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Several processes have been proposed as triggering mechanisms for the large sector collapses that affect most
volcanoes, and which may occur several times in the volcano’s lifetime. Here we present and discuss the case of
Tutupaca volcano, located in southern Peru and part of the Central Volcanic Zone of the Andes. Tutupaca is
composed of an old, hydrothermally altered and highly eroded Basal edifice, as well as younger twin peaks
located in the northern part of the complex (the Western and Eastern Tutupaca). The youngest Eastern edifice of
Tutupaca is composed of at least seven coalescing lava domes and associated deposits, including block-and-ash
flow and debris avalanche deposits. We identified two debris avalanche deposits. An older unit (Azufre debris
avalanche deposit) was channeled in the valleys located to the E and SE of the basal volcano, reaching up to 3.5
km from its source region. Four cosmogenic nuclide exposure dates (\°Be/feldspar) were obtained from boulders
of this debris avalanche deposit and ranged between 6.0 + 0.7 and 7.8 + 1.5 ka. The younger unit (Paipatja
deposit) was associated with the sector collapse of the edifice reconstructed just after the first debris avalanche
(domes IV to VIII). The sector collapse produced a debris avalanche deposit that outcrops immediately to the NE
of the amphitheater and was associated with a large pyroclastic density current deposit that was previously dated
by radiocarbon at 218 + 14 a BP (Samaniego et al., 2015). Both debris avalanche deposits have two contrasting
sub-units: (1) the main subunit, hereafter called hydrothermal-altered debris avalanche deposit, is a whitish-
yellow volcanic breccia with heterolithic and heterometric blocks, which originated from the Basal edifice,
and (2) a dome-rich debris avalanche deposit, composed by non-altered dome blocks from Eastern Tutupaca. In
proximal areas, the dome-rich unit overlaps the hydrothermally-altered unit while in distal areas, these two units
are mixed forming a hummocky and/or ridged topography. In addition to the similarity of both debris ava-
lanches, we propose that the triggering mechanism for these debris avalanches was similar. The dacitic dome
growth, coupled with a substrate of older, hydrothermally-altered rock, induced the destabilization of the edifice,
producing the debris avalanches and the related pyroclastic density currents.

1. Introduction

Reconstructing the eruptive chronology of potentially active vol-
canoes represents the first step of any volcanic hazard initiative. During
the last two decades, the eruptive chronology of some Peruvian vol-
canoes has been studied in detail. These studies include some of the most
active volcanoes of this part of the Andes, such as El Misti (Thouret et al.,
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2001), Ubinas (Thouret et al., 2005), Ampato-Sabancaya (Samaniego
et al., 2016), and Yucamane (Rivera et al., 2020). In addition, previous
work has been focused on some key eruptions that showed an impor-
tance by their size and their eruptive dynamics. This is the case of the
large, 2 ka BP explosive eruption of El Misti volcano (Volcanic Explosive
Index, VEI 5, Harpel et al., 2011; Cobenas et al., 2012), and the 1600 CE
explosive eruption of Huaynaputina volcano, which is considered the



biggest historical eruption in the Andes (VEI 6, Thouret et al., 1999;
Adams et al., 2001). The last eruption of Tutupaca volcano has also been
studied in detail due to the fact that it probably represents the youngest
debris avalanche in the Andes and was accompanied by one of the
largest explosive events to have occurred in Southern Peru during his-
torical times (218 + 14 aBP, Samaniego et al., 2015; Valderrama et al.,
2016; 2018; Manrique et al., 2020). However, very little is known of the
whole eruptive chronology of this potentially active edifice, located
25-30 km north of Candarave village (Tacna Department, Southern
Peru).

The eruptive chronology of most composite volcanoes consists of
long-lasting growth cycles, punctuated by “rapid” collapse events
affecting a single flank or the entire edifice. These destabilization events
produce large volcanic landslides that usually transform into long run-
out debris avalanches. As a result, the debris avalanche deposits
spread out at the base of the volcano, leaving a horseshoe-shaped scar in
the source region (van Wyk de Vries and Davis, 2015). The structure of
most volcanic edifices, formed by an accumulation of lava and pyro-
clastic  deposits, provide an intrinsic  susceptibility to
gravitationally-controlled collapse. The edifice’s intrinsic weakness can
be developed during its lifetime, which means that volcanic landslides
are not necessarily related to volcanic activity. However, some
short-term triggering mechanisms have also been invoked to explain the
sudden edifice destabilization, as for instance: a shallow intrusion of a
new batch of magma prior to the eruption (Hoblitt et al., 1981; Don-
nadieu and Merle, 1998); a change in the hydrothermal system induced
by an increase of its pore fluids pressure (Reid et al., 2001; van Wyk de
Vries et al, 2000); and/or seismic activity resulting from
volcano-tectonic deformation (Lagmay et al., 2000; Vidal and Merle,
2000).

In the Central Andean context, volcanic debris avalanches are
frequent, occurring at least once during most volcanoes’ lifetime. Some

well-known examples of large debris avalanche deposits have been
described in Chile and Argentina at Socompa (van Wyk de Vries et al.,
2001; Kelfoun et al., 2008), Parinacota (Clavero et al., 2002), and
Llullaillaco volcanoes (Richards and Villeneuve, 2001); as well as in
Peru at Pichu Pichu volcano (Legros et al., 2000; Bernard et al., 2019).

On the basis of a comprehensive study of this volcanic center that
includes geological mapping coupled with geochronological and
geochemical analyses, the first goal of this manuscript is to reconstruct
the eruptive chronology of Tutupaca volcano from the Middle Pleisto-
cene to Holocene. In addition, the new chronological data, along with
previous studies focused on the last debris avalanche deposits of Tutu-
paca (Samaniego et al., 2015; Valderrama et al., 2016; Manrique et al.,
2020) allow us to explain the recurrence of sector collapses that have
affected this volcano during the Holocene.

2. Geological setting

Volcanic activity in the Andean Central Volcanic Zone (CVZ) has
occurred at least since the Plio-Quaternary (de Silva and Francis, 1991)
as a consequence of the subduction of the oceanic Nazca plate beneath
the South American continental lithosphere. The volcanic arc extends
along ~1000 km and mainly consists of calc-alkaline eruptive products,
with a predominance of andesites, although more siliceous magmas are
also present (Mamani et al., 2010). The CVZ in southern Peru comprises
single stratovolcanoes (e.g. El Misti), compound volcanoes (e.g
Ampato-Sabancaya), dome complexes (e.g. Ticsani), large volcanic
clusters (e.g  Chachani), and monogenetic fields (e.g
Huambo-Andagua-Orcopampa). Currently, there are at least ten active
or potentially active volcanoes in the Peruvian segment of the CVZ,
which erupted at least once during the Holocene (Fig. 1; De Silva and
Francis, 1991; Siebert et al., 2011; Bromley et al., 2019). Among these
edifices, at least five erupted during the historical time and thus are
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Fig. 1. Location of Tutupaca volcano in the Peruvian volcanic arc.



considered as active. These edifices are Ubinas, Sabancaya, Tutupaca, El
Misti and Huaynaputina.

