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Abstract

The Central Volcanic Zone of the Andes (CVZA) extends from southern Peru, through the altiplano of
Bolivia, to Puna de Atacama of northern Chile and Argentina, between latitudes 14-28°S of the Andean
cordillera, with altitudes raising up to more than 4,000 m above sea level. There is a large number of
volcanoes in this area, the identification of the active ones is difficult though, particularly due to the lack
of geochronological evidence and/or preserved historical records of eruptions. In this report we have
considered the criteria of the geological services of three out of the four countries comprising the CVZA,
also accounting for the 2023 relative volcanic risk rankings of Chile and Argentina. We have therefore,
included active and potentially active volcanoes, i.e., all volcanoes that have had at least one eruption in
the last 11,700 years; or the volcanoes that, in the absence of data or eruption occurrence in that period,
show visible signs of activity such as degassing, seismicity or ground deformation. In this way, 59 active
and potentially active volcanoes have been identified for the CVZA, and a brief description of their physical
characteristics, eruptive frequency and types of hazards is provided.

Resumen

La Zona Volcanica Central de los Andes (ZVCA) se extiende desde el sur del Pert, a través del altiplano
de Bolivia, hasta la Puna de Atacama del norte de Chile y Argentina, entre las latitudes 14-28°S de la
cordillera de los Andes, con altitudes que se elevan hasta mas de 4.000 m sobre el nivel del mar. Existe una
gran cantidad de volcanes en esta area, aunque la identificacion de aquellos activos es dificil,
particularmente debido a la falta de evidencia geocronoldgica y/o registros historicos conservados de sus
erupciones. En este estudio hemos considerado el criterio de los servicios geologicos de tres de los cuatro
paises que componen la ZVCA, teniendo en cuenta las clasificaciones 2023 de riesgo volcanico relativo de
Chile y Argentina. Por consiguiente, se han incluido los volcanes activos y potencialmente activos, es decir,
todos aquellos volcanes que han tenido al menos una erupcion en los tltimos 11,700 afios o que, en ausencia
de datos u ocurrencia de erupciones en ese periodo, presentan signos visibles de actividad como
desgasificacion, sismicidad o deformacion del suelo. De esta manera, se han identificado 59 volcanes
activos y potencialmente activos para la ZVCA, sobre los cuales una breve descripcion a cerca de sus
caracteristicas fisicas, frecuencia eruptiva y tipos de peligros es presentada en este informe.
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1 Volcanoes of the Central Volcanic Zone of the Andes

After an extensive compilation of information on the volcanoes of the CVZA, in collaboration with SEGEMAR, SERNAGEOMIN, and

INGEMMET, including a comprehensive analysis of 6 catalogs (i.e., De Silva and Francis, 1991; GVP, 2013; Macedo et al., 2016; Aguilera et
al., 2022; Elissondo and Farias, 2023; SERNAGEOMIN, 2023), we found that the most comprehensive list of volcanoes of the CVZA comprises

a total of 59 active and potentially active volcanic centers as listed in Table 1.

Table 1. Comparison table of the CVZA volcanoes compilations (De Silva and Francis, 1991; GVP, 2013; Macedo et al., 2016; Elissondo and Farias, 2023;
Aguilera et al., 2022; SERNAGEOMIN, 2023). *Ampato: it is part of the Ampato-Sabancaya volcanic complex. Notice that the last column lists the
volcanoes identified in this work (in black bold). C.: Cerro, N.: Nevado(s), and VF: Volcanic Field.

Volcanoes of the Global Volcanism Advances in scientific
Ne Central Andes® Program® INGEMMET/IGP® | SERNAGEOMIN® SEGEMAR® understanding of the THIS WORK
CVZA®

1 Quimsachata Quimsachata Quimsachata
2 Auquihuato, C. Auquihuato, C. C. Auquihuato C. Auquihuato
3 Sara Sara Sara Sara Sara Sara Sara Sara

4 Coropuna Coropuna Coropuna Coropuna Coropuna

5 Andahua-Orcopampa | Andahua-Orcopampa Andagua OArlcl(()l:)lzlllrl:::)-a
6 Huambo Huambo Huambo Huambo

7 Sabancaya Sabancaya Sabancaya Sabancaya *Ampato Sabancaya

8 Chachani, N. Chachani, N. Chachani, N. Chachani Chachani

9 Misti, El Misti, El Misti, El Misti El Misti

10 Ubinas Ubinas Ubinas Ubinas Ubinas

11 Huaynaputina Huaynaputina Huaynaputina Huaynaputina Huaynaputina
12 Ticsani Ticsani Ticsani Ticsani

13 Tutupaca Tutupaca Tutupaca Tutupaca Tutupaca
14 Yucamane Yucamane Yucamane Yucamane Yucamane
15 Casiri, N. Casiri, N. Casiri, N. Casiri Casiri

16 Purupuruni, C. Purupuruni Purupuruni Purupuruni
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17 Tacora Tacora Tacora Tacora Tacora

18 Taapaca Taapaca Taapaca Taapaca

19 Parinacota Parinacota Parinacota Parinacota Parinacota

20 Guallatiri Guallatiri Guallatiri Guallatiri Guallatiri

21 Arintica Arintica

22 Tambo Quemado Tambo Quemado

23 Isluga Isluga Isluga Isluga Isluga

24 Tata Sabaya Tata Sabaya Tata Sabaya Tata Sabaya

25 Jayu Khota, Laguna

26 Jatun Mundg Quri

Warani

27 Irruputuncu Irruputuncu Irruputuncu Irruputuncu Irruputuncu

28 Pampa Luxsar Pampa Luxsar

29 Olca-Paruma Olca-Paruma Olca-Paruma Olca-Paruma Olca-Paruma

30 Aucanquilcha Aucanquilcha Aucanquilcha Aucanquilcha Aucanquilcha

31 Ollagiie Ollagiie Ollagiie Ollagiie Ollagiie
C. del Azufre

32 Azufre, C. del Azufre, C. del Apacheta-Aguilucho Apacheta (Apacheta-

Aguilucho)

33 | San Pedro-San Pablo | San Pedro-San Pablo San Pedro San Pedro San Pedro

34 Putana Putana Putana Putana Putana

35 Sairecabur Sairecabur Escalante-Sairecabur Escalante-Sairecabur ;::icrilcaali)ts;

36 Licancabur Licancabur Licancabur Licancabur Licancabur

37 Guayaques Guayaques

38 Colachi Colachi Colachi

39 Acamarachi Acamarachi Acamarachi Acamarachi Acamarachi (Pili)

40 Overo, C. Overo, C.

41 Chiliques Chiliques Chiliques Chiliques Chiliques

42 Aguas Calientes

43 Lascar Lascar Lascar Lascar Lascar
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44

Cordon de Puntas

Cordon de Puntas

Puntas Negras

Cordon de Puntas

Puntas Negras

Negras Negras Negras
45 Punta Negra
46 Miniques
47 Tucle, C. Tujle, C.
48 Caichinque Caichinque
49 Tilocalar
50 Negrillar, El Negrillar, El
51 Pular Pular Pular Pajonales
52 Negrillar, La Negrillar, La
53 Socompa Socompa Socompa Socompa Socompa Socompa
54 Llullaillaco Llullaillaco Llullaillaco Llullaillaco Llullaillaco Llullaillaco
55 Escorial Corrida de Cori VF Escorial Cerro Escorial Escorial(j((ﬁ%r rida de
56 Lastarria Lastarria Lastarria Lastarria Lastarria Lastarria
57 Cordon del Azufre Cordon del Azufre Cordon del Azufre Cordén del Azufre Cordon del Azufre Cordon del Azufre
58 Bayo Gorbea, C. Bayo Gorbea, C. Bayo, C. Bayo, Cerro Cerro Bayo Cerro Bayo
59 Nevada, Sierra Nevada, Sierra Nevada, Sierra Sierra Nevada Sierra Nevada
60 Cueros de Parulla Cueros de Parulla
61 Falso Azufre Falso Azufre Falso Azufre Falso Azufre Falso Azufre
62 Incahuasi, N. Incahuasi, N. N. de Incahuasi N. de Incahuasi
63 El Fraile El Fraile
64 Ojos del Salado, N. Ojos del Salado, N. Ojos del Salado, N. Ojos del Salado N. Ojos del Salado N. Ojos del Salado
65 Solo, El El Solo El Solo El Solo
66 Tuzgle Tuzgle Tuzgle Tuzgle Tuzgle
67 Aracar Aracar Aracar Aracar
68 Unnamed Unnamed
69 Antofagasta VF CV Antofagasta A?:iiﬁgizglj Si::gfzfiizz‘:gealza

VF)
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70 Condor, El Condor, El Coéndor, El El Céndor Cerro El Condor
71 Peinado Peinado Peinado Peinado Peinado
72 Blanco, C. Blanco, C. Blanco, C. C. Blanco C. Blanco
73 Tipas Tipas Tipas Tipas (V?’Zlill;(;:li’gii()
74 Lquilla Chico
75 Nuevo Mundo
76 Chascon (Bolivia) Chascon, C.
77 Chao
78 Chillahuita
79 Tocopuri
80 | Chascon de Purico Purico Complex Purico
81 La Porufia
82 Andagua
83 Antofalla
84 Frailes Plateau
85 Kari Kari
86 Altiplano Puna VC
87 Pastos Grandes
88 Panizos
89 La Pacana caldera
90 C. Guacha
91 C. Purico
92 Aguas Calientes
93 C. Galan Galan, C.
94 C. Bonete
95 Tres Cruces N. Tres Cruces N. Tres Cruces N. Tres Cruces
96 Alitar Alitar Alitar
97 Salar de Arizaro Arizaro VF Arizaro VF
98 Uturuncu Uturuncu Uturuncu

() De Silva and Francis (1991); @ GVP (2013); ® Macedo et al. (2016); ® SERNAGEOMIN (2023); ® Elissondo and Farias (2023); © Aguilera et al. (2022).
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Most of these volcanoes are Holocene, but some Pleistocene volcanic centers, showing fresh volcanic
morphology and/or signs of unrest, are also included. There are 50 Holocene and 9 Pleistocene volcanic
centers (Figure 1), from which a total of 20 volcanic centers are located in borders (i.e., Putana, Parinacota,
Ollagiie, Olca-Paruma, Licancabur, Irruputuncu, Escalante-Sairecabur, El Fraile, Socompa, Sierra Nevada,
Nevados Ojos del Salado, Nevado de Incahuasi, Nevado Tres Cruces, Llullaillaco, Lastarria, Falso Azufre,

Escorial (Corrida de Cori Volcanic Field), El Solo, Cordon del Azufre, Cerro Bayo) (Figure 2).
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Figure 1. Volcano types of the CVZA. 34 are stratovolcanoes, 15 are volcanic complex, 3 are volcanic fields, 1 is a pyroclastic cone,
4 are dome complex, 1 is amaar and 1 a caldera.
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Figure 2. Volcanoes of the CVZA per country versus their number of eruptions and maximum VEI during the Holocene. Notice
that Pleistocene volcanoes or volcanoes with unknown VEI (ND) are represented in grey shades. Unknown number of Holocene
eruptions (ND and Pleistocene) have been set in forty for visualization purpose.
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The following sections present a brief description of each one of the 59 identified volcanoes, describing
three main aspects: 1) physical characteristics, 2) eruption frequency and, 3) hazard types.

1.1 Quimsachata

Physical characteristics

Quimsachata is a 3848 m high lava dome of Holocene age (Gonzalez-Ferran, 1995), located ~120 km S of
the Cusco city, Peru (Domingues et al., 1988). It has two sources of emission: an andesitic scoria cone,
surrounded by a layer of lavas along the Vilcanota River; and a rhyolitic lava dome, Oroscocha (Macedo et

al., 2016). Its main edifice has an estimated volume of ~ 33 km?* (Fidel et al., 1997).

It is a very scarcely investigated volcano, only a few geological (Marocco and Garcia, 1974; Gonzalez-
Ferran, 1995), petrographic (Domingues et al., 1988), surface deformation (Morales Rivera et al., 2016),
and volcanic hazards works (Fidel et al., 1997; Macedo et al., 2016; Aguilar et al., 2021; Machacca et al.,
2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Its rhyolitic lava dome, Oroscocha produced a thin lava flow, dated to 6400 years (Macedo et al., 2016).
The Global Volcanism Program recognizes 1 Holocene eruptive period with no maximum VEI registered.
It is not monitored and it is in the 12nd place of the relative volcanic risk ranking of Peruvian volcanoes

(Macedo et al., 2016).
Hazard types

According to Macedo et al. (2016) it has not flank collapse potential nor characteristics which could
represent primary lahar sources. No deformation was detected at Quimsachata during a regional ALOS survey
of Central Andes Volcanoes (Morales Rivera et al., 2016). There are not records of observed seismic unrest,

nor fumarolic and/or magmatic degassing (Macedo et al., 2016).

The Quimsachata volcano is one of the easternmost witnesses of quaternary effusive magmatism in this
area (Marocco and Garcia, 1974). Thus, the most characteristic volcanic process, which would be the most

likely to occur in the event of an eruption, is extrusion of lavas.t
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1.2 Cerro Auquihuato

Physical characteristics

Cerro Auquihuato is a 4980 m high cinder cone of Pleistocene - Holocene age, located ~ 30 km NE of the
Sara Sara volcano and East of the Ocofia River in the Ayacucho Region, Peru (Macedo et al., 2016). It has
a lava flow of ~ 13 km long, of less than 1 km width, an average N-S direction (Martinez and Cervantes,
2003), and it has an estimated volume of ~ 5 km? (Fidel et al., 1997).

It is a very scarcely investigated volcano, only a few geological (Fidel et al., 1997; Martinez and Cervantes,
2003), surface deformation (Morales Rivera et al., 2016), and volcanic hazards works (Macedo et al., 2016;

Aguilar et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) have been carried out.
Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Cerro Auquihuato. However,
satellite images show a young pahoehoe lava flow suggesting possible Holocene activity (Macedo et al.,
2016). It is monitored by CENVUL (Centro vulcanolégico del Instituto Geofisico del Peru), with 1
permanent seismic station, and 1 inclinometer (IGP, 2021), and it is in the 16th place of the relative volcanic

risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

According to Macedo et al. (2016) it has not flank collapse potential nor characteristics which could
represent primary lahar sources. Remarkable deformation was detected (up to 1.8 cm / year and ~ 7 km SE
of the volcano) during a regional InSAR survey, attributed to pressurization of a magmatic source, although
it could also be of hydrothermal origin (Morales Rivera et al., 2016). There are not records of observed

seismic unrest, nor fumarolic and/or magmatic degassing (Macedo et al., 2016).

The most characteristic volcanic process of Cerro Auquihuato, which would be the most likely to occur in

the event of an eruption, is extrusion of lavas (Martinez and Cervantes, 2003).
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1.3 Sara Sara

Physical characteristics

Sara Sara is a 5522 m high stratovolcano of Pleistocene-Holocene age, located ~12 km SW of Pausa town
in the Ayacucho Region of Perti (Rivera et al., 2020a). It is the northernmost major volcanic center of Pert,
its volcanic products cover an area of 21-47 km? and the main edifice has an estimated volume of 20-25

km? (Grosse et al., 2014; Rivera et al., 2020).

There are few works related to the geological-vulcanological study of the Sara Sara volcano. Those that
exist are mainly based on field geological reconnaissance (Olchauski, 1980; Pecho, 1983; Martinez and
Cervantes, 2003; Grosse et al., 2014) and volcanic hazards (Morche and Nufiez, 1998; Cueva, 2016; Cueva
etal., 2018; Rivera et al., 2018, 2020; Aguilar et al., 2021; Machacca et al., 2021; Aguilera et al., 2022).

Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Sara Sara. However, pristine
lava flows on the upper slopes of the volcano and ash layers in peat deposits at its base suggest a very
young, probably Holocene age (GVP, 2013). It is monitored by CENVUL (Centro vulcanologico del
Instituto Geofisico del Peru), with 2 permanent seismic stations, 1 scientific camera and 1 inclinometer
(IGP, 2021); and it is in the 10th place of the relative volcanic risk ranking of Peruvian volcanoes (Macedo

etal., 2016).
Hazard types

It suffered a partial sector collapse of its eastern flank, directed 12 km towards the NE (more than 200 m
thick) and 7 km to the north there are avalanche deposits where Quilcata locality has settled (Rivera et al.,
2020). Satellite images of the Sara Sara show that the area covered by ice and snow in wintertime is of ~
0.01 km?®, with an average of 2 m of thickness (Rivera et al., 2020) which could represent a primary lahar
source for Sara Sara volcano. No ground deformation was detected at Sara Sara during a regional ALOS
survey (Morales Rivera et al., 2016), and there are no records of observed seismic unrest nor fumarolic or

magmatic degassing.

According to the geological and volcanological hazard assessment of Rivera et al. (2020) the five main
volcanic processes of Sara Sara volcano, which would be the most likely to occur in the event of an eruption,

are tephra fallout, pyroclastic density currents, lahars, debris avalanches, and lava flows.
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1.4 Andahua-Orcopampa

Physical characteristics

Andahua-Orcopampa is a 4713 m high volcanic field of Holocene age, located ~ 20 km ENE of Nevados
de Coropuna in the Arequipa Region, Peru (GVP, 2013). It has been originated by a monogenetic volcanism
on a graben-type valley, slightly oblique to the Andean direction, and controlled by faults oriented NNO-
SSE (Marifio and Zavala, 2010). It contains more than 15 cones concentrated in an area of approximately

240 km? (Delacour et al., 2007), and its total erupted volume is about 15 km* (Ruprecht and Woérner, 2007).

Several geological (Marifio and Zavala, 2010), petrographic (Venturelli et al., 1978; Delacour et al., 2002;
Ruprecht and Worner, 2007; Serensen and Holm, 2008), surface deformation (Morales Rivera et al., 2016),
geochronological (Kaneoka and Guevara, 1984; Eash and Sandor, 1995), geological evolution (Delacour
et al., 2007; Gatas, 2011), and volcanic hazards works (Macedo et al., 2016; Aguilar et al., 2021; Machacca
etal., 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Scoria cones represent the youngest episode of the Andahua Group activity (Gatas, 2011), burned twigs
from Ticsho cone were dated to 4,050 years BP (Cabrera and Thouret, 2000). The Global Volcanism
Program recognizes 4 Holocene eruptive periods with no maximum VEI registered (GVP, 2013). It is not
monitored and it is in the 14th place of the relative volcanic risk ranking of Peruvian volcanoes (Macedo et
al., 2016).

Hazard types

According to Macedo et al. (2016) it has not flank collapse potential nor characteristics which could
represent primary lahar sources. There are not records of ground deformation, no observed seismic unrest,

and it shows fumaroles and gases (Macedo et al., 2016).

