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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. Given the large number of active volcanoes in this area, which are often located close
to both urban areas and critical infrastructure, prioritization of volcanic risk reduction strategies is crucial. However-theThe

identification of hazardous active volcanoes is challenging due to the limited accessibility-, scarce historical record, and the

difficulty in identifying relative or absolute ages due to the extreme arid climate. Here, we identify the riskiesthighest risk

volcanoes based-encombining complementary strategies-ineluding: 1) a regional mapping based on volcanic hazard parameters
and surrounding density of elements at risk eembined-withand ii) the application of the recently developed Volcanic Risk
Ranking (VRR) methodology that integrates hazard, exposure and vulnerability as factors that increase risk, and resilience as
a factor that reduces risk. The method-identifiesWe identified 59 active and potentially active volcanoes that not only
highlightsinclude the volcanic eenterscentres with the most intense and frequent volcanic eruptions (e.g., E1 Misti and Ubinas
volcanoes-, Perup-and) but also the highest density of exposed elements (e.g., the cities of Arequipa and Mequegua-{, Peruy);

but-alse-). VRR is carried out for 19 out of 59 volcanoes, active within the last 1,000 years or with unrest signs, highlighting

those with the highest potential impact requiring risk-mitigation-actions-(i.e., Cerro Blanco (in Argentina); and Yucamane,

Huaynaputina, Tutupaca, and Ticsani ¢in Peruj):) and requiring risk mitigation actions to improve the capacity to face or
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overcome a disaster (e.g., volcanic hazard and risk/impact assessments, monitoring systems, educational activities, and

implementation of early warning systems).

1 Introduction
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Volcanic Zone of the Andes (CVZA) is one of the four active volcanic zones in South America (Fig. 1). This zone within the

latitudes 14-28°S comprises at least two volcanic segments controlled by a compressive subduction tectonics, with a diffuse

boundary at 21°S between Isluga and Irruputuncu volcanoes. The northern CVZA segment, located in southern Peru, has major

volcanoes aligned in a NW-SE direction and is characterized by significant historic magmatic eruptions. The southern segment

within northern Chile, south-western Bolivia, and north-western Argentina on the other hand, has a more northerly trend

comprising older edifices that have existed for more than a million years (e.g., Ollagiie, with a history going back as far as

800.000 years) and have longer repose periods (De Silva and Francis, 1991). The CVZA has an ongoing volcanism since the
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Late Eocene-Early Oligocene, comprising a wide diversity of activity patterns, volcanic forms, products, and magma

compositions (e.g., Bertin et al., 2022a; Grosse et al., 2018, 2022). including catastrophic cone collapses and a long record of

voluminous silicic pyroclastic activity associated to potentially active giant ignimbrite centres and caldera systems with

important implications for the safety of nearby communities (Stern, 2004).

The lack of knowledge due to scarce historical records and difficulty in identifying deposit ages together with its proximity to
four geographical borders imply significant challenges for the CVZA, making it an area of interest for volcanic risk reduction.

In fact, systematic studies of the CVZA only started in the 1970-80s, and increased during the last 20 years motivated by the

implementation of new monitoring capabilities and research investments as a response to volcanic unrest in various areas,

currently promoting cross-border collaborations (Aguilera et al., 2022; Forte et al., 2021). However, the characterization of

hazardous active volcanoes is very challenging because of their limited accessibility. Several CVZA volcanoes are higher than
6,000 m above sea level (a.s.l), including Ojos del Salado, which is the highest volcanic summit of the world (Amigo, 2021).

In addition, the extreme dry and arid conditions further complicate detailed studies of these volcanoes. As an example, the

determination of the relative ages through morphology is difficult due to very low erosion rates making difficult the distinction

between old and fresh volcanic features. Existing radiocarbon techniques are also limited because sediments contain small
amounts of organic carbon (Gillespie et al., 1991; De Silva and Francis, 1991). Finally, the CVZA volcanoes are located within

25 km of an international border, in between Argentina, Chile, Bolivia or Peru. Andean communities have interacted with

these volcanic features for more than 11,000 years even before border delineation (Ramos Chocobar and Tironi, 2022; Loyola

etal., 2022). However, the current division of borders increases the challenges of volcanic risk management since each country

has multiple strategies, resources, sovereignty and intrinsic socio-economic and political conditions playing a key role when

facing natural risks (e.g., Donovan and Oppenheimer, 2019; Petit-Breuilh Septlveda, 2016; Romero and Albornoz, 2013).

One of the major difficulties within the CVZA lies in the identification of active hazardous volcanoes. Although various

nomenclatures have been proposed to describe the state of a volcano (e.g., Szakacs, 1994; Auker et al., 2015), here we stick to

Szakdcs definition, also in agreement with the Geological Services of Argentina (SEGEMAR), Chile (SERNAGEOMIN), and

Peru (INGEMMET). According to Szakécs (1994) "active volcano" and "extinct volcano" are mutually exclusive terms. Active

volcanoes are geologically active when they had at least one eruption in the Holocene period, then. they can be subdivided

into "erupting" and "dormant" types based on their current state of activity, while extinct volcanoes could be classified as

"young" or "old" using criteria such as the extent of erosion or geochronological age. The term "potentially active" is reserved

for those fresh-looking volcanoes lacking both documented eruptions and reliable datations. “Potentially active” volcanoes

could be defined as “‘active-dormant” or “extinct-young” volcanoes as more information becomes available (Szakacs. 1994).
Alternatively, in absence of data of eruptions during the Holocene, a volcano can be considered “potentially active” when it

presents visible signs of unrest activity such as degassing, seismicity or ground deformation (e.g., Simkin and Siebert, 1994;
Ewert et al., 2005; Ewert, 2007; Lara et al., 2011). As a result, in this study we analyse a total of 59 volcanoes, 25 active
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Holocene volcanoes and 34 potentially active volcanoes having fresh volcanic morphology or records of at least one sign of

unrest (i.c., seismicity, deformation or degassing).

Volcanic rankings have been used to identify threatening volcanoes, notably based on the strategy proposed by Ewert et al.

(1998; 2005; 2007), that combines hazard (the destructive natural phenomena produced by a volcano) and exposure (people

and property at risk from the hazards) parameters. Based on this methodology, three of the four countries of the CVZA have

already produced a relative volcanic threat ranking considering the whole country (e.g., Macedo et al., 2016; Lara et al., 2006;

SERNAGEOMIN, 2020, 2023; Elissondo et al., 2016: Garcia et al., 2018: Elissondo and Farias, 2024). Peru ranked 16

volcanoes with four levels of threat, from very low to very high (Macedo et al., 2016). Chile-and-Argentina; recently updated /{ Formatted: English (United States)

theirrelativeits volcanic riskrankingsranking with 87 andactive and potentially active volcanoes based on 13 hazard and 12

exposure parameters (SERNAGEOMIN, 2023). A new volcanic risk ranking for Argentina was also recently published with

38 active and potentially active volcanoes;+espeetively, (Ranking de riesgo-espeeifico-paravoleanesaetivos-de Chile 2023:

based on 15

Holocencrand-the historicab factors- oFunrest- Tenand 10 exposure parameters were also-considered-neluding populationtocal
jonal aviation, . ; inf i

A-new-(Elissondo and Farias, 2024). From these rankings only 26 (Chilean ranking) and 22 (Argentinian ranking) volcanic

centres are part of the CVZA. However, many active and potentially active volcanoes of the CVZA and their eruptive histories

remain understudied. Recently, a new Volcanic Risk Ranking (VRR) methodology was-+ecently proposed, expanding the work
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resilienee):Ewert et al. (1998; 2005), by integrating additional factors that can influence the risk level, i.e., vulnerability, as

characteristics of the elements at risk that can increase the susceptibility to the impact of a natural hazard: and resilience, as

the system’s ability to adapt to changes, overcome disturbances and maintain functionality from the effects of a hazard (Nieto-

Torres et al., 2021; Guimardes et al., 2021). This new VRR methodology was tested on Mexican volcanoes with activity

recorded in the last 10,000 and 1,000 years (Nieto-Torres et al., 2021) and festheapplied to Latin American volcanoes with
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In this study. we identify the volcanoes of the CVZA with the highest potential impact based on two complementary strategies:

i) the regional mapping of hazard parameters and elements at risk for a total of 59 active and potentially active volcanoes, and

ii) the VRR methodology proposed by Nieto-Torres et al., (2021) for 19 volcanoes considered more likely to have an eruption
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135 in the future. Our study underlines two main aspects. First, it demonstrates the challenges of regional risk assessment.

especially for cross-boundary volcanoes managed by multiple institutions and associated with different geographical contexts.

