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Abstract

Persistently active volcanoes in close proximity to society can pose a huge danger to in-
frastructure, lives and the economy. Careful monitoring of volcanic seismicity is integral to
successful hazard assessment and risk management. Geophysical monitoring at active volca-
noes can provide rich datasets to examine internal systems. Specifically, seismic monitoring
offers the potential to develop real time analysis and forecasts. The generation of volcanic
seismicity has been linked to processes such as magma ascent, degassing and rock fracturing.
However, studies are often limited to individual volcanoes or specific episodes of unrest, and
so it is difficult to compare interpretations. This aim of this thesis is twofold: to develop
methodologies to better quantify and characterise volcanic seismicity, and to use these to
provide new understanding of volcanic systems, the hazards they might pose and how we
can better forecast and monitor unrest.

First, I present an extensive literature review of our current understanding of volcanic
seismicity. As there is no standardised procedure for the analysis of volcanic earthquakes,
there are inconsistent uses of techniques and ambiguous terminology. Existing studies also
tend to focus on a handful of well monitored volcanoes where dense arrays can be used to
calculate source mechanisms and depths to interpret seismic swarms. In order to address
this, I develop a thorough signal processing routine which generates a suite of metrics to
characterise a single earthquake event. These metrics can be used across a sequence of
earthquakes to track changes in the behaviour of seismicity, and distinguish different types
of earthquakes. It is developed with poorly monitored volcanoes in mind, as metrics can
be determined for signal from a single station, and even a single component instrument.

I use parameters in the time domain including amplitude, duration and cross correlation,



and compare three different approaches to calculate the quality (Q) factor, in the frequency
domain.

I then present two candidate volcanoes to apply the methodology and attempt to
describe the internal processes at each. Tungurahua and Cayambe are two relatively un-
derstudied volcanoes and yet they are potentially the most dangerous natural hazards in
Ecuador. Tungurahua’s most recent eruptive phase (1999-2016) was explosive and persis-
tent. In contrast, Cayambe volcano has not erupted in over 200 years and yet has been
seismically restless in recent years. This presents an opportunity to compare the seismicity
associated with ongoing, and reawakening volcanic processes.

In chapter 4, I characterise the seismicity at Tungurahua between 2012 and the final ex-
plosions in 2016. Seismicity at Tungurahua was dominated by long-period (LP) earthquakes,
particularly episodes of highly periodic, repeating LP seismicity, known as drumbeats. In
this chapter, I show that persistent drumbeats occur in phase with cyclical Vulcanian erup-
tions. These events are attributed to the initial failure and subsequent resealing of an upper
conduit plug. In each explosive episode, the signal metrics are able to distinguish a shift in
the signal properties of drumbeat LPs. In chapter 5, I focus specifically on accelerating rates
of drumbeat LPs, often considered precursors to eruptions. I use temporal statistics and a
Markov chain Monte Carlo (MCMC) approach to model three episodes of drumbeats. In one
significant episode, the last ever recorded drumbeats at Tungurahua, I show these events are
precursors to a ‘failed’” attempt at an explosion. In chapter 6 I then compare these findings at
Tungurahua, with the 2016 seismic crisis at Cayambe. Here I demonstrate the repeating LLP
seismicity is likely a result of shallow hydrothermal systems, rather than surficial ‘icequakes’
or magmatic ascent. However, swarms of volcano-tectonic events (VT5s) in 2016, are likely
attributed to stresses on regional faults and ascent of a new pulse of magma. Finally, I be-
gin to explore the complex volcano-tectonic interactions at both Tungurahua and Cayambe.
Where there are high rates of tectonic events globally, and high rates of eruptions, it is im-

portant to distinguish causality and coincidence. VT swarms at Cayambe occur two months



after the M,,7.8 Pedernales earthquake, 200km west. Using models of static stress change I
suggest the crust at Cayambe was subject to a dilational regime, prompting resumed activity
in 2016. However, the Pedernales earthquake occurs just two months after the final eruption
at Tungurahua and yet does not appear to promote or restrict further explosive activity.
This thesis presents case studies of two active volcanoes that are subject to limited
seismic monitoring. These methods are not computationally intensive and could be readily
adopted into routine volcano monitoring, to further inform hazard assessment. Although
Cayambe and Tungurahua are neighbouring volcanoes, comparable in their rheology, they
are very different in their current dynamic state, and this is evident in the seismicity. An
enhanced understanding of these systems should inform further assessment of seismicity at

intermediate-composition, arc volcanoes.
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Lay Summary

