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Abstract

Ground deformation at volcanic centres is complex, and primarily occurs as a response to
volume changes in the underlying magmatic system, providing insight into the dynamics
of magma migration and storage. Syn-eruptive displacements are well studied due
to their high-magnitude, and inform us about the depth and geometry of the source
that fed the eruption, the location of any eruptive fissures, as well as the location and
geometry of any conduits between the source and the surface, such as a dike. However,
volcanic ground displacements during periods of eruptive quiescence are arguably more
informative, given their use in eruption forecasting (e.g. an uptick in uplift prior to an

eruption), and in evaluating changes in magma supply.

Here, I use satellite Interferometric Synthetic Aperture Radar to investigate long-
term displacements at established magmatic reservoirs, with particular focus on vol-
canoes of the Western Galapagos. I synthesise observations of displacement from the
complete geodetic record, and make new observations from 2015-2022, using Sentinel-1
data. I consider these observations in context of the eruptive and petrological record
for each volcano to propose a new, unrest-based classification for Western Galapagos
volcanism. I then analyse the Sentinel-1 time series in detail, and show that volca-
noes here routinely undergo correlated deformation with one another. I propose that
there is a regional, bottom-up, magmatic control on this behaviour. Finally, I consider
long-term observations of volcanic subsidence, using examples from the Galapagos and
around the world, to investigate the role of crystallisation on magmatic volume loss and

deformation.

Through these three studies, I showcase the complex interactions between magmatic
processes, and volcanic surface deformation. By making novel observations of volcanic
ground displacement at multiple volcanoes, I provide new insight into the workings of
volcanic systems, and demonstrate the utility of InNSAR when considered alongside other

petrological and geophysical techniques.
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Chapter 1

Introduction

The measurement of volcanic deformation is key when monitoring volcanic unrest, pro-
viding insight into the dynamics of the magmatic system. Deformation at volcanic
systems varies both in the magnitude and timescales across which it occurs. The mech-
anisms that cause this deformation are similarly varied: displacement may occur due to
surficial processes such as slip along volcanic fault systems (e.g. Sierra Negra (Jonsson
et al., 2005)) or by the cooling of volcanic deposits (e.g. Timanfaya (Purcell et al.,
2022)). Volcanoes also show a deformation response to sub-volcanic processes such as
hydrothermal depressurisation (e.g. Aluto (Hutchison et al., 2016)), the cooling and
crystallisation of magma in shallow reservoirs (e.g. Alcedo (Hooper et al., 2007)), as
well as by magma migration through the magmatic system (e.g. Cerro Azul (Guo et
al., 2019)). Monitoring ground displacement signals plays an important role in eruption
forecasting (Gregg et al., 2022), in analysing the conditions that caused an eruption
(Galetto et al., 2020), and in understanding volcanic behaviour during periods of erup-
tive quiescence (Biggs et al., 2009). When considered as part of a multi-parametric
approach (Goitom et al., 2015), volcanic deformation monitoring plays a critical role in

understanding and reconstructing the structure of a sub-volcanic system.

Rather than being stored in large sub-volcanic bodies, magma is now believed to
be distributed vertically throughout the crust, in an extensive Trans-Crustal Magmatic
system (TCMS) (Cashman et al., 2017). Evidence of such vertically extensive magmatic
systems can be seen in the Western Galapagos, where “stacked” reservoirs have been
observed at each of Fernandina (1 km and 5 km (Bagnardi and Amelung, 2012)), Wolf
(1 km and 5 km (Xu et al., 2016)), and Sierra Negra (2 km and 8 km (Bell et al.,
2021b)). In the TCMS model, discrete magmatic sills (comprising a mixture of liquid
melt, solid crystals, and fluid volatiles), are interspersed between magmatic mush, which
develops as the volcano matures (Cashman et al., 2017; Harpp and Geist, 2018). While

petrological and seismic techniques can inform about magmatic processes throughout
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the TCMS, ground displacements are sensitive to volume changes within the upper
10 km of the lithosphere (Ebmeier et al., 2018; Bagnardi and Amelung, 2012; Biggs
et al., 2009; Parker et al., 2016). As such, volume change of the shallowest reservoir of
the entire trans-crustal magmatic system dominates the observed ground displacement
signals. Deciphering these signals allows us to understand the underlying magmatic

processes driving reservoir volume change.

In this thesis, I use Interferometric Synthetic Aperture Radar (InSAR) data to un-
derstand the magmatic processes that cause sub-volcanic reservoirs to produce measur-
able displacement, and how these processes vary with time. I first explore the magmatic
causes of surface displacement in the Western Galapagos, and how they have varied with
time since the beginning of InSAR studies there in 1992. I then show that shallow mag-
matic reservoirs there have consistently deformed due to periodic influxes of magma,
causing related displacements at multiple volcanoes simultaneously. Finally, I investi-
gate the timescales over which the cooling and crystallisation of a stalled magma may
produce measurable ground surface deformation, while leveraging global datasets. In
this chapter, I will introduce the key concepts that I refer to throughout the rest of this
thesis. T will firstly discuss InSAR, and how it can be leveraged to monitor volcanic
deformation. I then detail how specific magmatic processes within a reservoir produce
measurable ground surface displacement. Finally, I will provide an overview of the

structure of this thesis, as well as my primary aims and objectives.

1.1 Introduction to InSAR

InSAR is a remote sensing tool used to measure millimetre- to centimetre-scale ground
surface displacements at metre scale spatial resolution, over areas of hundreds of kilo-
metres (Biirgmann et al., 2000). Principal applications of InSAR include monitoring
volcanic eruptions (Wolf, 2015 (Xu et al., 2016)), the earthquake cycle (e.g. interseis-
mic strain accumulation (Watson et al., 2022) and coseicmic ground motion (Xu et al.,
2020)), mass movement and landslides (Guangling, 2010 (Kang et al., 2017)), as well
as anthropogenic processes such as geothermal extraction (Taupo Volcanic Zone, e.g.
Hamling et al. (2015)). Though the manufacture, launch and maintenance costs of
a satellite-based InSAR platform are undoubtedly higher than ground-based geodetic
methods (e.g. seismometers, tiltmeters), it has several distinguishing advantages that
have made it an essential technique in modern Earth systems monitoring. Given that
it is generally a space-based technique, it facilitates the monitoring of locations that
would be otherwise inaccessible, or irregularly monitored by ground-based platforms
(e.g. Wolf (Stock et al., 2018)). It provides worldwide, frequent (varying with satel-
lite repeat time (Table 1.1)) monitoring once launched, allowing for sustained Earth
observation. InSAR facilitates monitoring across large areas (e.g. an entire volcanic

edifice), and can capture processes that in-situ monitoring stations may miss (such as
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Mission Duration Wavelength | Pixel Reso- | Repeat Time
(cm) lution (m)® | (days)
ALOS-1 2006—2011 23.5 10-100 46
ALOS-2 2014—Present 23.5 3-60 14
COSMO- 2007-Present | 3.1 1-30 16°
SkyMed
ENVISAT 2002-2012 5.6 30-150 35
ERS-1 1991-2000 5.6 26x6 35
ERS-2 1995-2011 5.6 26x6 35
JERS-1 1992-1998 23.5 18x6 44
RADARSAT-1 | 1995-2013 5.6 5x8-100 24
RADARSAT-2 | 2008—Present 5.6 5x8-100 24
Sentinel-1a 2014—Present 5.6 5—25x100 12¢
Sentinel-1b 2016-2021 5.6 5-25x100 12¢
TerraSAR-X 2008—Present 3.1 0.25-40 11
TanDEM-X 2010—Present 3.1 0.25—40 11
ICEYE 2018—Present 3.1 > 0.5 <1

¢ Minimum and maximum pixel resolutions may vary with scan mode
b > One day if in constellation with partner satellites
¢ Six days if in constellation with partner satellite

Table 1.1: Key parameters for satellite-based SAR platforms.

the off-caldera lateral sill propagation during the 2018 eruption of Sierra Negra (Bell
et al., 2021b; Davis et al., 2021)). In the field of volcanology, these factors have made
InSAR a powerful geodetic tool for monitoring eruptions and unrest. It is widely used
for measuring ongoing ground deformation, as well to retrospectively study displace-
ment during volcanic eruptions, particularly in locations where ground-based systems
are absent (e.g. Nabro (Goitom et al., 2015)). It is also well suited to study low-
magnitude unrest at volcanoes that are in a period of extended eruptive quiescence, as
it facilitates monitoring at non-active volcanoes that are otherwise poorly studied (e.g.
Darwin (Amelung et al., 2000)).

