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ABSTRACT

The Instituto Nicaragiiense de Estudios Territoriales INETER) is the institution responsible for volcano monitoring in
Nicaragua. The Volcanology Division of the General Directorate of Geology and Geophysics currently monitors six
active volcanoes by means of seismology, gas measurements, optical webcams, and visual and satellite observations.
The volcano monitoring network that INETER maintains is in continuous expansion and modernization. Similarly,
the number of technical and scientific personnel has been growing in the last few years. 2015 was the busiest year
of the last two decades: Momotombo volcano erupted for the first time in 110 years, a lava lake was emplaced
at the bottom of Masaya volcano’s Santiago crater, and Telica volcano experienced a phreatic phase from May to
November. Although we have increased our monitoring capabilities, we still have many challenges for the near
future that we expect to resolve with support from the national and international geoscientific community.

Este articulo esta disponible en espanol: https://doi.org/10.30909/vol.04.S1.163181 [PDF ES].

1 INTRODUCTION

Approximately 3600000 inhabitants live and/or work
at the base of an active volcano in Nicaragua. Accord-
ing to the last official census of Nicaragua [Goffin 2006],
this corresponds to about 70 % of the Nicaraguan popu-
lation. As a consequence, the risk derived from volcanic
activity is very high in Nicaragua. In this challenging
context, the study and surveillance of volcanic activity
has become a priority for the development of effective
risk reduction strategies.

1.1 Geological setting

The dynamics and evolution of the Cocos plate, off the
west coast of Central America, is complex and related
to slab dip and possibly to the distribution of mechan-
ical coupling within the overriding plate and upper
plate deformation [La Femina et al. 2009; French et al.
2010]. This has important implications for the gener-
ation of thrust earthquakes at the subduction interface
and destructive intraplate earthquakes [Norabuena et
al. 2004; La Femina et al. 2009; French et al. 2010].

At present, the Cocos plate subducts beneath the
Caribbean plate northeastward at a rate of 76—
91 mm yr—! (relative to the Caribbean plate) along the
Middle American Trench [DeMets 2001]. This subduc-
tion process is responsible for the volcanic activity ob-
served in the modern Central American Volcanic Arc,
which extends 1100 km from the Mexican-Guatemalan
border to Panama [Carr 1984; Jordan et al. 2007; Sagi-
nor et al. 2011]. This volcanic arc has seven stepping
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sections that vary in length from 100 km to 300 km
[Carr 1984]. The spacing of volcanoes within these
segments appears to be random with a few along-arc
gaps. The longest gap, about 80 km long, is between
Cosigiiina and San Cristébal volcanoes in northwestern
Nicaragua [Carr 1984; Saginor et al. 2011, Figure 1].

The significant variations in geochemistry found
along the Central American Volcanic Arc make it an
ideal place to test the hypotheses put forward on the
origin of the different features of arc geochemistry
[Carr et al. 2007b]. The volcanic arc segment between
Cosigliina and Masaya volcanoes has some of the glob-
ally highest levels of slab fluid tracers, such as 10Be/?Be
and Ba/La. The abundance of tracers dramatically
drops southeast of Masaya volcano and gradually de-
creases across El Salvador and Guatemala. The abun-
dance of slab fluid tracers in Costa Rica is very low and
they are isotopically distinct, specifically between Are-
nal and Iraza volcanoes [Carr et al. 2007b].

The active Nicaraguan volcanic front lies within the
Nicaraguan Depression, which also hosts the two major
Nicaraguan lakes (Managua, also known as Xolotlan;
and Nicaragua, also known as Cocibolca). The active
Nicaraguan volcanic front is about 700 km long and
runs from Maderas volcano near the Costa Rican bor-
der to the Gulf of Fonseca in El Salvador [McBirney
and Williams 1965]. There has been a lot of controversy
as to the early history of the volcanic front. The most
recent hypothesis was proposed by Funk et al. [2009],
who stated that the Nicaraguan Depression initially
formed in Lake Nicaragua during the late Oligocene to
early Miocene and that it propagated northward toward
the Gulf of Fonseca during the Miocene to Pliocene.
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Figure 1: Active volcanic structures monitored by the Volcanology Directorate, INETER. Coordinate system
WGS84. Red triangles indicate unmonitored active volcanoes.