There are so many proofs of quite recent activity of the numerous centres that future eruptions may be
expected (Gatas, 2011). Following Macedo et al. (2016), the main volcanic processes of Andahua-
Orcopampa volcanic field, which would be the most likely to occur in the event of an eruption, are tephra
fallout (ashfall, lapilli and bombs), as well as lava flows. A potential reactivation would cause damage to

both homes and farmland in the areas of Andahua, Ayo, Orcopampa, and Chachas (Macedo et al., 2016).
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1.5 Coropuna

Physical characteristics

Nevado Coropuna is a 6377 m high stratovolcano of Neogene age (Venturelli et al., 1978; Forget et al.,
2008), located ~150 km NW of Arequipa city and ~110 km away from the Pacific Ocean (Venturelli et al.,
1978; Ubeda et al., 2018). It is the highest and largest volcanic center of Peru, its volcanic products cover
an area of 224-350 km? and the main edifice has an estimated volume of 270 km® (De Silva and Francis,
1991; Gonzalez-Ferran, 1995; Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014), petrographic
(Frangipane, 1976; Venturelli et al., 1978), geochemical (Weibel et al., 1978), glaciological (Lamadon,
1999; Forget et al., 2008; Ubeda et al., 2012 , 2015, 2018), geochronological (Juvigne et al., 2002), and
volcanic hazard studies (Olchauski and Davila, 1994; Fidel et al., 1997; Nufiez and Valenzuela, 2001;
Macedo et al., 2016; Aguilar et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) have been carried

out.
Eruption frequency

Bromley et al. (2019) reported ages of 12.5 to 1.6 ka for its last lava flows. The Global Volcanism Program
is not aware of any Holocene eruptions from Coropuna and the age of its latest eruption is not known, but
according IGP (Instituto Geofisico del Pert) the last eruption was ~ 700 years ago. Macedo et al. (2016)
indicate possible eruptive activity at the beginning of the Holocene due to the observation of pumice
deposits. Solfataric activity has been reported and several young Holocene lava flows descend the NE, SE,
and W flanks (GVP, 2013). It is monitored by CENVUL (Centro vulcanologico del Instituto Geofisico del
Pert), with 5 permanent seismic stations, 1 scientific camera and 2 inclinometers (IGP, 2021); and it is in

the 1st place of the relative volcanic risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

It suffered a partial sector collapse of its SW flank and formed a landslide deposit as well as a horseshoe-
shaped valley that was later filled by glaciers (Forget et al., 2008). Currently it has a glacial system of ~40
km? (Ubeda et al., 2015) which could represent a primary lahar source. No ground deformation was
recorded by the COBE and COVI GPS stations at Coropuna until 2019 (Apaza et al., 2019). There are no
records of observed seismic unrest. During a monitoring campaign in 2018, a ~ 50 m high column of water

vapor was seen rising from the N flank (Ramos, 2019). Six hot springs have been located in the area with
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temperatures ranging from 18 to 51 °C (Nufiez and Valenzuela, 2001). Monitoring does not show significant

changes (Apaza et al., 2019).

According to the preliminary volcanic hazard map of Coropuna (Nufiez and Valenzuela, 2001) the most
characteristic volcanic processes, which would be the most likely to occur in the event of an eruption are
lava flows, lahars, ballistics, pyroclastic flows, ash and pumice flows, side explosions, domes destruction

and shock waves.

1.6 Huambo

Physical characteristics

Huambo is a 4554 m high volcanic field of Holocene age, located SSE of the Andahua-Orcocampo volcanic
field, and W of Sabancaya volcano, in the Arequipa Region, Peru (Macedo et al., 2016). It is divided into
two segments, the northern part forms a large lava flow field and a cinder cone “Cerro Keyocc”, and the

southern part contains other cinder cones and lava flows (Delacour et al., 2007).

It is a very scarcely investigated volcanic field, only a few petrographic (Mamani et al., 2010), geological
evolution (Delacour et al., 2007), and volcanic hazards works (Rivera and Zavala, 2015; Macedo et al.,

2016; Aguilar et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) have been carried out.
Eruption frequency

The northern part contains a single vent, the Cerro Keyocc cinder cone, which produced an extensive lava
field dated at about 2,650 years ago (Delacour et al., 2007). The Global Volcanism Program recognizes 1
Holocene eruptive period with no maximum VEI registered (GVP, 2013). It is not monitored and it is in

the 15th place of the relative volcanic risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

According to Macedo et al. (2016) it has not flank collapse potential nor characteristics which could
represent primary lahar sources. There are not records of ground deformation, observed seismic unrest, nor

fumarolic and/or magmatic degassing (Macedo et al., 2016).

Following Macedo et al. (2016), the main volcanic processes of Huambo volcanic field, which would be

the most likely to occur in the event of an eruption, are tephra fallout (ashfall, lapilli and bombs), as well
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as lava flows. A potential reactivation would cause damage to both homes and farmland in the areas of

Andahua, Ayo, Orcopampa, and Chachas (Macedo et al., 2016).

1.7 Sabancaya

Physical characteristics

Sabancaya is a 5960 m high stratovolcano of Holocene age (Macedo et al., 2016), located ~75 km NW of
Arequipa city, Peru (Boixart et al., 2020). It is the youngest and most recently active of the three volcanoes
of the Ampato-Sabancaya Volcanic Complex (Rivera et al., 2016). Its volcanic products cover an area of
43-70 km? and the main edifice has an estimated volume of 6-10 km? (De Silva and Francis, 1991; Rivera
etal., 2016; Grosse et al., 2014, 2018).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014, 2018),
petrographic (Gerbe and Thouret, 2004), fluid geochemistry (Moussallam et al., 2017; Ilanko et al., 2019),
surface deformation (Pritchard and Simons, 2002, 2004), geological evolution (Bulmer et al., 1999),
geochronological (Thouret et al., 2002; Juvigné et al., 2008), seismological (Jay et al., 2015; Boixart et al.,
2020; MacQueen et al., 2020) and volcanic hazards works (Marifio et al., 2012; Rivera et al., 2016; Aguilar
et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

The Global Volcanism Program recognizes 14 Holocene eruptive periods with a maximum registered VEI
of 3 (GVP, 2013). There are no records of a partial sector collapse of its flanks. It has a glacier of 0.15 km®
(Macedo et al., 2016) and snow and ice are deposited on it during rainy seasons (Dec-Apr), which remains
until Jun-Jul, with thickness of ~2 m (Rivera et al., 2016). There are records of ground deformation
(Pritchard and Simons, 2002; Jay et al., 2015) and it is monitored by CENVUL with 7 permanent seismic
stations, 2 GPS stations, 1 multigas station and 4 scientific cameras (IGP, 2021); and OVI through DOAS
gas scanners, GPS and seismic stations, inclinometer, video and thermal surveillance cameras, ash gauges
and hot springs (OVI, 2021). It is in the 2nd place of the relative volcanic risk ranking of Peruvian volcanoes

(Macedo et al., 2016).
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Hazard types

It had frequent signs of unrest since 2013 (Samaniego et al., 2016) and during most of 2016, maintained a
level of seismic and fumarolic unrest similar to levels recorded in 2014 and 2015, with almost constant
water-vapor and SO, plumes rising from the crater. An explosion on 27-08-2016 produced new areas of
fumarolic activity on its N flank. Hybrid seismic events related to the movement of magma, and SO;
emissions, increased noticeably during sept-oct 2016. An explosive eruption with numerous ash plumes
began on 6-11-2016. Continuous ash emissions with plume heights exceeding 10 km altitude were recorded
several times through Feb-2017. Thermal anomalies were first measured in satellite data in early Nov, along

with numerous significant SO, plumes (GVP, 2017).

The current eruptive period began in Nov 2016 and has recently been characterized by lava dome growth,
daily explosions, ash plumes, ashfall, SO, plumes, and ongoing thermal anomalies (BGVN, 2021). The
most recent IGP bulletin (5-11, 04-2021) reports that its eruptive activity remains at moderate levels, with
the average occurrence of 100 daily volcanic explosions and the observation of columns of ash and gases

up to 2 km high over the summit (IGP/CENVUL, 2021).

1.8 Chachani

Physical characteristics

Chachani is a 6057 m high volcanic complex of Late Pleistocene-Holocene age (Garcia et al., 1997), located
~20 km N of Arequipa city in Perti (De Silva and Francis, 1991). It is a group of lava domes, a stratovolcano
complex, and a flank shield volcano (GVP, 2013). Its volcanic products cover an area of 313-360 km? and
the main edifice has an estimated volume of 156-190 km? (De Silva and Francis, 1990, 1991; Grosse et al.,
2014).

Several geological (De Silva and Francis, 1990, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014), surface
deformation (Morales Rivera et al., 2016), geological evolution (Garcia et al., 1997; Aguilar et al., 2016;
2022b), glaciological (Palacios et al., 2009; Andrés et al., 2011; Ubeda et al., 2015), geochronological
(Paquereau et al., 2005, 2006; Paquereau-Lebti et al., 2008), seismological (Centeno et al., 2013) and
volcanic hazards works (Degg and Chester, 2005; Macedo et al., 2016; Aguilar et al., 2021; Machacca et
al., 2021; Aguilera et al., 2022) have been carried out.
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Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Chachani and no current or
recent eruptive activity has been recorded or detected (Paquereau et al., 2006). The last volcancillo dome
has probably more than 20 ka (ages reported in Aguilar et al. (2022)). Despite the lack of reliable records
of'its eruptive activity in the last 10,000 years, lava flows (Pampa de Palacio) and the presence of hot springs
on the SW and W slopes suggest possible Holocene activity (Gonzalez-Ferran, 1995). It is monitored by
CENVUL, with 1 permanent seismic station and 1 inclinometer (IGP, 2021), and represents a significant
hazard potential, particularly because of its height and proximity to Arequipa. It is in the 6th place of the

relative volcanic risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

There are no records of a partial sector collapse of its flanks and there are no glaciers conserved at the
present day (Ubeda et al., 2015), however, permafrost and rock glaciers still exist (Andrés et al., 2011). No
deformation was detected at Nevado Chachani during a regional ALOS survey (Morales Rivera et al.,
2016). Frequent seismic activity occurs on its SW flank maybe related to either geothermal or tectonic
phenomena (Centeno et al., 2013); there are records of solfataras in the summit region (Gatas et al., 2014)

and hot springs at Socosani and Yura which suggest hydrothermal activity (Degg and Chester, 2005).

The most characteristic volcanic processes of Chachani, which would be the most likely to occur in the
event of an eruption, are lava flows, tephra fallout, lahars, and eventually if the eruption is of greater

magnitude, pyroclastic flows (Macedo et al., 2016).

1.9 El Misti

Physical characteristics

El Misti is a 5822 m high stratovolcano of Holocene age, located above Arequipa, ~17 km NE of the city
center, which is built up on its lowermost western slopes (approximately 3500 m lower than the volcano
summit). Its volcanic products cover an area of ~ 89 km? and the main edifice has an estimated volume of

70-83 km? (De Silva and Francis, 1990, 1991; Thouret et al., 2001; Grosse et al., 2014, 2018).

Several geological (De Silva and Francis, 1990, 1991; Gonzalez-Ferran, 1995; Tort and Finizola, 2005;
Grosse et al., 2014, 2018; Bernard et al., 2017), petrographic (Ruprecht and Worner, 2007; Tepley et al.,
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2013; Rivera et al., 2017), fluid geochemistry (Birnie and Hall, 1974; Chavez Chavez, 1992; Finizola et al.,
2004; Moussallam et al., 2017), surface deformation (Pritchard and Simons, 2004; Gonzales, 2009),
geological evolution (Thouret et al., 2001; Paquereau et al., 2006), glaciological (Andrés et al., 2011),
geochronological (Ayala-Arenas et al., 2019), seismological (Pacheco and Sykes, 1992) and volcanic
hazards works (Legros, 2001; Delaite et al., 2005; Marifio et al., 2008; Cobeiias et al., 2012; Sandri et al.,
2014; Pallares et al., 2015; Charbonnier et al., 2020; Aguilar et al., 2021; Machacca et al., 2021; Aguilera

et al., 2022) have been carried out.
Eruption frequency

The GVP recognizes 22 Holocene eruptive periods with a maximum VEI registered of 4 (GVP, 2013). It is
monitored by CENVUL, with 6 permanent seismic stations, 2 scientific camera and 1 GNSS station (IGP,
2021); and OVI through GPS and seismic stations, video cameras and hot springs surveillance (OVI, 2021).

It is in the 3rd place of the relative volcanic risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

Although there is no trace of a partial sector collapse in the recent history of Misti, the steepness of the
present slopes (~30°), the height of the cone, and its location on the faulted edge of the Altiplano are
favorable factors for a slope failure (Legros, 2001). Currently it has no glaciers or any glacial or periglacial
landforms (Andrés et al., 2011). Data from the past 110 years reveal 12 tectonic unrest episodes, two unrest
episodes due to increased degassing, but no magmatic unrest (Sandri et al., 2014). No ground deformation
was detected at El Misti during InSAR surveys of the edifice between 1992 and 2002 (Pritchard and Simons,
2004) nor between 2006 and 2009 (Gonzales, 2009). The current fumarolic activity has persisted since at
least 1787 (Thouret et al., 2001). A persistent thermal anomaly of ~+6 K has been identified at the summit
in ASTER thermal infrared images from 2000 to 2010 (Moussallam et al., 2017 and references therein).

According to the volcanic hazard map of Marifio et al. (2008) and the geological survey carried out in
Legros (2001) the four primary volcanic processes of El Misti volcano, which would be the most likely to

occur in the event of an eruption, are tephra fallout, pyroclastic flows, lahars, and debris avalanches.
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1.10 Ubinas

Physical characteristics

Ubinas is a 5672 m high stratovolcano of Holocene age (Thouret et al., 2005), located ~ 70 km E of
Arequipa city in the Moquegua Region, Pert (Del Carpio and Torres, 2020). It has a truncated appearance
due to a large summit crater; its volcanic products cover an area of 58-65 km? and the main edifice has an
estimated volume of 22-56 km? (De Silva and Francis, 1990; Thouret et al., 2005; Rivera et al., 2010;
Grosse et al., 2014, 2018).

Several geological (Bullard, 1962; De Silva and Francis, 1990, 1991; Gonzalez-Ferran, 1995; Thouret et
al., 2005; Rivera et al., 2010; Grosse et al., 2014, 2018), petrographic (Rivera et al., 2014; Samaniego et
al., 2020), fluid geochemistry (Cruz et al., 2009, 2019), thermal anomalies (Coppola et al., 2015),
geological evolution (Thouret et al., 2005; Lavallée et al., 2009), seismological (Del Carpio and Torres,
2020) and volcanic hazards works (Marifio et al., 2006; Rivera et al., 2008, 2010, 2011; Marifio et al., 2017;
Del Carpio and Tavera, 2019; Aguilar et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) have been

carried out.
Eruption frequency

Ubinas is considered the most active volcano of Peru, with an average of seven eruptions (VEI 2-3) per
century (Thouret et al., 2005; Rivera et al., 2014; Coppola et al., 2015). The Global Volcanism Program
recognizes 26 Holocene eruptive periods with maximum VEI registered of 5. It is monitored by both
CENVUL and OVI, with 6 permanent seismic stations, 2 scientific camera, 2 GNSS station and 3
inclinometers (IGP, 2021); and DOAS gas scanners, MultiGAS meter, GPS and seismic stations,
inclinometer, video surveillance cameras, ash gauges and hot springs (OVI, 2021). It is in the 4th place of

the relative volcanic risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

The geological setting, the presence of older sector collapse, recent flank failure episodes, and the extent of
the hydrothermal system downslope towards the south increase the probability of sector collapse (Gonzales
et al., 2014). During Dec-Apr, the upper part of the volcano is covered by a thin layer of snow (Marifio et
al., 2006) which could represent a primary lahar source as well as rainfall, as occurred in Jan-Feb 2016
(Marifio et al., 2017). There are records of observed seismic unrest from 2006 to the present (Del Carpio

and Torres, 2020) and 23 reported historical periods of unrest, most of them fumarolic or strong degassing
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episodes, between 1550-1996 (Rivera et al., 2010 and references therein). Throughout June (2019), SO,
emissions climbed to over 4,000 t/d, proximal VT swarms began to occur beneath the volcanic edifice, and
deformation measurements indicated a pressurization of the system. This ramp-up in activity culminated

with an explosive eruption on 19 July 2019 (Apaza et al., 2021).

According to the volcanic hazard map of Marifio et al. (2006) the most characteristic volcanic processes of
Ubinas volcano, which would be the most likely to occur in the event of an eruption, are tephra fallout,

pyroclastic flows, south flank collapse and emplacement of debris avalanche flows and lahar flows.

1.11 Huaynaputina

Physical characteristics

Huaynaputina is a 4850 m high stratovolcano of Holocene age, located ~75 km SE of Arequipa city in the
Moquegua Region (De Silva and Francis, 1990; Gonzalez-Ferran, 1995). It does not have the typical
stratovolcano shape, only an extensive plateau is observed (4500 m.a.s.l.) that presents three openings or

craters adjoining the edges of a deep valley (Macedo et al., 2016).

Several geological (Bullard, 1962; De Silva and Francis, 1990, 1991; Gonzalez-Ferran, 1995; Cueva et al.,
2018), petrographic (Costa et al., 2003; Dietterich and de Silva, 2010), fluid geochemistry (Cruz et al.,
2019), surface deformation (Morales Rivera et al., 2016), structural (Lavallée et al., 2006, 2009), geological
evolution (Thouret et al., 1996, 1997, 1999; Adams et al., 2001), geochronological (Juvigné et al., 2008;
Fei and Zhou, 2009), seismological (Antayhua et al., 2011, 2013; Centeno and Rivera, 2020) and volcanic
hazards works (De Silva and Zielinski, 1998; Degg and Chester, 2005; Verosub and Lippman, 2008;
Macedo et al., 2016; Fei et al., 2016; Slawinska and Robock, 2018; Prival et al., 2020; Aguilar et al., 2021;
Machacca et al., 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Is a relatively inconspicuous volcano that was the source of the largest historical eruption of South America
in 1600 CE (GVP, 2013). The Global Volcanism Program recognizes 2 Holocene eruptive periods with
maximum VEI registered of 6 (GVP, 2013). It is monitored by CENVUL, with 3 permanent seismic stations
and 1 inclinometer (IGP, 2021), and it is in the 8th place of the relative volcanic risk ranking of Peruvian

volcanoes (Macedo et al., 2016).
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Hazard types

It suffered a partial sector collapse of its E flank and directed towards the Rio Tambo Canyon (Lavallée et
al., 2009; Prival et al., 2020). Currently there are not primary sources for lahars, however they can occur,
especially the post-eruptive type although sin-eruptive lahars can also be triggered, as was the case of the
Tambo River in 1600 (Cueva et al., 2018). No ground deformation was detected at Huaynaputina during a
regional ALOS survey of CVZ (Morales Rivera et al., 2016). Seismic activity from Huaynaputina alerted
the local population and led to a volcanological investigation from May-Oct 2010. No seismic activity was
recorded around the amphitheater and appeared to be associated mainly with the faults and lineaments in
the region (Antayhua et al., 2011). In the summit area, the existence of a hydrothermal system is evidenced
with fumarolic gases located inside the crater ranging from 51.8 to 78.7 °C (Antayhua et al., 2013).
Likewise, there are hot springs located 10 to 14 km SE from the crater, which arise in the valley of the
Tambo river with temperatures between 22.6 - 61.3 °C, and 20 to 22 km to the W with temperatures between
44.1 - 81 °C (Cruz et al., 2019).

According to the geological maps of the sectors of Calicanto and Chimpapampa and the geological survey
carried out in Cueva et al. (2018) the most characteristic volcanic processes of Huaynaputina volcano,
which would be the most likely to occur in the event of an eruption are tephra fallout, pyroclastic density

currents, lava flows and lahars.

1.12 Ticsani

Physical characteristics

Ticsani is a 5408 m high Stratovolcano (GVP, 2013; Macedo et al., 2016; Aguilera et al., 2022) of Holocene
age, located ~ 59 km NW of the Moquegua city, in the Moquegua Region of Peru (Apaza et al., 2015). It
is made up of a complex of domes, three of which are located inside a horseshoe-shaped avalanche caldera
(Cruz, 2020); the "gray Ticsani" pumice fall deposit is the most voluminous tephra fallout from Ticsani, its
1-cm isopach covers an area of about 806 km?, and the “old Ticsani” debris avalanche deposits has an

estimated volume of ~ 12 km* (Marifio and Thouret, 2003).