Restless volcanoes in close proximity to society can be very dangerous. At an active volcano,
we can use monitoring to understand how the eruption is unfolding and mitigate the risk
of a disaster. We might do so, by carefully sampling the gases that are emitted, measuring
the way the ground around the volcano deforms, or recording any earthquakes that are
generated. It is often argued that the earthquakes might be the biggest indicator to help us
understand and potentially forecast volcanic activity. We can use the earthquakes generated
in a volcano, before, during and after an eruption to understand what internal processes are
occurring. If a volcano is equipped with multiple seismometers, the same earthquake can be
recorded in several places. We can then calculate the depth the earthquake occurred at and
estimate what mechanism caused the earthquake. However, seismic monitoring is expensive
and a good network requires well coordinated installation and maintenance. Some of the
most dangerous volcanoes in lower and middle income countries are not densely monitored
and perhaps only have one or two working seismic stations. This data can still be meaningful
and used to inform hazard assessments. In this thesis I present a streamlined workflow to
analyse earthquake data from volcanoes which only have limited earthquake monitoring. By
unifying the analysis techniques, it will make it easier to compare the earthquakes from one
volcano to the next. This will help us to further understand some of the fundamental internal
processes that occur in an active volcano.

I focus specifically on two volcanoes in Ecuador: Tungurahua and Cayambe. Ecuador
has a national geophysical monitoring agency (IGEPN) who maintain instruments on both

volcanoes. However, at both Tungurahua and Cayambe there is only one station which
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is reliable and operational, so both systems are set to benefit from a new approach to
analyse earthquakes. Tungurahua volcano was continuously erupting between 1999 and
2016. Specifically I investigate episodes of unrest where the earthquakes occur at regular
repeating intervals. These are often referred to as ‘drumbeats’ because of their regular
rhythm. Drumbeats have been recorded and described before, although often as isolated
events and associated with a specific process unique to one volcano. Here, I identify seven
instances of drumbeats between 2012 and 2016 at Tungurahua, in the first study of its kind.
Using the new methodology, I am able to quantitatively describe the behaviour and the style
of these earthquakes. By using a long term study, I then relate the appearance of drumbeats
to a more generalised model, where a sealing plug of cooled rock at the top of the volcano
controls the internal pressure. This is important to understand as drumbeat earthquakes
may then, in turn, be indicative of an imminent eruption.

In contrast, Cayambe volcano has not erupted for over 200 years. In 2016, however,
there was a significant episode of unrest where over 50 times the number of daily earthquakes
were recorded for a prolonged period of several months. There was concern that an eruption
may be imminent. Unlike Tungurahua, there is not an extensive recent record of activity at
Cayambe so it is not clear what a ‘typical eruption’ might look like. Furthermore, there is
an added hazard at Cayambe, as the volcano is capped by a glacier, which in the event of
an eruption could melt and contribute to significant mud flows called lahars. Therefore it is
important to understand what the earthquakes mean and whether they might be indicative
of a probable eruption. In this thesis I establish that the earthquakes here are generated
by a different process to those at Tungurahua. Specifically, they indicate brittle failure and
rocks breaking. This is associated with the possible arrival of new magma in the system
at Cayambe. This is important to establish and it suggests that a rapid eruption could be
possible.

The volcanic earthquakes in 2016 at Cayambe also occurred just six weeks after a large

tectonic earthquake struck 200 km to the north west, near the town of Pedernales. This was



one of the largest earthquakes experienced in living memory in Ecuador. Here I use a model
to show that the Pedernales earthquake created a significant change to the state of stress in
the subsurface at Cayambe and suggest that this promoted the up-welling of new magma.
At the same time there appears to be no triggered activity at Tungurahua in response to the
Pedernales earthquake. This relationship between earthquakes and volcanoes is complicated
and sensitive but could be crucial to inform future modelling efforts.

