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ABSTRACT

Guatemala to examine: (1) the physical behaviours and volcanic hazards that characterize

eruptions occurring in recent years, and (2) the factors that influence local residents’
decision to evacuate from these eruptions. The thesis presents different answers to these issues
depending on the data sources studied: satellite observations, geophysical and gas timeseries,
and observations of and interviews with local residents and authorities. The thesis begins by
presenting Fuego as an ideal subject for an interdisciplinary volcanology PhD, and establishes
the philosophical positions and methodological approaches that were necessary to consider in
order to undertake both physical and social science research within this PhD. The first results of
this thesis are satellite observations of Fuego’s activity between January 2015 and June 2018.
These observations, supplemented by other data, identify a new eruptive regime characterized by
frequent explosive eruptions ("paroxysms") consistently preceded by lava flow effusion. Thresholds
for determining eruption are debated. Physical results are juxtaposed with qualitative narratives
of previous eruptions of Fuego and evacuations of communities as told by both authorities and
local residents of rural communities around the volcano. These narratives reveal that an eruption
at Fuego is not a consistent phenomenon, but is experienced differently by different observers
based on their previous experiences, knowledge, resources, and priorities. Finally, quantitative
and qualitative data are integrated through analysis of timeframes of eruption and response for
several recent eruptions. Quantitative timescales and their qualitative counterpart, timelines,
provide detailed chronologies of times and uncertainties involved in forecasting eruptions of
Fuego and of deciding, warning, responding to, and evacuating from eruption. Ultimately, this
thesis concludes that the lives of local residents cannot be reliably protected from hazards of
Fuego without integration of the monitoring and risk mitigation efforts of INSIVUMEH and
CONRED. This integration mirrors that of physical and social drivers of volcanic risk explored
within this work. This thesis demonstrates the value of integrating physical and social research
methods in a single interdisciplinary project, and contributes to volcanological literature with
findings that volcanic risk is both spatially and temporally variable around a single volcano.

T his thesis presents an interdisciplinary case study of the active Volcan de Fuego in southern
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CHAPTER

INTRODUCTION

he view from the terraces of Volcan Acatenango is spectacular. On a clear day one can
see the perfect cone of Volcan de Agua with the cities of Alotenango and Ciudad Vieja
nestled in its folds. Also visible is the full anatomy, from foot to summit, of Acatenango’s
southernmost sibling, Volcan de Fuego. Fuego is the currently active eruptive centre of the
Fuego-Acatenango Massif and is a dramatic presence beside the plains of southern Guatemala.
By tracing a finger from the summit down one of Fuego’s barrancas (ravines), the observer arrives
at one of the many communities at Fuego’s base. This direct line between community and volcano
comes alive when an explosion from one of Fuego’s summit vents ejects metre-diameter ballistics

that descend toward the barrancas.

Seen from below, the view of Fuego is more impressive still. From km 91 of road RN-14, the
eroded upper scarps of Barranca Las Lajas record the tragedy of 34 June 2018, when a paroxysm
buried the community of San Miguel Los Lotes under pyroclastic flows. While Los Lotes is the
most recent reminder of Fuego’s power to devastate, other monuments record a long history of
destruction. A low wall claimed by vines in Panimaché Dos marks a chapel destroyed in the
October 1974 eruption. The mud-filled toilets of a Scout encampment on the Ceniza river show
the destructive power of Fuego’s seasonal lahars. Swollen by pyroclastic material from recent
eruptive activity, these lahars now threaten larger communities downstream. Seen in this way,
the myriad hazards associated with Fuego’s eruptive activity are inextricably tied to the activities

of people that live around the volcano.
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FIGURE 1.1. Volcan de Fuego’s summit, Barranca Honda, and communities of La Reina,
Don Pancho, and La Trinidad visible from the terraces near the summit of Volcan
Acatenango. Picture taken 23/03/2019.

1.1 Thesis Rationale

Disasters worldwide appear to be escalating. Rarely a week passes without media reports of a
hurricane, earthquake, or flood that has devastated a population. This impression is validated
by comprehensive assessments of risk: the frequency and size of losses associated with natural
hazards are indeed increasing globally [UNISDR, 2011], and forecasts of anthropogenic climate
change and their effects have manifested even earlier than predicted [UNDRR, 2019]. The
acceleration of losses associated with natural hazards is due to the increase of populations in
environments exposed to those hazards. For example, in 2015 approximately 1 billion people
worldwide lived within 100 km of a Holocene volcano; with “human concentrations in this zone
increasing since 1975 above the global population growth rate” [Freire et al., 2019]. While it
seems obvious that more people living in a hazard-prone environment will result in more people
potentially exposed to such hazards, the interaction between people and their environment is
not so linear. Instead, this interaction is an intricate web of factors and feedback loops with
interconnected consequences that are difficult, if not impossible, to forecast. Therefore, mitigating
risk associated with natural hazards requires a much more sophisticated response than, “Why
don’t the people simply move away from the hazard?”. As the worldwide population continues to

grow and impacts of anthropogenic climate change accelerate, natural hazard researchers need
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to engage with both the natural environment and the humanity it sustains. Truly, “at no point in
human history have we faced such an array of both familiar and unfamiliar risks, interacting in
a hyper-connected, rapidly changing world” [UNDRR, 2019].

Volcanoes are a natural hazard that frequently threaten lives and livelihoods [Barclay et al.,
2019]. However, the timescales over which these hazards occur, as well as their magnitude and
evolution, are all matters of great uncertainty. The mercurial nature of volcanic systems means
that scientists charged with monitoring them face challenges in two areas: the physical and the
social. Forecasting eruption is an ultimate goal of volcanology [Sparks, 2003], but the complex
physical processes that govern volcanoes make that goal elusive. Additionally, scientists must
communicate their knowledge of volcanic activity and hazards to non-scientific stakeholders
who frequently have a different view of the risk [Donovan and Oppenheimer, 2014]. Scientists
may also be obliged to communicate their knowledge outside of their sphere into a wider social
and political context. Volcanic risk communication is most effective when it involves multiple
stakeholders and encourages dialogue between them; in this environment, hazard specialists
such as scientists assume a ’participatory’, rather than a ’delivery’, role. [Barclay et al., 2008].
Consequently, information on volcanic activity travelling outside of the scientific sphere may
be newly vulnerable to multiple (and mis-) interpretations [Donovan, 2019]. In this way, the
scientist monitoring an active volcano occupies an uneasy position in the intersection between

eruptive and human activity in an increasingly complex and interconnected world.

Uncertainty and accountability are inherent not only to scientific but also to decision-making
roles at a volcano. Decision-makers may face uncertainties in the quality and range of volcanic
hazard information received, and their role is made more difficult if good communication methods
are not developed with scientists in advance of a crisis [Barclay et al., 2008]. Decision-makers
may also mistrust scientists because of their inability to reduce uncertainty [Haynes et al., 2008].
Furthermore, decision-makers, whose role inherently prioritizes risk from natural hazards, often
have to communicate their decisions to populations who consider such risks among many other
threats to their lives. Consequently, decisions taken to reduce risk from natural hazards may

appear to these populations to decrease their security overall [Christie et al., 2015].

The majority of active and populated volcanoes accommodate the stakeholder roles described
above — scientific, decision-making — as well as the roles played by local residents. Efforts to reduce
risk associated with an active and populated volcano are more likely to be successful when they
include knowledge of both the volcano’s physical behaviour and the human environment (including
the social, cultural, economic, and political context) in which this behaviour occurs. “Advances
require interdisciplinary efforts drawing on physical, social and decision science methods ...
to be successful, risk reduction measures rely on the integration of these approaches” [Hicks,
2012]. However, integrating these approaches is not trivial. Indeed, developing interdisciplinary

methods to effectively reduce volcanic risk is a primary challenge of modern volcanology.
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1.1.1 Bridging the gap: integrating hazard assessment and risk mitigation

Many monitoring efforts at active volcanoes are based on identifying consistent increases in
geophysical signals that may aid forecasting of eruptive activity. However, improved ability to
forecast an eruption does not also promise that the negative impacts of the eruption can be
reduced. At first this may seem obvious — but why? If we imagine a relatively predictable system,
where each eruption of a ‘well-behaved’ volcano followed a similar trajectory to climax, we might
also imagine the ways volcanic risk were affected. A predictable volcano would allow greater
accuracy of early warning systems. This may consequently increase locals’ trust in these systems,
and encourage intention to comply evacuation orders. Such orders might be more easily given,
as a more predictable system might allay institutions’ fears of “crying wolf” that encourages a
culture of caution regarding costly risk reduction measures like evacuation [Doyle et al., 2014]. A
more predictable system, therefore, would seem likely to produce a reduction in volcanic risk.
However, multiple examples show us where reality diverges from theory. Even with a relatively
well-understood volcano, or with sophisticated tools to trace its behaviour, translating good
understanding and forecasting ability into effective risk reduction is non-trivial. The infamous
example of Guadeloupe in 1976 provides an early example of how even with clear volcanic signals
deviating from a known baseline, political and social divides complicated decisions of how to
respond [Feuillard et al., 1983]. Meanwhile, the December 2019 eruption of White Island that
killed nine people shows that even today, with comprehensive monitoring and education, volcanic

risk is often a secondary consideration after other priorities are evaluated [Benton et al., 2019].

Figure 1.2 shows a volcanic risk management framework from the MIA-VITA (Mltigate
and Assess risk from Volcanic Impact on Terrain and human Activities) project (see https:
//cordis.europa.eu/project/id/211393/reporting). This project developed tools to mitigate
risks from various hazards of active volcanoes. MIA-VITA maintained that efficient volcanic
risk management requires an integrated risk management methodology to be available for local
authorities and scientists. The methodology proposed would provide simultaneous advances in
prevention, crisis management, and recovery [Thierry, 2014]. In order to achieve these advances,
MIA-VITA developed an integrated framework of different areas of knowledge and transfers
between them. I have adapted this figure to locate my contributions to knowledge within this
thesis, and to order these contributions according to each of my nine research objectives (see
Section 1.2.3).

Some of the challenge of successfully integrating volcanic hazard assessment with risk
mitigation is due to a country’s development level [Donovan, 2019]. In the most recent (2019)
Human Development Index (HDI), developed by the UN as "a summary measure of average
achievement in key dimensions of human development", Guatemala scored 0.663 [UN, 2021].
This represents "Medium Human Development", indicating that Guatemala has made limited

progress towards key dimensions of human development. Prioritizing volcano monitoring when
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FIGURE 1.2. Methodological framework with related information flows for management
of volcanic threat, from Handbook for Volcanic Risk Management created by MIA-
VITA project. From Bignami et al. [2013] via Delos Reyes [2019]. Red annotations
are mine: boxes indicate areas in which this thesis has contributed knowledge,
numbers indicate thesis goal that corresponds to this contribution.

more basic needs are not met is very difficult [Tilling, 2008]. However, 95% of Guatemala’s
population lives within 100 km of an active volcano [Loughlin et al., 2015a]. In addition, all of
Guatemala’s Holocene volcanoes have >100,000 residents of rural communities living within
30 km of their summit [Loughlin et al., 2015b]. These figures indicate exposure to volcanic
hazards based on direct fatalities due to hazards from historic eruptions at these distances. An
overwhelming majority of Guatemala’s population lives at a distance from a volcano that could
threaten their lives. Therefore, volcanic hazard assessment and disaster risk mitigation should
not be considered as secondary but as crucial to protect a population living with a continual
threat.

In Guatemala the effective integration of volcanic hazard assessment and risk mitigation
is critical to a significant portion of its population. With whom does responsibility for this task
lie? What efforts are being made to bridge the gap? Scientists must assume some responsibility:
they “... fundamentally have a moral obligation to consider the potential social and ethical

implications of their work in the formulation of advice based on science” (Douglas [2009] via



CHAPTER 1. INTRODUCTION

Donovan [2019]). However, scientists cannot be fully responsible - decisions to reduce risk are
rarely theirs to make. Bridging this gap relies on effective communication between scientists
and decision-makers [Barclay et al., 2008]. The manner of this communication is critical. The
weaknesses of the traditional 'linear’ direction of communication from scientists towards the

public and decision-makers are summarized by Donovan and Oppenheimer [2014].

Many volcanically active countries show examples of difficulties in collaboration between
different stakeholders with different priorities. The long-term eruptive crisis of Volcan Tungu-
rahua in Ecuador, including early difficulties in communication [Tobin and Whiteford, 2002],
provides a close-to-home parallel to Fuego in Latin America. However, many environments
have shown that despite difficulties in collaboration, persistent effort has resulted in significant
improvement. The development of Colombia’s scientific, academic, and risk reduction institutions
since the 1985 tragedy of Nevado del Ruiz is a good example [Pallister and Ewert, 2015]. In
comparison, understanding the relationships between analogous Guatemalan institutions is a
challenge. It is strikingly difficult to find concrete information on how Guatemala’s national
natural hazard monitoring and disaster risk reduction (DRR) institutions INSIVUMEH and
CONRED, respectively) communicate with each other, as well as how they correspond with the
communities they serve. The questions posed above — With whom does the responsibility for
integrating hazard assessment and risk mitigation lie? What efforts are being made to bridge the
gap? — have not been satisfactorily asked in Guatemala, let alone answered. Guatemala follows
the UNDRO-USGS scheme of risk management laid out in [Macias and Aguirre, 2006]. The

assumptions in this model of risk management appear in Table 1.1.

Assumptions from UNDRO-USGS scheme

- People are aware of volcanic hazards and wish to protect their communities

- Laws exist at the local, regional, and national levels that make it possible to carry out
protective measures;

- There is ample scientific knowledge to construct alternative scenarios for eruptions and
their destructive effects;

- It will be possible to disseminate warnings with sufficient lead time for people to take
protective action; an emergency plan can be put in place.

Table 1.1: Assumptions from UNDRO-USGS scheme employed in many Latin American countries
with active volcanoes. From Macias and Aguirre [2006].

The same UNDRO-USGS scheme includes several social actors. These actors can be recognized
in Guatemala’s current volcanic risk management environment and are included in parentheses

below each actor:
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1. A group of scientists in charge of monitoring the volcano who issue forecasts to appropriate
authorities about the probability and nature of the risks of volcanic activity. They would
not intervene in the activities of civil authorities in charge of protecting the population.
(INSIVUMEH)

2. An emergency management committee that includes public officials and representatives
from other community organizations, which interprets and uses the scientific knowledge
for the population’s protection.

(“Mesa” including COCODE - for more detail see Chapter 3)

3. An effective mass communication system that disseminates the decisions of the emergency
management system and provides people with information about the volcanic threat and
the recommended protective actions.

(INSIVUMEH bulletin reports and CONRED radio — for more detail see Chapter 3).

Macias and Aguirre [2006] noted several flaws in this scheme in case studies in Nicaragua,
Mexico, and Ecuador. Given the challenges discussed above — prioritizing scientific monitoring
when more basic needs are not being met, balancing the various priorities of different stake-
holders, coping with unpredictability of the monitored physical system — and the difficulty of
obtaining information on the responsibilities of Guatemala’s scientific and DRR institutions, it is
likely that if the Guatemalan system were included in the case studies by Macias and Aguirre
[2006], it would present similar flaws. However, the paucity of information that I have mentioned
means that this hypothesis cannot easily be (dis)proven. Simply put, at Volcan de Fuego we do
not have enough information to make an argument. There is not enough information on local
knowledge of volcanic hazards, on laws regarding protective measures against volcanic activity,
or on stakeholder networks for communicating information on volcanic activity, in order to argue
whether Guatemala’s current volcanic risk management environment is satisfactory to protect
lives and livelihoods against the current level of eruptive activity from Fuego (and ideally, against
future increases in eruptive activity). A case study of a single volcano provides an excellent

opportunity to provide such information.

1.1.2 The case for case study research

The case study is a common research design in volcanology. Its advantages include the opportunity
to gather “detailed information of a single example of a class of phenomena” [Abercrombie et al.,
1990]. Detractors of this design commonly question its pertinence beyond the study site [Flyvbjerg,
2006]. Actually, lessons from case studies in both physical and social volcanology have been
successfully implemented elsewhere. For example, the multi-stakeholder participation pioneered
in the Pacific island of Savo [Cronin et al., 2004] has been trialled in places as distinct as Papua
New Guinea [Mercer and Kelman, 2010] and Costa Rica [van Manen et al., 2015].
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It may seem that in 2021 there is no stone of the world left unturned. In fact, the global
volcanic map is incomplete and, in some places, only faintly sketched. While volcanoes like
Stromboli and Kilauea have for decades been the natural laboratory for the volcanologist, still
many more demand more comprehensive study of their behaviour [Ogburn et al., 2015]. In Latin
America, several volcanoes feature prominently in both physical volcanology and volcanic risk
literatures, such as Tungurahua (e.g., Lane et al. [2003], Arellano et al. [2008], Stone et al.
[2014], Armijos et al. [2017] and Volcan de Colima (e.g., Gonzalez et al. [2002], Gavilanes-Ruiz
et al. [2009]), but many others remain under-studied despite high levels of eruptive activity and
proximity to vulnerable populations. Guatemala is particularly under-represented in volcanic
risk literature [Lechner and Rouleau, 2019]. I believe that the settlements that flourish on
Fuego’s flanks, as well as the volcano’s continuing activity, urgently demand study. As to whether
results of a case study could be generalized, Flyvbjerg [2006] perceptively states, “One can often
generalize on the basis of a single case ... formal generalization is overvalued as a source of
scientific development, whereas the “force of example” is underestimated”. Flyvbjerg cites the
Popperian example of a theory (“all swans are white”) to highlight the validity of the case study
as research design: the detailed nature of the case study is particularly suited to identifying black
swans that may appear white to less exhaustive research designs. In this sense, the case study is
an excellent way to test a general theory. (For instance, the statement, “all people are prepared to
evacuate from an eruptive crisis of Fuego” is false if even one resident disagrees.) Even if results
from a case study cannot be generalized, they still represent new knowledge at the volcano itself.
Such knowledge is highly valuable to the society around a volcano in evaluating approaches to
risk and vulnerability to natural hazards:

“... more transparency and more information about the most vulnerable areas
and groups are needed in order to make more appropriate information available to
national and local decision makers for risk and vulnerability reduction, and also to
provide the growing global disaster-response community with more precise knowledge

on who to target first in or before a disaster situation.”

[Birkmann, 2007]

Whether results are relevant only at home or applicable abroad, the case study is likely to
provide information valuable to both scientists and decision-makers for vulnerability and risk

reduction.

There are numerous reasons for choosing Fuego as a case study subject beyond its under-
representation in volcanology literature. First, it presents an unusual opportunity to study
a currently active volcano. The thesis narrative begins in 2015 with observations from the

Guatemalan national scientific institute INSIVUMEH) of an increase in the frequency of Fuego’s
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paroxysmal eruptions (“paroxysms”, see Chapter 2). These eruptions continued during the
research project, allowing me to study a developing eruptive regime while I developed as a
researcher. Second, my choice of Fuego as a case study was motivated by the close correlation of
that developing activity with eruptive hazards. Paroxysms are the primary formation mechanism
for pyroclastic flows at Fuego. These flows are a major hazard for local populations, and the only
response guaranteed to ensure safety is evacuation. The more frequent paroxysms since 2015
represent an increase in pyroclastic flow hazard. Improved understanding of recent paroxysmal
activity may aid both INSIVUMEH (through establishing baselines and identifying potential
paroxysmal triggering mechanisms) and the national institute for disaster risk reduction (DRR),
CONRED (through identifying thresholds that can be translated to levels of tolerable risk).
Beyond this, my choice of Fuego as a case study was strongly motivated by my desire to represent
the experiences of people living beside the volcano. Remote sensing captures Fuego’s activity with
the advantage of being relatively risk-free. But Fuego is a major source of risk to local people
who may experience the consequences of its activity. Both the Mayans and the Spanish knew the
volcano as “the source of fire”, remarkable for the frequency and the ferocity of its eruptions?.
The question of why people live here, and what can help us better understand it, is vital to inform
future strategies to protect against ongoing volcanic hazards. Excepting a single qualitative study
[Graves, 2007], the experience of living with Fuego has not been told in locals’ own words. To
me, Fuego presented an excellent candidate for investigation into the motives, priorities, and

experiences of people who are vulnerable to its activity.

