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Understanding the evolution of a volcanic edifice is important in establishing its associated geological hazards.
Apacheta and Aguilucho volcanoes, northern Chile, formed a volcanic complex with known fumaroles and geo-
thermal potential. Among the products resulting from the evolution of the Apacheta-Aguilucho Volcanic Com-
plex (AAVC), a new volcanoclastic deposit has been recognized towards the eastern flank of the volcanic
complex. This deposit is constituted by fragments of andesitic-to-dacitic lava and hydrothermally altered lava
blocks. These fragments, which reach up to 5 m in diameter, form geomorphological structures such as hum-
mocks, levées and ridges. Using these geomorphological characteristics, the distribution of the main lithological
facies (or lithofacies), and fragment features (jigsaw cracks and impact marks), we proposed that this deposit
was generated by a debris avalanche. This debris avalanche was triggered by partial collapse of an ancestral vol-
canic edifice occurred between 100 and 700 ka. The collapse of the AAVC ancestral edifice was influenced by hy-
drothermal alteration and the extensional tectonic setting that characterize the Cerro Pabellon Dome area. The
mobility of the avalanche, and the genesis of the main geomorphological features associated with the deposit,
are related to fragmentation of material during avalanche genesis and movement.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Since the catastrophic eruption ofMt. St. Helens (May 18th, 1980), it
have been established that partial collapse is a frequent process during
evolution of a volcanic edifice (e.g. O'Callaghan and Francis, 1986;
Belousov et al., 1999; van Wyk de Vries et al., 2001; Thouret et al.,
2005; Carrasco-Nuñez et al., 2006; Ownby et al., 2007; Klemetti and
Grunder, 2008). The collapse of a volcanic edifice produces a character-
istic landslide type known as a debris avalanche. A debris avalanche
(also named Sturzstroms; Hsü, 1975) is a stream of very rapidlymoving
debris derived from the disintegration of a fallen rockmass of large size
(Hsü, 1975). Severalmechanisms can trigger debris avalanches in volca-
noes, such as: earthquakes (Keefer, 1984a, 1984b);magmatic intrusions
(Voight, 2000); climate change (Capra, 2006); volcanic spreading (van
Wyk de Vries and Francis, 1997; Cecchi et al., 2004); and, hydrothermal
alteration (McGuire, 2003; Reid, 2004). The deposit generated by debris
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avalanche (hereafter named debris avalanche deposits) is a poorly
sorted mixture of debris derived from the volcanic edifice (Ui, 1983;
Siebert, 1984). Substrata material can be incorporated into the ava-
lanche during its movement (Siebert, 1984; Ui et al., 2000).

Using remote sensing techniques (aerial photography and Landsat
images) and field data, Francis and Wells (1988) recognized 14 major
volcanic edifices with debris avalanche deposits in the Central Andes
volcanic chain (14°–27°15′ S). These authors also observed that most
of these deposits are verywell preserved and oriented normal to the av-
erage strike of the main structures (NNE - SSW). Other authors have
presented more detailed descriptions of the composition, morphology,
mobility and origin of debris-avalanche deposits in the Central Andes
(e.g. Francis et al., 1974; Francis et al., 1985; Naranjo and Francis,
1987; Wadge et al., 1995; van Wyk de Vries et al., 2001; Clavero et al.,
2002; Richards and Villeneuve, 2001; Godoy et al., 2012; Rodríguez
et al., 2015; Valderrama et al., 2016). These deposits are characterized
by hummocky terrains and ridges structures, with some of these de-
posits also containing well-preserved levées.

In this paper we describe a new volcanoclastic deposit related with
the evolution of the Apacheta-Aguilucho Volcanic Complex (AAVC), at
northern Chile. This deposit presents a hummocky topography, with
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hydrothermally altered blocks, and andesitic-to-dacitic lava fragments.
The similar characteristics of deposits generated by debris-avalanche
and glacial flows make it difficult to determinate the origin of such de-
posits. The aim of this paper is to define characteristics features of the
new deposit discovered at AAVC. These features will be used to deter-
mine the origin of this deposit and to establish the dynamics of the flow.

2. Geological and structural setting

The Aguilucho and Apacheta volcanoes together form a volcanic
complex (5557 m a.s.l.) located at 21°50′S and 68°10′W (Fig. 1). This
complex is located in the Central Andes where volcanism is related to
the subduction of the Nazca Plate beneath the South American Plate.
The actual (b26 Ma) volcanic arc is located 250 km to 300 km from
the Peru-Chile Trench, in a zone where the crustal thickness varies
from 30 to 75 km (Allmendinger et al., 1997). This volcanic arc is repre-
sented mainly by calk-alkaline andesitic-to-dacitic lavas flows and ig-
nimbrites (Lahsen, 1982; Scheuber and Giese, 1999; Trumbull et al.,
2006; Salisbury et al., 2011), with some minor eruption of basaltic-
andesite flows and dacitic domes (e.g. de Silva et al., 1994; Davidson
and de Silva, 1995).