By taking a detailed analysis of the earthquakes at these two systems we are in a
better position to understand the internal processes that cause eruptions. The findings in
this research will assist monitoring teams in Ecuador and inform hazard assessment in the
case of future unrest. They also help us to understand the eruption processes at similar
comparable volcanoes around the world, which also may be subject to limited monitoring

and research.
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1 Introduction

1.1 Motivation and significance

It is estimated that 500 million people are living in areas affected by volcanic activity (Baxter
& Horwell, 2015). It is therefore important that we understand the nature of unrest at active
volcanoes, in order to provide timely, useful and accurate information about eruptions for
these communities. Whilst deformation studies can resolve movement to a scale of millime-
tres (Biggs & Pritchard, 2017), and gas monitoring can give greater geochemical insights
(Edmonds, 2008) - it is seismicity that offers us the greatest potential to develop real time
analysis and forecasts (Poland & Anderson, 2020). There are 565 volcanoes on Earth that
scientists have recorded eruptions at and more than half of these were accompanied by height-
ened precursory seismicity in or surrounding the volcano (McNutt & Roman, 2015). Despite
this, only around 200 volcanoes worldwide are equipped for seismic monitoring (Loughlin et
al., 2015). Those that are best monitored tend to be a co-ordinated effort, in countries with
well funded and established monitoring agencies. A 2012 study identified nearly 90% of 441
volcanoes across 16 developing countries, were poorly monitored or completely unmonitored
and 15% of these posed significant risk to large populations (Sparks et al., 2012). The study
also cites that unlike global passive seismic data which is well organised and freely available,
volcano seismic data is rarely shared between different, independent agencies. This means
that despite these monitored volcanoes covering a wide range of geographical and tectonic

settings, magmatic compositions and eruption styles, we are still without a comprehensive
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database of global volcano-seismic records.

Beyond inconsistencies in monitoring, there is often ambiguity in the terminology
associated with volcanic seismicity. The formal study of volcanic earthquakes began with
Omori in Japan, over 100 years ago (Omori, 1911), and since, the variety of observations
worldwide has lead to inconsistent and conflicting vocabulary and models (Chouet & Ma-
toza, 2013). Qualitative descriptions of earthquake signal properties have broadly classed
earthquakes into distinct categories, however, the more detailed phenomenology and asso-
ciated source process of volcanic earthquakes is typically poorly understood (Zobin, 2012).
This is particularly problematic at poorly monitored volcanoes where there is limited access
to data. Where some quantitative methods do exist, again, there is again ambiguity and
conflict in the methods used. For example, the metric ‘Q factor’ is often used to describe the
spectral properties of a signal, but in the literature, there are at least three different methods
described in the application to volcanic earthquakes (Cusano et al., 2008; Del Pezzo et al.,
2013; Kumazawa et al., 1990). In turn, this also causes disparities in the literature and means
that comparing seismicity from one volcano to the next can be particularly challenging. In
order to combat any uncertainty in both the terminology and the approach to analysis, there
is a clear need for a single unified approach to quantify the characteristics and behaviour of
volcanic seismicity.

There is also a limited understanding as to how seismicity varies with different eruption
processes. Often the most well-monitored volcanoes are also the ones which have had recent
or ongoing eruptions and subsequently, many specific volcanic-seismicity studies relate to
only the shallowest eruption processes. Specific source mechanisms such as the extrusion
of dacitic magma spines (Iverson, 2008) or repeated growth and collapse of lava domes
(Gottschdmmer et al., 2021) have been associated with particular patterns of seismicity.
However, there are very few long term studies, or generalised models that are be applicable
to many volcanoes. Again, this makes it difficult to compare one volcanic seismicity study

to another. There is of course, a danger of over-simplifying the way we study and interpret



Introduction

volcanic seismicity. Nonetheless, to further our understanding of the driving source processes,
and to inform future hazard assessment, there is a need for a more unified approach to

quantitatively examine volcanic-seismicity.