Several geological (Gonzalez-Ferran, 1995; Thouret et al., 2002; Marifio and Thouret, 2003), fluid
geochemistry (Byrdina et al., 2013; Apaza et al., 2015), surface deformation (Gonzalez-Ferran, 1995; Jay
et al., 2013; Morales Rivera et al., 2016), seismological (Holtkamp et al., 2011; Cruz, 2020) and volcanic
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hazards works (Macedo et al., 2016; Cruz et al., 2018; Prival et al., 2020; Aguilar et al., 2021; Machacca et
al., 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

According to Cruz (2020), Ticsani is an active volcano that has had at least three subplinian and
phreatomagmatic eruptions in the last 10,000 years. The Global Volcanism Program recognizes 1 Holocene
eruptive period (GVP, 2013), and a maximum VEI of 2-3 (Cruz, 2020). It is monitored by both CENVUL
and OVI, with 5 permanent seismic stations, 1 scientific camera, and 1 inclinometer (IGP, 2021); and 3
seismic stations, 1 video surveillance camera, 2 GNSS station, and hot springs gauges (OVI, 2021). It is in

the 9th place of the relative volcanic risk ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

Ticsani suffered a partial sector collapse (Cruz, 2020). This debris avalanche reached the confluence of the
Tambo and Omate rivers (~ 44 km), turned into a lahar and moved along the Tambo River to the Pacific
Ocean, covering more than 150 km (Marifio and Thouret, 2003). Currently, lahars could be generated from
the voluminous deposits of debris avalanches (Marifio and Thouret, 2003). No deformation was detected
during a regional ALOS survey (Morales Rivera et al., 2016), but deformation measurements carried out in
2005 identified two deformation zones (Jay et al., 2013; Gonzales et al., 2006). Unrest is reported in 2018
(Prival et al., 2020). There are records of an earthquake swarm in 2005 (Holtkamp et al., 2011). Two
fumaroles are located near the summit (Byrdina et al., 2013), and an important hydrothermal activity is
observed in the area (Cruz et al., 2018) with 5-10 hot springs that sprout in its surroundings (Apaza et al.,
2015).

According to Macedo et al. (2016) a potential reactivation would pose risk to the surrounding villages and
numerous hamlets, located to the W and SW within a 12 km radius of the volcano, where more than 5,000
people live. The most characteristic volcanic processes, which would be the most likely to occur in the

event of an eruption, are tephra fallout, lahars, and eventually pyroclastic flows and lava flows.
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1.13 Tutupaca

Physical characteristics

Tutupaca is a 5801 m high stratovolcano of Holocene age, located ~60 km E of Moquegua city and 105 km
N of Tacna city in Perti (Centeno and Rivera, 2020). Its volcanic products cover an area of ~ 60 km? and

the main edifice has an estimated volume of ~ 13 km?* (De Silva and Francis, 1990; Grosse et al., 2014).

Several geological (Bullard, 1962; De Silva and Francis, 1990, 1991; Gonzalez-Ferran, 1995; Grosse et al.,
2014; Valderrama et al., 2016, 2018), petrographic (Manrique et al., 2020), fluid geochemistry (Apaza et
al., 2015), surface deformation (Morales Rivera et al., 2016), geological evolution (Manrique, 2013;
Valderrama et al., 2014, 2015; Samaniego et al., 2015; Marifio et al., 2019; 2021), seismological (Centeno
and Rivera, 2020) and volcanic hazards works (Fidel and Zavala, 2001; Marifio et al., 2019; Aguilar et al.,
2021; Machacca et al., 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Eastern Tutupaca (5815 m above sea level) is the youngest edifice, constructed on top of the hydro thermally
altered basal Tutupaca edifice (Marifio et al., 2019). It is composed of at least seven coalescent domes of
dacitic composition that are not affected by Pleistocene glaciations, suggesting a Holocene age (Manrique
etal., 2020). The Global Volcanism Program recognizes 5 Holocene eruptive periods with a maximum VEI
registered of 4 (GVP, 2013), and it is monitored by CENVUL, with 3 permanent seismic stations and 1
inclinometer (IGP, 2021). It is in the 7th place of the relative volcanic risk ranking of Peruvian volcanoes

(Macedo et al., 2016).
Hazard types

It suffered a partial sector collapse of its N flank, directed towards the NE (De Silva and Francis, 1990;
Samaniego et al., 2015; Valderrama et al., 2016) and currently the conditions of height, humidity,
precipitation and snow cover in the Tutupaca are similar to the Ampato-Sabancaya, Ubinas and Misti
volcanoes (Marifio et al., 2019), which could represent primary lahar sources. No ground deformation was
detected at Tutupaca during a regional ALOS survey of Central Andes Volcanoes (Morales Rivera et al.,
2016). There are no records of observed seismic unrest, however, the presence of fumaroles located in the
Tutupaca Este building, which present temperatures of up to 58.8 °C (Marifio et al., 2019) and 2 hot springs

in its surroundings make it a potentially active volcano (Apaza et al., 2015).

21



UNIVERSITE F 7 m _ SECTOR ENERGIA Y MINAS

DEGENEVE ~  SIamsast o  Senicotaciona K/\:/-Segem%% RINGEMMET

, FONDO NAZIONALE SVIZZERO de Geologiay - -
FACULTE DES SCIENCES Swiss NATIONAL SCIENCE FOUNDATION Mineria INSTITUTO GEOLOGICO, MINERO Y METALURGICO

According to the geological and volcanic hazard map (Marifio et al., 2019) the most characteristic volcanic
processes of Tutupaca volcano, which would be the most likely to occur in the event of an eruption, are

lava flows, pyroclastic flows, tephra fallout, debris avalanche and lahars.

1.14 Yucamane

Physical characteristics

Yucamane is a 5495 m high stratovolcano of Holocene age, located ~11 km NE of Candarave town in the
Tacna Region, Pert (Rivera and Marifio, 2004). Its volcanic products cover an area of 45-77 km? and the
main edifice has an estimated volume of 21-26 km? (De Silva and Francis, 1990; Grosse et al., 2014; Rivera

etal., 2018).

Several geological (Jaén, 1965; De Silva and Francis, 1990, 1991; Gonzalez-Ferran, 1995; Grosse et al.,
2014), petrographic (Morche and De la Cruz, 1994), fluid geochemistry (INGEMMET and
ELECTROPERU, 1994; Cotrina et al., 2009; Cruz et al., 2010), surface deformation (Morales Rivera et al.,
2016), geological evolution (De la Cruz and De la Cruz, 2001), geochronological (Vela et al., 2014; Rivera
et al., 2019, 2020), and volcanic hazards works (Fidel et al., 1997; Fidel and Huamani, 2001; Rivera and
Marifio, 2004; Rivera et al., 2018; Aguilar et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) have

been carried out.
Eruption frequency

The Global Volcanism Program recognizes 1 Holocene eruptive period with maximum VEI registered of 5
(GVP, 2013). It is monitored by CENVUL, with 3 permanent seismic stations, 1 scientific camera and 2
inclinometers (IGP, 2021); and it is in the 5th place of the relative volcanic risk ranking of Peruvian

volcanoes (Macedo et al., 2016).
Hazard types

It suffered a partial sector collapse generating debris-avalanche deposits that extends more than 12 km to
the S, SE, and E (Rivera et al., 2018). During Jan, Feb, Mar and Jun, a large part of Yucamane is practically
covered with ice and snow and during Dec-Apr, there are abundant rains that consequently generate or
accelerate landslides which represents primary lahar sources (Rivera et al., 2018). No deformation was

detected at Yucamane during a regional ALOS survey of Central Andes Volcanoes (Morales Rivera et al.,
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2016). There are no records of observed seismic unrest but fumarolic and magmatic degassing (Fidel and
Huamani, 2001; Cruz et al., 2010). Fumaroles have been located in its crater, as well as hot springs, with
temperatures between 20-86 °C (Fidel and Huamani, 2001). Stable isotopes 6180 and 8D relationship
proves that the thermal waters are coming up from a mixing of meteoric and magmatic waters (Cruz et al.,

2010).

According to the geological maps and surveys carried out in the Tarata Quadrangle (Jaén, 1965; De la Cruz
and De la Cruz, 2001) and volcanic hazard maps of Yucamane volcano (Fidel and Huamani, 2001; Rivera
and Marifio, 2004; Rivera et al., 2018) the most characteristic volcanic processes, which would be the most
likely to occur in the event of an eruption, are tephra fallout, pyroclastic flows, lahars, debris avalanche and

lava flows.

1.15 Purupuruni

Physical characteristics

Purpuruni is a 5315 m high dome complex of probable Holocene age, located ~ 48 km NW of the Chilean
border in the Tacna Region, Peru (Bromley et al., 2019). It consists of a set of dacitic domes, a sequence of

pyroclastic density currents, and its volcanic products cover an area of 20 km? (Vargas et al., 2012).

It is very scarcely investigated, only a few geological (Mendivil, 1965), fluid geochemistry (Vargas et al.,
2012), surface deformation (Morales Rivera et al., 2016), seismological (Velarde et al., 2020),
geochronological (Bromley et al., 2019) and volcanic hazards works (Macedo et al., 2016; Aguilar et al.,
2021; Machacca et al., 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Purupuruni, it is in the list of
Pleistocene volcanoes (GVP, 2013). However, a lava dome aged at 5.3 ka was reported in Bromley et al.
(2019). It is not monitored and it is in the 13th place of the relative volcanic risk ranking of Peruvian

volcanoes (Macedo et al., 2016).
Hazard types

According to Macedo et al. (2016) it has not flank collapse potential nor characteristics which could

represent primary lahar sources. No deformation was detected at Purupuruni during a regional ALOS survey
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of Central Andes Volcanoes (Morales Rivera et al., 2016). There are not records of observed seismic unrest,
nor fumarolic and/or magmatic degassing (Macedo et al., 2016). However, between April to July 2020,
many earthquakes were recorded with epicenters distributed between the Domes of the Purupuruni volcano
due to the temporary reactivation of the Pacollo fault (Velarde et al., 2020), which according to Velarde et
al. (2020), would have generated pressure and altered the internal fluids present in the hot springs located

south of the crater of the volcano.

Following Vargas et al. (2012), the main volcanic processes of Purupuruni, which would be the most likely

to occur in the event of an eruption, are lava domes, pyroclastic density currents and lava flows.

1.16 Casiri

Physical characteristics

Casiri is a 5650 m high stratovolcano of Holocene age, it is located ~25 km from the Tacora volcano, close
to the border with Chile (Macedo et al., 2016). Its volcanic products cover an area of ~ 20 km?* and the main

edifice has an estimated volume of 3-7 km? (De Silva and Francis, 1990; Grosse et al., 2014).

There are few geological (Mendivil, 1965; Fidel et al., 1997b; De Silva and Francis, 1990, 1991; Monge
and Cervantes, 2000), fluid geochemistry (Cruz et al., 2020), surface deformation (Morales Rivera et al.,
2016), geochronological (Bromley et al., 2019), and volcanic hazards works (Macedo et al., 2016; Aguilar
et al., 2021; Machacca et al., 2021; Aguilera et al., 2022) that have been carried out.

Eruption frequency

There are no reports of historic or current activity (De Silva and Francis, 1990, 1991) and the Global
Volcanism Program is not aware of any Holocene eruptions from Casiri (GVP, 2013). However, due to
evidence of postglacial activity found in two lava flows from the youngest cone, the volcano is considered
to be potentially active (De Silva and Francis, 1990, 1991). It is monitored by CENVUL, with 2 permanent
seismic stations, and 1 inclinometer (IGP, 2021); and it is in the 11th place of the relative volcanic risk

ranking of Peruvian volcanoes (Macedo et al., 2016).
Hazard types

The vent itself has been breached to the south, probably due to dome collapse flows, as indicated by a thick

apron of pyroclastic deposits on the slopes below (Bromley et al., 2019) and currently there are not
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characteristics which could represent primary lahar sources. No deformation was detected at Nevados Casiri
during a regional ALOS survey of Central Andes Volcanoes (Morales Rivera et al., 2016). There are no
records of observed seismic unrest and volcanic manifestations are sulfur deposits, solfataras and thermal
springs (Mendivil, 1965). The heat source for the Casiri- Kallapuma geothermal zone is attributed to the

Casiri-Paucarani volcanic complex, whose magmatic activity could be less than 1 Ma (Cruz et al., 2020).

There is no more information or reports of historical activity at Casiri, but according to the volcanic risk
assessment report in south of Peru (Macedo et al., 2016), the most characteristic volcanic processes which
would be the most likely to occur in the event of an eruption, are pyroclastic flows, extrusion of domes, and

lava flows.

1.17 Tacora

Physical characteristics

Tacora is a 5980 m high stratovolcano of Holocene age, located ~100 km NE of Arica city in the Arica'y
Parinacota Region, close to the Peruvian border (GVP, 2013). It is the northernmost volcano of Chile, its
volcanic products cover an area of ~ 30 km? and the main edifice has an estimated volume of 9-27 km?

(Grosse et al., 2014; Aravena et al., 2015).

Several geological (Casertano, 1963; Gonzalez-Ferran, 1995; De Silva and Francis, 1991; Contreras, 2013;
Grosse et al.,, 2014; Aravena et al., 2015), petrographic (Douglas, 1914; Montecinos, 1970), fluid
geochemistry (Aguilera, 2008; Capaccioni et al., 2011), glaciological (Barcaza et al., 2017), surface
deformation (Morales Rivera et al., 2016), geochronological (Garcia et al., 2012), geological evolution
(Salas et al., 1966; Worner et al., 2000), seismological (Clavero et al., 2006; Pavez et al., 2019) and volcanic
hazards works (Hantke, 1939; Lara et al., 2011; Amigo et al., 2012; Barrientos, 2013; ONEMI Arica y
Parinacota, 2018; Amigo, 2021; Aguilera et al., 2022; SERNAGEOMIN, 2023) have been carried out.

Eruption frequency

Hot springs on the eastern side of the edifice and young lava flows on the southern flank apparently
overlying glacial valleys suggest possible Holocene activity (Gonzalez-Ferran, 1995). The Global

Volcanism Program recognizes 2 Holocene eruptive periods with no maximum VEI registered. It is not

25



UNIVERSITE i 71“ _ SECTOR ENERGIA Y MINAS

= FONDS NATIONAL SUISSE ici i A I
DE GENEVE SCHWEIZERISCHER NATIONALFONDS Sasvicio Nacional k/- [?L D x I N G E M M E
—_— FONDO NAZIONALE SVIZZERO de Geologiay L e emf‘% n

FACULTE DES SCIENCES Swiss NATIONAL SCIENCE FOUNDATION Mineria —

monitored, and it is in the 60th place of the last version of the Chilean volcanic risk ranking
(SERNAGEOMIN, 2023).

Hazard types

It suffered a partial sector collapse directed towards the south (Clavero et al., 2006) and currently the caldera
is covered by glaciers above ~5500 m and has active rock glaciers (Capaccioni et al., 2011; Barcaza et al.,
2017) which does not represents a primary lahar source for Tacora volcano (Lara et al., 2011). No ground
deformation was detected at Tacora during a regional ALOS survey of Central Andes Volcanoes (Morales
Rivera et al., 2016). There are records of observed seismic unrest (Clavero et al., 2006; Pavez et al., 2019)

and fumarolic and magmatic degassing (Lara et al., 2011; Capaccioni et al., 2011; Contreras, 2013).

According to the geological map of the Visviri - Villa Industrial charts (Garcia et al., 2012), the volcanic
hazard map “Peligros volcanicos de la zona norte de Chile” (Amigo et al., 2012) and the geological survey
carried out in Barrientos (2013) the most characteristic volcanic processes of Tacora volcano, which would
be the most likely to occur in the event of an eruption, are minor tephra fallout, pyroclastic flows, extrusion

of domes, volcanic avalanches, lahars and extrusion of blocky lavas.

1.18 Taapaca

Physical characteristics

Taapaca is a 5860 m high volcanic complex of Holocene age, located at the NE of the small town of Putre,
the principal settlement of the northern Chilean Altiplano (GVP, 2013). Its volcanic products cover an area
of 90-250 km? and the main edifice has an estimated minimum volume of 26-38 km? (Clavero et al., 2004;
Aravena et al., 2015; Grosse et al., 2014, 2018; SERNAGEOMIN, 2021).

Several geological (Gonzalez-Ferran, 1995; Kohlbach and Lohnert, 1999; Garcia et al., 2004; Aravena et
al., 2015; Grosse et al., 2014, 2018), petrographic (Douglas, 1914), fluid geochemistry (Inostroza et al.,
2020), geological evolution (Salas et al., 1966; Mufioz and Sepulveda, 1992; Muiioz and Charrier, 1996;
Garcia et al., 1999; Worner et al., 2000; Garcia, 2001), and volcanic hazards works (Amigo et al., 2012;
Clavero et al., 2004; Clavero and Sparks, 2005; Clavero, 2007; Lara et al., 2011; ONEMI Arica y
Parinacota, 2018; SERNAGEOMIN, 2021; Amigo, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency
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Taapaca had previously been considered an extinct volcanic complex (Salas et al., 1966). However, the
presence of numerous hot and sulphurous hot springs are indicating the existence of an important
hydrothermal activity, associated with the still active volcanic heat source (Gonzalez-Ferran, 1995). New
data indicate that Taapaca Volcanic complex is a dormant volcano, with a potential for future eruptions
(Clavero et al., 2004). The Global Volcanism Program recognizes 8 Holocene eruptive periods with no
maximum VEI registered. It is monitored by OVDAS (Observatorio Vulcanoloégico de los Andes del Sur,
SERNAGEOMIN, 2021), and it is in the 42nd place of the last version of the Chilean volcanic risk ranking
(SERNAGEOMIN, 2023).

Hazard types

At least three major edifice collapse events have produced debris-avalanche deposits, the youngest of which
underlies Putre. It thus represents a significant volcanic hazard to the town of Putre located at the base of
the volcano and built on Taapaca volcanic avalanche deposits (Worner et al., 2000). It does not have a
primary lahar source or registered seismic unrest, but it has records of ground deformation and fumarolic

and magmatic degassing (Lara et al., 2011).

According to SERNAGEOMIN (2021) a potential reactivation would be linked to the location of dacitic
domes and the subsequent generation of pyroclastic density currents that would affect the southwest flank

of the volcano (Amigo et al., 2012).

1.19 Parinacota

Physical characteristics

Parinacota is a 6336 m high stratovolcano of Holocene age, located at the southernmost part of the Nevados
de Payachata volcanic group along the Chile-Bolivia border (GVP, 2013). Its volcanic products cover an
area of 31-180 km? and the main edifice has an estimated minimum volume of 11-56 km? (Aravena et al.,
2015; Grosse et al., 2014, 2018; SERNAGEOMIN, 2021).

