
OV L

OV

NI

OV

REPORT OV L

OV

NI

OV

REPORT OV L

OV

NI

OV

REPORT

Hazard assessment studies and multiparametric volcano
monitoring developed by the Instituto Geológico, Minero y

Metalúrgico in Peru

Rigoberto Aguilar Contreras* , Edu Taipe Maquerhua, Yanet Antayhua Vera,
Mayra Ortega Gonzáles, Fredy Apaza Choquehuayta, Luis Cruz Mamani

Instituto Geológico Minero y Metalúrgico, Observatorio Vulcanológico del INGEMMET, Arequipa, Peru.

Abstract

Urban development in the areas surrounding active volcanoes has led to increasing risks in southern Peru. In order
to evaluate the hazard, the Instituto Geológico, Minero y Metalúrgico (INGEMMET) created a Volcano Observatory
(OVI) to carry out detailed geological investigations to understand eruption histories and provide volcanic hazard
maps. The generation of geological information on volcanoes has allowed the identification of scenarios and zoning
of potentially impacted areas. This information has also allowed OVI to implement surveillance networks giving
priority to the volcanoes that pose the greatest risk to the population, infrastructure, and economic activities. Since
2006, OVI has been running volcanic monitoring networks with a multidisciplinary approach, improving real-time
transmission, and making timely forecasts. Based on geological information and the risk posed by the volcanoes,
the greatest efforts have been made to monitor Sabancaya, Misti, Ubinas, and Ticsani volcanoes. Following the order
of priorities, monitoring of Coropuna, Huaynaputina, Tutupaca and, Yucamane volcanoes has also been developed.
In addition, OVI carries out routine education activities and diffusion of information that serve to manage volcanic
risk in Peru.

Este artículo está disponible en español: https://doi.org/10.30909/vol.04.S1.7392 [PDF ES].

1 Introduction

The Peruvian active volcanic arc is located in the south-
ern part of the country. It is part of the Andean Central
Volcanic Zone (CVZ), which results from the subduc-
tion of the oceanic Nazca Plate beneath the continental
South American plate. Active volcanoes are emplaced
in an NW–SE direction, parallel to the Peru-Chile
Trench, and on top of the Mio-Pliocene plateau, which
is composed of ignimbritic and volcano-sedimentary
deposits [Paquereau Lebti et al. 2006; Mamani et al.
2009; Thouret et al. 2016].

The Instituto Geológico, Minero y Metalúrgico (IN-
GEMMET) Volcano Observatory (OVI) is an interdis-
ciplinary centre for the study and surveillance of vol-
canoes, whose purpose is to determine the nature and
probability of volcanic eruptions through systematic,
permanent and real-time monitoring. Furthermore,
OVI’s staff evaluate the types of volcanic hazards based
on geological studies and provide timely alerts to so-
ciety about unrest episodes and/or imminent volcanic
eruptions. The observatory has four main areas: (a) ge-
ology and hazard assessment; (b) volcano monitoring;
(c) education and outreach; and (d) electronics, teleme-
try, and informatics. The results of OVI’s study and
surveillance of volcanoes have been documented in
technical reports, bulletins, geological maps, volcanic
hazard maps and on websites with real-time informa-

*Corresponding author: raguilar@ingemmet.gob.pe

tion (panel view), which have been used by authori-
ties and decision makers for disaster risk management.
Specifically, such information has proven useful during
the eruption crises of Sabancaya (2016–present), and
Ubinas (2006–2009, 2013–2017, and 2019).