How to satisfy multiple motives in a single case study is a matter of some difficulty. Previous
theses have tackled motives separately in discrete chapters [Escobar Wolf, 2013], while others
have taken a fully integrated interdisciplinary approach from the first page [Hicks, 2012]. My
thesis chooses the discrete approach favoured by Escobar Wolf [2013], whose case study is also
of Fuego. This approach suits the “state of play” at Fuego itself, reflected in the current lack of
communication between associated scientists and decision-makers (see Chapters 3 and 4). By
juxtaposing scientific observations and local experiences, this thesis outlines the current state of
volcanic risk at Fuego and argues that artificial separation of the two creates “blind spots” in
both scientific and non-scientific communities. Acknowledging these blind spots clears a path
forwards for future interdisciplinary study that would address these flaws. I explain the methods

employed in this approach in Section 1.2.4.

In summary, this thesis seeks to contribute knowledge of Volcan de Fuego in three areas:
(1) recent eruptive activity, especially paroxysmal eruptions; (2) generation and development
of hazards associated with paroxysms, particularly lava and pyroclastic flows; (3) experiences
and priorities of people in nearby communities who are vulnerable to these hazards. Given that

the only form of risk mitigation effective against pyroclastic flows is evacuation, this thesis will

1“Fuego” means “fire” in Spanish, and Fuego’s name in the indigenous Kaqchikel language is “Chi’gag”, meaning
“Where the fire is”. [Tedlock, 1985]
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explore (3) through reference to previous eruptive activity requiring evacuation. Previous theses
have conducted both physical volcanology and volcanic risk perception research at Fuego to
provide new insights into each [Escobar Wolf, 2013]. This work follows the same interdisciplinary
principle. However, through its juxtaposition of scientific observations and lived experience, this
thesis concludes that including one without the other in volcanic risk mitigation strategies omits

knowledge that is crucial for the success of these strategies.

1.2 Methodological approach and thesis structure

This section presents the primary research aims of this thesis and outlines the methods used to
achieve those aims. Before that, it is crucial to provide context by presenting the philosophical
framework for this research and discussing some challenges particular to interdisciplinary

research.

1.2.1 The doors of perception: defining a philosophical framework

Everyone has a door through which they view the world. The prudent researcher considers the
framing of their door before making observations of the world beyond — but this consideration
can be a bewildering process. The researcher’s frame is defined by fundamental philosophical
“worldviews”, a worldview being “a basic set of beliefs that guide action” (Guba, 1990, pg. 17 via
Creswell [2014]). Worldviews are alternatively defined as “epistemologies and ontologies” [Crotty,
1998]. Epistemology is concerned with the nature and validity of knowledge — “how do we know
what we know?” [McGrath, 20201, while ontology concerns the nature of being, specifically “the
nature of the world and what we can know about it” (Snape and Spencer [2003] via Al Saadi
[2014]). Of the worldviews that define how a researcher interacts with the world beyond their
door, two widely-recognized positions are positivism and interpretivism [Raddon, 2010]. These
positions are often placed in direct opposition to each other [Ryan, 2018], although some have

argued that the worldviews have more similarities than traditionally recognized [Weber, 2004].

The interdisciplinary researcher faces a unique challenge in that they appear to approach
their research with multiple, contrasting worldviews. The natural sciences researcher is the
quintessential positivist: they consider themselves a disinterested observer of the world beyond
their door (their ontological position), and their primary concern is uncovering the objective truth
that is present in that world (their epistemological position) [Weber, 2004, Raddon, 2010](see
Figure 1.3). By contrast, the interpretivist researcher considers themselves a ‘detective’ of
knowledge, intrinsically involved in the world they observe (ontological position), a world in which
they unearth subjective truths by interpreting the meaning of what they observe (epistemological
position) [Raddon, 2010] (Figure 1.3). The interpretivist researcher is common in the social
sciences. One can appreciate why positivist and interpretivist approaches have been set in

opposition to each other: a positivist researcher might state, “The objective truth is out there —
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and with the right methods, we can capture it.” The interpretivist researcher would reply, “The
truth is out there — but it’s complex, and coloured by meanings, motivations, and values of social
actors.” [Raddon, 2010]. How can these two researchers be reconciled within a single thesis?
Adding to the confusion of defining one’s research position is the frequent confusion between

philosophical and technical issues [Bryman, 2016].

Fortunately, there are several clues out of the philosophical labyrinth above. First, while
research methods superficially reveal the philosophical position of the researcher (for instance,
in-depth interviews favoured by many social researchers suggest they hold an interpretivist
worldview [O’Donoghue, 2018]), there is growing support for research that combines multiple
methods and philosophical positions: “a well-established literature now exists that addresses
how case studies — historically, an interpretive research method — ought to be conducted within a
positivist tradition” [Weber, 2004]. Second, the positivist/interpretivist philosophical dichotomy
is simplistic. Multiple other research philosophies exist that better serve the purposes of the
interdisciplinary investigator. Pragmatism is a good choice. Instead of the positivist, who seeks
to explain or predict, or the interpretivist, who wishes to understand, the pragmatist can apply
either of the above — or other approaches — to solve their problem [Moon and Blackman, 2014] (see
Figure 1.3). The researcher with the pragmatic worldview is primarily concerned with solving the
research problem with any methods available [Creswell, 2014]. This pluralist approach allows
the researcher to use both quantitative and qualitative methods to solve the problem in front of
them, and is increasingly encountered in issue-driven research as society and the environment
continue to merge [Hicks, 2012]. For a researcher like me who is principally motivated by the
issue at hand, “pragmatism opens the door to ... different worldviews, and different assumptions,

as well as different forms of data collection and analysis” [Creswell, 2014].

1.2.2 Interdisciplinarity: the importance of combining physical and social

science

Volcanoes and people have coexisted for millennia [Schmitt et al., 2014]. Given the fascination
that volcanoes hold for human curiosity, one might imagine that the intersection between eruptive
and human activity has a long and illustrious research history. This is not the case. This thesis
joins a growing library of interdisciplinary volcanic risk theses (e.g., Donovan [2010], Lowe
[2010], Hicks [2012], Delos Reyes [2019]). These comprise four prominent interdisciplinary
volcanic risk theses completed in the last decade. Considering the hundreds of single-discipline
volcanic theses published in the same timescale, an interdisciplinary approach to volcanology
is still highly unusual. However unusual, this approach is deeply valuable, because focussing
exclusively on scientific observations misses an opportunity to develop a holistic view of risk
that acknowledges the parallel but different experiences of non-scientific stakeholders. The ~3.5
years of a typical PhD thesis provides ample time for an interdisciplinary approach. The benefits

of undertaking an interdisciplinary UKRI-funded PhD studentship are presented in Donovan
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et al. [2011]. Interestingly, the development of Katherine Donovan with her thesis (see Donovan
[2010]) anticipates my own development, placed at the intersection between physical and social

volcanology, and involving a transition towards the latter as the project progressed.

Although the theses cited above illustrate growing support for combined approaches to
volcanic risk, much more remains to be achieved. Research in physical volcanology still suffers
from a lack of connection to the social. Scientists continue to publish exquisitely detailed studies
of eruptive behaviour without considering how conclusions of said study may travel beyond the
scientific sphere [Donovan, 2019]. Consider in articles on volcanic eruptive activity how frequently
the following sentence (or some variation thereof) appears: “[our results] could assist volcanic
mitigation efforts” [Aldeghi et al., 2019]. These statements are true but are of limited assistance
to such efforts if other factors are ignored. Whether seen from the scientist’s desktop, the decision-
maker’s desk, or the local’s kitchen table, an explosion at Fuego’s summit has significance.
Sometimes, the scientist’s perspective is considered to be the most accurate. However, this
opinion is dangerous, as it both discredits the validity of other perspectives and ignores the

relative biases implicit in the scientific perspective:

When we look at the objects of scientific knowledge, we don’t tend to see the experi-
ences that underpin them. We do not see how experience makes their presence to us
possible. Because we lose sight of the necessity of experience, we erect a false idol of
science as something that bestows absolute knowledge of reality, independent of how

it shows up and how we interact with it.

[Frank et al., 2019]

I do not wish to discredit the validity of the scientist’s perspective, nor does this thesis aim
to place scientific and local perspectives in opposition to each other as different truths. Rather,
by juxtaposing perspectives derived from the scientist’s desktop and the local’s table, I wish to
present multiple experiences from different people that complement each other as part of a larger
whole. A holistic approach to volcanic risk should include a variety of voices. Writing a thesis
that combines approaches to address multiple perspectives is a large challenge that has produced
this particularly stout thesis. However, I consider my time well-spent in this endeavour. I believe
that by engaging with both physical and social scientific perspectives I have developed into a
well-rounded researcher. More importantly, I hope that my effort has produced work valuable to
the people and institutions I have had the fortune to work with, from whose desks and tables I
have studied Fuego for the last four years (Figure 1.4). These people include the observers and
volcanologists of INSIVUMEH, the technicians and risk managers of CONRED, and the people
in communities around Fuego’s flanks, many of whom are my friends. I hope this thesis in some

way defends their continuing safety in the event of a future eruption of Fuego.
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FIGURE 1.4. One of my goals in writing this thesis was to contribute to the future
security of people living in rural communities around Fuego. This image was taken
during my fieldwork in 2019 conducting qualitative research for Chapter 3.

1.2.3 Thesis goals

The primary aim of this thesis is to examine recent paroxysmal eruptive activity at Fuego volcano
through scientific observations and lived experience and to promote their integration within risk

reduction strategies. This can be divided into nine broad goals:

¢ To characterize the recent (1999 — 2018) eruptive activity of Fuego through satellite remote
sensing and other datasets;

* To discuss models that explain the sudden change in eruptive activity beginning in 2015;

* To investigate experiences of residents of communities near Fuego of (1) previous eruptive

activity and volcanic hazards, and (2) their responses to the same;

* To compare results from remote sensing data with peoples’ experiences to understand how

different perspectives influence volcanic risk at Fuego;
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* To evaluate how experience of and response to eruptive activity influence the success of

current volcanic risk mitigation policy;

* To determine, through analysis of geophysical data, timescales associated with paroxysmal

eruption in the new (since 2015) eruptive regime;
* To explore timescales associated with response to recent eruptions;

* To explore, by comparing the timescales above, the likelihood of current volcanic risk

mitigation policy at Fuego providing sufficient warning to protect lives of local residents;

¢ Finally, from answers to the goals above, to consider (1) implications for the continued risk
to lives of local residents from eruptive hazards associated with explosive paroxysms of

Volcan de Fuego, and (2) opportunities to mitigate this risk.

The position of each of these goals in a volcanic risk framework is indicated in Figure 1.2.

1.2.4 Research methods employed

Previous studies on Fuego tend to employ satellite remote sensing methods or short-term deploy-
ment of geophysical equipment. Satellite observations have revealed long-term trends in activity
[Lyons et al., 2010]. Meanwhile, multiparametric ground-based remote sensing has provided
insight into upper conduit dynamics [Nadeau et al., 2011]. Comprehensive surveys and quali-
tative interviews eloquently capture local experiences [Graves, 2007, Escobar Wolf, 2013]. This
thesis combines the above methods in a single interdisciplinary work whose novel contributions
to existing literature include combining satellite with qualitative visual observations, and in
its choice of geophysical signals (RSAM, SOg, and thermal) used to communicate behavioural
changes of Fuego over multiple timescales. In addition, although major population growth in
recent years has greatly amplified the voices around Fuego, there have been no studies of local
experiences of eruptive activity since 2007. The change in Fuego’s paroxysmal eruptive regime
in 2015 represents a new challenge for both scientists (i.e., INSIVUMEH) and DRR staff (i.e.,
CONRED). This work is the first to simultaneously consider physical and social perspectives of
Fuego’s paroxysmal eruptive behaviour since a major change in this has significantly increased

volcanic risk to a burgeoning local population.

1.2.5 Positionality

In Section 1.2.1, I considered different philosophical frameworks for approaching the research
world. I mentioned the particular challenge for interdisciplinary researchers in defining their
framework before offering pragmatism as a solution for the flexibility it affords such researchers
in how they interact with their multifaceted world. In Section 1.2.2, I noted several examples

of prominent interdisciplinary theses in volcanology. I also gave my personal motivations for
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choosing an interdisciplinary approach. This section briefly outlines my positionality towards my
research, which I explicitly define relative to specific chapters in this text (for thesis structure,
see Section 1.3). Because each contains elements of the other, a researcher’s philosophical
orientation, disciplinarity, and positionality can become tangled. To clarify, then, Sections 1.2.1
and 1.2.2 defined, respectively, possible philosophical frameworks for defining my research, and
the disciplines in which I conduct this research. In this section I explicitly position myself in

relation to my research in each of the three data chapters that follow.

The structure and content of Chapter 2 appears to correlate with the "positivist" philosophical
approach typically assumed within natural sciences research. This approach aims to predict and
to observe, and assumes that acquisition of knowledge is value-free. The researcher is idealized
as a disinterested individual who can derive logical truths from the natural world that they
observe (see Figure 1.3). This approach is so common within the natural sciences as to be almost
universally assumed rather than explicitly stated. However, during the course of this thesis it
became clear to me that I could not be this "disinterested individual". While doing fieldwork
for Chapter 3, I realized that I was hopelessly entangled in the world that I was observing.
By living in Guatemala, by interacting with elements of local culture or talking to people or
asking questions about Fuego’s history, I was simultaneously being influenced by, and exerting
an influence on, my immediate environment. I then understood that I would have to define where
I stood in relation to my research. This was most explicit in my research on human experience of
eruptive activity at Fuego, given that this research has explicit cultural, historical, social, and
political elements, and positionality is: “the stance or positioning of the researcher in relation to

the social and political context of the study” [Coghlan and Brydon-Miller, 2014]. To expand:

Within interpretative research there is an appreciation that the research participant,
the research field and the researcher are involved in an dynamic process whereby
each effects the others...researchers appreciate that there are a variety of factors in
their own intellectual and social development which can affect the manner in which
they relate to the social world, and interpret both their own responses and those of

research participants.

[Oliver, 2013]

However, on further consideration it becomes apparent that I should define my positionality
with regards to all of the research presented in this thesis. While the data presented in Chapter
2 and some of Chapter 4 derive from instrumental sources, I gathered and analysed these data
in an environment with social and political elements. For example, the RSAM data I analyze
in these chapters were obtained through negotiations with colleagues in INSIVUMEH. These

colleagues faced political debate in sharing their data with a collaborator outside their institution.
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Therefore, in both the physical and social aspects of my thesis, I entered my world of study
carrying effects that coloured my ensuing interactions with it. My gender, nationality, culture,
and training all affect my approach both to tracing recent eruptive activity of Volcan de Fuego
and to capturing local residents’ experiences of eruptions and evacuation. I am a middle-class,
White British woman. I approached my subject as a student seeking primarily to build her own
knowledge of both the human and natural environment at Fuego. When conducting interviews,
I encountered a similar scenario to that presented in Kusek and Smiley [2014]: beginning my
research concerned that I might not conduct a successful interview, particularly with male
interviewees. Instead, I found that I quickly gained interviewees’ confidence and was able to
discuss sensitive topics easily, perhaps because I was perceived as a more empathetic listener
(open to receiving stories of emotional intensity) than if I had been a man [Kusek and Smiley,
2014]. I would like to stress that I do not hold with this convention of gender roles myself —
only that it is a plausible source of peoples’ openness with me in a socially conservative country
like Guatemala. That conservatism worked against me too. I faced the difficulties of being a
lone female researcher in a “macho” Latino culture. This was most evident to me when taking
additional precautions to ensure my safety in the field. I did not experience direct threats or
harassment while in Guatemala, but I was aware it was an everyday part of many women’s lives
there. This caution perhaps afforded me less freedom of movement than a man in my position. An
interesting theory is that this stance — the “trade-off” between collecting good data and ensuring
one’s safety as a female researcher — is grounded in a disciplinary culture that positions itself
with regards to an “idealized male positionality immune from gendered safety risks” [Ross, 2015].
Overall, I believe that my gender helped with the success of my research goals, as several other

female researchers in Latin America have found [Cupples, 2002, Sundberg, 2003].

Being from a country other than Guatemala proved to be an asset and a setback. On one
hand, I encountered cultural factors I was unfamiliar with. I found it difficult to understand
some of the institutional politics that complicated data sharing and collaboration between me
and the volcanologists of INSIVUMEH. Like other ‘outsider’ researchers, I sometimes struggled
to accurately represent my interviewees’ perspectives, and translation of experiences from
Spanish to English required careful negotiation [Merriam et al., 2001]. However, my interviewees
(correctly) interpreted my curiosity in their experience as an outsider’s desire to understand an
unfamiliar scenario, and responded generously. My outsider status and subsequent interest in
people’s lives, so different from my own, allowed me to build trust quickly. I could also benefit
from locals’ surprise and pleasure at my ability to speak fluent Spanish. I believe this contrasted
with their expectations of me as a foreigner adopting the ‘external-outsider’ research position of

working in a community different from the one I was socialized in [Mercer et al., 2010].

I would like to conclude by explaining the purpose of this thesis, and how the different
chapters build on each other to create a single coherent argument. The purpose of this thesis is

to contribute new knowledge on eruptive activity and human experience at Volcan de Fuego. This
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knowledge may provide insight into local volcanic risk and its mitigation. "Risk" actually has
multiple definitions, as shown in Table 1 of Brooks [2003]. An early definition by Crichton [1999]

is:

“Risk” is the probability of a loss, and depends on three elements, hazard, vulnerability

and exposure.

[Crichton, 1999]

Crichton conceptualized the three elements of hazard, vulnerability, and exposure as sides
of a "risk triangle". If any element or side of the triangle increased, risk would also increase
[Crichton, 1999]. Alternative frameworks for understanding disaster risk have been proposed,
but Crichton’s work on the relationship between hazard, vulnerability, exposure, and risk is still

widely used, as shown in Figure 1.5.

f HOW CAN WE REDUCE RISK? \

RISK = x (EXPOSURE ) x (VULNERABILITY )
= = =

We can improve our Increased awareness The greatest benefits can
abilities to monitor of the hazards faced be achieved by reducing
and forecast hazards by communities and the vulnerability to

\ their exposure to them natural hazards /

FIGURE 1.5. The equation for disaster risk, showing how hazard, exposure and vulner-
ability are involved in the calculation. From Tostevin [2014].

I have provided this exposition to explain the contribution this thesis makes to understanding
volcanic risk at Fuego. This project began in September 2016, approximately 18 months after
INSIVUMEH had started reporting on more frequent lava effusion and explosive summit activity
at the volcano. When I began this project, it was clear that despite the change reported by
INSIVUMEH, there was a relative shortfall of recent (<5 years) knowledge available on (1) any
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potentially dangerous volcanic processes of Fuego, including lava flows, pyroclastic flows, lahars,
and ashfall (i.e., its hazards); (2) the conditions determined by physical, social, economic and
environmental factors or processes that increase susceptibility of individuals, communities, and
systems around Fuego to the impacts of (1) (i.e., vulnerability to volcanic hazards 2. How can we
have a useful discussion of volcanic risk if we do not understand that factors that contribute to
this risk?

Each chapter contributes to this thesis’s central goal of contributing to knowledge of volcanic
hazards and vulnerability to inform understanding of volcanic risk at Volcan de Fuego. This
introduction lays out my rationale for choosing this goal, discusses the challenge of attempting this
from an interdisciplinary perspective, and presents the tools I use to accomplish the goal. Chapter
2 provides the reader with a foundation for understanding eruptive activity and volcanic hazard at
Fuego through a comprehensive review of previous literature. In addition, Chapter 2 contributes
new knowledge on Fuego’s hazards through results presented through analysis of satellite
imagery and bulletin reports. I present MIROVA as a tool to assist INSIVUMEH in their ability
to monitor and forecast volcanic hazards at Fuego, which is an important component of reducing
volcanic risk as shown in Figure 1.5. Chapter 2 briefly considers how different populations around
Fuego may be vulnerable to different hazards (see Section 2.6) before exploring how Fuego’s

activity has changed since 2018 (see Section 2.6.4).

Chapter 3 may appear an abrupt change from Chapter 2. In fact, the two chapters are
purposefully juxtaposed in order to illustrate the different variables that must be considered
together to present a holistic portrait of risk at a volcano. These elements are shown in Figure 1.5.
In this equation, as in Crichton’s risk triangle, reducing any one variable will also reduce volcanic
risk. While Chapter 2 informs understanding of volcanic hazards at Fuego, it resolves only part of
a greater uncertainty. Chapter 3 resolves another part. By exploring stakeholders’ experiences of
previous eruptive activity and their responses to such, Chapter 3 gives insight into the dynamics
of current risk mitigation policy at Fuego, i.e. evacuation. This chapter does not provide direct
analysis of vulnerability to volcanic hazards, which would involve investigation of social, economic,
and political forces occurring on timescales much greater than the activity presented in 2. Instead,
Chapter 3 studies priorities and collective memory of various stakeholders during eruption and
evacuation. Study implications then inform where work may be done to increase awareness of
hazards (i.e., reduce exposure) or to address the conditions that make people vulnerable to hazard

(i.e., reduce vulnerability).