Here, I use InSAR to study surface displacements at volcanic systems. InSAR has
been widely applied to volcanoes, and has captured phenomena such as long-term sub-
sidence due to the cooling of magma (Hooper et al., 2007), and lava flows (Purcell et al.,
2022), pre-eruptive inflation (Chadwick et al., 2006), syn- and post-eruptive deforma-
tion (Galetto et al., 2023), as well as non-eruptive unrest, and lateral sill propagation
(Guo et al., 2019; Bagnardi and Amelung, 2012). I discuss these phenomena, and the
Galapagos events in detail in Chapters 2—4. Though I primarily utilise Sentinel-1 data,
I make reference to multiple satellite missions throughout this thesis. The names, dates

and other key information about these satellites is provided in Table 1.1, for reference.

The signature component of INSAR studies is the interferogram, a radar image that
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presents line-of-sight displacement in terms of phase change, as a series of fringes. Inter-
ferograms are constructed by combining two Synthetic Aperture Radar (SAR) images,
acquired by the satellite platform, at different temporal intervals. In the following para-
graphs, I will provide an overview of SAR, how it is are used to produce an interferogram,

as well as the use and limitations of InSAR in a volcanic context.

1.1.1 Synthetic Aperture Radar

Synthetic Aperture Radar is a transmit-and-receive remote sensing technique, that uses
the amplitude and round-trip travel times of a transmitted microwave to generate a
two-dimensional image of an area, in the radar line-of-sight (Biirgmann et al., 2000).
The key advantage of using wavelengths in the microwave domain (e.g. X band, C band,
and L band, have wavelengths of 3 cm, 6 cm, and 24 cm respectively (Massonnet and
Feigl, 1998)) is their functionality in all weather conditions, at any time of day. SAR
can reliably image at night, through optically obscuring media such as clouds and fog
(Massonnet and Feigl, 1998).

SAR platforms orbit the Earth in either descending (north to south), or ascending
(south to north) directions. SAR satellites look to the side, at angles of between 10°—
60°. This allows an area of between 50—-150 km to be illuminated in the range direction
(cross-track), and of 5-15 km in the azimuth (along-track) direction (Lu and Dzurisin,
2014). The side looking geometry facilitates imaging of a ground target by illuminating
areas in one track direction that may be in radar shadow (an imaged area where no
information is recorded (Dualeh et al., 2023)) in the other. SAR platforms image by
transmitting successive pulses in a cross-track direction, as the satellite moves along its
track. The location of the imaging target (e.g. that which reflected the radar wave) is
determined in two steps, using the reflected echos. First, radar echos are sorted by their
round trip flight time, to define a circle of equidistance, from the satellite to the ground
surface (Massonnet and Feigl, 1998). The Doppler frequency shift of the echos, caused
as the satellite moves along track, creates hyperbolas of equidoppler from the satellite
to the ground. The target location is determined by the overlap of the equidistant
circle, and the equidoppler hyperbolas (Massonnet and Feigl, 1998). This technique
allows for a dramatic increase in the resolution with which a target can be imaged,
by artificially creating a larger radar receiver (e.g. the “Synthetic” part of Synthetic
Aperture Radar). A space-based real-aperture radar system would have a ground pixel
resolution of between 5-10 km (Biirgmann et al., 2000), while InSAR platforms have
metre to sub-metre scale resolution (e.g. Sentinel-1 and TerraSAR-X (Table 1.1)). The
ground pixel resolution (AR) in the range direction is given by Equation 1.1, where ¢
is the speed of light, 7 is the radar pulse duration, and @ is the incidence angle, though
this may be modified by radar compression techniques, to increase signal amplitude,

and the returned signal-to-noise ratio.
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Resolution in the azimuth direction (AA) is governed by Equation 1.2, where R,
is the slant range (distance from antenna to target), A is the radar wavelength, and L,

is the antenna length.

Y
AA= Ryt (1.2)

a

1.1.2 Interferometric Synthetic Aperture Radar

A focused SAR image can be thought of as a two dimensional matrix of complex num-
bers, where each index refers to an imaged target on the Earth’s surface (a Single-Look
Complex (SLC) image). The complex numbers record the constituent components of
a radar echo: amplitude and phase. Echo amplitude describes the reflectivity of the
target, or its ability to return the radar wave to the receiver (Massonnet and Feigl,
1998). It varies with surface roughness, local gradient, and the dielectric properties of
the target (Dualeh et al., 2023). For example, a calm lake, with flat surface will act as
a perfect reflector (Massonnet and Feigl, 1998), while a choppy lake will scatter some
radar energy away from the satellite, thereby decreasing the returned amplitude (Mas-
sonnet and Feigl, 1998). Echo phase is a measure of the round-trip path length between
the satellite and the target (Massonnet and Feigl, 1998; Lu and Dzurisin, 2014), and
is the component that is primarily used in measuring volcanic deformation. By dif-
ferencing the phase information of two SAR images, we produce an interferogram. An
interferogram can be considered as a two dimensional matrix, where each index refers to
the phase range change between corresponding indices in individual SAR images. The
interferogram line-of-sight phase change (A¢ros), records range changes in the ground
surface (e.g. surface deformation (A¢p.y)), but also contains nuisance terms, that must

be removed to accurately measure surface deformation.

Apros = A¢pef + Adory + Adropo + A Atm + APNoise (1.3)

Here (Equation 1.3), Agoyp refers to the error introduced by differences in satellite
orbits. The contribution of this term between SAR orbits is minimised during inter-
ferogram processing, by assuming the satellite is viewing a smooth ellipsoid, though
residual errors may persist. A¢@rgp, refers to topographic fringes, that are produced
by a stereoscopic effect, due to differences in the radar view angle (Massonnet and
Feigl, 1998). This term is minimised with the use of DEM, though the difference be-
tween the DEM and true topography may result in residual errors. A@neise refers to

noise that is introduced and unaccounted for in the final interferogram (e.g. thermal
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noise). Finally, the A¢ay, term refers to the phase shift that occurs as the radar
wave passes through media with different refractive properties on different acquisition
dates (e.g via Snells Law). While tropospheric temperature and pressure changes af-
fect radar refractivity, variations in water vapour content during SAR acquisitions have
the greatest effect (Hanssen, 2001). These variations are either from turbulent sources
(causing spatially correlated refractivity heterogeneity across the entire interferogram),
or from vertical stratification (causing phase refractivity changes that correlate with
topography) (Hanssen, 2001). Therefore, tropospheric water vapour changes are par-
ticular issue at volcanic settings (Ebmeier et al., 2013), as they may cause apparent
deformation signals (Albino et al., 2019). A4y, may be minimised using atmospheric
correction techniques: phase-elevation correlation, and global weather models. Phase-
elevation correction techniques use empirical models of phase with topography to correct
for stratified water vapour, though are not useful for turbulent water vapour (Ebmeier
et al., 2013; Purcell et al., 2022). Global weather models (e.g. Generic Atmospheric
Correction Online Service (GACOS) (Yu et al., 2018b)) use high resolution data from
global weather models (e.g. from the European Centre for Medium Range Weather
Forecasts (ECMWF)) to produce maps of zenith phase delay that allow for phase de-
lay correction specific to the target area and acquisition time. The appropriate use of
either correction technique varies by dataset: Albino et al. (2019) find that GACOS
corrections perform better than a phase-elevation correlation model at Agung, Indone-
sia, while Purcell et al. (2022) find a linear phase-elevation correction performed better
than GACOS at Lanzarote, Spain. Once these nuisance terms have been minimised, we
can study the contribution of the deformation term A¢p,r, which must exceed noise in
order to be detected.