Second, the combination of multiple risk factors (hazard, exposure, vulnerability and resilience) provides fundamental insights

for risk management. Indeed, the regional mapping and regional VRR provides the opportunity to consider transboundary

volcanoes that are often neglected by local authorities, typically more focused on active volcanoes with short repose intervals

140  or those that lack any resilience measures.

2 Geological setting of the CVZA

The Andean Cordillera started building during the late Paleozoic, characterized by an important magmatism associated with

the beginning of the subduction in the Pacific margin (Ramos and Aleman, 2000; Tilling, 2009)—Fhe-mostsignificant-events

145

. The most significant
events in the evolution of the Andes occurred after the breakup of the Farallon plate into the Cocos and Nazca plates in the

Late Oligocene (~ 27+2 Ma) that caused changes in subduction geometry. and accelerated crustal shortening. thickening and

150  uplift in the Northern and Central Andes (Jaillard et al., 2000; Ramos and Aleman, 2000; Jordan et al., 1983; Sempere et al.

1990; Hall et al., 2008). The resulting increase in convergence rates drove the magmatic activity nearly all along the Andean

ridge (Stern, 2004)—Several-studies—diseuss—the-Andean—voleanieareAndean—magmatismand—a ated voleanism (oo /‘[Formatted: German (Germany)

Andes—were{formed-—during the Miocene,+ rie-deformation—significantly modifiedthe topography—controlled-th
155 . Although many

of the main features of the Andes were formed during the Miocene, neotectonic deformation significantly modified the

topography, controlled the location of active volcanoes and thus the distinction among small arc segments within the main

volcanic zones (Stern, 2004)—A-total-of 204-cut-of the 1500-active volcanoes-during the Holocene worldwide are part-of the
160
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. A total of 204 out of the 1500 active volcanoes during the Holocene worldwide are part of the Andes, but their distribution
is not continuous along the Andean margin (Tilling, 2009; GVP, 2023a). Four main zones can be identified (Fig. 1): the

Northern Volcanic Zone of the Andes (NVZA) from Colombia to Ecuador; the Central Volcanic Zone of the Andes (CVZA)

along southern Peru, northern Chile, south-western Bolivia, and north-western Argentina; the Southern Volcanic Zone of the

Andes (SVZA) extending from central to southern Chile and Argentina; and finally, the Austral Volcanic Zone of the Andes

(AVZA), along the southernmost region of the continent. These segments are separated from each other by volcanically

inactive gaps that may be a result of the subduction of the Nazca and Juan Fernandez ridges, which is an important factor

controlling the geometry of Andean flat-slabs (e.g., Barazangi and Isacks, 1976; Thorpe et al., 1984: Pilger, 1984 Stern, 2004;
Tilling, 2009; Kay and Coira, 2009).

The CVZA, the aim of this study, is located between latitudes 14° and 28°S of the Andean cordillera, between the Peruvian ,/{ Formatted

: English (United States)

and Pampean flat-slab segments (Fig. 1). AlmestalAll the volcanoes in this zone are above 4;6003.500 m a.s.1., constituting Formatted:

English (United States)

a high, remote, and exceptionally arid region (De Silva and Francis, 1991). It is formed by the subduction of the Nazca Plate

below the South American Plate at a convergence rate of 7-9 cm/ per year and an angle of 30° to the trench (Cabhill and Isacks,

1992; Hayes et al., 2018; Gianni et al., 2019), The continental crust in the CVZA reaches a thickness of up to 65-70 km,(James, ,/{ Formatted

1 English (United States)

1971; Van der Meijde et al., 2013), composed of Cenozoic volcanic rocks overlying a 26602.000 Ma basement in the northern
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part and Late Precambrian-to-Paleozoic substrate in the southern segment (Walker et al., 2013). Andesites, dacites and
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rhyolites are the dominant rock types-eruptedcomposition in the CVZA, although basaltic andesites and occasional basalts
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occur. The most relevant volcanic hazards inof the Central Andean volcanoes include tephra fallout, pyroclastic density ‘\

currents, ballistics, lava flows and lava domes, debris flows, and lahars (Bertin et al., 2022a).
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Figure 1: Location map showing the Northern Volcanic Zone of the Andes (NVZA)-(; grey triangles), Central Volcanic Zone of the
Andes (CVZA)-(; yellow triangles), Southern Volcanic Zone of the Andes (SVZA)-(; blue triangles), and Austral Volcanic Zone of
the Andes (AVZA)-(; green triangles). Modified from Stern (2004). Service Layer Credits:-Sources: Esri, USGS, NOAA.
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3 Methodology

This study includes the analysis of volcanoes in the four countries prone to be impacted by future volcanic activity inof the
CVZA (i.e., Peru, Bolivia, Argentina and Chile)—fer—which—four). Four main steps were carried out: 1) update—of-the
inventorycompilation of active and potentially active volcanoes of the CVZA based on the existing eatalegscatalogues of De
Silva and Francis (1991), GVP (2013), Macedo et al. {2646}, SERNAGEOMIN{2023)(2016), SERNAGEOMIN (2023),
Elissondo-and Farias{2023)Elissondo and Farias (2023) and Aguilera et al. (2022), and-compilationincluding a detailed review
of hazard and resilience parameters—&&eyes—ﬁa;dyhekai—%@%}—%%eﬁqﬂa&eﬁﬂ#elﬁﬂ%a&ﬁslﬁ available in Reyes-Hardy

opulation. transportation and critical facilities): 3) regional mapping

that includes both volcanic hazard parametersfeatures and surrounding elements at risk:4)- for all the 59 active and potentially
active volcanoes of the CVZA:; 4) application of the VRR methodology (Nieto-Torres et al., 2021) to identify the riskiest

%me&edelegy—was—apphed—ea—ehehlghest risk volcanoes that-had-at-feast-one-cruption-in-the-Jast- 1000-vearsfollowing

202 b-in-addition-to-the-voleanoes-with-Pleistocene-or Holoeene-of the CVZA based on the estimation and

scoring of hazard, exposure, vulnerability and resilience parameters. This last step focus on volcanoes having shown a volcanic

activity but-eurrently showing 3-types-of during the past 1,000 years or records of the three signs of unrest sigaals(i.e-., seismic
aetivity, ground deformation and degassing).

3.1 Identification of active and potentially active volcanoes of the CVZA

The first challenge in ranking the risk amongst volcanoes in a specific area is the selection of volcanoes to consider.
§1nce geochronologlcal data or preserved historical records are largely absent in the CVZA, the term "potentially
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This has led to discrepancies in the CVZA volcano count evidenced in the number of potentially active eruptive centres
identified by the “Volcanoes of the Central Andes” (n=73; De Silva and Francis, 1991). the Global Volcanism Program

database (n=67; GVP, 2013), as well as within different catalogues accounting for CVZA volcanoes (i.e., Elissondo et al.
2016; SERNAGEOMIN, 2020: Aguilera et al., 2022; Macedo et al., 2016; SERNAGEOMIN, 2023: Elissondo and Farias,

2024). The first step of our study was the compilation of the active and potentially active volcanoes of the CVZA based on a
comprehensive analysis of 6 catalogues in collaboration with SEGEMAR, SERNAGEOMIN, and INGEMMET, combined

with their own updated volcanic risk rankings relative for each country (i.e., Argentina, Elissondo and Farias, 2024; Peru,
Macedo et al., 2016; and Chile, SERNAGEOMIN, 2023). A total of 59 volcanic centres have been identified as active or

potentially active, of which 50 have Holocene and 9 Pleistocene activity (Table 1). In terms of geographical distribution, 12

volcanoes are located in Chile, 9 in Argentina, 13 in the Chile-Argentina border, 7 in the Chile-Bolivia border, 2 in Bolivia

and 16 in Peru. In terms of types of volcanoes, 34 are stratovolcanoes, 15 are volcanic complex, three are volcanic fields, one

is a pyroclastic cone, four are dome complex. one is a maar and one is a caldera (Supplementary material 1). Among volcanoes

with Holocene activity, 16 volcanoes had at least one eruption in the last 1,000 years. In addition, three volcanoes (one of

Pleistocene and two of Holocene activity) with eruptions older than 1,000 years, showed records of all three signs of unrest

(i.e., seismicity, ground deformation and degassing). The complexity associated with the definition of active and potentially
active volcanoes of the CVZA highlights the challenging characterization of volcanoes in this area, including those with long

repose interval and/or poor constrain of eruptive record. Although our volcano list is the best agreement of active and

potentially active volcanoes of the CVZA, such a list can change depending on future knowledge of this zone including

geochronology and monitoring studies.