Tutupaca volcanic center, hereafter referred to as Tutupaca (17°
01'S, 70° 21'W, 5790 m above sea level —asl, Fig. 1) is constructed on the
Mesozoic and Cenozoic volcanic and sedimentary formations that
compose the Western Cordillera of the Peruvian Andes (Sébrier and
Soler, 1991). These formations include Jurassic to Cretaceous sand-
stones and carbonaceous shales of the Labra and Hualhuani Formations,
which are covered by the volcanic sequences of the Cretaceous Toque-
pala Formation (De la Cruz and De la Cruz, 2000). Overlying these units
are the volcanic and volcano-sedimentary sequences of the Mio-Pliocene
(Figs. 2 and 3; Fidel and Zavala, 2001; Mamani et al., 2010). South of
Tutupaca, these volcanic sequences consist of the dacitic and rhyolitic
welded ignimbrites from the Miocene Huaylillas Formation that were
dated by K-Ar to be 24-10 Ma (Tosdal et al., 1981; Quang et al., 2005).
To the east and southeast of Tutupaca are outcrops of dacitic,
non-welded, ignimbrite deposits of the Mio-Pliocene Capillune Forma-
tion (7-3 Ma, Tosdal et al., 1981; Martinez and Cervantes, 2003). Lastly,
on top of this volcanic sequence, there are several eroded composite
cones belonging to the Barroso Group (10-1 Ma, Mamani et al., 2010;
Thouret et al., 2016). An andesitic lava sample from the Nazaparco
volcano, located to the southeast of Tutupaca yielded a whole-rock K-Ar
age of 5.6 + 0.2 Ma (Martinez and Cervantes, 2003), in agreement with
recent unspiked K-Ar ages obtained on Yucamane Chico volcano that
range from 6.14 + 0.11 Ma to 5.47 + 0.09 Ma (Rivera et al., 2020).

In the southern part of the Peruvian volcanic arc, it has been iden-
tified an active fault system roughly parallel to the Andes, that corre-
sponds to a series of NW-SE-trending normal faults with a sinistral
component (Martinez and Cervantes, 2003; Benavente et al., 2010).
Around Suches lake, 10 km to the north of Tutupaca, Benavente et al.
(2010) identified several fault segments with an average N140° strike
and a roughly SW dip angle. These faults are several kilometers long and
show recent, 5-20 m, of cumulative vertical offsets, attesting its active
character. The SE prolongation of these faults has been recently mapped
at Tutupaca by Marino et al. (2019), who named these segments as
Banco, Azufre Grande and Western Tutupaca faults (Fig. 3).
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Tutupaca was constructed on top of a high plateau at 4100-4600 m
asl and covers an area of 150-170 km?. It is composed of a large, highly
eroded Basal edifice and two small twin peaks (Western and Eastern
Tutupaca), which are located at the northern part of the volcanic com-
plex and were constructed on the remnants of the basal volcano
(Samaniego et al., 2015; Marino et al., 2019, Figs. 2 and 3). Pleistocene
glaciations strongly affected Tutupaca. Based on detailed glaciological
studies performed in the Western Cordillera of the Peruvian Andes, as
well as the comparison between the different moraines identified in
some Peruvian volcanoes (Coropuna, Bromley et al., 2009;
Ampato-Sabancaya, Samaniego et al., 2016; Hualca Hualca,
Alcala-Reygosa et al., 2017; Yucamane, Rivera et al., 2020), we consider
that the larger moraines reaching lower altitudes were associated with
the Last Glacial Maximum, which is roughly dated in the Peruvian Andes
between 25 and 17 ka (Bromley et al., 2009; Alcala-Reygosa et al.,
2017). In contrast, the smaller moraines that reached higher altitudes,
were associated with younger glacial advances such as the Younger
Dryas event, which is dated at 12-10 ka (Clapperton, 1991; Alley, 2000;
Zech et al., 2007).

The last eruption of Tutupaca was the focus of detailed studies by our
group during the last few years. This eruption was characterized by a
sector collapse of the younger Eastern Tutupaca dome complex that
triggered a debris avalanche and an associated pyroclastic eruption,
whose deposits have been dated by radiocarbon at 218 + 14 aBP
(Samaniego et al., 2015). In addition, due to a unique degree of pres-
ervation of the surface structures of these deposits, Valderrama et al.
(2016, 2018) studied the dynamic process associated with this debris
avalanche. Lastly, Manrique et al. (2020) performed a detailed petro-
logical study of the last eruption products in order to constrain the
magmatic process associated with the sector collapse. Given the
importance of these results on the overall understanding of the trig-
gering processes related with the Tutupaca sector collapses, we include
in the forthcoming sections a summary of these works.

Fig. 2. (a) Panoramic view from the south of the Tutupaca volcanic complex. (b) Panoramic view from the north-east of Eastern and Western Tutupaca edifices and

its recent amphitheatre.
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Fig. 3. Geological map of the Tutupaca volcanic complex.

3. Methodology

Fieldwork at Tutupaca volcano was carried out during several cam-
paigns between 2012 and 2014. These studies included detailed geologic
mapping and sampling of most volcanic units and were part of a
comprehensive volcanological study of the complex. Here, we focus on
the reconstruction of the eruptive chronology of the whole volcanic
complex, based on new field, petrographic, geochemical and geochro-
nological data. Major and trace element whole-rock analyses for Basal
and Western Tutupaca (Table 1) were obtained from agate-crushed
powders of a dataset of 52 new samples at the Laboratoire
Géosciences Océan, Université de Bretagne Occidentale (Brest, France),
using an Inductively Coupled Plasma-Atomic Emission Spectrometer
(ICP-AES) and following the analytical procedure described by Cotten
et al. (1995). Calibrations were performed using international standards
(ACE, ME, WSE, JB2). Relative standard deviation (2 sigma) is < 1% for
Si0, <2% for the other major elements and <5% for trace elements. We
also include in our dataset 37 analyses from the Eastern Tutupaca
eruptive products, which were obtained at the same laboratory and were
recently published by Manrique et al. (2020).

The chronology of the Pleistocene eruptive activity was established
using the unspiked K-Ar method described in Guillou et al. (2011).
Additional details of this method were recently published in Rivera et al.
(2020). Five samples collected from Basal and Western Tutupaca were
selected for K-Ar dating (Table 2). Holocene chronology of Tutupaca
was constrained by cosmic ray exposure dating using the couple

10Be/feldspar on four dacitic boulders from one of the identified debris
avalanche deposits (Table 3). These samples were processed at the
ISTerre GeoThermoChronology platform (Grenoble, France) following
the chemical procedure of Zerathe et al. (2017), which is specific to
feldspar. Measurement of '°Be/Be ratios were carried out at the French
National AMS facility ASTER (Arnold et al., 2010, 2013) located at the
CEREGE laboratory (Aix-en-Provence, France), and calibrated against
the “in-house standard” with an assumed °Be/°Be ratio of 1.191 +
0.013 x 10~ (Braucher et al., 2015). Analytical uncertainties include
the counting statistics, the machine stability (~0.5%, Arnold et al.,
2010) and the blank correction whose 10B¢/2Be value was 8.01 + 0.60
x 10716 (Table 3). Exposure ages were calculated using the CREp pro-
gram (Martin et al., 2017; Supplementary Material). We applied the
Lifton-Sato-Dunai scaling model (Lifton et al., 2014), the ERA40 atm
model and time-dependent corrections from the Lifton (2016)
geomagnetic databases. We used the °Be production rate in feldspar of
3.57 £ 0.21 at g’l.yr’1 from Zerathe et al. (2017). This value corre-
sponds to a regional calibration of '°Be in feldspar against the *He
production rate in pyroxene averaged for the High Tropical Andes
(Zerathe et al., 2017). Because local constraints on denudation rates do
not exist in the studied region, a zero-denudation rate was assumed.
Exposure ages should thus be considered as minimum ages. Lastly,
additional constraints on the Holocene eruptive chronology of Tutupaca
were obtained by five radiocarbon ages obtained from charcoal samples
collected in pyroclastic deposits associated with the younger pyroclastic
event (Samaniego et al., 2015), and one new peat sample collected on a
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Table 2

K-Ar ages for rocks from the Tutupaca volcanic complex. The ages considered in the text are the weighted mean ages (in bold).