The AAVC is located in the southeastern limit of the Palpana-Inacaliri
volcanic chain (Fig. 1). This chain trends NW-SE, parallel to the Calama-
Olacapato-El Toro lineament (Salfity, 1985). The volcanic complex is
composed of andesitic-to-rhyolitic lava flows, andesitic-to-dacitic pyro-
clastic flows and dacitic lava domes (Fig. 2; Ahumada and Mercado,
2009). Accordingly to Ramírez and Huete (1981), the basement has an
Eocene-Miocene age and is made up of a sequence of andesitic lava
flows, conglomerates, breccias, sandstones, limestones and gypsum.
Over this basement, Miocene ignimbrites (7.5 Ma, Rivera et al., 2015)
are exposed, while AAVC shows lava flows with ages of 700 ± 200
and 910 ± 140 ka (Rivera et al., 2015).

NW-striking normal faults are present from Inacaliri volcano to the
AAVC (Tibaldi et al., 2009). The main fault system is called the
Pabelloncito Graben and it is exposed towards the east of the volcanic
complex (Fig. 2). In addition, the alteration of volcanic rocks, character-
ized by clay-silica sulfurmineral association, has been recognized on the
W, E, NE and SW flanks of the AAVC (Urzua et al., 2002; Ahumada and
Fig. 1. Global Multi-Resolution Topography (GMRT) image showing th
Mercado, 2009; Fig. 2). This alteration is associatedwith fumarole activ-
ity present in the AAVC (Aguilera et al., 2008; Tassi et al., 2010).

3. Analytical techniques and study methods

Geomorphological structures (i.e. hummocks, ridges and levées) and
their dimensions, lithological composition and description of block fea-
tures, were carried out during field campaigns. Internal characteristics
of the volcanoclastic deposit were difficult to recognize as only one
road cuts the deposit (Fig. 3). Thus, only scarce internal characteristic
on cross-cutting sections were observed. However, block features and
lithological distribution were also recognized on the surface of geomor-
phological structures (Fig. 4).

Remote sensing (Landsat image, aerial photographies, and digital el-
evationmodels), and panoramic photographieswere used to character-
ize the distribution of the geomorphological structures (Fig. 5), and
different lithologies (Figs. 3,4) within the deposit.

4. Results

4.1. Deposit features

The studied volcanoclastic deposit (Unconsolidated Deposit; Fig. 2),
has an area of ca. 3 km2, and extends up to 4.5 kmaway from the eastern
flank of the AAVC (Fig. 2). This deposit is mostly confined by two older
andesitic-to-dacitic lava flows erupted during the first stage of the evo-
lution of the volcanic complex (Ahumada and Mercado, 2009; Mercado
et al., 2009) (Fig. 5b). The volcanoclastic deposit trends in an E-W direc-
tion, changing southeastward at the easternmost portion (Figs. 2, 5a).

During field campaigns, two main lithological facies (hereafter
lithofacies) were characterized on the deposit (Figs. 3, 4):
i) hydrothermal breccias., and ii) andesitic-to-dacitic lavas. The hydro-
thermal breccias lithofacies is composed of clay-rich hydrothermally al-
tered lavas (Figs. 3a,b; 4a,b). The andesitic-to-dacitic lavas lithofacies
range from fresh, light-to-dark grey, plagioclase-rich, vitreous andesite
(Figs. 3b,c; 4c) to partially oxidized pyroxene-bearing dacite lava (Figs.
3c,4d). On the other hand, alluvial deposits were identified on the
cross cutting section of the deposit (Fig. 3).
e location of the Apacheta-Aguilucho Volcanic Complex (AAVC).



Fig. 2. Geological map of Apacheta-Aguilucho Volcanic Complex (AAVC) showing the main volcanic and structural features of the area (after Ahumada and Mercado, 2009). The deposit
studied in this work is mapped as Unconsolidated Deposit to the west of the Cerro Pabellon Dome.
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We use the terminology of Palmer et al. (1991) to describe indi-
vidual components of this volcanoclastic deposit. Thus, according
to the size of the fragments present, block and matrix were identi-
fied. Blocks are defined as fragments varying from 64 mm to 5 m
diameter. The blocks are composed mainly by clast (64 mm–1 m
length) and megaclast (N1 m length)(sensu Palmer et al., 1991) of
the andesitic-to-dacitic lava lithofacies, although some blocks of
the hydrothermal breccia lithofacies can be found scattered within
Fig. 3. Photographies of cross cutting sections of the volcanoclastic deposit at AAVC. Hydrotherm
intra-clast (IaM) matrix is shown. Alluvial deposits (All) are recognized below these sequence
the deposit (Figs. 3, 4). The blocks can present lithological homoge-
neity and brecciated textures (Figs. 3,4). Matrix refers to fragments
with size b64 mm (pebble)(Figs. 3,4). In this deposit, the matrix cor-
responds mainly to interclast matrix (sensu Palmer et al., 1991) of
hydrothermal breccias lithofacies surrounding blocks of andesitic-
to-dacitic lavas lithofacies (Figs. 3b–c, 4c), with some intraclast ma-
trix (sensu Palmer et al., 1991) present within blocks of the same
composition (Figs. 3b–c, 4b).
al breccia (HB), and andesitic-to-dacitic (AD) blocks are recognized. Also, inter- (IeM), and
s. In b) and c) circle with hammer as scale.