Table 1. List of the active and potentially active volcanoes of the CVZA (extracted from Supplementary material 1). C.: Cerro, N.:
Nevado (s), Pe: Peru, Ch: Chile, Bo: Bolivia, Ar: Argentina, H: Holocene, Pl: Pleistocene, DC: Dome complex, PC: Pyroclastic cone,
ST: Stratovolcano, VF: Volcanic field, VC: Volcanic complex, S: Seismic unrest records, G: Ground deformation records, D:
Fumarolic/magmatic degassing records, U: Unknown, and ND: No data. Notice that volcanoes with last eruption during the past
1,000 vears and/or presenting records of all three signs of unrest are in bold.

NG
N°  Volcanoname  Latitude Longitude Country Type  Age Last Signs of unrest Holocene Max
eruption e VEI
eruptions
1 Quimsachata 14.13°S  71.36°W DC H® 4450 BCE® No 1 ND
2 C. Auquihuato  15.07°S  73.18°W Pe PC I;i, u G” ND ND
3 Sara Sara 15.33°S  73.45°W Pe ST PI! I;A‘COSSO‘ No 0! ND!
4 Andahua 1542°S  72.33°W Pe VE H 1490 CE* D* 403 ND
5 Coropuna 15.52°S  72.65°W Pe ST H ~700 BP%S D7 ND ND
6 Huambo 15.78°S  72.08°W Pe VF  H°  700BCE' No 1 ND
7 o o * 2016 — 76 G475, 77
L Sabancaya 15.78°S  71.85°W Pe ST H' resent® S, G5, D 14 (12) 3
8 Chachani 16.19°S  71.53°W Pe vC P2 56 000 ya® S7,. D” 0 ND
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El Misti 16.29°S  71.40°W
Ubinas 16.35°S  70.90°W
Huaynaputina  16.60°S  70.85°W
Ticsani 16.75°S  70.59°W
Tutupaca 17.02°S  70.37°W
Yucamane 17.18°S  70.19°W
Purupuruni 17.32°S 69.90°W
Casiri 17.47°S  69.81°W
Tacora 17.72°S  69.77°W
Taapaca 18.10°S  69.50°W
Parinacota 18.16°S  69.14°W
Guallatiri 18.42°S  69.09°W
Tata Sabaya 19.13°S  68.53°W
Isluga 19.15°S  68.83°W
Irruputuncu 20.73°S  68.55°W
Olca-Paruma 20.93°S  68.41°W
Aucanquilcha 21.22°S  68.47°W
Ollagiie 21.30°S  68.18°W
C. del Azufre 21.78°S  68.23°W
San Pedro 21.88°S  68.39°W
Uturuncu 2227°S  67.18°W
Putana 22.55°S  67.85°W
pobme  nns cww
Licancabur 22.83°S  67.88°W
Acamarachi 2329°S  67.61°W
Lascar 2337°S  67.73°W
Chiliques 23.58°S  67.70°W
Alitar 23.80°S  67.39°W
Puntas Negras 23.44°S  67.32°W
Tuzgle 24.05°S  66.48°W
Aracar 2429°S  67.78°W
Socompa 24.39°S 68.24°W
Arizaro 24.45°S  68.023°W
Llullaillaco 24.72°S  68.53°W
Escorial 25.08°S  68.36°W

Ch-Bo

Ch-Bo
Ch-Bo
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Ch-Ar
Ar
Ch-Ar
Ch-Ar
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st ML s¥.pn 205
ST H  2019CE'  S%,GY D% 26(23)
ST H 1600 CE’ D% 22
ST H 1800 CE*  S% G35, p¥ L)
ST H 1802 CE’ D8 5(2)
ST  H 1787 CE% D% 10 1)
DC H PI" No ND
ST D! ND
S_T i’* U_‘ SIZ, 13 D14,15,16 2(0
VvC  H'  320BCE’ (G.DY* 8(8)
ST H 1803 CEY s 3857 (6)
S_T i* 1960 CE* Sl& 19 D20.21.22 6 (4)
ST H u No ND
ST H 1913 CE’ %, ps 14.24 8(7
ST H  1995CE’ (S. D) 18 20
e om U D 10
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ST PI* PI* (S. D) 1886 0
\e H u G457 D26 ND
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4 Lastarria 25.16°S  68.50°W  Ch-Ar ST  H' u 46,47,48, 99,50 2, ND ND
22,52,53,54,55
45 Cordondel 53305 ggspow  Ch-Ar  VC  H u No ND ND
Azufre
46 C. Bayo 2541°S  68.58°W  Ch-Ar VC  H* u G4 ND ND
47 Antofagasta 26.12°S  67.40°W Ar vC H U No ND ND
48 SierraNevada  26.48°S  68.58°W  Ch-Ar vC H* u No ND ND
49 Cueros de 26.55°S  67.82°W Ar DC P ND No 0 ND
Purulla

50 Peinado 26.62°S  68.11°W Ar ST H u No ND ND
51 C ElCéndor  26.63°S  6836°W Ar ST  H u No ND ND
52 N N 560 G74, 23, 28, 56,

52 C. Blanco 2678°S  67.76°W Ar Caldera H' 2300BCE' Sais peeie 1(1) 7
53 Falso Azufre 26.80°S  68.37°W  Ch-Ar vC H" u* No ND ND
54 N.delncahuasi 27.03°S 6829°W  Ch-Ar VC  H u No ND ND
55 El Fraile 27.04°S  68.37°W  Ch-Ar DC  PU ND D& 0 ND
56 N.TresCruces 27.08°S 68.80°W  Ch-Ar ST PI I’ No 0 ND
57 El Solo 27.10°S  68.71°W  Ch-Ar ST  H* u No ND ND
58 N Sglzz(fel 27.10°S  68.54°W  Ch-Ar VC H°  750CE’ Dot 2(1) 1
59 C. Tipas 27.19°S  68.56°W Ar ve B U No ND ND

“GVP (2013), ™ GVP (2023a, b), 'Rivera et al. (2020), >Aguilar et al. (2022), *Bromley et al. (2019), “Amigo et al. (2012), *De Silva and
Francis (1991), ®*Viramonte et al. (1984), "Bertin (2022), *Marifio et al. (2019), °Fidel and Huamani (2001), '°Cruz et al. (2010), !'Cruz et al.
(2020), "*Clavero et al. (2006). *Pavez et al. (2019), "*Lara et al. (2011), "*Capaccioni et al. (2011). "*Contreras (2013). '"REAV Parinacota
(2020), '®Pritchard et al. (2014), ""SERNAGEOMIN (2021). 2°Aguilera (2008). 2'Inostroza et al. (2020a), **Inostroza et al. (2020b)
23Pritchard and Simons (2004), **Gonzélez-Ferran (1995), *>Tassi et al. (2011), *°Aguilera et al. (2020), *’Fialko and Pearse (2012)
28Henderson and Pritchard (2013), *°Hickey et al. (2013), *Jay et al. (2012). 3'Sparks et al. (2008). **Gottsmann et al. (2017), **Henderson
et al. (2017). 3*Pritchard et al. (2018), *Pavez et al. (2006). °Gaete et al. (2019), 3’Matthews et al. (1997). 38Aguilera et al. (2006), **Tassi
et al. (2009). *Bredemeyer et al. (2018), “'Pieri and Abrams (2004). *’Liu et al. (2022), “’Liu et al. (2023), *Seggiaro and Apaza (2018)
4Froger et al. (2007), *Ruch et al. (2008), “’Ruch et al. (2009), **Anderssohn et al. (2009). *Ruch and Walter (2010), **Budach et al. (201 1)
SSpica et al. (2012), >Naranjo (1985), %*Aguilera et al. (2012), **Aguilera et al. (2016). **Robidoux et al. (2020), **Viramonte et al. (2005
S"Brunori et al. (2013), ¥Vélez et al. (2021), *Baez et al. (2015), ““Mulcahy et al. (2010), °'Chiodi et al. (2019), “’Lamberti et al. (2021)
%Salas (2022, pers. comm.), **Gardeweg et al. (1998). “IGP (2021), °OVI (2021). “’Bertin et al. (2022b), **Schoenbohm and Carrapa
2015), “Harpel et al. (2011), "Cruz (2020), "'Clavero et al. (2004). "*Morales Rivera et al. (2016), *Ramos (2019), "Pritchard and Simons
(2002), "Jay et al. (2015), "°Samaniego et al. (2016). "BGVN (2021), "Centeno et al. (2013), Gala$ et al. (2014), 3°Sandri et al. (2014).
$'Thouret et al. (2001), #?Del Carpio and Torres (2020), $*Rivera et al. (2010), **Apaza et al. (2021), *Antayhua et al. (2013), %Jay et al.
(2013), ¥’Gonzales et al. (2006). **Holtkamp et al. (2011), ®Byrdina et al. (2013), **Macedo et al. (2016). Notice that if not indicated

otherwise, the “Max VEI” and "N° Holocene eruptions" values correspond to the maximum VEI, and the number of eruptions and confirmed

eruptions (in parenthesis) during the Holocene according to GVP (2013, 2023a).
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3.2 Elements at risk