OVI’s most important function is to generate infor-
mation for the management of the volcanic risk in Peru.
For this, it necessary to establish a practical criterion to
judge whether a volcano is active or potentially active.
At OVI, a volcano is considered ‘active’ if it erupted
at least once during the Holocene (e.g. Smithsonian
Global Volcanism Program*, while it is considered ‘po-
tentially active’ if eruptive activity during the Holocene
has not been evidenced but the probability for unrest
episodes is not zero. This classification of volcanoes in
Peru has allowed OVI to provide a means to assess vol-
canic hazards and prioritize the development of mon-
itoring networks at individual volcanoes. Ten active
eruptive centres in southern Peru are identified: (1)
Coropuna [Bromley et al. 2019; Mariño et al. 2020], (2)
Sabancaya [Samaniego et al. 2015] (3) Misti [Thouret et
al. 2001; Harpel et al. 2011; Cobeñas et al. 2014; Rivera
et al. 2017], (4) Ubinas [Thouret et al. 2005; Rivera et
al. 2017], (5) Huaynaputina [Thouret et al. 1999; Prival
et al. 2019], (6) Ticsani, (7) Tutupaca [Samaniego et al.
2015; Manrique et al. 2019], (8) Yucamane [Rivera et al.
2020], (9) Purupuruni [Bromley et al. 2019], and (10)
Casiri [Bromley et al. 2019]. These consist of volcanic
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clusters, stratocones and dome clusters. Addition-
ally, the monogenetic field of the Andagua–Huambo–
Orcopampa zone, which is composed of small scoria
cones associated with blocky lava flows [e.g. Delacour
et al. 2006] can also be considered as an active volcanic
field (Figure 1).

1.1 Populations exposed to volcanic activity

The number of people exposed to volcanic activity in
Peru is dependent on the eruptive dynamics and mag-
nitude of the potential eruptions. As of today, the pop-
ulation living within 30 of one active volcano is ap-
proximately 1.5 million [INEI 2018]. However, even
for small-to-moderate eruptions, such as that which oc-
curred at Ubinas volcano in 2019 (VEI 2), ash fallout
was reported up to 200 from the vent. During larger
eruptions such as the one that occurred at Huayna-
putina volcano in 1600 CE (VEI 6) [Thouret et al. 1999;
Prival et al. 2019], the affected area was much larger
with ash deposits that reached up to a distance of 1000
from the crater. Therefore, there could be around 3 mil-
lion people [INEI 2018] exposed to volcanic activity
during large-scale eruptions, mainly located in the re-
gions of Arequipa, Moquegua, Tacna, and Puno.

1.2 Brief history of the Volcano Observatory of IN-
GEMMET (OVI)

INGEMMET is the geological and mining survey of
Peru. Part of its function is to identify, study, and mon-
itor the hazards associated with volcanic activity. Vol-
canological studies carried out by INGEMMET began in
1997 with the publication of the inventory of volcanoes
in Peru [Fídel Smoll et al. 1997]. Since then, geolog-
ical study, volcanic hazard assessment, and multidisci-
plinary monitoring have provided a comprehensive un-
derstanding of volcanic activity and the identification
of probable eruptive scenarios.

To respond to the 1990–1998 eruptive activity of Sa-
bancaya volcano [Gerbe and Thouret 2004], temporary
seismic stations were deployed by the Instituto Geofísico
del Perú (IGP) during 1990–1993. Subsequently, dur-
ing 1993 and July–December 1995, IGP registered seis-
mic information with three telemetered stations be-
tween 1420 around the volcano obtaining one of the
first database for Sabancaya’s activity [Antayhua et al.
2001]. At Ubinas volcano, adequate monitoring did
not exist until 2006, although IGP had deployed some
temporary seismic stations during five weeks in 1996
[Rivera et al. 2010]. In 2006, when Ubinas volcano en-
tered an unrest phase, “regional and national author-
ities did not have any emergency plans” [Rivera et al.
2010]. Consequently, in March 2006 a scientific com-
mittee including INGEMMET, IGP, and the Universidad
Nacional de San Agustín (UNSA) was created to install
equipment to monitor Ubinas volcano. This commit-

tee collaborated in data processing and issued volcanic
bulletins and reports until the beginning of 2019; un-
fortunately, this is not the case now.

In order to manage the eruptive crisis at Ubinas vol-
cano, in 2006 INGEMMET started to develop a mul-
tiparametric surveillance network. It was the begin-
ning of the institution’s efforts to implement instru-
mental monitoring of the country’s volcanoes using a
multidisciplinary approach including techniques such
as geodesy, remote sensing, gas chemistry, hydrochem-
istry, volcanic seismology, and the geological analysis
of recent volcanic products. During the same period,
detailed studies on volcanoes started in order to con-
strain the eruptive chronology, identify the main vol-
canic phenomena and assessment hazards. The first of-
ficial volcanic hazard map of Peru provided by INGEM-
MET was published in 2007 for Misti volcano [Mariño
et al. 2007].