Chapter 4 intertwines the threads of hazard and experience explored in Chapters 2 and 3
through analysis of paired timelines of eruption and response at Fuego. Analysis of multipara-
metric datasets builds on work in Chapter 2 by tracing patterns in geophysical signals and

characterizing timescales over which an eruption of Fuego waxes, climaxes, and wanes. Interview

2these definitions are consistent with those used in Chapters 3 and 4
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data, CONRED infographics, and INSIVUMEH bulletin reports provide material to character-
ize timescales over which a response to eruption occurs. These timescales are then paired to
discuss redundancies and shortfalls in the current risk mitigation policy of self-evacuation first
presented in Chapter 3. The central question to answer is: what warning time for imminent
eruptive activity is necessary to mitigate risk to local residents? Is this time achievable with
the current monitoring and risk reduction systems? By pairing timescales of physical hazards
and social responses, and by pairing geophysical and interview datasets, this chapter is a truly

interdisciplinary work consistent with the goals stated in 1.2.3.

Chapter 5 gathers the results of previous chapters to summarize how this thesis has brought
forward our understanding of volcanic risk, and the elements that make it, at Volcan de Fuego.
The final chapter also provides a road map beyond the local view of Fuego, by reflecting on how
lessons from this thesis may be applied abroad, and vice versa. Chapter 5 also proposes future
enrichment of discussions of volcanic risk by incorporating concepts and methodologies used in

the broader discipline of natural hazards research.

1.3 Thesis structure

This thesis comprises five chapters, including introduction and conclusions. Chapter 2 considers
evidence derived from remote sensing data for an accelerating cycle of paroxysmal eruptions at
Fuego between 2015 and 2018, and discusses implications of the hazards associated with this
eruptive cycle. The chapter frames this eruptive cycle within Fuego’s longer eruptive history.
Various models are debated to explain the change in eruptive cycle. Results end in June 2018.
However, an update in March 2021 provides the sequel of what will follow in Fuego’s eruptive

narrative.

In Chapter 3 I chronicle stakeholders’ experiences of eruption and evacuation that I gathered
from qualitative research I conducted in 2018 and 2019. In this chapter, I directly compare
local experiences with both scientists’ testimonies and with timeseries data from Chapter 2.
Results have serious implications of experiential differences for risk mitigation efforts before a
future eruptive crisis. Locals’ experiences diverge so greatly from scientists’ experiences that
even the concept of an eruption differs between the two groups. An interesting disparity between
community members on the west and east flanks of Fuego emerges in terms of both their
lived experience and their communication with INSIVUMEH/CONRED. This disparity has
implications for risk mitigation that is consistent with studies at other volcanoes. Even though
Chapter 2 concluded that paroxysms at Fuego have consistent precursors that may aid forecasting
of future events, Chapter 3 illustrates that both scarcity of resources and direct experience of
previous eruptions play a central role in influencing peoples’ decisions in the face of eruptive
crisis. If these factors are not considered in parallel with improved improved understanding of

Fuego’s physical system, efforts to reduce volcanic risk to local residents are likely to be of limited
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success.

Chapter 4 links SOgq, seismic, and thermal timeseries data to study the evolution of four
eruptions within the new eruptive cycle. Analysis of timeseries data provide slight evidence of
geophysical patterns consistently preceding paroxysm. Instead, these datasets give a timeline
over which activity of Fuego evolves. Parallel timeline for response to eruption (i.e. evacuation)
are calculated from interview data and CONRED infographics. In addition, a spatial component
is introduced through volcanic hazard maps and evacuation routes. Timelines of eruption and
response are compared, and embellished by spatial information, to plot the evolution of a hypo-
thetical eruption and associated response time at Fuego. Results indicate that outside of RSAM,
geophysical datasets do not often provide consistent precursors to paroxysm that can be used
in forecasting. Timescales of eruption and response appear to be comparable at Fuego, and the
implications of this for success of future evacuations are discussed. Additional discoveries include
that pyroclastic flow generation is strongly linked to lava effusion in the same barranca, and
that even when the decision to evacuate is taken, lahar hazard may hinder evacuation success.
These discoveries are reviewed in the context of forecasting future paroxysms and evacuating to
mitigate volcanic risk. Chapter 4 studies these factors through a mental models approach, and
concludes by asking whether recognizing differences in mental models between stakeholders
could be key in resolving future volcanic risk to local residents. This question forms a core element

of my exploration of the interface between eruptive activity and human experience at Fuego.

In Chapter 5 I broaden my vision from a narrower focus on Volcan de Fuego to the larger
picture of global volcanic risk. I study findings from volcanic environments worldwide to consider
cautionary examples and to highlight scenarios where development is encouraging. These sce-
narios enlighten potential strategies for improving volcanic risk mitigation at Fuego. I include a

series of recommendations for future volcanic risk mitigation practitioners.

For further reading, additional information is found in Appendices. These include: (1) the
original project description (Chapter 6); (2) a table of all VEI = 2 eruptive events at Fuego in
historic (16" - 20! century) and recent (1999 — present) periods (Chapter 7); (3) a comprehensive
database of all MIROVA values >200MW in the new eruptive regime (Jan 2015 — Jun 2018)
associated with lead to, or evolution of, a paroxysmal eruption (Chapter 8); (4) questionnaires
for Chapter 3 (English and Spanish) (Chapter 9); (5) various analytical results for Chapter
3 (Chapter 10); (6) a Python script used to detect cloud-free coverage for NicAIR results in
Chapter 4 (Chapter 11); (7) a Python script for processing NicAIR images into SO9 images for
results in Chapter 4 (Chapter 12); (8) a PDF of NicAIR camera specifics, response functions, and
calibration parameters (Chapter 13); (9) detailed description of the instrumentation of the NicAIR
multispectral camera and data collected with the same (Chapter 14); (10) a literature review
of remote spectroscopic remote sensing techniques (Chapter 15); and (11) a list of additional

academic publications to which I have contributed (Chapter 16).
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CHAPTER 1. INTRODUCTION

1.4 Summary

This introductory chapter presents the challenge of mitigating loss associated with natural
hazards. Anthropogenic climate change has accelerated the frequency and impacts of hazards,
while population growth has increased the number of people vulnerable. Although there is
substantial knowledge of natural systems and their effects, associated human losses continue to
grow. Solving this paradox, therefore decelerating increasing loss, requires more sophisticated

answers than exclusively improving hazard knowledge and prediction.

There is a promising movement towards a fully interdisciplinary approach to volcanic risk.
Both within academia and among DRR practitioners, it is increasingly recognized that the chal-
lenge of comprehensive volcanic risk mitigation is not to communicate the results of monitoring to
an unsuspecting or uncaring public, but in engaging with local residents’ knowledge and priorities
resulting from different circumstances and access to resources. However, improved knowledge
of volcanic hazards continues to be important. This thesis seeks both to improve knowledge of
eruptive hazards and to promote integration of local knowledge within volcanic risk mitigation

strategies through a detailed case study of Volcan de Fuego, Guatemala.
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CHAPTER

AN ACCELERATING CYCLE

This chapter has previously been published as: Eruption frequency patterns through time for
the current (1999 - 2018) activity cycle at Volcan de Fuego derived from remote sensing
data: Evidence for an accelerating cycle of explosive paroxysms and potential implica-
tions of eruptive activity in JVGR (see Naismith et al. [2019a]). The published manuscript was
co-authored with Professor. Matthew Watson, Dr. Riidiger Escobar-Wolf, Gustavo Chigna, Dr. Helen
Thomas, Dr. Diego Coppola, and Carla Chun Quinillo. The project was conceived by IMW and AKN.
REW provided data and contributed significantly both to the discussion and general direction
of the manuscript. HET contributed significantly to the Discussion. DC provided MIROVA data
and contributed to analysis. GC and CCQ provided RSAM data and INSIVUMEH bulletins and
contributed to discussion of timelines. All authors made a substantial and intellectual contribution

to the work and approved it for publication.

2.1 Abstract

olcan de Fuego is a stratovolcano in Guatemala that has produced over 50 VEI = 2
eruptions since 1524. After two decades of quiescence, in 1999 Fuego entered a new
period of eruptive activity that continues until the present day, characterised by persistent
Strombolian activity interspersed with more occasional explosive eruptions. These eruptions are
known as "paroxysms" and are characterized by sustained eruptive columns, rapidly-emplaced
lava flows, and block-and-ash pyroclastic flows [Lyons et al., 2010]. The land surrounding Fuego
accommodates tens of thousands of people, so greater understanding of its eruptive behaviour has
important implications for hazard assessment. Nevertheless, there is relatively little literature

that studies recent (since 1999) activity of Fuego in detail.
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Using time-series analysis of remote sensing thermal data during the period 2000 — 2018
combined with recent bulletin reports, we present evidence for a new eruptive regime beginning
in 2015. We find that this regime is defined by a greater frequency of paroxysmal eruptions
than in previous years and is characterized by the following sequence of events: (i) effusion
of lava flows and increase in summit explosive activity, followed by (ii) an intense eruptive
phase lasting 24 — 48 hours, producing a sustained eruptive column, continuous explosions, and
occasional pyroclastic flows, followed by (iii) decrease in explosive activity. We discuss various
models that explain this increase in paroxysmal frequency, and consider its implications for
hazard assessment at Fuego. We advocate the pairing of remote sensing data with monitoring
reports for understanding long-term changes in behaviour of poorly-instrumented volcanoes. The
results that we present here provide a standard for informed assessment of future episodes of

unrest and paroxysmal eruptions of Fuego.

2.2 Introduction

Volcan de Fuego (3763 m asl; 14.47°N, 90.88°W), a prominent stratovolcano in southern Guatemala,
produced a large eruption on 3" June 2018 that generated pyroclastic flows and caused extensive
damage and death in nearby communities. Despite being highly active, there is scant recent
literature on the volcano. To provide context for this and other recent eruptions, we present an
overview of the eruptive history of Fuego gathered from available academic literature. We also
present new evidence, derived from long-term seismic and thermal databases, that points to the

onset of a new cyclical eruptive regime.

“Volcan de Fuego” translates from Spanish as “Volcano of Fire”. One of the first documented
eruptions of Fuego exists in the letters of the conquistador Pedro de Alvarado, who recorded its
activity in 1524 [Kurtz, 1913]. Fuego was also known for its ferocity to the Maya people, who
christened it “Chiq’aq”, meaning “Fireplace” in the indigenous Quiché language [Tedlock, 1985].
With over 50 Volcanic Explosivity Index (VEI) = 2 eruptions recorded since 1524, Fuego is one of
the most active volcanoes in Central America (Global Volcanism Program, 2013), with a history
of producing both violent Strombolian [Berlo et al., 2012, Waite et al., 2013] and sub-Plinian
eruptions [Rose et al., 2008, Escobar Wolf, 2013]. During periods of activity, Fuego’s behaviour
consists of a persistent background of low-intensity Strombolian eruptions and ash-rich explosions
[Patrick et al., 2007], which are interspersed with discrete events of larger energy and violence,
referred to in this chapter as “paroxysms” (see Section 2.3 for full definition) [Martin and Rose,
1981, INSIVUMEH, 2012b]. Fuego’s periods of activity occur between periods of repose lasting up
to several decades [Martin and Rose, 1981]. A series of sub-Plinian eruptions in 1974 produced
0.2 km? of basaltic tephra that spread 200 km W [Rose et al., 2008]. This eruptive episode
remains the largest since 1932. Since 1999, Fuego has been in a new period of eruptive activity

[Lyons et al., 2010]. This period, like those before it, is dominated by persistent Strombolian
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activity producing lava fountaining and explosions and punctuated by occasional paroxysmal
eruptions of greater energy and violence producing lava flows and (less frequently) pyroclastic
flows [Escobar Wolf, 2013, Rader et al., 2015].

This chapter uses volcano radiative power (VRP) values from the Middle InfraRed Obser-
vation of Volcanic Activity (MIROVA) database [Coppola et al., 2012] to study recent eruptive
activity at Volcan de Fuego. The method used is based on the approach by Coppola et al. [2012],
analysing thermal output associated with volcanic activity at Stromboli between 2000 and
2011. In addition, analysis is focussed on correlating trends observed in the MIROVA Fuego
data with records of eruptive activity from the Instituto Nacional de Sismologia, Vulcanologia,
Meteorologia e Hidrologia - (National Institute of Seismology, Volcanology, Meteorology and Hy-
drology) INSIVUMEH), Guatemala’s national scientific monitoring agency, and other datasets
including Real-Time Seismic Amplitude Measurement (RSAM) values INSIVUMEH, 2018) and
Washington Volcanic Ash Advisory (VAA) reports (NOAA, 2018).

Paroxysmal eruptions at Fuego have been documented in previous literature, which has
discussed various models that may trigger these events (e.g., Lyons et al. [2010]). However, the
majority of such literature appeared prior to the eruptive activity discussed in this chapter.
Therefore, the chapter reviews existing models for triggering paroxysm at Fuego and considers
factors that may cause the observed increase in paroxysmal frequency since 2015. The chapter
also examines the impacts of Fuego’s eruptive hazards on exposed populations and infrastructures
through study of specific paroxysmal eruptions occurring since 2015, including the eruption of
34 June 2018.

2.3 Eruptive history of Volcan de Fuego

Forecasting the effects of future eruptions is inevitably informed by an understanding of past
eruptions. This understanding includes a brief introduction to Fuego’s tectonic setting, which has
implications for the characteristics of volcanism observed. The majority of academic literature
on Fuego’s eruptive behaviour can be classified into one of three categories: prehistoric (before
records began in 1524), historic (16" - 20" century), or recent (1999 — present). A full summary
of notable eruptive events at Fuego during the historic and recent categories can be found in
Appendix B (Chapter 7) of this thesis.

Fuego is located close to the triple junction of the North American, Cocos, and Caribbean
tectonic plates (Figure 2.1 inset). The complex interplay of compressive and translational forces
between these plates controls the behaviour of the Central American volcanic arc [Alvarez-
Gomez et al., 2008, Authemayou et al., 2011], which is divided into seven segments of volcanic
lineaments, of which Fuego occupies the furthest north [Stoiber and Carr, 1973, Burkart and
Self, 1985]. Fuego is part of the Fuego-Acatenango massif, a volcanic complex consisting of five

known eruptive centres younging towards the south (Figure 2.1) [Vallance et al., 2001]. The
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earliest evidence of volcanic activity at this complex is a lava flow dated to 234,000 + 31,000
years; however, most of the complex was constructed after the Los Chocoyos ash eruption from
nearby Lake Atitlan, 84,000 years ago [VanKirk and Bassett-VanKirk, 1996, Vallance et al.,
2001]. At least two edifice collapse events have occurred since. The most recent, the collapse of
La Meseta’s eastern flank between 30,000 and 8,500 years ago, delivered over 9 km? of material
to slopes to the south [Vallance et al., 1995], extinguishing activity at La Meseta and allowing for
the subsequent development of volcanic activity that would eventually build Fuego [Martin and
Rose, 1981, Vallance et al., 2001].

Fuego is the currently most active volcanic centre of the Fuego-Acatenango massif and has an
upper age limit of 30,000 years [Vallance et al., 2001]. A minimum age of 8,500 years for Fuego
has been calculated by extrapolating from a calculated effusion time for a sequence of lavas on
Meseta’s flank [Chesner and Rose, 1984]. An alternative minimum age of 13,000 years has been
calculated by extrapolating from an estimated average eruption rate of 1.7 x 10° m? across the
last 450 years [Martin and Rose, 1981].

Extremely little stratigraphic data exist for prehistoric eruptive activity at Fuego. This is in
part because Fuego does not typically produce deposits that are sufficiently unique to be easily
dated and thus constrain stratigraphic evolution. Some evidence for previous eruptions producing
pyroclastic flows exists in the form of flow deposits that have been estimated by radiocarbon
dating at 5370 + 50, 3560 + 70, 2170 + 30, 1375 + 45, 1050 + 70, and 980 + 50 years old [Vallance
et al., 2001, Escobar Wolf, 2013]. Analysis of lava samples obtained from exposures in two of
Fuego’s seven barrancas, Barrancas Honda and Trinidad, reveals that prehistoric activity at
Fuego has produced basalts, basaltic andesites, and andesitic lavas, with an evolution with time
towards more mafic eruptive products. Prehistoric eruptive products were derived from fractional
crystallization of plagioclase, olivine, augite, and magnesite from a basaltic melt rich in AloOg
[Chesner and Rose, 1984].

The volume of information on Volcan de Fuego’s eruptive activity improved greatly with the
beginning of modern record-keeping that arrived with the Spanish in 1524. Records of a volcano’s
historic eruptive activity are rarely fully comprehensive, and those of Fuego are no exception.
However, the greater the magnitude the eruption, the more certain the information [Escobar Wolf,
2013]. A summary of Fuego’s eruptive activity between 1524 and 1999 illustrates that Fuego’s
occasional sub-Plinian and persistent Strombolian behaviours are interspersed with extended
periods of repose lasting for years or even decades (Figure 2.2). The majority of eruptions of
Fuego are contained within short intervals between repose: four periods of 20 — 70 years account
for 75% of activity since 1524 [Hutchison et al., 2016]; these include at least five VEI 4 eruptions
that have occurred between 1524 and the present day: in the years 1581-2, 1717, 1880, 1932
and 1974 [Escobar Wolf, 2013, Hutchison et al., 2016, Crosweller et al., 2020]. Because physical

volcanology is a young science, there is no single measure existing for all these eruptions by
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FIGURE 2.1. Map of Volcan de Fuego including its seven barrancas (drainage ravines)
and major rios (rivers), with (inset) location of Fuego within Guatemala. Barrancas
of Fuego control movement of lava flows, pyroclastic flows, and lahars. Principal
eruptive centres of the Fuego-Acatenango massif are (north to south) Volcan Acate-
nango (indicated as A), La Meseta (M) and Volcan de Fuego (VdF). INSIVUMEH’s
two Fuego observatories, OVFGO1 and OVFGO2, are located respectively in the
villages of Panimaché Uno and Sangre de Cristo and are indicated by pink crosses.
They are labelled as “OF1” and “OF2”. INSIVUMEH’s short-wave seismometer
that provided RSAM data in Section 4 is labelled as “FG3” and indicated by a pink
cross. Blue labels indicate the community of San Miguel Los Lotes (SMLL), the
Las Lajas bridge (PLL), and the Scout encampment (F'S), located approximately
6 km south of map’s southern extent down Barranca Ceniza. Map data: Google,
Digital Globe (2018).

which to closely compare their relative magnitudes. However, several details suggest that some
of the earlier eruptions were at least equivalent in magnitude to those of 1974. An account of the
eruption in January 1582, for instance, states “in the twenty four hours that the fury lasted, one
couldn’t see anything from the volcano but rivers of fire and very large rocks made embers, which

came out of the volcanoes mouth and came down with enormous fury and impetus” [Ciudad Real,
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1873]. This account of 24 hours of paroxysmal activity, including violent ejection of ballistics and
possible pyroclastic flows, is comparable to some of the larger paroxysmal eruptions observed in

Fuego’s more recent eruptive history.

Records of the 1717 eruption are well-preserved and give a full chronology of the activity. The
main phase of the eruption lasted between 27" and 29*" August when locals heard rumbles and
explosions from Fuego’s summit. People reported glowing clouds and fiery phenomena, assumed
to be pyroclastic flows [Hutchison et al., 2016]. On 29" September several earthquakes followed
the eruption, in turn triggering mudflows apparently originating from nearby Volcan de Agua
[Hutchison et al., 2016]. However, reports of damages to the communities of Mixtan and Masagua
on the Rio Guacalate, beyond the confluences of drainages from Fuego and Agua volcanoes,
suggest that at least some of these mudflows originated from Fuego. An anonymous account of

9th June 1880 states that people in Mazatenango and Retalhuleu had to write by

the eruption of 2
artificial light, because of “dense darkness ... caused by a thick and continuous ash rain, thrown
without a doubt by the volcano from whose eruption we have been talking about” [Feldman, 1993].
The cities of Mazatenango and Retalhuleu are 67.5 km and 85.9 km respectively from Fuego,

showing the extensive tephra dispersal of the 1880 eruption.