The alluvial and lacustrine sediments that fill the flat
topography of the Nicaraguan Depression have buried
the earliest erupted lavas of the active volcanic front,
making it difficult to determine a time of onset. How-
ever, the oldest lavas sampled by Carr et al. [2007a],
from the most eroded sectors of the active Nicaraguan
volcanoes, revealed an 4°Ar/3°Ar age of 65 to 330 ka.

1.2 Volcanic activity in Nicaragua

Based on the geological record of their eruptive his-
tory in the last 10,000 years, there are 13 active vol-
canic structures in Nicaragua (Figure 1). During the
last century, eight volcanoes have erupted in Nicaragua:
Cosigiiina, San Cristobal, Telica, Cerro Negro, Momo-
tombo, Apoyeque, Masaya and Concepcion.

In Nicaragua, additionally around 173 inactive vol-
canoes have been mapped*. These are divided into two
large groups depending on whether they were active in
the Tertiary or Quaternary. At least 53 Tertiary vol-
canic structures (whose last eruption took place more
than 2.6 Ma ago) were identified in the Highlands of
Nicaragua, which corresponds mostly to the northern

*https://web-geofisica.ineter.gob.ni/vol/volnic.html
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and central region of Nicaragua. It is, however, pos-
sible that more volcanoes were present in that region
but are no longer identifiable, as they have been buried
by eruptive deposits from nearby volcanoes, and others
that were eroded over time. About 120 inactive vol-
canoes of the Quaternary period are found along the
current active volcanic arc.

In the last three decades, the most notable volcanic
activity in Nicaragua has been observed at Cerro Ne-
gro, Momotombo, Telica and Masaya volcanoes. Cerro
Negro volcano is a basaltic cinder cone (728 m a.s.l.).
It erupted three times during the 1990s, for which
the Volcanic Eruption Index (VEI) decreased from 3 in
1992, to 2 in 1995, and finally to 1 in 1999 [Hill et
al. 1998; INETER 1999; La Femina et al. 2004]. The
eruptions from Cerro Negro volcano are usually Strom-
bolian, and sometimes form satellite vents. The vol-
cano only showed low-level seismic unrest following
the 1999 eruption [INETER 1999; 2004].

Momotombo volcano is a basaltic stratovolcano
(1297 m a.s.l.) and erupted on 1 December 2015 after
110 years of repose. This last event was a slug-driven
Strombolian eruption that lasted three days and formed
a 3.5 km-long lava flow. Subsequently, energetic explo-
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sions, ranging from violent Strombolian to weak Vulca-
nian, occurred almost on a daily basis until early April
2016. Following this unrest, activity at Momotombo
volcano has been characterized by seismicity and low
SO, emissions, below 600 tonnes/day (td~!) [INETER
2015a; b].

In December 2015, a basaltic lava lake was emplaced
at the bottom of the Santiago crater of Masaya volcano
[INETER 2015a; b]. Prior to this emplacement, the last
time a lava lake was seen at Santiago crater was in De-
cember 1999, although it was not officially reported.
Aiuppa et al. [2018] found that, before appearance of
the lava lake, the volcanic gas plume composition be-
came unusually CO;-rich, and the CO, flux peaked
in November 2015 (average: 81.3 + 40.6kgs~!; max-
imum: 247 kgs™!). These authors proposed that the el-
evated gas bubble supply destabilized the shallow (<1
km) Masaya magma reservoir, leading to an upward
migration of vesicular (buoyant) resident magma, and
ultimately to the (re)formation of the lava lake on 11
December 2015 (constrained by satellite-based MODIS
thermal observations). Currently, the Masaya lava lake
is still active, and the lake level has descended by a
small amount (the drop has not yet been quantified,
however) since 2015-2017. In the last couple of years,
the SO, flux oscillated between 500 and 2000 td—! [IN-
ETER 2016].