1.2 Study area

Ecuador is home to over 50 active volcanoes in the Northern Andean Volcanic Zone (NAVZ)
which extends over 600 km down the central spine of the country (fig 1.1). This presents
an opportunity to study continental arc volcanoes which although are in close proximity to
one another and typically of intermediate composition, have very different eruption styles
and histories. Some volcanoes have been recently active and have presented themselves as
significant hazards to local communities. For instance, in this most recent eruptive phase
at Tungurahua volcano, the seismicity was remarkably uniform and over 97% of catalogued
earthquakes between 1999 and 2016 were identified as long-period (LP) earthquakes. Specif-
ically, there have been a number of episodes of the poorly understood phenomenon, known
as drumbeat seismicity (Bell et al., 2017; Molina et al., 2004), where earthquakes occur with
a consistent repeating inter-event time. Drumbeat seismicity has been observed at simi-
lar, persistently active, intermediate-composition volcanoes (Green et al., 2006; Petersen,
2007; Varley et al., 2010a), however, there is little agreement on how these should be be
characterised or the source mechanism that generates them.

In contrast, there are other volcanoes in Ecuador that are known to be a potential
hazard, and whilst they have not erupted in tens or hundreds of years, they are now showing
signs of unrest. For instance, in 2016 there was an uncharacteristic seismic swarm at Cayambe
volcano, after more than 200 years of quiescence. Daily earthquake rates increase by 10—
100 times those seen previously and prompted discussions locally about a possible imminent
eruption. Unlike the seismicity seen at Tungurahua, however, the earthquakes in this swarm

were mostly described as volcano-tectonic (VT) and therefore thought to be from a different
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(7) Reventador (14) Chimborazo (16) Sangay (18) Alcedo (20) Cerro Azul

Figure 1.1 Volcanoes in Ecuador that are monitored by Instituto Geofisico de la
Escuela Politécnica Nacional (IGEPN). Monitoring archives and current activity
status of volcanoes can be found https://www.igepn.edu.ec/red-de-observatorios-
vulcanologicos-rovig.

type of source process.

There is a national agency coordinating geophysical monitoring in Ecuador, Instituto
Geofisico Escuela Politécnica Nacional (IGEPN), however, their capacity for research is
limited by funding. In turn, there are a handful of volcanoes, including Tungurahua and
Cayambe, which would benefit from a thorough investigation into seismic unrest, with the
limited data available. Particularly as both of these volcanoes are now quiet, a detailed

retrospective analysis of the seismicity would inform decisions in hazard assessment in a

future unrest.
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Furthermore, Ecuador is also subject to frequent tectonic seismicity from the subduc-
tion of the Nazca plate to the west. This adds another layer of complexity to the dynamics
of the volcanic systems throughout the country. It is also an exciting opportunity to examine
the delicate relationship between volcanic and tectonic processes and the susceptibility for

one dynamic system to influence or trigger another (Hill et al., 2002b).

1.3 Proposal

In this thesis, I propose a new streamlined methodology for the analysis of volcanic seismicity.
The method is designed specifically for use in poorly monitored volcanic settings, with limited
data. I use synthetic waveforms and a sample of real earthquake events from Ecuador
to develop the methodology. It is readily adaptable and could be used to examine any
earthquake catalogue, where single station and single component waveform data are available.
I then test the effectiveness of the methodology and examine seismicity at Tungurahua and
Cayambe. By comparing these two volcanoes, this presents an opportunity to examine
seismicity at neighbouring volcanoes, which although have similar geology and composition,
also have very different eruption histories. Tungurahua was persistently active between
1999 and 2016, demonstrating Strombolian to sub-Plinian eruption styles, whereas Cayambe
has been dormant for over 200 years. The seismic swarm recorded in 2016 caused alarm
for the monitoring agency in Ecuador and prompted discussions of an imminent eruption
(El Comercio, 2016). By quantitatively rather than qualitatively comparing the earthquake
signals from both Tungurahua and Cayambe, [ am able to compare the seismicity and further
understand how it relates to fundamental internal processes at each volcano. I then also
use any additional geophysical monitoring data including deformation and gas flux to infer
source models at both Tungurahua and Cayambe. By studying two such contrasting systems,
I demonstrate the flexibility of the methodology and begin to decipher the differences in the