An important account of the January 1932 eruption comes from Deger (1932). Strong earth-
quakes were felt on the morning of 215t January as far as Livingstone (on the Caribbean coast
of Guatemala) and in neighbouring Honduras and El Salvador. The original eruption column
was estimated at 17,000 ft asl (~ 5200 m). The episode generated an extremely large and long-
ranging tephra blanket: fine ash fall was observed in many places throughout Guatemala, and
close to Fuego the fall of clasts as large as pebbles and cobbles was reported [Deger, 1932]. The
morphology of the summit crater was changed by the eruption, and its diameter greatly increased
[Deger, 1932].

Fuego was particularly active in the 1970s. Eruptions in September 1971 and February
1973 were comparable in size to each of the individual eruptions composing the sub-Plinian
eruptive episode of 1974 [Bonis and Salazar, 1973, Martin and Rose, 1981]. The eruption of 14"
September 1971 was particularly impressive: a report from the Instituto Geografico Nacional
(IGN) states, “All observers agree this was the most spectacular eruption in memory (at least
70 years)” [Venzke, 2013]. The 1971 eruption began suddenly and lasted 12 hours, producing
an eruptive column of 10,000 m asl and extensive pyroclastic flows [Bonis and Salazar, 1973].
Flows travelled E down Barranca Honda, but the direction of ash dispersal was W towards the
departments of Acatenango and Yepocapa. Approximately one fifth of roofs in the town of San
Pedro Yepocapa, 8 km W of Fuego, collapsed under the weight of ash fallen, estimated at 30 cm
depth [Bonis and Salazar, 1973, Venzke, 2013]. The eruption of 1973 was longer but less powerful
than that of 1971, although the flows produced in 1973 were both longer and more voluminous
than in 1971 [Bonis and Salazar, 1973]. The majority of activity occurred between 2214 February
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and 3" March 1973, producing pyroclastic flows on Fuego’s SW, W and E flanks, and ash that
was dispersed to a distance of 70 km [Bonis and Salazar, 1973, Venzke, 2013].

The 1971 and 1973 eruptions likely awakened both local and academic interest in Fuego’s
activity [Bonis and Salazar, 1973]. They may explain the wealth of academic literature on the sub-
Plinian eruptive episode that occurred in October 1974, which is one of the most well-documented
volcanic eruptions of Central America [Roggensack, 2001]. Between 10" and 23 October 1974,
Fuego produced four powerful eruptions that generated extensive tephra and multiple pyroclastic
flows [Davies et al., 1978, Rose et al., 2008]. Tephra from Fuego again collapsed roofs in San Pedro
Yepocapa and spread to the capital, [Ciudad de] Guatemala, located 40 km E of Fuego and then
with a population of over a million [Vallance et al., 2001]. The most violent of these four eruptions
began at 21:45 on 17" October, with an eruption that sustained a plume reaching >7 km above
Fuego’s summit (>11 km asl) [Rose et al., 1978]. No lava flows were produced in the October
eruptive episode [Davies et al., 1978]. Instead, the fortnight of activity produced an extraordinary
volume of tephra and pyroclastic flows that descended several of Fuego’s barrancas, reaching a
maximum of 8 km from the volcano’s summit [Escobar Wolf, 2013]. Estimates of eruptive volume
produced during the fortnight range from 0.2 km? of tephra (0.1 km? dense rock equivalent, DRE)
[Rose et al., 1978], to 0.6 km? of tephra and glowing avalanche material [Davies et al., 1978].

The sub-Plinian eruption in 1974 was followed by several small eruptions of Fuego between
1975 and 1978 [Rose et al., 1978]. These eruptions were succeeded by two decades of quiescence
(1979 — 1999), interrupted only briefly by small Strombolian eruptions in 1987 and 1988 [Andres
et al., 1993]. The extended quiescence accounts for the relative dearth of literature published on

Volcan de Fuego during this period.

Volcan de Fuego erupted again on 215 May 1999 with a VEI 2 eruption that produced
pyroclastic flows and tephra fall [Lyons and Waite, 2011]. Fuego’s eruptive activity since 1999
has been dominated by open-vent conditions producing Strombolian activity, summit explosions,
persistent degassing, and lava flows (Figure 2.3). However, between 1999 and 2012, with a hiatus
between the years 2008 and 2011, Fuego also consistently produced several eruptive events each
year that were of greater energy and duration than typical Strombolian behaviour [[INSIVUMEH,
2012b]. These events are referred to by INSIVUMEH as “paroxysms” or “paroxysmal eruptions”,
and these terms will be used throughout this thesis. The definition of a “paroxysm” or “paroxysmal
eruption” at Volcan de Fuego is based on a group of characteristics shared by these events that
have occurred since 1999 and been classified in previous literature [Lyons et al., 2010]. In
agreement with previous authors, this thesis defines a paroxysmal eruption at Fuego as an
above-background eruptive event consisting of a three-stage process: (i) a waxing phase, involving
effusion of lava flows and an increase in frequency and energy of intermittent gas chugging
and Strombolian explosions at summit, persisting for 24 — 48 hours; preceding (ii) a climax

in explosive activity, the “paroxysm” itself, involving maintained effusion of lava flows and
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FIGURE 2.2. Historic activity of Fuego since 1524. Four eruptive clusters of 20 — 70
years have defined the eruptive history of Fuego since 1524. Significant eruptions
in 1581-2, 1717, 1737, 1880, 1932, 1971, 1974, 1999 and 2018 have been highlighted
by red stars. Modified from Rose et al. (1978) via Vallance et al. (2001) and GVP
(2018).

continuous explosions sustaining an eruptive plume of fine ash and gas, with intermittent
production of pyroclastic flows; succeeded by (iii) a subsequent waning of activity [Lyons et al.,
2010]. A good example of a paroxysmal eruption at Fuego is the description of the 13th September
2012 eruption found in the preliminary report released by INSIVUMEH [INSIVUMEH, 2012a].

Some of Fuego’s paroxysms have caused significant disruption to surrounding communities.
For instance, between January and August 2003, several communities were evacuated due to
eruptive activity of Fuego, activity that included a paroxysmal eruption in January [Webley
et al., 2008]. Several paroxysmal events between 1999 and 2012 have been deemed significant
by INSIVUMEH due to the greater volume of fine ash and pyroclastic flows they generated:
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Fuego's eruptive activity (1998 - 2013)
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FIGURE 2.3. Time-series illustrating activity of Fuego between 1999 and 2013, with
colour bars representing different eruption styles. Activity in early 2000s and
2009 — 2011 was dominated by background explosive eruptions (green), while
background effusive activity dominated between 2005 — 2007 and 2011 — 2013
(grey). Episodes of significantly above-background explosive activity (paroxysms)
illustrated in red. From GVP (2018), originally by Riidiger Escobar-Wolf.

215t May 1999; 9t February 2002; 8% January 2003; 29" June 2003 (which completely filled
Barranca Santa Teresa with pyroclastic flow deposits); 16t — 18 July 2005 (~10 A.J.); 5th —
8th May 2006; 7t — 9t August 2007; 15" December 2007; 13* September 2012; and 3" June
2018 (INSIVUMEH, 2012). (For a complete list of notable (VEI = 2) eruptive events at Fuego
between 1524 — 2018, please refer to Appendix B (Chapter 7).) Consistent monitoring between
2005 and 2007 revealed patterns in eruptive behaviour that tracked well with radiant heat
output from MODIS and seismic RSAM values [Lyons et al., 2010]. During these three years
Volcan de Fuego displayed a cyclical pattern of behaviour consisting of three stages: (i) passive
lava effusion and minor Strombolian explosions; (ii) paroxysmal eruptions involving a sustained
eruption column and rapid lava effusion; (iii) passive degassing without lava effusion [Lyons
et al., 2007, 2010]. Multi-instrumental investigation of Fuego’s activity between 2008 and 2009
revealed the presence of two summit crater vents, each associated with distinct styles of explosive
activity. The primary central summit vent produced impulsive, powerful, ash- and bomb-rich
explosions interspersed with periods of ash-free gas puffing, while a secondary vent 100 m W of
the summit produced long-duration, emergent, ash-rich explosions [Nadeau et al., 2011, Waite
et al., 2013]. Throughout this observation period, a large variety of explosion intensities were
observed. However, the largest explosions were all associated with very long period (VLP) seismic
activity and showed evidence for pressurization of the upper conduit under a crystallized plug

prior to explosive release [Lyons and Waite, 2011, Waite et al., 2013]. More recently, detailed
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analysis of VLP signals has provided a means to distinguish eruptive styles at Fuego [Waite
et al., 2013].

One of Fuego’s largest eruptions in the period 1999 — present occurred on 13™ September 2012
[BBC, 2012]. 48 hours before eruption, an increase in long-period (LP) events was recorded, along
with the appearance of a large-amplitude volcanic tremor. During this time, activity produced a
300 m lava flow on Fuego’s southern flanks. Due to the increase in activity, a special bulletin was
issued to Guatemala’s national emergency response and disaster risk reduction agency, CONRED
[INSIVUMEH, 2012a]. The eruption began at 04:00 local time on 13" September and by 07:15
an eruption column had risen 2000 m above the summit crater, causing CONRED to issue first
a yellow alert (“prepare to act”) and subsequently an amber alert (“evacuate if necessary”) (for
more detail on CONRED’s alert system, see Chapter 3 Section 3.3). Pyroclastic flows descended
the southern flanks at 09:12 and CONRED escalated the alert level to the highest, red, status
(“evacuate immediately”) [INSIVUMEH, 2012a].

More recently, a large paroxysmal eruption of Fuego occurred on 3™ June 2018. The eruption
began at 06:00 local time with powerful incandescent fountaining and a tall eruptive column.
During the morning hours, pyroclastic flows descended the W flanks of Fuego. The eruption in its
initial progress appeared to be a “typical” paroxysm [Pardini et al., 2019]. However, beginning
at 12:00, the intensity of the paroxysm increased, and the direction of tephra dispersal and
pyroclastic flow descent shifted towards the SE. Between 14:00 and 16:00, a series of pyroclastic
flows descended Barranca Las Lajas, destroying a bridge and a community and causing the
deaths of several hundred people [SE-CONRED, 2018]. This eruption remains the greatest in

terms of human impact within Fuego’s extended history.

2.4 Methods

2.4.1 Volcanic Radiative Power from MODIS-MIROVA

Thermal activity of Volcan de Fuego has been obtained by using MIROVA, an automatic volcanic-
hotspot detection system based on the analysis of MODIS infrared data [Coppola et al., 2016].
MODIS (MODerate resolution Imaging Spectroradiometer) is a multispectral spectroradiometer
carried on board of Terra and Aqua NASA’s satellites (launched on polar sun-synchronous orbit
on March 2000 and May 2002, respectively). Each MODIS sensor scans the globe surface twice
a day (one at night and one during the day), and collects radiance data on 36 spectral bands
spanning from 0.4 to 14.4 um. By using Middle Infrared (MIR) data acquired by MODIS, MIROVA
completes automatic detection and location of high-temperature thermal anomalies and provides
a quantification of the Volcanic Radiative Power (VRP) within 1 to 4 hours of each satellite
overpass (www.mirovaweb. it). Night-time MODIS level 1b data of Fuego were used to produce

the results presented in this chapter. Processing of satellite images occurs in six stages: (1)
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removal of a ’bow-tie effect’ associated with high scan angles, (2) resampling of original 1b data
to produce a normalized thermal index (NTI) map, (3) hotspot detection of apparently thermal-
anomalous pixels, (4) calculation of the apparent anomaly at 4um(AL4gTR), (5) subtraction of a
residual background to estimate of L4VOLC, and (6) estimation of the volcanic radiative power
(VRP). In (2), original MODIS level 1b granules are resampled into an equally-spaced 1 km
grid (Universal Transverse Mercator System - UTM) and cropped within a 50 x 50 km mask
centred over the target volcano summit to produce a NTI map. Hotspot detection is achieved by
identification of pixels that ‘'may’ or ’certainly’ show a thermal anomaly relative to the NTI map
produced in (2). Pixels that satisfy the condition NTIprx > NTIth.esh are flagged as anomalous.
Calculation of the apparent anomaly is achieved by subtracting the background radiance at 4um
from the radiance of alerted pixel(s) at 4um. Variation in background radiance caused by cloud is
controlled for by the single condition BT12 < 265 K (where BT2 is the brightness temperature at
12um); pixels that satisfy this condition are flagged as cloudy. Estimation of L4 VOLC is achieved
by comparison of results of (4) with a background of similar topography and assumed inactivity
(see Coppola et al. [2016] for details). Finally, VRP values are retrieved from the net spectral

radiance at 4um using the equation in Wooster et al. [2003]:

VRP =1.89% 10" * (Lazr — Lapz) = 1.89 % 107 * LavoLc

where Ly and Lypy are the 4um radiances of, respectively, hotspot-contaminated pixels and
background pixels. These correspond to the net spectral radiance at 4um, Lgvorc. The Wooster
equation allows estimations of VRP (+ 30%) from hot surfaces having temperatures ranging from
600 - 1500 K. Between March 2000 and July 2018 MODIS acquired 11639 night-time images over
Volcan de Fuego. 4132 of these 11639 images (~35%) triggered the MIROVA hotspot detection
algorithm, indicating consistent anomalous highs in thermal emission throughout the analysed

period.

2.4.2 Statistical detection of a new eruptive regime

Following the methods of Coppola et al. [2012], a rank-ordered statistical plot of all MIROVA
night-time values between January 2000 and June 2018 (n = 4412) compares the populations for
Fuego between 2000 — 2014 and 2015 — 2018 (Figure 2.4 (a)). A subset of data with VRP <1 MW
is related to overpasses during cloudy conditions or under extreme viewing geometries, either
of which impede detection of a clear thermal anomaly. A small true thermal anomaly occurring
within this subset would be impossible to distinguish from noise; therefore, we have excluded
values <1 MW (illustrated by dashed line in Figure 2.4 (a)).

In agreement with Coppola et al. [2012], a set of values approximating a linear trend would
constitute a group of events with similar characteristics; thus, two distinct linear trends in the

Stromboli MIROVA dataset illustrate a shift between Strombolian and effusive eruptive regimes.
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FIGURE 2.4. (a) rank-order plot for night-time MIROVA values between January 2000
and June 2018 (n = 4412). (b) histogram of two population groups (2000 - 2014 in
blue, 2015 - 2018 in orange). Greater number of larger VRP values in 2015 - 2018
dataset illustrated by skew of data towards the right of the plot.

In the Fuego dataset, by contrast, a gradual shift in linear trend occurs between 1 x 106 and 3 x
107 MW of VRP. There is no clear distinction between the datasets of 2000 — 2014 and 2015 —
2018 (Figure 2.4 (a)), likely because both contain periods of Strombolian activity, lava effusion,
and paroxysmal eruptions. However, plotting the frequency distributions of the two datasets
(Figure 2.4 (b)) shows apparent differences that can be confirmed with simple statistical analysis.
MIROVA night-time data between 2000 and 2014 have values between 0.001 MW and 2509
MW, and an arithmetic mean of 37.94 MW (variance 1.85 x 1016), while values between 2015
and 2018 fall between 0.0008 MW and 6974 MW and have an arithmetic mean of 77.61 MW
(variance 9.79 x 1016). Applying a two-sided T-test to the populations indicates the difference
in population statistics, with a t-statistic value of 4.58 and a p-value of 5.02 x 10-6. Using the
standard threshold of significance (a-value of 0.05), we can reject the null hypothesis that the
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2000 — 2014 and 2015 — 2018 datasets are of the same distribution, and therefore state that

night-time MIROVA values reveal a new eruptive regime beginning at Fuego in January 2015.

2.4.3 Correlating MIROVA with other data streams

Lyons et al. [2010] combined ground observations with radiative power values and lava flow
lengths determined from MODIS observations to reveal a repeating pattern of passive lava
effusion, followed by paroxysm then degassing explosions, at Fuego between 2005 and 2007. We
use similar methods to present evidence that a new pattern of eruptive activity at Fuego began
in January 2015, characterized by an increase in paroxysmal eruptions (both in frequency and
in total energy), observable by changes in radiative power values. In order to study the new
eruptive regime in greater detail, analysis was performed on a more comprehensive MIROVA
dataset of Fuego from 2015 — 2018 that includes VRP values obtained from daytime MODIS data.
A threshold of 200 MW has been chosen to investigate the largest eruptions as this threshold
(1) yields 166 above-threshold VRP values, and therefore provides a reasonably small dataset to
study in detail; and (2) is extremely well-correlated with visual observations of above-background
activity as recorded by special bulletins created and disseminated by INSIVUMEH. These
bulletins document any occurrences of above-background activity of Fuego, and contain details
of eruptive behaviour derived primarily from visual observations from OVFGO1 (for location,
see Figure 2.1). This documentation includes specific reporting of paroxysmal onset between
2015 and 2018. For this chapter, paroxysm onset time is defined as the local time recorded by
the INSIVUMEH special bulletin that first reports a paroxysm. However, the details of defining
onset of a paroxysmal eruption are worthy of scrutiny and are discussed further in Chapter
4. INSIVUMEH determines paroxysmal onset by a number of parameters, including a steep
relative increase in RSAM and observations of above-background activity (e.g., elevated number
of summit explosions per hour, energetic lava fountaining) reported from OVFGO1 and OVFGO2.
Several other monitoring parameters, including Washington VAAC reports and daily RSAM
values derived from INSIVUMEH’s primary seismometer on Fuego (FG3), also correspond to
periods of above-background activity in 2015 — 2018. The significance of correlation between

these datasets is discussed in Section 2.6.

1 A magmatic source (1000°C) with diameter 42 m is required to produce a VRP of 200 MW.
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2.5 Results: changes in activity since 2015

2.5.1 Satellite observations of 21st-century (2000 - 2018) and recent (2015 -
2018) activity)

A time-series of MIROVAZ? night-time data of Volcan de Fuego between January 2000 and June
2018 traces the activity of the volcano throughout the 215t century (Figure 2.5). Several features
are notable: the occurrence of occasional high-magnitude VRP values (=1000 MW) between 2002
and 2007, on the order of 1 — 2 per year; the disappearance of such values between 2008 and
early 2012; and the appearance, from early 2015, of 1000 MW values at considerably greater
frequency than those appearing in 2002 — 2007 (all Figure 2.5a). These large-magnitude VRP
values represent a series of closely-spaced, short-lived periods of high thermal radiation. VRP
values for Fuego are not temporally consistent, but cumulative radiative energy (CRE) values
for the entire period 2000 — 2018 can be derived by resampling VRP values to daily and weekly
means, multiplying by daily or weekly time, and plotting the resulting cumulative values (Figure
2.5b). A total CRE value of 1.70 x 1016 J (from daily mean) or 1.91 x 1016 J (from weekly mean)
is found for Fuego from 2000 — 2018. Remarkably, almost half of this value is generated in the
period 2015 — 2018 (7.25 x 1015 J for daily mean, 8.32 x 1015 J for weekly mean; see Figure 2.5b).

A comparison of VRP values between (1) 2000 — 2018 and (2) 2015 — 2018 illustrates in further
detail the increase both in frequency and in relative amplitude of large-magnitude VRP values
beginning in January 2015 (Figure 2.6). Although large-magnitude VRP values occur prior to
2015, they occur less frequently (217 values =1000 MW between 2000 and 2014 compared to 169
between 2015 and 2018). The largest VRP value to occur before 2015 is 2508 MW, on 16" March
2007; after 2015 is 6974 MW, occurring on 29" July 2016. Both of these values are associated with
paroxysmal eruptions of Fuego and recorded by INSIVUMEH, as discussed later in this chapter
(see Section 2.5.2). The highest-magnitude peaks observed post-2015 do not always coincide with
the largest paroxysmal eruption: the eruptions of 3" June 2018 and 5" May 2017 are considered

to be two of the largest since 1999, yet they are accompanied by relatively small thermal peaks.

The guiding study by Coppola et al. [2012] performed on MIROVA data from Stromboli
between 2000 and 2011 stated that >90% of values in their dataset are <1 MW and can be
excluded from analysis, as they are associated with overpasses taken during cloudy conditions,
or at high angles. Exclusion of images could be justified by comparison to images from other
satellites (e.g., LandSat). Although cloud cover is common at Fuego, MIROVA values from 2000
to 2018 are of noticeably greater value than from Stromboli: 3975 of 4412 (90.1%) VRP values are
>1 MW, and 386 values (8.75%) are >100 MW, highlighting the remarkable radiative energy that

Fuego has been emitting in recent years.