Several geological (Francis and Self, 1987; De Silva and Francis, 1991; Clavero et al., 2002; 2004; Stern
et al.,, 2007; Aravena et al., 2015; Grosse et al., 2014, 2018), petrographic (Davidson et al., 1990;
Entenmann, 1994), fluid geochemistry (Inostroza et al., 2020), geochronological (Hora et al., 2007; Séaez et
al., 2007; Guédron et al., 2019), geological evolution (Katsui and Gonzalez, 1968; Francis and Wells, 1988;
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Worner et al., 1988; Bourdon et al., 2000; Woérner et al., 2000), and volcanic hazard works (Lara et al.,
2011; Amigo et al., 2012; Clavero et al., 2012; Bertin and Amigo, 2013; ONEMI Arica y Parinacota, 2018;
Amigo, 2021; SERNAGEOMIN, 2021; Aguilera et al., 2022; Bertin et al., 2022) have been carried out.

Eruption frequency

Although no historical eruptions are known from Parinacota according to GVP (2023), Helium surface-
exposure dates have been obtained, giving ages between 1400 and 3000 years (Worner et al., 2000).
Additionally, according to the hazard map of Parinacota recently published, its last eruption would have
been in 1803 CE (Bertin et al., 2022). The Global Volcanism Program recognizes 6 Holocene eruptive
periods with a maximum VEI of 0. However, sediment cores collected in the W basin of Lake Chungara
show that many eruptions have occurred in the last 8 ka (Séez et al., 2007; Guédron et al., 2019) and
according to Clavero et al. (2004), PDC dating back 200 years would have been generated in a subplinian
eruption of VEI 4. Bertin et al. (2022) recognize at least 38 Holocene eruptions. It is monitored by OVDAS
(SERNAGEOMIN, 2021) and it is in the 17th place of the last version of the Chilean volcanic risk ranking
(SERNAGEOMIN, 2023).

Hazard types

Debris avalanche deposits produced by a sector collapse located to the west of Parinacota volcano have
been recognized (Francis and Self, 1987; Francis and Wells, 1988; Clavero et al., 2002; 2004). Since the
collapse, the activity of Parinacota has been characterized by the emission of lavas and the generation of
flows and pyroclastic fallout, of andesitic composition, in addition to short-range lahars, which have built
the current stratovolcano (Stern et al., 2007; Clavero et al., 2012). It should be noted that the permanent
cover of snow and ice above 5,500 m a.s.l. warns about the potential generation of lahars
(SERNAGEOMIN, 2021). There are records of seismic unrest (REAV Parinacota, 2020), while no ground

deformation nor fumarolic and magmatic degassing (Lara et al., 2011).

According to SERNAGEOMIN (2021) a future reactivation could correspond to a flank eruption in the S-
SW sector, with limited direct impact in the area, or an eruption in the main cone. Lava emissions and
pyroclastic currents could be directed in any direction and would directly or indirectly affect the
surrounding population. Pyroclastic emission in the atmosphere could spread to the east or west, depending

on the season of the year (Amigo et al., 2012).

28



UNIVERSITE i 71“ _ SECTOR ENERGIA Y MINAS

DE GENEVE FONDS NATIONAL SUISSE Servicio Nacional A A x G
_UE UWEINEVE SCHWEIZERISCHER NATIONALFONDS &/- segemfﬁi g I N E M M ET

" FONDO NAZIONALE SVIZZERO de Geologiay ' :
FACULTE DES SCIENCES Swiss NATIONAL SCIENCE FOUNDATION Mineria INSTITUTO GEOLOGICO, MINERO Y METALURGICO

1.20 Guallatiri

Physical characteristics

Guallatiri is a 6071 m high stratovolcano of Holocene age, located in the Arica and Parinacota Region,
northern Chile (GVP, 2013). Is the southernmost center of the Nevados de Quimsachata volcanic chain
(Garcia et al., 2004; Stern et al., 2007; Clavero et al., 2018) and is considered the third riskiest volcano in
northern Chile (SERNAGEOMIN, 2023). Its volcanic products cover an area of 27-292 km? and the main
edifice has an estimated volume of 7-86 km? (Grosse et al., 2014; Aravena et al., 2015; SERNAGEOMIN,
2021).

Several geological (De Silva and Francis, 1991; Garcia et al., 2004; Stern et al., 2007; Amigo and Bertin,
2013; Grosse et al., 2014; Aravena et al., 2015; Seynova et al., 2017; Clavero et al., 2018), petrographic
(Watts et al., 2014), fluid geochemistry (Aguilera, 2008; Glif} et al., 2018; Inostroza et al., 2018; Arratia,
2019; Inostroza et al., 2020a; 2020b), surface deformation (Pritchard and Simons, 2004), thermal anomalies
(Jay et al., 2013), geochronological (Watts, 2002; Montecinos, 2018), geological evolution (Sepulveda,
2018; Sepulveda et al., 2021), seismological (Henderson et al., 2012; Pritchard et al., 2014) and volcanic
hazards works (Lara etal., 2011; Amigo etal.,2012; SERNAGEOMIN, 2015, 2020a, 2020b, 2021; ONEMI
Arica y Parinacota, 2018; Jorquera et al., 2019; Reyes, 2019; Amigo, 2021; Reyes-Hardy et al., 2021;

Aguilera et al., 2022) have been carried out.
Eruption frequency

A morphologically youthful lava flow on the northern flank of Acotango suggest possible Holocene activity
(De Silva and Francis, 1991). The Global Volcanism Program recognizes 6 Holocene eruptive periods with
a maximum VEI of 2. However, according to Jorquera et al. (2019), a Plinian eruption (VEI 4-5) occurred
2.6 ka BP. It is monitored by OVDAS (SERNAGEOMIN, 2021) and it is in the 25th place of the last version
of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).

Hazard types

In the SW flank of the volcano, Clavero et al. (2018) recognized distal block and ash flow deposits, although
the lack of pyroclastic deposits and collapse scar suggests the absence of dome collapse (Walker et al.,
2013). It retains a permanent ice-cap over 5,800 m a.s.l. (Lara et al., 2011; Amigo et al., 2012; Seynova et
al., 2017; Jorquera et al., 2019) with a persistent and vigorous fumarolic activity steaming from two

fumarolic fields (Aguilera, 2008; Inostroza et al., 2020a, 2020b). No deformation was detected at Guallatiri
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during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons, 2004). There are also
thermal fluid emissions, the volcano exhibits continuous seismic activity (Pritchard et al., 2014;
SERNAGEOMIN, 2021), and according to ASTER images, it displays a permanent thermal hotspot
anomaly (Jay et al., 2013).

A potential reactivation could be associated with the emplacement of lava flows or lava domes. A major
explosive eruption would cause tephra fallout in distant areas even hundreds of kilometers (Amigo et al.,
2012).

1.21 Tata Sabaya

Physical characteristics

Tata Sabaya is a 5430 m high stratovolcano of Holocene age, located above the northern end of the Salar
de Coipasa in the Altiplano of Bolivia (GVP, 2013). It is a high-K andesitic, composite-cone, that was built
in at least four stages, and is the only one with Holocene activity which is not on the border with another
country (De Silva et al., 1993). Its volcanic products cover an area of ~ 37 km? and the main edifice has an

estimated volume of ~ 10 km? (Grosse et al., 2014).

It is a scarcely investigated volcano, some geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995;
Clavero et al., 2006; Grosse et al., 2014), petrographic (Deruelle and Brousse, 1984), surface deformation
(Pritchard and Simons, 2004), geological evolution (Francis and Wells, 1988; De Silva et al., 1993; Godoy

et al., 2012), and volcanic hazard works (Aguilera et al., 2022) have been carried out.
Eruption frequency

The present volcanic edifice has been rebuilt since a major cone collapse event ~ 12,000 years ago (De
Silva et al., 1993) and since there are no moraines on the volcano, the subsequent healing events appear to
have taken place after the Pleistocene Andean glaciation (Francis and Wells, 1988). Thus, despite the lack
of reliable records of its eruptive activity in the last 10,000 years, Tata Sabaya has been classified as
potentially active by De Silva and Francis (1991). The Global Volcanism Program is not aware of any

Holocene eruptions from Tata Sabaya and it is not monitored.
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Hazard types

It suffered a partial sector collapse directed towards the S, covering ~ 300 km? and reaching a distance of
more than 30 km (Francis and Wells, 1988; De Silva and Francis, 1991; Gonzalez-Ferran, 1995). Currently
there are not characteristics which could represent primary lahar sources. No deformation was detected at
Tata Sabaya during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons, 2004).

There are not records of observed seismic unrest nor fumarolic or magmatic degassing.

According to the geological surveys carried out in Tata Sabaya (Francis and Wells, 1988; De Silva and
Francis, 1991; De Silva et al., 1993; Gonzalez-Ferran, 1995; Clavero et al., 2006; Godoy et al., 2012) the
most characteristic volcanic processes which would be the most likely to occur in the event of an eruption,

are lava domes and flows, pyroclastic flows and debris avalanches.

1.22 Isluga

Physical characteristics

Isluga is a 5501 m high stratovolcano of Holocene age, located ~ 7 km W of the Chile-Bolivia border (GVP,
2013). It has a well-preserved, 400-m-wide summit crater at the western end of the elongated, snow-covered
summit region (De Silva and Francis, 1991). Its volcanic products cover an area of 62-214 km? and the
main edifice has an estimated volume of 15-113 km?® (Grosse et al., 2014; Aravena et al., 2015;

SERNAGEOMIN, 2021).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014; Aravena et al.,
2015), petrographic (Cascante et al., 2012), surface deformation (Pritchard and Simons, 2004), thermal
anomalies (Jay et al., 2013), geochronological (Worner et al., 2000), seismological (Henderson et al., 2012;
Pritchard et al., 2014) and volcanic hazards works (Sapper, 1917; Casertano, 1963; Petit-Breuilh, 2004;
Céspedes et al., 2004; Lara et al., 2011; Amigo et al., 2012; Bertin and Amigo, 2013; ONEMI Tarapaca,
2017; SERNAGEOMIN, 2023, 2021; Amigo, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Activity from the summit crater was reported in the 19th and 20th centuries (Casertano, 1963). The Global

Volcanism Program recognizes 8 Holocene eruptive periods with maximum VEI registered of 2 (GVP,
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2013). It is monitored by OVDAS (SERNAGEOMIN, 2021), and it is in the 41st place of the last version
of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).

Hazard types

It suffered a partial sector collapse directed towards the NW (Cascante et al., 2012) and currently it has
flank collapse potential but not to generating lahars (Lara et al., 2011). No deformation was detected at
Isluga during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons, 2004).
According to Lara et al. (2011) there are no records of observed seismic unrest but Pritchard et al. (2014)
reported an increase in seismicity and change in event locations in 2012 along with an increase in the
temperature of a satellite hotspot. There are records of fumarolic activity in the central crater and about 150
m below the crater towards the SW (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Lara et al., 2011).

According to ASTER images, it displays a permanent thermal hotspot anomaly (Jay et al., 2013).

A reactivation of the Isluga volcano could be related to the emission of short-range lava flows and the
generation of pyroclastic density currents towards the north, west and south flanks, which could affect
wetlands near Aravilla and Enquelga (Amigo et al., 2012). Occasional pyroclastic fallouts could affect the
towns of Isluga, Colchane and sectors around the international route CH-15 (SERNAGEOMIN, 2021).

1.23 Irruputuncu

Physical characteristics

Irruputuncu is a 5165 m high stratovolcano of Holocene age, located in the Chile-Bolivia border (De Silva
and Francis, 1991; Gonzalez-Ferran, 1995). It has two craters, the southernmost of which is fumarolically
active and produces an ~200-m-high plume (Tassi et al., 2011). Its volcanic products cover an area of 14-
44 km? and the main edifice has an estimated volume of 3-12 km® (Grosse et al., 2014, 2018;
SERNAGEOMIN, 2021).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Stern et al., 2007; Grosse et al.,
2014, 2018), petrographic (Rodriguez et al., 2015), fluid geochemistry (Aguilera, 2008; Tassi et al., 2011;
Pizarro et al., 2012), surface deformation (Pritchard and Simons, 2004), thermal anomalies (Jay et al.,
2013), geochronological (Wdrner et al., 2000), seismological (Henderson et al., 2012; Pritchard et al., 2014)
and volcanic hazards works (Casertano, 1963; Petit-Breuilh, 2004; Lara et al., 2011; Amigo et al., 2012;
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Aguilera, 2008; Bertin and Amigo, 2013a; ONEMI Tarapaca, 2017; Amigo, 2021; Aguilera et al., 2022)

have been carried out.
Eruption frequency

The first unambiguous historical eruption from Irruputuncu took place in November 1995, when phreatic
explosions produced dark ash clouds (Stern et al., 2007). The Global Volcanism Program recognizes 2
Holocene eruptive periods with maximum VEI registered of 2. It is monitored by OVDAS
(SERNAGEOMIN, 2021), and it is in the 45th place of the last version of the Chilean volcanic risk ranking
(SERNAGEOMIN, 2023).

Hazard types

It suffered a partial sector collapse directed towards the SW (De Silva and Francis, 1991) and currently it
has flank collapse potential but not to generating lahars (Lara et al., 2011). No deformation was detected at
Irruputuncu during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons, 2004).
There are records of observed seismic unrest and fumarolic and magmatic degassing (Lara et al., 2011;
Pritchard et al., 2014). A thermal spring located 13 km west of the volcano disappeared after an earthquake
(Mw 7.9) occurred in this area on June 13, 2005 (Tassi et al., 2011). The source of fluids present in the
volcano is mainly dominated by magmatic origin (Aguilera, 2008) and shows permanent degassing activity,
mainly through its central summit (Stern et al., 2007). According to ASTER images, it displays small
thermal anomaly hotspots (Jay et al., 2013).

A reactivation of the Irruputuncu volcano would be associated to emission of lava flows or lava domes, as
well as pyroclastic density currents and tephra fallout (Amigo et al., 2012). There are no towns near this
eruptive center, however an important industrial movement is developing in the vicinity of its western flank,

linked to large-scale mining activities (SERNAGEOMIN, 2021).

1.24 Olca-Paruma

Physical characteristics

Olca-Paruma is a 5450 m high volcanic complex of Holocene age, located in the Chile-Bolivia border (De
Silva and Francis, 1991; Gonzélez-Ferran, 1995). It is formed by a 15-km-long E-W ridge comprised of

several stratovolcanoes with Holocene lava flows (GVP, 2013), its volcanic products cover an area of ~80-
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2227 km? and the main edifice has an estimated volume of 19-74 km? (De Silva and Francis, 1991; Grosse
etal., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014), fluid
geochemistry (Aguilera, 2008; Reyes et al., 2011; Tassi et al., 2011), surface deformation (Pritchard and
Simons, 2004), thermal anomalies (Jay et al., 2013), geological evolution (Navas, 2019), seismological
(Pritchard et al., 2014) and volcanic hazards works (Casertano, 1963; Lara et al., 2011; Amigo et al., 2012;
Orozco and Bertin, 2013; ONEMI Tarapaca, 2017; Amigo, 2021; Aguilera et al., 2022) have been carried

out.

Eruption frequency

The only known historical activity from the Olca-Paruma volcanic complex was a flank eruption of
unspecified character between 1865 and 1867 (GVP, 2013). The Global Volcanism Program recognizes 1
Holocene eruptive period without maximum VEI registered. It is monitored by OVDAS
(SERNAGEOMIN, 2021), and it is in the 61st place of the last version of the Chilean volcanic risk ranking
(SERNAGEOMIN, 2023).

Hazard types

Currently it has flank collapse potential but not to generating lahars (Lara et al., 2011). No deformation was
detected at Olca-Paruma during a regional InSAR survey of Central Andean Volcanoes (Pritchard and
Simons, 2004). There are no records of observed seismic unrest (Lara et al., 2011), although according to
Pritchard et al. (2014) it had three potential swarms in 2010. The majority of other potential swarms for
Olca were ruled out as they were probably associated with mining (Pritchard et al., 2014). There are records
of fumarolic and magmatic degassing (Lara et al., 2011). The present fumarolic activity of Olca began
within the last ~60 years. At present, the main fumarolic field is restricted to the dome within the summit
crater (Tassi et al., 2011). According to ASTER images, it displays small thermal anomaly hotspots (Jay et
al., 2013).

A reactivation of this complex would be mainly associated with the emission of andesitic to dacitic lavas
as well as low explosive activity (Amigo et al., 2012). An important industrial movement is developing in
the vicinity of its W flank linked to large mining activities (Coposa aerodrome and the Collahuasi
thermoelectric plant) and therefore, there are mining settlements inhabited practically all year round
(SERNAGEOMIN, 2021).
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1.25 Aucanquilcha

Physical characteristics

Aucanquilcha is a 6176 m high stratovolcano of Pleistocene age (GVP, 2013), located at the center of a
geomorphologically distinct cluster of around 20 volcanic centers in the Antofagasta Region, Chile, just
west of the border with Bolivia (Walker et al., 2013). Located wholly within northern Chile, Aucanquilcha
volcano was the site of the world's highest mine (sulphur) and permanent human habitation (De Silva and
Francis, 1991) which finally closed its last camp in 1992: Amincha (Rivera, 2019). Its volcanic products
cover an area of 64-700 km? and the main edifice has an estimated volume of 24-327 km® (Aravena et al.,

2015; Grosse et al., 2014, 2018).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Aravena et al., 2015; Grosse et al.,
2014, 2018), petrographic (Walker et al., 2013), glaciological (Barcaza et al., 2017), surface deformation
(Pritchard and Simons, 2004), thermal anomalies (Jay et al., 2013), geochronological (Wd&rner et al., 2000;
Grunder et al., 2006; Klemetti and Grunder, 2008), geological evolution (Francis and Wells, 1988; Walker
et al., 2010), and volcanic hazards works (Lara et al., 2011; Amigo et al., 2012; Amigo, 2021; Aguilera et

al., 2022) have been carried out.
Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Aucanquilcha, it is in the list
of Pleistocene volcanoes and presently displays fumarolic activity (GVP, 2013). It is not monitored, and it

is in the 71st place of the last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).
Hazard types

It suffered a partial sector collapse directed towards the W side of the edifice (Klemetti and Grunder, 2008).
Currently it has flank collapse potential but not to generating lahars (Lara et al., 2011), although large rock
glaciers have been observed (Barcaza et al., 2017) and according to Gonzalez-Ferran (1995), the upper part
of the volcano and part of the chain are permanently covered by ice, which constitutes a potential risk of
avalanches in the event of a possible eruptive reactivation. No deformation was detected at Aucanquilcha
during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons, 2004). There are no
records of observed seismic unrest (Lara et al., 2011), a feeble fumarolic activity persist to the present day
(De Silva and Francis, 1991), and according to (Jay et al., 2013) it has potential hotspots that merit further
study.
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Despite the lack of reliable records of its eruptive activity in the last 10,000 years, Aucanquilcha is
considered potentially active (De Silva and Francis, 1991), because of its youthful morphology and faint
steam emission in defunct sulphur mine workings near the summit (Grunder et al., 2006). Since 2011 the
Aucanquilcha volcano is considered a geologically active and potentially dangerous volcano, with very low
specific risk level (Lara et al., 2011). A reactivation of this complex would be mainly associated with the

emission of lavas as well as low explosive activity (Amigo et al., 2012).