Image of Fig. 2
Image of Fig. 3


Fig. 4. Photographs of types of blocks found in the surface of geomorphologies at the deposit. a) Argillic andesite, and b) hydrothermal breccia. Hammer as scale. In b) intraclast matrix
(IaM) is recognized. c) Vitreous plagioclase-rich andesite blocks (dark-grey) with hydrothermal breccia interclast matrix (IeM). Person as scale. d) Partially-oxidized dacitic blocks,
with pen as scale.
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Scattered striated blocks of andesitic-to-dacitic lava lithofacies were
recognized within the deposit (Fig. 6a). Also, shattered blocks were ob-
served at the surface, and within a few hummocks (Figs. 3, 4, 6b–c).
Moreover, carved blocks were also recognized on the deposit (Fig. 6d–
e).

4.2. Geomorphological characteristic of the deposit

Based on its geomorphological characteristics, this volcanoclastic de-
posit was divided into: a) a Main Unit with multiple tongue-shaped
lobes; and, b) a flat plain with dispersed hummocks denominated Sec-
ondary Unit (Fig. 5a,c). The Main Unit, is constituted by hummocks, le-
vées, and ridges (Fig. 7). Hummocks are composed mainly of andesitic-
to-dacitic lava lithofacies towards the proximal areas (Fig. 8a–c), chang-
ing to hydrothermal breccia lithofacies, with scattered andesitic-to-
Fig. 5.Remote sensing used in thiswork. a) Ikonos satellite image (Google Earth™) showingma
Graben (after Ahumada and Mercado, 2009). b) Aerial photography showing detailed characte
Unit. Small yellow arrows indicated scattered hummocks of the Secondary Unit. c) Panoram
(dashedfill) and Secondary (pointedfill) units. d) Ikonos satellite image (Google Earth™) show
dacitic lava lithofacies in the central portion of the volcanioclastic de-
posit (Fig. 8d–f): Levées (Fig. 9a–c) and ridges (Fig. 9d) are composed
mainly of hydrothermal breccia lithofacies, and distribute to the mar-
ginal and distal zones of theMain Unit, respectively. This lithofacies dis-
tribution gives to the Main Unit its characteristic grey color in the
middle, surrounded by pink color towards the border (Fig. 4d). At the
proximal zone of the Main Unit, hummocks and levées are oriented al-
most on a E-W direction (Fig. 7), as described by Godoy et al. (2010). At
the central and distal portions, hummocks and levées aremainly orient-
ed NW-wards, while ridges are oriented on a E-W direction
(Fig. 7)(Godoy et al., 2010). The Secondary Unit is comprised of small,
scattered hummocks on a flat plain, near Cerro Pabellon Dome
(Fig. 4b, 7). The isolated hummocks are composed mainly by
andesitic-to-dacitic lava lithofacies (Fig. 10). These hummocks overlay
a plain constituted by hydrothermal breccia lithofacies. Hummocks of
in characteristics of AAVC. Blue lines correspond to normal faults associated to Pabelloncito
ristic of the volcanoclastic deposit. Dashed arrows pointing to hummocks from the Main
ic photography, showing the two areas into which this deposit has been divided: Main
ing the characteristic tongue-like shape of theMainUnit. Also,fluvial incision is recognized.

Image of Fig. 4
Image of Fig. 5


Fig. 6. Photographs of different blocks characteristics found in the deposit. a) Grooved block. b, c) Fragmented blocks. d, e) Carved blocks.
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the Secondary Unit are oriented on a WNW direction (Fig. 7)(Godoy
et al., 2010). For both units, the hummocks decrease in size with dis-
tance away from the volcano (Figs. 8, 10).