Telica volcano is a basaltic stratovolcano (1036 m
a.s.l.) and underwent a phreatic eruptive phase that
lasted six months, from May to November 2015, and
consisted of 891 explosions, 104 of which were ash-
laden [INETER 2015a]. This eruptive phase was of low
energy, and the ash clouds reached less than 1 km above
the volcano’s crater. One of the most violent explo-
sions was registered on 22 November 2015; incandes-
cence was observed on the crater floor and generated
ash columns that rose ~8 km, ejected large blocks at
least 1 km away [Roman et al. 2019]. After this activ-
ity, Telica typically produces ash emissions about twice
a year, and has a variable SO, flux below 800 td—!, as
measured by mini-DOAS instruments.

The other active volcanoes of the country produce ex-
plosions of gas and ash almost on a yearly basis, except
for Concepcién volcano which has not erupted since
2010. Nevertheless, it is not uncommon for Concep-
ci6on to show volcano-tectonic earthquake swarms with-
out other manifestations of unrest, even if SO, emission
levels are very low [i.e. below 250 td—1; Saballos et al.
2013; 2014].

2 INETER AND ITS GENERAL DIRECTORATE OF
GEOLOGY AND GEOPHYSICS

The Instituto Nicaragiiense de Estudios Territoriales
(INETER) was created on 5 October 1981 and today
comprises more than 500 employees, including special-
ists, technicians and scientists.
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INETER is in charge of research and of the inventory
and evaluation of the physical resources of the coun-
try; executing the studies of territorial planning; car-
rying out studies for the prevention and mitigation of
the effects caused by dangerous natural phenomena;
carrying out meteorological and geophysical studies;
regulating and carrying out cartographic and geode-
tic works; and regulating, operating, updating and ex-
ecuting the national physical cadastre. INETER oper-
ates the system of basic geodetic, meteorological, hy-
drological, hydrogeological, tidal, accelerographic and
seismological networks, as well as monitoring networks
for natural phenomena and, consequently, it organizes
specialized databases for the information generated by
these networks.

INETER comprises six general directions amongst
which the Direccion General de Geologia y Geofisica
(DGGG), is subdivided into the areas of volcanol-
ogy, seismology and geology. The DGGG maintains a
24/7 surveillance on the active volcanoes and seismic-
ity across the Central American region, including the
tsunami alerts advisory. The DGGG of INETER works
in tandem with institutions in Nicaragua that focus on
natural disaster risk reduction and management at all
levels, including the direct interaction with local com-
munities in high hazard zones to teach them the actions
they should take during the occurrence of a particu-
lar natural phenomena that may threaten their lives.
Ongoing studies by INETER (and in collaboration with
other national and foreign institutions) are also focus-
ing on the inactive volcanic structures.

The DGGG is composed of 35 people. There is a
general director, an administrative staff member, three
scientist advisors, and several technicians divided into
the areas of seismology (nine), geology (six), volcanol-
ogy (eight), electronics (six), and information technol-
ogy (two). INETER maintains a permanent 24/7 shift,
composed of personnel from the seismology depart-
ment and the electronics group. The electronics team
is responsible for the installation, repair and mainte-
nance of volcanic and tectonic seismic networks, as well
as seismic data processing. The eight experts of the
INETER’s Volcano Division, who have technician, BSc,
MSc and Ph.D degrees, carry out the tasks of volcano
monitoring, research and the assessment of volcanic
hazards.

