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ABSTRACT
During the Late Pleistocene-to-Holocene, the mafic Planchón volcano (35.2 °S, Southern Andes) experienced two important
destructive events: a sector collapse to the west and a multiphase explosive eruption transforming the east summit area. We
provide new field and laboratory evidence, including geochemical, geochronologic, and geological-morphological analysis, to
reconstruct the evolution, triggering mechanisms, and physical parameters of these events. The lateral collapse (48 ka BP) was
mainly predisposed by a tectonically westward-inclined substratum and rapid edifice growth rates (0.3–0.48 km3 ka−1). The
resulting Planchón-Teno debris avalanche became valley-confined traveling at c. 260 km h−1 up to 95 km distance and forming
an 8.6 ± 1.3 km3 deposit. The resulting 4.1 km wide amphitheater was later destroyed at c. 7 ka BP by the multiphase Valenzuela
phreatomagmatic eruptions, forming a c. 2.5 km diameter caldera. The case of the Planchón volcano warns that rapidly growing
mafic volcanoes imply a substantial catastrophic hazard increase for the surrounding areas.

RESUMEN
El volcán Planchón (35,2 °S, Andes sur) experimentó dos importantes eventos destructivos durante el Pleistoceno Tardío-
Holoceno: un colapso sectorial hacia el oeste y una erupción explosiva multifásica que transformó la zona sumital oriental.
Aportamos nuevas evidencias de campo y laboratorio (análisis geoquímicos, geocronológicos y geológico-morfológicos) para
reconstruir la evolución de estos eventos, sus mecanismos desencadenantes y parámetros físicos. El colapso lateral (~48 ka
AP) estuvo condicionado principalmente por un sustrato tectónicamente inclinado hacia el oeste y rápidas tasas de construc-
ción del edificio (0,3–0,48 km3 ka−1). La avalancha de escombros resultante (Planchón-Teno) se confinó en el valle, viajando a
unos 260 km h−1 hasta una distancia de 95 km y formando un depósito de 8.6 ± 1.3 km3. El anfiteatro resultante, de 4,1 km de
ancho, fue destruido hace ca. 7 ka BP, con las erupciones freatomagmáticas multifásicas de Valenzuela, formando una caldera
de ca. 2,5 km de diámetro. Los volcanes máficos de rápido crecimiento, como el Planchón, pueden aumentar sustancialmente
el peligro catastrófico para las zonas circundantes.

KEYWORDS: Planchon volcano; Volcanic debris avalanche; Paleoglacial environment; Dilute pyroclastic density
current; Southern Andean Volcanic Zone.

1 INTRODUCTION
Lateral flank failures are catastrophic events that involve the
partial destruction of volcanic edifices. They form massive
granular flows known as volcanic debris avalanches. The
resulting volcanic debris avalanche deposits (VDADs) corre-
spond to massive chaotic breccias with characteristic hum-
mocky morphology composed of detritic material with highly
variable grain size (from a few micrometers to decametric
blocks). They include consolidated or poorly consolidated
fragments of the volcanic edifice, sometimes developing ju-
venile jigsaw-fit texture, especially when fresh magma is in-
volved [Ui 1983; Glicken 1991; Leyrit 2000; Roverato et al.
2018].
In volcanoes surrounded by irregular topography, the re-
sulting debris avalanches may enter valleys, becoming con-
∗Q jose.naranjo@sernageomin.cl

fined and being longitudinally transformed into debris flows
[Scott et al. 2001]. Confined debris avalanches show more ex-
tended runout (45–90 km) compared to unconfined examples
(<45 km), but also thicker deposits (50–100 m) and elongate
flow-parallel hummocks and megaclast-rich lithofacies trans-
ported farther down the valley [Keigler et al. 2011]. These
characteristics are well represented at Ruapehu volcano (New
Zealand), where several volcanic debris avalanches (1.3 to
3.0 km3) entrained into deep valleys and gorges (>15 m) pro-
ducing highly erosive, high shear stress flows that incorpo-
rated abundant rip-up clasts of the basement and extend to
distances up to 80 km from the source [Tost et al. 2014]. Those
much longer runouts up to tens of kilometers dramatically in-
crease volcanic hazard in distal areas [e.g. Scott et al. 2001].
Further transformation of the remnants of collapsed edifices
may also occur by destructive events [e.g. Romagnoli et al.
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2009], masking the impacts of the original collapses from the
volcano geomorphology.

Planchón volcano (35.2 °S, Southern Andes of Chile, and Ar-
gentina; Figure 1) sourced one of the longest confined debris
avalanches of the world, named the Planchón-Teno Debris
Avalanche Deposit [PTDAD; Naranjo et al. 1999]. It corre-
sponds to a monotonous basaltic Pleistocene-Holocene edifice
[Tormey 1989; Tormey et al. 1995; Naranjo et al. 1999] and it
lies on the northern part of an ancestral eroded structure, con-
stituted by the Middle-Late Pleistocene Peteroa-Azufre com-
plex (Figure 2). The PTDAD reached 95 km to the west of
the volcano, and its surface is dominated by a hummocky
landscape, significantly above terraced landscapes at valley
flank embayments, where valley walls did not confine the
avalanche, and the depositional fan levées [MacPhail 1973;
Naranjo et al. 1999; Scott et al. 2001]. It is also noteworthy that,
despite the preserved volcanic avalanche deposit, the degree
of destruction shown by the avalanche caldera that remained
after the collapse is unusual (Figure 3). Indeed, it exhibits a
horseshoe-shaped amphitheater open to the south instead of to
the west where the avalanche deposit was emplaced [Naranjo
et al. 1999]. Therefore, the Planchón volcano could not only
have suffered a single destructive process, but also experi-
enced another catastrophic eruption that modified the initial
amphitheater. This event would be represented by the depo-
sition of the diluted and concentrated Valenzuela Pyroclastic
Density Currents (VPDC) during the Holocene [Naranjo et al.
1999; Naranjo and Haller 2002].

There is controversy on the evolution of Planchón volcano
and the timing of the different events that have affected its
structure (see Table 1 for comparisons). In fact, Tormey [1989]
and Tormey et al. [1995] mentioned that the debris avalanche
excavating the summit amphitheater may have been accom-
panied by a biotite-rhyodacite pumice eruption. However,
Naranjo et al. [1999] and Naranjo and Haller [2002] showed
that the only rhyodacite pumice eruption occurred much later
than the Upper Pleistocene Planchón amphitheater formation,
when the Los Ciegos PDC eruption took place toward the
eastern flank during the Common Era (CE) at 1.400 ± 80 and
1.050 ± 90 BP. These authors also demonstrated that Azufre
Volcano forms the northern part of the Peteroa-Azufre com-
plex and was cut by the collapse and formation of the am-
phitheater and not by the explosive volcanic activity of the
previously extinct Peteroa volcano.

This work seeks to: 1. Update and reinterpret the
volcano-stratigraphy of Planchón volcano, considering paleo-
environmental conditions and the modifications of the vol-
canic morphology along its evolution; 2. Explain the archi-
tecture, triggering mechanisms, and the physical parameters
leading to the PTDAD and VPDC deposits west and east of
Planchón volcano, respectively; 3. Explore the apparent geo-
chemical homogeneity of Planchón products along its evolu-
tion, and 4. Propose hazard considerations for similar volcanic
systems.

2 GEOLOGICAL BACKGROUND
2.1 Geological and structural setting

Basement rocks in the area include NNE-trending belts of
folded and thrust marine sedimentary sequences and volcanic
rocks of Upper Jurassic to Cretaceous age to the east, and sed-
imentary, volcanic, and volcaniclastic rocks intruded by gran-
odioritic stocks with Cenozoic age to the west [Davidson and
Vicente 1973; Charrier et al. 1994; Flynn et al. 1995; Naranjo
et al. 1999; Charrier et al. 2002; Fock et al. 2006; Piquer et al.
2010; Rossel et al. 2014; Mosolf et al. 2019]. According to these
authors, from older to younger, these sedimentary rocks are: 1)
sandstones, conglomerates, and fossiliferous limestones of the
Baños del Flaco Formation (Upper Jurassic); 2) sandstones and
red conglomerates with interbedded volcanic rocks of the Rio
Damas Formation (Late Jurassic-Early Cretaceous); 3) Lower
Cretaceous sedimentary and volcanic rocks of the Colimapu
Formation, lying in contact by thrust faulting with the Juras-
sic units; 4) Cenozoic volcanic, volcaniclastic, and pyroclastic
rocks of the Abanico Formation (Late Cretaceous to Miocene),
mainly outcropping to the northwest of the volcano. These
younger rocks have been intruded by Miocene-Pliocene gran-
odioritic, tonalitic, and dioritic stocks and dikes [Piquer et al.
2010].
The tectonic structures associated with the PPVC are the El
Fierro fault system (EFFS) and Infiernillo-Los Cipreses faults
(ILCF; Figure 1). The EFFS is a NNE–SSW reverse fault dip-
ping 45–50° to the west [Davidson and Vicente 1973; Piquer
et al. 2010; Vigide et al. 2020]. It corresponds to the southern-
most segment of a regional-scale structure named El Diablo-
Las Leñas-El Fierro fault [e.g. Charrier et al. 2002; Fock et
al. 2006; Farías et al. 2010; Charrier et al. 2019]. The EFFS
has a reverse kinematic, and its hanging wall is represented
by the Late Cretaceous to Miocene Abanico Formation, while
the footwall corresponds to the Late Upper Jurassic Baños el
Flaco and Late Jurassic-Early Cretaceous Río Damas forma-
tions. On the other hand, ILCF corresponds to several mi-
nor reverse faults located west of EEFS, developing NE–SW
and N–S trending structures dipping 65–70° W. Quaternary-
to-recent strike-slip regime, with an ~ENE–WSW trending
σ1, and a sub-vertical σ2, has been suggested to favor hy-
drothermal fluid circulation in the intersections of these main
faults with transverse ~NE–SW and ~WNW–ESE structures
[Vigide et al. 2020]. However, following the same geomorpho-
logic pattern along tributary valleys, we infer a remarkably
more complex structural network (including lineaments) for
fluid circulation composed of a more significant number of
both main N–S trending and oblique (conjugate) structures,
as shown in Figure 1.

