifice triggers the mixed avalanche.
b. Photograph of the 1995 eruption of the Copahue volcano to exemplify the model of mixed-avalanche formation (modified from Caselli et al., 2016a). ¢. The 1992
lahar (mixed avalanche) flowing over the snow cover (Photograph courtesy of Higinio del Monte). The red arrow indicates the location of the active crater.

those observed in the lapilli tuff lithofacies of the WHD (Fig. 10). It
should be noted that these characteristics are also expected in PDC de-
posits, so, in this case, the granulometric information is ambiguous and,
by itself, it does not allow the determination of the origin of the deposit.
The samples of fine tuff lithofacies analyzed in this study present
extreme values in some granulometric parameters, probably due to
methodological problems in the sieving, so these values should be
considered with caution.

Pierson and Janda (1994) describe in some mixed avalanche deposits
the presence of fine-grained basal layers probably equivalent to the sole
layers of the debris-flows, which could explain the formation of the fine
tuff lithofacies. Lube et al. (2009) also mention centimetric fine-rich
drapes in deposits after melting, but not associated with basal posi-
tions. Breard et al. (2020) describe a mixed avalanche deposit with in-
verse grading at the top, similarly to the WHD, although they also
mention a weak normal grading at the bottom.

The preservation of the WHD adhered to the bends of channels also
has been used as criteria to its interpretation as PDC deposit (Balbis
et al., 2016). However, superelevation has also been observed in the
bends of mixed avalanches, with preservation of the deposit on the
outside of the channel bends (Cronin et al., 1996; Kilgour et al., 2010). It
is important to note that the maximum height reached by the WHD may
be considerably overestimated due to the unawareness of the original
flow thickness considering the topographic smoothing effect caused by
the significant snow cover. The lack of levees and the generation of
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marginal lobes present in the WHD is described in several mixed ava-
lanches (e.g. Vallance et al., 2010; Breard et al., 2020), although in some
cases marginal levees were mentioned (e.g. Kilgour et al., 2010).

Lastly, the mentions of charred bushes in the WHD (Petrinovic et al.,
2014a; Balbis et al., 2016) is evidence of high temperatures during its
emplacement, which are not expected in mixed avalanches. The pres-
ence of these charred bushes could not be verified by our field obser-
vations. Considering the partial charring condition of the mentioned
bushes and the lack of other evidence of high temperature like thermal
oxidation of clasts, a more detailed analysis is required to constrain a
possible temperature range. An interesting fact to take into account is
the presence of a significant snow cover during the eruptions that would
have protected the vegetation (e.g. Vallance et al., 2010).

Although the granulometric information can be ambiguous, based on
the possible age range and the general distribution and architecture of
the WHD, and considering the description of the eruptive activity during
this period, we interpret that the most feasible origin for the WHD is
from mixed avalanches generated during the 1992-1995 eruptive ac-
tivity of the Copahue volcano (Fig. 11a). This origin coincides with the
original interpretation of the WHD as ice-bearing lahars (Delpino and
Bermtdez, 1993; Bermtdez and Delpino, 1995). The mixed avalanches
would have been triggered during phreatomagmatic eruptions by the
effect of dilute PDCs, or the water expelled from the lake, on the snow
(Fig. 11b). These flowed over the snow/ice cover reaching great dis-
tances from the crater due to its high mobility (e.g. Lube et al., 2009;
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Breard et al., 2020) (Fig. 11c).
5.2. Evidence of PDCs and hazards implications

As discussed in the previous sections, the four analyzed deposits
previously interpreted as PDC products, would not have this origin. This
reflects a previous overestimation of the occurrence of major PDCs in the
evolution of the Copahue volcano. Similarly, Hernando et al. (2020) also
reinterpret a clastic deposit from previous stages of the
Caviahue-Copahue Volcanic Complex that was originally considered a
PDC deposit, as being deposited within a deltaic to alluvial system.

The correct interpretation and mapping of the deposits associated
with a volcano can indicate the age, style, volume, and distribution of
past eruptions. Thus, allowing forecasting the possible characteristics of
future eruptions and consequently, these play a fundamental role in the
hazard mapping and assessment (Tilling, 2008). The first hazard map of
the Copahue volcano (Bermtdez and Delpino, 1995) considers only the
Argentine sector and establishes an area of 5 km around the active crater
as susceptible of being affected by dilute PDCs during phreatomagmatic
eruptions. The most recent hazard map (Naranjo et al., 2000) considers
the pyroclastic deposits interpreted by Polanco (1998) and establishes
the entire Caviahue Caldera as a zone with very low potential to be
affected by PDCs. The new evidence presented in this contribution
should be considered in the elaboration of new hazard maps.

Considering the evidence presented here and the descriptions of
historical eruptions (Naranjo and Polanco, 2004; Petrinovic et al.,
2014b; Caselli et al., 2016b), the area potentially affected by PDCs in the
Copahue volcano would be limited near the active crater, without rep-
resenting a risk in themselves for the Caviahue and Copahue towns. In
this context, the generation of large PDCs is unlikely, although the
possibility of their occurrence in the future cannot be completely ruled
out.

Considering the crater lake, the glacier located in the summit, and
the significant winter snow cover, the generation of flows due to the
melting of snow/ice during volcanic activity and the sudden drainage of
the crater lake, even during a lake break-out lahar, appear to be more
likely a potential hazard capable of affecting large areas. However, a
detailed analysis that includes the modeling of the processes that could
potentially occur in the Copahue volcano is necessary to make more
concrete assertions.

6. Conclusions

Four key deposits previously interpreted as PDCs products corre-
sponding to different stages of the Copahue volcano evolution (Pleisto-
cene, Holocene, and Historic times) have been analyzed and their origin
discussed:

- The reddish succession located in the northeast flank (NRS) is
considered as a succession of clastogenic lavas, following the inter-
pretation proposed by Baez et al. (2020).

The proximal bedded volcaniclastic deposits (PBD) are considered as
redeposition of hyaloclastic fragments from syn-eruptive subglacial
meltwater flows. The association of the PBD with subglacial lavas
and hyaloclastites supports the interpretation of a like sheet-like
sequence or esker-like sequence.

- The distal Holocene deposit located north of Lake Caviahue (DHD)
are reinterpreted as sedimentary (lacustrine) deposits with the input
of volcaniclastic material.

The historic whitish-grey clastic deposit located on the eastern flank
(WHD) is interpreted as product of mixed avalanches generated
during the 1992-1995 activity, according to its original interpreta-
tion (Delpino and Bermtdez, 1993; Bermtdez and Delpino, 1995).

The evidence presented here indicates that the PDCs occurrence
during the Copahue volcano evolution is less than previously thought.
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Large PDCs are unlikely in the future and their influence area would be
reduced near the active crater as observed in recent eruptions. Flows
triggered by the melting of snow/ice during volcanic activity and sud-
den drainage of the crater lake appear to be a more likely potential
hazard that should be considered during risk assessment.
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