In an interferogram A¢rog is wrapped, meaning that the phase value for a given
pixel is cyclical, between 0—27. This wrapping is what gives interferograms their char-
acteristic fringes, where each fringe represents a full cycle between 0-2m, equal to half
the radar wavelength (Lu and Dzurisin, 2014). The ambiguity in phase difference across
an interferogram is resolved during unwrapping, when the 27 modulo is expressed as
absolute phase change values. Equation 1.4 describes the relationship between LOS
phase (A¢ros) and LOS displacement (AH), where X is the satellite wavelength (e.g.
5.6 cm for Sentinel-1 (Table 1.1)).

ArAH
A

Adros = — (1.4)
Once this wrapped or unwrapped interferogram is produced, there are several more
factors that must be considered before deformation at a volcano can be analysed. InSAR

coherence represents the similarity between the constituent SAR images that compose
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an interferogram, and is a measure of interferometric correlation (y) — the change in
radar backscatter characteristics between satellite acquisitions. Fully correlated pixels
(those that are stable across SAR acquisitions), will have v = 1, whereas pixels with
independent backscatter properties will have v = 0, at which point they are decorre-
lated. The three primary causes of interferometric decorrelation are thermal, geometric,
and temporal (Biirgmann et al., 2000). Thermal decorrelation due to noise in radar in-
struments (Hanssen, 2001). Geometric decorrelation occurs when change across an
interferometric pixel is greater than 2w. This occurs due to topographic slope, sig-
nificant ground surface deformation, or from large satellite baselines (Biirgmann et
al., 2000). Temporal decorrelation is due to environmental conditions causing changes
in backscatter properties between acquisitions. When studying volcanoes, both geo-
metric and temporal decorrelation commonly inhibit accurate InSAR measurements.
Between satellite acquisitions, radar backscatter may be significantly altered by vege-
tation growth, tephra deposition, or lava flow emplacement (Dualeh et al., 2023). The
deposition of eruptive products may change the backscatter properties of the target
(temporal), while co-eruptive deformation may cause geometric decorrelation during an
eruption, when InSAR observation is desirable. Strategies to reduce temporal decorre-
lation include small baseline subset analysis techniques (e.g. Berardino et al. (2002)),

utilising interferograms with short temporal baselines.

1.1.3 Deformation Time Series and Modelling
Time Series Analysis

Though individual interferograms spanning volcanic unrest periods (e.g. an eruption)
are often informative, to understand long-term volcanic behaviour it is necessary to
produce time-series of cumulative displacement. Persistent Scatterer (PS) (Hooper et
al., 2007), and Small Baseline (Berardino et al., 2002) techniques are popular methods
of constructing these time series. Small Baseline InSAR uses interferograms with small
baselines (e.g. little orbital separation between satellite tracks), that overlap in time in
order to minimise decorrelation (Berardino et al., 2002). These temporally overlapping
interferograms are “linked” through the application of singular value decomposition to
estimate the mean displacement rate at individual acquisition dates. This technique has
been successfully applied at numerous volcanoes (Lu and Dzurisin, 2014), and further
refined by subsequent studies (e.g. temporal constraint used by NSBAS (Lopez-Quiroz
et al., 2009)). This approach reduces noise when the interferogram network may be
disconnected, due to missing acquisitions or phase decorrelation. Morishita et al. (2020)
present a software package (LICSBAS) with improved time series analysis by identifying

low quality interferograms (those with many unwrapping errors).

This python based package leverages interferograms that have been automatically

produced by the LiCSAR interferometric processor (Lazecky et al., 2020), to construct
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time series of displacement. LiICSAR automatically produces interferograms of defined
frames, corresponding to areas of 250 by 250 km (Lazecky et al., 2020), using Sentinel-1
SAR data. Each acquisition is co-registered to a primary image, and then used to con-
struct interferograms using three succeeding, and three preceding acquisitions (Lazecky
et al., 2020). These interferograms are multilooked to 46 by 56 m pixel spacing before
being unwrapped. Finally, the wrapped, unwrapped, and coherence images are geocoded
(pixel spacing of approximately 100 m), and converted to GeoTIFF files. These final
files are available to download on the COMET-LiCS Sentinel-1 InSAR portal (Lazecky
et al., 2020). Once processed, the interferograms can be used in time series analy-
sis software, such as LICSBAS (Morishita et al., 2020). In LiCSBAS interferograms
are first prepared for analysis in the following steps. First, the processed GeoTIFFs,
and relevant metadata are downloaded. These files are then converted to single pre-
cision floating-point format, and can be further downsampled if full resolution is not
required. Tropospheric noise can then corrected using GACOS data (Yu et al., 2018b)
(Section 1.1.2), which can be optionally downloaded alongside the LiCSAR interfero-
grams (Lazecky et al., 2020; Morishita et al., 2020). Optionally, these interferograms
can be masked, either spatially, or using a coherence threshold, as well as clipped to
the area of interest (e.g. a volcanic edifice). In the time series analysis steps, an initial
quality check is performed to identify incomplete interferograms (e.g. missing bursts),
and remove those with low coverage (Morishita et al., 2020). The dataset is then further

refined using loop closure (Equation 1.5).

D193 = P12 + P23 — P13 (1.5)

Here, the loop phase (®i23), calculated by Equation 1.5, is the difference between
the phase values for an interferogram (¢i3), and the sum of the phase values of two
interferograms (¢12 and ¢93) spanning the same period. Bad interferograms (e.g. those
with many unwrapping errors) are identified by calculating the root mean square of
the loop phase. If there are no errors, this value should be close to zero. However,
if this value exceeds a threshold (in radians), it probably contains errors, and is not
included in the time series inversion (Morishita et al., 2020). This inversion uses a
similar approach to NSBAS, and records gaps in the time series to aid interpretation.
Summary dataset statistics, such as the standard deviation of velocity, are then calcu-
lated. The final time series can then be further masked, based on a given noise index,
and filtered, using a spatiotemporal Gaussian filter (Morishita et al., 2020). Time se-
ries presented throughout this thesis have been produced via this methodology. I use
this LICSAR-LiCSBAS workflow here as it rapidly produces atmospherically corrected
time series with a high temporal resolution, at various global settings, from the Gala-
pagos (Chapters 2 and 3), to East Africa and New Zealand (Chapter 4). Critically, this
methodology has been developed by COMET, and is well supported by numerous staff,
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making tasks such as gapfilling straightforward. A disadvantage of this approach is
that the final spatial resolution (approx. 100 m pixel spacing), is less informative when
considering localised volcanic processes (e.g. hydrothermal unrest at Alcedo (Chapter
2)) than other potential workflows (e.g. using higher resolution interferograms). We use
various methods (e.g. Independent Component Analysis) to interpret final time series

of volcanic displacement. These methods are detailed in their respective chapters.

Modelling Geodetic Signals

Once deformation has been observed, it is often necessary to perform further modelling
in order to determine the source parameters, particularly when studying volcanoes.
This modelling informs estimates of depth, volume change and geometry, and is useful
for comparing with petrological data (Stock et al., 2018), as well as reconstructing
sub-volcanic structure (e.g. the stacked reservoirs at Fernandina were identified using
geodetic source models (Bagnardi and Amelung, 2012)). In this thesis, there are three
analytical models that I use to find expected displacement in an elastic medium, from
an incompressible source. This modelling is done with the aim of characterising source
parameters by inverting displacement maps, as well as through forward models, that
I use to predict displacement. A key point when applying these source models is that
they capture a change in parameters (e.g. volume change) of a source rather than the
total geometry of the source. For example, a best fit sill opening of 0.5 m does not
mean that the source sill is 0.5 m thick, but rather that it thickened by 0.5 m over the

observation period.