2.2 Geology of the Planchón volcano

The evolution of the Planchón-Peteroa Volcanic Complex
(PPVC) has been constrained by the works of Tormey [1989]
and Tormey et al. [1995], Haller et al. [1991, 1994], Naranjo et
al. [1997, 1999] and Naranjo and Haller [2002], who have de-
scribed several evolutionary stages. A summary of their con-
straints and descriptions is presented in Table 1. Planchón
volcano (35.2 °S, 70.6 °W, 3977 m asl) corresponds to the
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Figure 1: Location map of Planchón-Peteroa Volcanic Complex (PPVC) and its tectonic features [after Davidson and Vicente
1973; Piquer et al. 2010]. Significant earthquakes (Ml>3 [Vigide et al. 2020]) are represented by stars. High (5.6 events/10 km2)
and moderate (0.4 events/10 km2) earthquake density based on the NEIC (USGS) shallow tectonic seismicity (<10 km depth)
database between 1985 and 2021. The uncolored areas have a low earthquake density of <0.4 events/10 km2. Main faults
systems are indicated (El Fierro fault system (EFFS) and Infiernillo-Los Cipreses faults (ILCF)). Digital elevation model (DEM)
from ALOS-Palsar mission, with 12.5 m spatial resolution.

northern limit of the Planchón-Peteroa-Azufre volcanic com-
plex (PPAVC). Peteroa-Azufre is a deeply eroded Upper Pleis-
tocene volcanic edifice with two new 40Ar/39Ar ages of
219 ± 14 and 178 ± 5 ka (Figure 2), thus suggesting its activity
to have occurred between ~300 and 150 ka [Klug et al. 2022].
The volcano was previously known as Azufre [e.g. Davidson
and Vicente 1973; Haller et al. 1991; 1994; González Ferrán
1995] and is mainly composed of alternating lava flows and
pyroclastic deposits with basaltic, basaltic andesite, andesitic,
and dacitic composition reaching up to 68 km3 [Tormey 1989;
Tormey et al. 1995; Naranjo et al. 1999; Naranjo and Haller
2002].

According to the most up-to-date works [Naranjo et al. 1999;
Naranjo and Haller 2002], the first edifice (Planchón 1) grew
up through a dominant basaltic and basaltic andesite effusive

eruptive style during the Upper Pleistocene, reaching a volume
of 25–30 km3. The maximum age of Planchón volcano is
given by maximum and minimum plateau ages of c. 191 ± 6
and 153 ± 3 ka of the Peteroa-Azufre complex [Klug et al. 2022].
In addition, new 40Ar/39Ar dating yield plateau ages of 49 ± 17
and 49 ± 14 ka for the main edifice of Planchón volcano and
21 ± 10 ka [Klug et al. 2022] for an eruptive center located 4
NE of the summit that we denominate here as Domo Teno
volcano (Figure 2).

Previously, the Planchón edifice experienced a catastrophic
lateral collapse during the Upper Pleistocene producing exten-
sive PTDAD, reaching c. 10 km3 and a runout distance of 95
km to the west [Naranjo et al. 1997; 1999; Scott et al. 2001;
Naranjo and Haller 2002]. The chaotic debris avalanche was
channelized along the Claro and Teno glacial valleys, extend-
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Figure 2: Updated geologic map of the Planchón-Peteroa volcanic complex. Ages are given in ka. The digital elevation model
(DEM) was acquired from the ALOS-Palsar mission, with 12.5 m spatial resolution.

ing northwest to the Coastal Cordillera (Figure 4). In these
valleys, the PTDAD locally covers c. 370 km2 of fluvioglacial
deposits.
Subsequently, Planchón continued erupting basaltic lavas
during the Upper Pleistocene, configuring the 3.5 km3 post-
collapse edifice [Naranjo et al. 1999; Naranjo 2012]; its lavas
extended to the west down the Claro River glacial valley
(Figure 2). The avalanche is locally covered by these lavas
(<23 km from the source), as well as by local Quaternary land-
slide deposits and alluvial fans [Naranjo et al. 1999].
Considering the eruptive style, Planchón volcano developed
particularly effusively as a simple volcanic structure whose
sector collapsed to the west, and the pyroclastic surge of the
Holocene VPDC to the east only represented scattered inter-
ruptions in its monotonous growth through a dominantly ef-
fusive style.
The most recent activity of Planchón is evidenced dur-
ing the Early Holocene (c. 7 ka) by a series of subglacial
phreatomagmatic explosive eruptions which formed nearly
0.08 km3 of pyroclastic density current (PDC) and tephra fall-
out deposits with andesitic composition, affecting the eastern
side of the volcano [Naranjo and Haller 2002]. These eruptions
were also accompanied by the formation of lahars to the west.
Further, a sub-Plinian tephra fall eruption (Los Baños Pumice)
occurred at 1.0–1.5 ka and erupted mingled dacitic/andesitic
pumice. During historical times (i.e. <400 years), low vol-
canic explosivity eruptions (VEI 1–2) have occurred. Most cor-
responded to weak phreatic and phreatomagmatic events as
observed since the 1991 CE eruption [Naranjo et al. 1999; Car-
rasco 2002; Naranjo and Haller 2002; Naranjo 2012; Aguilera
et al. 2016; Romero et al. 2021]. From these eruptions, Naranjo

[2012] suggested that the only one that evidenced purely ef-
fusive origin during the Holocene occurred in 1837 CE, two
years after the 1835 CE megathrust earthquake that affected
central Chile. Furthermore, the February 27, 2010 Mw 8.8
Maule earthquake (same rupture zone as in 1835 CE) disrupted
the shallow magmatic-hydrothermal system releasing mag-
matic fluids from two shallow crystallizing intrusions [Haller
and Risso 2011; Naranjo 2012; Aguilera et al. 2016]. According
to Bonali et al. [2013], the 2010 earthquake decreased normal
stress on the feeding system (unclamping) of Planchón Peteroa,
promoting dyke intrusion and volcano awakening, however
no juvenile material was erupted. Contrarily, in 2018/19 a
trachyandesite magma fed the phreatomagmatic eruptions of
PPAVC [Romero et al. 2020].

3 METHODS

3.1 Field mapping

Early mapping and former deposit descriptions were carried
out by Davidson and Vicente [1973], followed by Tormey
[1989], Tormey et al. [1995] and Haller et al. [1991, 1994].
Later, the geologic units were redefined and reinterpreted by
Naranjo et al. [1999], also releasing the hazard maps of the
PPVC. Accessing the volcano’s west flank was only possible
by helicopter because of the scarce roads in the area. Oblique
aerial views allowed the recognition and inspection of deep
gorges where the Claro River dissects the VDAD. Further vis-
its complemented observations during ascents to both western
and eastern volcano flanks during the southern hemisphere
summers of 2006, 2010, and 2011. Later observations on the
PTDAD were carried out in mid-2021 (Table 2). When a di-
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Figure 3: Morphology of the Planchón-Peteroa volcanic complex. [A] Aerial view to the east of the Planchón-Peteroa volcanic
complex showing the likely pre-collapse cone (white dotted line), the remnants of the sector collapse scar (yellow dotted line),
and the caldera of the post-7 ka BP multiphase Valenzuela eruption of Planchón volcano (red dotted line). [B] Viewing north,
cross-section photograph of the pre-collapse Planchón edifice and the post-collapse Planchón caldera. [C] Viewing south, inter-
nal remnants of the pre-collapse Planchón edifice. Photos B and C by Esteban Berrío. The red arrow points to the north.

rect inspection of field outcrops was possible, stratigraphic
and sedimentologic observations were performed. Occasion-
ally, lava samples from Planchón Volcano and post-collapse
lavas were collected for unspiked K-Ar and Ar/Ar dating and
geochemical analysis (see details below). In summary, during
the field work, a total of approximately 250 locations were
checked, in which descriptions, measurements, and selective
sampling were carried out.

Field and aerial observations were complemented by us-
ing Google EarthTM imagery and ALOS-Palsar digital eleva-
tion models (12.5 m resolution). These first were also used
for the recognition and measurement of the largest-size hum-
mocks, and according to Potere [2008] and Sharma and Gupta
[2014] the horizontal and vertical accuracy have root-mean-
squared errors (RMSE) of 39.7 m and 1.355 ± 0.5284 m,
respectively. Regarding the volume of the debris avalanche
deposit, it was subdivided in 10 irregular polygons represent-
ing known average thicknesses observed in the field. Polygon
areas were measured using Google EarthTM and then mul-
tiplied by their respective thicknesses. In some sections, we
expect an error as large as 15 % due to the underlying geome-
try of the valley infill. We quantified each hummock’s height,
length, width, area, and distance from the vent. The heights
were constrained by direct observation. Statistical analyses

of the information retrieved from these measurements allow
us to determine the main elongation direction of these hum-
mocks and their morphometric relationships with distance
from the source, thus providing valuable information to in-
fer flow kinematics and emplacement dynamics [e.g. Yoshida
2013; Paguican et al. 2014].

3.2 Sample preparation, lithological and textural analyses

In addition to the previous sampling available by Naranjo et
al. [1999], we collected ten lava samples for geochemistry and
K-Ar and Ar/Ar dating and three bulk matrix samples from
the PTDAD deposit for further grain size analysis. The choice
of sampling sites and target units was intended to comple-
ment the previous works and constrain the ages and com-
positions of the pre- and post-collapse Planchón and the PT-
DAD. Samples for K-Ar and Ar/Ar dating were selected based
on mesoscopic and microscopic observations. The samples
were crushed into roughly less than 5 mm fragments by a jaw
crusher and sieved to 60 to 80 mesh size. The grains were
cleaned with ion-exchanged water using an ultrasonic cleaner
for about 15–30 minutes after being rinsed several times with
distilled water. The ferromagnetic minerals were separated
using a hand-magnet. As for K-Ar dating, the same material
was used for both K concentration and Ar isotope analyses.
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Figure 4: Distribution of the 48 ka Planchón-Teno debris avalanche deposit (PTDAD) modified from Naranjo et al. [1999]. The
sampling sites of Figure 6 are shown in green, and the locations shown in yellow correspond to those of Figure 7.

Grain size analyses on bulk sediment matrix samples were
carried out by handshaking using a sieve column composed of
7 meshes ranging from 1000 to <75 microns. The 1000-, 500-,
and 250-micron fractions were separated for further analy-
sis. The first was only described by hand separation of the
different lithologies, while the second was inspected under a
binocular microscope and the latter in a scanning electron mi-
croscope. These particles were carbon-coated and analyzed
with the FEI Quanta 650 FEG-SEM electron microscope (De-
partment of Earth and Environmental Sciences, University of
Manchester) operated at 10 kV, beam current of 10 nA, and a
working distance of 10 mm. We collected backscattered and
secondary electron images (BSE and SE, respectively).