Having strengthened the volcanology program, OVI
was officially created on March 15, 2013 in the city of
Arequipa, as part of the Dirección de Geología Ambien-
tal y Riesgo Geológico of INGEMMET. Throughout this
time, OVI has always sought to improve its work by en-
hancing research, expanding monitoring networks, and
seeking collaboration with other institutions, in addi-
tion to actively participating in the various platforms
created by governments at different levels for the man-
agement of volcanic disaster risk.

1.3 Which volcanoes are monitored?

OVI prioritizes the monitoring of high risk-level vol-
canoes in Peru, based on geological studies, hazard
assessments, their ongoing activity and proximity to
large urban areas such as Arequipa. OVI focuses on
the monitoring of Sabancaya, Misti, Ubinas, and Tic-
sani volcanoes, which have real-time multi-parameter
surveillance networks. Other active volcanoes such
as Coropuna, Huaynaputina, Tutupaca, and Yucamane
have campaign stations.

Currently, eight active volcanoes are monitored, four
of which are monitored in real-time (Sabancaya, Ubi-
nas, Misti, Ticsani) with permanent stations and the
remaining four volcanoes (Coropuna, Tutupaca, Yu-
camane, and Huaynaputina) are monitored through
punctual data acquisition field campaigns. Real-time
monitoring data from the permanent stations installed
on the volcanoes are transmitted through a telemetry
system to the observatory. At the other volcanoes, the
data are downloaded from the sensors and direct mea-
surements are also made during the field campaigns
(in average once per month). Many of these instru-
ments (seismometers, thermometers, GPS) remain in-
stalled for long periods of time (month or years) and
therefore establish the baseline parameters for these
volcanoes. In addition, this allows us to characterize
the area for installation of future permanent volcanic
monitoring stations. The instrumentation and analy-
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Figure 1: Map of southern Peru with the location of active and potentially active volcanoes.

sis methodology are grouped into five disciplines: seis-
mology, volcanic deformation, fluid and gas chemistry,
remote sensing, and geology. The volcano monitoring
networks in Peru are operated by INGEMMET and IGP,
whose stations are installed in different locations allow
a broader record.

2 Geological studies and volcano moni-
toring

OVI has a team composed of geologists dedicated to
the study of volcanic activity. This team performs
detailed field and laboratory work to reconstruct the
eruptive history of volcanoes. Various tools includ-
ing cartography, stratigraphy, petrography, geochem-
istry, and geochronology are used to understand the
processes that generated the eruptions and determine
future eruptive scenarios. This information enables us
to develop geological maps and hazard assessments.

The volcano monitoring performed by OVI consists
of a multiparameter approach that includes seismome-
ters, GPS, tiltmeters, volcanic gas sensors, optical and
thermal cameras, thermometers, meteorological sta-
tions, geoelectric sensors, satellite imagery, ash collec-
tors, and petrologic analysis of emitted products (Fig-

ure 2).
INGEMMET started volcano monitoring in 2006 us-

ing seismology, chemistry, geodesy, and geology which
has been improved with time. Since 2013, OVI in-
creased the seismic monitoring network with broad-
band triaxial seismometers (0.033100) GURALP 6TD
and 40TD, and SILICON AUDIO (0.0051500) sensors
with MINIMUS recorders.

Gas monitoring started in 2005 first at Sabancaya,
Misti, and Ubinas volcanoes through direct SO2 mea-
surement using flyspec field equipment. The first
DOAS station to measure volcanic SO2 flux in real-
time station was installed in the municipality of Ubi-
nas in 2013 (6 SE). This was after completed with
another DOAS sensor (~4 S). They have been imple-
mented through the NOVAC (Network for the Obser-
vation of Volcanic and Atmospheric Change) interna-
tional cooperation project. In 2017, the first real-time
MultiGAS sensor was installed at ~2.5 of Sabancaya
through the DECADE (Deep Earth Carbon Degassing)
project; the gas monitoring network have been com-
pleted with three DOAS sensors installed to 48 around
the vent. In-situ measurements with DOAS and UV
cameras are also performed at Misti, Ticsani, Tutupaca,
and Yucamane volcanoes.