The first, and simplest model used is the Mogi source (Mogi, 1958), which approx-
imates a magmatic reservoir as a point source that is parameterised in terms of its
X coordinate, Y coordinate, depth, and volume change. Mogi sources are isotropic,
meaning that they are best suited to model processes such as sustained uplift or subsi-
dence. Accordingly, they are ill-suited to model anisotropic processes. This, alongside
the simple source geometry (a point source is not representative of any known vol-
canic structure) means that Mogi sources are best suited to apply first order constraints
on source location and volume. Despite this, there are numerous examples where the
best published estimates of source geometry is approximated as a Mogi (e.g. Darwin
(Amelung et al., 2000; Manconi et al., 2007), Medicine Lake (Parker et al., 2014)).

In order to represent magmatic structures with a more realistic model geometry,
rectangular dislocations (Okada, 1985) are widely used. In this thesis, I use this source
as it can approximate a magmatic reservoir as a sill geometry that is parameterised in
terms of its X coordinate, Y coordinate, depth, strike, length, width and opening. This
allows the effective modelling of sill opening, an anisotropic process where opening along
the major axis is accompanied by closing along the minor axes. These are particularly

useful when modelling sources in the Western Galapagos, where the shallow reservoir
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at multiple volcanoes has been frequently modelled as a sill geometry (Bagnardi and
Amelung, 2012; Stock et al., 2018).

The final model used here is the Compound Displacement Model (CDM) (Nikkhoo
et al., 2017). These models comprise three mutually orthogonal rectangular disloca-
tions, the parameters of each are allowed to vary independently, allowing more complex
geometries to be modelled. Each rectangular dislocation is parameterised in terms of
its X coordinate, Y coordinate, depth, strike, dip, length, width and opening. In Chap-
ter 4, I use the point Compound Dislocation Model (pCDM) to model isotropic sill
contraction, which uses tensile point dislocations, rather than anisotropic rectangular
dislocations (Nikkhoo et al., 2017).

When determining the best-fit parameters of a magmatic source, I use a Bayesian ap-
proach, using the Geodetic Bayesian Inversion Software (GBIS) (Bagnardi and Hooper,
2018). GBIS uses a Markov Chain Monte Carlo Algorithm, with the Metropolis-
Hastings Algorithm to calculate posterior probability density functions for a source
model (e.g. Mogi). The starting source parameters are either selected manually, or esti-
mated with a direct search method, to create a prior probability distribution (Bagnardi
and Hooper, 2018). A trial set of parameters is then selected by a random step in the
prior distribution. The likelihood of the trial distribution is compared with that of the
prior, and retained if greater. This process is repeated for a preset number of iterations,
and the optimal set of source parameters is calculated from the posterior probability
density function (Bagnardi and Hooper, 2018). Errors are quantified before iteration,
by fitting an experimental semi-variogram to characterise the spatial variability (vari-
ance and covariance) of the data (calculated over a non-deforming area, and assumed
to be constant over the deforming area) (Bagnardi and Hooper, 2018). Computational
efficiency is increased by sub-sampling the data using a quadtree algorithm, where the
dataset is recursively sub-divided into quadrants, until the variance in each is below a
pre-determined threshold (Bagnardi and Hooper, 2018).

1.2 Mechanisms of Volcanic Ground Deformation

Volcanoes are complex natural systems, and are subject to numerous processes that can
cause measurable ground deformation. This ground deformation is typically caused by
volume change of either a sub-volcanic system (e.g. magma migration, hydrothermal de-
pressurisation), or on the sub-aerial component of the volcano (e.g. lava flow /pyroclastic

density current cooling and mass movement).

1.2.1 Volcanic Eruption

The most intuitive relationship between volcanic processes and ground deformation

is found in the simple cycle of volcanic deformation proposed by Biggs and Pritchard



Section 1.2 Mechanisms of Volcanic Ground Deformation 11

(2017). In this model, magma accumulates in a sub-volcanic reservoir (typically approx-
imated as a single source, such as a sill) during a pre-eruptive period. This accumulation
and pressurisation drives uplift that can be observed geodetically. The transition to sub-
sidence then occurs when a critical reservoir pressure is met, and the magma reservoir
rapidly empties. This results in a long-term deformation time series of steady inter-
eruptive uplift, and rapid co-eruptive subsidence (Biggs and Pritchard, 2017) (Figure
1.1D). Sierra Negra, in the Galapagos is an excellent example of this deformation cycle.
The volcano uplifted by 6.5 m in the 13 year inter-eruptive period from 2005-2018, from
a source at approximately 2 km depth (Bell et al., 2021b). Then, in 2018, there was
approximately 8.5 m of co-eruptive subsidence, as the volcano effused approximately
1.9 x 10" m?® (Vasconez et al., 2018), from multiple fissures over a two month period.
The caldera floor resumed uplift immediately following this eruption (Bell et al., 2021b),

and has steadily continued as of the time of writing.

However, the complexity associated with volcanic eruptions means that while this
model provides a useful foundational understanding of magma dynamics and ground
deformation, it is too simple to be applied to most eruptions. Even at Sierra Negra
in 2018, the magnitude of co-eruptive subsidence exceeded the pre-eruptive uplift by
almost 2 m (Bell et al., 2021b), due a combination of magma loss, and slip along a
trapdoor fault. Similarly, if magma supply does not immediately resume following an
eruption, then the volcano may begin to subside, as magma products intruded during
the pre-eruptive uplift cool and contract (e.g. Alcedo (Hooper et al., 2007; Green,
1994)). Additionally, the assumption of a single large reservoir does not align with the
concept of a TCMS (Cashman et al., 2017; Bagnardi and Amelung, 2012).

Now, I will discuss other processes that may drive ground-deformation at volcanic
systems. These processes often occur in tandem with one another, meaning that in In-
SAR geodesy, complex interferograms showing deformation from multiple sub-volcanic
reservoirs, at various levels in the crust as well as from sub-aerial processes, are common

and pose a challenge in deciphering the underlying volcanic process.

1.2.2 Magmatic Cooling and Crystallisation

Magma supply to shallow volcanic reservoirs is typically variable with time, even Sierra
Negra has undergone periods of subsidence in the early 2000s, and 2010s (Bell et al.,
2021b; Geist et al., 2006a). As magma supply wanes and ceases, so too does the
corresponding uplift. Once this happens, the intruded magma will begin to cool and
crystallise, and may reverse the deformation from uplift to subsidence. Here, volume
loss occurs as denser-than-melt minerals crystallise from the cooling melt (Caricchi et
al., 2014). If the mass remains constant, then crystallisation and density changes is the

main control on volume loss (e.g. Equation 1.6, where V' is volume, p is density, and m
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Figure 1.1: Mechanisms of deformation at volcanic centres from both magmatic processes,
and sub-aerial processes. A). Subsidence due to magmatic cooling and crystallisation (e.g.
Alcedo, Ecuador). B). Inflation and deflation due to volatile exsolution during second boiling
(e.g. Long Valley, USA). C). Inflation and deflation due to hydrothermal activity (e.g. Fisher,
USA). D). Inflation and deflation due to pre- and syn-eruptive processes (e.g. Sierra Negra,
Ecuador, 2018). E). Subsidence due to mass wasting on the flanks of the volcanic edifice (e.g.
Arenal, Costa Rica).

is mass, for each mineral phase).