3.3 Geochronology and geochemistry

This study employed the unspiked technique for K-Ar dating
because this method can precisely date rocks younger than
0.1 Ma [e.g. Gillot et al. 1982; Nagao et al. 1991; Orihashi et
al. 2004; Guillou et al. 2010; Grosse et al. 2018]. Ar analyses
were performed using a noble gas mass spectrometer MS-III
(modified-VG5400) in the Laboratory for Earthquake Chem-
istry, Graduate School of Science, University of Tokyo. K con-
centration was determined by the X-ray fluorescence (XRF)
(Phillips PW 2400) at the Earthquake Research Institute, the
University of Tokyo. More details on the method, standard
and uncertainty calculation were described in Nagao et al.
[1991] and Orihashi et al. [2004]. The results are shown in Ta-
ble 3. The obtained 38Ar/36Ar ratio was 0.18814 ± 0.0049 (1σ),
which is in agreement with the modern atmospheric value of
0.1880 within the range of analytical error. This indicates that

there was nonone of the air fractionation effect for the sample
(NPP-33).
Ar/Ar dating was carried out at the Laboratorio de
Geocronología at the Servicio Nacional de Geología y Minería
(SERNAGEOMIN, Chile). Samples were pulverized and sep-
arated using a Frantz Isodynamic Magnetic Separator, while
ground mass was selected using a binocular microscope. The
sample was irradiated with fast neutrons for 24 hours at the
Chilean Nuclear Energy Commission. For the cooled sam-
ple, 40Ar/39Ar stepwise heating analyses were achieved at
the Geochronology of the SERNAGEOMIN, Chile using a
Frantz Isodynamic Magnetic Separator. “Fish Canyon” tuff
(28.03 ± 0.10 Ma [Renne et al. 1994]) was used to monitor for
the neutron flux in this study. Based on 40Ar/39Ar plateau
defined by Fleck et al. [1977], 40Ar/39Ar plateau age was cal-
culated. More detailed procedures were described in Pérez de
Arce et al. [2003].
Chemical analyses were carried out at the Earthquake Re-
search Institute, the University of Tokyo. Rock samples were
crashed and pulverized to less than 60 μm diameter, then
mixed in a 1:3 ratio with a mixture of lithium metaborate
and lithium tetraborate, where the final ratio of sample and
this mixture is 1:2. Major element and some trace element
(Sc, V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba) compositions
were determined by XRF (Phillips PW 2400), where they were
fused into a glass bead. Using the same glass bead, the other
trace element (REE, Hf, Ta, Pb, Th, U) compositions were de-
termined by laser ablation-ICP-MS (VG PQ3 combined with
New Wave UP-213). More details on both methods were de-
scribed in Tani et al. [2002] and Orihashi and Hirata [2003],
respectively. Rare Earth Elements (REE) geochemistry was
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Figure 5: Facies of the Planchón-Teno debris avalanche deposit (PTDAD). [A] Matrix facies found near Teno, ca. 70 km distance
from the source. These facies contain abundant subrounded clasts incorporated from the fluvial bed during the emplacement of
the DAD. [B] Matrix facies at a railroad exposure, ca. 68 km NW from the source. The intraclast matrix (ICM) is fine-grained and
indurated. [C] Mixed facies at El Culenar, 40 km NW from the source. The white segmented lines show the contacts between
different lithological domains. [D] Mixed facies in a roadcut near Romeral, ca. 34 km NW from the source. The indurated ICM
supports mega blocks (MBL) and clasts (white polygons). [E] Highly triturated edifice block facies near Estero La Jaula, ca.
29 km NW from the source, mainly composed of gray basaltic and basaltic andesite fragments. [F] Fluvial terrace of the Claro
River ca. 13 km WNW from the source, which exposes the mixed facies of the DAD and a giant, ca. 20 m-long hackly-jointed
basaltic lava. Lahar (LHR) deposits overlaid the avalanche deposit in erosive contact.

normalized to chondritic values, and spidergrams from the
obtained data were normalized to the primitive mantle [Sun
and McDonough 1989].

4 THE PLEISTOCENE SECTOR COLLAPSE
4.1 Collapse amphitheater

The original shape delimiting the escarpment formed after
the Planchón sector collapse (avalanche caldera) has been
masked, exhibiting an irregular expression. According to
Tormey et al. [1995], the remnants of the edifice were dissected
by glaciers and explosive activity preserved as proximal py-
roclastic deposits, and covered by radially dipping lavas of
basaltic to basaltic andesite composition. The escarpment is

more evident in the northern part (Figure 3A), with a maxi-
mum avalanche scar height of 3935 m asl, which exhibits a
horseshoe-shaped opening (amphitheater) of c. 1.5 km across,
but open to the south. On the eastern edge, however, it shows
a saddle segment at about 455 m lower (3480 m asl) than the
northern scarp (Figure 3B). To the SW, the discontinuous col-
lapse scarp reaches a height of 3655 m asl at the expense of
the ancient Azufre Volcano (Figure 3C). Down the Río Claro
to the WNW, only the northern escarpment can be seen as
the southern one was obliterated by glacial erosion.
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Figure 6: Sedimentology of the PTDAD matrix. [A] Textural and compositional characteristics of the matrix constituents by grain
size fraction. AL= altered (oxidized) lithics, DUL=Dense unaltered lithics, FBL= Fresh (unaltered) blocky lithics, and IL=Irregular-
shaped lithics. Most of the particles in the medium fraction are subangular to subrounded and contain none to low vesicularity.
The scanning electron microscope (SEM) images show highly triturated particles with irregular surfaces, jigsaw-fit cracks, and
staircase surfaces in subangular larger (mm-sized) particles. [B] Grain size distribution of three samples indicated in [A]. These
samples are: P0121= Romeral, P0221=Estero La Jaula, and P0321=El Culenar.

4.2 Planchón-Teno debris avalanche deposit (PTDAD)

Although the PTDAD has been described at distal hummocky
outcrops in MacPhail [1973], it was initially classified as a la-
har. Further work carried out by Davidson and Vicente [1973]

and Tormey [1989] provided general descriptions on the ge-
ometry of the deposit, that was later dated by Hauser [1990,
1993] in 12 ka using 14C. However, Naranjo et al. [1997, 1999],
who describe in more detail the geometry, mobility, and some
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Figure 7: Morphology, geometry, and elongation of the PTDAD hummocks. [A] Longitudinal exposure of a hummock at El Culenar,
overlying fluvial deposits. The dashed line indicates the boundary between the lowermost fine-grained (matrix-rich) layer and the
upper mixed facies. [B] and [C] show hummocks at Monterilla and Los Maquis (64 and 70 km NW from the source), respectively.
[D] Cartoon on the geometric measurement of hummocks (red triangle=height above the surrounding land). Heights are available
in Supplementary Material 1. [E] Variation of the hummock volume with linear distance NW from the source. [F] Rose diagrams
showing the central elongation axis of hummocks (see E for color key). Numbers represent the size of the sample.

internal features of the deposit, disagreed with the age as they
observed glacially eroded lavas on top the avalanche deposit.
Later, Scott et al. [2001] added brief descriptions of distal facies
and grain size characteristics of the matrix. Our work provides
new observations on the distribution, proximal-to-distal facies
analysis, a morphometric characterization of hummocks, grain
size and componentry analyses, velocity estimates, a revised
volume, and a geochronologic framework for the PTDAD.

The PTDAD proximal outcrops display maximum exposed
thicknesses between 30 and 50 m. From the confluence of
Claro and Teno rivers at Los Queñes (Figure 4), the deposit is
found 13 km upstream of the Teno River valley, reaching up to
an altitude of 950 m asl which means a topographic run-up of
270 m to the east. In the Central Valley, to the west, the deposit
is c. 25 m thick and forms a 16 km-wide and 28 km-long debris

fan, which extends to the town of Teno and the lower slopes
of the Coastal Cordillera near Rauco, 175 m asl (Figure 4).
The fan margins developed 5–10 m-high lateral levées with
2–3 km width and a main central channel of 9 to 10 km width.
A revised volume considering an average thickness of c. 23 m
yields a more accurate estimation of 8.6 ± 1.3 km3 Planchón-
Teno debris avalanche deposit (PTDAD).

A detailed description of the deposit facies is available in
Table 2. In the distal fan, the deposits constrained between
the levées develop an upper bed of less consolidated, occa-
sionally loose material with thicknesses up to 3 m. The cen-
tral deposit is matrix-supported, and the matrix has brown-
pink color containing rounded accidental clasts of gravel up
to 1 m in size (>20 %) with bimodal texture (Figure 5A,
B). On the contrary, the medial sites near El Culenar con-
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Figure 8: Post-collapse lavas (PCL) and lahar (LHR) deposits exposed in gullies along the Claro River (ca. 14 km west from the
source). [A] The lahars are interbedded between them. [B] The erosion of the PTDAD is evidenced by terraced (T1 and T2) lahars.
Giant lavas lava blocks are observed at the bottom. The red arrow points to the north.

tain fractured clasts and blocks and are incorporated into a
multicolor matrix probably resembling the original lithologies
that were fragmented (Figures 4, 5C). Near Romeral, the me-
dial deposit consists of a chaotic assemblage of highly tritu-
rated, grey basaltic blocks together with less cohesive reddish
blocks (Figures 4, 5D). Subrounded intrusive accidental base-
ment rocks are also frequent in most of the grain size fractions.
The medial outcrops also include highly triturated block fa-
cies containing monolithologic domains, mainly composed of
basaltic and basaltic andesite porphyritic fragments that did
not disaggregate completely (Figure 5E). In addition to the dif-
ferent degrees of fragmentation, ductile deformation leading to
a wavy fashion of the original block’s stratigraphy is noticed.
The most proximal facies are characterized by a homogeneous
texture, with coarse fragments reaching decametric size, rep-
resented by hackly-jointing basalt megaclasts and other minor
clasts and blocks. They are all included in a finer-grained in-
terclast matrix with particles sizing between sand and coarse
gravel (Figure 5F).
The interclast deposit matrix has a grey to gray-purple and
reddish color because of fresh, plagioclase, and porphyritic
olivine basalts and basaltic andesite fragments with identi-
cal texture to those of Planchón 1 (Figure 6A). The interclast
matrix is locally compact and well consolidated. It is com-
posed of fine-grained subangular fresh and oxidized lithics,
subrounded to subangular basaltic scoria lithics, subangular
dense unaltered lithic fragments, irregular lithics (Figure 6A)
and free crystals of plagioclase and olivine. Irrespective of the
location and color, between 60 and 80 % of the matrix weight
is >1 mm, and <10 % is smaller than 75 microns (Figure 6B).
One of the most characteristic morphologic features of the
PTDAD is the hummocky surface (Figure 7). The hummocks
are mainly located in the lateral banks (levées) of the distal fan,
the front of the avalanche where it collided with the Coastal
Cordillera, and lately in the northern bank of Teno River near
Culenar, 6 km west of Los Queñes (Figures 4, 7A–C). Hum-
mocks show lengths between 24 and 323 m and widths from
8 to 173 m (Figure 7D). Only 11 % of hummocks are below the
RMSE of the images used for horizontal measurements, while
23 % fall below the vertical RMSE; in consequence, most of

the data is sufficiently accurate and errors should not be larger
than one order of magnitude. Their length–width ratio varies
from 0.93 to 5.10, with an average of 1.50. Volumes are highly
variable, from c. 1200 to 1.3 m3, but the overall tendency is to
decrease with increasing distance from the source (Figure 7E).
While closer to the source, the hummocks are elongated with
a northwest orientation (like that of the valleys draining from
the volcano) in distal areas (i.e. at the Central Depression) their
orientations are chaotic. On the other hand, the hummocks at
the front of the avalanche deposit are almost orientated N–S
(Figure 7F).