20 the authors’ knowledge, there have been no changes between 2000 and 2018 in the MODIS sensors that
provide the data for MIROVA.
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FIGURE 2.5. Night-time VRP values from MIROVA track changes in activity at Volcan
de Fuego throughout the period 2000 — 2018 (black crosses). A mean running
average is illustrated by a solid blue line (annotated as ‘Mean R.A.’ (Figure 2.5a,
above)). Taking daily and weekly averages of VRP values allows for calculation
of CRE emitted by Fuego throughout the period, as seen in Figure 2.5b (below).
Almost half of total CRE generated by Fuego in the period 2000 — 2018 was
generated after 2015, as illustrated by dashed vertical line. Data sourced from
www.mirovaweb.it.

2.5.2 Correlating recent MIROVA observations with other data streams

The most informative and consistent data stream available against which to compare MIROVA
values is the archive of special bulletins produced by INSIVUMEH during elevated activity.
In the case of Volcan de Fuego, special bulletins are generated to report on the progress of
a paroxysmal eruption, of lava effusion, or on descent of pyroclastic flows or of lahars. The
correlation between large-magnitude VRP values and INSIVUMEH bulletins that report on
paroxysmal eruptions is extremely strong (Figure 7). According to INSIVUMEH, 12 paroxysms
occurred in 2015, 15 in 2016, 12 in 2017, and two in the first half of 2018 ([Venzke, 2013]; Table
2.1). Of the 166 occurrences of VRP values >200 MW between January 2015 and June 2018, 141
(84.9%) correlate to a paroxysmal eruption, where a VRP value is considered to be correlated
to a paroxysm if it occurs within +48 hours of its onset. Of these 141 VRP values, 106 (75.1%)
occurred at 0 — 48 hours after paroxysm onset. Choosing 200 MW as a threshold means that
there are no paroxysmal eruptions not accompanied by an above-threshold VRP value (i.e., no
false negatives). However, 13 anomalies appear, i.e., above-threshold VRP values not associated
with a paroxysmal eruption. These 13 anomalies occur in five clusters of time representing four
distinct eruptive events: in 2015 (11*" May; 27t September); and 2018 (16" April; 12*" May;
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FIGURE 2.6. (above) Night-time VRP values from MIROVA track changes in activity at
Volcan de Fuego throughout the period 2000 - 2018. Occasional peaks coincide with
paroxysmal eruptions reported by INSIVUMEH (see Chapter 4). (below) Marked
increase in the frequency of large-magnitude VRP values occurs in 2015, with
appearance of first short-lived thermal radiation peak on January 5%, 2015.

215 May). A manual study of the MODIS images associated with these values shows they are
real volcanogenic thermal anomalies i.e., they represent periods of elevated thermal activity
at Fuego’s summit. INSIVUMEH reported high activity including ash-rich explosions between
215t — 26t May 2015, and again between 30" September and 15¢ October 2015, accompanied by
incandescent fountaining, and avalanches and lava flows in Barrancas Santa Teresa and Trinidad.
Nevertheless, a paroxysm did not follow. INSIVUMEH reported increased activity at Volcan de
Fuego on 16 April 2018, with increased explosive activity and effusion of a 1300 m lava flow in
Barranca Santa Teresa, although this was not followed by a paroxysmal eruption. The thermal
anomalies of 12" and 215 May 2018 are connected in the same period of above-background
activity. Fuego was moderately active on 12! May, generating frequent ash-rich explosions and
incandescent fountaining from its summit. Lava effusion towards Barranca Ceniza began on 14"
May, continuing until at least 215 May, when the flow had reached a length of 700 — 800 m. On
this occasion the lava flow was not a precursor to paroxysmal eruption, as activity decreased and
the flow stopped by 26" May.
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Year Date No. | Max VRP(MW) | Bullno. | Lava | Inc | A | PF | Lm | LL (m) | EC (i)
2015 | 07/02/2015 | 1 1423.30 008, 015 X X 1000 4300
01/03/2015 | 2 1206.00 025 X X 1600 5000
18/04/2015 | 3 410.38 025 X X 600 4800
05/06/2015 | 4 277.92 033 X X 1200 5000
01/07/2015 | 5 3756.63 054, 055 X X 1500 4500
09/08/2015 | 6 2728.50 058, 059 X X | X 3000 4700
01/09/2015 | 7 2444.30 065, 070 X X X 800 5000
10/10/2015 | 8 386.73 082 X X X 1200 4600
26/10/2015 | 9 357.01 087 X X X 1500 4700
09/11/2015 | 10 429.15 091 X X X 1800 5000
30/11/2015 | 11 2132.39 101 X X X X 3000 6000
15/12/2015 | 12 338.57 105 X 800 4700
2016 | 03/01/2016 | 13 1220.44 004 X 3000 7300
19/01/2016 | 14 563.63 008, 009 X X X X 3000 6500
10/02/2016 | 15 6126.95 024, 026 X X | X| X X 2000 5000
01/03/2016 | 16 4998.34 031, 034 X X 700 6000
26/03/2016 | 17 2277.54 045 X X 2000 6000
13/04/2016 | 18 1993.77 X 2000 4800
06/05/2016 | 19 1460.81 X X | X X 3000 5500
22/05/2016 | 20 476.61 097, 099 X X 1500 5000
24/06/2016 | 21 347.75 114 X X | X X 2000 4800
28/07/2016 | 22 2442.92 138 X X | X| X X 3000 5500
07/09/2016 | 23 587.13 169, 171 X X | X X 1800 4900
27/09/2016 | 24 517.99 180, 182 X X | X X 3500 4800
29/10/2016 | 25 4279.08 189 X X | X X 1300 7000
20/11/2016 | 26 1597.19 201 X X | X X 2500 5000
20/12/2016 | 27 2866.18 210, 212 X X |[X| X X 2000 5000
2017 | 26/01/2017 | 28 1222.48 004, 009 X X |[X| X X 900 4800
25/02/2017 | 29 1962.73 020 X X | X 1600 5000
01/04/2017 | 30 2531.27 034 X 2000 4800
05/05/2017 | 31 423.56 046 X X X X 2000 6000
06/06/2017 | 32 774.13 068 X X |[X| X 500 6000
11/07/2017 | 33 4782.65 096, 097 X X 2300 5000
07/08/2017 | 34 295.31 105 X X | X 1300 4900
21/08/2017 | 35 742.79 127 X X 1400 5500
13/09/2017 | 36 1733.03 148 X X | X X 500 4500
28/09/2017 | 37 713.82 154, 157 X X 600 4800
05/11/2017 | 38 443.22 166, 170 X X X 1200 4800
10/12/2017 | 39 1766.86 182, 187 X X | X X 1500 5000
2018 | 31/01/2018 | 40 1334.75 005, 011 X X |[X| X X 800 4800
03/06/2018 | 41 242.17 027, 028 X| X X 10000

Table 2.1: Table of all paroxysms at Fuego, January 2015 to June 2018. Max VRP gives maximum
VRP value associated with paroxysm (+48 hours). Bulletin no. gives specific INSIVUMEH special
bulletin in that year related to paroxysm (e.g., 004 for 2016 refers to bulletin #004-2016). Lava,
Inc, A, PF, Lm refer to eruptive phenomena reported in special bulletins (respectively: lava,
incandescent fountaining, avalanche, pyroclastic flow, and degassing sounds “like a locomotive
train”). LL and EC refer to maximum lava flow Jength and eruptive column height (asl) recorded
in any special bulletin associated with that paroxysm. Note that paroxysm may produce several
lava flows; values stated here are only of single longest flow. For full table including details of all
VRP values >200 MW Jan 2015 — Jun 2018 (n = 166), see Appendix C (Chapter 8).
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FIGURE 2.7. Plot of all night-time VRP values from MIROVA and INSIVUMEH special
bulletins between January 2015 and June 2018. Pink triangles represent VRP
values coincident (£48 hours) with INSIVUMEH bulletins (black vertical lines),
while blue dots represent VRP values that occur more than 48 hours before/after a
special bulletin. Dashed black line represents threshold of 200 MW, above which all
paroxysmal eruptions are associated with at least one VRP value. Dotted pink and
blue lines represent average of all coincident and non-coincident MIROVA values
(439.47 MW and 35.37 MW, respectively).

Table 2.1 describes all paroxysmal eruptions between January 2015 and June 2018 and gives
maximum VRP values associated with them, as well as occurrences of particular eruptive activity
phenomena. An expanded version of Table 2.1, including a full description of eruptive activity
contained in INSIVUMEH special bulletins, can be found in Appendix C (Chapter 8).

From Table 2.1, we can recognize certain features that are typically associated with a parox-
ysmal eruption of Fuego between 2015 and 2018. In the days before a paroxysmal eruption,
explosive activity at the summit increases in frequency and intensity, and audible degassing
noises reminiscent of a steam locomotive can be heard [Lyons et al., 2010, Ruiz and Manzanillas,
2011]. Eruptive behaviour evolves with more frequent audible degassing and more frequent
and ash-rich summit explosions. The majority of paroxysmal eruptions (28 of 41, 68.2%) were
reported to produce an incandescent fountain of several hundred metres above the summit crater.
40 of 41 (97.6%) paroxysms were accompanied by the effusion of lava flows in one or several of
Fuego’s barrancas. Of the bulletins that report both lava flows and incandescent lava fountaining,
the majority state explicitly that lava flows are fed by the lava fountaining. All special bulletins

reporting the onset of a paroxysmal eruption of Fuego explicitly state the estimated length of
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FIGURE 2.8. (Above) Plot of MIROVA values January 2015 — June 2018; y-axis is
between 106 and 1010 W, to filter out low values associated with high angles or
adverse viewing conditions. Vertical black lines show timings of all paroxysmal
eruptions between 2015 — 2018 identified by INSIVUMEH through special bulletins.
(Below) a subset of above plot, showing time-series of daily RSAM values (blue)
against VRP values (red) derived from FG3 measurements. Timings of paroxysmal
eruptions reported in INSIVUMEH special bulletins are plotted as dashed lines.

discharged lava flows, thus showing that lava flow effusion is a consistent precursor to parox-
ysmal eruption between January 2015 and June 2018. Lava flows associated with a paroxysm
may achieve up to 3000 m in length. There does not appear to be a simple correlation between
maximum lava flow length and maximum VRP value in paroxysms during this time. However, it
should be noted that paroxysms at Fuego frequently produce several simultaneous lava flows in
different barrancas, which is not illustrated by the Max lava length column (which records only
the single longest lava flow of a paroxysm) so the lack of relationship between Max VRP value

and Max lava length may be superficial only.
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FIGURE 2.9. Evidence for new cycle of activity illustrated by number of monthly ash
advisory reports generated by Washington VAAC between January 1999 and June
2018. Dashed line indicates boundary between period of moderate activity 1999 —
2014 and period of elevated activity beginning January 2015.

The appearance of short-lived, high-energy thermal peaks in the MIROVA night-time database
of 2015 — 2018 can clearly be found in various other datasets that trace eruptive activity at Volcan
de Fuego. For instance, frequent peaks in RSAM correlate closely with paroxysmal eruptions
(Figure 2.8(a)). Indeed, RSAM is a primary monitoring method for INSIVUMEH to assess the
possibility of imminent paroxysmal activity at Fuego (for more detail, see Chapter 4). The number
of VAA reports generated monthly by the Washington Volcanic Ash Advisory Centre (VAAC)
increases noticeably after January 2015 (Figure 2.9). Figure 2.9 shows the number of VAAs
generated per month since the reawakening of Fuego in 1999. Of a total of 1932 VAAs generated
between January 1999 and June 2018, over half (1352, 70.0%) were released between January
2015 and June 2018. A noticeable increase can be seen in the early period; for instance, the
number of average monthly number of reports in 2014 was 7.5, compared to 13.7 in 2015 or 22.3
in 2016. However, it should be noted that this increase is unlikely to be due solely to increase in
Fuego’s activity. The Washington VAAC issue forecasts based on information from INSIVUMEH
and pilots (among others), satellite data (including the GOES platform), and dispersion models.
Factors causing the rise in monthly VAAC reports from Fuego since 2015 could include increased
reporting from INSIVUMEH and/or pilots to the VAAC, and more frequent imagery available
since the launch of GOES-16 in November 2016.
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2.6 Discussion

2.6.1 Considering analogues: Explosive eruptions following lava effusion at

other volcanoes

There are few other basaltic open-vent volcanoes where explosive eruptions consistently follow
lava effusion in the style of Fuego’s recent paroxysmal cycle. However, Llaima volcano in Chile
displayed similar behaviour during an eruptive cycle in 2007 - 2009 [Romero Moyano et al., 2014].
The cycle included repeated lava effusion interspersed by more sporadic explosive eruptions
with rapid onset and ending that were also characterized as "paroxysmal" [Franco et al., 2019].
Llaima is recognized as a good analogue to Fuego in a recent objective analogue identification
method [Tierz et al., 2019]. Elsewhere, eruptions of Etna in 1995 — 1996 [Allard et al., 2006] and
2011 — 2012 [Viccaro et al., 2015, Calvari et al., 2018, Giacomoni et al., 2018] also bear some
comparison to Fuego’s recent activity. In the days before a paroxysmal eruption, the increase
of summit explosive activity produces a satellite-detectable increase of thermal anomalies at
Fuego’s summit (in terms of both intensity and frequency). Similar increases are also observed

before Etna’s paroxysms as documented in D’aleo et al. [2019].

Sustained lava effusion preceding explosive paroxysm has been observed on multiple occasions
at Stromboli [Polacci et al., 2009, Allard, 2010, Calvari et al., 2011]. In particular, Stromboli’s
eruptions in 2002 — 2003 and 2007 involved slow lava effusion before paroxysm, inspiring several
models that may have application to Fuego; indeed, some authors cited the similarity between
the two systems [Calvari et al., 2011]. Allard [2010] uses the collapsing foam model to explain the
2002 — 2003 and 2007 Strombolian paroxysms. Meanwhile, Calvari et al. [2011] interpret lava
effusion during these periods as gradual decompression of Stromboli’s magmatic system. The
similar volume of lava erupted before each paroxysm ( 0.004 km?®) suggests that the trigger for
paroxysm is the eruption of a critical volume of material. Gradual lava effusion acts to increase
the depth of the bubble-rich magma column in the conduit, drawing up less-porphyritic, volatile-
rich magma from a deeper storage zone into the upper system, where it rises through the conduit
and erupts explosively (i.e., the paroxysm) [Calvari et al., 2011]. This model relies on several
points of stability: of subsurface geometry, magma supply rate, and magma composition. A future
avenue of exploration could be application of the Calvari et al. model to Fuego, by comparison of
cumulative lava effusion volumes before individual paroxysmal eruptions. A discussion of how

magmatic column height in Fuego’s conduit may explain its paroxysms appears in Section 2.6.2.

Ripepe et al. [2017] focus on the same Strombolian paroxysms, with different conclusions.
Persistent explosive activity does not fully clear the upper conduit, in which magma is stored
and recycled. During pre-paroxysmal lava effusion, Ripepe et al. [2017] cited the increased
contribution of a deep, volatile-rich magma that hampers magma recycling in the upper conduit;
as lava effusion encourages the lower gas-rich source to rise through the conduit, the deep

reservoir experiences fast decompression and further fuels the upper system with magma,
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eventually leading to paroxysm. This model changes the trigger of paroxysm from a perturbation
at depth to changes in magmastatic conditions affecting decompression rate within the shallow
subsurface. Invoking discharge from a shallow reservoir could explain the exceptional frequency

of paroxysms seen at Fuego since 2015.

As complementary basaltic arc volcanoes, and for producing explosive paroxysms after sus-
tained periods of lava flow effusion, there is merit in considering Stromboli, Etna, and Llaima as
analogues with which to aid analysis of Fuego’s behaviour. However, the paroxysmal eruptions
that have occurred at Fuego since 2015 are extraordinary for both their consistency and their
frequency. Furthermore, the crystal-poor magma produced by the Strombolian eruptions of 2002
— 2003 and 2007 is dissimilar to the strikingly crystal-rich of Fuego magmas (up to 40 — 50%
phenocrysts in bombs erupted in 2017 — 18 pyroclastic flows (Hannah Moore, pers. comm.)).
Nevertheless, there may be merit in applying the methods that produced the above models to
Fuego’s system. The installation of several broadband seismometers and an infrasound array at

Fuego since the 3" June 2018 eruption means that application of such methods is now possible.

2.6.2 Models for triggering paroxysms in Fuego

Lyons et al. [2010] propose two alternative models to explain a series of five paroxysmal eruptions
observed at Fuego between 2005 and 2007. The first is the collapsing foam model introduced by
Jaupart and Vergniolle [1989], where both effusive and explosive behaviours are caused by the
accumulation, and subsequent release, of gas in an unstable foam layer. This hypothesis argues
that lava effusion at surface is permitted by the accumulation of gas within a foam layer at a
structural discontinuity in the magmatic subsurface. The eventual collapse of the foam layer
into a gas slug that rises up the conduit drives Strombolian explosions and lava fountaining
before the slug’s arrival at surface. Such a model may produce similar behaviours to Fuego’s if the
viscosity or gas flux is high enough. The alternate hypothesis Lyons et al. [2010] propose for the
trigger of Fuego’s paroxysmal eruptions is the rise-speed dependent model advanced by Parfitt
and Wilson [1995]. This model differentiates between low magma rise speeds, where bubbles
coalesce into slugs and rise to produce classic Strombolian activity, with higher speeds, where the
smaller differential between bubbles and their carrying body impedes bubble coalescence. The
ascending magma-gas mixture thus achieves the fragmentation threshold necessary to produce
runaway coalescence much deeper in the conduit [Parfitt and Wilson, 1995]. An increase in
magma rise speed, therefore, would be the driving force behind the transition from effusive to
explosive eruptive activity seen at Fuego. However, Lyons et al. [2010] observed an increase in
paroxysmal frequency during 2007, that coupled with a decrease in lava output disagree with
the implications of the rise-speed dependent model, where higher effusion rates should correlate

with more paroxysmal eruptions. Both parameters have increased at Fuego since 2015.

As with observations from 2005 — 2007, Fuego’s activity since 2015 has consistently included
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lava effusion prior to paroxysm. Detection of VRP values >200 MW clearly indicates the presence
of hot magma at the surface, which may anticipate a period of sustained lava effusion, elevated
explosive activity at the summit, or both. However, lava effusion does not guarantee that a
paroxysm is imminent. Episodes of elevated activity in 27" September 2015, 16" April and 12"
— 215t May 2018 generated lava flows but did not accelerate towards paroxysm. Compared to
episodes of lava effusion that did culminate in paroxysm, these episodes are notable in producing
lava flows of relatively minor length. Furthermore, effusion rates during these periods were
relatively low: in May 2018, the lava flow grew 500 m in 48 hours (12t — 14t May), but effusion
slowed with time, reaching 600 m on 18! May, and 700 — 800 m on 215 May. In comparison,
episodes of lava flows culminating in paroxysm typically grow several kilometres in length within
48 hours of first appearance; for example, the paroxysm of 28" — 30" July 2016, where between
06:00 local time on 28" July and 14:30 on 29! July lava flows in Barrancas Santa Teresa and
Las Lajas grew from 500 m and 1000 m to 3000 m each (see Appendix C (Chapter 8) for further
information). This represents a significant increase in output from the paroxysms observed
between 2005 and 2007, where similar flow lengths were achieved across months. It is also
illustrated by the increase in cumulative energy seen in Figure 2.5. A possible explanation for
this increase could be a rise of the magmatic column within Fuego’s conduit, beginning in 2015
and maintained until 2018. This hypothesis has been proposed by Coppola et al. [2012] to explain
the patterns in summit activity and effusive eruptions observed at Stromboli between 2000 and
2011. During this period, increases in explosive activity prior to effusive episodes were matched
by rises in VRP values. Large radiant power values prior to effusion showed that the magma
column was exposed at surface in Stromboli’s crater. The feeding system had reached its capacity
to contain the rising flux of magma. A similar mechanism is proposed for Fuego’s paroxysms

below.