3 How DO WE MONITOR OUR VOLCANOES?

The surveillance of Nicaragua’s active volcanoes be-
gan at INETER following the eruption of Cerro Ne-
gro volcano in April 1992. Since then, eight active
volcanoes, including those with intermittent activity
(volcanoes presenting thermal anomalies and gas emis-
sions, such as SO,, coming from a shallow magmatic
body, and micro-seismicity associated with fluid circu-
lation beneath the volcano) in the last forty years, are
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being monitored 24/7: Cosigiiina, San Cristébal, Tel-
ica, Cerro Negro, Momotombo, Apoyeque, Masaya and
Concepcion volcanoes.

Different monitoring techniques are used at these
eight volcanoes (a summary of the instrumentation de-
ployed at each volcano is shown in Table 1). Seis-
mic monitoring is performed with short period and
broadband seismometers, and there are between two
and seven instruments at each volcano (Figure 2; Ta-
ble 1). The seismic data are processed daily, and the
classification of earthquakes, their location, and the
calculation of their magnitude are performed using
SEISCOMP-PRO (automatic and manual earthquake loca-
tion) and EARTHWORM (volcano monitoring). The digital
helicorders of each seismic station are available online*.

In the web server, all the earthquakes that are lo-
cated both nationally and regionally, as well as those
outside the Central American region, are automatically
published and processed. As of October 2019, the Seis-
mology Directorate has the responsibility of the Re-
gional Tsunami surveillance (through the Centro de As-
esoramiento de Tsunami para América Central—CATAC)
that was developed in collaboration with the Japan In-
ternational Cooperation Agency'. There are also web-
cams that take images at different time intervals (be-
tween three and five minutes) that can be accessed
via the internet’. During volcanic crises, images are
taken every minute. Additionally, there is at least one
Global Navigation Satellite System (GNSS) station per
volcano, and Momotombo volcano has the largest num-
ber of GNSS stations, with five in total. The GNSS
data are currently post-processed using GYPSY-OASIS
IT software, and plans are in place to perform real-time
processing in the near future.

To measure gas emissions, Masaya volcano has a fixed
DOAS and a MultiGAS (e.g. H,0, CO,, SO,, H;S, etc.)
instrument that record and transmit data on a daily ba-
sis. Figure 2 shows the location of the monitoring in-
struments on the volcanoes, as well as the seismic in-
struments that are part of the Nicaraguan monitoring
network.

The data transmitted in real-time to INETER head-
quarters in Managua arrive at different servers for in-
stant display through the internet, the automatic (and
post processing) location of seismic events, and stor-
age. Data are displayed on INETER’s websiteS. More
products such as hazard maps, maps showing the lo-
cation of the most recent earthquake events, monthly
and annual bulletins, and project summaries are also
available through the webpage. Local and international
researchers can have access to the raw data owned by
INETER through collaborative agreements.

*http://geofisica-ewl.ineter.gob.ni/sismogramas/welcome.
html

Thttp ://catac.ineter.gob.ni/

ihttps ://webserver?2.ineter.gob.ni/webcam/index.html

§https ://webserver?2.ineter.gob.ni
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4 VOLCANO HAZARD MANAGEMENT

Data gathered during field work on the active volca-
noes of Nicaragua are used to produce geologic maps
and also as input data for numerical software to sim-
ulate volcanic hazards. These field data are also valu-
able for the validation of numerical probabilistic mod-
els that are then employed to simulate different vol-
canic activity scenarios. The final products are maps of
multiple hazards from lava flows, tephra fall, ballistic
impacts, pyroclastic flows, lahars, and active faulting
(Figure 3). We have recently updated the hazard maps
for five of the main active volcanoes: San Cristobal, Tel-
ica, Momotombo, Masaya and Concepcion, using dif-
ferent probabilistic numerical models, with geological
data and different parameters of the field work to eval-
uate possible volcanic hazard scenarios. These maps
are not currently available on the website, and distribu-
tion must first be authorized by the director of INETER.
Whenever possible, we try to validate the models with
field data. The modeling tools that are frequently used
for hazard assessment are those freely available offline
and online at the vhub.org website (Titan2D, Tephraz2,
Energy Cone). Other methods published in the sci-
entific literature such as Scoops3D [Reid et al. 2015],
DOWNFLOW [Favalli 2005], and LAHARZ_py [Schilling 2014]
are employed to develop probabilistic scenarios. Layers
of georeferenced thematic data (GIS) are usually com-
bined to produce thematic maps on a given scale for a
specific geographic region.