To monitor volcanic deformation, OVI uses GNSS
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Figure 2: [A] Satellite image showing the real-timemonitoring networks operated by OVI. These volcanoes present
the highest activity and risk in Peru. Color lines are used to differentiate the network of each volcano. White dots
represent multiparametric stations and repeaters; red dots represent the stations in process of physical infras-
tructure improvement (concrete towers, protection fence). Stations with internet transmission are represented by
“e”. [B] Monitoring network of Sabancaya volcano. The five seismometers installed in the northern zone (near to
Colca river) are used for monitoring landslides and active faults; however, they can also record distal seismicity
of Sabancaya.
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receptors with real-time stations at Sabancaya, Misti,
Ubinas, and Ticsani volcanoes. Networks of ash col-
lectors are also installed around Sabancaya and Ubinas
volcanoes to identify the composition of eruptive prod-
ucts, measure the thickness of the deposits, and make
isopach and isomass maps. The number of real-time
and field campaign measurement stations are detailed
in Table 1.

Optical cameras allow proper recording during the
day and in optimal weather conditions (visibility),
when conditions are not favourable, thermal cameras
can record activity in poor visibility conditions.

Additionally, geological studies and hazard assess-
ment developed by OVI has been strengthened over
time through international collaboration. Several in-
stitutions such as the Institut de Recherche pour le
Développement (IRD, France) have allowed us to carry
out very important geological research projects and at
the same time have allowed the training of person-
nel. The Volcano Disaster Assistance Program (VDAP,
USGS) has contributed enormously in the improvement
of monitoring networks, training, and routine advice
for the processing and interpretation of geological and
monitoring data. OVI is always willing to develop col-
laborative projects with national and international in-
stitutions.

2.1 OVI staff and multidisciplinary expertise

OVI has a staff of 32 professionals from different dis-
ciplines (Table 2). The Geology and hazard assessment
team and the Volcano monitoring team comprises 11
and 14 scientists, respectively. Additionally, there are
three engineers for technical support and four admin-
istrative staff.

Education and outreach activities are carried out by
the geology and volcano monitoring teams in paral-
lel to hazard assessment and volcano monitoring work.
In addition, OVI receives laboratory (sample prepara-
tion, analytical chemistry, petrography, remote sens-
ing), communications, and logistics support from the
main INGEMMET office in Lima.

2.2 Data storage and access to generated information

The information from the different sensors installed on
the volcanoes are telemetered in real-time to the data
centre in two ways: direct telemetry using UHF radio
links and by internet. These methods allow us to trans-
fer data automatically to OVI. Likewise, there are data,
such as chemical samples of hot springs and direct field
measurements (seismology, geodesy, geology) that are
download directly to removable disks.

All the information (transferred by telemetry and
collected in the field) are systematically stored on NAS
servers. Then, each specialist can access the database
through ports on the local network. Additionally, ports
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Table 2: Detail of OVI staff.

1. Geology and
hazard assessment

10 geologists
1 geophysicist

2. Volcano
monitoring

5 seismologists
4 geodesists
2 chemists
2 geologists
1 specialist in

remote sensing

3. Technical support
2 electronics engineers
1 computer engineer

4. Administrative
support

2 administrative assistants
2 drivers—field assistants

are enabled for external access using FTP and SSH pro-
tocols, which allows data processing outside of the of-
fice.

The information generated by OVI is owned by the
Peruvian state and as such is available to those who re-
quire it, subject to prior authorization and coordination
with the institution, which is obtained by email to the
executive president of INGEMMET. In case of agree-
ments for research work or inter-institutional coopera-
tion activities, access to information is free for all team
members.