source mechanisms associated with persistent and emergent seismicity.
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At Tungurahua, where the seismicity is dominated by LP earthquakes, I specifically
investigate episodes of periodic drumbeat LPs. I use my new methodology to conduct a
long term examination of drumbeats. To my knowledge, this is the first long term study of
it’s kind. Rather than considering the seismicity as an isolated phenomena, I attempt to
relate the periodic seismicity to a more generalised model that could be adapted for prolonged
unrest at intermediate-composition volcanoes globally. At Cayambe, I demonstrate the value
of the methodology and distinguish different seismic source processes, where accurate depths
and focal mechanisms cannot be determined. I then consider both systems in relation to large
tectonic earthquakes, specifically examining the impact of the M,,7.8 Pedernales earthquake

which occurred just 200 km to the north west of the NAVZ.

1.4 Thesis outline

The thesis is constructed as follows:

e In chapter 2, I present a literature review structured in two parts. First, on the current
state of knowledge of volcanic seismicity and shallow conduit dynamics, and then on
two case study volcanoes examined in this thesis, Tungurahua and Cayambe volcanoes
in Ecuador. At the end of chapter 2 I explicitly state my research questions to be

addressed in the succeeding chapters.

e Chapter 3 is a methodology for volcano-seismic event analysis. This is also split broadly
into two sections: a signal processing routine for individual earthquake waveforms, and

broad catalogue statistics for interpreting long episodes of unrest.

e In chapter 4, I present the first long term analysis of persistent seismicity at Tungurahua
from 2012 - 2016. I identify seven key episodes of periodic LP seismicity and apply
the methodology from chapter 3 to interpret each sequence. I then use additional

geophysical monitoring data to speculate on the source mechanism and suggest the
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state of the shallow conduit in each instance.

e In chapter 5, I introduce Bayesian statistics to understand the significance of temporal
rates and patterns in LP seismicity at Tungurahua. This is with particular focus on
one episode of accelerating rates of LP seismicity up to what I propose is a ‘failed’

explosion at Tungurahua.

e To contrast the LP and drumbeat seismicity that dominates at Tungurahua, chapter
6 then explores the 2016 seismic swarm that marked the reawakening of Cayambe vol-
cano. [ distinguish subsets of seismicity from the 12 month catalogue including LPs
relating to a shallow hydrothermal system, and distal VTs. I also propose a mecha-
nism for triggering the reactivation at Cayambe as a result of the M, 7.8 Pedernales

earthquake.

e Chapter 7 is the discussion chapter for the thesis. Here I evaluate the results from
chapters 3-6 in relation to the research aims and questions laid out in chapter 2. I
also consider the broader implications of the findings from this thesis and how these
might contribute to our understanding of volcanic processes at analogous intermediate-

composition arc volcanoes around the world.
e In chapter 8 I summarise and conclude the thesis.

Two chapters in this thesis have been published. They are included here with a preface and
post-script to contextualise the research within the thesis. The details of the publications

are as follows:

e Butcher, S., Bell, A.F., Hernandez, S., Calder, E., Ruiz, M. and Mothes, P., 2020.
Drumbeat LP “aftershocks” to a failed explosive eruption at Tungurahua Volcano,

Ecuador. Geophysical Research Letters, 47(16), p.e2020GL088301.
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e Butcher, S., Bell, A.F., Hernandez, S. and Ruiz, M., 2021. Evolution of seismicity
during a stalled episode of reawakening at Cayambe Volcano, Ecuador. Frontiers in

Earth Science, 9, p.464.



2 Literature Review

This chapter examines the current state of volcanic seismicity research and how it
relates to internal processes. I have outlined the current understanding of volcano-seismic
event types and classification efforts. I also present some of the models suggested as source
processes of seismicity, and some examples from volcanoes around the world where these
have been proposed. Further to these general models, I have examined the current under-
standing of the phenomenon known as drumbeat seismicity and published episodes from the
literature. The research presented in chapters 4 — A has largely been in collaboration with
the national geohazards monitoring agency in Ecuador, Instituto Geofisico de la Escuela
Politécnica Nacional (IGEPN). In particular, the focus of my reasearch is at Tungurahua
and Cayambe volcanoes, Ecuador, which I have introduced here in detail. From the review,
I have identified the key gaps in our current understanding, why they are important, and

how I plan to address them.