In this study, the elements at risk include population, residential buildings, critical infrastructure (e.g., transportation, power,
water and telecommunication supply networks), emergency facilities (e.g., police and fire stations), critical facilities (e.g.,
government offices, schools), and economic activities (e.g., parks and protected areas, mines, saltssalt pans, farmlands,
industrial areas). Each dataset is country-specific, faveringfavouring official sources (e.g., ministries, national geographic

institutes, national observatories, statistical institutes). Open-source datasets (e.g., HOT, 2020) were used to complete missing

official information. All details and sources of elements at risk are available in Supplementary material 2.

Concerning the population, density data are provided by WorldPop - Open Spatial Demographic Data and Research
(WorldPop, 2018). Worldpop data used in this study represent the spatial distribution of resident population density in 2020
per grid-cell (inhabitants per km?), and they are provided at country level (i.e., Peru, Bolivia, Argentina, and Chile), with a
resolution of abeutHan—They-are-obtained30 arc seconds (approximately 1 km at the equator). Obtained from the so-called
top-down unconstrained modelling—WesldPop,—2023)Hewever, this method misplaces the population in some places
indieatinglocations showing the presence of people in uninhabited areas (WorldPop, 2023). We—corrected—the—error—ofA

validation with satellite images was used to correct and reclassify the discrepancies with non-zero population using-mainty

satellite images-and-wereclassified the pixelsinto the range of 0-0.1 inhabitants per km?. This data correction efdata-allowed
us to obtain results of population density that were more consistent with the density and distribution of pepulatien—and

residential-buildingspopulated centres (see Supplementary material 2). National censuses were used to extract socio-economic
data required to constrain the VRR exposure parameters (JGN, 2010; INDEC, 2010; INE, 2012, 2017a, 2017b; INEI, 2017,

IDE, 2021; ONEMI, 2021a, 2021b),
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Transportation includes: i) road network, ii) rail network, iii) airports and air routes, iv) harbersharbours, v) ferry terminals

along rivers and lakes, and vi) border crossing check posts (Fable—)—The-Supplementary material 2). A taxonomy
homogenization of the road network is-elassifiedinfourwas required to reclassify in five categories—primnary;—secondary;

tertiary;urban-and-rural-for-each-country as described in Table 2. In the case of rural paths, only connecting routes between

rural eenterscentres (i.e., eritiealimportant exposed element_in the CVZA) have been considered. There are no distinctions

between railways (e.g., passenger transport, freight, tourist lines) and all lines and train stations have been included. Ferry

terminals along rivers and lakes are also included. Given the geographical characteristics of the countries analyzedanalysed,

particularly the hydrological characteristics, these facilities are essential-before-after-and-duringany hazardous-event—.

Table 2. Standardization of road classification in Argentina, Bolivia, Chile and Peru.

Road type ARGENTINA BOLIVIA CHILE PERU
Primary Road Red Vial Fundamental Ruta Internacional, Ruta
Red Vial Primaria Red Vial Nacional
Network (RVF) Nacional
Secondary Road Caminos Regionales
Red Vial Secundaria Redes Departamentales Red Vial Departamental
Network Principales
Tertiary Road . . . Caminos Regionales . .
Red Vial Terciaria Redes Municipales Red Vial Vecinal
Network Provinciales
Caminos Regionales
Urban Road Netwerk Red Vial Urbana Local network Local network
Comunales y de Acceso
Rural Paths Senda Rural Rural Paths Vias Rurales Rural Paths

14
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Facilities eensidered-are «all manmade structures or other improvements that, because of their function, size, service area, or
uniqueness, have the potential to cause serious bodily harm, extensive property damage, or disruption of vital socio-economic
activities if they are destroyed, damaged, or if their functionality is impaired» (FEMA 2007). Thestructures-analyzedFacilities
considered are divided into two groups: i) emergency facilities (i-e.g., civil protection instatationsheadquarters, police stations,

fire stations:—health-sites—emergeney-operation nters—and-ranger-stations d-heliports able-3);; see Supplementary

Material 2) and ii) critical facilities(-e-schoels-and government-offices).. The first group consists of essential services to

public safety and health; the second one includes strategic structures for social and economic sectors.

Reterences Civil protection |
Police station Eire-station Health-centers H ;
by head operations—eenters  Heliperts
J o J 1 N .
and-ranger-stations
BVRA202L GHMP 2021
Guardapargues IGNSIG.
e B
Atgenti SGRPC 2021 Nacionales2021: ;
HOF-2620 2020
2020 HOT2020
o
RAEP. 2021: SERNAP, 2021
Bolivia VIDECL, 2021 HOT. 2020 HOT. 2020 HOT. 2020
HOT2020
'EEE) ggglv g'xﬁ'x‘lhl‘“efaf €e ‘Bﬂ"lb&{ﬂ d&
GHMP2024 CONAF202L:
HOF-2020
LDsSPo 2021
o bl
Peru INDECL 2021 MINSA. 2021: 2021-HOT;
2020 HOT-2020 HoT 2020
HOF-2020

3.3 Regional mapping

The regional mapping step-consists in combining volcanic hazard parametersfeatures and elements at risk, representing a first-
order analysis of volcanoes that could have a potential impact in the region. In terms of hazard-parameters, the number of
eruptions and the maximum VEI during the Holocene have been represented as well as the age of the-velcanoestheir last
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eruption. In terms of elements at risk, density maps were produced for population, transportation and critical and emergency
facilities at a 1 km spatial resolution. For the population density map, we classified population density in four ranges (i.e., 0-
1, 1-10, 10-100, and >100 inhabitants per km?). The transport density combines point features expressed in the number of
structures per km? (i.e., train stations, airports, harbersharbours, and border crossings) and linear features expressed in
kilometerskilometres of infrastructure per km? (i.e., road network, railways, and air routes). Critical and emergency facilities
are expressed as number of facilities per km?. Separate layers of hazard and density of elements at risk are presented in

Supplementary materiatMaterial 3.

3.4-The Volcanic Risk Ranking

The identification of the volcanic systems with the highest potential risk was performed using the VRR methodology

introduced by Nieto-Torres et al. (2021) and applied to Latin American volcanoes by Guimaraes et al. (2021). The VRR step

eonsideredis carried out for the 19 active and potentially active volcanoes having-hadidentified based on their activity induring
it i i or Holoeeneactivity-currently showing 3-typesrecords of
three signs of unrest;- (i.e-., seismic-aetivity, ground deformation and degassing-). We apply the VRR+-05 (2 factors), VRR+-

the past 1,000 years +

13 (3 factors) and VRR--2} (4 factors) strategies of Nieto-Torres et al. (2021); ,//{ Formatted: Spanish (Spain)
Formatted: Spanish (Spain)

Field Code Changed
VRR{—0}f (threat) = Hazard, X Exposure,, . _[ Formatted: Spanish (Spain)
) \ Formatted: Spanish (Spain)
VRR{—1}== Hazard, X Exposure, X Vulnerability, \\ Formatted: Spanish (Spain)
) \\ Formatted: Spanish (Spain)
\ Formatted: Spanish (Spain)
VRR{—2y=+= (Hazard, X Exposure, X Vulnerability)/(ResResilience,+ 1) , Formatted: Spanish (Spain)
Formatted: Spanish (Spain)

—0)

\
{ Formatted:

Spanish (Spain)

Spanish (Spain)

Vulnerability considers 4 dimensions (physical, systemic, social, and economic), while resilience includes 2 dimensions

\"& Formatted:

'\\\\ \

\‘\\{‘i\ \\f Formatted:
\

Spanish (Spain)

N\

Formatted:

Spanish (Spain)

(mitigation measures and response) (Nieto-Torres et al., 2021). FheresilieneefactorAs VRR — 2 is a ratio, the resilience factor \\\\\\

\\\\\\{ Formatted:

Spanish (Spain)

Spanish (Spain)

Spanish (Spain)

is mathematically corrected in-erderfor-the-formulawith the value of 1, after the aggregation of resilience parameters and \\\.\\\ ; tted

\\| Formatted:
before normalization, to stay-validobtain a VRR result even in-thesefor cases where the resilience factor is equal to zero (Nieto- '\\\\ Formatted:
Torres et al., 2021). \\Y Formatted

: Spanish (Spain)

\Y Formatted:
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There are 9 hazard parameters, 9 exposure parameters, 10 vulnerability parameters and 13 resilience parameters (details in Y Formatted:
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Supplementary material 4). The scores previously assigned for each parameter by Guimarées et al. (2021) have been updated

as more recent information wasbecame available (e.g., historical eruption of Parinacota volcano).—The normalization—is, ///{ Formatted

: Font: 10 pt
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increasing population density, telecommunication facilities; and updated multiple economic activities). Each risk factor (i.e.