According to their characteristics, two types of hummocks have
been identified: Type C, and Type B (sensu Glicken, 1996). Type C
hummocks are composed mainly of blocks (N60% vol.) mixed with
shattered matrix (sensu Glicken, 1996). These hummocks are recog-
nized on the proximal zone of the Main Unit with heights between 5
and 30 m, a length up to 50 m, and megaclast reaching up to 5 m in
diameter (Fig. 8a–c). Some stratified Type C hummocks are recog-
nized within the deposit. These correspond to hummocks of
andesitic-to-dacitic blocks overlying blocks and matrix of the hydro-
thermal breccia (Fig. 11). Type B hummocks are composed of both,
matrix (N60% vol.) and blocks (b40% vol.). These hummocks are lo-
cated towards the central and marginal zones of the Main Unit
(Fig. 8d–f), and in the Secondary Unit of the deposit (Fig. 10). In
the Main Unit Type B hummocks vary from 2 and 10 m height,
reaching up to 20 m length, with megaclast up to 5 m in diameter
(Fig. 8d–f). In the Secondary Unit, these hummocks have heights
b2 m, lengths up to 50 m, and megaclast up to 2 m diameter
(Fig. 10). Internal bedding or grading of the lithofacies within Type
C and B hummocks was not observed.
Levées correspond to material distributed towards the northern
and southern margins of the Main Unit (Fig. 9a–c). Levées are consti-
tuted by matrix of hydrothermal breccia lithofacies and scattered
clast and megaclast of andesitic-to-dacitic lava lithofacies (Fig. 9a–
c). Levées have heights up to 10 m, and extensions up to 900 m.
Ridges are oriented on an E-W direction (Fig. 7), composed of
scattered clast and megaclast of andesitic-to-dacitic lava lithofacies
surrounded by matrix of hydrothermal breccia lithofacies (Fig. 9d).
These structures have heights between 2 and 4 m, and lengths that
vary between 10 and 20 m (Fig. 9d), reaching the furthest boundary
of the Main Unit (Fig. 4).

5. Discussion

5.1. Origin of the volcanoclastic deposit

Although the hummocky topography observed in the volcanoclastic
deposit recognized at the AAVC (Figs. 8,10) is typical for a debris-
avalanche deposit (Ui, 1983, 1989; Ui et al., 2000), glacial deposits can
also present hummocky morphology with moraines forming hum-
mocks simply as product of supraglacial sedimentation (Johnson et al.,
1995; Clayton et al., 2008; Bennett and Glasser, 2009). Moreover, leveés

Image of Fig. 6


Fig. 7. Schematic representation of geomorphological structures (hummocks, levées and ridges) distributed at the deposit based on aerial photography form Fig. 5b (after Godoy et al.,
2010). Rose diagrams show orientation of these structures on I) the proximal, and. II) central and distal zones of Main Unit, and. III) for hummocks of the Secondary Unit.
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and ridges (Fig. 9) are characteristic of flow-developed mass move-
ments (Dufresne and Davies, 2009; Valderrama et al., 2016). These geo-
morphological structures can be present on pyroclastic flows (e.g.
Saucedo et al., 2002) and debris-avalanche deposits (Ui et al., 2000),
being recognized on different volcanic edifices (e.g. Shasta, Crandell
et al., 1984; Socompa, Wadge et al., 1995; Mount Saint Helens,
Glicken, 1996; Parinacota, Clavero et al., 2002; Mombacho, Shea et al.,
2008; Tutupaca, Valderrama et al., 2016). However, lateral and terminal
moraines can generate morphologies similar to these structures
(Fig. 12).

At the AAVC a steep, horseshoe-shape scar is facing towards the
volcanoclastic deposit, which shows signs of strong hydrothermal al-
teration (Fig. 13). This hydrothermal alteration zone is covered by
subsequently erupted volcanic material (Fig. 13). This volcanic ma-
terial constitutes the crater of Aguilucho volcano and is composed
of andesitic-to-dacitic pyroclastic and lava flows, with signs of mod-
erated glacial erosion (Ahumada and Mercado, 2009). This indicates
that the horseshoe-shape scarp morphology observed on the flank of
the edifice was created either by failure of the volcanic edifice or by
glacial erosion of the lavas, or both processes. Thus, internal charac-
teristics (types, distribution and orientation of geomorphological
structures, distribution of lithological facies, and blocks features),
are useful in discriminating the origin of this volcanoclastic deposit
(Ui, 1989).

5.1.1. Evidence for a non-glacial origin of the deposit
Glacial activity have been recognized on volcanoes of the Central

Andes (e.g. San Pedro, O'Callaghan and Francis, 1986; Lascar,
Gardeweg et al., 1998; Uturuncu, Sparks et al., 2008). Glacial features
include U-shaped valleys, moraines and roche moutonneé (Gardeweg
et al., 1998; Sparks et al., 2008). Glacial deposits are composed of un-
sorted and non-stratified material (Gutiérrez Elorza, 2008). These de-
posits can generate hummocky topography, with hummocks showing
bedding and folding of incorporated material by stacking (Hambrey
et al., 1997) or by till deformation below stagnated ice (Boone and
Eyles, 2001).