1.26 Ollagiie

Physical characteristics

Ollagiie is a 5863 m high stratovolcano of Pleistocene age, located in the Chile-Bolivia border (GVP, 2013).
It has a truncated appearance due to a large summit crater. Its volcanic products cover an area of 113-260
km? and the main edifice has an estimated volume of 43-181 km? (Aravena et al., 2015; Grosse et al., 2014,

Grosse et al., 2018; SERNAGEOMIN, 2021).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Aravena et al., 2015; Grosse et al.,
2014, 2018), petrographic (Thorpe, 1984; Feeley et al., 1993; Feeley and Davidson, 1994; Mattioli et al.,
20006), fluid geochemistry (Rojas, 2019), surface deformation (Tibaldi et al., 2006; Vezzoli et al., 2008),
thermal anomalies (Jay et al., 2013), geochronological (Worner et al., 2000), geological evolution (Francis
and Wells, 1988; Clavero et al., 2004c; Ureta et al., 2019), seismological (Clavero et al., 2006; Henderson
etal., 2012a; Pritchard et al., 2014) and volcanic hazards works (Casertano, 1963; Petit-Breuilh, 2004; Lara
et al.,, 2011; Amigo et al., 2012; Bertin and Orozco, 2013; ONEMI Antofagasta, 2019; Amigo, 2021;

Aguilera et al., 2022) have been carried out.
Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Ollagiie and it is in the list of
Pleistocene volcanoes (GVP, 2013). However, there are suggestions of unconfirmed historical eruptions
thought to have been mistaken for intense fumarolic activity (Feeley et al., 1993; Petit-Breuilh, 2004) and
a parasitic Holocene scoria cone, La Poruiiita was erupted through its debris-avalanche (Thorpe, 1984;
Gonzalez-Ferran, 1995). It is monitored by OVDAS (SERNAGEOMIN, 2021), and it is in the 66th place
of the last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).
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Hazard types

It suffered a partial sector collapse of its SW flank, the deposits extended W from the volcano and separated
the Salar de San Martin from the Salar de Ollagiic (De Silva and Francis, 1991). Currently it has flank
collapse potential but not to generating lahars (Lara et al., 2011). No deformation was detected at Ollagiie
during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons, 2004), while
according to Vezzoli et al. (2008) its volcanological evolution is characterized by four stages of volcano
building separated by three main events of deformation and collapse of the cone. There are records of
observed seismic unrest, fumarolic degassing and satellite thermal hotspots (Lara et al., 2011; Jay et al.,
2013; Pritchard et al., 2014). Thus, despite the lack of reliable records of its eruptive activity in the last

10,000 years, it is considered a potentially active volcano.

A reactivation of this volcano would be linked to the extrusion of domes or viscous lavas, with the possible
generation of pyroclastic density currents mainly directed towards the west flank (Amigo and Bertin, 2013).
A larger eruption, with a low probability of occurrence, could affect the town of Ollagiie

(SERNAGEOMIN, 2021).

1.27 Cerro del Azufre (Apacheta-Aguilucho)

Physical characteristics

Cerro del Azufre is a 5846 m high volcanic complex of Holocene age, located ~105 km NE and ~55 km
NW from the city of Calama and El Tatio Geothermal Field, respectively, in the Antofagasta Region of
Chile just west of the Bolivian border (Godoy et al., 2008). Is the largest and youngest volcanic center of a
complex volcanic chain with 100 km in length (Gonzalez-Ferran, 1995). Its volcanic products cover an area

of ~ 96 km? and the main edifice has an estimated volume of ~ 33 km?* (Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzélez-Ferran, 1995; Grosse et al., 2014), fluid
geochemistry (Tassi et al.,, 2010; Aguilera et al., 2020), thermal anomalies (Jay et al., 2013),
geochronological (Francis and Rundle, 1976; Urzta et al., 2002), geological evolution (Roobol et al., 1976;
Godoy et al., 2008; Rivera and Zavala, 2015), and volcanic hazards works (Lara et al., 2011; Amigo et al.,
2012; Amigo, 2021; Aguilera et al., 2022) have been carried out.
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Eruption frequency

It has two youthful-looking craters on the main edifice that could be Holocene and the postglacial silicic
domes on the E flank represent the most recent activity from this system (De Silva and Francis, 1991). The
Global Volcanism Program is not aware of any Holocene eruptions from Cerro del Azufre, but it is in the
list of Holocene volcanoes (GVP, 2013). It is not monitored and it is in the 77th place of the last version of

the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).
Hazard types

It has flank collapse potential but not to generating lahars (Lara et al., 2011). There are not records of ground
deformation or observed seismic unrest (Lara et al., 2011), but intense fumarolic activity without historical
eruptions (Aguilera et al., 2020). According to Jay et al. (2013) it has potential hotspots that merit further
study.

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, Cerro del Azufre volcano
is considered a geologically active and potentially dangerous volcano with low specific risk level at least
since 2011 (Lara et al., 2011). A reactivation of this center could correspond to a minor eruption, probably

of a phreatic type, with a local impact (Amigo et al., 2012).

1.28 San Pedro

Physical characteristics

San Pedro is a 6145 m high stratovolcano of Holocene age, located in the Antofagasta Region, ~ 35 km
away from the Chile-Bolivia border (Bertin and Amigo, 2015). San Pedro is composed of two superimposed
coalescent cones, denominated the “young cone” (~5971 m a.s.1.) and the “old cone” (~6149 m a.s.l.), where
the active fumarole is located (Francis et al., 1974; O’Callaghan and Francis, 1986). Its volcanic products
cover an area of 124-150 km? and the main edifice has an estimated volume of 40-56 km® (De Silva and

Francis, 1991; Grosse et al., 2014; Aravena et al., 2015; SERNAGEOMIN, 2021).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014; Aravena et al.,
2015), petrographic (Francis et al., 1974; Godoy et al., 2014), glaciological (Barcaza et al., 2017), surface
deformation (Pritchard and Simons, 2004), thermal anomalies (Jay et al., 2013), geochronological (Worner

et al., 2000; Delunel et al., 2016), geological evolution (O’Callaghan and Francis, 1986; Francis and Wells,
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1988), and volcanic hazards works (Casertano, 1963; Petit-Breuilh, 2004; Lara et al., 2011; Amigo and
Bertin, 2012; Amigo et al., 2012; Bertin and Amigo, 2015, 2019; ONEMI Antofagasta, 2019; Alcozer,
2020; Amigo, 2021; Aguilera et al., 2022; Alcozer-Vargas et al., 2022) have been carried out.

Eruption frequency

San Pedro is the only one in the area which has a record of historic activity (Casertano, 1963; Francis et al.,
1974). The Global Volcanism Program recognizes 10 Holocene eruptive periods with maximum VEI
registered of 2 (GVP, 2013). It is monitored by OVDAS (SERNAGEOMIN, 2021), and it is in the 36th
place of the last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).

Hazard types

It suffered a partial sector collapse which generated a large debris avalanche deposited to the western pampa
of the volcano (Gonzalez-Ferran, 1995). Currently it has flank collapse potential but not to generating lahars
(Laraet al., 2011), although large rock glaciers have been observed (Barcaza et al., 2017). No deformation
was detected at the San Pedro-San Pablo Volcanic Complex during a regional InSAR survey of Central
Andean Volcanoes (Pritchard and Simons, 2004). There are no records of observed seismic unrest but
fumarolic and magmatic degassing (Lara et al., 2011), and small thermal anomaly hotspots (Jay et al.,
2013).

According to the volcanic hazard maps (Amigo et al., 2012; Bertin and Amigo, 2015, 2019) and
SERNAGEOMIN (2021) the most characteristic volcanic processes of San Pedro volcano, which would be
the most likely to occur in the event of an eruption are tephra fallout, pyroclastic density currents, lava

flows, volcanic ballistic projectiles, and lahars.

1.29 Uturuncu

Physical characteristics

Uturuncu is a 6008 m high stratovolcano of Pleistocene age (Sparks et al., 2008), located in the Lipez area,
in the most southern part of the Bolivian Altiplano (Blard et al., 2014). It is the highest peak of SW Bolivia
and is part of a large regional cluster of volcanoes, nested calderas and ignimbrite sheets termed the
Altiplano-Puna volcanic complex (de Silva, 1989). Its volcanic products cover an area of 174 km? and the

main edifice has an estimated volume of 54 km® (Grosse et al., 2014).
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Several geological (Kussmaul et al., 1977; de Silva, 1989; Grosse et al., 2014), petrographic (Fernandez et
al.,, 1973; Sparks et al., 2008; Muir et al., 2014, 2015), glaciological (Alcala-Reygosa, 2017), fluid
geochemistry (Sunagua, 2004), surface deformation (Pritchard and Simons, 2002; Fialko and Pearse, 2012;
Henderson and Pritchard, 2013; Hickey et al., 2013;Gottsmann et al., 2017; Barone et al., 2019; Pritchard
etal., 2018; Morand et al., 2021), geochronological (Blard et al., 2014), geological evolution (Michelfelder
et al., 2014), seismological (Jay et al., 2012; Comeau, 2015; Comeau et al., 2015; Alvizuri and Tape, 2016;
Farrell et al., 2017; Kukarina et al., 2017; Maher and Kendall, 2018; McFarlin et al., 2018; MacQueen et
al., 2021; Hudson et al., 2022) and volcanic hazards works (Sanchez, 2017; Amigo, 2021; Aguilera et al.,
2022) have been carried out.

Eruption frequency

Geochronological analysis outcomes reveal the activity range around Uturuncu is about 10—15 Ma (Sparks
et al., 2008). Although there are no recent eruptions, Uturuncu has been showing signs of unrest in recent
years through surface deformation and fumarolic activity (Kussmaul et al., 1977; Sparks et al., 2008; Jay et
al., 2012). The Global Volcanism Program is not aware of any Holocene eruptions from Uturuncu (GVP,

2013), it is not monitored and it is not included in any volcanic risk ranking.
Hazard types

It has not flank collapse potential nor characteristics which could represent primary lahar sources. The 0°C
annual isotherm is located at 5000m, but there are no glaciers today at the top of Uturuncu and surrounding
summits (Blard et al., 2014). Large-scale ground deformation was observed beginning in May 1992
(Pritchard and Simons, 2002) surrounded by subsidence to create a sombrero- shaped deformation pattern
(Fialko and Pearse, 2012; Henderson and Pritchard, 2013; Hickey et al., 2013), indicating, along with
seismicity detected in 2009-10 (Jay et al., 2012), that a magmatic system is still present. Active fumaroles
(Sparks et al., 2008) and geothermal fields in the region also suggest active magmatic activity (de Silva,
1989). Thus, despite the Uturuncu last erupted 250,000 y.a. (Muir et al., 2015), the volcano has been
deforming for at least 50yrs, at a rate of up to 1 cm/yr between 1992 and 2004 (Gottsmann et al., 2017;
Henderson et al., 2017; Pritchard et al., 2018), suggesting that the volcano might be a potentially active

volcano.

known eruptive products from Uturuncu consist entirely of effusive dacitic lava flows (Sparks et al., 2008;
Muir et al., 2014). The eruptive episodes have spanned ~620,000 years with a total of ~105 lava flows and
domes identified and with repose intervals of 6000—8000 years (Sparks et al., 2008; Michelfelder et al.,
2014; McFarlin et al., 2018). According to Walter and Motagh (2009) extended magma bodies may exist
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under Uturuncu and may bear a major hazard potential because of the considerable dimensions and volumes
of magma temporarily stored in the shallow crust. Following the hazard map of Sanchez (2017) the most
characteristic volcanic processes of Uturruncu volcano, which would be the most likely to occur in the
event of an eruption, are pyroclastic flows, lava flows, ballistic projectiles, gases and tephra fallout. In the
event of a super-explosion, Bolivian cities and populations located in northern Chile and Argentina would

be potentially affected (Sanchez, 2017).

1.30 Putana

Physical characteristics

Putana is a 5890 m high stratovolcano of Holocene age, located on the southern border between Bolivia
and Chile (GVP, 2013). Is one component of a much larger complex which extends as far as Sairecabur
and includes several unnamed volcanic centers (De Silva and Francis, 1991). Its volcanic products cover
an area of 57-600 km? and the main edifice has an estimated volume of ~ 17 km? (Gonzalez-Ferran, 1995;

Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014), fluid
geochemistry (Aguilera, 2008; Tassi et al., 2011; Stebel et al., 2015), surface deformation (Pritchard and
Simons, 2004; Henderson and Pritchard, 2013), thermal anomalies (Jay et al., 2013), geochronological
(Lahsen and Munizaga, 1983), geological evolution (Marinovic and Lahsen, 1984), seismological
(Henderson et al., 2012; Soler and Amigo, 2012) and volcanic hazards works (Rudolph, 1955; Casertano,
1963; Petit-Breuilh, 2004; Amigo et al., 2012; Amigo, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Casertano (1963) lists fumarolic activity in 1886-1888, 1900 and 1960, and Gonzalez-Ferran (1995)
described more than twenty eruptive centers of thick postglacial dacitic domes that suggest Holocene
activity. The Global Volcanism Program recognizes 2 Holocene eruptive periods with maximum VEI
registered of 2 (GVP, 2013). It is not monitored and is in the 69th place of the last version of the Chilean
volcanic risk ranking (SERNAGEOMIN, 2023).
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Hazard types

Currently it has no flank collapse potential nor to generating lahars (Lara et al., 2011). No deformation was
detected at Putana during a regional InSAR survey of Central Andean Volcanoes (Pritchard and Simons,
2004), although it underwent a short-lived episode of uplift between 13 Sep 2009 and 31 Jan 2010, with a
maximum uplift of 4.0 cm (Henderson and Pritchard, 2013). There are records of observed seismic unrest,
fumarolic and magmatic degassing (Tassi et al., 2011; Henderson and Pritchard, 2013; Pritchard et al.,

2014), and small thermal anomaly hotspots (Jay et al., 2013).

At least since 2011, Putana volcano is considered a geologically active and potentially dangerous volcano,
with very low specific risk level (Lara et al., 2011). According to Amigo et al. (2012) the most characteristic
volcanic processes which would be the most likely to occur in the event of an eruption, are the emission of

viscous lavas with a reduced generation of pyroclastic material.

1.31 Escalante-Sairecabur

Physical characteristics

Escalante-Sairecabur is a 5971 m high volcanic complex of Holocene age, located along the Chile-Bolivia
border (De Silva and Francis, 1991). This chain of andesitic-dacitic volcanoes extends for ~22 km north-
south and contains at least 10 postglacial centers, all of which have several youthful lava flows associated
(De Silva and Francis, 1991). Its volcanic products cover an area of 216 km? and the main edifice has an

estimated volume of 79 km® (Grosse et al., 2014).

Escalante-Sairecabur is scarcely investigated, some geological (De Silva and Francis, 1991; Gonzalez-
Ferran, 1995; Grosse et al., 2014), petrographic (Deruelle, 1978; Harmon et al., 1984; Figueroa and
Figueroa, 2006), surface deformation (Henderson and Pritchard, 2013), geological evolution (Marinovic
and Lahsen, 1984), and volcanic hazards works (Lara et al., 2011; Amigo et al., 2012; Amigo, 2021;

Aguilera et al., 2022) have been carried out.
Eruption frequency

Postglacial activity began south of the Sairecabur summit, and other eruptive centers have also produced

Holocene lava flows (GVP, 2013). The Global Volcanism Program is not aware of any Holocene eruptions
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from Escalante-Sairecabur, it is not monitored and is in the 72th place of the last version of the Chilean

volcanic risk ranking (SERNAGEOMIN, 2023).
Hazard types

According to Lara et al. (2011) it has not flank collapse potential nor characteristics which could represent
primary lahar sources. No deformation was detected at Escalante-Sairecabur during a regional InSAR
survey of Central Andean Volcanoes (Henderson and Pritchard, 2013). There are not records of observed
seismic unrest (Lara et al., 2011) and currently there is no fumarolic activity. However, fumarolic activity
seems to have been intense in the past due to the presence of disturbed rocks on the eastern slope and the

existence of abundant sulfur deposits (Gonzalez-Ferran, 1995).

Despite the lack of reliable records of its eruptive activity in the last 10,000 years Escalante-Sairecabur
volcanic complex is considered potentially active (De Silva and Francis, 1991) and a potentially dangerous
volcano, with low specific risk level (Lara et al., 2011). A reactivation of this complex could occur at any
point in the cordon, although with greater probability in the surroundings of the Sairecabur volcano, which

would be mainly related to the emission of lavas or the construction of a dome (Amigo et al., 2012).

1.32 Licancabur

Physical characteristics

Licancabur is a 5916 m high stratovolcano of Holocene age (GVP, 2013), located on the western border of
the Bolivia-Chile Altiplano (Figueroa et al., 2009). It has one of the world's highest lakes in its 400-m-wide
summit crater (De Silva and Francis, 1991). Its volcanic products cover an area of ~ 28 km? and the main

edifice has an estimated volume of 10-39 km? (Grosse et al., 2014; Aravena et al., 2015).

It is a scarcely investigated volcano, only a few geological (De Silva and Francis, 1991; Gonzalez-Ferran,
1995; Grosse et al., 2014; Aravena et al., 2015), petrographic (Figueroa et al., 2009), thermal anomalies
(Jay et al., 2013), geological evolution (Marinovic and Lahsen, 1984), and volcanic hazards works
(Rudolph, 1955; Laraetal.,2011; Amigo et al., 2012; Amigo, 2021; Aguilera et al., 2022) have been carried

out.
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Eruption frequency

Youthful lava flows, a well-preserved summit crater and absence of glacial geomorphic features are
evidence of Holocene activity (De Silva and Francis, 1991). The Global Volcanism Program is not aware
of any Holocene eruptions from Licancabur (GVP, 2013), it is not monitored and is in the 68th place of the

last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).
Hazard types

According to Lara et al. (2011) it has not flank collapse potential nor characteristics which could represent
primary lahar sources, although it has a shallow freshwater summit lake (Amigo et al., 2012). There are not
records of ground deformation, observed seismic unrest, nor fumarolic or magmatic degassing (Lara et al.,

2011). According to ASTER images, it has potential hotspots that merit further study (Jay et al., 2013).

Despite the lack of current activity, the presence of the crater lake at an altitude close to 6000m with bottom
temperature of 6°C, may indicate a mild thermal source maintaining the lake water temperature above
freezing and supporting fauna (De Silva and Francis, 1991). Licancabur volcano is considered a
geologically active and potentially dangerous volcano with low specific risk level at least since 2011 (Lara
etal., 2011). The most characteristic volcanic processes of Licancabur volcano, which would be the most
likely to occur in the event of an eruption, are emission of lavas from the central crater, with possible

generation of pyroclastic density currents towards the west flank (Amigo et al., 2012).

1.33 Acamarachi (Pili)

Physical characteristics

Acamarachi is a 6046 m high stratovolcano of Pleistocene-Holocene age, located ~ 6 km apart from
Colachi, in the Antofagasta Region, Chile (Ramirez and Gardeweg, 1982). It is the highest peak in the
region, with steep-sided slopes that reach about 45° (Gonzalez-Ferran, 1995). Its volcanic products cover

an area of ~ 18 km? and the main edifice has an estimated volume of ~ 5 km? (Grosse et al., 2014).

Acamarachi is a scarcely investigated volcano, some geological (De Silva and Francis, 1991; Gonzalez-
Ferran, 1995; Grosse et al., 2014), fluid geochemistry (Aguilera, 2008), surface deformation (Pritchard,
2003), geological evolution (Ramirez and Gardeweg, 1982), and volcanic hazards works (Lara et al., 2011;

Amigo et al., 2012; Amigo, 2021; Aguilera et al., 2022) have been carried out.
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Eruption frequency

Some flows associated with the central crater suggest Holocene activity (Gonzalez-Ferran, 1995). The
Global Volcanism Program is not aware of any Holocene eruptions from Acamarachi, it is not monitored

and is in the 81st place of the last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).
Hazard types

According to Lara et al. (2011) it has not flank collapse potential nor characteristics which could represent
primary lahar sources, although the central crater contains a lake of 10-15 m in diameter (Aguilera, 2008).
No deformation was detected at Colachi during a regional InSAR survey of Central Andean Volcanoes
(Pritchard, 2003). There are not records of observed seismic unrest, nor fumarolic and/or magmatic
degassing (Lara et al., 2011). However, the summit crater lake, which despite its height, remains in a liquid

state suggests the existence of a remnant magmatic heat flow (Aguilera, 2008).