4.3 Post-collapse lahar sequence

In multiple outcrops, the avalanche deposit is covered by up
to c. 15 m thick alluvial deposits, with diffuse bedding formed
of grey to purple, coarse-grained breccias composed of sub-
angular clasts (Table 2).
At an elevation of 1400 m asl at the Planchón River—10 km
WNW of the volcano—a remarkable succession of ancestral
lahar deposits is observed, with a total thickness close to
30 m and composed of about five individual deposits, 3–6 m
thick, flow units (Figure 8A). The slope of the deposits reaches
0.15 m/m (−8.5°). They commonly include angular blocks up
to 2 m in diameter. The post-collapse lavas that form the ter-
races in the upper Claro Valley, c. 13 km downstream from
the volcano, show glacial striations on their top and are also
covered by subrounded to subangular, poorly sorted reversely
graded alluvial beds composed of imbricated basaltic cobbles
and pebbles within a sandy matrix (c. 25 %). These deposits
are not part of the glacial till that forms lateral and central
moraines, which also contain metric-sized erratic blocks on
the surface. More than 15 km downstream, lahar deposits
cover at least two terraces in the Claro Valley, carved out of
the PTDAD (Figure 8B).
According to Naranjo et al. [1999] and Naranjo and Haller
[2002], the most extensive lahar deposits would have origi-
nated due to the post-collapse Planchón lava effusion, which
due to their high emission rate, would have been capable of
melting vast masses of a glacier cap much larger than today.
Thus, high-energy lahars were generated by removing large
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Figure 9: Distribution of the 7 ka Valenzuela Pyroclastic Density Current deposit (VPDC)modified fromNaranjo and Haller [2002].
Stars represent the location of stratigraphic sections shown in Figure 10.

volumes of available moraines. Other proximal lahar deposits
recognized towards the northeast of Planchón by Tormey
[1989] are not correlated to this sequence as being glacially
eroded and containing pillow basaltic lavas, thus probably in-
dicating a much older, initial phase of volcanic activity.

4.4 PTDAD age
Although it is difficult to determine the age of the collapse, it
is possible to indirectly constrain the date of the catastrophic
event. Presently, the best limit to the minimum age is pro-
vided by the presence of glacial forms and deposits above the

PTDAD, as well as basaltic lava flows dated in 46.5 ± 10.4 ka
and 29 ± 16 ka (see Table 3 for details). On the other hand,
the maximum PTDAD should be constrained by the youngest
pre-collapse Planchón age, which is 49 ± 14 ka [Klug et al.
2022]. Therefore, it is inferred that the Planchón western col-
lapse occurred approximately at 48 ka BP.
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Figure 10: Holocene multiphase Valenzuela eruption deposits (see locations in Figure 9). [A] Tephra-fall deposit with three
different units (see segmented lines). [B] Lithic blocks within a palagonized ash matrix in the proximal facies of the VPDC
deposit, [C] and [D] Cross bedding and dune structures within the ashy matrix of the VPDC deposit (white lines). [E] Scoria
bombs with cracked cauliflower-shaped surface, produced by hydroclastic cooling, on the surface of the Los Ciegos laminar
flow deposit at El Peñon creek. [F] Younger lahars partially covering the post-collapse lava flow of Planchón near Los Mineros
Creek, 22 km W from the source.

5 HOLOCENE DEPOSITS

5.1 Holocene multiphase Valenzuela eruption deposits

As previously mentioned, the Holocene multiphase Valenzuela
deposits originated from the most explosive Holocene erup-
tion of the Planchón volcano (Figure 9) that occurred approx-
imately 7 ka BP, given by 14C dates [Naranjo et al. 1999;
Naranjo and Haller 2002]. Our new observations include a
revised field-based constraint of the deposit distribution, in ad-
dition to detailed stratigraphic descriptions of the basal tephra
fall deposit and a facies-based characterization of the overlying
PDC sequence. The overall sequence has been already recog-

nized by Naranjo et al. [1999] and Naranjo and Haller [2002]
as sourced from a single eruption. Based on new stratigraphic
observations of the different facies—each one associated with
a single phase of this eruption—as well as their textural fea-
tures, we reinterpret and reconstruct the eruptive phases as
corresponding to an initial tephra-fall phase (Figure 10A), fol-
lowed by the emplacement of extended pyroclastic dilute PDC
(Figure 10B–D), and finally ending with a laminar PDC (Fig-
ure 10E).

The bottom of the sequence is recognized along the south-
ern flank of the Valenzuela River, 12 km southeast of the
Planchón volcano. It corresponds to a 30 cm-thick tephra fall
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Figure 11: Medial facies of the Valenzuela dilute PDCs. [A] Soft-sediment deformation structures (yellow arrows). [B] Widespread
palagonization of particles within laminated beds. [C, D] Palagonized juvenile scoria.

deposit (Figure 10A), composed of low-SiO2 andesitic lapilli
size scoria and dense juvenile fragments, which is organized
in three different units (Table 4).

The middle unit is a dark-to-medium gray finely laminated
ash deposit (Figure 10C–D; Table 4) that is recognized only on
the Planchon’s eastern flank and over the remnants of the Pe-
teroa volcano to the southeast as well as downstream valleys.
The deposit has been denominated Oleada Piroclástica Valen-
zuela by Naranjo et al. [1999] and Naranjo and Haller [2002].
Some of the most relevant textural features correspond to the
frequent occurrence of soft sediment deformation structures,
well-developed lamination, palagonization of the ashy matrix

and juvenile clasts, and the existence of vesicles in the deposit
(Table 4; Figure 11). We now refer to this deposit as "Valen-
zuela dilute PDC," whose revised distribution covers an area
of c. 59 km2; it reached up to 12 km to the northeast (Vergara
Valley) and 20 km to the southeast (Valenzuela Valley) from
its source. Considering an average thickness of 18 m, its total
volume is here estimated to be c. 1.12 km3.

The uppermost volcanic unit corresponds to Los Ciegos
laminar PDC deposit (Figure 10E; Table 4), which covers an
area of c. 12 km2 on the eastern flank of the Planchón volcano,
up to the Los Ciegos River. Its volume is estimated to have
reached 0.012 km3. Haller and Risso [2011] based on Espizua
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Figure 12: Geochemistry of the selected samples of Planchón volcano. [A] Total Alkali vs. SiO2 diagram [LeMaitre et al. 2002]. [B]
K2O versus SiO2 diagram [Peccerillo and Taylor 1976]. [C] and [D] are Harker diagrams of Al2O3 and MgO vs. SiO2, indicating the
crystallization of plagioclase and olivine/pyroxene, respectively. [E] and [F] represent both primitive mantle- and REE-normalised
diagrams [Sun and McDonough 1989]. The samples with (*) are those from Naranjo and Haller [2002], and those with (**) are
from Tormey et al. [1995].

[2000] suggested that the Valenzuela PDC overlies till deposits
representative of an Early Holocene glaciation (Paso Laguna
Drift) and is locally covered by another glacial advance (Teno
Drift) that divides it from Los Ciegos PDC. However, no clear
mention is made of Los Ciegos PDC or any equivalent volcanic

unit, and no data on its stratigraphic position with respect to
the so-called Teno Drift can be deduced from the original Es-
pizua data. Therefore, in the light of the available evidence,
there is no indication to interpret a stratigraphic gap between
the Valenzuela and Los Ciegos units.

Presses universitaires de �rasbourg Page 34



VOLC

V

NIC

V

7(1): 21–49. https://doi.org/10.30909/vol.07.01.2149

Figure 13: Cross-section cartoon of the morphologic and stratigraphic evolution of Planchón volcano. The PTDAD is represented
in orange, and the lahars are in dark grey. The basement structure is interpreted from the geology exposed north and south of
the Planchón-Peteroa volcanic complex [Mosolf et al. 2019]. Insets from [D1] to [D4] show the chronologic deposition of the
deposits associated with the Holocene multiphase Valenzuela eruption. The geometry of the plumbing system is schematic.

5.2 Lahar deposits

Holocene lahar deposits are found up to 15 km downwards
along Claro River towards the west. These deposits overlie
post-collapse lava flows and correspond to coarse debris from
pebble-sized up to 5 m diameter boulder-blocks, locally form-
ing mid-channel bars, with coarse sand to gravel size loose
matrix (Figure 10F). These deposits were formed at the ex-
pense of local morainic arches up to 30 m high and, during
their transit, generated remarkably striations on Post-collapse
Planchón lavas (Figure 2).

6 GEOCHEMISTRY
Both pre-and post-collapse lavas from Planchón correspond
to monotonous basalts and contain 10–45 % phenocrysts with
a mineral assemblage consisting of plagioclase (70–80 %) +
olivine ± clinopyroxene and few oxides. Only slight varia-
tions are observed between both edifices, mainly related to an

increase of olivine and clinopyroxene from 3 up to 5 % in the
younger one [Tormey et al. 1995].

All the lavas are sub-alkaline basaltic andesites, display-
ing a narrow SiO2 content (52.2–54.7 wt. %; Figure 12A) and
medium-K (1.1–1.4 K2O wt. %; Figure 12B). These rocks are
clearly distinguished from samples of Peteroa-Azufre volca-
noes, which show a wider composition with high-K andesites
and dacites (Figure 12A). Al2O3 and MgO display incom-
patible trends up to 54 wt. % SiO2 when plagioclase and
olivine/pyroxene crystallize (Figure 12C, D). Despite the bulk
composition being relatively homogeneous, pre-collapse lavas
are slightly more evolved than the post-collapse ones (with a
decrease from 54.4 to 53.4 wt. % of SiO2 in their average com-
position, respectively). Other compositional changes support
this observation; the increase of Mg# from 47.3 to 53.8, an
increase of CaO/Al2O3, and a decrease in FeOT/MgO from
2.0–1.7 in the post-collapse products to 0.46–0.48 (Table 5).
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Figure 14: Size [A] and mobility parameters [B] of the Planchón 48 ka debris avalanches in relation to non-volcanic landslides
(DADs) and subaerial volcanic landslides (confined and unconfined VDADs) reported by Tost et al. [2014]. [C] The Valenzuela
and the Los Ciegos PDCs are compared to other block-and-ash and pumice flows also reported by Tost et al. [2014]. The Antuco
7.1 ka [Romero et al. 2022] and Marmolejo 2.4 ka [Melo et al. 2022] debris avalanches are also plotted for comparison.