At the deposit, isolated and scattered grooved blocks were ob-
served (Fig. 6a). However, on the scarce cross-cutting sections
found, it was not possible to observe folding or slumping, or inter-
nal bedding within hummocks. Moreover, a fluvial incision is rec-
ognized in the middle portion of the deposit (Fig. 5d). Fluvial
incisions can be generated by glacial activity during melting (e.g.
Moreau et al., 2005; Sahlin et al., 2009) (Fig. 12). On the other
hand, similar incisions were observed on other flanks of the volca-
no. However, these incisions are not associated with hummocky
terrain. Thus, we relate all the observed incisions to alluvial, and
no to glacial events. Additionally, drumlins, glacio-lacustrine de-
posits, kamme, or other structures related to glacial activity have
not been observed in this deposit.

Moreover, we have calculated the coefficient of friction for this
volcanoclastic deposit with the formula from Ui (1983): Δh/L, where
Δh is the difference between the maximum height related with the or-
igin of the flow and the minimum height of the deposit; and, L is the
maximum distance traveled by the flow from its origin. For this deposit
Δh is 690mand L is 4500m, hence, the coefficient of friction is 0.15. This
value is significantly lower than those between of 0.2 to 0.62 that repre-
sents deposits of glacial origin (Deline, 2009), and others from non-
volcanic origin (Fig. 14) (Ui, 1983).

Image of Fig. 7


Fig. 8. Photographs of hummocks of theMain Unit, with recognized andesitic-to-dactic (AD) and hydrothermal breccia (HB) lithofacies. a), b) and c) proximal hummocks,with person (a),
and hammer (b) as scale. These hummocks are mainly composed by AD fragments varying from 5 m to sand-sized diameter, and f) Hummocks of the central portion of the Main Unit
constituted by AD blocks overlying HB fragments. On f) person as scale.
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5.1.2. Debris-avalanche features of the deposit
Although present in various type of granular flows (Dufresne

and Davies, 2009), hummocks, ridges, and levées are the main
geomorphological features for debris avalanche deposits caused
by partial collapse of volcanic edifices (Ui, 1983; Siebert, 1984;
Ui et al., 2000; van Wyk de Vries and Delcamp, 2015). Moreover,
partial collapse, and subsequent debris avalanche, is a common
event during evolution of volcanoes at Central Andes (Francis
and Wells, 1988).

It is common to observe volcano stratigraphic sequences
undisrupted in hummocks and Toreva blocks in debris avalanche de-
posits (e.g. Palmer et al., 1991; Malone, 1995; Wadge et al., 1995;
Kervyn et al., 2008; Godoy et al., 2012). Although no blocks with
undisrupted stratigraphic sequences were observed at this deposit,
the lithofacies distribution recognized in hummocks (Fig. 11) resem-
bles the volcanic sequence exposed below the horseshoe-shaped
lava flow at the eastern flank of the AAVC (Fig. 13). This volcanic se-
quence of hydrothermally altered lavas overlaying by andesitic-to-
dacitic lava flows at the AAVC (Fig. 13) corresponds to the
andesitic-to-dacitic lithofacies exposed over, and surrounded by,
the hydrothermal breccia lithofacies observed in the deposit (Figs.
3, 4, 8, 11).

Also, debris avalanche deposits are characterized by spatial arrange-
ment of block and matrix, and therefore hummocks types, across the
deposit (Palmer et al., 1991; Takarada et al., 1999; Shea et al., 2008).
This is related to the loosening and splitting of material which increase
more fine-grained material to the distal area during debris avalanche
advance (Ui et al., 1986). Type C hummocks in the proximal zone
(Fig. 8a–c), correspond to the clast- and megaclast-rich debris ava-
lanche zone, where blocks dominated (Palmer et al., 1991; Glicken,
1996). Towards distal areas, the hummocks are enriched of matrix
(Type B hummocks; Figs. 8d–f, 9 and 10), corresponding to the
matrix-rich debris avalanche (Palmer et al., 1991; Glicken, 1996).

The observed progressive decrease in size of hummocks towards
distal zones is another characteristic of debris-avalanche deposits (e.
g. Takarada et al., 1999; Clavero et al., 2002; Voight et al., 2002; Shea
et al., 2008; Godoy et al., 2012). This feature is related to a process
that occurs during avalanche mobility, related to avalanche dynamics
(see below).