Sample Experiment Volcano Unit and UTM UTM Altitude Split K Mass OArsop  Y0Ar<10! Weighted Age
number number location Easting Northig (m asl) (wt% + Molten (mol./g) + mean 40Ar*10° (ka) +
206) €3) 1o 1 (mol./g) + 26
1o
TU-12- 71 Basal P-Tbl. lava 351484 8111990 4619 3.121 + 0.50691 49.092 6.044 +
93 Tutupaca flow. S 0.031 0.033
flank
75 0.51394 51.014 6.234 + 6.143 + 0.023 1135
0.032 +17
TU-12- 47 Basal P-Tb1. lava 359208 8116003 4798 2.773 £ 0.50348 55.389 5.160 +
21 Tutupaca flow. E 0.028 0.038
flank
54 0.50738 57.307 4.919 + 5.000 + 0.022 1040
0.027 + 16
TU-12- 66 Basal P-Tb2. lava 353619 8114822 4918 2.881 + 0.50161 46.046 3.798 +
56 Tutupaca flow. W 0.029 0.022
flank
74 0.49886 50.715 3.709 + 3.748 + 0.015 750 +
0.019 11
TU-12- 67 Basal P-Tb2. lava 356438 8113593 5012 2.665 + 0.4942 15.183 3.845 + 832 +
57 Tutupaca flow. S 0.027 0.024 21
flank
TU-13- 171 Western P-Twl. 352891 8117211 5154 2.764 + 0.52251 0.206 0.175 =
05 Tutupaca lava dome. 0.027 0.024
W flank
178 0.44054 0.17 0.149 + 0.160 + 0.017 33+5
0.024

tephra succession located to the south-east of the complex. These sam-
ples were analyzed at the Center for Isotope Research (CIO), Groningen
University (Netherlands).

4. The eruptive chronology of Tutupaca volcanic complex
4.1. Basal Tutupaca edifice

The Basal edifice, between 4100 and 5300 m asl, is mostly composed
of two successive lava flows successions. The geometrical reconstruction
of this edifice, based on the radial distribution of the lava flows, suggests
the summit was located at the same location as the present one, and
reached an altitude of 5400 m asl. The lavas are highly eroded and
buried by moraine deposits, likely associated with the Last Glacial
Maximum. We also identified several small lava domes in the NNW-SSE
direction (Fig. 3). It is worth noting that the upper part of this edifice is
characterized by widespread alteration that has been interpreted as a
result of an active hydrothermal system (Steinmiiller, 2001; Cruz and
Matsuda, 2015) with some surface manifestations that include
high-temperature, neutral-chloride and acid-sulphate waters (Azufre
Grande, Tacalaya and Callazas hot-springs, Fig. 3). A recent X-ray
diffraction characterization of a highly altered Basal Tutupaca sample
confirmed the presence of an advanced argillic mineral assemblage,
which is associated with steam-heated alteration processes (Detienne,
2016).

Table 3

4.1.1. Lava flow successions

The older lava flow succession (P-Tb1, Figs. 3 and 4a) corresponds to
sub-horizontal lava flows (~15-20°) that crop out at the southern,
eastern and northwestern flanks of the complex between 4100 and 4800
m asl (Fig. 3). These lavas overlie the Mio-Pliocene volcanic basement.
This succession has a total thickness of 600-700 m, and reached in
average 6-8 km away from its source, with the most distal lava flows
reaching 11-12 km. The lavas are aphanitic to micro-porphyritic an-
desites and dacites (58-67 wt% SiO,), with a mineral assemblage
composed of plagioclase, clinopyroxene, orthopyroxene, Fe-Ti oxides
and minor olivine, amphibole and biotite phenocrysts, embedded within
an aphanitic groundmass. Two lava samples located to the southeast and
east were dated by K-Ar and yielded consistent ages of 1135 + 17 and
1040 + 16 ka (Table 2, Fig. 3).

The younger lava flow succession (P-Tb2, Figs. 3 and 4a) forms the
upper part of the Basal Tutupaca edifice. It overlies the older succession
defining a conspicuous angular discordance. These lava flows crop out at
the southern and northwestern flanks of Tutupaca, between 4700 and
4800 and 5350 m asl (Fig. 3) and are 50-100 m thick, viscous lava flows
that reach between 3 and 4 km away from the source. The whole lava
flow succession has a total thickness of 500 m. They are andesitic and
dacitic in composition (60-66 wt% SiO) with a porphyritic texture and
a mineral assemblage of plagioclase, clinopyroxene, orthopyroxene,
Fe-Ti oxides, and minor amphibole and biotite phenocrysts. Two lava
flows of this succession were dated by K-Ar at 832 + 21 and 750 + 11 ka
(Table 2, Fig. 3).

Cosmogenic nuclide data (1°Be) from boulders of the Azufre debris avalanche deposit. Z is the sample thickness; S is the topographic shielding factor. All the un-

certainties reported are 1 sigma.

Sample UTM Easting UTM Northing Elevation (m asl) Z (cm) S 10Be? (x 10° at.g™h) Exposure ages (ka)”
TU 2 357153 8114896 5033 3.0 0.994 3.22 £ 0.64 7.8 £1.5(1.6)
TU 3 356499 8115472 5142 4.0 0.968 2.35+0.35 6.0 £ 0.7 (0.7)
TU 5 357083 8114567 4900 4.0 0.982 2.77 £ 0.40 7.3+ 0.9 (1.0)
TU 6 357400 8114304 4901 5.0 0.98 2.71 £ 0.49 7.3+1.1(1.2)

@ Uncertainties reported include the counting statistics. the machine stability (~

this run.

0.5%) and the blank correction which has a °Be/’Be ratio of 8.01 + 0.60 x 10™*° for

b Uncertainties associated to the ages are 16 internal uncertainties while 16 external uncertainties are reported in in parenthesis.