Large enrichment in La (Light Rare Earth, LREE) is ev-
idenced in basaltic andesites of the post-collapse Planchón,
while moderate enrichment is observed in other LREE such
as Pr and Sm (Figure 12E). The Middle Rare Elements (MREE;
Eu, Gd, Tb, Dy, and Ho), as well as Heavy Rare Elements
(HREE; Er, Tm, Yb, and Lu) display discrete-to-moderate en-
richments for the primitive mantle. Some compatible trace
elements (i.e. Sr, Ni, Cr, Sc, and Zn) show a sharp difference
between the pre-and post-collapse rocks (Figure 12; Table 5).
On the other hand, Large Ion Lithophile Elements (i.e. Rb,
Ba, and Pb), which behave as incompatible, display constant
concentrations along all the samples. High Field Strength El-
ements (i.e. Th, U, Nb, Zr, and Hf) do not exhibit significant
variation during the different stages of edifice evolution (Fig-
ure 12F; Table 5).

As shown in Figure 12F the pattern of incompatible ele-
ments shows positive anomalies for K and Pb, while Ti, Nb,
and Ta show negative anomalies; additionally, small positive

anomalies for Nd, Sm, and Ba are observed. Comparatively,
post-collapse lavas display higher positive anomalies of Rb,
Th, U, and Hf in contrast to the pre-collapse Planchón (Fig-
ure 12F).

7 DISCUSSION

7.1 Planchón – a monotonous mafic volcano

Our data, combined with that published in the literature, in-
dicate no significant difference in the composition between
the pre-and post-collapse magmas from Planchón volcano,
despite the pre-collapse samples being slightly more evolved
than the post-collapse. This modest difference can be ex-
plained by the relatively small number of analyses considered
or by differences in the loss of ignition between diverse sam-
ples. The pre-collapse samples display a slightly wider trace
element variability that can also be explained by the small
number of samples analyzed. Higher Cr and Ni abundances
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Table 1: Comparison and correlation of the different stratigraphic units described by Tormey [1989, 2010], Tormey et al. [1995],
Naranjo et al. [1999] and Naranjo and Haller [2002], and this work.

Stage
In Tormey [1989]
and Tormey et al.
[1995]

In Naranjo et al. [1999]
and Naranjo and Haller
[2002]

In Tormey [2010] This work

Holocene
Planchón

Known as Peteroa:
Holocene age;
volume <1 km3;
composition
between 55 and 69
wt. %SiO2.

Known as Planchón 3:
Age <14 ka; products
totalize 0.14 km3;
composition between 55
to 69 wt. % SiO2.

Known as Peteroa: It
considers from the 7 ka
eruption to the present.
Magmas fed from
shallow-crust levels,
underwent magma
mixing and produced
more evolved
compositions.

Known as Holocene
Planchón: Age <14 ka;
products totalize
1.14 km3; compositions
55 to 60 wt. % SiO2.

Post-
collapse
Planchón

Known as Planchón
II: Edifice of 5 km3;
composition
between 52 and 55
wt. %SiO2.

Known as Planchón 2:
Age Late Pleistocene,
deeply glaciated.
Edifice. of 3.5 km3;
composition between 52
and 54 wt. % SiO2.

Known as Planchón II:
Edifice of 5 km3; Age:
Holocene. Basalt and
basaltic andesite lavas
sourced from
mid-crustal depths.

Known as post-collapse
Planchón. Maximum
46.5 ± 10.4 ka and
29 ± 16 ka concordant
ages and minimum
14 ka. Edifice of
3.5 km3; compositions of
52 to 55 wt % SiO2.

Planchón-
Teno Debris
Avalanche

Deposit of 9 km3;
age of 9 ka based on
date on wood by
MacPhail [1973].
Relates the collapse
with pumice
deposits to the east.

Volume: >10 km3; Age:
12 ka after Hauser
(1990, 1994), but
authors suggested
Upper Pleistocene age.

Known as Rio Teno
Debris Avalanche; ca.
10 km3; age: 11 ka; run
out 95 km and H/L of
0.03.

Volume of 8.2 ± 1.2 km3;
minimum age
constrained to
46.5 ± 10.4 ka and
29 ± 16 ka from
radiometric ages of
overlying lavas;
maximum the 49 ± 14 ka
lava-age given by Klug
et al. [2022].

Pre-collapse
Planchón

Known as Planchón:
edifice of 25 km3;
composition
between 51 and 55
wt. %SiO2.

Known as Planchón 1
Age: Pleistocene, deeply
glaciated; edifice of
25–30 km3;
composition between 51
and 53 wt. % SiO2.

Known as Planchón:
edifice of 43 km3; age
between 14 and 11 ka.
Basalt to basaltic
andesite in composition.

Known as Planchón or
pre-collapse Planchón.
New ages of 191 to
49 ka from Klug et al.
[2022] and this work;
compositions of 51 to
55 wt. % SiO2.

Peteroa-
Azufre

Known as Azufre:
Edifice of 30 km3;
age <0.55 Ma;
composition of 52 to
66 wt. % SiO2

Known as
Peteroa-Azufre; edifice
up to 68 km3; age:
between 1.2 and 0.55
Ma; composition
between 51 and 65 %
SiO2.

Known as Volcan
Azufre (69 km3): a
long-lived polycyclic
basaltic andesite to
dacite stratovolcano,
younger than 0.55 Ma.

Known as
Peteroa-Azufre. New
ages of ∼300 to 150 ka
from Klug et al. [2022].

in the post-collapse Planchón may also result from a higher
accumulation of olivine, as previously reported for these sam-
ples [Tormey et al. 1995; Holbik 2014]. Positive anomalies for
K and Pb and negative Ti, Nb, and Ta are typically observed
in arc magmas due to a metasomatized mantle wedge and
Fe-Ti oxide fractionation (in the case of Ti). Positive anoma-
lies of Rb and Th have been previously interpreted as a result
of higher degrees of crustal contamination at either upper or
lower crustal levels [e.g. Tormey et al. 1995].

Nevertheless, all these trace element patterns are the same
for all the Planchón samples; so essentially, they were pro-
duced by the same magmatic processes during the long-term
evolution of the system. Therefore, the mafic lavas erupted
by Planchón before and after the collapse do not indicate any
substantial change in the magma composition, pointing to a
monotonous production of basalt. This new finding contra-
dicts the hypothesis of Tormey et al. [1995] who identified
that magma storage may have changed from a mid-crust re-
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Table 2: Lithology, sedimentology, and geomorphology of the Planchón-Teno debris avalanche deposit (PTDAD).

Facies Lithology, sedimentology, and geomorphology

Distal
Matrix facies >40 km WNW

Clastic, matrix-supported indurated deposit, containing dark gray or brown subrounded
volcanic clasts, 5 to 30 cm ø. The matrix is pale gray to brown, with a mean
fine-to-medium sand grain size, 14 to 24 % silt and clay and nearly 10 % of subangular to
subrounded volcanic clasts of 1 to 4 cm ø. At a railroad cut outcrop (southern margin of
Convento Viejo lake) the observable deposit is 4-5 m thick and contains elongated,
partially cohesive subrounded blocks up to 1.3 m long, while the matrix is composed of
fine sand and clear gray color. It includes clastic dark gray to reddish lithic fragments of
volcanic and granitic origin up to 20 cm ø, which are organized in domains with variable
matrix/clast ratios. The hummocks are abundant in this portion of the deposit and may
reach up to 20-30 m-length and ca. 10 m high. Internally, they consist of metric blocks of
lava surrounded by a whitish, clay-rich interclast matrix. The interclast matrix is
brown-reddish or gray.

Medial
Mixed and highly triturated

25–40 km NW

In P0221, the deposit is at least 15 m-thick, matrix supported, with clear gray color and
indurated. The matrix consists of fine sand-to-gravel size, with white to gray color
domains, and supports fresh-likely basaltic blocks. These blocks grade upwards in the
deposit, with subrounded oblate shapes and size up to 1.5-2.0 m and faint imbrication
from east to west. Some accidental clasts are also recognized. Some hummocks identified
in P0121 include highly triturated blocks within the gray matrix. These blocks are
subrounded, sometimes prolate, and reach up to 12 m ø, with a core composed of
triturated subrounded to angular clasts (centimetric to metric size) immersed within an
autoclastic matrix. Some blocks are reddish, less cohesive and reach a few meters in size.
The interclast matrix includes polymictic fragments from sand-to-gravel size, with similar
composition to that of the blocks. Apparently, the finer matrix material is derived from
the deep fragmentation of non-cohesive blocks. At 4.6 km ESE of P0221, the ca. 20 m
thick outcrop is made of 10-40 cm ø angular-to-rounded gray porphyritic basaltic
andesite clasts, some of them vesicular. Some subrounded accidental clasts reach 2 m ø
and were ingested from the Cenozoic basement. The PTDA deposit is partially eroded by
subsequent alluvial deposits.

Proximal
Mixed facies <25 km W

The avalanche is generally >20 m thick (base not observed) made of a pale gray to white
fine-grained matrix, containing dark-gray or reddish subangular volcanic clasts with size
varying from 0.2 to 7 m ø; in addition, the avalanche contains decametric oblong
decametric clasts made of undisturbed lava sequences. Some of these lavas develop
hackly joints. The proximal deposits show natural exposures up to 20-35 m, mainly at
erosive terraces of the Claro River. Within the sequence and overlying the PTDAD, a
series of poorly sorted clastic deposits with gray matrix contain subrounded clasts up to
2 m size.

Table 3: Groundmass 40Ar/39Ar plateau and unspiked K-Ar (*) ages of Planchón volcano selected samples (ka).

Sample ID UTM (N) UTM (E) Lithology Age Analytic 2σ error

CF92 6107882 346371 Subaerial hackly jointed basalt overlying the PTDAD 29 16
NPP-33 6110323 341366 Subaerial hackly jointed basalt overlying the PTDAD 46.5* 10.4
CF97(a) 6102535 361778 Pleistocene basaltic block in moraine 100 40
CF97(b) 6102535 361778 Pleistocene basaltic block in moraine 110 30
CF93 6107936 346335 Subaerial hackly jointed basalt underlying the PTDAD 120 30

gion (12–18 km), to shallower levels (c. 3 km depth) just prior
the lateral collapse; these authors suggested this condition may
have ultimately triggered the lateral collapse. Contrary to what
these authors mentioned, Holocene eruptions include more
silicic compositions ranging from basaltic andesites to PDC-
dacite pumice (Figure 12A) with high K signature (Figure 12B),

as well as trachyandesites that erupted in the 2018/19 eruption
[Naranjo and Haller 2002; Romero et al. 2021] that suggest a
different petrological evolution and possibly pre-eruptive stor-
age.
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Table 4: Summary of the descriptive characteristics of Holocene multiphase Valenzuela eruption deposits.