The presence of jigsaw puzzle-type fractures - or jigsaw cracks
(Fig.6b,c), and carved features, known as impact marks (Fig. 6d,e), on
blocks within hummocks are another evidence that this deposit was
generated by a debris avalanche. Jigsaw cracks correspond to shattered
blocks generate by breaking of the avalanche material (Ui et al., 1986;
Glicken, 1996). During the avalanche movement the blocks disaggre-
gate, thus jigsaw cracks are more common closer to the source zone
(Ui et al., 1986; Glicken, 1996). Impact marks are related to small-
scale collision between fragments during avalanche movement

Image of Fig. 8


Fig. 9. Photographs of levees from the northern (a,b), and southern (c)margins of the deposit, and from a transversal ridge (d) recognized in theMainUnit. These structures are composed
of andesitic-to-dacitic (AD) and hydrothermal breccia fragments (HB).
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(Clavero et al., 2002). Impact marks had been observed in debris ava-
lanche deposits of Parinacota (Clavero et al., 2002), Llullaillaco
(Rodríguez et al., 2009), and Irruputuncu (Bacigalupo et al., 2015) volca-
noes at Central Andes.
Fig. 10. Photographs of geomorphological features of the Secondary Unit. Isolated hummocks p
fragments.
Moreover, the calculated coefficient of friction for this volcanoclastic
(0.15) is akin with avalanche deposits at other volcanoes in the Central
Andes (e.g. Lastarria, Páez et al., 2015; Llullaillaco, Rodríguez et al., 2009;
Socompa, Wadge et al., 1995) (Fig. 14).
resent blocks (N64 mm) of andesitic-to-dacitic lithofacies (AD) scattered on finer grained

Image of Fig. 9
Image of Fig. 10


Fig. 11. Photographs of internal bedding observed at hummocks occurring between hydrothermal breccia (HB) block and matrix, and andesitic-to-dacitic lava (AD) blocks.
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Thus, considering all the characteristics, a debris-avalanche as op-
posed to glacial origin is proposed for the volcanoclastic deposit distrib-
uted on the eastern flank of the AAVC.

5.2. Cause of the volcanic collapse

Several mechanisms that trigger volcano edifice collapse have been
proposed, with the most important being: substrata spreading; mag-
matic intrusions; fault reactivation beneath volcanic edifices; and, hy-
drothermal alteration (Voight et al., 1981; van Wyk de Vries et al.,
2000, 2001; Voight, 2000; McGuire, 2003; Reid, 2004; Wooller et al.,
2009). At AAVC, no pyroclastic deposits are associated to this debris-
avalanche deposit. This eliminates magmatic activity as a triggering
mechanism of edifice collapse. In addition, no folding, slumping, or
bulldozer-type structures were found in the deposit, making it unlikely
that edifice collapse was caused by spreading of volcanic substrata
(McGuire, 1996; van Wyk de Vries and Francis, 1997; Cecchi et al.,
2004).

Clay-rich hydrothermally altered lava is recognized within the de-
posit (Figs. 3 and 4) and in the avalanche scar (Fig. 13). Hydrothermal
altered material weakens the rocks of the volcanic edifice making it
plausible for collapse (van Wyk de Vries et al., 2000; Cecchi et al.,
2004). In the case of the AAVC, hydrothermal alteration is linked to fu-
marolic activity present at the summit of the volcanic complex (Urzua
et al., 2002; Aguilera et al., 2008; Ahumada and Mercado, 2009). This
Fig. 12. Schematic representation of glacial landforms and glacial deposits in continental
geomorphology, while the form of lateral moraine resembles that of levées. Also, fluvial incisio
suggests that hydrothermal alteration of the main edifice played an im-
portant role on volcano stability.

Moreover, the local tectonic setting and regional structures can also
play important roles in the collapse of volcanic edifices (Merle et al.,
2006; Carrasco-Nuñez et al., 2006; Wooller et al., 2009). For the Central
Andes, Francis andWells (1988) established that almost all of the stud-
ied debris-avalanche deposits show a relationship with the main tec-
tonic setting of the region: sector collapses show a strong tendency to
occur oriented perpendicular to the regional fault trend. In the
Inacaliri-Palpana volcanic chain, NW-SE striking structures are the
main structural system (Fig. 2). According to Tibaldi et al. (2009) the
Inacaliri-Palpana volcanic chain is located in an extensional regime
since the Late Miocene, indicated by the presence of normal faults in
the Pabelloncito Graben (Fig. 2) (Ahumada and Mercado, 2009). In the
AAVC, the avalanche scar is oriented almost normal to the NW-SE
treding Pabelloncito Graben. Hence, the reactivation of this fault system
and the combinationwith hydrothermal alteration could have triggered
the collapse of the volcanic edifice.

Dating the volcanic units of AAVC gave an age of 0.7 ± 0.2 and
0.91 ± 0.14 Ma (Mercado et al., 2009; Rivera et al., 2015), while
Cerro Pabellon Dome has an estimated age of ~100 ka (Renzulli
et al., 2006; Tierney et al., 2016). As no runout of the avalanche ex-
ists over Cerro Pabellon Dome, we suggest that the deposit was
generated before the eruption of this dome, but it is younger
than the last dated flow of the volcano.
glaciated areas (after Nichols, 2009). Terminal moraines can be associated with ridge
n by melting of the glacier is recognized.