3 Volcano Hazard management

The recent eruptions of Ubinas (2006–2009, 2013–
2017, 2019) and Sabancaya (2016–present) volcanoes
have reminded political authorities, Civil Defense, and
scientists of the weaknesses and limitations in emer-
gency response and the protection of citizens. Disas-
ter risk management and emergency response capacity
is highly dependent on preparedness and the available
tools and technology. The use of management tools
such as hazard maps is important before, during, and
after an eruptive crisis because they can identify sce-
narios and possible affected areas. OVI officially makes
the volcano hazard maps in Peru and has published
such maps for Sara Sara [Rivera et al. 2020], Ampato-
Sabancaya [Mariño et al. 2012], Misti [Mariño et al.
2007], Ubinas [Rivera et al. 2011], Ticsani [Mariño and
Soncco 2018], Tutupaca [Mariño et al. 2019], and Yuca-
mane [Rivera et al. 2018] volcanoes. Currently, work is
underway to complete the hazard maps for Coropuna,
and Chachani volcanic clusters. Additionally, a project
started in 2020, is underway to make the second version
for Misti volcano by using DEMs with horizontal reso-
lutions of 10 and 2. For an individual volcano, OVI car-
ries out a ~3-year research project which includes geo-
logical mapping, stratigraphy, different type of samples
analysis, reconstruction of its eruptive history, hazard
assessment, identification of scenarios and modelling.

As result of the projects, we publish a geological-and-
hazard assessment bulletin, geological map, and hazard
maps (proximal hazards, tephra fallout, and lahars).
These maps and bulletins are published on the INGEM-
MET website and are freely accessible. Also, 3D maps
have been generated, allowing dynamic interaction for
users*. The first map published in this format was that
of the Misti volcano in 2018 (Figure 3).

The information included in the bulletins and maps
constitutes the basis for emergency planning, as hap-
pened with the recent eruptions of Ubinas and Saban-
caya volcanoes and has also served as an essential input
in the preparation of contingency plans and evacuation
drills carried out in the city of Arequipa.

Depending on a volcano’s history of activity, OVI uses
monitoring and geological data to construct probabilis-
tic event trees for the examination of possible outcomes
of volcanic behaviours. The results of event trees have
helped us to structure the monitoring information and
geological data to prioritize efforts, make decisions to
maintain or change of alert levels, and give recommen-
dations to the authorities. Considering that disaster
risk management is a complex process, the use of differ-
ent tools and coordinated participation of all the stake-
holders of the Civil Defence platforms is essential.

4 Information dissemination and out-
reach

Communication and dissemination of volcanic moni-
toring information is carried out through summary re-
ports of volcanic activity and technical reports. The
characteristics of these products will depend on the tar-
get audience and the frequency with which they are
issued. Volcanic activity reports are short and under-
standable. They are meant for local authorities and
those that are part of the disaster risk management sys-
tem, and also the local population. The frequency with
which they are released will depend on the level of vol-
canic activity and can be daily, weekly, monthly, or an-
nual. Technical reports are documents with technical-
scientific information that seek to objectively inform
the authorities and technical institutions that are part
of the national disaster management system about vol-
canic hazards. Likewise, there is a space in the website
that contains real-time information about volcanic ac-
tivity where the general public can watch images from
the cameras, access daily reports, view gas flux his-
tograms, and so on.†

4.1 Dissemination of information

Civil authorities incorporated the hazard-zone map for
Misti volcano into the land management and urban

*https://data-ingemmet-peru.opendata.arcgis.com/pages/
volcanes

†http://ovi.ingemmet.gob.pe/panelview/index.html
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Figure 3: Screenshot of 3D-hazard map of Misti volcano combined with urban area and critical infrastructure of
Arequipa [modified from Thouret et al. 1995].

planning for the city of Arequipa. Because of the prox-
imity of houses (within 9) to the summit of Misti, IN-
GEMMET has designed and implemented an expanded
program for disseminating the hazard-zone map and
increasing awareness of its implications.