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, in 2011 the Acamarachi
volcano was considered a geologically active and potentially dangerous volcano, with very low specific
risk level (Lara et al., 2011). A reactivation of this volcano would be mainly associated with the emission

of lavas or the construction of a dome (Amigo et al., 2012).

1.34 Lascar

Physical characteristics

Lascar is a 5592 m high stratovolcano of Holocene age, located ~ 70 km SE of San Pedro de Atacama town
in the Antofagasta Region, Chile (Esquivel, 2018). It is the most active volcano of the central Andes of
Chile and is characterized by persistent fumarolic activity and occasional vulcanian and steam eruptions
(De Silva and Francis, 1991). Its volcanic products cover an area of 33-62 km? and the main edifice has an

estimated volume of 10-28 km? (Aravena et al., 2015; Grosse et al., 2014, 2018; SERNAGEOMIN, 2021).

Several geological (De Silva and Francis, 1991; Gardeweg and Medina, 1994; Gonzalez-Ferran, 1995;
Sparks et al., 1997; Calder et al., 2000; Stern et al., 2007; Aravena et al., 2015; Grosse et al., 2014, 2018),
fluid geochemistry (Aguilera et al., 2006; Tassi et al., 2009; Bredemeyer et al., 2018), surface deformation
(Pritchard and Simons, 2004; Pavez et al., 2006; Whelley et al., 2012; Henderson and Pritchard, 2013, de
Zeeuw-van Dalfsen et al., 2017; Richter et al., 2018), thermal anomalies (Jay et al., 2013; Gonzalez et al.,
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2015), geological evolution (Matthews et al., 1994, 1999; Gardeweg et al., 1998a; 2011), seismological
(Asch et al., 1996; Pritchard et al., 2014; Gaete et al., 2019) and volcanic hazards works (Casertano, 1963;
Viramonte et al., 1995; Lara et al., 2011; Amigo et al., 2012; Gardeweg and Amigo, 2015; Bertin, 2017;
Esquivel, 2018; ONEMI Antofagasta, 2019; Amigo, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Since 1993 eruption, activity has been dominated by passive degassing and occasional minor and short-
lived explosive events (Bertin, 2017). The Global Volcanism Program recognizes 37 Holocene eruptive
periods with maximum VEI registered of 4 (GVP, 2023). It is monitored by OVDAS (SERNAGEOMIN,
2021), and it is in the 14th place of the last version of the Chilean volcanic risk ranking (SERNAGEOMIN,
2023).

Hazard types

It suffered a partial sector collapse directed towards the NE, leaving a horseshoe shape (Matthews et al.,
1994). Currently it has flank collapse potential but not to generating lahars (Lara et al., 2011). There are
records of ground deformation, but most notably related to co-eruptive subsidence in the crater (Pavez et
al., 2006) and compaction of pyroclastic flow deposits (Whelley et al., 2012). There are records of observed
seismic unrest (Gaete et al., 2019) and fumarolic and magmatic degassing (Matthews et al., 1997; Aguilera
et al., 2006; Tassi et al., 2009; Bredemeyer et al., 2018). Additionally, it displays thermal anomaly hotspots
(Jay et al., 2013; Gonzalez et al., 2015).

According to the geological and volcanic hazard maps of the Lascar volcano (Gardeweg et al., 2011; Lara
et al., 2011; Amigo et al., 2012; Gardeweg and Amigo, 2015) the most characteristic volcanic processes
which would be the most likely to occur in the event of an eruption, are pyroclastic density currents, ballistic

projectiles, tephra fallout and debris avalanches.

1.35 Chiliques

Physical characteristics

Chiliques is a 5778 m high volcanic complex of Pleistocene-Holocene age, located immediately south of
Laguna Lejia in the Antofagasta Region, Chile (Amigo et al., 2012). It occupies an interesting position at

the intersection of two of the major volcano tectonic lineaments in this region (De Silva and Francis, 1991).
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Its volcanic products cover an area of ~19 km? and the main edifice has an estimated volume of ~ 5 km’
(Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Grosse et al., 2014), fluid
geochemistry (Aguilera, 2008), surface deformation (Pritchard, 2003; Henderson and Pritchard, 2013),
thermal anomalies (Pieri and Abrams, 2004; Pritchard and Simons, 2004; Jay et al., 2013), geological
evolution (Ramirez and Gardeweg, 1982), and volcanic hazards works (Lara et al., 2011; Amigo et al.,

2012; Amigo, 2021; Aguilera et al., 2022) have been carried out.
Eruption frequency

This volcano had previously been considered to be dormant, however, in 2002 a NASA nighttime thermal
infrared satellite image from the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) showed low-level hot spots in the summit crater and upper flanks (Pieri and Abrams, 2004). The
Global Volcanism Program is not aware of any Holocene eruptions from Chiliques (GVP, 2013), it is not
monitored and is in the 75th place of the last version of the Chilean volcanic risk ranking

(SERNAGEOMIN, 2023).
Hazard types

According to Lara et al. (2011) it has not flank collapse potential nor characteristics which could represent
primary lahar sources; however, it has a crater lake at almost 6000 m (Gonzalez-Ferran, 1995). No
deformation was detected at Chiliques during a regional InSAR survey of Central Andean Volcanoes
(Henderson and Pritchard, 2013). There are not records of observed seismic unrest (Lara et al., 2011) and
fumarolic degassing was recorded during an aircraft overflight, by the Chilean Geologic Survey (Pieri and
Abrams, 2004). ASTER images indicated a short-lived thermal anomaly at Chiliques volcano (Pritchard
and Simons, 2004), while MODVOLC did not (Jay et al., 2013).

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, the very fresh
morphological features of the central lava flow, the maar, and the presence of a lagoon in the central crater,
evidence a very recent eruptive activity (Gonzalez-Ferran, 1995). Chiliques volcano is considered a
geologically active and potentially dangerous volcano with very low specific risk level at least since 2011
(Lara et al., 2011). A reactivation would be mainly linked to the emission of lavas and the routes that
connect Socaire with Laguna Lejia and Paso Huaytiquina, could be affected if the eruptive event were of

medium to high magnitude (Amigo et al., 2012).
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1.36 Alitar

Physical characteristics

Alitar is a 5346 m high maar of Pleistocene age (Amigo et al., 2012), located ~ 10 km N of Colachi volcano
in the Antofagasta Region, Chile (Gonzalez-Ferran, 1995). It has a 500-m-wide, 50-m-deep maar (broad,
low relief) crater at the base of its SW flank (Tassi et al., 2011).

Little is known about Alitar because of its remote location and the limited accessibility. Some geological
(Gonzalez-Ferran, 1995), fluid geochemistry (Aguilera, 2008; Tassi et al., 2011), surface deformation
(Henderson and Pritchard, 2013), and volcanic hazards works (Lara et al., 2011; Amigo et al., 2012;
SERNAGEOMIN, 2023; Amigo, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Alitar has no documented historical activity (Tassi et al., 2011). The Global Volcanism Program just
mention it within the Purico complex profile as a sub-feature (GVP, 2013), it is not monitored, and is in the

86th place of the last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023).
Hazard types

According to Lara et al. (2011) it has not flank collapse potential nor characteristics which could represent
primary lahar sources. No deformation was detected at Alitar during a regional InSAR survey of Central
Andean Volcanoes (Henderson and Pritchard, 2013), and there are not records of observed seismic unrest
(Lara et al., 2011). Fumarolic activity has been recognized in the northern sector of the Alitar maar and in
a small area 400 m NW of the maar. Its current thermal activity also includes six pools that discharge
thermal water and gas along a small, NS-oriented creek that is located ~200 m west of the maar (Aguilera,
2008).

At least since 2011, Alitar volcano is considered a geologically active and potentially dangerous volcano
with low specific risk level (Lara et al., 2011). According to Amigo et al. (2012), a reactivation of this
center would probably be related to a phreatic event and would only have a local impact. Accordingly, the
most characteristic volcanic processes, which would be the most likely to occur in the event of a phreatic

eruption, are tephra fallout and ballistic projectiles.
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1.37 Puntas Negras

Physical characteristics

Puntas Negras is a 5852 m high volcanic complex of Holocene age, located on the junction between the E-
W trending Cordén Puntas Negras and N-S trending Cordon Chalviri, in the Antofagasta Region, Chile (De
Silva and Francis, 1991).

It is scarcely investigated, only a few geological (De Silva and Francis, 1991; Gonzélez-Ferran, 1995),
surface deformation (Pritchard, 2003), geological evolution (Ramirez and Gardeweg, 1982), and volcanic

hazards works (Lara et al., 2011; Amigo, 2021; Aguilera et al., 2022) have been carried out.
Eruption frequency

The Global Volcanism Program just mention it within the Cordon Puntas Negras-Chalviri volcanic complex
profile, it is not monitored and it is in the 80th place of the last version of the Chilean volcanic risk ranking

(SERNAGEOMIN, 2023).
Hazard types

There are not records of flank collapse potential nor characteristics which could represent primary lahar
sources (Lara et al., 2011). No deformation was detected at Puntas Negras during a regional InSAR survey
of Central Andean Volcanoes (Pritchard, 2003). There are not records of observed seismic unrest nor

fumarolic and magmatic degassing (Lara et al., 2011).

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, according to Gonzalez-
Ferran (1995) the morphological characteristics of domes and thick flows of andesitic-dacitic lavas, clearly
reflect a Holocene eruptive activity. In 2011 the Puntas Negras volcano was considered a geologically
active and potentially dangerous volcano, with very low specific risk level (Lara et al., 2011) and is still
considered in the latest version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023). There is no
information about the hazards that Puntas Negras could pose in the event of an eruption, but according to
its geological records it may be inferred that a reactivation would be mainly associated with the emission

of lava flows and hot avalanches (De Silva and Francis, 1991).
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1.38 Tuzgle

Physical characteristics

Tuzgle is a 5486 m high stratovolcano of Holocene age, located ~ 120 km E of the main volcanic arc in the
Jujuy Province, Argentina (De Silva and Francis, 1991). Is the easternmost young volcano of the central
Andes (GVP, 2013), its volcanic products cover an area of ~33 km? and the main edifice has an estimated

volume of ~9 km? (Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Blasco et al., 1996; Grosse et al.,
2014), petrographic (Coira and Kay, 1993; Coira and Rosas, 2008), fluid geochemistry (Mon, 1987;
Giordano et al., 2013), surface deformation (Sainato and Pomposiello, 1997; Henderson and Pritchard,
2013), geological evolution (Norini et al., 2014), seismological (Schurr et al., 2003) and volcanic hazards
works (Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been

carried out.
Eruption frequency

There are no known historical eruptions, however, it is worth noting the existence of hot thermal waters 6
km NW of the volcano (Gonzalez-Ferran, 1995). The Global Volcanism Program is not aware of any
Holocene eruptions from Tuzgle, it is not monitored, and it is in the 13th place of the relative risk ranking

of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

It suffered a catastrophic sector collapse of the summit, directed towards the NNE (Norini et al., 2014) and
currently there are not characteristics which could represent primary lahar sources. No deformation was
detected at Tuzgle during a regional InSAR survey of Central Andean Volcanoes (Henderson and Pritchard,
2013). There are not records of observed seismic unrest nor fumarolic degassing. Its associated geothermal
field constitutes one of the most important of the region, besides exploitation of the geothermal resources,

there exist potential for mining (Coira and Rosas, 2008).

There is not information about the hazards that Tuzgle could pose in the event of an eruption, but according
to its geological records it may be inferred that a reactivation would be mainly associated with the emission

of lava flows and debris avalanches (De Silva and Francis, 1991).
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1.39 Aracar

Physical characteristics

Aracar is a 6095 m high stratovolcano of Holocene age (GVP, 2013), located in the Salta province,
northwestern Argentina, just east of the Chilean border (Maisonnave and Page, 1997). It is a steep-sided
stratovolcano with a youthful-looking summit crater of 1-1.5 km in diameter that contains a small lake
(GVP, 2013). Its volcanic products cover an area of 113-192 km? and the main edifice has an estimated
volume of 50-62 km® (Karatson et al., 2012; Grosse et al., 2014).

It is a scarcely investigated volcano, only a few geological (Gonzélez-Ferran, 1995; Zappettini and Blasco,
2001; Karatson et al., 2012; Grosse et al., 2014), petrographic (Koukharsky and Etcheverria, 1997;
Maisonnave and Page, 1997), surface deformation (Fournier et al., 2010; Henderson and Pritchard, 2013),
and volcanic hazards works (Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et

al., 2022) have been carried out.
Eruption frequency

There were reports of possible ash columns from the summit in 1993, which suggest possible Holocene
activity (Gonzalez-Ferran, 1995), but it is not known whether these were rockfall dust or eruption plumes
(GVP, 2013). The Global Volcanism Program recognizes 1 Holocene eruptive period with maximum VEI
registered of 2. It is not monitored, and it is in the 31st place of the relative risk ranking of Argentine and

neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

There is no further information or records on partial sector collapse or lahar potential. No deformation was
detected at Aracar during a regional InSAR survey of Central Andean Volcanoes (Fournier et al., 2010;
Henderson and Pritchard, 2013), and there are no records on observed seismic unrest nor fumarolic or

magmatic degassing.

There is not information about the hazards that Aracar could pose in the event of an eruption, but according
to its geological records it may be inferred that a reactivation would be mainly associated with the emission

of lava flows (Koukharsky and Etcheverria, 1997; Maisonnave and Page, 1997; Gonzalez-Ferran, 1995).
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1.40 Socompa

Physical characteristics

Socompa is a 6031 m high stratovolcano of Holocene age, located along the Chile-Argentina border (GVP,
2013). It is the largest of a chain of volcanoes on a NE-SW trending portion of the active front of the Andes
(De Silva and Francis, 1991). Its volcanic products cover an area of 158 km? and the main edifice has an

estimated volume of 81-179 km? (Grosse et al., 2014; Aravena et al., 2015).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Zappettini and Blasco, 2001; Stern
etal., 2007; Grosse et al., 2014; Aravena et al., 2015; Seggiaro and Apaza, 2018), fluid geochemistry (Lelli,
2018; Raco, 2018; Conde et al., 2020), surface deformation (Pritchard, 2003; Henderson and Pritchard,
2013; Liu et al., 2022, 2023), geological evolution (Francis et al., 1985; Francis and Wells, 1988; Wadge
et al., 1995; Kelfoun et al., 2008), and volcanic hazards works (van Wyk de Vries et al., 2001; Kelfoun and
Druitt, 2005; Lara et al., 2011; Amigo et al., 2012; Elissondo and Farias, 2023; Amigo, 2021; Garcia and
Badi, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

According to De Silva and Francis (1991), five small explosion craters at the vent region of the extrusive
dacites in the summit represent its youngest eruptive activity. And although there is no recognized historical
activity, Gonzalez-Ferran (1995) mentioned that sulfurous gas emanations have been detected about 100 m
below the summit of the crater. The Global Volcanism Program recognizes 1 Holocene eruptive event
without maximum VEI registered (GVP, 2013). It is not monitored, is in the 48th place of the last version
of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023), and the 9th place of the relative risk ranking

of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

It suffered a partial sector collapse of the original cone, causing a debris avalanche that descended nearly
3000 m vertically and traveled more than 35 km from the volcano (Francis et al., 1985). Currently it has
flank collapse potential but not to generating lahars (Lara et al., 2011). No deformation was detected at
Socompa during a regional InSAR survey of Central Andean Volcanoes (Henderson and Pritchard, 2013).
However, a steady uplift at a rate of ~18mm/yr was detected from Dec 2019 (Liu et al., 2022, 2023). There
are not records of observed seismic unrest but fumarolic and magmatic degassing (De Silva and Francis,

1991; Gonzalez-Ferran, 1995; Lara et al., 2011; Seggiaro and Apaza, 2018).
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In 2011 the Socompa volcano was considered a geologically active and potentially dangerous volcano, with
low specific risk level (Lara et al., 2011). A reactivation would be mainly associated with the emission of
lava flows, tephra fallout, pyroclastic density currents and debris avalanches (De Silva and Francis, 1991).
High-magnitude explosive eruptions could disperse pyroclastic material to distant areas of the volcano,
although mainly located to the east. However, during the summer months the probability of dispersal to the

west increases considerably (Amigo et al., 2012).

1.41 Arizaro volcanic field

Physical characteristics

Arizaro is a 5736 m high volcanic field of Upper Miocene-Holocene age (Viramonte et al., 1984), located
~ 20 km SW of the Aracar volcano and ~ 20 km E-SE of Socompa, in the Salta province of Argentina. It is
limited to the W by the fault that gave rise to the edge of Caipe, which conditioned its asymmetric shape,
characterized by a greater development of its flows towards the SE sector (Zappettini and Blasco, 2001).
Its volcanic products cover an area of 6 x 4 km (Dow and Hitzman, 2002) and the main edifice has an

estimated volume of 0.4-59 km? (Viramonte et al., 1984; Grosse et al., 2017).

It is a scarcely investigated volcanic field, a few geological (Zappettini and Blasco, 2001; Grosse et al.,
2017), petrographic (Viramonte et al., 1984; Dow and Hitzman, 2002), geochronological (Schoenbohm and
Carrapa, 2015), and volcanic hazards works (Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi,
2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

According to Viramonte et al. (1984), the Arizaro volcanites are undoubtedly Holocene, they cover a recent
foothill scour and preserve their flow structures without conspicuous evidence of erosional action. It is not
included in the catalogs of Holocene/Pleistocene volcanoes of the Global Volcanism Program. It is not
monitored, and it is in the 38th place of the relative risk ranking of Argentine and neighboring volcanoes

(Elissondo and Farias, 2023).
Hazard types

No further information or records were found on partial sector collapse, lahar potential, ground deformation,

observed seismic unrest and fumarolic and/or magmatic degassing.
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According to its geological records, the volcanic processes of Arizaro most likely to occur in the event of
an eruption, would be mainly associated with the emission of high viscosity lava flows and tephra fallout

(Viramonte et al., 1984).

1.42 Llullaillaco

Physical characteristics

Llullaillaco is a 6739 m high stratovolcano of Holocene age, located on the Chilean-Argentine border (GVP,
2013). It is considered the second highest active volcano summit in the world (De Silva and Francis, 1991;
Gonzalez-Ferran, 1995; Stern et al., 2007). Its volcanic products cover an area of ~88 km? and the main

edifice has an estimated volume of 37-144 km? (Grosse et al., 2014, 2018; Aravena et al., 2015).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Zappettini and Blasco, 2001; Stern
et al., 2007; Grosse et al., 2014, 2018; Aravena et al., 2015), petrographic (Gardeweg et al., 1984; Zapettini
and Blasco, 1998), surface deformation (Pritchard, 2003), geochronological (Richards and Villeneuve,
2001), geological evolution (Francis and Wells, 1988), and volcanic hazards works (Casertano, 1963; Lara

etal., 2011; Amigo et al., 2012; Elissondo and Farias, 2023) have been carried out.
Eruption frequency

Although it shows no signs of current fumarolic activity, there are records of at least three eruptions during
the nineteenth century (Stern et al., 2007). The Global Volcanism Program recognizes 3 Holocene eruptive
periods with maximum VEI registered of 2 (GVP, 2013). It is not monitored, it is in the 83th place of the
last version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023) and the 18th place of the relative

risk ranking of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

According to Francis and Wells (1988) it suffered a partial sector collapse directed towards the E.
Currently it has flank collapse and lahar potential (Lara et al., 2011). No deformation was detected at
Llullaillaco during a regional InNSAR survey of Central Andean Volcanoes (Pritchard, 2003). There are no

records of observed seismic unrest nor fumarolic and magmatic degassing (Lara et al., 2011).