350 hazard, vulnerability, exposure and resilience) was normalized to the maximum possible score and multiplied by the value of

10, to guarantee the same weight. Therefore, the scores were normalized based on the maximum possible value for each of the
evaluated factors (19 for hazard, 48 for exposure, 95 for vulnerability, and 18 for hazard;-expesurevulnerability-andresilience;

respeetively). The maximum hazard score represents the highest intensity of each volcanic process; the maximum exposure

score is the largest quantity of elementsassets prone to be affected; and the maximum vulnerability score, represents the highest
355 level of susceptibility to damage or loss. In contrast, the maximum resilience score represents the maximum level of capacity

to face or overcome a disaster (Nieto-Torres et al., 2021). Eachriskfactor was normalized-to-the-maximum pessibl ro-and
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380

|385

|39o

46 Ch-Ar H
+7 Ar H
48 ChAr H
49 Ar P
S0 Ar H
51 . ElCondor Ar H
52 CBlaneo A H
7 E-Sele ChAr H
58 N-Ojos-delSalade ChAr H
59 C-Tipas As H

4:2-Regional mapping of the CVZA

The regional maps resulting from the combination of the total59 CVZA active and potentially active volcanoes with the density
maps of population, transportation and facilities are shown in Fig. 2, 3 and 4, respectively. Five zones with more than 100
inhabitants per km? are identified close to volcanoes showing various eruptive frequencies and VEIs (Fig. 2). The first zone
includes the city of Arequipa (Peru), with El Misti and Ubinas volcanoes standing out due to their high eruptive frequency (22
and 26 Holocene eruptions, respectively). The second zone comprises the city of Moquegua (Peru), close to Huaynaputina
(maximum VEI of 6), and Ticsani, Tutupaca and Yucamane volcanoes (VEI 2-3, 4 and 5, respectively). The third zone includes
the city of Tacna (Peru) close to Tacora, Casiri, Purupuruni and Yucamane volcanoes with the latterlast having a maximum
VEI of 5. The fourth zone comprises the city of Calama (Chile) close to San Pedro volcano with a medium eruptive frequency
(10 Holocene eruptions). The fifth zone corresponds to the mining stations “Estacion Zaldivar” and “Mina Escondida”, close
to Llullaillaco volcano with low eruptive frequency and VEI (3 Holocene eruptions and VEI 2). Additionally, in the southern
zone of the CVZA there is Cerro Blanco volcano (Argentina), whose eruption is among the largest volcanic eruptions of the
Holocene globally (VEI 73-; Fernandez-Turiel et al-., 2019). Even though Cerro Blanco is not close to inhabited areaarcas
with more than 100 inhabitants per km? there are important populated localities within 100 km around the volcano:
Antofagasta de la Sierra (730 inhabitants), Palo Blanco (992 inhabitants), Corral Quemado (1200 inhabitants), Punta del Agua
(172 inhabitants};) and Antinaco (105 inhabitants) (see Supplementary material 2).

Six areas can be identified based on the highest density distribution of transport infrastructure (Fig. 3): First;1) the cities of

Arequipa, Moquegua, and Tacna (Peru), close to the volcanoes Sabancaya, El Misti, Ubinas, Huaynaputina, Ticsani, Tutupaca,
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400

405

Yucamane, Purupuruni, Casiri and Tacora:secend;. 2) two border crossings, i.e., the triple point (geographical point where the
borders of Peru, Bolivia and Chile meet) and Colchane customs post (one of the border eressingcrossings between Bolivia and
Chile), close to the volcanoes Casiri, Tacora and Taapaca (with no confirmed VEI); and Tata Sabaya and Isluga respectively
¢, with no information and a medium eruptive frequency (8 Holocene eruptions) and VEI (2), respectively)—third;. 3) the
Collahuasi mining district{a-ltarge-copper minewhi epresents, representing one of the largest copper reserves in Chile and

in the world), close to Irruputuncu and Olca-Paruma volcanoes-(with, which have a low number of Holocene eruptions and

low VEI (2) or not confirmedy;—feurth;. 4) Calama city and San Pedro volcano—, with a medium eruptive frequency (10
Holocene eruptions) and low VEI (2)):fith;). 5) San Pedro de Atacama town-{, a popular tourist destination in Antofagasta
regions- (Chile) close to Putana, Escalante-Sairecabur and Licancabur volcanoes (with-the formesfirst having 2 Holocene
eruptions and VEI 2, and the last two with no information available); and sixth;-SQM-6) Sociedad Quimica y Minera de Chiles
(SOM). the world’s biggest lithium producer) close to Lascar volcano-(with, which has a high eruptive frequency (37 Holocene

eruptions) and maximum VEI (43}:). Finally, the area with the highest amount of emergency and critical facilities per km? is

concentrated in Arequipa city (Peru) close to Sabancaya, El Misti and Ubinas volcanoes (Fig. 4).
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Figure 4: Regional map including the total CVZA active and potentially active
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4.32 The 2-factor; 3-factor-and-4-factor-Volcanic Risk Ranking

The +619 out of the 59 CVZA active and potentially active volcanoes that had an eruption #during the last 1,000 years and
the-3-voleanoesshowing 3-signsor have significant records of unrest signals were ranked based on the 4 normalized factors of

the VRR, i.e., hazard, exposure, vulnerability and resilience (Fig. 55). It is important to first analyse the risk factors separately

to better understand what they represent and how they contribute to the overall VRR (Fig. 6). The top five volcanoes showing

the highest hazard score are Ubinas (Peru), Lascar (Chile), Sabancaya (Peru), Yucamane (Peru), and Huaynaputina (Peru)
(Fig. 5a). The top five volcanoes with the highest exposure score are El Misti (Peru), Ticsani (Peru), Yucamane (Peru), Ubinas
(Peru), and Andahua-Orcopampa (Peru) (Fig. 5b). The volcanoes associated with the highest vulnerability scores are Andahua-
Orcopampa (Peru), Guallatiri (Chile), Tutupaca (Peru), Ticsani (Peru) and Lastarria (Chile-Argentina) (Fig. 5Sc). Finally, the
top five volcanoes with the highest resilience scores are El Misti (Peru), Ubinas (Peru), Lascar (Chile), Sabancaya (Peru) and

Isluga (Chile) (Fig. 5d).
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Figure 5: Factors of the volcanic risk ranking analyzedanalysed separately. (a) hazard scoring; (b) exposure scoring; (c) vulnerability
440  scoring; and (d) resilience scoring.

When VRR factors are combined, the top five volcanoes with the highest VRR{-0} scores (i.e., hazard and exposure) are
Ubinas, Sabancaya, El Misti, Yucamane, and Huaynaputina (Peru) (Fig. 6a); the volcanoes with the 5 highest VRR(-1) scores
(i.e., hazard, exposure, vulnerability) are-shewsn-by Ubinas, Sabancaya, Ticsani, Yucamane, and El Misti (Peru) (Fig. 6b);

while the top five volcanoes with the highest VRR¢-2) scores (i.e., hazard, exposure, vulnerability and resilience) are Cerro

445  Blanco (Argentina), Yucamane, Huaynaputina, Tutupaca, and Ticsani (Peru) (Fig. 6¢).
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Figure 6: (a) The 2-factor; (VRR-0), (b) 3-factor; (VRR-1), and (c) 4-factor volcanic risk ranking (VRR-2) applied to the 19 CVZA

450  selected volcanoes.