4.1.2. Aligned lava domes

Along the southern flank of Tutupaca, the lava flow successions are
cut by at least 15 small domes between 100 and 900 m in diameter, and
up to 100 m in height. They were eroded during Pleistocene glaciations.
These lava domes (P-Tb3, Fig. 3) are aligned NNW-SSE over a distance
of almost 12 km, following the trend of the Western Tutupaca fault. The
domes have andesitic and dacitic compositions (60-66 wt% SiO5) with a
mineral assemblage composed of plagioclase, amphibole, biotite and
Fe-Ti oxides embedded in a microlitic and slightly vesiculated ground-
mass. K-Ar ages obtained by Sanchez et al. (1994) and Martinez and
Cervantes (2003) for this unit range between 290 + 27 ka and 240 + 37
ka. Unfortunately, given the high degree of alteration of the samples, we
were unable to obtain a new age for these domes.

4.2. Western Tutupaca edifice

The Western Tutupaca edifice is located at the northwest of Tutu-
paca, in the prolongation of the Western Tutupaca fault (Figs. 2 and 3). It
is a small cone of ~3 km in diameter and 1 km in height, constructed on
top of the Basal Tutupaca lava flows at ~4800 m asl, whereas its summit
reaches 5800 m asl. The flanks of this edifice have moderate to steep
slopes (20°-45°), and were eroded by Pleistocene glaciations, as evi-
denced by the two generations of moraines at the foot of the cone (P-Mo
and H-Mo, Fig. 3), that probably correspond to the Last Glacial
Maximum and the Younger Dryas events (see above). Three proximal
units have been identified: the basal domes, covered by a succession of
lava flows and breccias, and a debris avalanche deposit in its western
side. Additionally, we include two pyroclastic deposits that include a
large pyroclastic density current deposit (the Callazas unit) and a

P-Th1 umit

H Tur(in Turin plam

Westemn Tutupaca

succession of tephra fallout deposits that crop out to the south of the
complex.

4.2.1. Explosive deposits associated with the transition from basal to
Western Tutupaca

The Callazas pyroclastic density current deposit crops out between 8
and 12 km to the east and southeast of Tutupaca, on the western bank of
the Callazas river (P-Tb4, Fig. 4b). It has an observable thickness of
~5-10 m, and a likely total thickness of several tens of meters. This
deposit is made up of 55-60 vol% matrix, 30-40 vol% pumice fragments
and <5 vol% lithics. The deposit is massive, structureless and shows
abundant degassing pipes (Fig. 4b). The pumiceous bombs are up to 30
cm in diameter, are gray-white in color and have plagioclase, amphi-
bole, biotite, orthopyroxene, and Fe-Ti oxides. Compositional dark to
light gray banding is also observed in some pumiceous blocks and
bombs. This unit covers the older lava flow succession of the Basal
Tutupaca and was covered by the thick moraines ascribed to the Last
Glacial Maximum.

A thick (up to 5 m) succession of tephra fallout deposits crops out
between 15 and 28 km to the south of Tutupaca. We recognized at least
20-25 pumice-rich, scoria and ash-rich tephra layers of several centi-
meters to decimeters thick (Fig. 4d). The thickness of individual layers
increases to the north and north-east, although no evidence of such
layers was found around Tutupaca. Based on geochemical data, at least
two pumice-rich layers can be linked with Callazas unit. These tephra
layers were eroded during the Last Glacial Maximum. On top of this
tephra fallout succession, we collected a peat layer that was dated by
radiocarbon at 9980 + 50 aBP (uncalibrated age). On the basis of these
data, we consider that these two units share the same stratigraphic

Fig. 4. (a) South flank of the Tutupaca volcanic complex showing the angular discordance between the lower (P-Tb1) and upper (P-Tb2) lava successions of the
Basal Tutupaca. (b) Callazas pyroclastic density current deposit showing subvertical degassing pipe structures. (c¢) Southwest flank of the Western Tutupaca edifice.
Domes (P-Tw1) are seen forming the base of the edifice, covered by a succession of lavas and breccias (P-Tw2). (d) Succession of tephra fallout deposits outcropping

at ~25 km to the south of Western Tutupaca edifice.



position and have a relative age older than the Last Glacial Maximum. In
addition, as we show in the subsequent section, some pumice fragments
of the tephra fallout succession display the same chemical composition
as that of the Callazas event. These deposits are evidence of a succession
of large explosive eruptions at the transition between the Basal edifice
and Western Tutupaca.

4.2.2. Basal domes

We mapped four lava domes that correspond to the base of the
Western Tutupaca edifice (P-Tw1, Fig. 3). They have semicircular basal
outlines, with diameters between 1 and 1.5 km, and are up to 500 m high
(Figs. 2b, 3 and 4c). The domes have a dacitic composition (64-67 wt%
SiO,) and a mineral assemblage composed of plagioclase, amphibole,
biotite, Fe-Ti oxides and traces of titanite and quartz. Dark gray
microcrystalline magmatic enclaves (10-20 cm) have also been identi-
fied, which have an andesitic composition and contain phenocrysts of

plagioclase, amphibole and biotite. One of these domes was dated by
K-Ar at 33 £+ 5 ka (Table 2), an age that confirms the emplacement of
this edifice before the Last Glacial Maximum.

4.2.3. Upper lava flows and breccias

The upper cone of the Western Tutupaca edifice consists of a suc-
cession of lava flows and breccias (P-Tw2, Figs. 2b, 3 and 4c). We could
not collect samples of this succession because the terrain is very rugged.
These lavas and breccias were also affected by intense glacial erosion.

4.2.4. Tacalaya debris avalanche deposit

The Tacalaya debris avalanche deposit outcrops between 4 and 6 km
to the west and southwest of the Western Tutupaca edifice, along both
sides of the Tacalaya river (P-Tw3, Fig. 3). This deposit is 50-100 m-
thick and contains block-rich facies composed of heterogeneous, angular
to subangular, centimeter to decimeter lava blocks of andesitic and
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dacitic compositions (64-67 wt% SiO,) and a mineral assemblage
composed of plagioclase, amphibole, biotite, Fe-Ti oxides and traces of
quartz. We also observe (<10 vol%) gray to light-gray breadcrust
bombs. Some blocks have typical jigsaw fractures. The deposit’s matrix
(30-40 vol%) consists of hydrothermally-altered, multicolored (ocher-
red to yellow-gray), coarse sand. Based on the mineral assemblage and
chemistry, we associate this deposit with the Western Tutupaca edifice.
The avalanche deposits are covered by large moraines, probably formed
during the Last Glacial Maximum. We correlate these deposits to a scarp
identified in the upper flank of the Western Tutupaca edifice, which
affected the basal domes and the upper lava flows and breccias of
Western Tutupaca. Based on the age of the basal domes and the younger
ages of the Last Glacial Maximum periods, we propose that this flank
collapse occurred between 33 and 25 ka.

4.3. Eastern Tutupaca edifice

The Eastern Tutupaca edifice is constructed on top of the remnants of
the Western and Basal edifices, between 5000 and 5790 m asl. (Figs. 2, 3
and 4a). Eastern Tutupaca is a dome complex made up of seven coa-
lescing lava domes measuring approximately 2.5 km in diameter and
~1 km in height. These domes have been identified from north to south
in a counter-clockwise direction (H-Tel, Domes 1 to 7; Figs. 3 and 5).
They display homogeneous dacitic compositions (64-66 wt% SiO2) and
a mineral association composed of plagioclase, amphibole, biotite, cli-
nopyroxene, titanite, apatite, quartz and Fe-Ti oxides. The dome com-
plex was affected by two sector collapses, whose conspicuous deposits
roughly outcrop towards the east (Azufre debris avalanche) and north-
east of the edifice (Paipatja debris avalanche). As a whole, the Eastern
Tutupaca edifice is exempt from glacial erosion, suggesting a Holocene
age. The main stratigraphic units associated with this edifice are
described below.