During the main volcanic crisis so far, when Tel-
ica, Momotombo and Masaya volcanoes erupted coinci-
dently from September 2015 to March 2016, the scien-
tific team at INETER took the following line of actions:
Continuous real time observations related to seismicity,
degassing GNSS deformation and webcam surveillance.
Volcanic probabilistic event trees were constructed for
each volcano on a daily basis. Proper and continuous
communication with the above appropriate authorities
took place during the crisis.

The different degrees or levels of volcanic hazard
(low, medium and high) are defined for each active vol-
cano based on its historical behavior and the different
associated geological hazards, and taking into account
the population exposed at different affected distances.

5 INFORMATION DISSEMINATION AND OUT-
REACH

During a volcanic crisis, we implement the already es-
tablished protocol, which specifies that the Volcanology
Division at INETER is the entity in charge of interpret-
ing the level of severity of the ongoing events character-
izing the crisis. Based on that, the head of the volcanol-
ogy direction informs the head of DGGG, which in turn
informs INETER’s highest authorities, suggesting the
measures to be taken. INETER then passes the infor-

Page 166


http://geofisica-ew1.ineter.gob.ni/sismogramas/welcome.html
http://geofisica-ew1.ineter.gob.ni/sismogramas/welcome.html
http://catac.ineter.gob.ni/
https://webserver2.ineter.gob.ni/webcam/index.html
https://webserver2.ineter.gob.ni
vhub.org

VoLcanica 4(S1): 163 -171. por: 10.30909/v0l.04.S1.163181
Table 1: Monitoring instruments per volcano operated by INETER, Nicaragua.
Monitoring instruments
Volcano Webcam MultiGAS Fixed DOAS GNSS Seismic station Total
San Cristobal 2 - 1 2 3 8
Telica 2 - 1 4 7 14
Cerro Negro 1 - - - 6 7
Momotombo 3 - 1 7 5 16
Masaya 3 1 1 3 5 13
Concepcién 2 - - 2 4 8
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Figure 2: National monitoring network of INETER. Monitoring networks on [B] Telica and [C] Masaya volcanoes.

Coordinate system WGS84.

mation to the presidency of the Republic of Nicaragua
and to the Sistema Nacional de Prevencion de Desastres
(SINAPRED) in charge of national prevention and mit-
igation of disasters, who inform the public about the
volcanic crisis and direct the measures to be taken.

As part of SINAPRED, INETER interacts with a num-
ber of governmental, educational and private institu-
tions, including civil defense, local authorities, peo-
ple living in communities in volcanic hazard zones,
schools, tourism companies, etc. At INETER, we con-
duct different outreach activities within the communi-
ties threatened by volcanic hazards together with the
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local governmental and involved private sectors. On
a regular basis we run drills so that the people know
what to do during a given scenario related to volcanic
activity. For instance, we are currently working with
the communities around Telica, San Cristébal, Concep-
ciéon and Maderas volcanoes to develop eruption re-
sponse plans. These response plans are presented to
the communities using several methods, such as pub-
lic presentations on hazards related to the volcano in
question, using our three levels of volcano hazard (low,
medium, and high), and the production of an evacu-
ation route map, which clearly shows the routes each
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routes are shown (blue, green and purple lines).

community should take to an existing shelter in a “safe”
place where there will be logistics already established
between the governmental and the private sector.
Some results are included in the monthly and yearly
bulletins that are made available on our webpage®,
while others are shared with other institutions like
SINAPRED and are accessible through their webpage'.
Any remaining results are available on our data server*.
All communication of the generated information is

*https://webserver2.ineter.gob.ni/sis/bolsis/bolsis.html
Thttp ://www.sinapred.gob.ni/
Ihttps ://webserver?2.ineter.gob.ni
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ballistic impacts, tephra fall, lava flows, and evacuation

published through the website’ and television pro-
grams via the president’s office.