5 Discussion
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5:2 Significance of regional mapping and VRR for the CVZA

Regional maps allow for a spatial representation of the areas with a high potential for volcanic impact based on the
identification of volcanoes with the largest eruptions and the highest eruptive frequency, as well as the highest density of
elements at risk (e.g., population, transport infrastructure, emergency and critical facilities) (FigFigs. 2-4). In the case of As
an example, the transport-density map;forexampleitispessible-to-visualize highlights the areas having a high concentration
of rural and urban infrastructure, which could alse-be potentially impacted with sesze-economic consequences on the country.
SuehThis is the case of the Collahuasi mining district in Chile;that-has-been-developed since 1880-whenits-systems-of hish-
grade —copper—and-—silver —veins—began—to—be—exploited (https://www.collahuasi.cl/en/quienes-somos/nuestra-historia/).
Nonetheless, these regional maps do not provide the details at local scale (e.g., the type or quality of transport infrastructure

and facilities). FheOur regional map of the CVZA eeuld-be-helpful for stakehelders-asprovides a first preliminary step to

quickly identify target areas that require a more detailed risk analysis-, representing a helpful approach for stakeholders. The

VRR methodology, on the other hand, provides a more spatially discretized and in-depth relative risk analysis that considers
9 hazard, 9 exposure, 10 vulnerability and 13 resilience parameters (Nieto-Torres et al., 2021 and Guimardes et al., 2021). The

analysed elements at risk include population, residential buildings and critical infrastructures exposed within four distance

radii (i.e., 5, 10, 30 and 100 km), these surfaces cover the area most susceptible to the impact of the different types of hazards

such as tephra fallout, pyroclastic density currents and lahars. In case of volcanic fields and calderas, the exposure is analysed
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for elements inside the volcanic field and for the same radius but from the field’s boundary which is defined by the connection

of the outermost volcanic edifices that compose it. Differences in the hierarchy of the volcanoes evaluated are mostly due to

population density and the diversity of critical infrastructures considered that ensure more densely populated areas to have

higher scores in the threat ranking. The vulnerability factor in VRR-1 differentiates volcanic systems with equal or similar
threat, while the resilience factor in VRR-2 help to identify volcanoes with no or few mitigation and response measures. The
variability between the various VRR approaches (e.g., equations 1-3) confirm the importance of including hazard, exposure,
vulnerability and resilience in an integrative ranking analysis in-erderto capture the risk complexity and best prioritize risk

reduction strategies (Fig. 5, 6). Broad common patterns between the regional maps and the VRR are discussed below.

From a hazard perspective, both the regional maps (Fig. 2-4) and the VRR (Fig. 5a) allow to identify Ubinas (Peru), Lascar
(Chile), Huaynaputina (Peru) and Cerro Blanco (Chile) as the most hazardous volcanoes. However, El Misti (Peru) and
Parinacota (Chile) occupy only the +0%10™ and 7™ position on the hazard factor of the VRR, respectively, even though they
have a high eruptive frequency (22 and 38 events during the Holocene). The reason is that overall, the maximum hazard score

on the VRR represents the highest intensity of each volcanic process, not only eruptive frequency and maximum VEI as in the

regional mapping. On the contrary, Sabancaya and Yucamane (Peru) appear at the 3" and 4™ position on the normalized hazard

factor of the VRR but are not highlighted in the regional map since they have a medium to low eruptive frequency (14 and 1

event, respectively); and maximum VEIs (3 and 5, respectively).

It is worth noticing that the basis of focusing in the last 1,000 years of volcanic activity for the VRR analysis is in line with

the methodology proposed by Nieto-Torres et al. (2021) and applied by Guimaraes et al. (2021). Nieto-Torres et al. (2021)

found that the volcanoes associated with the highest risk score for Mexican volcanoes were the same, regardless of the analysed

time window of eruption occurrence (i.e., <l and <10 ka). Additionally, Guimaraes et al. (2021), who first applied this

methodology on Latin American volcanoes, found that this criterion considers eruptions that are the best constrained in the

eruptive records. The grouping of volcanoes based on the age, most recent eruptions and eruption periodicities has also been

previously used to rank volcanoes in a general order of “decreasing concern” (e.g., Bailey et al., 1983) and currently the

occurrence of eruptions within the last 1,000 years represents one of the controlling factors in developing strategies to increase

resilience (Nieto-Torres et al., 2021). However, focusing on the VRR analysis of the last 1,000 years of volcanic activity might

exclude potentially impactful volcanoes. For this reason, we constrained this aspect by also integrating into the VRR analysis

all the volcanoes presenting records of three signs of unrest (i.e., Uturuncu, Lastarria, and Cerro Blanco). For a more
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comprehensive analysis and to confirm our preliminary results, future works could apply the VRR to all 59 active and

potentially active volcanoes.

When hazard and exposure are eembinedconsidered, both appreachesregional mapping and VRR highlight Ubinas, El Misti,

and Huaynaputina as the volcanoes with the highest potential risk (EigFigs. 2-4 and 6a). However, Sabancaya and Yucamane
appear on the 22" and 4™ positions of the threat score (VRR¢-0))) and are not highlighted on the regional mapping. The
reason is that the regional map only considers the number of Holocene eruptions and maximum VEI as hazard parameters
whieh, with an overlap on the different layers of elements at risk, whilst the VRR evaluates the interaction of 9 hazard and 9

exposure parameters at different radius from the volcanic vent, which turns into a more exhaustive analysis.

The vulnerability factor, which is not considered for the regional mapping, helphelps to best distinguish volcanic systems with
similar threat (i.e., HXE) but different vulnerabilities (e.g., Irruputuncu and Putana volcanoes—, Chile}}-). In particular, the
variety of parameters related to the systemic vulnerability helps to highlight the volcanoes with high exposure and low

redundancy and accessibility to infrastructures

(e.g., Ticsani volcano, Peru). Finally, the inclusion of

resilience in VRR-2 contributes to highlight those systems with moderate (e.g., Tutupaca, Huaynaputina, Peru; and Cerro

Blanco, Argentina) to high score (e.g., Ticsani and Yucamane, Peru) in the VRR-1 (Fig. 6

but having none or few resilience
measures implemented (Fig. 5d) (Guimaraes et al., 2021). In fact, whilewhilst the inclusion of vulnerability only affects a few
volcanoes (VRR{-03 versus VRR{-1;, Fig. 6a-b;). the influence of resilience is quite remarkable for all volcanoes, highlighting
those systems with none or few mitigation and response (resilience) measures implemented (i.e., Cerro Blanco-, Argentina);;
Yucamane, Huaynaputina, Tutupaca, and Ticsani«, Peru}}) (Fig. 6¢). As an example, Ubinas (Peru) has the highest normalized
score in terms of hazard and medium normalized score in terms of vulnerability, but the second highest normalized score in

terms of resilience (see Fig. 5), which explains the 13* position in the VRR¢-1) and the 7™ position in the VRR(-2) (Fig. 6b-c).

///{ Formatted: Superscript

The systems taking the top positions of the VRR{-2} are those either with high hazard, medium-high exposure, and
vulnerability vatsesscores, or few to no mitigation and response measures implemented (e.g-.. Cerro Blanco., Argentina);;

Yucamane, Huaynaputina, Tutupaca, and Ticsani-, Perup)—Censidering-the lowresilienee;). Cerro Blanco (Argentina) scores
as the riskiesthighest risk volcano of the CVZA due to its low resilience (Fig. 6¢).

53¢ . thexisting voleani K

Overall, as different dimensions of vulnerability are closely related to the elements at risk, it is important to rethink land-use

planning to not increase or create new risk. To reduce vulnerability, it is advisable to create redundancy (e.g., alternative power

infrastructure within 100 km of Cerro Blanco) and accessibility to critical infrastructure (e.g., connections to power, water,

telecommunication and emergency facilities within 100 km of Cerro Blanco, Ticsani and Tutupaca volcanoes). In addition
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diversification of economic activities should be promoted, especially within 5-30 km around Cerro Blanco, Tutupaca, Ticsani,

Ubinas and Sabancaya volcanoes. However, priority risk reduction strategies should be put in place or improved in order to

increase resilience. First, volcanic records should be better constrained at target volcanoes in order to compile up-to-date hazard

assessments. Within the top five VRR-1 and VRR-2 high risk volcanoes, only Cerro Blanco has no hazard maps, but it is

important to make sure that the existent ones are up-to-date and available for the entire community. Second, monitoring system

should be improved for Tutupaca (basic real time), Huaynaputina and Yucamane (limited) and implemented at Cerro Blanco

(non-existent). Third, efforts should be made to compile risk assessments, that is missing at all these 5 high-risk volcanoes

(Cerro Blanco, Yucamane, Huaynaputina, Tutupaca, and Ticsani). Fourth, educational activities should be promoted to raise

awareness in population living around Ticsani, Yucamane, Huaynaputina, Tutupaca, and Cerro Blanco; and existing ones

should be supported and strengthened around Ubinas, Sabancaya and El Misti. Finally, local authorities might invest in

preparedness (e.g.. evacuation plans and exercises or simulations for institutions and population), insurance coverage

engineering mitigation measures and implementation of early warning systems.