2.1 Volcanic monitoring and forecasting

Routine geophysical, geochemical and surface monitoring is key to forecasting eruptions
and issuing early warnings. Volcano observatories operate on a range of scales, from small
groups dedicated to a single volcano to national agencies. As well as more permanent, long
term instrumentation, temporary networks may be deployed by visiting researchers during

periods of interest to capture high resolution data. Seismic recording is core to the monitoring
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efforts of any volcano observatory (Loughlin et al., 2015; McNutt & Roman, 2015). In the
best resourced monitoring efforts, seismic data can be telemetered and therefore interpreted
in real time. Often recording between 50 and 100 samples per second, they also provide
very rich datasets even in short periods of monitoring. Unlike remote methods, the quality
of data obtained is dictated by seismometer coverage. Extreme terrain and altitude can
make installation almost impossible in certain locations. Climatic factors including rainy
seasons, and even ash fall can inhibit solar power and battery function, and so data outages
are routine in many networks. However, as it stands, seismic monitoring at volcanoes still
likely offers the best possible opportunity for short term forecasting eruptions (Poland &
Anderson, 2020). In order to try and distinguish and interpret possible source mechanisms,
earthquake signals can be divided into subsets according to their properties. This is detailed
further in section 2.2. Earthquakes occurring in the very shallowest part of the volcano may
be indicative of fluid movement, such as magma or gas. They may also suggest a small
perturbation in the local stress field, or slip on a plane of weakness. Even surface processes
such as rockfalls and lahars have distinct signatures in seismic records (Zobin, 2012). A
full summary of volcano seismicity source models is included in section 2.2.2. By recording
earthquakes on multiple stations, the source location of the earthquake can be determined
(Chouet et al., 2010; Fremont & Malone, 1987; Lehr et al., 2019). By using series of these
earthquakes, the locations can be traced sequentially to assess whether there is a singular
moving source or if there are multiple mechanisms at play (Woods et al., 2018). A sound
and robust method to analyse and interpret sequences of seismicity is key to understanding
the internal processes and inform hazard assessments.

Infrasound data, captured during explosions at volcanoes, is processed in a similar way
to seismic waveform data. Acoustic records, however, are indicative of very shallow crater
and conduit processes, unlike seismic sources which may originate several kilometres below
the surface (Johnson & Ripepe, 2011). Infrasound signals can be used to quantify the energy

associated with explosions, reported in joules. These signals can also be used in conjunction

10
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with numerical models of conduits and craters, as a remote monitoring tool (Johnson et
al., 2018). For example, fluctuating heights of the lava-lake in Villarica, Chile, have been
modelled using infrasonic signals (Richardson et al., 2014). Remote techniques are not only
cost-effective but keep monitoring teams safe and can limit the need for dangerous fieldwork.
Volcanic deformation can be monitored with tiltmeters installed on the flanks of the volcano,
by calculating small shifts from a network of GPS stations or over a much wider field using
interferometric synthetic-aperture radar (InSAR). Tiltmeter and GPS networks in the field
offer opportunities to study very localised flank instabilities or map the stress and strain
associated with magmatic processes. Whilst InSAR allows monitoring for the most remote
and inaccessible volcanoes. Biggs and Pritchard (2017) cite a five fold increase in reported
volcano deformation between 1997 and 2017, with thanks to the rise of InSAR studies.
Whilst such extensive deformation studies have flourished in the literature, their variety have
illustrated that simple volcano deformation cycles of co-eruptive deflation and inter-eruptive
inflation are simply not adequate to describe many systems (Biggs & Pritchard, 2017).
InSAR can also be used to quantify external volcanic changes, such as lava flow volumes
(Wadge, 2004). This has been done at Reventador, Ecuador and Tolbachik, Kamchatka,
and just as with other remote techniques, this avoids the need for potentially dangerous
in-person fieldwork, and allows monitoring in the most remote and inaccessible locations.
Volcanoes also emit gases both during and between 