Mphasel Mphase2 Mphasen
+ Fo. (1.6)
PPhasel PPhase2 PPhasen

V:total =

Crystal phase assemblages have varying densities, the development of which is con-
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trolled by the phases that form from the initial magma composition as it crystallises
(Hall, 1996). Initial magmatic densities may vary between 2.17 (rhyolitic) and 2.6
(basaltic) g cm?® !, depending on their composition, which may then increase to 2.28
and 2.76 g cm3 ! at room temperature, for rhyolites and basalts, respectively (Hall,
1996). Therefore, the melt composition at liquidus temperature is a control on subse-
quent densities and volume changes in a crystallising magma (Figure 1.1A illustrates
this mechanism). Medicine Lake volcano, in the USA is perhaps the archetype for this
style of deformation, the volcano has been steadily subsiding, since 1954, as underlying
magma crystallises (Parker et al., 2014), while at Lassen, USA, long term subsidence is
due to magma cooling and crystallisation, coupled with volatile release during second
boiling (Parker et al., 2016).

1.2.3 Second Boiling

In cases where the initial composition is volatile-bearing (e.g. H20), then the observed
deformation style may be dramatically different. As the magma cools, it will precipitate
solid, anhydrous crystal phases. In volatile-bearing melts, this will cause the residual
melt phase to become relatively enriched in volatiles. Eventually, this volatile con-
centration and vapour pressure increase will cause the melt to become saturated, and
exsolve its volatiles in a process known as second-boiling (Caricchi et al., 2014) (First
boiling occurs as decompression driven exsolution, as pressure decreases on an ascending

magma (Hildreth, 2017)).

Once exsolved, the influence of these volatiles on ground displacement patterns is
controlled by the degree of degassing that they undergo. If the magma reservoir is a
closed system (no mass in or out; exsolved volatiles and melts remain through the crys-
tallisation process, Figure 1.1B), then second boiling will cause the reservoir to inflate,
and may result in surface uplift despite the absence of magma intrusion (e.g. Long
Valley (Hildreth, 2017)). However, in an open system volatiles and melts are separated
upon exsolution (Cashman, 2004) (Figure 1.1B). Here, magma permeability (due to
brittle failure, porous bubble networks, and the degree of magma crystallisation (Cash-
man, 2004)) promotes volatiles leaving the reservoir, and may increase the magnitude
of the subsidence signal observed due to magma crystallisation, as mass is also being
lost. However, in reality volatiles exsolved from a magma often interact with overlying

hydrothermal systems (Fournier, 1999), and create complex deformation patterns.

In addition to the added complexity that hydrothermal processes bring, volatiles
complicate the study of volcano deformation patterns. Deformation source models typ-
ically assume an incompressible reservoir in an elastic halfspace. However, magmatic
volatile exsolution significantly affects the compressibility of the magma, particularly
H50, CO9, and SO (Rivalta and Segall, 2008; Kilbride et al., 2016). Rivalta and Segall

(2008) note that during a dike intrusion, where there is uplift accompanied with subsi-
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dence of a source reservoir, there may be a 4-5-fold discrepancy between the modelled
positive volume change in the dike, and negative volume change in the source. They
explain this due to magma compressibility changes, largely due to volatile exsolution
(Rivalta and Segall, 2008). As such, the assumption of an incompressible source can not
be applied when considering volatile-bearing magmas, as they have a profound effect

on compressibility.

1.2.4 Hydrothermal Depressurisation

Upon leaving an open magmatic system, volatiles may ascend towards the surface. Here,
they may interact with a volcanic—hydrothermal system. In volcanic systems, hydrother-
mal systems have two components, consisting of meteorological- and magma-derived flu-
ids. Meteorological fluids do not directly cause volume change in the magma, however
they may act to advect heat as they circulate, altering the cooling rates of magma, and
magma-derived fluids (Fournier, 1999; Annen et al., 2008). As these magma-derived
fluids ascend, they reach a point where the nature of the crust changes from plastic
(caused by increased country rock temperature around a magmatic intrusion), to brit-
tle. At this point, lenses of magmatic fluids may accumulate, and form a hydrothermal
system (Figure 1.1C). These lenses are self-sealing, due to plastic flow, and hydrother-
mal mineral precipitation. As a result, continued fluid accumulation may drive localised
uplift, as these lenses inflate (Fournier, 1999; Fournier, 2007). Eventually, this accumu-
lation and pressurisation will cause the lenses to breach, allowing hydrothermal fluids to
escape (Figure 1.1C) (Fournier, 1999; Fournier, 2007). As a result, hydrothermal unrest
is typified by localised uplift, and rapid subsidence, accompanied by fumarole flux and
seismicity between the intruded magma body and the surface. This is particularly ev-
ident at established caldera systems, where there may be long-lived magma reservoirs.
For example, Lu and Dzurisin (2014) suggest that long-term subsidence at Fisher may
be due to fluid migration from a depressurising hydrothermal system. They suggest
that a lense of hydrothermal fluid may have breached, and is yet to re-seal, facilitating

depressurisation.

1.2.5 Flow Subsidence and Edifice Deformation

During an eruption, magmatic products are extruded from the volcano, and may be de-
posited onto the flanks of the volcano. These products are typically channelised, either
as lava flows (Figure 1.1D), or as gravity-driven pyroclastic density currents. Displace-
ment of these products may be observed by InSAR as they cool (e.g. Paricutin lava field
(Chaussard, 2016)). For lava flows, this cooling is thermally driven by conductive heat
loss into the underlying country rock, radiative heat loss into the atmosphere, as well as
convective heat loss due to wind forcing (Patrick, 2004). The rate of cooling may also

be altered by bubble vesiculation and latent heat production within the flow, as well as
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cooling due to meteorological precipitation (Patrick, 2004). A cooling, contracting lava
flow may be observed via satellite radar as either a subsiding, elongate flow down the
flanks of a volcano (e.g. Sierra Negra (Amelung et al., 2000)), or as broader subsidence
across a lava field (e.g. Paricutin, Timanfaya (Chaussard, 2016; Purcell et al., 2022)).
Subsidence due thermo-elastic contraction may be modelled using Equation 1.7 (e.g.
Chaussard (2016)), where Ah is vertical change, ¢ is time, 7 is the thermal expansion
coefficient, v is Poisson’s ratio, and T is Temperature. Though this is best used for
modelling long-term contraction as volume change due to pore collapse, crystallisation,

and lava flow movement immediately post eruption are not considered.

1+v
1—v

Ah(t) = hn

AT(t) (1.7)

In addition to deposit cooling, sub-aerial displacement may be observed at volcanoes
due to mass movement of the volcanic edifice. Volcanoes often have steep slopes, and
are prone to mass movement such as landslides (e.g. Cerro Azul, (Naumann and Geist,
2000)) (Figure 1.1E). Deformation at Arenal volcano, Costa Rica, between 2011-2013
was driven by mass movement of at least 16 landslides on the volcanic edifice (Ebmeier
et al., 2014).

1.3 Global Volcanological Settings

In this thesis, I discuss volcanoes from a range of geological settings (Figure 1.2).
Though Chapters 2 and 3 focus on the Western Galapagos Islands of Isabela and Fer-
nandina, in Chapter 4 I examine deformation from a variety of geological settings (Table
1.2), such as the Taupo Volcanic Zone, and the Kenyan Rift. Volcanoes here have un-
dergone persistent, long-term subsidence, attributed to the cooling and crystallisation
of intruded magma. In the following section, I present a brief introduction to each of

these volcanological settings.