5.2 Comparison with existing volcanic rankings

To visualize the different existing volcanic rankings-easier, we have collected theirthe threat and risk scores in a comparative
diagram shown in Fig. 7. At the time of our investigation, three of the four berderingCVZA countries-of-the-CVZA have
already developed a relative volcanic threat ranking (i.e., Peru, Chile and Argentina) based on the methodology proposed by
Ewert et al. (1998; 2005), in addition withto the study of Guimardes et al. (2021) applying the VRR strategy to Latin American
volcanoes with activity recorded in the last 1,000 years. The comparison between these rankings is not straightforward because
they are all based on diverse ways of considering the risk factors. Consequently, we can find relative threat and risk scores
ranging from 0 to 250 (Fig. 7). In addition, each country evaluates only the volcanoes that concern itstheir own territory whilst
theour VRR strategy;eomprisingaregionalseale; considers volcanoes from the four berderingCVZA countries-ef the CVZA.
Regardless of the relative scoring, therethis difference of approaches is a-general-trend-evidenced in Fig. 7;-when by the

clustering of volcanoes per country. Colours represent each catalogue, comparing the Peruvian volcanoes in green (Macedo et
al., 2016), Chilean and bordering volcanoes in grey {(Rasnkingde riesso—espeeifico—para—voleanes—aetivos—deChile
2023)(SERNAGEOMIN, 2023) and Argentinian and bordering volcanoes in yellow (Elissondo-and Farias; 2023 )-against-the

VRR-results-in-blue-(Guimaraes-et-al; 202 1H)-and red-(this-study) -bars(Elissondo and Farias, 2024) against the VRR results in
blue (Guimaraes et al., 2021) and red (this study) bars, that are spread along the latitudes 14-28°S.
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Figure 7: Comparison of existing volcanic threat and risk rankings. The CVZA volcanoes are organized by latitude, the volcanic
systems in bold highlight the enes-analyzed19 analysed for the VRR in this work. Notice that bars represent threat rankings (i.e.,
VRROVRR-0 (HXE}))), circles represent the 3-factor VRR1IVRR-1, and squares the 4-factor VRR2VRR-2. The threat ranking of
INGEMMET (Macedo et al., 2016) in green, SERNAGEOMIN (SERNAGEOMIN, 2023) in grey, SEGEMAR (Elissondo and Farias,
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20232024) in yellow, the threat and risk rankings of Guimaries et al. (2021) in a-seale-ofbluesblue, and the ones of this work in a
seale-ofredsred.

Comparing threat rankings in particular, we can point out that three of the five rankings share the same volcanoes in the top 5,
with slight differences in the order (Table 53, Fig. 7). The difference in-erderfor the VRR¢-03-of between this study and
Guimarées et al. (2021) is related to the eurrent-update of available-data;—er used. and subsequently the eruptive—period

considered-scoring of some indicators such as the recurrence rate. The difference with Macedo et al. (2016) is the absence of

Coropuna volcano (Peru) in the list. Interestingly, Coropuna has a higher exposure than Huaynaputina, but was not considered
in the work of Guimarées et al. (2021) nor in this study because it didn’t-have-does not account for eruptions during the last
1,000 years-er-ne-eurrent, nor records of all three signs of unrest-are-menitored-. The Chilean and Argentinian threat rankings
are not directly comparable since none-of-thesePeruviantheir ranking doesn’t consider volcanoes are-considered—for-being
outside eftheir territory and regardinsthere is no existing ranking for Bolivian volcanoes;-they-have notyetits-own ranking.,

Table 53. Comparison of the top 5 CVZA volcanoes of existing threat rankings; considering hazard and exposure (VRR{-03})). Pe:
Peru, Ch: Chile, Bo: Bolivia, Ar: Argentina. Underlined volcanoes highlight the ones repeatedappearing in different threat rankings.

This work VRR(-0) Shl;‘R‘“z{]‘";es ctal. 2021) (S;EI;)AGEOMIN fﬁ%ﬂ;‘ld Farias Macedo et al. (2016)
1 Ubinas (Pe) Ubinas (Pe) Lascar (Ch) Cerro Blanco (Ar) Sabancaya (Pe)
2 Sabancaya (Pe) El Misti (Pe) Parinacota (Ch-Bo) Socompa (Ch-Ar) Ubinas (Pe)
3 El Misti (Pe) Yucamane (Pe) Guallatiri (Ch) Lastarria (Ch-Ar) El Misti (Pe
4 Yucamane (Pe) Sabancaya (Pe) San Pedro (Ch) Tuzgle (Ar) Coropuna (Pe)
5 Huaynaputina (Pe) Huaynaputina (Pe) Isluga (Ch) Llullaillaco (Ch-Ar) Yucamane (Pe)

A

When comparing the existing threat rankings without the Peruvian (Table 4), it is interesting to notice that the top first volcano

is the same for Guimarées et al. (2021), SENARGEOMIN, (2023) and this work, i.e. Lascar volcano located in Chile. With

respect to the Chilian or transboundary volcanoes, the top 3 volcanoes are the same between our ranking and the one of

SERNAGEOMIN. Then, the Cerro Blanco volcano, which is the top one Argentinian CVZA volcano, appears at the 5" position

in our threat ranking. It was considered in our work due to the fact that it has shown the three signs of unrest. Except from this

volcano, none of the volcanoes listed by Elissondo and Farias (2014) appears in the top five in the other rankings. This

demonstrated the influence of the scale of analysis, country versus region.

Table 4. Comparison of the top 5 CVZA volcanoes of existing threat rankings, considering hazard and exposure (VRR-0) only for
Chilean and Argentinian volcanoes. Ch: Chile, Bo: Bolivia, Ar: Argentina. Underlined volcanoes highlight the ones appearing in
different threat rankings.

This work VRR-0 Guimardes et al. (2021) VRR-0 SERNAGEOMIN (2023) Elissondo and Farias (2024)
1 Lascar (Ch Lascar (Ch Lascar (Ch Cerro Blanco (Ar
2 Parinacota (Ch-Bo) Isluga (Ch) Parinacota (Ch-Bo) Socompa (Ch-Ar)
3 Guallatiri (Ch) Guallatiri (Ch Guallatiri (Ch) Lastarria (Ch-Ar’
4 Isluga (Ch) Irruputuncu (Ch-Bo) San Pedro (Ch) Tuzgle (Ar)
5 Cerro Blanco (Ar) Putana (Ch-Bo) Isluga (Ch) Llullaillaco (Ch-Ar)
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When accounting for the vulnerability and resilience factors (VRR¢-1) and VRR¢-23);). only this work and that of Guimaraes
et al. (2021) can be compared (Table 65, Fig. 7). When hazard, exposure and vulnerability are combined, both approaches
highlight Ubinas, Sabancaya, El Misti and Yucamane within the top five VRR{-13} volcanoes. However, Ticsani appears in the
3 position of this work and the 7" position of Guimardes et al. (2021), whilst Tutupaca is in the 5" position of Guimaries et
al. (2021) and the 6" position of this work. Both volcanoes have the same hazard scores in both studies, however, Ticsani has

a higher exposure score, even if the vulnerability is lower than Tutupaca, leading to a higher overall rank in the VRR¢-19)

produced in this work. The reasons for this are i) a higher population density within the 10, 30 and 100 km; ii)
telecommunications score, not considered in Guimardes et al. (2021); and iii) the multiple economic activity source within 100

km for both volcanoes that have been updated with respect to Guimardes et al. (2021).

Table 65. Comparison of the top 5 CVZA volcanoes of existing risk rankings, considering hazard, exposure, vulnerability {VRR{-
1)) and resilience (VRR¢(-2))-. Pe: Peru, Ch: Chile, Bo: Bolivia, Ar: Argentina. Underlined volcanoes highlight the ones repeated in
both ranking strategies.