Eruption deposits Age

Basal tephra fallout
Basal unit (7 cm thick): consists of reversely graded fine-to-medium lapilli containing c. 15 %
dark gray to brown scoria, 10 % angular hydrothermally altered lithics, and 75 % gray
subrounded to subangular lithics. At c. 2 cm from the base a 0.5 cm-thick fine ash layer
interrupts the bed.

AMS dating on
overlying colluvial
deposits yields ages
of 7010 ± 70 BP
[Naranjo et al. 1999]

Middle unit (11 cm thick): consists of a series of lithic-rich tephras intercalating cm-thick
coarse ash layers with medium-to-coarse lapilli layers.
Uppermost unit (12 cm thick): correspond to a reversely graded, medium-to-coarse lapilli bed
containing c. 30 % brown subrounded pumice clasts, c. 25 % dark gray dense subangular
juvenile fragments, c. 20 % hydrothermally altered angular fragments and c. 25 %angular lithics.
The top of the sequence contains some scoria clasts up to 2 cm diameter.

Valenzuela dilute PDC
Proximal facies (60–80 m thick): Outcrop in the inner walls of the Planchón avalanche caldera
and consist of remarkable PDC sequences showing planar stratification and very low angle cross
stratification, as well as festooned erosion channels from 60 to 10 cm, in tilted proximal facies
and more distal horizontal facies, respectively.

AMS dating on
bioturbation
structures yields ages
of 7030 ± 70 and
7020 ± 60 BP
[Naranjo et al. 1999]

Medial facies (3–10 m thick): Recognized between 7 and 10 km to the north and east, include
up to 40 cm lava blocks, immersed in the surged matrix ashes. Locally, up to 30 cm-thick
palagonized ash layers are interbedded with layers of thick gray ash supporting palagonized
medium-to-coarse brown lapilli scoria. Occasionally light-gray ash and laminated coarse ash to
fine lapilli (50 % lithic and 50 % palagonized scoria) is observed. Some of them are plastically
deformed.
Distal facies (<8 m thick): These are composed of medium-gray coarse lapilli and ash; include
accidental lava-blocks and cobbles up to 20 cm. Sigmoidal beds and lenses 2 to 20 cm thick and
40 cm long are compound of angular, medium-to-coarse lapilli-size lithics. Light brown fine ash
beds are also present and plastically deformed. They are rich in water vapor vesicles and have
low-angle truncations both below and above. Climbing dunes and small erosion channels are
visible.
Terminal facies (<4 m thick): These directly overly the tephra-fall deposits from the first
eruptive phase. They are constituted by layers interbedded with accidental fine regolith
materials and soil. Indeed, surge accumulations of up to 50 cm are observed there (Figure 3),
with 3 cm-thick and 2.5 m-long lenses, interbedded with 20 to 50 cm-thick of disturbed regoliths.

Los Ciegos laminar PDC
Chaotic, matrix-supported and poorly sorted deposit up to 2 m thick deposit, consisting of
matrix supporting centimeter-sized bombs. The matrix is formed of scoriaceous lapilli and ash
and contains sub-angular to sub-rounded juvenile and lithic fragments, with subordinate
hydrothermally altered fragments. The finer fractions show enrichment in free crystals of
plagioclase and magnetite, as well as dark glass shards. The juvenile scoria clasts are black and
show vesicular and glassy textures, with little (<5 %) crystal content of plagioclase, olivine, and
orthopyroxene, on a dark and opaque matrix, weakly altered to palagonite. The juvenile bombs
(c. 5 %) are cauliflower in shape reaching up to 30 cm diameter and displaying a ragged glassy
surface. The proximal facies constitute a thin surface directly above the Valenzuela dilute PDC.
It forms a plain between the lower flank of the volcano and the Los Ciegos River. From there, it
thins out towards the distal sectors, on the western bank of the river.

Not available.
Presumably, the final
phase of the same
eruption forming the
Valenzuela deposit.

7.2 Tectonic controls on magma ascent

The complex structural network in PPVC (Figure 1) should
be considered a first-order factor in controlling magma ascent
and storage. For instance, EEFS is suggested to play a critical
role in compartmentalizing magma-derived hydrothermal flu-
ids to the east of the fault plane (in the PPVC area), where the

fault zone acts as a barrier to cross-fault fluid migration and
channels fault-parallel fluid flow to the surface from depth
[Pearce et al. 2020]. Tibaldi et al. [2010] indicates that, in such
contexts, magma is transported beneath the volcano to the
surface along the main faults. Bonali et al. [2013] assumed
the magma pathways dip 45° west for volcanoes that overlie
thrust faults, as Planchón. On the other hand, Tormey [2010]
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Table 5: Bulk rock geochemistry of Planchón volcano selected samples, for major (in wt%) and trace elements (in ppm).

Sample NPP-3B NPP-16A NPP-16B NPP-23 NPP-25 NPP-33 CF-92 CF-93 CF-95 CF-97

Age (ka) 46.5 ±10.4 29 ±16 120 ±30 100 ±40
110 ±30

SiO2 50.83 53.31 51.53 50.63 52.85 52.09 52.25 53.28 52.82 53.51
TiO2 1.01 1.04 1.19 1.11 1.03 1.14 1.01 1.02 1.01 1.15
Al2O3 17.06 17.47 16.41 16.44 17.22 17.04 16.84 18.74 17.91 16.95
Fe2O3 9.49 8.36 9.59 9.73 8.72 9.38 9.23 7.96 8.87 9.51
MnO 0.16 0.14 0.15 0.16 0.14 0.15 0.15 0.14 0.15 0.16
MgO 6.06 4.47 5.87 6.61 4.28 4.96 6.13 3.48 4.68 3.82
CaO 8.48 8.31 7.74 8.16 8.18 7.89 8.24 8.57 8.5 7.85
Na2O 2.81 3.12 2.86 2.86 2.93 3.07 2.9 3.09 3.05 3.32
K2O 1.07 1.22 1.26 1.06 1.34 1.34 1.08 1.07 1.15 1.26
P2O5 0.22 0.26 0.31 0.25 0.25 0.3 0.23 0.21 0.22 0.25

Total 97.18 97.71 96.91 97 96.95 97.35 98.06 97.55 98.37 97.77

Sc 28 29 26 27 28 27 26 25 27 28
V 236 231 232 244 235 238 235 232 237 275
Cr 126 82 158 256 54 79 176 49 67 32
Co 34 26 32 37 26 30 34 20 28 26
Ni 70 29 72 88 20 49 82 12 35 13
Zn 87 84 94 92 86 93 88 81 84 91
Ga 19 20 20 19 19 20 19 21 21 21
Rb 29 35 36 30 41 38 32 28 26 32
Sr 556 576 533 539 470 513 514 568 525 492
Y 20 22 24 20 26 25 21 20 23 24
Zr 113 128 149 118 148 145 115 109 125 131
Nb 5.6 6.4 7 5.9 6.4 6.6 5.8 5 5.6 6.1
Ba 323 388 363 309 345 359 304 331 344 384
La 17.5 19.8 21.6 16.5 20.2 20.1 16.8 17 18 18.7
Ce 37 42.1 45.1 34.9 41.6 41 34.8 33.6 34.2 37.8
Pr 4.7 5.33 5.75 4.6 5.58 5.51 4.65 4.55 4.71 5.1
Nd 20.1 23 25.7 21.1 25 25 20.9 21.5 21 23
Sm 4.38 5.01 5.6 4.69 5.55 5.23 4.79 5 4.63 5.27
Eu 1.38 1.45 1.5 1.34 1.52 1.43 1.36 1.47 1.41 1.51
Gd 3.87 4.17 4.86 4.19 4.93 4.63 3.97 3.94 4.14 4.6
Tb 0.62 0.71 0.79 0.66 0.82 0.79 0.66 0.67 0.68 0.74
Dy 3.47 3.94 4.28 3.83 4.57 4.34 3.78 3.86 3.91 4.23
Ho 0.74 0.83 0.91 0.79 0.94 0.91 0.81 0.81 0.86 0.89
Er 1.95 2.15 2.38 2.08 2.59 2.47 2.12 2.22 2.19 2.3
Tm 0.29 0.33 0.33 0.3 0.36 0.36 0.29 0.34 0.32 0.35
Yb 1.91 2.2 2.34 1.98 2.57 2.5 2.06 2.24 2.21 2.29
Lu 0.31 0.35 0.36 0.3 0.4 0.35 0.3 0.31 0.34 0.36
Hf 3.06 3.77 4.44 3.65 4.32 4.06 3.42 3.64 3.55 3.56
Ta 0.23 0.3 0.33 0.24 0.31 0.3 0.24 0.26 0.27 0.25
Pb 7.51 9.24 10.49 7.75 10.64 9 7.19 7.67 7.15 8.78
Th 3.63 4.33 4.88 3.65 5.75 4.38 3.68 3.67 3.79 3.54
U 0.79 1.07 1.17 0.87 1.33 0.98 0.84 0.71 0.79 0.81

assumes that much of the development of the volcanic PPVC
is likely to have been in a neutral state of stress in the crust,
transitional from compression to extension, as a result of the
intersection of the volcanic arc with extensional basins to the
east. As in other reverse fault systems, fault conjugation can
facilitate magma ascent [Naranjo et al. 2018].