What triggers a paroxysm at Volcan de Fuego? Petrographic analyses of eruptive products
have informed several conceptual models for triggering paroxysmal eruptions. The earliest of
these models presented a system fed by a discrete pair of magma chambers: a small, dike-like
chamber at several kilometres’ depth, and a deeper chamber of greater volume [Rose et al., 1978,
Martin and Rose, 1981]. Later papers also cited the possibility of a third, larger chamber near
the crust-mantle boundary [Chesner and Rose, 1984]. More recent literature invokes magma
mixing across a range of depths rather than at discrete intervals [Berlo et al., 2012], with melt
inclusions used to illustrate that material ejected in 1974 was sampled from a large range of
depths prior to eruption (3 - 13 km) [Roggensack, 2001]. Berlo et al. [2012] used melt inclusions
to investigate the link between different eruptive episodes at Fuego and concluded that the
eruptive episodes of 1974 and 1999 onwards were driven by episodic injections of magma from a
deeper source to the shallow subsurface, followed by the ascent of magma parcels to the surface.
Deposits from 2017 pyroclastic flows subject to petrographic analysis include heterogeneous

crystal textures similar to those observed in samples studied by Berlo et al. [2012], suggesting a

45



CHAPTER 2. AN ACCELERATING CYCLE

common inception (Hannah Moore, pers. comm.). The model by Berlo et al. [2012] that conceives
of Fuego’s paroxysms being fed by pulses of magma would discourage comparison with the
Stromboli model offered by Calvari et al. [2011], which assumes a steady magmatic supply
rate. However, Berlo et al.’s paper precedes the 2015 - 2018 eruptive cycle and its remarkably

consistent paroxysms.

Fuego’s recent paroxysmal cycle may be explained by a consistent increase in magma influx
from the lower feeding system into its upper conduit. Just as at Stromboli, where VRP increases
seen in the days before effusive onset indicated that its conduit was at capacity, peaks in VRP
values at Fuego seen during paroxysm indicate that its conduit is full. Persistent lava effusion
and energetic explosions throughout paroxysm at Fuego suggest a continuous supply of magma.
This journey may be traced from depth to surface, beginning with influx of fresh magma into
Fuego’s lower feeding system. This material rises to the base of Fuego’s upper conduit. The
magma already in the conduit is pushed up and its upper portion decompresses, driving an initial
increase in explosions at summit. Although at Stromboli explosive activity generally precedes
lava effusion [Calvari et al., 2011], lava flow formation at Fuego is associated with agglutination
of material produced by fire fountaining (see next paragraph). This could explain how increases
in explosions and lava flow effusion occur simultaneously. Returning to the model: if increased
magma influx at depth persists, then non-degassed magma in Fuego’s lower conduit may be
forced upwards and decompress violently as volatiles are released. This would fuel a sustained
eruptive plume that is observed during recent paroxysmal climaxes at Fuego. The climactic period
would continue until the volume of magma in Fuego’s conduit had been sufficiently depleted to
exhaust decompression of rising magma. However, continued supply from base would soon drive
the next paroxysm. The increase in magma supply rate to Fuego’s deeper system would need
to be both rapid and sustained to sustain a 3.5-year cycle of monthly paroxysms. A potentially
fruitful avenue of future research could estimate volume of eruptive products for each paroxysm
and consequently suggest magmatic processes that could deliver the required volume to Fuego’s

plumbing system at relevant timescales.

The model proposed above agrees with that proposed by Calvari et al. [2011] in Section 2.6.1.
That model assumes relative stability in the geometry and volumetric capacity of Stromboli’s
conduit, magma composition, and supply rate over the period of study. Such assumptions are
plausible at Fuego for the 2015 - 2018 paroxysmal cycle. Studies cited in the previous paragraph
all present a relatively simple geometry, while the consistency of supply rate during this period
may be proven by the timings of the paroxysms themselves, which occurred almost monthly (every
30 - 45 days). If accurate, this model generates further questions about the magmatic system
supplying Fuego. What processes occurring at depth caused an increase in magmatic supply rate?
And, given the change in activity since 2018 (see Section 2.6.4), what ended the increase? Recent
work on glass compositions of Fuego and other mafic systems provide some clues, suggesting

that high-intensity eruptions are related to magma sourced from a broad range of pressures
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[Cashman and Edmonds, 2019]. This includes both deep-sourced magma ascending rapidly after
decompression and magma stored temporarily in the shallow system by consistent mafic recharge.
However, it is still unclear how closely Fuego’s shallow storage and deep accumulation regions
are connected, and to what degree the two regions confer outside of its paroxysms. Answers to
these questions may lie in understanding of the complex tectonic interplay below Fuego, but are

unfortunately beyond the scope of this chapter.

An alternative explanation that has not previously been considered for triggering paroxysm
at Fuego is the gravity-driven shedding of material from an ephemeral summit cone. In this
model, persistent lava fountaining accumulates ballistic material in the summit crater as an
ephemeral cone. Lava flow effusion begins when the full summit crater overspills. When travelling
on a high initial slope angle, flows may pass the glass transition and deteriorate to fractured
avalanches, before reagglutinating at lower altitudes as the slope angle decreases [Sumner,
1998, Escobar Wolf, 2013]. If the flow output rate were sufficiently high, lava flow effusion could
destroy the ephemeral cone and remove enough volume to depressurize the magmatic system,
thus triggering a paroxysmal eruption. In several paroxysms since 2015 Fuego had a visible
depression in its the summit crater (e.g., 3" January 2016): therefore, this model cannot work
as a general explanation for triggering paroxysm. However, it may be invoked in specific cases
where an ephemeral cone was observed prior to paroxysm (e.g., the paroxysms of 25" February
2017 and 12" October 2018).

There are several factors to consider regarding the methods used to study the accelerating
cycle of explosive paroxysms observed at Fuego since 2015. Several of the largest paroxysms
of this period (for example: 5" May 2017, 3"d June 2018) were associated with relatively small
VRP values. Both paroxysms generated eruptive columns >6,000 m asl and extensive pyroclastic
flows, and the 5™ May 2017 paroxysm produced extensive lava flows, yet neither was associated
with a VRP value of >500 MW. A possible explanation may be attenuation of thermal anomalies
tracked by MIROVA. The presence of meteorological clouds or volcanic plumes may cause partial
or complete attenuation, as may the azimuth and zenith of the acquiring satellite relative to the
source of thermal anomaly. These factors are difficult to quantify and must be evaluated on an
image-by-image basis. Some of the bias caused by these factors may be removed by introducing a
minimum threshold below which VRP values may be excluded, assuming they represent values
taken under cloudy conditions or at extreme acquisition geometries [Coppola et al., 2012]. An
alternative interpretation could be that these paroxysms did not generate large VRP values
because the majority of the eruptive volume they produced was in the form of pyroclastic flow
material. In this case, the fine-grained material composing much of these flows cools rapidly
(within hours), and would not produce a strong radiative power signal detectable by MIROVA.
If this were true, the resulting bias would unfortunately not be mitigated by introduction of a
minimum inclusion threshold. Ultimately, the absolute value of any single VRP measurement

may be affected by any of the factors mentioned above, and direct comparison between individual
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VRP values may be biased. Nevertheless, there remains strong evidence for the association
between VRP values >200 MW and thermal emission from hot surfaces including lava flows,
incandescent fountaining, and Strombolian eruptions that represent above-background activity

(including paroxysmal eruption) at Fuego.

2.6.3 Implications for eruptive hazards

Although the flanks of Volcan de Fuego were populated when the 1974 eruptive episode occurred,
academic literature contains few references to the impacts of the episode on these populations.
Nevertheless, the tephra and pyroclastic flow material generated likely had impacts similar
to those caused by the large-magnitude eruptions in 1971 and 1973, elaborated on by Bonis
and Salazar [1973]. In the decades since the 1974 eruption, the lands that surround Fuego
have undergone considerable development. There are schools, residential communities, and
industrial facilities near the volcano. RN-14, the highway that serves as the principal trade route
between Mexico and Guatemala, crosses several rivers which drain the Fuego volcanic area and
are primary lahar routes (see Figure 2.1). Many tens of thousands of people live near Fuego:
>50,000 live within 10 km, and >1,000,000 within 30 km, of its summit [Venzke, 2013]. The
majority of these people live in poverty, relying on agriculture for their livelihood [Graves, 2007,
de Estadistica Guatemala, 2013]. The various hazards associated with Fuego have previously
been considered, both in USGS reports and in hazard maps produced by INSIVUMEH following
the 3" June 2018 eruption [Vallance et al., 2001, INSIVUMEH, 2018]. Implications of this

chapter’s results for understanding these hazards are discussed below.

The most severe and immediate hazard of Volcan de Fuego, in the case of a large-magnitude
explosive paroxysm, is pyroclastic flows; and the regions most obviously vulnerable to pyroclastic
flow hazard are those located close to Fuego’s barrancas. Communities such as Sangre de Cristo
(located at OVFGO2 in Figure 2.1) have been evacuated multiple times since 2015 because
of risk deriving from paroxysm-generated pyroclastic flows. More recently and devastatingly,
pyroclastic flows generated by the 3" June 2018 eruption travelled >12 km down Barranca Las
Lajas and destroyed both the Las Lajas bridge and the community of San Miguel Los Lotes,
killing several hundred people (for locations, see Figure 2.1). Preliminary estimates put the
pyroclastic flow deposit volume in Barranca Las Lajas somewhere between 20 and 30 million
m3. This figure is comparable to volume estimates for pyroclastic flows produced by explosive
paroxysms between 1999 and 2018: for instance, the 215 May 1999 eruption produced 0.0255
km? of pyroclastic flow material, and the 13" September 2012 eruption produced 0.0269 km?
[Escobar Wolf, 2013]. However, the greater frequency of paroxysms and paroxysm-generated
pyroclastic flows since 2015 has important hazard implications because of the more frequent
exposure of nearby communities to risk deriving from those hazards. Furthermore, paroxysms
occurring since 2015 illustrate two points regarding risk generated from pyroclastic flows of Fuego:

first, that during a paroxysm, pyroclastic flows are typically generated in multiple barrancas,

48



2.6. DISCUSSION

thus simultaneously increasing risk in multiple areas; second, that pyroclastic flows may be a
major hazard to communities beyond those closest to barrancas. San Miguel Los Lotes was not
considered to be especially at risk of pyroclastic flow, but the sequential descent of multiple flows
down Barranca Las Lajas may have filled the barranca and caused overspill further down Fuego’s
flanks. The increase of paroxysms since 2015 has important pyroclastic flow hazard implications

both at the moment of descent and subsequently, due to the greater accumulation of material.

Airborne ash and ash fall from eruptions of Volcan de Fuego have persistently affected both
local and distant populations in Guatemala. Due to the hazard airborne ash presents to planes,
air traffic corridor R644, which runs close to the volcano and was primarily used for traffic to
Mexico, is now permanently closed, resulting in rerouting of flights (Ivan Velasquez, pers. comm.).
This is a direct result of the increase in explosive paroxysms since 2015. Eruptions smaller
than those of 1974 have produced tephra that has had significant impact; the eruption of 13t
September 2012 forced the closure of La Aurora International Airport in Guatemala City for three
days, costing the country millions of dollars in revenue. An increase in paroxysmal frequency
could have similar or greater economic impact. Meanwhile, tephra fallout will be the principal
far-reaching hazard of a future paroxysm, potentially severely impacting Guatemala City (40
km E of Fuego), or Quetzaltenango (80 km NW), i.e., one of the two largest Guatemalan cities.
Closer to Fuego, the negative impact of regular ash fall caused by frequent paroxysms on crop

productivity is unstudied but potentially significant.

An intense annual rainy season in Guatemala, combined with the large volume of pyroclastic
material deposited on Fuego’s flanks, ensure that lahars from the volcano are frequent and
powerful. Lahars may reach extraordinary dimensions of over 40 m width and 4 m depth and
speeds greater than 8 m/s [Schilling et al., 2001, Escobar Wolf, 2013]. Lahars generated since
2015 can be exceptionally long-ranging: in August 2017 they destroyed a Scout encampment
(known as “Finca Scout”, located 14.34°N, 90.95°W, see F'S on Figure 2.1) and a bridge that
borders the Ceniza river 20 km downstream of Fuego. The massive volume of pyroclastic material
deposited since 2015 will supply future large lahars, with both direct hazards and resulting
hazards associated with sediment transport in the rivers draining Fuego. Lahars from Fuego do

not only occur during eruption, and associated risks are always present.

If the current magmatic conditions at Fuego persist, one would expect that the frequent
paroxysmal eruptions seen in 2015 — 2018 would continue throughout 2018 and beyond. Indeed,
paroxysmal eruptions occurring on 12 October and 18" November suggest this is the case.
However, the eruption of June 34 2018 was of a different character from other paroxysms
in this period: preceded by a greater period of quiescence, and possibly not preceded by lava

effusion®. Therefore, it is possible that the frequent paroxysms that have characterized Fuego’s

3As mentioned in 2.6.2, the presence of meteorological cloud is a possible explanation for attenuation of VRP
signal. Both ground-based observations and satellite detection agree on the presence of cloud throughout much of the
3'd June 2018 eruption.
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recent activity will not continue. Alternatively, the 39

June eruption could herald another period
of extraordinarily high activity, just as activity in the early 1970s included large eruptions in
1971 and 1973 and a cluster of sub-Plinian eruptive activity in 1974. Lyons et al. [2010] did
note the increase in paroxysmal frequency during their period of observation (2005 — 2007)
and suggest that the observed increase in explosive activity could suggest a transition to less
open-vent conditions, with significant hazard implications. In that case the increase preceded a
5-year hiatus in paroxysms. Of course, past behaviour is not necessarily an indicator of future
activity. However, the increase in paroxysmal frequency since 2015 re-emphasises this concern
and underscores the need for continued study of Fuego’s paroxysmal eruptions as a critical factor

in future risk mitigation efforts.

2.6.4 Recent activity of Fuego

The work presented in this chapter was concluded in 2019. In the two years since, Fuego’s
eruptive behaviour has changed considerably. This informs discussions of models for triggering
paroxysm and of hazards presented in Sections 2.6.2 and 2.6.3.

Fuego produced a paroxysmal eruption on 18"

November 2018. This eruption was preceded
by lava effusion and culminated in pyroclastic flows, similar to other paroxysms in the 2015 - 2018
cycle. This paroxysm appears to be the last in the cycle. In 2019, Fuego’s activity was characterized
by small ash explosions from summit and occasional avalanches [Venzke, 2013]. There were
intermittent episodes of incandescent fire fountaining reaching 200 - 400 m above summit, and
individual short lava flows (500 - 800m) were recorded in March - May and November 2019 in the
Barranca Seca drainage (adjacent to Barranca Santa Teresa). Fuego did not produce pyroclastic
flows or simultaneous lava flows in multiple ravines in 2019 [Venzke, 2013]. Fuego’s activity
increased in 2020 with effusion of lava flows in southern drainage ravines (Barrancas Ceniza and
Trinidad) in late March (see Figure 2.10). The volcano continued to produce ash explosions from
summit. Effusive activity continued between April and June with several episodes of parallel lava
flow production in Barrancas Ceniza and Seca [Venzke, 2013]. Many lava flow fronts produced
block avalanches that descended Fuego’s ravines. Activity in August - November 2020 was similar
to the first half of the year, with INSIVUMEH reporting 6 - 12 explosions per hour from Fuego’s
summit, occasional lava flow effusion, and block avalanches descending multiple barrancas. In
2021 activity continues at a low level. INSIVUMEH reported 5 - 11 explosions per hour from
Fuego’s summit generating shock waves felt in local communities and ash plumes reaching 1 km
above the crater. Ejection of incandescent material was recorded almost daily, reaching up to 300

m above the summit [Venzke, 2013].

In this thesis, the model most clearly explored to explain Fuego’s 2015 - 2018 paroxysmal
cycle invoked a sustained increase in magma influx to the lower feeding system into its upper

conduit (see Section 2.6.2). The extraordinarily large paroxysm of 3" June 2018 provoked the
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FIGURE 2.10. Plot of Fuego’s activity from 15 January to November 2020 illustrated
by VRP values from the MIROVA database. VRP values consistently range between
10 and 100 MW for the year, indicating ‘'moderate to high heat flow’. From www.
mirovaweb.it.

question of what eruptive behaviour would follow: whether this paroxysm would open a period
of elevated activity similar to the 1970s, or whether activity would decline to pre-2015 levels
2.6.3. It is possible that Fuego may imminently produce a large (VEI 3+) eruption. However,
in the 2.5 years since Fuego’s November 2018 paroxysm, the volcano has entered a period of
lower activity similar to 2008 - 2011. This period was characterized by occasional fire fountaining
and lava effusion, and an absence of explosive eruptions with a large eruptive plume. The most
simple explanation for Fuego’s decline in eruptive energy since November 2018 is the decrease
of magmatic supply at depth. However, previous studies have observed development in Fuego’s
magmas towards a more evolved chemistry [Berlo et al., 2012]. Confirmation that Fuego is not
moving towards a closed system (potentially associated with an increase in hazard) could be

confirmed by continued petrological analyses of recent eruptive products of the volcano.

Section 2.6.3 discussed the immediacy and reach of hazards associated with eruptions of
Fuego. Since the November 2018 paroxysm, Fuego has not produced pyroclastic flows that have
provoked evacuation. This is positive given the logistical difficulties and threat to livelihoods
that evacuation represents to many local residents (see Chapter 3 for more detail). However, as
stated by the official quoted in 3.7.2.3, this temporary reprieve in pyroclastic flow hazard is an
opportunity for CONRED to strengthen their communication network and provide the resources

that locals need to enact self-evacuation in the event of a future large eruption of Fuego.

Strengthening of CONRED’s communication network should ideally be paralleled by rein-
forcing INSIVUMEH’s monitoring network, so that information shared within the network can

be both more detailed and more frequent. INSIVUMEH’s monitoring capacity has increased
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greatly since 3,4 June 2018. Then, monitoring comprised visual observations from OVFGO1
combined with RSAM measurements from two seismometers (FG8 and FG3), the latter of which
was not functioning during the eruption [Alvarez, 2019]. In 2021, INSIVUMEH have a perma-
nent seismo-acoustic network comprising three seismo-acoustic arrays, three broadband seismic
stations, and a 6-channel infrasound array [Diaz Moreno et al., 2020]. Data from this network are
supplemented by regular satellite observations including radiance measurements from NASA’s
GOES-16 satellite. Analysis of infrasound signals has recently provided the first characterization
of various activities and hazards of Fuego in this medium, including of lahars [Diaz Moreno et al.,
2020].

The 15.1 million m® of pyroclastic flow deposits produced on 3™ June 2018 [Albino et al.,
2020] will be the source material for many powerful lahars. The most powerful to date occurred
on 9" October 2020, when heavy rains produced lahars in all of Fuego’s barrancas [INSIVUMEH,
2020]. Areas near Barranca Las Lajas previously deemed "high-risk" were most immediately
affected, including highway RN-14 that was devastated in June 2018 (Figure 2.11). Unfortunately,
this overflow is at least partly caused by human efforts. In a bulletin released on 9*" October
2020, INSIVUMEH reported that the problem was "caused by the poor management of dams and
of material accumulated by diggers ... the strong rains of recent days broke the dams and moved
material accumulated by this company in the form of a current of volcanic material over RN-14"
[INSIVUMEH, 2020]. The bulletin cautions that this issue is likely to reoccur at Fuego, and
indeed the remobilization of pyroclastic flow material as lahars has damaged or destroyed several
bridges around Fuego since 1999. Areas in which lahar hazard may be mitigated include judicious
land-use planning, engineered protection structures, and lahar early warning systems (EWS)
[Pierson et al., 2014]. Some progress on EWS has been made on the latter with the installation
of a seismic network around Fuego since June 2018 (Amilcar Roca, pers. comm.). Challenge to
progress in the other areas can be partly attributed to a lack of formal communication between
INSIVUMEH and the companies responsible for building dams from pyroclastic flow deposits
in Fuego’s barrancas. Potential progress could be made by building such communication so
INSIVUMEH’s scientists can assume an advisory role and work together with other stakeholders,

as suggested by Pierson et al. [2014].
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FIGURE 2.11. Photograph of lahars crossing RN-14 on 9" October 2020 produced by
mobilisation of 3" June 2018 pyroclastic flow deposits in Barranca Las Lajas. From
INSIVUMEH [2020].

2.7 Conclusions

Volcan de Fuego’s frequent activity and geographical situation renders it an ideal subject for
synchronous study of eruptive activity and volcanic hazard. The sub-Plinian eruptive episode of
October 1974 has allowed analyses of the subsurface magmatic system of Fuego, while eruptions
between 1971 and 1974 have highlighted the possibility of multiple large-magnitude eruptions

occurring in sequential years at Fuego.