1.3.1 The Western Galapagos

The Galapagos are a volcanic archipelago located on the Equator in the East Pacific,
approximately 1000 km off of Ecuador’s eastern coast (Figure 1.2). They formed as
the Nazca plate moves eastwards, over the Galdpagos plume. The plume is currently
located near the Western Galapagos Islands of Fernandina and Isabela, the youngest
islands of the entire archipelago (Harpp and Geist, 2018). Accordingly, the youngest
volcanoes are located on the very western edge of the Galapagos; Fernandina is the
youngest island (Kurz et al., 2014), while Cerro Azul is still in the Juvenile phase of its
development (Harpp and Geist, 2018). The Western Galapagos are less than 500 ka old
(Harpp and Geist, 2018), and are home to 7 volcanoes: Alcedo, Cerro Azul, Darwin,
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Volcano Last Eruption | Ground Deformation Reference
Alcedo®3* 1993 Steady subsidence from magma crystallisation, with periodic Hooper et al. (2007)
resurgence.
Asama? 2019 Erupts regularly, though has undergone phases of subsidence Murase et al. (2007)
lasting >20 years.
Cerro Azul®3 2008 Regular eruptions and off axis unrest. Baker (2012)
Darwin?3 1813 Eruptive quiescence, with low magnitude deformation and Amelung et al. (2000)
periodic resurgence.
Fernandina?3 2020 Regular eruptions from radial and circumferential fissures. | Bagnardi and Amelung (2012)
Paka? 7550 BCE Alternating uplift and subsidence. Robertson (2015)
Shasta’ 1250 Generally inactive. Siebert et al. (2010)
Sierra Negra®3:4 2018 High magnitude uplift and eruptions, with lateral intrusions. Bell et al. (2021b)
Silali* 5050 BCE Steady subsidence between 2007-2010. Robertson (2015)
TVZ 260 Subsidence: Coupled regional extension, magmatic pro- Hamling et al. (2015)
cesses, and geothermal activity.
Wolf%3 2022 Steady uplift, with recent eruptions in 2015, and 2022. Stock et al. (2018)

2 Volcano discussed in Chapter 2; 3 Volcano discussed in Chapter 3

4 Volcano discussed in Chapter 4.

Table 1.2: Summary of volcanoes discussed in this thesis.
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Ecuador, Fernandina, Sierra Negra, and Wolf. Of these, all but Ecuador have recent
eruptions, or observed ground deformation (Siebert et al., 2010). These volcanoes have
been described as resembling overturned soup bowls; at lower elevations slopes are
gradual, before steepening towards the summit. All of these volcanoes are topped by
a broad summit caldera, varying in volume from 3.1 km? at Cerro Azul, to 12.4 km?
at Fernandina (Naumann and Geist, 2000). The large caldera volume at Fernandina
can be partially attributed by the 1968 caldera collapse there, when the caldera floor
subsided by 300 m — the second largest caldera collapse of the 20" century after the
1912 eruption of Katmai (Simkin and Howard, 1970). Despite their close proximity to
one another, there is remarkable diversity in the range of volcanic deformation observed
here — Alcedo is typified by steady, low rate subsidence (Hooper et al., 2007), while
its southern neighbour, Sierra Negra (approximately 30 km away) undergoes extreme
uplift (approximately 6.5 m between its 2005 and 2018 eruptions) (Bell et al., 2021b).

Figure 1.2: Global distribution of volcanic centres studied in this thesis. The numbers cor-
respond to the section where each of these volcanoes are discussed in greater detail, while the
underlying map used is the ESRI Shaded Relief basemap, from QGIS QuickMapServices.

1.3.2 The Southern Cascades

The Cascade volcanic arc is located in the Western USA, stretching from Lassen in
Northern California, to Mt. Baker near the Canadian Border (Poland et al., 2017).
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There are 13 volcanoes here, though in this thesis, I will study those in Californian
Section of the Cascades, where long-term subsidence has been previously described.
This region marks the interaction between the Cascadia subduction zone, and the Basin
and Ridge province (Poland et al., 2017; Parker et al., 2014; Parker et al., 2016). While
presently subsiding, Lassen is the only Cascades volcano (other than Mount St. Helens)
to have erupted in the 20" Century, while Medicine Lake has not erupted since 1060,
and has been steadily subsiding since at least 1954 (Table 1.2) (Parker et al., 2014).
Given their location in the Western USA, these volcanoes have been historically well
monitored by ground-based instrumentation such as Campaign GPS, Continuous GPS,
and EDM (Poland et al., 2017).

1.3.3 The Kenyan Rift

Paka and Silali volcanoes are located in the Kenyan Rift, in East Africa (Figure 1.2).
The Kenyan Rift constitutes the eastern branch of the East African Rift System, a
diverging plate boundary that is driving the break-up of East Africa, as the Nubia
and Somalia plates separate. The East African Rift System extends from Mozambique
to the Afar triangle, and has numerous active volcanoes. In the north there have been
recent eruptions at Nabro, 2012, Erta Ale, 2023, and Alu-Dalafilla, 2008 (Venzke, 2023).
In comparison, Kenyan Rift volcanoes are relatively inactive, with the most recent
eruption occurring in 1921, at The Barrier Volcano Complex (Venzke, 2023). However,
satellite geodesy has detected ground deformation at multiple Kenyan Volcanoes —
Silali subsided between 20072010, while Paka uplifted in various phases between 2006—
2008, before beginning to subside in February 2008 (Robertson, 2015; Biggs et al., 2009).
This subsidence has continued, with Albino et al. (2022) observing subsidence at both
Paka and Silali from 2015-2020.

1.3.4 Other Volcanoes
Asama

Asama is an arc volcano located in on the Japanese island of Honshu, formed by the
subduction of the Pacific Plate (e.g. Murase et al. (2007)). It is a volcanic complex
consisting of the Hotokeiwa, Kurofu, and Maekake volcanoes that has been active for
the last 100,000 years (Wang et al., 2019). It is located 160 km northwest of Tokyo, and
its regular eruptions (2004, 2008, 2009, 2015, and 2019 (Venzke, 2023)) pose a hazard
to the metropolitan area. Despite its extrusive activity, subsidence has been observed
there from 1943-1967, and 2014—2018 (Murase et al., 2007; Wang et al., 2019).
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Taupo Volcanic Zone

The Taupo Volcanic Zone is located on the north island of New Zealand, stretching
300 km from Lake Taupo in the south, northwards. It forms a back arc basin, as the
Pacific Plate subducts beneath the Australian plate. Long-term subsidence has been
observed here, with the highest magnitude located around the Wairakei geothermal
field, an area that has subsided by 15 m since the 1950s (Hamling et al., 2015).

1.4 Aims and Objectives of this Thesis

The aim of this thesis is to explore the magmatic causes of measurable ground surface
displacement. To do this I leverage InSAR, data, with which I use a variety of modelling
and analysis techniques, to understand the relationship between magma dynamics and
surface deformation, and its evolution through time. By doing this, I aim to reconcile
observations of volcanic ground displacement with magma dynamics in a vertically

extensive trans-crustal magmatic system. My specific objectives are as follows:

1. Link magmatic processes to volcanic ground surface displacement and eruptive

activity on the Western Galdpagos islands of Fernandina and Isabela.

2. Investigate the prevalence, timings, and causes of correlated deformation in the

Western Galdpagos.

3. Determine the conditions under which a crystallising magmatic intrusion may

result in measurable surface displacement.

1.5 Thesis Structure and Outline

Following this introductory chapter, I present the work that composes the research
conducted throughout my PhD. Each chapter was written with the intention of being
published in an academic journal. As such, I regularly use plural pronouns throughout
(e.g. “we”); however the contribution of each author is detailed at the beginning of this
thesis, in the author declaration section. The contents of each chapter is organised as

follows:

1. Chapter 2: I present a detailed synthesis of volcanic unrest on the Western Gala-
pagos islands of Isabela and Fernandina. I also present new observations and
interpretations of recent unrest at each volcano, as detected using a Sentinel-1
dataset from 2015-2022. This is the most comprehensive island-wide review of
volcanic ground displacement in the Western Galapagos to date, and I make the
first observations of deformation due to hydrothermal depressurisation, off-caldera

sill crystallisation, and offshore sill intrusions.



20

Chapter 1: Introduction

2. Chapter 3: I make observations of correlated displacements in the Western Gala-

pagos, using Sentinel-1 InSAR data. I prove the presence of these correlated
displacements using Independent Component Analysis, and correlation analysis,
and show that they occur during periods of heightened magma flux from the

Galapagos plume by modelling volume flux at each volcano, from 2017-2022.