Llullaillaco is considered a geologically active and potentially dangerous volcano with low specific risk

level at least since 2011 (Lara et al., 2011), and it is still considered in the latest version of the Chilean
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volcanic risk ranking (SERNAGEOMIN, 2023). A reactivation would be associated with the emission of

viscous lavas and the generation of pyroclastic density currents (Amigo et al., 2012).

1.43 Escorial (Corrida de Cori)

Physical characteristics

Escorial is a 5451 m high stratovolcano of Pleistocene-Holocene age, located on the Chilean-Argentine
border (Amigo et al., 2012). It represents the most recent active vent of a NW-SE trending chain called
Corrida de Cori (De Silva and Francis, 1991). Its volcanic products cover an area of ~25 km? and the main

edifice has an estimated volume of ~4 km? (Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Seggiaro et al., 2007; Stern et al.,
2007; Grosse et al., 2014), petrographic (Richards and Villeneuve, 2002; Fiedrich et al., 2020), geological
evolution (Naranjo and Cornejo, 1992), and volcanic hazards works (Lara et al., 2011; Amigo et al., 2012;
Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been carried

out.
Eruption frequency

According to Richards and Villeneuve (2002), warm springs (frozen at surface), mud vents, and well-
preserved fumarole spires attest to recent activity on Cerro Escorial, also the well-preserved summit crater
postdates the lava flows and could be of Holocene age. The Global Volcanism Program is not aware of any
Holocene eruptions from Cerro Escorial (GVP, 2013). It is not monitored, it is not included in the Chilean
volcanic risk ranking, and it is in the 36th place of the relative risk ranking of Argentine and neighboring

volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources
(Lara et al., 2011). No deformation was detected at Llullaillaco during a regional InSAR survey of Central
Andean Volcanoes (Pritchard, 2003). There are not records of observed seismic unrest nor fumarolic and
magmatic degassing (Lara et al., 2011), but fumarolic deposits on the NE of the summit indicate extensive

hydrothermal alteration there (De Silva and Francis, 1991).
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Despite the lack of reliable records of its eruptive activity in the last 10,000 years, according to Gonzalez-
Ferran (1995) the fresh morphological features of the effusive and the hydrothermal alteration reflect
Holocene activity. A reactivation of this volcano would be associated with the emission of lavas (Amigo et
al., 2012).

1.44 Lastarria

Physical characteristics

Lastarria is a 5706 m high stratovolcano of Holocene age, located on the Chilean-Argentine border (GVP,
2013). It is a NNW trending edifice with an oval basal plan, about 12 km long and 8 km wide (de Silva and
Francis, 1991). Its volcanic products cover an area of 37-105 km? and the main edifice has an estimated

volume of 8-31 km?® (Grosse et al., 2014; Aravena et al., 2015; SERNAGEOMIN, 2021).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Seggiaro et al., 2007; Stern et al.,
2007; Grosse et al., 2014; Aravena et al., 2015), petrographic (Naranjo, 1992; Robidoux et al., 2020), fluid
geochemistry (Naranjo, 1985; Aguilera, 2008, Aguilera et al., 2012, 2016; Inostroza et al., 2020b), surface
deformation (Pritchard, 2003; Pritchard and Simons, 2002, 2004; Froger et al., 2007; Ruch et al., 2008,
2009; Anderssohn et al., 2009; Ruch and Walter, 2010; Budach et al., 2011; Henderson and Pritchard, 2013;
Diaz et al., 2015), thermal anomalies (Jay et al., 2013), geological evolution (Francis and Wells, 1988;
Naranjo, 1985, 1992, 2010), seismological (Spica et al., 2012; Pritchard et al., 2014) and volcanic hazards
works (Casertano, 1963; Lara et al., 2011; Amigo et al., 2012; Amigo and Bertin, 2013; Elissondo and
Farias, 2023; ONEMI Antofagasta, 2019; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have

been carried out.
Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Lastarria (GVP, 2013). It is
monitored by OVDAS (SERNAGEOMIN, 2021), it is in the 70th place of the last version of the Chilean
volcanic risk ranking (SERNAGEOMIN, 2023), and 11th place of the relative risk ranking of Argentine

and neighboring volcanoes (Elissondo and Farias, 2023).

56

INSTITUTO GEOLOGICO, MINERO Y METALURGICO



UNIVERSITE F 7 m _ SECTOR ENERGIA Y MINAS

DEGENEVE ~  SIamsast o  Senicotaciona K/\:/-Segem%% RINGEMMET

, FONDO NAZIONALE SVIZZERO de Geologiay - -
FACULTE DES SCIENCES Swiss NATIONAL SCIENCE FOUNDATION Mineria INSTITUTO GEOLOGICO, MINERO Y METALURGICO

Hazard types

Currently it has flank collapse potential but not to generating lahars (Lara et al., 2011). There are records
of ground deformation since 1997 (Pritchard and Simons, 2002; Froger et al., 2007; Ruch et al., 2008, 2009;
Anderssohn et al., 2009) probably related to a growing magmatic chamber located about 10 km deep and
magmas in the process of ascent from the asthenospheric wedge, which would feed a potential magmatic
reservoir (Ruch and Walter, 2010; Budach et al., 2011). There are records of observed seismic unrest (Lara
et al., 2011; Spica et al., 2012; Pritchard et al., 2014) and fumarolic and magmatic degassing (Naranjo,
1985; Aguilera, 2008, Aguilera et al., 2012, 2016; Robidoux et al., 2020; Inostroza et al., 2020b).
Additionally, it displays continuous thermal anomaly hotspots (Jay et al., 2013).

Although no historical eruptions have been recorded, the youthful morphology of deposits suggest activity
during historical time (Gonzalez-Ferran, 1995). And on its N flank there are extensive block and ash and
column collapse pyroclastic deposits of 2.46 + 0.06 ka (**C, Naranjo, 2010). A reactivation in the Lastarria
volcano would probably be linked to explosive activity with dispersion of pyroclastic material and

generation of pyroclastic density currents (Amigo et al., 2012).

1.45 Cordon del Azufre

Physical characteristics

Cordon del Azufre is a 5481 m high volcanic complex of Holocene age, located on the Chile-Argentina
border (GVP, 2013). It corresponds to a complex set of stratovolcanoes and monogenetic eruptive centers,
which have been structured on an ancient stratovolcano, along a N-S fracture of ~6 km in length (Gonzalez-
Ferran, 1995). Its volcanic products cover an area of ~42 km? and the main edifice has an estimated volume

of ~6 km® (Grosse et al., 2014).

Several geological (De Silva and Francis, 1991; Gonzalez-Ferran, 1995; Seggiaro et al., 2007; Stern et al.,
2007; Grosse et al., 2014), petrographic (Trumbull et al., 1999), surface deformation (Pritchard and Simons,
2002; Froger et al., 2007; Ruch and Walter, 2010; Pearse and Lundgren, 2013; Henderson and Pritchard,
2013; Henderson et al., 2017), and volcanic hazards works (Lara et al., 2011; Amigo et al., 2012; Elissondo
and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been carried out.
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Eruption frequency

The most recent eruption is considered to be a small explosive eruption, which generated a small deposit
of pyroclasts (Gonzalez-Ferran, 1995). The Global Volcanism Program is not aware of any Holocene
eruptions from Cordon del Azufre, and it is not monitored. It is in the 84th place of the last version of the
Chilean volcanic risk ranking (SERNAGEOMIN, 2023), and the 26th place of the relative risk ranking of

Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources
(Laraetal.,2011). No ground deformation was detected at Cordon del Azufre but lying between Lastarria
and Cordon del Azufre (Lazufre) (Pritchard and Simons, 2002; Pritchard, 2003; Froger et al., 2007;
Henderson and Pritchard, 2013). There are not records of observed seismic unrest, nor fumarolic or

magmatic degassing (Lara et al., 2011).

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, according to Gonzalez-
Ferran (1995) given the characteristics of the latest effusive and the explosive eruption, it may have
occurred in very recent time, probably historical. Cordon del Azufre is considered a geologically active and
potentially dangerous volcanic complex with very low specific risk level at least since 2011 (Lara et al.,
2011). It is scored for the latest Chilean volcanic risk ranking because it had unrest-type superficial
fumarolic activity. A reactivation of this volcano would be associated with the emission of lavas and

pyroclastic emission (Amigo et al., 2012).

1.46 Cerro Bayo

Physical characteristics

Cerro Bayo is a 5413 m high volcanic complex of partial Holocene age, located along the Chile-Argentina
border (GVP, 2013). It is a relatively small, weathered edifice (basal diameter ~ 8 km) composed of
andesitic tuffs and lavas and dacitic-riodacitic domes (Seggiaro et al., 2015). Its volcanic products cover an

area of 116 km? and the main edifice has an estimated volume of 33 km* (Grosse et al., 2014).

It is a scarcely investigated volcanic complex, a few geological (De Silva and Francis, 1991; Gonzalez-

Ferran, 1995; Seggiaro et al., 2007; Grosse et al., 2014; Benison, 2019), petrographic (Naranjo, 1988;
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Seggiaro et al., 2015), surface deformation (Pritchard, 2003; Henderson and Pritchard, 2013), and volcanic
hazards works (Elissondo and Farias, 2023; SERNAGEOMIN, 2023; Amigo, 2021; Garcia and Badi, 2021;

Aguilera et al., 2022) have been carried out.
Eruption frequency

There is no Holocene evidence of activity, according to SERNAGEOMIN (pers. commun.) however there
is doubt due to geothermal activity. The Global Volcanism Program is not aware of any Holocene eruptions
from Cerro Bayo and it is not monitored. It is in the 85th place of the last version of the Chilean volcanic
risk ranking (SERNAGEOMIN, 2023), and in the 28th place of the relative risk ranking of Argentine and

neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has no flank collapse potential nor characteristics which could represent primary lahar sources
(Lara et al., 2011). No deformation was detected at Cerro Bayo during a regional InSAR survey of Central
Andean Volcanoes (Pritchard, 2003; Henderson and Pritchard, 2013). There are not records of observed
seismic unrest nor fumarolic and magmatic degassing (Lara et al., 2011). However, according to Naranjo
(1988), fumarolic activity would have been concentrated in the past in the S and SW sectors of the main

crater.

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, De Silva and Francis
(1991) suggest possible Holocene activity based in the summit of the complex, source of two viscous dacitic
lava flows which represent the most recent activity of the complex. Additionally, during a fieldwork in
Salar Gorbea and Ignorado, Benison (2019) observed a small steam from Cerro Bayo. There is no
information about the hazards that Cerro Bayo could pose in the event of an eruption, but according to its
geological records it may be inferred that a reactivation would be mainly associated with the emission of

lava flows, pyroclastic flows and tephra fallout (De Silva and Francis, 1991).

1.47 Antofagasta de la Sierra (Antofagasta volcanic field)

Physical characteristics

Antofagasta de la Sierra is a 3495 m high volcanic complex of Holocene age, located W of Beltran volcano,

between the Salar de Antofalla on the W and the massive Cerro Galan caldera on the E, in the Catamarca
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Province, Argentina (GVP, 2013). It is formed by the La Laguna, Jote and Alumbrera volcanoes. The
Alumbrera cone has a volume of 0.12 km? and its lava flows cover an area of 41.3 km?; while the La Laguna

cone has a volume of 0.12 km? and its lava flows occupy an area of 6.8 km? (Béez et al., 2016).

It is a scarcely investigated volcanic field, only a few geological (De Silva and Francis, 1991), petrographic
(Francis et al., 1978; Hormann et al., 1973), surface deformation (Henderson and Pritchard, 2013),
geochronological (Risse et al., 2008), geological evolution (Béez et al., 2016), and volcanic hazards works
(Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been carried

out.
Eruption frequency

The field contains several very youthful looking basaltic-andesite scoria cones and fresh-looking lava flows,
suggesting possible Holocene activity (De Silva and Francis, 1991). Ar-Ar age dates for 22 samples taken
by Risse et al. (2008) from throughout the main part of the field ranged from 7.3 to less than 0.1 Ma, and
there is no report of an historical eruption (Béez et al., 2016). The Global Volcanism Program is not aware
of any Holocene eruptions from Antofagasta de la Sierra volcanic field, it is not monitored, and it is in the

33rd place of the relative risk ranking of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

A collapse scarp affecting only the external layers of the cone was identified on the NW flank of the
Alumbrera volcano, showing a high degree of hydrothermal alteration (Béez et al., 2016). Currently it has
not characteristics which could represent primary lahar sources. No deformation was detected at the
Antofagasta volcanic field during a regional InSAR survey of Central Andean Volcanoes (Henderson and

Pritchard, 2013). There are no records on observed seismic unrest nor fumarolic and magmatic degassing.

According to the geological map of the Baez et al. (2016), the occurrence of violent strombolian eruptions
could cause extensive economic and social disruption as far as hundreds of kilometers from the vent because
of ash dispersion. In addition, the occurrence of a high-explosive phreatomagmatic phase could generate

pyroclastic density currents.
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1.48 Sierra Nevada

Physical characteristics

Sierra Nevada is a 6173 m high volcanic complex of partial Holocene age, located in one of the most
inaccessible parts of the Central Andes along the Chile-Argentina border (GVP, 2013). It consists of at least
12 volcanic vents with associated lava flows (De Silva and Francis, 1991). Its volcanic products cover an
area of 198-285 km? and it has an estimated volume of 73-100 km? (De Silva and Francis, 1991; Grosse et
al., 2014, 2018).

It is a scarcely investigated volcanic complex, only a few geological (De Silva and Francis, 1991; Gonzalez-
Ferran, 1995; Seggiaro et al., 2006; Grosse et al., 2014, 2018), petrographic (Schnurr et al., 2007), surface
deformation (Pritchard, 2003), thermal anomalies (Jay et al., 2013), and volcanic hazards works (Elissondo
and Farias, 2023; SERNAGEOMIN, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022)

have been carried out.
Eruption frequency

There is no Holocene evidence of activity, but according to SERNAGEOMIN (pers. Comm.), the oldest
lavas have been dated to ca. 400 ka, and the youngest ages have been obtained in the Cuyanos Azufrera
Complex (ca. 140 ka). The Global Volcanism Program is not aware of any Holocene eruptions from Sierra
Nevada, it is not monitored, and it is in the 34th place of the relative risk ranking of Argentine and

neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

There is no further information or records on partial sector collapse or lahar potential. No deformation was
detected at Sierra Nevada during a regional InSAR survey of Central Andean Volcanoes (Pritchard, 2003).
There are not records of observed seismic unrest nor fumarolic and magmatic degassing. According to

ASTER images, it has potential hotspots that merit further study (Jay et al., 2013).

There is no information about the hazards that Sierra Nevada could pose in the event of an eruption, but
according to its geological records it may be inferred that a reactivation would be mainly associated with

the emission of lava flows (De Silva and Francis, 1991).
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1.49 Cueros de Parulla

Physical characteristics

Cueros de Parulla is a 4912 m high dome complex, whose activity would tentatively extend into the
Holocene age (Bertea et al., 2021b). It is located ~ 30 km N of the San Buenaventura mountain range, on
the E edge of Sierra de Calalaste, in the Catamarca Province, Argentina (Bertea et al., 2021a). Its most
outstanding morphological feature is a large collapse scarp of ~1.5 km in diameter and the main edifice has

an estimated volume of 5.19 km® (Bertea et al., 2021b).

Some geological (Seggiaro et al., 2006; Alfaro Ortega, 2015; Baez et al., 2015; Fernandez-Turiel et al.,
2019), petrographic (Siebel et al., 2001), geochronological (Sampietro-Vattuone et al., 2020; Bertin, 2022),
geological evolution (Bertea et al., 2021b, 2021a), and volcanic hazards works (Elissondo and Farias, 2023)

have been carried out.
Eruption frequency

Several tephra levels of Holocene age recognized in the NOA (Noroeste Argentino) have been assigned to
Cueros de Parulla, suggesting possible Holocene activity (Fernandez-Turiel et al., 2019; Sampietro-
Vattuone et al., 2020). It is not included in the catalogs of Holocene/Pleistocene volcanoes of the Global
Volcanism Program. It is not monitored, and it is in the 20th place of the last version of the relative risk

ranking of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

It suffered a partial sector collapse directed towards the E, leaving a wide horseshoe-shaped collapse scar
(Bertea et al., 2021a, 2021b). Currently there are no characteristics representing lahar potential for Cueros
de Parulla volcano. There are no records of ground deformation, observed seismic unrest, nor fumarolic or
magmatic degassing. Thus, despite the lack of reliable records of its eruptive activity in the last 10,000
years, Cueros de Parulla volcano is considered potentially active volcano because of the Holocene tephra

levels correlated to it (Elissondo and Farias, 2023).

According to Bertea et al. (2021a) the lack of high precision ages for the geological units prevents defining
the mono or polygenetic character of Cueros de Parulla. Therefore, the most characteristic volcanic

processes, which would be the most likely to occur in the event of an eruption could be related to either
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effusive or explosive episodes, such as tephra fallout, pyroclastic flows, and extrusion of lava domes and

flows.

1.50 Peinado

Physical characteristics

Peinado is a 5741 m high stratovolcano of Holocene age, located to the S of the Salar de Antofalla and
Laguna del Peinado in Argentina. It is in the heart of the most tectonically and volcanically active region
in the Central Andes (De Silva and Francis, 1991). Its volcanic products cover an area of 44-93 km? and

the main edifice has an estimated volume of 15-20 km? (Grosse et al., 2014, 2018).

It is a very scarcely investigated volcano, some geological (De Silva and Francis, 1991; Seggiaro et al.,
2006; Grosse et al., 2014, 2018, 2020), surface deformation (Pritchard, 2003), and volcanic hazards works
(Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been carried

out.
Eruption frequency

The Global Volcanism Program is not aware of any Holocene eruptions from Peinado, it is not monitored,
and it is in the 30th place of the relative risk ranking of Argentine and neighboring volcanoes (Elissondo

and Farias, 2023).
Hazard types

There is no further information or records on partial sector collapse or lahar potential. No deformation was
detected at Peinado during a regional InSAR survey of Central Andean Volcanoes (Pritchard, 2003), and

there are no records on observed seismic unrest nor fumarolic and magmatic degassing.

According to its geological records, the volcanic processes of Peinado most likely to occur in the event of
an eruption, would be mainly associated with the emission of lava flows and pyroclastic density currents

(De Silva and Francis, 1991).
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1.51 Cerro El Condor

Physical characteristics

Cerro El Condor is a 6373 m high stratovolcano of Holocene age, located north of Falso Azufre volcano,
which straddles the Chile-Argentina border (GVP, 2013). It is one of the few major stratovolcanoes located
wholly in Argentina (De Silva and Francis, 1991). Its volcanic products cover an area of 128-281 km? and

the main edifice has an estimated volume of 41-109 km? (Grosse et al., 2014, 2018).