A new eruptive regime beginning in January 2015 and characterized by regular paroxysmal
eruptions consistently preceded by lava effusion can be traced in satellite remote sensing data
and corroborated by seismic and visual observations. Tracing the details of the new eruptive
regime allows for consideration of various models to explain the triggering cause for paroxysm.
While further study is required to elucidate trigger(s) of paroxysm at Fuego, there may be merit
in considering recent models based on behaviour of Stromboli, where paroxysm is triggered by
decompression of the shallow conduit by lava effusion. We propose that the MIROVA database is
an effective tool for comprehending long-term changes in eruptive activity at Volcan de Fuego, and
may significantly improve volcano monitoring capacity at Fuego, and possibly at other open-vent

systems.
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The eruption of 3"4 June 2018 killed hundreds of people in San Miguel Los Lotes and destroyed
La Reunién resort, and tragically showed the potential of these paroxysmal eruptions to cause
great damage. INSIVUMEH and CONRED are acting with the international volcanological
community and local communities to prepare for another such paroxysm, by increasing hazard
monitoring and forecasting for Fuego, and producing a series of hazard assessments. Mitigation
of risks associated with persistent activity of Fuego will require continued co-operation between

these groups.
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CHAPTER

FIRESIDE TALES

Maybe stories are just data with a

soul.

Brené Brown

This chapter has previously been published as: "Fireside Tales: understanding experi-
ences of previous eruptions and factors that influence the decision to evacuate from
volcanic activity of Fuego' in VOLCANICA. The published manuscript was co-authored with
Dr. Teresa Armijos (UEA), Edgar Antonio Barrios Escobar (INSIVUMEH), William Chigna
(CONRED), and Professor. I. Matthew Watson (University of Bristol). I designed the study, led
fieldwork, analysed transcripts, translated interview data, and led drafting of the manuscript.
TA guided the study design throughout fieldwork and contributed to the development of the
manuscript. EB and WC assisted in data collection. IMW assisted with fieldwork and contributed
to writing. All authors made a substantial and intellectual contribution to the work and approved

it for publication.

3.1 Abstract

uego is capable of catastrophic eruptions like that of 3™ June 2018, which triggered
pyroclastic flows that devastated the community of San Miguel Los Lotes and caused
hundreds of fatalities and severe long-term socio-economic impacts. Future volcanic
risk mitigation efforts are likely to involve temporary evacuation of local communities, the
success of which requires co-operation between locals, scientists, and decision-makers. However,

locals’ experiences of eruptive activity, and how these experiences influence their responses to
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evacuation, have not been studied in detail. In 2019 I conducted an investigation of these themes
through qualitative research methods involving semi-structured interviews that focussed on
direct experience as opposed to volcanic risk perception. I found significant differences between
scientists’ and locals’ observations of Fuego’s activity. Furthermore, a clear disparity emerged
between communities on Fuego’s west and east flanks in terms of direct prior experience of
eruptions and communication with INSIVUMEH/CONRED. These findings have significant

implications for future evacuation efforts at Fuego and at analogous volcanoes.

3.2 Introduction

On 3" June 2018, a paroxysmal eruption of Fuego generated a series of pyroclastic flows that
descended Barranca Las Lajas and buried the community of San Miguel Los Lotes. 332 people
have been reported as officially missing, although independent estimates suggest that up to 2,900
people were killed [News, 2018a]. In addition, an estimated 5,000 people lost their homes and
had to resettle elsewhere [News, 2018b]. In Guatemala the mandate for monitoring volcanic
unrest and issuing alert information lies with INSIVUMEH, while CONRED is responsible for
co-ordinating disaster response and community preparedness for natural hazards. On 34 June,
INSIVUMEH released bulletin reports of activity continuously from 06:30 a.m., and CONRED
staff attended both the Las Lajas bridge and Los Lotes in efforts to remove people from these
high-risk areas. However, after the eruption, national media highlighted the disconnect between
these authorities supposedly fulfilling their responsibilities regarding volcanic crisis and the
high death toll. In particular, media focussed on the different fates of geographically close
communities: why did the private golf resort of La Reunién successfully evacuate, yet Los Lotes,
two kilometres further south, suffer such extensive human loss? [Tobar, 2018b]. This question
relates to the larger issue of the ability and willingness of communities to evacuate from eruptive
crisis. By investigating the different ways in which people experience Fuego’s eruptive activity,
and the factors that influence evacuation, this chapter provides some possible explanations and
future actions to prevent these situations from happening again. It highlights the importance of
understanding local residents’ priorities, interests and decision-making processes when managing

volcanic risk.

Pyroclastic flows are frequently produced by eruptive activity of Volcan de Fuego [Naismith
et al., 2019a]. However, the estimated 15.1 million m? of pyroclastic flow material that was
deposited in Las Lajas on 3rd June [Albino et al., 2020] was exceptionally large for eruptions of
Fuego. It was more than double the average volume of pyroclastic flows registered since 1999
[Ferres and Escobar, 2018]. Nevertheless, eruptions producing smaller pyroclastic flow volumes
have repeatedly triggered evacuation (e.g., September 2012, May 2017, November 2018). The
high velocity and mobility of pyroclastic flows means that evacuation is the only procedure

that effectively decreases exposure and prevents associated loss of life. However, evacuation
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is a complex and costly procedure that often involves significant management and resources
from national authorities. Furthermore, longstanding social and economic pressures affecting
members of communities such as Los Lotes mean they face additional challenges to comply with
evacuation orders. Local residents may not interpret eruptive behaviour in the same ways as
authorities do. Yet, as this chapter shows, authorities believe that locals have the capacity and
responsibility to recognize changes in volcanic activity and to decide to evacuate themselves when
volcanic risk increases. These differences in opinion, and the lack of agreed thresholds of volcanic
risk above which protective action must occur, continue to generate risk for the people living near
Volcan de Fuego. This chapter argues that understanding differences in direct lived experience
of previous eruptions and in volcanic risk tolerance between locals and authorities is critical to
effective volcanic risk mitigation (including evacuation). It does so through an exploration of
memories of past eruptions and of the factors that influence peoples’ decision-making in the face

of volcanic crisis.

This chapter presents findings from studies conducted at Fuego in 2018 and 2019 that
explicitly compare (1) how local people experience the activity of Fuego; (2) how members of
INSIVUMEH and CONRED experience the activity of Fuego; (3) the potential implications of
these differences for the success of current risk mitigation policy at Fuego. These findings show
that although experiences of INSIVUMEH and CONRED staff of Fuego’s recent paroxysmal
activity are similar to the eruptive behavioural changes described in Chapter 2, local experiences
of the same period are entirely different. Local people are highly aware of Fuego’s activity and
knowledgeable of most volcanic hazards; however, since Fuego’s reactivation in 1999, the only
eruptions they clearly remember and identify are those that required a community-wide response
which interrupted day-to-day life (e.g., May 2017, June and November 2018). Both local residents
and authorities remember the events that matter to them, showing that what matters to them is
different.

Local people experience the effects of persistent eruptive activity as they impact on day-to-day
life. The root causes of risk identified in many volcanically active environments are present at
Fuego. However, an additional component of volcanic risk apparent at Fuego is the disparity
between communities on its west and east flanks in terms of experience of previous activity and
communication with INSIVUMEH and CONRED. Through reference to volcanic risk perception
and evacuation literature, this chapter confirms that direct experience of eruptions is only
one of many factors informing response to eruptive crisis at Fuego. For local residents many
competing factors (including existing socio-economic pressures and specific impacts associated
with evacuation) create conditions that make it much more difficult to evacuate. At Fuego,
CONRED’s current evacuation policy places the majority of the responsibility for evacuation
on locals, ignoring the implications of these competing factors. Both the great variability in
experiences of eruptive activity (both between INSIVUMEH/CONRED and locals, and between

locals in different communities) and the social pressures affecting locals have implications for
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volcanic risk and preparedness at Fuego. These act in opposition to any potential increase in

local risk awareness and may have severe consequences for the success of future evacuations.

3.3 Exposition: Communication between stakeholder groups at

Fuego

Volcanic risk mitigation at Fuego is managed through a network of institutions and communities
of residents around the volcano. Table 3.1 defines acronyms of several institutions in this network.
Figure 3.2 shows how these institutions communicate between themselves and with the public.
INSIVUMEH was founded in March 1976 after the 4™ February 1976 Guatemala earthquake. The
institution is responsible for monitoring geophysical phenomena and advising the government and
private sector on natural hazards. INSIVUMEH monitor volcanic activity through a geophysical
monitoring network managed from a central office in Guatemala City, aided by visual observations
of observers located in two observatories in the communities of Panimaché Uno (OVFGO1) and
Sangre de Cristo (OVFGO2)!. These observers have been appointed by INSIVUMEH from
residents of those communities. CONRED was founded in 1996 to reduce the impacts of disasters
on Guatemalan society and to co-ordinate relief efforts. CONRED is a tiered organization with sub-
organizations on the regional (CORRED), departmental (CODRED), municipal (COMRED), and
local (COLRED) scale. The central office of CONRED, SE-CONRED, is located in Guatemala City.
At Volcan de Fuego, CONRED carries out training in hazard awareness and preparatory actions
among local communities. This is achieved primarily through a subsidiary office, Unidad de
Prevencion en Volcanes - (Volcano Prevention Unit) (UPV) in Antigua Guatemala which organizes
voluntary community groups known as COLREDes in local communities. UPV communicates
with these communities via in-person visits, radio, and WhatsApp. Radio UPV is the network
of community radio bases. As of April 2019, UPV has radio bases installed in 28 communities
and two private farms (fincas) around Fuego. Each community radio base is located in the home
of a radio operator who also belongs to that community’s COLRED. Participation of COLRED
members is highly variable due to difficulties in good telephone signal and prohibitive costs of

mobile data preventing local peoples’ access to the conversation.

CONRED has an alert level system for the communication of risk from natural hazards
including volcanic eruptions. This system comprises four colours or alert levels with associated
recommendations for action. The levels are: green or “Vigilance” (continue with normal activity);
yellow or “Prevention” (prepare to act and follow authorities’ instructions) amber or “Danger”
(keep alert, prepare to evacuate if necessary in case of any sign of danger); and red “Emergency”
(evacuate danger zones, remain in provisional shelters; follow authorities’ instructions) (Figure
3.1).

LAfter the events of 3" June 2018, Sangre de Cristo was evacuated and its observer relocated to Panimaché Uno.
By the end of my fieldwork in April 2019, this observer was still in Panimaché Uno and working at OVFGO1.
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FIGURE 3.1.CONRED alert level system for various natural haz-
ards with associated recommendations for action. Retrieved from
https://aprende.guatemala.com/cultura-guatemalteca/actualidad/
significado-alertas-conred-guatemala/. Last accessed 07/02/2021.

In Guatemala, institutional policy defines the recommended course of action required to pro-
tect lives of local residents during eruptive crisis. As of January 2021, CONRED maintain a policy
of auto-evacuacion (self-evacuation) at Volcan de Fuego. This policy requires active involvement of
a community in decision and responsive action. Evacuation is deemed necessary when CONRED
issue a red "Emergency" alert level for eruptive activity of Fuego. The decision to evacuate a
community from activity of Fuego should be made in agreement between a community’s COLRED
and its local council or Consejos Comunitarios de Desarrollo - (Community Development Council)
(COCODE). Furthermore, in the self-evacuation policy, a community is supposed to manage the
initial stages of evacuation including gathering family members, moving to a pre-defined safe
point, and beginning to leave a community on foot or by vehicle if necessary. Communication would
ideally be maintained with UPV throughout evacuation. Theoretically, a community which initi-
ates its own evacuation would find a secondary response co-ordinated by UPV involving temporary
evacuation shelters and transport from the safe point to the shelters. In reality, several factors
prevent this policy from working as it should; these factors are explored in Section 3.6. A full
description of the roles of CONRED and INSIVUMEH can be found in the National Response Plan
on CONRED’s website (https://www.conred.gob.gt/site/Plan-Nacional-de-Respuesta).

INSIVUMEH release information on Fuego’s activity through bulletin reports that are pub-

lished on their website (www.insivumeh.gob.gt) and on Twitter. Bulletin reports first travel to
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a central radio operator called ALFA before being delivered to other organizations, including
CONRED. Published reports are further disseminated through Radio UPV and on WhatsApp.
Figure 3.2 shows formal pathways of communication between institutions and the public re-
garding eruptive activity of Fuego. This diagram was created for this thesis with colleagues
in INSIVUMEH and CONRED, as such a diagram does not exist in either institution’s docu-
mentation. This figure does not include informal communication pathways around the volcano:
for instance, the volcanologists of INSIVUMEH frequently communicate directly with UPV via
phone and instant messaging during eruptive crisis. While in theory the roles of INSIVUMEH
and CONRED are distinct, there is no single piece of documentation that clearly separates their
responsibilities, and in practice the institutions’ efforts frequently overlap. This confusion has

implications for personal and institutional responsibility for volcanic risk mitigation at Fuego.

Acronyms
“ALFA INSIVUMEH's comms centre for information dissemination
CTE CONRED'’s centre of transmissions for emergencies
COCODE Community Development Council
COLRED Local Co-ordinator for Disaster Reduction
DGAC Civil Aviation Authority
OVFGO1 Observatory One of Volcan de Fuego
OVFGO1 Observatory Two of Volcan de Fuego
INSIVUMEH National Institute of Seismology, Volcanology, Meteorology,
and Hydrology
SE-CONRED Executive Secretary of CONRED
UPV Volcano Prevention Unit
RADIO UPV Network of community radio bases managed by UPV

Table 3.1: List of acronyms for various institutions and groups involved in volcanic risk mitigation
at Volcan de Fuego. Communication between the institutions is shown in Figure 3.2.
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:

INSIVUMEH ?SECONRED DGAC

CTE || RADIO UPV |
| ALFA

CORRED Air Traffic
| OVFGO Control
COMRED
CODRED

COLRED

FIGURE 3.2. Schematic of different institutions and communities affected by activity
of Volcan de Fuego showing formal pathways of communication between them.
Diagram co-created with G. Chigna and W. Chigna.

3.4 Theoretical framework

3.4.1 Root causes of volcanic risk
3.4.1.1 Developments in risk paradigms

Advances in volcanic risk research are associated with an increasing recognition of the uniqueness
of both volcanic systems and surrounding communities. Such uniqueness makes volcanic risk
more complex.? Gaillard [2008] provides an excellent synopsis that outlines alternative paradigms
within the evolving discipline. He identifies the work of White [1945] as pioneering in centralizing
risk within the study of natural hazards; White argued that human response to natural hazard
is formed of a combination of adjustment to one’s environment and implementing practices to
minimize loss. Later supporters of this approach (the ‘hazard-adjustment’ approach) argued that
hazard response was ruled by individual choice — whether unconscious or deliberate ([Burton,
1993)).

In the 1970s a second paradigm emerged to counter the dominant hazard-adjustment ap-
proach. Supporters of the new paradigm were concerned that natural hazard researchers were
fixated on extreme natural events as the driving force of disasters at the cost of overlooking root

social causes of risk: “the initiative in calamity is seen to be with nature, which decides where

2See Bonis and Salazar [1973]: "But, every volcano, like a woman, has its individual temperament and cannot be
taken for granted.”
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and what conditions or responses will become significant.” [Hewitt, 1983]. In response to these
criticisms of the hazard-adjustment approach, the new paradigm of *vulnerability’ focussed on
existing socio-economic conditions in an individual’s environment that produce disaster. This
paradigm was developed by research in areas where daily life was difficult to distinguish from
disaster [Blaikie et al., 2005], and promoted pre-existing socio-economic factors to the primary
cause of risk. Comprehending these factors was increasingly seen as the key to understanding
how disasters develop. This constituted a major advance in risk research that did not disregard
the importance of the natural hazard in producing disaster but rather relegated it to a dependent

position, contingent on existing social factors:

Being at risk of disaster is shown to be the chance that the characteristics of people
generated by these political-economic conditions coincide in time and space with an

extreme ‘trigger event’ natural hazard to which they have been made vulnerable.

Blaikie et al. [2005]

In the late 1990s, preservation of livelihoods was identified as a key feature of vulnerability
that put an individual at risk. Both in more economically developed countries ([Dibben, 2008]) and
less ([Lane et al., 2003]), livelihoods were acknowledged as an essential element of vulnerability
that both prevented people from leaving a high-risk zone and encouraged their return before
risk had decreased. At Volcan Tungurahua in Ecuador, efforts to create livelihood alternatives
outside areas of high volcanic risk have evolved with adaptive forms of risk management. Here,
local residents benefit from the greater security of such alternative livelihoods and take collective
decisions to temporarily evacuate, thus minimizing the disruptive effects of forced evacuation
[Armijos and Few, 2015]. Community engagement with temporary evacuation has been observed
in volcanic environments as different as Tungurahua and Mt. Merapi, Indonesia [Andreastuti
et al., 2019].

Researchers have latterly tried to unite the alternative risk paradigms of hazard-adjustment
and vulnerability. Many argue that neither is alone sufficient to answer questions of risk mitiga-
tion, and both are required to make useful recommendations to policy-makers [Chester et al.,
1999]. This has sparked an explosion in interdisciplinary research, where physical and social

scientists unite to deliver multi-faceted approaches to volcanic risk (e.g., Armijos et al. [2017]).

Although academics are increasingly pursuing an interdisciplinary approach to consider
together social and physical drivers of volcanic risk, there is evidence that these drivers are not of
equal priority in local peoples’ response to volcanic activity. Local people respond to socio-economic
pressures before adjusting to hazard, both in economically developing countries (e.g., Gaillard,
2008) and in countries which are relatively wealthy (e.g., Dibben, 2008). In environments where

increased awareness of risk should (according to scientific consensus) require increased pre-
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paredness, locals consistently appear to underestimate volcanic risk [Donovan et al., 2014]. An
apparent underestimation of risk has been observed in communities near Katla, Iceland [J6han-
nesdottir and Gisladéttir, 2010] and Mt. Ruapehu, New Zealand [Johnston et al., 1999]. There is
a lot of literature on volcanic risk that presents local residents’ perspectives of volcanic risk. This
chapter contributes to the relatively small body of volcanological literature that simultaneously
presents perspectives of multiple stakeholder groups (local residents, volcanologists, and officials)

in a single volcanic environment.

The view that locals underestimate volcanic risk can lead to the mistaken belief that local
people are deficient in knowledge or have miscalculated their priorities. In fact, communities
affected by natural hazards often develop cultures of coping to adapt to their environment
[Bankoff, 2004]. Conversely, academic knowledge of risk is not authoritative, although this group
is often credited with an ‘accurate perception’ of the risk [Christie et al., 2015]. This is illustrated
by a recent review of perception and social behaviour associated with various natural hazards
including floods, earthquakes, and volcanic eruptions [Wachinger et al., 2013]. The review found
no consistent influence of multiple personal factors (including age, gender, or level of education)
on individual risk perception, despite widespread academic belief that these factors are influential
[Wachinger et al., 2013]. The only definitive drivers of volcanic risk were (1) communication and
trust between locals and authorities, and (2) direct previous experience of hazard. The second

indicator is tempered by the degree of severity involved in the experience:

“If in the past the event did not hit me negatively, I will escape also negative con-
sequences of future events.” This shows that it is less the experience “in itself”, but
rather the severity of the personal consequences experienced in past events that

shapes the respondents’ perceptions.

Wachinger et al. [2013]

This review concluded that both the quality of direct experience of hazard and of relationships
with authorities is critical in determining the circumstances of risk in a hazardous environment
(e.g., at an active volcano). Furthermore, these drivers are themselves volatile: as volcanic
eruptions rarely develop consistently, they will variably affect surrounding populations. Thus
risk will vary even between neighbouring communities around the same volcano [Donovan et al.,
2012al.

3.4.1.2 Different points of view

Local knowledge has the advantage of coming from direct experience of activity [van Manen,
2014]. Recent research shows the importance of including local peoples’ experiences in managing

volcanic risk, including in decision-making during crisis. Recognition of the flaws in a traditional
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linear approach to communicating risk [Donovan and Oppenheimer, 2014, Donovan et al., 2014];
successful integration of local and academic knowledge for participatory risk mitigation [Cronin
et al., 2004]; and evidence that locals have a clear understanding of how volcanic hazards may
affect their lives [Gaillard, 2008] have all highlighted the valuable contributions that local
knowledge can make to understanding volcanic risk. Conversely, a failure to integrate local and
institutional knowledge in volcanic risk management often proves ineffective in reducing risk to
the most vulnerable [Gaillard and Mercer, 2013].