4.3.1. Azufre debris avalanche deposit
The Azufre debris avalanche deposits mostly crop out to the east of

the Eastern Tutupaca edifice (H-Te2a, b; Figs. 3 and 5). These deposits
display two different units. The dominant unit corresponds to a massive,
unconsolidated, whitish yellow, heterolithic breccia, approximately
30-40 m thick. This deposit is mostly composed of hydrothermally-
altered materials (the so-called “hydrothermally-altered unit”,
Fig. 6b). The block to matrix ratio of this deposit is 40/60 to 30/70 vol%.
The blocks present evidence of fracturing and cataclasis. The deposit’s
matrix consists of fractured, hydrothermally-altered sand-sized mate-
rial. The blocks are a few centimeters to meters in diameter and are of
three types: hydrothermally-altered lavas, aphanitic andesites, and un-
altered, amphibole-bearing dacites. Based on the chemical and petro-
graphic characterization (see below), we conclude that the first two
correspond to the Basal Tutupaca edifice and the third one is related to
the recent domes. The second unit mostly outcrops in the proximal zone
(up to 2 km from the source domes). It has a thickness of up to 10-15 m
and it covers the hydrothermally-altered unit. The deposit is a block-
supported, mono-lithological (predominantly unaltered lave dome
blocks), unconsolidated and massive unit (the so-called “dome-rich
unit”, Fig. 6b). Angular to subangular blocks have maximum diameters
of 4-5 m, and display “jigsaw fractures” and prismatically-jointed block
structures. This unit is made up of 60-70 vol% of blocks and 40-30 vol%
of matrix.

Numerous hummocks have been identified in the Azufre debris
avalanche deposit (Figs. 5 and 6¢). In the upper part of Cerro Zuripujo,
we mapped more than 100, small-sized (10-50 m in diameter, 2-10 m
high) hummocks, which are mostly made of fine-grained hydrothermal
material, although in the distal lobe of the avalanche there are also
examples of block-rich hummocks. In the central part of the deposit,
elongated ridge structures were also identified.

Four large boulders (size >2 m) were sampled for cosmogenic
nuclide dating (Fig. 5, Table 3). Exposure ages range from 6.0 + 0.7 to
7.8 + 1.5 ka (1o internal). Given that the stratigraphic, and morpho-
logical evidences suggest that the Azufre debris avalanche occurred
during one single event, the obtained ages should point to a single mean
age. This criterion is confirmed statistically as all four ages agree within

Fig. 6. (a) The Azufre debris avalanche deposit in the Azufre ravine. The dotted line marks a run-up on the right bank of the valley. (b) Detailed view of the contact
between the unit enriched in hydrothermal materials and the domes blocks. (¢) Hummock field located approximately 4 km away from the source area. They are up

to 3-5 m tall (Valderrama, 2016; Marino et al., 2019).
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uncertainty, showing a unimodal distribution (chi-square test = 2.3/7.8;
n = 4) with a weighed-mean age of 6.8 &+ 0.5 ka. The Mean Standard
Weighted Deviation of the distribution equals to 0.8 ka and we derived a
1o weighted standard deviation of 0.8 ka. The final age obtained for this
event is thus 6.8 + 0.8 ka. The Holocene age of the Azufre debris
avalanche is consistent with the lack of glacial erosion of the Eastern
Tutupaca edifice.

We associated this debris avalanche deposit with a collapse scar
located on the western flank of the Eastern Tutupaca edifice, near the
border with Western Tutupaca (Fig. 5). This escarpment affected the
older domes (1, 2 and 3 domes), is open to the south-east, and is ~0.6
km-long. The debris avalanche was channeled by the old glacial valleys
of the Basal edifice, reaching 7 km in Zuripujo, 3.4 km in Azufre Grande,
2.6 km in Rio Blanco, 2.2 km in Tutupaca and 1.1 km in Rio Negro ra-
vines. The debris avalanche deposits display two run-ups above the
Yager Blanco Hill and in an area called La Mina, where the height of the
run-up is 30-125 m from the valley bottom. We also found a remarkable
super-elevation feature in the Azufre Grande valley, where the debris
avalanche deposits reached 40-45 m above the valley bottom on the left
flank (Fig. 6a). These features suggest this debris avalanche had a high
mobility and energy (cf. Pierson, 1985).

4.3.2. The historical deposits of the Eastern Tutupaca edifice

Recent fieldwork identified three volcanic units of historical age, to
the east, northeast and north of Eastern Tutupaca. These units are the
Zuripujo pyroclastic density current deposits, the Paipatja debris
avalanche deposit, and the Paipatja pyroclastic density current deposit
(Fig. 3). These deposits were studied in detail by Samaniego et al.
(2015), Valderrama et al. (2016), and Marino et al. (2019). A brief
description of these units is presented below.

4.4.2.1. Zuripujo pyroclastic density current deposits. These deposits crop
out in the lower part of the Zuripujo valley, 8 and 10 km east of the
Eastern Tutupaca edifice (H-Te3, Figs. 3 and 7a, and b). Itisa 2 to 5 m-
thick unit composed of three block-and-ash flow deposits, with

centimeter scale interstratifications of ash-rich layers, showing cross-
bedding and laminations (Fig. 7b). The block/matrix ratio of this de-
posit is of 20/80 to 30/70 vol%. The ash-rich matrix is gray in color,
unconsolidated and composed of medium size ash (Fig. 7b). The deposit
is mostly polylithologic, but the most common lithology is dark gray,
unaltered, dense dacite blocks (65-67 wt% SiO5) bearing plagioclase,
amphibole and biotite in a glass-rich groundmass. Blocks and breadcrust
bombs are interpreted as representative of the initial phases of a dome
collapse. Three charcoal samples were dated and yielded almost iden-
tical *C ages of 230 + 30, 220 = 30 and 190 + 30 aBP (Samaniego et al.,
2015).

4.4.2.2. Paipatja debris avalanche deposits. These deposits crop out to
the northeast and north of the Eastern Tutupaca edifice, reaching 6 km
from the amphitheater, covering an area of ~12-13 km?, and a mini-
mum volume of 0.6-0.8 km®. This deposit is associated with the con-
spicuous, horseshoe-shaped amphitheater facing the northeast and with
a diameter of up to 1 km (Fig. 2b). It displays numerous 20-500 m long
elongated ridges, 10-30 m wide, with a coarser core, finer troughs, and
less frequent hummocks. Following the interpretation of Valderrama
et al. (2016), these structures resulted from particle segregation in
granular flows during emplacement of the avalanche. As for the Azufre
deposit, two units have been identified, the first that is enriched in
hydrothermally-altered lave blocks, and the other that contains rela-
tively unaltered lava dome blocks (H-Te4a, b; Figs. 3 and 5).