Since 2006, hazard maps have been printed for mass
distributed through coordination with local authorities,
local institutions, private enterprises, and NGOs. Addi-
tionally, a training program targeting teachers from ed-
ucational institutions has also been expanded [Macedo
et al. 2008]. An example of the significant efforts
made by INGEMMET with other institutions is the
Centro de Sensibilización para la Gestión de Riesgos cre-
ated in Arequipa together with the Instituto Nacional
de Defensa Civil (INDECI) and the NGO Volcan-Explor-
Action (France), inaugurated in February 2011. This
centre has displays to explain in a simple way the origin
of volcanoes, types of volcanic hazards, and monitoring
methods, as well as the Misti volcano hazard map.

In addition to monitoring reports, OVI publishes bul-
letins and technical reports on geology and volcanic
hazards assessment with a target audience of public,
scientific, academic, and technical civil defence com-
munities. This information is used for planning emer-
gency responses, such as for identifying the location of
shelters to resettle affected populations.

OVI also generates educational information in the
form of brochures, leaflets, and flyers directed towards

the authorities and public. Technical data is translated
in these publications into simple information for edu-
cation and awareness. During the year, a program of
guided tours at the observatory is provided to author-
ities and primary, secondary, and university students.
During the tours, visitors can “touch” volcanic samples,
watch videos, interact with the staff, and see how vol-
canoes are monitored.

Workshops, educational public exposition fairs, and
routine talks are provided to journalists, health care
professionals, army personnel, tour guides, and other
organizations in order to educate and disseminate the
information to the community. Additionally, to create
a space for thought, discussion, and exchange of expe-
rience in volcanic risk management, INGEMMET has
organized eight international forums on volcanic risk
and two meetings for the volcano observatories of Latin
America.

4.2 Interaction with public institutions

Due to the recent eruptions of Ubinas (Moquegua
region) and Sabancaya (Arequipa region) volcanoes,
scientific committees were created to assist during
volcanic emergencies. These committees include
INGEMMET-OVI, IGP, the Servicio Nacional de Mete-
orología e Hidrología del Perú (SENAMHI), and UNSA.
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These committees participate in the Civil Defence plat-
forms providing information and advising on volcanic
risk management. However, the collaboration between
the various institutions has been difficult in the last
two years (2019–2020); currently, there are efforts to
achieve a better understanding and institutional collab-
oration on a higher level, which we hope will be carried
out promptly.

Within the framework of the national disaster risk
management system, OVI routinely coordinates with
local and regional authorities, national institutions
such as Centro de Operaciones de Emergencias Na-
cional (COEN), Centro de Operaciones de Emergencia Re-
gional (COER), INDECI, Centro Nacional para la Esti-
mación, Prevención y Reducción del Riesgo de Desastres
(CENEPRED), Comisión Nacional de Investigación y De-
sarrollo Aeroespacial (CONIDA), and local municipali-
ties. In addition, to promote the study of volcanoes and
volcano monitoring, OVI develops research projects re-
lated to geology, volcano hazards, and applied investi-
gations in cooperation with national and international
scientific institutions and researchers from geological
surveys, volcano observatories, and universities.

5 Needs, challenges, and future perspec-
tives

OVI has been developing a comprehensive program
to progressively implement real-time, multiparameter
monitoring of all the active volcanoes in Peru. The
amount of instrumentation required and monitoring
priority for each volcano was planned according to the
study: “Assessment of volcanic threats and monitor-
ing capabilities in Peru” developed by IGP, INGEM-
MET, and UNSA [Macedo et al. 2016]. This project
has been developed with investment from the Peruvian
government through equipment purchases and train-
ing of personnel. The progress made by OVI so far has
been possible in large part due to the “young” team that
has put all its effort into improving the work. How-
ever, the support of foreign institutions such as USGS–
VDAP, IRD, Laboratoire Magmas et Volcans from Uni-
versité Clermont Auvergne (France), and many other
institutions, through technical advice and equipment
donations have allowed the strengthening of our capac-
ities; therefore, we hope to continue and strengthen the
cooperation.

With the perspective of continuing that improve-
ment, it is necessary to continuously train young vol-
canologists through national and international cooper-
ation.

Finally, it is essential to strengthen the collaboration
between the participating institutions of the scientific
committees in order to generate unified information
necessary for an adequate management of volcanic risk
in Peru.
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