This work VRR{-1) Guimardes et al. (2021) VRR( 1) This work VRR{-2) Guimardes et al. (2021) VRR{-2)
1 Ubinas (Pe) Ubinas (Pe) Cerro Blanco (Ar) Putana (Ch-Bo)
2 Sabancaya (Pe) El Misti (Pe) Yucamane (Pe) Llullaillaco (Ch-Ar)
3 Ticsani (Pe) Yucamane (Pe) Huaynaputina (Pe) Huaynaputina (Pe)
4 Yucamane (Pe) Sabancaya (Pe) Tutupaca (Pe) Yucamane (Pe
5 El Misti (Pe Tutupaca (Pe) Ticsani (Pe) Tutupaca (Pe

The major differences occur when considering resilience (VRR¢-2) in Fable-6Tables 4, 5 and Fig. 7). Both studies share 3
volcanoes, Yucamane, Huaynaputina and Tutupaca, although in different order. However, Cerro Blanco and Ticsani appear in
the 1% and 5" position of our VRR{-2);, respectively, whilst Putana and Llullaillaco are in the 1% and 2™ position of Guimaraes
et al., (2021) but only in the 6" and 17" positions of our VRR(-2).. There are significant differences in all parameters when
scoring these volcanoes in both studies due to a better knowledge of the CVZA volcanoes as well as the available vulnerability

and resilience data. Few examples are discussed below.

With a VEI of 7, Cerro Blanco represents an important case for the CVZA since its last caldera eruption is one of the largest

eruptions worldwide (Fernandez-Turiel et al., 2019). Whilst it was not considered by Guimardes et al. (2021), not having an

eruption in the past 1,000 years, we account for the presence of unrest signs, in agreement with SERNAGEOMIN criteria.
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From the regional map analysis, we also found that there are important localities within 100 km radius around Cerro Blanco,

such as Antofagasta de la Sierra or Corral Quemado (with 730 and 1200 inhabitants, respectively).

On the other hand, Putana has the same hazard score, but higher exposure, lower vulnerability and higher resilience scores
leading to a lower overall VRR¢-2} in this work with respect to Guimardes et al. (2021). Regarding Lullaillaco volcano, it has
a lower hazard and vulnerability scores and higher exposure and resilience scores, leading to a lower overall VRR¢-2) in our
work with-respeetin contrast to Guimaraes et al. (2021). The biggest differences for these 2two volcanoes are found in the
vulnerability factor-mainky-due-toscoring given by the typology of buildings, its proximity to the Argentina-Chile border, the
lack of redundancy of power and telecommunication infrastructures and the multiple economic activities within 30 km radius.
In addition,- according to our updated information, there are existing hazard maps for Putana volcano (Amigo et al., 2012)

increasing its resilience score with respect to Guimaraes et al. (2021).

5.43 Data limitations

It is important to notice the dynamic dimension of all risk factors and emphasize that the parameters of the rankings can be
easily updated when new information becomes available, consequently modifying the final score (e.g., Guimardes et al-—..

2021y versus this work). This is particularly true for the CVZA given the large uncertainties associated with this volcanic zone.

Factor scoring highly depends on the availability, quality and accuracy of data, for either regional mapping or VRR analysis.
The complexity and diversity of volcanic hazards and their impacts can exacerbate existing cross-border differences with
respect to hazard information, elements at risk, vulnerability, scientific resources, disaster management, mitigation capacity,
and public awareness. These differences affect the development of research, sharing of data, accessibility to the information,

expertise and resources, and, consequently, the availability and analysis of data (Donovan and Oppenheimer, 2019). Fherefore;

works; Therefore, one of the main challenges for this study was the accessibility to the same level of precision and heterogeneity

of available datasets across countries, in terms of format, taxonomy (e.g., different names for building types or roads), spatial

and temporal resolutions. As previous works (e.g., Guimardes et al., 2021

we also recognize the limitations of the GVP

database especially in relation to the eruptive history. For example, after theirthe last update, San Pedro volcano is now listed

as Pleistocene

was(GVP, 2023b), being catalogued previously as Holocene (GVP, 2013), with 10 eruptive events and maximum VEI 2, also

in agreement with SERNAGEOMIN. In the case of Parinacota volcano. the number of eruptions is also disagreenot consistent,
i.e., 6 according to the GVP; (2023), and at least 38 after the updated hazard map-efParinaceta recently published by
SERNAGEOMIN (Bertin et al., 2022b). Another case is Yucamane volcano, for which the GVP 4s¢(2023) lists its last eruption
as 1320 BCE. which would leave this volcano out of our VRR but according to INGEMMET its last eruption was 1787 CE
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(Macedo et al., 2016). -Additionally, the time-ofremeote-aequisition-ofup-to-dateness data, in particular for the elements at risk
and their vulnerability, is quitehighly variable-and-that-affeets, influencing the accuracy of the analysis.

6 Conclusions

Regional mapping and volcanic risk rankings represent an important tool to identify volcanoes requiring a prioritization of

strategies and efforts in volcanic risk reduction. However, the final results strongly depend on the assumptions of the selected

VRR methodology and on the availability of data. The selection of volcanoes to evaluate can also vary depending on the

objective of the study. Our analysis shows that the most comprehensive list of volcanoes of the CVZA currently comprises a

total of 59 active and potentially active volcanic eenters—centres. However. this number could change in the future if additional

information on the various volcanoes become available.

The regional maps compiled for a general visualization of hazard and expesure-elements at risk for the 59 volcanoes show

that:

o ElMistiUbinas-Huaynaputina;ParinacotaLasear and Cerro Blanco are the volcanoes with the highest eruption
magnitude (VEI 6; Huaynaputina; and VEI 7, Cerro-Blanee)-errespectively) and the volcanoes with the highest
eruption frequency are El Misti (22;-EHMisti;-), Ubinas (26;-Ubinas:-), Parinacota (38;Parinaeota:-) and Lascar (37;
Lascar).

e Arequipa, Moquegua, and Tacna (Peru), Calama and the mining stations “Estacién Zaldivar” and “Mina Escondida”
(Chile) are associated with the highest population density-efpeeple per km?.

e Arequipa, Moquegua, and Tacna cities (Peru), the tripartite point and Colchane customs post (between Peru-Bolivia-
Chile and Bolivia-Chile, respectively), and the Collahuasi mining district, Calama city, San Pedro de Atacama town,
and SQM (Chile) are associated with the highest density of transport infrastructure per km?.

e Arequipa (Peru) is associated with the highest density of facilities per km?.

The most threatening volcanoes according to our regional mapping are El Misti and Ubinas, as they are the closest to Arequipa

city (Peru), which represents the highest densely populated area, also associated with the highest density of transport

infrastructure and facilities per km?.

While the regional map provides a-fast visual assessment of potential volcanic impact at regional scale, the VRR provides a

more comprehensive regional analysis by integrating various4 different risk factors. Mereoverintegrating-allln this study, the

VRR was focused on the 19 active or potentially active volcanoes i i i i

4
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had eruption in the last 1,000 years: or show significant signs of unrest. Results help identifying the riskiesthighest risk

volcanoes and those that need to be prioritized in terms of implementing risk reduction strategies. In particular:

e  The 3-faeter VRR+-0, which considers hazard and exposure, highlights Ubinas, Sabancaya, E1 Misti, Yucamane and
Huaynaputina as the most threatening volcanoes.

745 e The VRR~-1yEg2), which considers hazard, exposure, and vulnerability, highlights Ubinas, Sabancaya, Ticsani,

Yucamane, and El Misti as the riskies g 5 Co- - - Cel
TFiesanirepresent-the riskiesthighest-risk volcanoes-whes,
e The VRR-2, which also includes resilience parameters, identifies Cerro Blanco, Yucamane, Huaynaputina, Tutupaca,
and Ticsani as the 4-fastor VRRAVRRA2); Eq-3)-is-appliedhighest-risk volcanoes.
750 e AsGiven that volcanic hazard and exposure are difficult to modify and reduce, the implementation of risk smitigation

measures—shouldreduction strategies might focus on reducing vulnerability and increasing resilience, which are

highlighted by results of VRR-1 and VRR-2.

. We encourage the use of volcanic risk rankings to characterize volcanic systems and support risk reduction strategies*—{ Formatted: Normal, No bullets or numbering

at regional scale, which is especially

755 in case of cross-border volcanoes. In fact, risk rankings are often carried out at national level, neglecting the complexity of

crisis management in case of cross-border eruptions. In the case of the CVZA, most volcanoes are located within less than 25

km from an international border and at least 20 of them share borders, which could result in challenging crisis managements

and complex impact patterns. With the hope that our work promotes cooperation between CVZA countries to increase

resilience through the co-production of hazard and risk maps, the development of coordinated emergency plans and co-creation

760  of protocols to manage potential impacts, we recommend that further studies are carried out at different scales and this regional

VRR could be continuously updated as new information becomes available.
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