The outcrops of the hydrothermally-altered unit are variably colored,
yellow, red and brown (Fig. 7c). The deposit consists of several 200-700
m long mega-blocks. These structures are composed of a heterogeneous
polymictic breccia, with abundant jigsaw cracks, in a fine-medium sand
matrix. Lava blocks are mostly of andesitic composition, yellowish and
highly altered, and to a lesser extent dark gray andesites and dacites.

The dome-rich unit deposit outcrop between 3 and 6 km north and
northeast from the amphitheater (Figs. 5 and 7d). It consists of abun-
dant, meter-size (up to 3 m in diameter), unaltered, dark gray blocks of
dacitic composition that originate from the domes. Similarly, the blocks

Fig. 7. (a) Zuripujo pyroclastic density
current deposit (Z-PDC) in one of the nearby
ravines. (b) Detail of the Zuripujo deposit
covered by the Paipatja pyroclastic density
current deposit (hammer for scale). (c)
Hummocks of metric and decametric di-
mensions in the hydrothermally-altered unit,
in the Paipatja debris avalanche deposits.
Area located 3-4 km northeast of the
collapse scar. (d) Dome-rich unit of the
Paipatja debris avalanche deposits. Blocks
typically have centimetric to metric di-
mensions. Sector located between 5 and 6
km northeast of the amphitheater.



show scarce evidence of cataclasis, but abundant prismatic joints. This
characteristic suggests that this unit originated from the collapse of a
dome, which was still at high temperatures.

4.4.2.3. Paipatja pyroclastic density current deposit. This deposit is
located to the east, northeast, and north of the Eastern Tutupaca edifice,
reaching 10-12 km away from the vent (H-Te5a, b; Fig. 3). Its thickness
varies from 0.5 to 2 m on the plain to 2-5 m in the valleys. In the medial
sectors, 4-6 km from the source, the pyroclastic density current deposit
is massive, matrix-supported, with 20-40 vol% of blocks. The deposit’s
top contains abundant bombs, which vary from 10 to 50 cm in size. In
the distal areas, from 6 to 12 km (Callazas river and Suches lake), the
deposit consists of medium to coarse ash, enriched in bombs at the top.
Thus, three types of blocks were identified: the most abundant are dense
dacite blocks; followed by less abundant vesicular cauliflower and
breadcrust-type bombs, and in a very small proportion there are altered
andesites. Two units have been identified in the Paipatja pyroclastic
density current deposit: a lower, widespread, bomb-poor facies unit (H-
Tr5a), and an upper unit that is bomb-rich (H-Tr5b; Fig. 3).

Samaniego et al. (2015) estimated the volume of this deposit about
6.5-7.5 x 107 m>. This value together with rough estimates of the ash
emitted during this event point to a Volcanic Explosivity Index (VEI) 3
eruption. They also proposed that the Paipatja pyroclastic density cur-
rent deposits and the Paipatja debris avalanche were associated with an
explosive event and flank collapse, that occurred simultaneously. Two
4G dates were reported for the Paypatja pyroclastic density current
deposits and yield ages of 235 + 35 and 220 + 40 aBP, which are
identical to the ages obtained at Zuripujo pyroclastic density deposits.
These 14C ages correspond to the period 1731 to 1802 CE (Samaniego
etal., 2015), which coincides with the two historic eruptions of 1787-89
and 1802 CE, reported by Zamdcola y Jatregui (1804) and Valdivia
(1847).

5. Petrologic characteristics
5.1. Petrography

The Basal edifice lavas are porphyritic andesites and dacites (~30 vol
% phenocrysts) with a matrix (70 vol%) composed of interstitial glass
and microlites (100 pm) of plagioclase, clinopyroxene, and Fe-Ti ox-
ides. The phenocryst assemblage of Basal edifice samples is composed of
plagioclase (‘2 mm; 15 vol%), clinopyroxene (‘1 mm; 7 vol%), ortho-
pyroxene (0.5 mm; 3 vol%), amphibole (‘0.4 mm; 2 vol%), biotite (‘0.5
mm; 2 vol%) and Fe-Ti oxides (~1 vol%). The andesitic lava samples of
the P-Tb1 unit also contain scarce olivine (* 0.5 mm) and, include en-
claves with acicular plagioclase and clinopyroxene phenocrysts. The
petrography of aligned domes is characterized by plagioclase, clino-
pyroxene, amphibole, biotite, and Fe-Ti oxide phenocrysts, the matrix is
slightly vesiculated (5-10 vol%).

Pumice fragments of the transitional Callazas pyroclastic density
current unit show a mineral assemblage composed of plagioclase (7 vol
%), amphibole (5 vol%), biotite (3 vol%), clinopyroxene (2 vol%) and
Fe-Ti oxides (~1 vol%). This mineral assemblage, characterized by the
ubiquitous presence of amphibole and biotite is in stark contrast with
that observed in Basal Tutupaca samples. It is worth noting that some
pumice fragments have a light and dark banded texture, suggesting a
magma mixing process between dacitic and andesitic magmas.

Samples from Western and Eastern Tutupaca are porphyritic (~35
vol%) and partially vesiculated (~5 vol%) dacites with phenocrysts of
plagioclase (* 2 mm; 15-20 vol%), amphibole (* 0.8 mm; 10-15 vol%),
biotite (* 0.5 mm; 3-5 vol%), clinopyroxene ( 0.4 mm; 2-3 vol%), and
Fe-Ti oxides, with titanite, apatite and quartz as accessory phases
(<1-2 vol%). The matrix is composed of interstitial glass and plagio-
clase, amphibole, and Fe-Ti oxide microlites. The breadcrust-type
bombs of the Paipatja pyroclastic density current unit are vesiculated
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(~15 vol%), have porphyritic textures (~15-20 vol% phenocrysts) and
an identical mineral assemblage to the dense blocks. In some dome
blocks of the Western and Eastern edifices, scarce mafic magmatic en-
claves that are fine-grained and rounded (2-10 cm in diameter) are
present, with a quenched groundmass of randomly oriented, inter-
locking, elongate, or acicular crystals of plagioclase, amphibole and
biotite (Manrique et al., 2020). The amphibole, biotite and titanite show
rims of Fe-Ti oxide and pyroxene microlites. In Western and Eastern
Tutupaca, we observe scarce quartz phenocrysts that are subhedral to
anhedral and frequently display resorption textures. The phenocrysts
from the Eastern Tutupaca samples show common disequilibrium tex-
tures such as reverse zonation, resorption zones and overgrowth rims.

5.2. Whole-rock major and trace elements

Basal, Western and Eastern Tutupaca samples define a high-K calc-
alkaline magmatic trend, that spans from andesites to dacites
(58.3-69.4 wt% SiOy) for Basal Tutupaca, and mostly dacites
(63.0-68.0 wt% SiO3) for Western and Eastern Tutupaca (Fig. 8,
Table 3). The enclaves found in the Western and Eastern edifices display
basaltic andesitic to andesitic compositions (52.5-57.2 wt% SiOs). In
general, major oxides (except K30) are negatively correlated with silica
content. The light gray pumices of the Callazas pyroclastic density
current unit and some samples from the distal tephra fallout deposits
have the highest silica contents (65.7-69.4 wt% SiOy; 4.0-4.6 wt% K,0),
while the gray vesiculated pumice of the Callazas unit have andesitic
compositions (60.0-60.3 wt% SiOa; 2.6-2.8 wt% K20). We observe that
the gray pumices of the Callazas unit display a slight scattering, asso-
ciated with the magma mixing process observed in these samples. The
pumice in Paipatja pyroclastic density current deposits show a slight
increase in silica (67-68 wt% SiOa; 3.5-3.9 wt% K30).