. Chapter 4: I develop a methodology to numerically model long-term volcanic

subsidence due to the crystallisation of a shallow magmatic reservoir. I use a
petrological model to determine the volume change undergone by a magma dur-
ing crystallisation, a thermal model to determine the timescale taken for a magma
to crystallise, and model corresponding displacement using point Compound Dis-
placement Models. I apply this methodology to time series of deformation for a
selection of global volcanoes, to determine the conditions under which crystallisa-

tion may cause measurable deformation.

. Chapter 5: I review and discuss the findings of Chapters 2, 3, and 4, in the context

of long-term magma dynamics and ground surface displacement. I then discuss the
future of deformation monitoring in the Western Galapagos and globally, and the

implications of my findings on Galapagos volcanism on global volcano monitoring.



Chapter 2

Craters of Habit: Patterns of
Deformation in the Western

Galapagos

Abstract

The Western Galapagos islands of Fernandina and Isabela comprise six closely spaced,
historically active volcanoes that have been measurably deforming since the first satel-
lite radar measurements in the 1990s. Here, we analyse new displacement time series
(2015-2022) at Alcedo, Cerro Azul, Darwin, Fernandina, Sierra Negra, and Wolf in the
context of both deformation since 1992 and eruptive history. Deformation since 2015
has included long-term and episodic uplift (Sierra Negra, Wolf, Darwin), co-eruptive
intrusions and subsidence (Fernandina, Sierra Negra, Wolf), and subsidence associated
with cooling intrusions, hydrothermal systems and lavas (Alcedo, Sierra Negra, Wolf).
Eruptions and unrest in the Western Galapagos all respond to variations in magma
flux into the shallow crust from the Galapagos plume. However, the style of eruptions,
characteristics of unrest and deformation are distinctive at each volcano. Previous dis-
cussion of volcano deformation in the Western Galédpagos has focused almost exclusively
on either eruptions (e.g. Sierra Negra, 2018, Wolf, 2015) or major intrusive episodes
(e.g. Cerro Azul, 2017). In contrast, we discuss the full satellite radar record of defor-
mation, including new higher temporal resolution Sentinel-1 time series from 2015 to
2022. We find that differences in deformation and unrest styles between the volcanoes
have persisted over at least the three decades since the first satellite radar measure-
ments, and potentially over the last century. This provides a consistent picture of
recent sub-volcanic magmatic zone structures and dynamics, which we use to propose
a classification related to current characteristics of activity, which may be useful for

designing monitoring strategies.

21
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2.1 Introduction

Both the levels of activity and the magnitude of volcanic deformation in the Western
Galapagos are exceptional. Between 1917-2023, Fernandina has averaged an eruption
every 5 years (Vasconez et al., 2018), while Sierra Negra averages an eruption every 11—
12 years (Vasconez et al., 2018), as well as experiencing metre-scale deformation (Geist
et al., 2008; Bell et al., 2021b). The inaccessibility of the Western Galédpagos means
that much of our knowledge of the volcanoes comes from satellite radar measurement
of displacements. Of the seven major volcanoes, six have experienced significant unrest
since the 1990s: Alcedo, Cerro Azul, Darwin, Fernandina, Sierra Negra, and Wolf (e.g.
Amelung et al. (2000), Baker (2012), Vasconez et al. (2018), and Bell et al. (2021b)).

Major trends in magma flux and the clustering of eruptions in the Galdpagos have
been attributed to variable melt supply from the mantle plume (Chapter 3). A funda-
mental control on Galapagos volcanism is the proximity to the centre of the upwelling
plume, as implicated by differences in eruption rate (e.g. Fernandina (Kurz et al., 2014))
and thermal state of magmatic reservoirs (Harpp and Geist, 2018). Correlations in de-
formation are also indicative of deep hydraulic connectivity (Chapter 3), while some
eruptions have been attributed to deep-sourced “flushing” events (Stock et al., 2020).
However, there is geodetic (Bagnardi and Amelung, 2012) and petrological evidence of
shallower differences in magma storage. In particular, the large range in the magnitude
and patterns of deformation between neighbouring Western Galdpagos volcanoes are a

consequence of the edifice and subsurface structures at each volcano.

Habitual deformation trends include sustained periods of uplift on the order of both
metres (Sierra Negra) and centimetres (Wolf), interrupted by major eruptions. At Sierra
Negra, the intra-caldera fault is located in the southwestern portion of the caldera, and
facilitates “trapdoor faulting”, where the caldera floor hinges upwards like a trapdoor.
Eruptions here in 2005 and 2018 were accompanied by slip along this fault (Jonsson,
2009; Bell et al., 2021b), while it also acts as a conduit for magmatic fluids to the shallow
surface fumarole field (Aiuppa et al., 2022). Similar magmatic—tectonic interactions at
Alcedo modify displacement patterns during periods of uplift (Galetto et al., 2019).
Displacements at Fernandina are associated with frequent eruptions (> 5 years) and
intrusions (e.g. 2006, and 2007 (Bagnardi and Amelung, 2012)). Cerro Azul experiences
an intrusion or eruption about once a decade on its SE flank, while Darwin and Alcedo
show lower magnitude subsidence between limited episodes of uplift. Here, we consider
the three decades of volcano deformation measurements made at the Western Galdpagos
volcanoes with satellite radar, and the implications of persistent displacement styles for
our understanding of magmatic processes. We first review trends in unrest and eruption
in the period for which geodetic data are available (1992-2022, Sections 2.4.1-2.4.6). For

each volcano, we then describe previous interpretations of deformation as detected by
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Figure 2.1: Regional view of the Galapagos. A). The Western Galapagos islands of Isabela
and Fernandina, showing the volcanoes considered in this study (red triangles). The geographic
locations of both continuous and campaign ground-based monitoring systems that are discussed
here are annotated, as is the population centre of Puerto Villamil, and Urvina Bay — the
location of a major unrest episode in 1954. Each system, with the exceptions of the GPS
stations, and Fernandina-Sierra Negra 00-02 (GPS/Gravimeters), are seismometers. B). A
broader view of the regional tectonic setting. Sub-aerial islands are labelled, as are major
underwater structures, and tectonic plates and faults (e.g. Harpp and Geist (2018)). The
colorscale indicates bathymetric and topographic elevation, as discussed in Section 2.3.2.

Interferometric Synthetic Aperture Radar (InSAR) from 1992-2010, as well as those
of ground-based surveys, followed by the implications of new displacement time series
constructed from Sentinel-1 imagery, spanning 2015-2022. Finally, we summarise the
current picture of sub-volcanic magmatic zones from geodesy for each volcano, and
contrast the interpretation and resulting classifications of Galapagos volcanism from

petrological and geodetic methods.

2.1.1 Western Galapagos Volcanoes

The Galapagos islands straddle the equator in the east Pacific (Figure 2.1). There are
13 major islands here, the westernmost of which (Isabela and Fernandina) are the most
volcanically active (Figure 2.1). They are located approximately 250 km south of the
Galapagos Spreading Centre (Harpp and Geist, 2018), which is east-west striking, and
offset by the Galédpagos transform fault. The islands lie on the Nazca plate, and have

formed as they move eastwards over the Galapagos mantle plume.
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Despite the near-constant volcanism on the islands, monitoring instrumentation is
sparse. The Instituto Geofisico de la Escuela Politécnica Nacional (IGEPN) maintain
six permanent seismic stations there, two on Sierra Negra, one on Cerro Azul, one
to the southeast of Alcedo, and two on Fernandina Island (Figure 2.1). Permanent
GPS stations are maintained on Sierra Negra (Figure 2.1), while campaign GPS and
gravity surveys have been carried out at Fernandina and Sierra Negra in the early 2000s
(Geist et al., 2006a), and 2010s (Davidge et al., 2017). These ground-based systems
have prioritised monitoring Fernandina and Sierra Negra volcanoes (Figure 2.1), the
former of which is the most frequently erupting Galapagos volcano, and while the latter
experiences the highest magnitude eruptions. By comparison, Wolf, which erupted in
2015 and 2022, has no permanent monitoring stations (Figure 2.1). Elevated seismicity
during the 2022 Wolf eruption was only detected by the FERI station, on Fernandina
island (Figure 2.1) (Wolf Volcano Special Report No. 1 - 2022 2022). The sparse
coverage of monitoring stations means that pre-eruptive unrest may be challenging to
identify (e.g. Wolf, 2022), and limits the potential of studying volcanic behaviour during
periods of effusive quiescence (e.g. Darwin, 2020) from ground-based measurements.
The advent of InNSAR data has therefore transformed our knowledge of magma storage

and movement in the Galédpagos .