During the Late Miocene-Early Pliocene, these east-
vergence reverse faults favored the ascent and evolution of
dacitic and dioritic intrusive bodies [Piquer et al. 2010]. More-
over, their intersection with major NW–SE faults constitutes
high-permeability and structural damage zones [Vigide et al.
2020] characterized by upper-crustal seismic clusters, Neogene
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intrusive complexes, giant porphyry Cu-Mo deposits, and ac-
tive volcanic centers [Piquer et al. 2019; Pearce et al. 2020].
This kind of structural arrangement is also observed in the
Central Andes, where major fault systems encase minor faults
and fracture meshes or domains controlling the emplacement
timing of the magmatic systems acting as pulsatile suction
bombs [Naranjo et al. 2018].
The recent shallow level seismicity of the area includes
earthquakes of moderate to large magnitude [e.g. Vigide et al.
2020] such as that of MW 6.5 on August 28, 2004, which oc-
curred at a depth of 5 km, with an epicenter 8 km north of
the volcano [Naranjo and Welkner 2004; Comte et al. 2008],
and the MW 5.2 event on March 1, 2010, which occurred at a
depth of 13.4 km, with an epicenter located 9 km SE of the vent
[SERNAGEOMIN 2010]. This MW 5.2 seismic event also sug-
gests an interplay between large interplate earthquakes and
the displacement of the structural network below the volcanic
arc; it occurred just two days after the MW 8.8 Maule megath-
rust earthquake (epicenter c. 195 km SW from the volcano),
which ruptured a 500 km-long segment of the plate interface
[Ruiz and Madariaga 2018]. In addition, several arc volca-
noes parallel to the 2010 rupture zone, including Planchón,
experienced subsidence up to 15 cm, whereas the upper crust
showed generalized east–west tension [Pritchard et al. 2013].
In the case of Planchón, this deformation was concentrated
southwest from the active vents and ten months after an erup-
tion occurred [Haller and Risso 2011; Naranjo 2012; Aguil-
era et al. 2016]. The area of the Maule earthquake experi-
enced two significant previous historical events in 1835 and
1751, whereas marine terraces formed over the last c. 80 ky
at mean rates of 0.50 m ka−1 along the Maule rupture zone
indicate long-lived coastal uplift correlated to persistent off-
shore earthquakes along this segment [Jara-Muñoz et al. 2017].
Hence, Maule-type megathrust earthquakes should have oc-
curred several times in the last c. 50 ky in this area, producing
cyclic relaxation along the nearby arc segment. This condi-
tion should have facilitated temporary crustal compression-
relaxation as an upper crustal bombing system driving a
steady supply of dense, mafic magma through these crustal
damage zones to feed the activity of Planchón efficiently.

7.3 Edifice growth and instability factors

Mafic (i.e. basaltic and basaltic andesite) stratovolcanoes dis-
play higher eruption rates and short-lasting evolutions than
intermediate-composition volcanoes (i.e. andesitic or dacitic
[e.g. Hildreth et al. 1998]). Mafic stratovolcanoes flanks tend to
approach the repose angle (33–36°) and are more frequently
affected by dike emplacement and fissure eruptions that in-
crease edifice instability by mass/heat transfer or pore pres-
sure rise [e.g. Walker 1993; Baloga et al. 1995; Elsworth and
Voight 1996; Hildreth et al. 1998; Elsworth and Day 1999;
White et al. 2006; Romero et al. 2021]. Rapid growth and sub-
sequent collapse have been widely observed at basaltic and
basaltic andesite volcanoes in arc settings [e.g. Ponomareva et
al. 2006; Romero et al. 2021; Valverde et al. 2021].
Among the hypotheses on the conditioning and triggering
factors leading Planchón to collapse, Tormey et al. [1995] pro-
posed a change in the source depth of the magma storage zone

related to the temporary development of a shallow magma
body (c. 3 km depth). In contrast, Naranjo et al. [1999] and
Naranjo and Haller [2002] pointed to the rapid growth, grav-
itational instability, and the structural weakening of the base-
ment below the volcano as the leading potential causes for the
sector collapse. Other factors suggested by Tormey [2010] in-
clude hydrothermal activity, melting of the summit ice cap, or
minor eruption.
The substratum lithology and structure may also contribute
to instability as in other mafic volcanoes [e.g. Mathieu et al.
2011; Goto et al. 2019; McLeod and Pittari 2021; Romero
et al. 2022]. To imagine the substratum morphology, we
traced topographic profiles between the eastern and western
volcano/basement mapped interface of pre-collapse Planchón
(near Lagunas de Teno and by the middle of the edifice). Its
surface corresponds to a tilted block dipping ca. 7° to 17°west
(Figure 13A). Extending the ILCF and EFFS below the PPVC
means this block is limited by these tectonic structures (Fig-
ures 1 and 13). The soft lithologies of the edifice substratum
(i.e. Jurassic sandstones, limestones, and conglomerates) may
also have played a role in contributing instability and edifice
deformation as in other remarkable volcanic debris avalanche
examples [van Wyk de Vries et al. 2000; van Wyk de Vries
et al. 2001; Dufresne et al. 2010].
The size and rapid growth of Planchón represent another
critical factor that would have promoted instability as hy-
pothesised by previous works [Naranjo et al. 1999; Tormey
2010]. The best estimate for the volume of the whole PPVC is
c. 163 km3 [Völker et al. 2011], and the sole volume of Planchón
volcano ranges from 30 to 50 km3; these estimates consider
a basal radius of 4.5 km, and a pre-collapse maximum height
in the range of 1.5 and 2.5 km above its base. These heights
consider the geometric projection of the Planchón 1 flanks
(Figure 3A) and are realistic if compared to similar stratovol-
canoes of the Transitional Southern Volcanic Zone (TSVZ)
of the Andes [Tormey et al. 1991; Stern 2004; Stern et al. no
date], such as Tupungato, San José or Maipo. Considering
the maximum age of Planchón constrained by the latest erup-
tive products of Peteroa-Azufre (153 ± 3 ka [Klug et al. 2022])
and the age of the collapse around 48 ka BP, the minimum
eruptive fluxes for pre-collapsed Planchón volcano was 0.3 to
0.48 km3 ka−1. Despite a minimum estimate, this is among
the higher eruptive rates of arc stratovolcanoes reported by
Mixon et al. [2021], ranging from 0.01 to 0.87 km3 ka−1. This
evidence led us to support the hypothesis that rapid growth is
the main factor for Planchón volcano instability.
On the other hand, Tormey [2010] argued that “glaciated
volcanoes can increase sediment pore pressure by melting
glaciers, which represents an ideal environment for flow for-
mation from debris” [after Pierson et al. 1990; Mileti et al. 1991;
Voight 1996]; however, this factor is not necessarily relevant
in the formation of a debris avalanche from a sector collapse
as it removes major fragments of the volcanic edifice [Siebert
et al. 1987], but, as the Nevados del Ruíz 1985 case, two large
lahars were triggered, after the rapid ice and snow cover melt-
ing. Deposits related to extensive lahars are common at the
post-collapse Planchón. We do not support the ice melting as
a first order factor contributing edifice instability due to the
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scarcity of hydrothermally altered material in the avalanche
matrix, clasts, and blocks that suggests the edifice did not un-
dergo extensive hydrothermal weakness before the collapse.
This argument rules out the possibility of an external factor,
such as a glacial retreat, to have influenced the collapse.

7.4 Avalanche mobility

Naranjo et al. [1997], Scott et al. [2001], and Tormey [2010]
have estimated exceptionally high mobility for the PTDAD,
with a coefficient of friction between 0.03 and 0.04. Long-
run-out debris avalanches are more likely to occur in settings
where initially partly saturated collapsing masses move down
deep valleys and become thoroughly liquefied at their base;
a basal lubrication zone enhances flow mobility by reducing
basal shear [Tost et al. 2014]. Basal lubrication occurs when
pore water is available within the base of the flowing mass
or in the sediments immediately below it. When entering the
Claro River valley, the PTDAD became highly confined and
achieved a very low friction coefficient (Figure 14A). Also, an
intense syn-transport fragmentation and crushing may have
increased elastic energy between the larger particles and fric-
tional reduction within the matrix favoring exceptional mo-
bility [Perinotto et al. 2015]. In this respect, there is no need of
external water entrainment [e.g. Tormey 2010] to explain such
exceptionally high mobility.
The emplacement velocity for the PTDAD can be estimated
tentatively in absolute terms from its climbing ability, using
the method of Francis and Baker [1977], which takes account of
frictional losses by comparing the height descended with the
maximum height climbed. The overall percentage of frictional
loss (F ) for the Planchón-Teno avalanche was:

𝐹 = 100 ·
[
1 −

(
ℎ

𝐻

)0.5]
, (1)

where ℎ is the height gained and 𝐻 the height loss. Consid-
ering the summit of the volcano as (a) 4200 to (b) 5200 m asl,
two scenarios are visualized: 𝐻𝑎 = 3539m and 𝐻𝑏 = 4530m.
For both values ℎ = 270 m, 𝐹𝑎 is 72.3 and 𝐹𝑏 75.6. Then, the
velocity (𝑣) is estimated for both cases as:

𝑣 = 10 ·
√︂
2 · 𝑔 · ℎ
100 − 𝐹

(2)

where 𝑔 is the acceleration of gravity (9.81 m s−1). Thus, the
obtained velocities are 𝑣𝑎 = 138 m s−1 and 𝑣𝑏 = 147 m s−1.
Compared to unconfined volcanic debris avalanches from the
Andes (e.g. Parinacota, Socompa, and Lastarria), our mini-
mum velocity estimates well in their range of 60–80 m s−1
[Naranjo and Francis 1987; Clavero et al. 2002; Rodríguez et
al. 2020]. On the other hand, the maximum velocities ob-
tained here are comparable to those retrieved by the frictional
model of Sosio et al. [2012]. A conservative mean velocity be-
tween these two end members is 110 m s−1, comparable to
the Antuco 7.1 ka debris avalanche (102 m s−1), which became
confined to the Laja River valley [Romero et al. 2022].
The large volume of the PTDAD determined its extensive
distribution in the central valley when becoming unconfined

(Figure 14B). Accordingly, the hummock density is higher to-
ward the margins of the ring-plain deposit as observed in other
VDADs [Siebert 1984]. We suggest that the PTDAD behaves
as a massive debris flow during deposition, accommodating
large blocks in the flow direction, as demonstrated by hum-
mock elongations in the central depression (Figures 4, 7F).

7.5 Morphology and glacial erosion

Our observations of the pre-collapse components agree with
glacial interaction as we identified large hackly-jointed lava
blocks. In this regard, water derived from ice melting during
lava emplacement can cause penetrative jointing, producing
fragmental structures of between 10 and 20 cm, as well as
the cooling of the groundmass [Gilbert et al. 1996; Lescin-
sky and Sisson 1998; Lescinsky and Fink 2000; Mee et al.
2009; Lachowycz et al. 2015]. Glacial interaction is also sup-
ported by the numerous lahars that cover the PTDAD to the
west (Figure 13B). Extensive ice coverage should have con-
tinued during the emplacement of the post-collapse Planchón
lavas, as these show the same hackly-jointed features in the
upper 40 % vertical sections. This implies that the pre- and
post-collapse climate conditions and hence the glacial cover-
age were roughly identical. Remarkably, these lavas are only
preserved in the northern margin of the Claro River valley,
near Berta creek (Figure 2), suggesting they flowed laterally
through the space left between the glacier and the valley slope.
An analogous situation was observed during the 1991 lava of
Hudson volcano [Naranjo 1993]. We propose that at c. 47 ka,
the Claro River valley hosted a glacier that may have reached
0.6–1.0 km width, up to 70 m thick (contour line of 1030 m asl)
and up to 19 km long to the WNW of the volcano. This ev-
idence is also supported by the paleoclimatic reconstruction
of Valero-Garcés et al. [2005], indicating a colder and moister
climate than today in the Tagua Tagua site (100 km NW from
Planchón) between 46 and 42 ky, thus allowing glacial ad-
vance in the Andes. In consequence, the role of ice retreat is
again ruled out as an important condition to produce edifice
instability.