For most major elements, the Western and Eastern Tutupaca samples
lie on the trend defined by the Basal Tutupaca edifice. The overall
magmatic trend is characterized by negative correlations between silica
and Sr, Y, some transition metals (e.g., Cr, Ni, V), and the heavy rare-
earth elements (HREE, e.g. Dy, Yb), however, some samples show a
slight scattered trend in Yb, Cr, Ni, and Dy. Conversely, the large ion
lithophile elements (LILE, e.g., Rb, Th) display a positive correlation
with silica content (Fig. 8), however, the samples of tephra fallout de-
posits of Western Tutupaca have a slight scattered trend. Some medium
rare-earth elements (MREE, e.g., Sm, Gd), HREE (e.g., Er) and high-field-
strength elements (HFSE e.g., Zr) have very scattered trends. The dacitic
pumice of the Callazas unit displays an enrichment in LILE (e.g., Rb) and
a notable depletion in the Sr, which results in high Rb/Sr ratios
compared to the other samples of the complex that show a single trend.
The Eastern edifice samples show a slight enrichment in LREE (e.g., La)
and Sr and a notable depletion in the MREE (e.g. Dy) and HREE (e.g. Yb),
which results in high La/Yb ratios (41-83) and Dy/Yb ratios (2.5-3.4)
compared to those for the whole Tutupaca volcanic complex. The gray
pumices of the Callazas PDC unit and two samples of the tephra fallout
deposits of Western Tutupaca have low La/Yb ratios (32.2-20.8) and
Dy/Yb ratios (1.8-2.3). In the SiO5 versus La/Yb and Dy/Yb diagrams
(Fig. 8), we observe that the Western and Basal Tutupaca samples define
a broad flat trend, whereas the Eastern Tutupaca samples display a
different grouping with high REE ratios. This characteristic could be
associated with deep-seated processes in the lower crust involving
assimilation and fractional crystallization of garnet and/or amphibole
(¢f. Mamani et al., 2010; Rivera et al., 2014; Blum-Oeste and Worner,
2016).

6. Discussion
6.1. Development of Tutupaca volcanic complex

Based on the stratigraphic, geochronological and geochemical data
(Table 4), we propose that Tutupaca is a volcanic complex with a long-
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flows; P-BT3, aligned domes.

lasting evolution covering at least 1 Ma. The Basal Tutupaca developed
from 1150 to 1025 ka to 800-750 ka and was mostly characterized by
effusive activity corresponding to two lava flow successions separated
by a conspicuous angular unconformity. This unconformity suggests that
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a significant time gap (with the subsequent erosion) separated the two
lava flow successions. The lava pile was intruded around 300-200 ka by
at least 15 dacitic domes aligned along the NW-SE trending Western
Tutupaca fault. The Basal edifice is highly eroded by Pleistocene



Table 4
Generalized stratigraphy showing the main eruptive stages at Tutupaca volcanic
complex.

Edifice Units Age Magma composition
Eastern Paipatja pyroclast density 218 + Amphibole and
Tutupaca current deposits: Bomb- 14aBP  biotite-bearing dacites
poor unit (H-Te5a) and (65-68 wt% SiO5)
bomb-rich unit (H-Te5b)
Paipatja debris avalanche
deposit: Hydrothermally-
altered unit (H-Te4a) and
Dome-rich unit (H-Te4b)
Zuripujo pyroclast density Amphibole and
current deposit (H-Te3) biotite-bearing dacites
(65-68 wt% SiO»)
Azufre debris avalanche 6-7.5
deposit: Hydrothermally- ka
altered unit (H-Te2a) and
Dome-rich unit (H-Te2b)
Lava domes (D1-7) Amphibole and
(H-Tel) biotite-bearing dacites
(64-66 wt% SiO) +
andesitic enclaves
(52-57 wt% SiO5)
Pleistocene-Holocene 10-12
moraines (H-Mo) ka
associated with teh
Younger Dryas event (YD)
Pleistocene morraines 17-25
(P-Mo) associated with ka
the Last Glatial maximum
(LGM)
Western Tacalaya debris avalanche Amphibole and
Tutupaca deposit (P-Tw3) biotite-bearing dacites
(64-67 wt% SiO5)
Upper lava flow
successions (P-Tw2)
Basal domes (P-Tw1) 30-35 Amphibole and
ka biotite-bearing dacites
(64-67 wt% SiO>) +
andesitic enclaves
(54-55 wt% SiO5)
Callazas pyroclastic Amphibole-bearing
density current deposit andesites (60-61 wt%
and associated tephra Si0,) and dacites
fallout deposits (P-Tw0) (66—-69 Wt% SiO,)
Basal Tutupaca Aligned lava domes 200- Amphibole-bearing
(P-Tb3) 300 ka  andesites and dacites
(60-66 wt% SiO5)
Younger lava flow 750- Two-pyroxene
successions (P-Tb2) 850 ka  andesites and dacites
(61-65 wt% SiO5)
Older lava flow 1025- Two-pyroxene
successions (P-Tb1) 1150 andesites and dacites
ka (58-69 wt% SiO5)

glaciations that are responsible for the formation of the radial glacial
valleys around its summit. In addition, this edifice displays widespread
hydrothermal activity, especially in the summit and its upper flanks. The
hydrothermal system responsible for such surface manifestations is still
active as it is shown by the several hot-springs around the edifice.

The transition towards the younger edifices is marked by a period
characterized by frequent explosive eruptions, as shown by the tephra
fallout deposits to the SW of the edifice. The most important eruption in
this transitional period generated a large pyroclastic density current and
tephra fallout deposits (Callazas unit), associated with magmas with the
highest silica content of the Tutupaca magmatic series. This explosive
phase occurred before the Last Glacial Maximum.

Western Tutupaca was constructed on the remnants of the Basal
edifice and developed since 30-35 ka in the northern part of the com-
plex. It is located in the northern prolongation of the NW-SE trending
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faults. This edifice was characterized by the formation of several dacitic
lava domes, and suffered a flank collapse, whose deposits filled the
Tacalaya river. Western Tutupaca was also affected by Pleistocene
glacial erosion and is partially covered by large moraines, probably
associated with the Last Glacial Maximum, between 25 and 17 ka. Based
on stratigraphic evidence, the Tacalaya sector collapse occurred before
this time.

Eastern Tutupaca was constructed on top of the hydrothermally-
altered Basal edifice, to the east of Western Tutupaca (Fig. 9a). It is a
dacitic dome complex unaffected by the Pleistocene glaciations, sug-
gesting a Holocene age. The older domes (D1-3), located in the northern
part of the complex (Fig. 9b), were affected by a sector collapse that
triggered the Azufre debris avalanche. This deposit was dated at 6-7.5
ka. Inside this amphitheater, volcanic activity reconstructed the dome
complex with the successive extrusion of domes (D4-7, Fig. 9¢). This
newly reconstructed Eastern Tutupaca edifice was affected by a second
sector collapse that formed the current amphitheater, the Paipatja de-
posit and pyroclastic successions that spread-out to the NE of the edifice
(Fig. 9d). This second sector collapse occurred historically at 218 + 14
aBP (Samaniego et al., 2015).