Storytelling is an aspect of local knowledge that may be particularly important for volcanic
risk mitigation. Many disparate populations have used oral tradition to comprehend the trauma of
a volcanic eruption [Cashman and Cronin, 2008]. Although telling stories to understand volcanic
eruption occurs in both preliterate and literate societies, this method has largely been neglected
in modern volcanic hazard mitigation strategies [Cronin and Cashman, 2016]. Fortunately, this
is changing. There is increasing recognition of the power of storytelling for building resilience
to natural hazards in the Global South [Loon et al., 2020]. Storytelling as a tool for future
disaster prevention is recognized in research disciplines other than natural hazards, such as
technical safety [Hayes, 2018]. In this latter discipline, authors recognize that the responsibility
for incorporating storytelling for effective disaster management lies with professional safety
managers [Hayes, 2018]. This chapter draws its results from stories told by local residents around
Volcan de Fuego to illustrate how storytelling may contain powerful truths about volcanic risk

mitigation.

An emerging area within volcanic risk research is how different stakeholder groups focus
attention on different periods of activity. Dove [2008] explored local and government perspectives
of activity of Merapi volcano to argue that not only ‘risk perception’ but also the concept of risk
itself varied: arguing that locals perceived less risk from the volcano than authorities "does
not do justice to the fundamental differences in the ways the two parties perceive the volcano"
[Dove, 2008]. At Merapi, locals contextualized changes in volcanic behaviour within their focus
on long periods of calm, while authorities, by focussing on Merapi in times of crisis, ‘exoticized’
the volcano and separated it from daily life. While it is uncontroversial to state that a volcano
demands more attention from authorities and scientists during an eruption, this difference in
focus between stakeholders and consequent implications for volcanic risk and its mitigation has

been little explored in other cultures and countries.

In contrast to the majority of complementary literature, this chapter explicitly studies “direct
experience (of previous eruptive activity)” as opposed to “volcanic risk perception”. This decision
was driven by my and my supervisors’ belief that focussing on the latter isolates volcanic risk as
the only risk people face in a volcanically active environment. Instead, “volcanic risk perception

. is one form of risk perception balanced with other forms of perception including risks to

livelihood and cultural heritage” [Gaillard, 2008]. I hope that by focussing on how different people
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experience eruptions, this chapter can contribute towards more complete answers to understand

responses to volcanic activity of Fuego.

3.4.2 Factors affecting evacuation

The most effective action to reduce and mitigate risk to life relating to most volcanic hazards
is evacuation. This decision is often difficult to make because all choices may have negative
consequences. During an eruption, an individual may decide to reduce risk of personal damage
when the eruption is at its climax. This decision. may involve evacuation, particularly if the
hazards associated with the eruption are impossible to manage from that individual’s current
situation. But what factors influence the decision to evacuate, and which are inconsequential?
Recent literature suggests that risk awareness is not a primary factor. While direct experience
of a hazard may promote risk perception, it does not necessarily lead to better preparedness
[Johnston et al., 1999]. Wachinger et al. [2013] attribute this weak link between an awareness
of risk and preparedness action to three potential causes: first, experience and motivation (e.g.,
an individual understands the risk but perceives that benefits outweigh risk); second, trust and
responsibility (e.g., an individual understands the risk but transfers responsibility elsewhere);
third, personal ability (e.g., an individual understands the risk but does not have resources to
affect the situation). Often the three causes can intersect. For example, at Montserrat, peoples’
return to the exclusion zone despite persistent risk was driven by factors varying from economic
hardship to a lack of shared thresholds of tolerable risk [Barclay et al., 2008]. To outsiders, this
behaviour may appear illogical, occurring in the face of increased danger to life. Before making
such a judgement, they should seek first to understand temporal and spatial changes in social,
political, and economic factors, as well as changes in volcanic hazard and responses to risk, all of
which may encourage return [Few et al., 2017]. Responses to risk are related to local priorities,
which themselves are often closely linked to the existing social and economic pressures that
place individuals at risk. Pressures that encourage evacuees to return while risk is still high
can be summarized as “push” (e.g., poor shelter conditions) or “pull” (e.g., concern for livestock)
factors (see Figure 3.3 [Barclay et al., 2019]). These pressures, as they express a desire to act
against further impoverishment, may interfere with an otherwise apparently more logical desire

to protect life.

Local actions labelled as “illogical” may instead be driven by misunderstandings arising from
poor communication between stakeholder groups that lead to disagreement regarding the nature
of the risk and a disincentive to evacuate (e.g., in the reoccupation in the town of Bafios near
Volcan Tungurahua described by Lane et al. [2003]). In addition to breakdowns in communication,
difficulties in evacuation management may occur because of peoples’ resistance to leaving an
area of high risk [Mei et al., 2013], driven by factors such as place attachment and security fears.
Mei et al. [2013] identified five interrelated factors negatively affecting successful evacuation,

including uncertainty in forecasting eruption and resistance associated with economic factors.
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FIGURE 3.3. Main push and pull social drivers of evacuation from volcanic eruption
worldwide where information of such drivers was available. From [Barclay et al.,
2019].

Conversely, good communication and a shared understanding between different stakeholders
may result in a shared commitment to participate in risk mitigation [Andreastuti et al., 2019].
An example of effective collaboration between stakeholder groups comes from Tungurahua,
where trust between local vigias (watchmen) and scientists permits effective risk communication
and evacuation processes [Armijos et al., 2017]. In this case, trust has evolved together with
improved shelter conditions, evacuation routes, and resouces together with possibilities for locals

to maintain livelihoods inside and outside of the high-risk zone.

3.4.3 Previous studies at Fuego

Although eruptions from Fuego have frequently triggered evacuation and disrupted the lives
and livelihoods of local residents, few studies explore the link between volcanic activity and
evacuation at this volcano. Early literature focussed on risk through the lens of human and
agricultural vulnerability to volcanic hazards [Bonis and Salazar, 1973]. Through recent direct
experience, locals were familiar with Fuego’s hazards, including pyroclastic flows. Although Fuego
had not caused significant damage to surrounding populations, the authors presciently detail
possible future losses, the authors penetratingly observed that “the human problems faced by the
geologist on the site not only will be repeated, but may be increased manifold in the future" (page
3, Bonis & Salazar (1973) [Bonis and Salazar, 1973]).

Four decades passed between this work and the next similar study [Graves, 2007]. Graves
(2007) conducted exploratory qualitative research in communities on Fuego’s south-west flanks.

She discovered high awareness of volcanic risk coupled with widespread normalization of Fuego’s
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behaviour, and increased volcanic risk awareness with age: “people who lived through the eruption
of 1974 have a much more acute vision of the danger of Fuego, whereas the younger women or
people new to the village do not have that kind of awareness” (page 48, Graves (2007) [Graves,
2007]).

FIGURE 3.4. Locations of various communities around Volcan de Fuego and position of
six of Fuego’s seven major barrancas, excluding Barranca Honda (north of Barranca
Las Lajas). Figure from Escobar-Wolf (2013). Table 3.2 lists communities included
in previous studies of volcanic risk at Fuego, as presented in Section 3.4.3. Numbers
are as for this figure.

Leén Ramirez (2012) studied parameters of vulnerability in the community of Panimaché
Uno, and confirmed Graves’ findings of local familiarity with volcanic hazards and awareness
of volcanic risk. Nevertheless, the latter did not translate to preparedness: 65% of respondents

stated that they would not know what to do in a crisis such as a large eruption.

The most comprehensive study of volecanic risk at Fuego was conducted by Escobar-Wolf
(2013) using the Protective Action Decision Model (PADM) to consider situational and perception
variables in decision-making during volcanic crisis. This work consisted of a pilot study in

2009 involving 38 individuals that informed a quantitative survey conducted in 2010 with 155
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Study Community number Community name

Graves (2007) 2 (FO-2), 4, 6, (not listed) | Sangre de Cristo, Panimaché Uno, Morelia, (Pan-
imaché Dos)

Leon-Ramirez | 4 Panimaché Uno

(2012)

Escobar-Wolf 2, 3, 4, 6, 14, 16, (not | Sangre de Cristo, Palo Verde, Panimaché Uno,
(2013) listed) Morelia, La Trinidad - 15 Octubre, La Reina, (Pan-

imaché Dos, Santa Sofia)

This chapter | 3,4,6,7,11, 12,13, 16, | Palo Verde, Panimaché Uno, Morelia, Los
20, 22, (not listed) Yucales, Ceilan, Chu-chu, Guadalupe El Za-
pote, La Reina, La Reunién, Alotenango,
(Panimaché Dos, San Andres Osuna, La
Colonia)

Table 3.2: Table listing communities appearing in this chapter and in previous studies of volcanic
risk at Fuego. Numbers refer to community location on Figure 3.4. Numbered communities are
listed alphabetically, followed by non-numbered communities.

individuals in 8 communities around Fuego (pages 151 — 152, Escobar-Wolf (2013) [Escobar Wolf,
2013]). These studies showed that locals frequently faced the decision of whether to evacuate
or not from an eruption. Factors affecting the decision to evacuate included fear of looting and
poor shelter conditions. This study made an enormous contribution towards understanding
of population demographics around Fuego, including a summary of the complex origin and
development of rural communities from plantations subsequently transformed by resettlement
policies following the civil war years (1960 — 1996). While not explored in depth, such information
contextualized the (un)willingness of local residents to evacuate their homes due to Fuego’s
behaviour. Additionally, Escobar-Wolf’s study determined quantitatively that locals’ willingness
to evacuate from a large eruption was influenced by the conditions under which evacuation took
place. These conditions included potential loss of livelihood or property and potential hardship
faced during the evacuation and in shelters. Escobar-Wolf’s work was influential in my research
design for my fieldwork seasons in 2018 and 2019. However, his work did not explicitly compare
direct experiences of activity between local residents and authorities. This chapter therefore
contributes to the debate on eruption and evacuation at Volcan de Fuego through study of
comparative experiences to understand the conditions under which evacuation does or does not

take place.

Figure 3.4 is a map of communities around Fuego that have been captured by the studies

citepd above. Table 3.2 is an accessory to clarify the figure.
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3.4.4 Summary and chapter objectives

Risk is not produced the moment a pyroclastic flow descends a volcano’s flanks. Instead a complex
array of factors, including eruptive history, experiences of previous activity, existing social, eco-
nomic, political, and structural pressures within different stakeholder groups, and communication
between these groups, are interwoven to produce an environment of persistent, dynamic volcanic
risk that fluctuates as any of these factors change. Unfortunately, a comprehensive record of such
factors is rarely available, even at the most active volcanoes. The lack of published literature
on volcanic risk at Fuego in recent (<10) years, while both eruptive activity and risk mitigation

efforts have changed considerably, represents a particularly crucial gap in academic knowledge.

Based on existing literature, there are several themes in volcanic risk that if explored at
Fuego are likely to make important contributions to academic knowledge. In particular, the
influence of livelihoods and of existing social and economic pressures on volcanic risk and local
peoples’ decisions to reduce this risk (including the decision to evacuate from an eruption) has
been little studied at Fuego. Such information is an important academic contribution and has
been shown in other environments to be useful in informing risk mitigation policy. Furthermore,
literature illustrates that trust between different stakeholder groups has important consequences
for volcanic risk: this theme should be explored following the 3™ June 2018 eruption and its
impact of local confidence in INSIVUMEH and CONRED. The different fates of people in San
Miguel Los Lotes and La Reunion on 3™ June may be related to these socio-economic pressures
and to trust in INSIVUMEH/CONRED. Contrasting such fates is important as an intellectual

exercise to understand the root causes of vulnerability during evacuation from volcanic crisis.

An additional theme that has been under-explored in existing literature is how different
stakeholder groups experience a volcano’s activity. This is likely to be a fruitful theme to explore
at Fuego, given the extraordinary change in eruptive activity observed since 2015 [Naismith
et al., 2019a]. Exploring local peoples’ experiences of evacuation is also essential as evacuation is
the only risk mitigation policy that is effective against pyroclastic flow hazard. The objectives
of this chapter are to explore the above themes at Fuego through, first, gathering local peoples’
descriptions of their experiences of past eruptive activity; second, gathering local testimonies of
the factors that affect their decision to evacuate from activity of Fuego; finally, to compare these
two subjects with descriptions from non-local stakeholders (i.e., INSIVUMEH and CONRED
staff) of their experiences of Fuego’s activity and of evacuations. The following questions provide

direction for these objectives:

At Fuego, paroxysmal eruptions represent a large risk that may reasonably be managed
by repeated temporary evacuation of communities. How does the change at Fuego
presented in Chapter One compare to peoples’ experiences of volcanic activity? How
important are these experiences in determining peoples’ decision to evacuate or not in

the new eruptive regime?
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Table 3.3 defines common terms in volcanic risk literature, including the term ‘risk perception’.
This chapter explicitly studies experience of previous eruptive activity as opposed to volcanic
risk perception. This is because, firstly, of a tendency towards the false isolation of volcanic
risk perception as the only risk that people face in a volcanically active environment 3. Instead,
“volcanic risk perception should be seen as one among many aspects of people’s vulnerability
in the face of natural hazards. It is one form of risk perception that is balanced, by individuals
with other forms of perception including risks to livelihood and cultural heritage” [Gaillard,
2008]. Secondly, as described by [Haynes et al., 2008], risk managers attempting to understand
volcanic risk and its perception among local people have traditionally assumed these people to
be lacking in knowledge and suffering a deficit in perception that may be corrected by outside
stakeholders possessed of an objective understanding of the volcanic risk. However, the lack of
simple association between volcanic risk awareness, perceived risk, and responses among local
people in various environments (e.g., Montserrat, Tungurahua, Soufriére Hills) suggests that this
deficit model is flawed, and that volcanic risk is inherently subjective. By focussing on experience
of previous activity instead of volcanic risk perception, I hope that this chapter provides a more

complete contribution to the debate of volcanic risk at Fuego.

3This can be observed by the fact that many studies refer to “volcanic risk perception” as simply “risk perception”.
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what one has observed, encountered, or un-
dergone.

Term Definition Source

Awareness The state or condition of being aware; hav- | https://www.dictionary.
ing knowledge; consciousness. com/browse/awareness?

s=t

Evacuation Moving people and assets temporarily to | UNISDR https:
safer places before, during or after the oc- | //www.undrr.org/
currence of a hazardous event in order to | terminology#E
protect them.

Experience Knowledge or practical wisdom gained from | https://www.dictionary.

com/browse/experience

Hazard (volcanic)

Any potentially dangerous volcanic process
(e.g., lava flows, pyroclastic flows, ash).

http://www.geo.mtu.
edu/volcanoes/hazards/
primer/

Livelihood

A means of supporting one’s existence, es-
pecially financially or vocationally.

https://www.dictionary.
com/browse/livelihood

Risk (volcanic)

Any potential loss or damage as a result of
a volcanic hazard that might be incurred
by persons, property, etc., or which nega-
tively impacts the productive capacity/sus-
tainability of a population. Risk not only
includes the potential monetary and hu-
man losses, but also includes a population’s
vulnerability.

http://www.geo.mtu.
edu/volcanoes/hazards/
primer/

individual, a community, or systems to the
impacts of hazards.

Risk perception The possibility people give that a hazard | Gaillard (2008)
will affect them.

Vulnerability The conditions determined by physical, so- | UNISDR https:
cial, economic and environmental factors or | //www.undrr.org/
processes that increase susceptibility of an | terminology#V

Table 3.3: Definition of common terms in volcanic risk literature and their sources. Note that
“Volcanic hazard” and “volcanic risk” are terms frequently confused. A comprehensive discussion of
the complexities of these terms can be found at http://homepages.uc.edu/ huffwd/Volcanic_
HazardRisk/Hazard_Risk.html.

3.5 Methods

This section presents the research methods and practical aspects of data collection for this chapter.
In order to study experiences of previous eruptive activity and factors affecting evacuation around
Fuego, qualitative data collection methods were chosen because of the flexible and exploratory
approach to research they afforded. More specifically, qualitative methods allow the researcher
to “better understand [a] phenomenon about which little is yet known ... to gain more in-depth

information that may be difficult to convey quantitatively” [Hoepfl et al., 1997]. In addition,
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CHAPTER 3. FIRESIDE TALES

qualitative research allowed in-depth understanding of the motivations and interactions between
different stakeholder groups. I was guided in my choice of methods by volcanic risk literature
such as Johannesdéttir and Gisladéttir [2010] and Stone et al. [2014].

I chose in-depth interviews as the main method of data collection, similar to J6hannesdéttir
and Gisladéttir [2010]. Interviews allowed me (the interviewer) and my interviewee to generate
new knowledge through conversation: in an inter-view, “knowledge is constructed in ... an inter-
change of views between two persons conversing about a theme of mutual interest”. [Kvale and
Brinkmann, 2009]. As the authors state, inherent in interviewing is “the dual aspect of ... the
personal interaction and ... the knowledge constructed through that interaction” (page 2, Kvale
and Brinkmann [2009]). Acknowledging the former aspect involves reflexivity or critical self-
scrutiny, which is discussed in detail in this thesis’s introduction (See 1). In brief, my position as
interviewer at Fuego involved “a move away from the neutral, detached observer that is implied
in much classical survey work” [Byrne, 2004] — a starting point that is inherently understood as
my position in the first two chapters of this thesis. In this chapter, qualitative research provides
interpretative advantages that allow more effective capture of experience, as such data are more

easily observed than measured.

The data presented in this chapter were collected in two studies: first, a pilot study involving
interviews with INSIVUMEH and CONRED staff in February - March 2018; second, a study
of experiences of local people, supplemented by those of INSIVUMEH and CONRED staff,
in February - April 2019. Both projects underwent institutional review and were approved
by the University of Bristol Ethics Committee (2018 project approval number: 62341, title:
“An investigation into hazard preparedness and evacuation procedures at Volcan de Fuego,
Guatemala”; 2019 project approval number: 76281, title: “Perceptions of eruptive activity and
factors affecting the decision to evacuate among different stakeholder groups at Fuego volcano,

Guatemala”).

Participants in the 2018 and 2019 projects were recruited by different methods. All partici-
pants in the 2018 project were already known to me through previous field visits to Guatemala.
All were approached individually and asked to participate given their experience developed
through working either in monitoring and analysis of Fuego’s activity INSIVUMEH), or in
reducing disaster risk (CONRED). Participant recruitment in 2019 was a more concerted effort.
The first 10 days of the nine weeks’ fieldwork were spent at INSIVUMEH’s Fuego observatory,
OVFGO1, to gain familiarity with the community. Being a western outsider and a non-native
Spanish speaker, I sought support from a local resident. I hoped that this support would provide
me with benefits similar to those that a research assistant provides in ethnographic research, in
facilitating access to research participants and encouraging acceptance of the researcher in the
communities under study [Donovan, 2010]. I found this support in the form of Edgar Antonio
Escobar Barrios, a resident of Panimaché Uno and an observer at INSIVUMEH’s OVFGOL1 in that
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community for 16 years. Edgar is respected in his community for this work and also maintains
frequent contact with other communities in the region through regular talks on Fuego’s activity
and social projects such as the distribution to communities of food donations from NGOs following
the eruption of 3" June 2018. He was a trustworthy and patient companion during my research
in communities on Fuego’s western flanks, frequently assisting in translating nuances of language
and greatly assisting my research goals. In communities on the eastern flanks, I was initially
accompanied by a colleague from CONRED’s UPV office, but for later interviews I went into the
field alone. All efforts were made to minimize the effects on interviews of having a field assistant.
In the field, I travelled between rural communities in a hired red Mitsubishi L.200 truck ("El
Corazoén") with vulcanized tyres. Despite the short duration of the fieldwork, there was value in
repeating visits to acquaintances and requesting an interview after several meetings. Local people
interviewed in 2019 were recruited through a mixture of purposive sampling [Palinkas et al.,
2015], where knowledgeable individuals were approached for interview, and ‘snowball’ sampling
[Bryman, 2016], where initial interviewees would recruit further participants. Interview data
was supplemented by participant observation, a form of non-intrusive data collection involving

observing and participating in community activities [Bryman, 2016].

Characteristic
Sex Age
Male Female 18 -/ 30 -[40 -|50 - 60+
29 39 49 59
Count 14 21 5 6 10 8 6
Characteristic
Location
AL CL CcC LC LR LY MO PD PU SO
Count | 1 3 1 1 1 6 6 2 11 3

Table 3.4: Demographic data of local people who gave recorded interviews during 2019 study.
People under 18 years old were not invited to participate due to additional ethical approval
requirements. Initials for locations are same as for Figure 3.5. Note that number of participants
in this table (n = 35) does not match number of recorded interviews with locals (n = 32) because
three interviews contained two participants.
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