It is a very scarcely investigated volcano, some geological (De Silva and Francis, 1991; Gonzalez-Ferran,
1995; Seggiaro et al., 2006; Grosse et al., 2014, 2018), surface deformation (Pritchard, 2003), and volcanic
hazards works (Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022)

have been carried out.
Eruption frequency

The morphologically youthful lava flows and pristine summit crater imply a Holocene age (GVP, 2013),
and according to Grosse et al. (2018) its main constructive phase may still be ongoing. The Global
Volcanism Program is not aware of any Holocene eruptions from Cerro El Céndor, it is not monitored, and
it is in the 23rd place of the relative risk ranking of Argentine and neighboring volcanoes (Elissondo and

Farias, 2023).
Hazard types

Grosse et al. (2018) suggest a catastrophic, sector collapse event, directed towards the NW. Currently there
are no characteristics which could represent primary lahar sources. No deformation was detected at Cerro
El Condor during a regional InSAR survey of Central Andean Volcanoes (Pritchard, 2003), and there is no

further information or records on observed seismic unrest nor fumarolic and magmatic degassing.

According to its geological records, the volcanic processes of Cerro EI Condor most likely to occur in the
event of an eruption, would be mainly associated with the emission of lava flows, volcanic avalanches and

explosive activity (De Silva and Francis, 1991; Grosse et al., 2018).
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1.52 Cerro Blanco

Physical characteristics

It has been named simply Robledo (Simkin and Siebert, 1994), De Silva and Francis (1991) refer to its
silicic dome in the western part of the caldera as Cerro Blanco, Arnosio et al. (2005) and Brunori et al.
(2013) use “Cerro Blanco/Robledo Caldera” (CBRC) for the whole structures which includes two 4-5 km
wide coalescent circular features, and Fernandez-Turiel et al. (2019) used Cerro Blanco Volcanic Complex

(CBVC).

Cerro Blanco is a 4670 m high caldera of Holocene age (GVP, 2013; Aguilera et al., 2022), that belongs to
an SW-NE prolongation of the CVZA towards the back-arc region (Lamberti et al., 2021), located in the
southern limit of Andean plateau of the Catamarca Province in Argentina (Baez et al., 2015). Four calderas
have been recognized in the CBVC: El Nifio, Pie de San Buenaventura, Robledo, and Cerro Blanco (Baez

et al., 2015; Montero Lopez et al., 2010).

Several geological (Seggiaro et al., 2006; Di Filippo et al., 2008; de Silva et al., 2022; Barcelona et al.,
2023), petrographic (Arnosio et al., 2005; Montero Lopez et al., 2010; Fernandez-Turiel et al., 2019; de
Silva et al., 2022; Barcelona et al., 2023), fluid geochemistry (Viramonte et al., 2005a; Chiodi et al., 2019;
Lamberti et al., 2021), surface deformation (Pritchard and Simons, 2002, 2004; Viramonte et al., 2005b;
Brunori et al., 2013, Henderson and Pritchard, 2013; Vélez et al., 2021), geological evolution (Baez et al.,
2015, 2020), seismological (Mulcahy et al., 2010) and volcanic hazards works (Elissondo and Farias, 2023;
Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

Based on Fernandez-Turiel et al. (2019) results, the Cerro Blanco eruption is among the largest volcanic
eruptions of the Holocene globally, exceeding the magnitude of the 1600 Huaynaputina eruption. The
Global Volcanism Program recognizes 1 Holocene eruptive period with maximum VEI registered of 7. It
is not monitored, and it is in the 5th place of the relative risk ranking of Argentine and neighboring

volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources.

There is evidence of ground deformation (Pritchard and Simons, 2002, 2004; Viramonte et al., 2005b;
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Brunori et al., 2013; Henderson and Pritchard, 2013; Vélez et al., 2021), it is subsiding with an average
velocity of 0.87 cm/year (Baez et al., 2015). There are records of seismic swarms during the years 2007-
2009 in the upper crust (Mulcahy et al., 2010) and it hosts an active, small geothermal field, fumaroles,
diffuse degassing of CO,, hot springs and mud volcanoes (Viramonte et al., 2005a; Chiodi et al., 2019;
Lamberti et al., 2021).

According to Béez et al. (2015), two possible scenarios would be the most likely to occur in the event of an
eruption: i) eruptive style with generation of PDCs without vertical development of an eruptive column

(boiling over), and ii) Plinian / subplinian eruptive style with generation of PDCs.

1.53 Falso Azufre

Physical characteristics

Falso Azufre is a 5906 m high volcanic complex of Holocene age, located along the Chile-Argentina border
(GVP, 2013). It is the main edifice of a 15 km W-E trending complex of approximately 6 overlapping
craters, lava domes, and composite cones extending from Chile into Argentina (De Silva and Francis, 1991).
Its volcanic products cover an area of 310-387 km? and the main edifice has an estimated volume of 83—

101 km? (Grosse et al., 2014, 2018).

It is a very scarcely investigated volcano, some geological (De Silva and Francis, 1991; Seggiaro et al.,
2006; Grosse et al., 2014, 2018), surface deformation (Pritchard, 2003), thermal anomalies (Jay et al.,
2013), and volcanic hazards works (Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021;

Aguilera et al., 2022) have been carried out.
Eruption frequency

Two small composite cones and two lava domes appear to represent the most recent activity of the complex
and may be of Holocene age (De Silva and Francis, 1991). The Global Volcanism Program is not aware of
any Holocene eruptions from Falso Azufre (GVP, 2013), it is not monitored, and it is in the 27th place of

the relative risk ranking of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

There is no further information or records on partial sector collapse or lahar potential. No deformation was

detected at Falso Azufre during a regional InSAR survey of Central Andean Volcanoes (Pritchard, 2003),
66



UNIVERSITE F 7 m _ SECTOR ENERGIA Y MINAS

DEGENEVE ~  SIamsast o  Senicotaciona K/\:/-Segem%% RINGEMMET

, FONDO NAZIONALE SVIZZERO de Geologiay - -
FACULTE DES SCIENCES Swiss NATIONAL SCIENCE FOUNDATION Mineria INSTITUTO GEOLOGICO, MINERO Y METALURGICO

and there are no records on observed seismic unrest nor fumarolic and magmatic degassing. According to

ASTER images, it has potential hotspots that merit further study (Jay et al., 2013).

Despite the lack of reliable records of its eruptive activity in the last 10,000 years, according to Grosse et
al. (2018), Falso Azufre has an intermediate long-term eruptive potential and a minor felsic phase may be
ongoing. The volcanic processes of Falso Azufre most likely to occur in the event of an eruption, would be
mainly associated with the emission of lava flows, pyroclastic density currents and tephra fallout (De Silva

and Francis, 1991).

1.54 Nevado de Incahuasi

Physical characteristics

Nevado de Incahuasi is a 6638 m high volcanic complex of Holocene age, located ENE of Nevados Ojos
del Salado volcano at the Chile-Argentina border (GVP, 2013). It has two stratocones whose amalgamated
craters opened in a calderic amphitheater of about 3.5 km in diameter southward (Gonzalez-Ferran, 1995).
Its volcanic products cover an area of 125-207 km? and the main edifice has an estimated volume of 54—

231 km? (Grosse et al., 2014, 2018; Aravena et al., 2015).

Several geological (Gonzalez-Ferran, 1995; Rubiolo et al., 2003; Aravena et al., 2015; Grosse et al., 2014,
2018), petrographic (Kay et al., 2008, 2013), glaciological (Gspurning et al., 2006), surface deformation
(Henderson and Pritchard, 2013), geological evolution (Seggiaro and Hongn, 1999), and volcanic hazards
works (Lara et al., 2011; Amigo et al., 2012; Perucca and Moreiras, 2009; Elissondo and Farias, 2023;
SERNAGEOMIN, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera et al., 2022) have been carried

out.
Eruption frequency

The youngest activity recorded at Incahuasi is from the NE mafic center, with an age of 0.35 £ 0.03 Ma
(Grosse et al., 2018). The Global Volcanism Program is not aware of any Holocene eruptions from Nevado
de Incahuasi and it is not monitored. It is in the 35th place of the relative risk ranking of Argentine and

neighboring volcanoes (Elissondo and Farias, 2023).
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Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources
(Lara et al., 2011). There are some small areas of firn and ice (6620 m), but their total extent is very low,
and it is also noticeable that there is no ice in the wind-protected crater (Gspurning et al., 2006). No
deformation was detected at Nevado de Incahuasi during a regional InSAR survey of Central Andean
Volcanoes (Henderson and Pritchard, 2013). There are not records of observed seismic unrest (Lara et al.,

2011), nor fumarolic or magmatic degassing.

The main edifice of Incahuasi has been inactive since ~ 0.7 Ma and hence future activity seems unprobable.
It can be considered a young extinct volcano following the classification of Szakacs (1994), although future
activity cannot be completely ruled out as other volcanoes in the CVZA have shown repose periods in the
order of 1 Ma, and because there seems to be availability of magma in the area (Grosse et al., 2018).
According to Gonzélez-Ferran (1995), there are possibilities of violent explosive eruptions of dacitic-
rhyolitic nature, in which the most characteristic volcanic processes most likely to occur would be tephra
fallout over remote regions and eventual pyroclastic flows. According to Amigo et al. (2012), a reactivation
of this volcano would be linked to the emission of lavas and less pyroclastic emission, from limited to zero

impact in populated areas, although it could affect the international route CH-31.

1.55 El Fraile

Physical characteristics

El Fraile is a 6068 m high dome complex of Upper Pleistocene-Holocene age (Bertin, 2022), located
between Copiap6 and Fiambala towns, along the Chile-Argentina border (Elissondo and Farias, 2023). It is
composed of a central dome, a pyroclastic flow and a tephra fallout deposit (Naranjo et al., 2019). Its
exposed area covers 22 km? and the main edifice has an estimated volume of 3.5-5.3 km?® (Grosse et al.,

2017, 2018; Naranjo et al., 2019).

Several geological (Gonzalez-Ferran et al., 1985; Mpodozis et al., 1996; Rubiolo et al., 2003; Grosse et al.,
2017, 2018), petrographic (Baker et al., 1987), geochronological (Gardeweg et al., 1999), geological
evolution (Gardeweg et al.,, 1997; Naranjo et al., 2019), and volcanic hazards works (Bertin, 2022;

Elissondo and Farias, 2023) have been carried out.
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Eruption frequency

Ash levels at Villa Vil recently correlated with El Fraile suggest possible Holocene activity (Bertin, 2022).
It is not included in the catalogs of Holocene/Pleistocene volcanoes of the Global Volcanism Program. It is
not monitored, and it is in the 22nd place of the last version of the relative risk ranking of Argentine and

neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources.
There are no records of ground deformation or seismic unrest, and according to recent field observations
during an expedition of a team from Salta University up to El Fraile, it might have fumarolic activity (Salas,
2022, pers. comm.). Thus, despite the lack of reliable records of its eruptive activity in the last 10,000 years,

El Fraile volcano is considered a potentially active volcano.

According to the geological map of Naranjo et al. (2019) and the volcanic hazard assessment of Bertin
(2022) the most characteristic volcanic processes of El Fraile volcano, which would be the most likely to

occur in the event of an eruption, are tephra fallout and pyroclastic flows.

1.56 Nevado Tres Cruces

Physical characteristics

Nevado Tres Cruces is a 6620 m high stratovolcano of Pliocene-Pleistocene age, located along the Chile-
Argentina border (GVP, 2013). It has 30 eruptive centers, controlled by a fracture system heading N70°E
and N10°W (Gonzalez-Ferran, 1995), three coalescing cones aligned in a N-S direction and a series of
dacitic to rhyodacite lavas, domes, explosion craters, small volume pyroclastic flows, and tephra fallout
deposits (Amigo et al., 2012). Its volcanic products cover an area of 126-1000 km? and the main edifice has
an estimated volume of 38-225 km? (Gonzalez-Ferran, 1995; Aravena et al., 2015; Grosse et al., 2014,
2018).

Several geological (Gonzalez-Ferran, 1995; Rubiolo et al., 2003; Aravena et al., 2015; Grosse et al., 2014,
2018), petrographic (Fernandez-Turiel et al., 2016), glaciological (Haselton et al., 2002; Masiokas et al.,
2009; Garcia et al., 2017; Flores et al., 2018), geological evolution (Gardeweg et al., 2000) and volcanic
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hazards works (Amigo et al., 2012; SERNAGEOMIN, 2023; Amigo, 2021; Aguilera et al., 2022) have been

carried out.
Eruption frequency

According to Fernandez-Turiel et al. (2016), it is the strongest candidate to be the source of the Upper
Holocene pyroclastic deposits found in the Fiambala basin. The Global Volcanism Program is not aware of
any Holocene eruptions from Nevado Tres Cruces. It is not monitored, it is in the 79th place of the last
version of the Chilean volcanic risk ranking (SERNAGEOMIN, 2023), and 24th place of the relative risk

ranking of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources.
However, it is covered by glaciers mainly on its southeastern slope (Gonzalez-Ferran, 1995), with 1.1 km?
ofice in 2000 (Masiokas et al., 2009), which according to Flores et al. (2018) is the fastest shrinking glacier
of the Alto Andina basin. No further information or records were found on ground deformation, observed

seismic unrest and fumarolic and/or magmatic degassing.

The existence of activity until ca. 30 Ka and the period of rest of approximately 40 Ka that separates it from
the previous eruptive event (Ignimbrita de Pampa Blanca) allowed Gardeweg et al. (2000) to postulate that
it is a potentially active center of high hazard but low risk. According to Amigo et al. (2012), a reactivation
could be related to explosive activity with dispersion of pyroclastic material and generation of pyroclastic
density currents, although of limited impact in populated areas. The international route CH-31 could be

affected, depending on the eruption magnitude.

1.57 El Solo

Physical characteristics

El Solo is a 6205 m high stratovolcano of Holocene age, located W of Nevados Ojos del Salado and SE of
Nevado Tres Cruces, along the Chile-Argentina border (GVP, 2013). It has nine eruptive centers that
structure an imposing pyramidal cone (Gonzalez-Ferran, 1995). Its volcanic products cover an area of 15-
19 km? and the main edifice has an estimated volume of 4-11 km? (Grosse et al., 2014, 2018; Aravena et
al., 2015).
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It is a very scarcely investigated volcano, only a few geological (Gonzéalez-Ferran, 1995; Rubiolo et al.,
2003; Aravena et al., 2015; Grosse et al., 2014, 2018), petrographic (Mpodozis et al., 1996; Gardeweg et
al., 1997), and volcanic hazards works (Lara et al., 2011; Elissondo and Farias, 2023; Amigo, 2021; Garcia
and Badi, 2021; Aguilera et al., 2022) have been carried out.

Eruption frequency

It was source of major rhyodacite pyroclastic-flow deposits estimated to be post-Holocene which currently
are filling the adjacent valleys (Gonzalez-Ferran, 1995). The Global Volcanism Program is not aware of
any Holocene eruptions from El Solo, it is not monitored, and it is in the 37th place of the relative risk

ranking of Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

It has not flank collapse potential nor characteristics which could represent primary lahar sources (Lara et
al., 2011). No deformation was detected at El Solo during a regional InSAR survey of Central Andean
Volcanoes (Henderson and Pritchard, 2013). There are not records of observed seismic unrest nor fumarolic

and magmatic degassing (Lara et al., 2011).

El Solo is considered a geologically active and potentially dangerous volcano with very low specific risk
level at least since 2011 (Lara et al., 2011). According to the geological surveys carried out in this area, the
most characteristic volcanic processes of El Solo volcano, which would be the most likely to occur in the

event of an eruption, are tephra fallout and pyroclastic density currents.

1.58 Nevado Ojos del Salado

Physical characteristics

Nevado Ojos del Salado is a 6879 m high volcanic complex of Holocene age, located along the Chile-
Argentina border (GVP, 2013). It is the highest active volcano in the world (De Silva and Francis, 1991).
Its volcanic products cover an area of 70-148 km? and the main edifice has an estimated volume of 40-54

km?® (Grosse et al., 2014, 2018).

Several geological (De Silva and Francis, 1991; Gonzélez-Ferran, 1995; Rubiolo et al., 2003; Stern et al.,
2007; Grosse et al., 2014, 2018), petrographic (Baker et al., 1987; Gardeweg et al., 1997; 1998b), surface

deformation (Pritchard, 2003; Pritchard and Simons, 2004), and volcanic hazards works (Casertano, 1963;
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Lara et al., 2011; Amigo et al., 2012; Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021;

Aguilera et al., 2022) have been carried out.
Eruption frequency

There are no records of historic activity, but climbers reported fumarolic activity in 1937 and 1956
(Casertano, 1963). A major rhyodacitic explosive eruption took place about 1000-1500 years ago,
producing pumiceous pyroclastic flows and there was an unconfirmed report of minor gas-and-ash emission
in 1993 (GVP, 2013). The Global Volcanism Program recognizes 2 Holocene eruptive periods with
maximum VEI registered of 1 and it is not monitored. It is in the 82nd place of the last version of the
Chilean volcanic risk ranking (SERNAGEOMIN, 2023) and the 21st place of the relative risk ranking of

Argentine and neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

Currently it has not flank collapse potential nor characteristics which could represent primary lahar sources
(Lara et al., 2011). No deformation was detected at Nevados Ojos del Salado during a regional InSAR
survey of Central Andean Volcanoes (Pritchard, 2003). There are not records of observed seismic unrest
(Lara et al., 2011), but intermittent fumarolic activity and magmatic degassing (Gardeweg et al., 1998b; Jay
etal., 2013).

Nevados Ojos del Salado is considered a geologically active and potentially dangerous volcano with very
low specific risk level at least since 2011 (Lara et al., 2011). A reactivation could be related to minor
explosive activity and the emission of lava or construction of domes, associated with possible pyroclastic

currents (Amigo et al., 2012).

1.59 Cerro Tipas (Walker Penk)

Physical characteristics

Cerro Tipas is a 6658 m high volcanic complex of Holocene age, located in Argentina, immediately SSW
of Nevados Ojos del Salado, and S of the Chilean border (GVP, 2013). It is the world's third highest active
volcano but remains largely unknown (De Silva and Francis, 1991). Its volcanic products cover an area of
25-211 km? and the main edifice has an estimated volume of 43-52 km? (De Silva and Francis, 1991; Grosse

etal.,, 2014, 2018).
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Some geological (De Silva and Francis, 1991; Rubiolo et al., 2003; Stern et al., 2007; Grosse et al., 2014,
2018), surface deformation (Pritchard, 2003; Henderson and Pritchard, 2013), and volcanic hazards works
(Perucca and Moreiras, 2009; Elissondo and Farias, 2023; Amigo, 2021; Garcia and Badi, 2021; Aguilera

et al., 2022) have been carried out.
Eruption frequency

It displays a youthful morphology, and its latest eruptions were considered to be of Holocene age (De Silva
and Francis, 1991). The Global Volcanism Program is not aware of any Holocene eruptions from Tipas
(GVP, 2013), it is not monitored, and it is in the 32nd place of the relative risk ranking of Argentine and

neighboring volcanoes (Elissondo and Farias, 2023).
Hazard types

There is no further information or records on partial sector collapse or lahar potential. No deformation was
detected at Tipas during a regional InSAR survey of Central Andean Volcanoes (Henderson and Pritchard,

2013), and there are not records of observed seismic unrest, nor fumarolic or magmatic degassing.

There is not information about the hazards that Tipas could pose in the event of an eruption, but according
to its geological records it may be inferred that a reactivation would be mainly associated with the emission
of lava flows, pyroclastic flows and tephra fallout as its better-known neighbour Nevados Ojos del Salado

(De Silva and Francis, 1991).
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