Image of Fig. 11
Image of Fig. 12


Fig. 13. Photographs of the Apacheta-Aguilucho volcanic complex showing the horseshoe-shaped scarmorphology, and lithologies recognized at the eastern flank of the volcanic complex.
The photographs show hydrothermal alteration and a crater composed of dacitic pyroclastic and lava flows (Ahumada andMercado, 2009) as part of the volcano. Also, andesitic-to-dacitic
lavas (AD) croppingout abovehydrothermal alteration can be observed. On a) arrows point to scatteredhummocks of the SecondaryUnit. On c) sequence of themain lithologies at the top
of the volcanic complex is observed.
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5.3. Avalanche dynamics

The orientation of hummocks, including those generating ridges,
and leveés gives hint of the flow direction during avalanche movement
(e.g. Siebert, 1984; Wadge et al., 1995; Shea et al., 2008; Dufresne and
Davies, 2009). Using aerial photographies (Fig. 5b), Godoy et al.
(2010) proposed that the location and orientation of hummocks, leveés
and ridges of the proximal, central, and distal zones of the Main Unit,
and hummocks from the Secondary Unit are linked to the mobility of
the avalanche during its flow (Fig. 7). Thus, at edifice collapse, the
resulting avalanche flowed in an east-west direction (Godoy et al.,
2010). This is confirmed by the orientation of proximal hummocks
and levees of the Main Unit (Fig. 7). The avalanche maintained this
flowdirection until it encountered older lava flows exposed on the east-
ern side of the volcanic complex. These lava flows channeled and
deflected the avalanche flow towards a NW-SE direction (Fig. 7). This
Fig. 14. Diagram showing the coefficients of friction of the deposit related to another
volcanic and non-volcanic deposits (after Ui, 1983). Data from Socompa (Wadge et al.,
1995), Llullaillaco (Rodríguez et al., 2009), and Lastarria (Páez et al., 2015) are included.
generated hummocks and levées parallel to flow direction, and
ridges oriented almost normal to this direction in the central and dis-
tal zones of the Main Unit (Fig. 7). In the terminal zone (i.e. Second-
ary Unit) the flow moved unconfined in a WNW-ESE orientation
(Godoy et al., 2010).

In the scarce hummocks cut by new roads, the deposit shows no liq-
uefaction or deformation structures (Fig. 3). This indicates that material
traveled with little deformation as domains (sensu Clavero et al., 2002),
and entrainment of unconsolidated material was not the main mecha-
nism of mobility as observed in other debris avalanche deposits (e.g.
Clavero et al., 2002, 2004; Hungr and Evans, 2004). Fragmentation of a
debris avalanche into domains is a consequence of loose surface blocks
that continued their movement forward, as the avalanche comes to rest
(e.g. Clavero et al., 2002). Davies and McSaveney (2002, 2009) sug-
gested that fragmentation of landslides are responsible for their large
run-out. Experimentally, these authors conclude that fragmentation de-
creases shear stress at the base of the flow. Thus, fragmentation causes
extension and spreading of the material during its movement down-
ward from the volcanic edifice (Davies and McSaveney, 2002, 2009.
Fig. 15). This explains the characteristics of Type C hummocks in the
proximal zone of the deposit, the generation of Type B hummocks to-
wards marginal and distal zones, and the large distance traveled by
the scattered blocks of andesitic-to-dacitic lava lithofacies distributed
in the Secondary Unit (Fig. 15). Fragmentation also explains the de-
creasing size of hummocks as the avalanchemoves away from its source
(e.g. Takarada et al., 1999; Clavero et al., 2002; Shea et al., 2008).

Thus, a granular movement caused by fragmentation of the ava-
lanche material is proposed. Besides the aforementioned hummocks
and blocks characteristics, granular flow also explains the presence of
longitudinal levees and transversal ridges in the deposit. Leveés are
common features of granular flows emplaced into narrow valleys, by
flow interaction with the dry, sloping valley walls (Dufresne and
Davies, 2009). Generation of levées in this volcanoclastic deposit is re-
lated by the confinement of the avalanche by two older andesitic-to-
dacitic lava flows (Fig. 5b). Moreover, transversal ridges are also gener-
ated by granular flows (Dufresne and Davies, 2009). These transversal
ridges are generated by compression of the material due deceleration
(Dufresne and Davies, 2009; Roberti et al., 2017) (Fig. 15). Hence, we
suggest that the presence of transversal ridges towards the distal zone
of the depositwas caused by deceleration of the avalanche by changes
on paleotopographic conditions during its movement (Fig. 15).