6.2. Successive destabilization of a dacitic dome complex

The successive sector collapse events affecting the Eastern Tutupaca
edifice formed two debris avalanche deposits that display some key
characteristics, such as the presence of two distinct facies: a widespread
hydrothermally-altered facies composed of materials from the Basal
edifice; and, a dome-rich facies with material from the recent domes.
Although the proportion of these two facies is not the same, the presence
of these two units shows that a similar mechanism could be invoked. As
mentioned by Samaniego et al. (2015) and Valderrama et al. (2016) for
the Paipatja debris avalanche event, an enhanced dome-growth process
together with the fact that these domes were constructed on top of a
highly hydrothermally-altered edifice induced the sector collapse of the
dome complex and of the upper part of the Basal edifice. This model can
also be applied to the older Azufre sector collapse, although some dif-
ferences exist between both events, namely the fact that the Paipatja
sector collapse was accompanied by an explosive eruption, whereas no
explosive events have been identified related to the Azufre sector
collapse. However, as mentioned earlier, the presence of
prismatically-jointed blocks in the debris avalanche deposits suggests
that in both cases, the domes were still hot at the time of collapse. Thus,
it seems highly plausible that both debris avalanches could have been
caused by the loading of the new lava domes on the altered Basal edifice,
together with the increasing pore fluid pressure due to the reactivating
hydrothermal system.

6.3. Hagzard assessment

Based on the reconstruction of the eruptive chronology of this vol-
canic center, a future eruption of the Eastern Tutupaca volcano could be
characterized by the formation of a dacitic dome and related formation
of block-and-ash pyroclastic density currents associated with sector
collapse. In the case of an enhanced dome growth phase, the formation
of a large lava dome on the present amphitheater is a plausible situation.
Such a scenario would be similar to the last eruption of Tutupaca that
occurred between the 18th and 19th century. This scenario implies the
occurrence of a sector collapse of the newly formed dome complex,
which can be accompanied by a large explosive phase. The potential
occurrence of a large eruption is supported by the fact that Eastern
Tutupaca experienced at least two sector collapses during the last
millennia. However, we consider that a large eruption scenario is a less
probable event in comparison to smaller dome-forming eruptions. In
addition, during the rainy season (from December to March), frequent
lahars would affect the ravines around the volcano. These scenarios have
been considered in the recently published volcanic hazard map for
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Fig. 9. Sketch diagrams showing the evolution of Eastern Tutupaca edifice before and after the two sector collapses.

Tutupaca (Marino et al., 2019).

During the past eruptions of Eastern Tutupaca, the eruptive products
affected uninhabited areas of the high Peruvian Andes, and tephra
fallout had only a minor regional impact. However, if a large eruption
were to occur, it could affect a much larger population of at least ten
thousand inhabitants living within a 25 km radius of the volcano,
including people in the Huaytire, Candarave, Cairani, Huanuara and
Tumilaca villages. Furthermore, important mining projects, such as
Cuajone, Toquepala and Quellaveco, are vulnerable. In addition, the
area around Tutupaca volcano is the main source of water for agricul-
ture and mining, which could both be affected during an eruption.

7. Conclusions

The Tutupaca volcanic complex (17°01’ S, 70°21’ W) is composed of
an old, hydrothermally altered and highly eroded Basal edifice, and
younger twin peaks, Western and Eastern Tutupaca, located in the
northern part of the complex. The Basal edifice is mostly composed of a
first lava flow succession up to 500 m in thickness, dated at 1150-1025
ka, followed by a second lava flow succession between 850-750 ka. This
edifice was then intruded by a series of domes aligned domes in NNW-
SSE direction. The lava flows and the aligned domes are andesitic to
dacitic (58.7-69.6 wt% SiOs), and they contain a mineral assemblage
composed of plagioclase, clinopyroxene, amphibole, biotite, Fe-Ti ox-
ides, and olivine as an accessory mineral. We note that the upper part of
the Basal edifice displays pervasive hydrothermal alteration.

After a period of large explosive eruptions that marked the transition
from Basal to younger edifices, the Western Tutupaca was constructed
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on the remnants of the basal volcano. This edifice is composed of a series
of dacitic lava domes dated at 30-35 ka, and suffered a flank collapse
whose deposits outcrop in the Tacalaya river valley. This edifice was
highly eroded by the Pleistocene glaciations. Lastly, the youngest
Eastern edifice is composed of at least seven coalescing lava domes and
associated block-and-ash flow and debris avalanche deposits. All sam-
ples from Eastern Tutupaca have dacitic compositions (64.4-68.0 wt%
SiO2) and display a mineral assemblage composed of plagioclase,
amphibole, clinopyroxene, biotite and Fe-Ti oxides, with some changes
through time.

We identified two debris avalanche deposits associated with Eastern
Tutupaca. An older unit (Azufre debris avalanche deposit) that was
channeled in the valleys located to the east and southeast of the Basal
edifice, reaching up to 3.5 km from the source region. The age of this
avalanche was constrained by four cosmogenic nuclide exposure dates
on boulders (*°Be/feldspar) providing a weighted-mean age of 6.8 + 0.8
ka. The younger unit (Paipatja debris avalanche deposit) outcrops
immediately to the northeast of the amphitheater and was associated
with a large pyroclastic density current deposit that was radiocarbon
dated at 218 + 14 aBP (Samaniego et al., 2015). Both debris avalanche
deposits have two different units: (1) the main hydrothermally-altered
debris avalanche deposit, that is a whitish-yellow volcanic breccia
with heterolithic and heterometric blocks, containing material from the
Basal and the Eastern Tutupaca edifices; and (2) the dome-rich debris
avalanche deposit, composed of non-altered dome blocks from Eastern
Tutupaca. In proximal areas, the dome-rich unit overlaps the
hydrothermally-altered unit; whereas, in distal areas, these two units are
mixed forming a hummocky and/or ridged topography. In addition to



the similar facies of these deposits, we suggest that the triggering
mechanism for these debris avalanches was similar. We propose that
both sector collapses were triggered by the loading of the dacitic lava
domes on the altered Basal edifice, together with the increasing pore
fluid pressure due to the reactivating hydrothermal system.
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Supplementary data

Sample Lat (dec®) Lon (dec®) Alt (masl) Conc (at/g) 1s (at/g) Shield. Corr Density Thickness (cm) Er. (cm/yr)
TU 2 -17,04573 -70,342225 5033 3,22E+05 6,42E+04 0,994 2,60 3,0 0
TU 3 -17,04048 -70,348332 5142 2,35E+05  3,50E+04 0,968 2,60 4,0 0
TUS -17,048699 -70,342908 4900 2,77E+05 4,04E+04 0,982 2,60 4,0 0
TU 6 -17,05109 -70,339944 4901 2,71E+05  4,93E+04 0,980 2,60 5,0 0
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