INETER also works in collaboration with the in-
ternational scientific community, mainly universities
and research centers in the United States of America
(United States Geological Survey (USGS), Volcano Dis-
aster Assistance Program (VDAP), University of South
Florida, Pennsylvania State University, University of
Arlington at Texas, University of New Mexico, Uni-
versity of Columbia, University NAVSTAR Consortium
(UNAVCO), Carnegie Institute of Washington, among

§https ://www.ineter.gob.ni/
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others), in Europe (University of Bristol, King’s Col-
lege London, University of Edinburgh, University of
Manchester, University of Kiel, GEOMAR Helmholtz
Centre for Ocean Research Kiel, Universidad de Cadiz),
and in Latin America (Universidad Nacional Auténoma
de Meéxico, Centro Nacional de Prevencion de Desastres
(CENAPRED) in Mexico, Servicio Nacional de Geologia
y Mineria (SERNAGEOMIN) in Chile, Universidad de
Puerto Rica en Mayagiiez, Ministerio de Medio Ambiente
y Recursos Naturales of El Salvador, Instituto Nacional
de Sismologia, Vulcanologia, Meteoreologia e Hidrologia
(INSIVUMEH), Coordinadora Nacional para la Reduccion
de Desastres (CONRED) in Guatemala, Observatorio Vul-
canologico y Sismologico de Costa Rica (OVSICORI) in
Costa Rica). This international collaboration benefits
INETER and Nicaragua in different ways, since it pro-
vides training to INETER’s personnel, funding for field
work and equipment maintenance, technology transfer,
etc.

6 NEEDS, CHALLENGES, AND FUTURE PERSPEC-
TIVES

After Cerro Negro volcano’s eruption in April 1992, the
volcanic instrumentation, permanent surveillance and
monitoring of six of the main active volcanoes begun at
INETER. This includes: seismic volcanic monitoring,
SO, and CO, measurements, temperature measure-
ments, webcam surveillance, GNSS, and response maps
for each volcano’s hazards for different eruptive sce-
narios, including lahars triggered by eruptive or geo-
dynamic events at the volcanoes.

Since then, we have managed at least 19 volcanic
crises, the outstanding ones were the six months be-
tween the middle of 2015 and beginning of 2016, when
Telica, Momotombo and Masaya volcanoes erupted.
Currently, the main needs to strengthen the Volcanol-
ogy Division of the DGGG at INETER are:

* Increasing the number of experts and technicians.
The personnel of the Volcanology Division, along
with an adviser, continuously deal with different
projects at the same time, and also have to respond
to crises and emergency situations that arise.

* Funding for systematic training and continual pro-
fessional development is needed in order to stay up
to date with the advances in volcanology.

* Economic resources for field work and equipment
maintenance is required.

INETER’s Volcanology Division has several chal-
lenges for the near future, notably:

* Organization of real-time data transmission for all
the monitoring equipment deployed in the field.

* Automation of preliminary data processing in near
real-time for all incoming data.
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* Increase the scientific capacity of all personnel.
This includes the need for all personnel to speak
English fluently.

We are working on projects with the national and in-
ternational community to modernize our monitoring
networks. Our goal is to enhance our capacity to re-
spond in a timely manner to volcanic crises and to an-
ticipate, as much as possible, the occurrence of danger-
ous volcanic phenomena to save the largest number of
lives.
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