7.6 The further Holocene destruction of the Planchón vol-
cano

According to Tormey [1989], the post-collapse Planchón was
partially destroyed by glaciations and further explosive activ-
ity of “Peteroa” volcano, but that work does not provide a
detailed description of the sequence of events that drove such
edifice destruction. Further, Tormey [2010] argues that the
largest proportion of pyroclastic deposits at the post-collapse
Planchón may have favored rapid self-destruction of the cone
by lahars and landslides. We expand this reasoning in the
next few paragraphs. Post-collapse Planchón was built nested
within the volcanic avalanche collapse caldera, with an elon-
gated oval shape of 2.0 × 2.5 km diameter, from which the
northern and western margins are preserved (Figures 2, 3, and
13C). The current remnants of the collapse scar, obliterated by
glacial erosion and the building of the post-collapse Planchón,
suggest that the original collapse scar may have had a horse-
shoe shape, breached to the west, and limited to the south by
a cliff partially cutting the edifice of Azufre volcano (c. 230 m-
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high). Since the colder climate prevailed until c. 12 ka BP, ice
was retreating at about 7 ka BP (Figure 13D1).
The 7 ka BP activity began with a moderate explosive
eruption (likely vigorous Strombolian to sub-Plinian), pro-
ducing a complex, multiphase lithic-rich tephra fall deposit
(Figure 13D2). Similar lithic-rich tephras have been associ-
ated with progressive cone truncation or vent erosion during
the eruption (e.g. Mil Hojas unit at Puyehue-Cordón Caulle
[Naranjo et al. 2017]).
Later, field evidence indicates that the Valenzuela diluted
PDC deposit was emplaced with high energy to the east,
northeast, and southeast (Figure 13D3). In contrast, on the
western Planchon slope, only massive lahar deposits are dis-
tinguished but possibly associated with this eruption. The
high lithic content within this deposit and its PDC charac-
teristics indicates either widespread erosion in the feeding
vents or the explosive fragmentation of the eastern avalanche
caldera wall during the eruption. In addition, the VPDC de-
posit shows some key depositional features, such as palag-
onitic glass halos in the juvenile material, vesicles up to 4
mm trapped in fine ash layers 2 to 3 cm thick, ‘flame’-shaped
load structures, and soft-sediment deformation inside the de-
posits, especially at medial distances (Figure 11). Mainly,
palagonite formation has been observed in subglacial erup-
tions [e.g. Walker and Blake 1966], while loading and soft-
sediment deformation structures are typical in dilute PDCs
from phreatomagmatic eruptions [Smith and Kokelaar 2013;
Douillet et al. 2015]. Considering the shape of the resulting
crater and the erupted volume (c. 1.13 km3) of the VPDC, its
parental eruption should have had characteristics resembling
a small caldera-forming event. Given all these evidences, we
propose that the VPDC can be classified as a lag breccia, form-
ing a dilute PDC deposit of phreatomagmatic origin [e.g. Druitt
1985; Yamagata 1991]. The high content in lithics of these
flows is also reflected in their distribution; their volume (𝑉 )
vs. 𝐴/𝑉2/3 plot in the field of debris avalanches rather than in
one of the pumice flows or block-and-ash flows (Figure 14C).
The last explosive event of this sequence is represented by
the Los Ciegos laminar PDC deposit (Figure 13D4), which
reached 0.012 km3. Its distribution parameters resemble
that of pumice flows (Figure 14C). The dark appearance
of the deposit surface due to a notorious enrichment of
black cauliflower-shaped glassy bombs surrounded by a fine
ash matrix are classically interpreted as a result of boiling-
over eruptions emplacing hot PDCs [e.g. Rader et al. 2015].
Cauliflower bombs are frequent in phreatomagmatic PDCs
[e.g. Lohmar et al. 2007], and their vesicularity decreases
markedly from their core to rims due to rapid quenching. The
ragged crust is frequent at the millimeter scale, typical of hy-
drovolcanic fragmentation processes [Fisher and Schmincke
1984].

7.7 Hazard implications

Previously, the work of Tormey [2010] envisaged a series
of steps required to manage the risk of catastrophic glacio-
volcanic events at the PPVC, namely 1) hazard characteriza-
tion, 2) consequence characterization, 3) risk assessment, 4)
risk control and countermeasures, and 4) risk communication.

Such considerations can be applied to further volcanoes with
similar hazard condition. Considering the factors that con-
tributed to Planchón’s instability, more research is encour-
aged in other volcanoes in the same critical condition, as is
the case of Llaima, the most volumetric Southern Andes com-
posite stratovolcano, with 380–400 km3 [Naranjo and Moreno
2005; Völker et al. 2011]. The volcano hosts a 17 km-long
fissure formed by numerous parasitic cones of <3 ky, which
borders the western and northern flanks of the edifice. In ad-
dition, the most critical eruptions in recent centuries (AD 1640,
1751, 1945–1946, 1956–1957, 1994, 2007–2009) have shown
a marked fissure style on the volcano’s flanks [Naranjo and
Moreno 2005]. Furthermore, a 2500 m3 zone of the highly
oxidized northwest flank postdating the 1751 CE lava emis-
sion collapsed. Dungan et al. [2008] already suggested that
assessing the modification of Llaima’s edifice is crucial, with
the primary objective of evaluating its hazard. After the 2007–
2009 eruptive cycle, Llaima experienced an 11 cm subsidence
in its SE flank due to creeping and incipient collapse [Fournier
et al. 2010]. Also, Franco et al. [2019] concluded that after this
eruptive cycle, the summit area of Llaima increased its insta-
bility because of the abundant dykes intersecting the flanks
and forming fractures and fissures. This highly recurrent
active volcano presents a notably steep northern flank with
41 % (c. 25°) for the upper 1200 m, with a total slope close to
2100 m towards the Río Blanco valley, on the direct route to
Curacautín (c. 20,000 inhabitants), 32 km NNW of the vol-
cano [Naranjo and Moreno 2005]. A Planchón-type debris
avalanche at Llaima volcano would have run out of c. 57 km,
thus exceeding 25 km downstream of Curacautín. Conse-
quently, it is highly recommended to integrate the collapse
hazard of Llaima in future studies. Therefore, it is necessary
to know the potential of edifice collapse, especially during an
eruption, and its implications for ongoing civil protection de-
cisions (e.g. the transitory meeting points for Curacautín [Vera
et al. 2021]). To a certain extent, following the recommenda-
tions of Cassidy and Mani [2022], coordinated actions should
be prioritized, assuming large-scale investments, to mitigate
the effects of such scenarios.
Another potentially dangerous volcano is San José, with
a 374 km3 complex edifice [Völker et al. 2011]. San José
is a basaltic-andesite volcanic complex that underwent mild
phreatomagmatic eruptions in the 19th and 20th centuries
[LópeZ-Escobar et al. 1985; Global Volcanism Program 2013]
and lies 80 km SSE from Santiago de Chile. The existent
volcanic hazard map considers the potential of a lateral col-
lapse given its height > 3 km above an inclined base and steep
flanks (27–35° [Silva Parejas and Orozco 2015]). A future de-
bris avalanche of San José is not unlikely as its Pleistocene
neighbor Mt. Marmolejo volcano produced a debris avalanche
traveling 20 km west and descending 3.4 km from its source,
only 2.4 ka BP [Thiele 1981; Melo et al. 2022]. Hence, we
urge incorporating the potential collapse events in the hazard
assessment and their related debris avalanche hazard zones.
Antuco, another basaltic SAVZ stratovolcano, also experi-
enced a catastrophic lateral collapse during the Holocene ex-
periencing a rapid post-collapse reconstruction [Romero et al.
2021; 2022; 2023], increasing its collapse potential.

Presses universitaires de �rasbourg Page 43

https://doi.org/10.30909/vol.07.01.2149


Rapid growth and catastrophic destruction events of Planchón Volcano Naranjo et al. 2024

8 CONCLUSIONS

Two major destructive events have affected the morphology
of the Planchón volcano since the Late Pleistocene. The first
consisted of a lateral collapse and destroyed the volcano’s west
flank at 48 ka BP, forming the Planchón-Teno debris avalanche
confined to the Rio Claro River valley, which traveled up to
c. 260 km h−1 and reached 95 km to the west. The second was
the multiphase Valenzuela explosive eruption that occurred at
7 ka BP, which destroyed the eastern remnants of the collapsed
48 ka BP amphitheater.

The Planchón-Teno debris avalanche deposit totalizes
c. 8.6 ± 1.3 km3 and is characterized by a hummocky surface;
hummocks show an overall decrease of their volume with dis-
tance from the source, and their longer axes are orientated
according to the flow direction. We suggest that the volcano
was predisposed to collapse due to its rapid growth (0.30–
0.48 km3 ky−1) and the inclined geometry of the substratum
(7° to 17° towards the west), which is also composed of soft
lithologies (Jurassic sandstones, limestones, and conglomer-
ates). Our textural analyses rule out hydrothermal alteration
as a significant factor contributing to edifice instability.

The geochemistry of the pre-and post-collapse samples
does not indicate any substantial change in the plumbing sys-
tem because of the collapse, thus pointing to a monotonous
mafic (i.e. basaltic andesite) behavior of the edifice. The
ubiquitous hackly-jointed features in the post-collapse lavas
demonstrate an extensive ice coverage that was likely em-
placed in the margins of the valley filled by a paleo glacier
at c. 47 ky BP. We suggest the long-term monotonous be-
havior and rapid growth of the Planchón volcano result
from a complex structural network influenced by temporary
crustal compression-relaxation cycles driving a steady supply
of dense, mafic magma through these crustal damage zones.

Lately, the multiphase Valenzuela eruption formed an elon-
gated oval shape (2.0 × 2.5 km-diameter) caldera, from which
the products (1.12 km3) consist of lithic-rich tephra fall, lag
breccia, and laminar PDCs also lithic-rich. The facies, com-
ponentry, and textural features of the deposit indicate a
phreatomagmatic origin that was probably conditioned by
magma-ice interactions.

Our reconstruction of these catastrophic events warns of
the hazards of rapidly growing mafic volcanoes. It can be ex-
trapolated to other similar edifices near their limit equilibrium,
especially Llaima volcano.
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