Image of Fig. 13
Image of Fig. 14


Fig. 15. a) Schematic representation of the Debris Avalanche Deposit (Stage III) with distribution of main lithofacies and different types of hummocks. This representation also shows the
distribution of material before collapse of the ancestral edifice (Stage I), where the innermost part is constituted by hydrothermally altered material surrounded of fresher andesitic-to-
dacitic lithologies. The mobility of the avalanche was trigged by spreading through fragmentation of the avalanche material (Stage II). Schematic distribution of lithologies on Stage I
according to the present exposure of lavas and hydrothermal alteration at the eastern flank of the volcano observed in Fig. 12.
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Moreover, the presence of impact marks present on blocks within
the hummocks is another indicator of granularflow of debris avalanche.
The impact marks on blocks (Fig. 6), and intraclast matrix (Figs. 3–4)
were generated by granular collision during flow. Thus, a granular
movement is responsible for the dynamics of the debris avalanche at
the AAVC (Fig. 13).

5.4. Paleovolcano distribution

The preservation of the stratigraphic sequence of a debris-
avalanche deposit can be used to determine the distribution of mate-
rial in the volcano prior to its collapse (e.g. Godoy et al., 2012). For El
Crater debris-avalanche deposit, Shea et al. (2008) proposed that the
wide distribution of hydrothermal breccia fragments within the de-
posit indicated that this material corresponds to the innermost frac-
tion of the collapsed paleovolcano. Moreover, for Tutupaca volcano,
Valderrama et al. (2016) recognized that the hydrothermally altered
lavas constituting the lower unit, and the unaltered dome fragments
corresponding to the upper unit of the debris-avalanche deposit
defined the position of material at the volcano prior to its eruption.
In this deposit, the undisrupted stratigraphic distribution of hydro-
thermally altered blocks under andesitic-to-dacitic lava fragments
(Fig. 11), the presence of andesitic-to-dacitic lava fragments
surrounded by hydrothermal breccias (Figs. 4,8–9), and the distribu-
tion of Type C and Type B hummocks (Fig. 15), suggest that andesite-
to-dacite fragments were distributed above the hydrothermally al-
tered material before the volcanic collapse (Fig. 15). Also, the wide
distribution of hydrothermal breccia fragments towards the central,
distal, and marginal portion of the deposit (Fig. 8–9) suggests that
this material corresponds to the innermost fraction of the collapsed
paleovolcano (Fig. 15). Therefore, the alteration due to hydrothermal
activity in the paleovolcano progressively decreased from the core
outwards in the volcanic edifice. This is similar to the present state
of the eastern flank of the AAVC, with scarce signs of alteration in
the most external lava flows, (Fig. 13).

6. Conclusions

Aguilucho and Apacheta volcanoes constitute a volcanic complex
located in the Central Andes. Towards its eastern flank, this volcanic
complex shows hummocky topography and other distinctive
geomorphological structures. Using field descriptions and remote
sensing, this paper performs a new characterization of a debris ava-
lanche deposit. This deposit has a tongue-like morphology (Main
Unit), with scattered hummocks (Secondary Unit) towards its distal
zone. The deposit covers an area of ca. 3 km2, with a length of 4.5 km.
This deposit is made up of two main lithological facies: andesitic-to-
dacitic lavas, and hydrothermal breccias. Also, two types of hum-
mocks were identified and described: Type C hummocks which are
predominantly made of andesitic-to-dacitic blocks (64 mm–5 m)
with shattered matrix (b64 mm) of andesitic-to-dacitic intraclast
and hydrothermal breccia interclast; and, Type B hummocks which
are predominantly composed of hydrothermal breccia matrix, and
scattered andesitic-to-dacitic blocks.

Although scarce, internal features, together with hummocks, levees
and ridges characteristics, and jigsaw cracks and impact marks present
on blocks at this volcanoclastic deposit of the AAVC indicate a debris av-
alanche origin. This avalanche was generated by partial collapse of the
ancestral volcano caused by hydrothermally alteredmaterial thatweak-
ened the volcanic edifice. This collapse was also influenced by tectonic
characteristic of the volcano, considering that the AAVC is located in
the downward block of the Pabelloncito Graben, related with the pres-
ent extension on the Cerro Pabellon dome area.

Previous work established an initial movement of the avalanche on
an E-W orientation. This movement changes to NW-SE, ending on a
WNW-ESE orientation towards the distal zones. We propose that this
movement was controlled by fragmentation of material during ava-
lanche progress.

Based on relations with dated units, we estimated the age of the de-
posit as older than 100 ka, but younger than 700 ka. However, active fu-
maroles observed at the AVVC, and the presence of fault structures
related to the existing tectonic regimeof the area could result in another
collapse of one sector of the present volcano.
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