2.1.2 Satellite Radar Measurements

InSAR is a geodetic technique for monitoring changes in line-of-sight (LOS) displace-
ment from the instrument (usually a satellite) to the Earth’s surface. It allows for the
measurement of these changes on centimetre to millimetre scales, with a spatial reso-
lution on the order of several metres, across areas of tens to hundreds of kilometres,
and return period of several days. It is a powerful tool in Earth system science for
the study of the earthquake cycle (e.g. pre-, syn- and post-earthquake), and processes
that drive volcanic deformation (e.g. mass movement, hydrothermal activity, magma
migration, and eruption). It is particularly useful in the Western Galapagos due to the
number of volcanoes across a relatively small area, and good year-round coherence from
bare rock. However, Sentinel-1 has a return period of 6-12 days, meaning that InNSAR
is less useful than ground-based techniques for continuous monitoring of an eruption,
but rather measures cumulative change between acquisition dates around the event.
Indeed, newly erupted products, and forested areas such as the southern flank of Sierra
Negra, are generally incoherent. Satellite-based InNSAR missions have been used to mea-
sure displacement at Western Galapagos volcanoes since 1992, with multiple platforms
used: Amelung et al. (2000) used ERS-1, and ERS-2 to study Isabela and Fernandina
from 1992-1998, while Hooper et al. (2007) used the platforms to study Alcedo from
1992-2001. Baker (2012) used the ERS missions, as well as Radarsat-1, Envisat, and
AlOS-1 missions to study Galapagos volcanoes from 1992-2011. Pepe et al. (2017)
studied 2012-2013 unrest at Fernandina using COSMO-SkyMed, while Galetto et al.
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Figure 2.2: Extent of erupted lavas in the Western Galapagos since 1992. A). Extents and
volumes of lavas from the 2015, and 2022 eruptions of Wolf. B). Overview of island-wide extent
of lavas erupted during the InSAR era. C). Extents and volumes of lavas from the 2005, and
2018 eruptions of Sierra Negra. D). Extents and volumes of lavas from the 1995, 2005, 2009,
2017, 2018, and 2020 eruptions of Fernandina. E). Extents and volumes of lavas from the 1998,
and 2008 eruptions of Cerro Azul. Darwin and Alcedo do not have figure panels as they did not
effusively erupt over this period. However, the location of a 1993 phreatic eruption at Alcedo
is included — though there are no estimates of volumes or extents from this steam explosion
(Green, 1994). In each case, the estimated erupted volume is included if known, as presented
in Table A2, and annotated beside the relevant lava flow.

(2023) studied the 2017 and 2018 eruptions of Fernandina using COSMO-SkyMed, and
Sentinel-1. Xu et al. (2016) used Sentinel-1A and ALOS-2 to study the 2015 eruption of
Wolf, while Shreve and Delgado (2023) used Sentinel-1, ALOS-2, and COSMO-SkyMed
to study the 2018 eruption of Sierra Negra.

2.1.3 Overview of Eruptions and Unrest in the Western Galapagos
1992-2022

There have been remarkable episodes of eruption and unrest (e.g. Cerro Azul, 2017,
Sierra Negra, 2018 (Guo et al., 2019; Bell et al., 2021b)), which have been the focus of
previous geodetic work on the Galdpagos. The recent eruptive record is well constrained
into the early 20" century (Venzke, 2023), and there have been periodic observations
of volcanic unrest (e.g. Urvina Bay, 1954), as well as several aerial photography surveys
(Rowland and Munro, 1992). However, the systemic detection of volcanic unrest (mea-
surable non-eruptive behaviour) has only been possible in practice since the installation

of ground-based networks, and the advent of INSAR — the Western Galapagos volca-
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Figure 2.3: Eruptions at the Western Galapagos since the turn of the 20" century. For each
volcano, the eruption data is on the x-axis, while the time between the preceding eruption is
plotting on the y-axis. The marker size refers to the Volcanic Explosivity index of the given
eruptions (as given in the Global Volcanism Program database (Venzke, 2023)). A-E). Eruption
date, time between preceding eruption, and VEI for each of Alcedo, Cerro Azul, Fernandina,
Sierra Negra, and Wolf. Darwin has not been included as it has not erupted since the early
19*® century, while A). includes the 1954 uplift at Urvina Bay. F). Eruptions at all volcanoes,
with the time between eruptions referring to all eruptions at any Western Galapagos Volcano.
Known non-eruptive unrest (e.g. Urvina Bay 1954, or Cerro Azul, 2017) are not included.

noes have been the subject of extensive InNSAR-based geodetic studies (Amelung et al.,
2000; Bagnardi, 2014) since 1992. Since then, a variety of eruptive behaviour has been

observed across multiple volcanoes.

2.1.4 Characteristics of Western Galapagos volcanoes.

Despite diverse styles of eruption and unrest, there are some common features in Western
Galapagos volcanism, including the influence of topographic loading on magma ascent,
stacked magmatic reservoirs, very active caldera faulting, and periodic increases in
magma flux into the shallow crust (“resurgence” at quiescent systems or “flushing” during

eruptions).

The lack of high magnitude regional stress fields associated with rifting or arc set-

tings mean that the impact of topographic loading in local stress field is clearer than



Section 2.1 Introduction 27

1.0 4
2
0.8 3
T
2 5
0.6 % % A). Alcedo
& € Amelung et al., 2000
0.4 E 3 & ®  (InSAR)
2 g ) Baker, 2012
0.2 4 uEJ =3 B A (INSAR, Vert.)
. i £ g Reddin, (2022)
2 8 3 V' (InSAR, Desc.)
00+4e = T o = T T
0.0 e
">~
=0.21  B). Cerro Azul 2
Amelung et al., 2000 o
®  (InSAR) 3
Baker, 2012
—0.44 A (nsAR, vert) g
Reddin, (2022) o
V' (InSAR, Desc.) 8
a
T T
T
0.31 C). Darwin
Amelung et al., 2000
®  (InSAR)
Baker, 2012
029 A (jnsAR, Vert)
Reddin, (2022)
V' (inSAR, Desc.)

20 cm of upflift in centre
of caldera though few Similar uplift magnitude,correlated|
interferograms” with other volcanoes’

o
)
s

Displacement (m)
o S

T T T T T T T

T
D). Fernandina
° Amelung et al., 2000
(INSAR)
1.0 1 Baker, 2012 *
A (inSAR, Vert) . AA‘%‘ s 3
Pepe et al., (2017) < 3 5
< (inSAR, CSK. Vert) 2 = £ = £ - |& =
. a = = = 3 AR c
0.5 y Reddin, (2022) g s 3 s 2 &l & B
(InSAR, Desc.) g =3 ol =3 2} alg a
i o 2 T & 9 =l i &
9 S 2 w - w % Ww|w w
25 3 8 8 3 H =g 8
0.0 1—2 w [G] & & & w &I &
. T T T T T t
64 E). Sierra Negra
° ﬁmse:g‘)g etal., 2000 2018 Eruption
] n TDF™ &
4 Baker, 2012 Immediate
A (INSAR, Vert.) Resumption of
21 v ?Geg;; al., (2021) o A o Uplift
Reddin, (2022) 0t
1 < = E N @
0 (InSAR, Desc.) 5 > En 5 Immediate ° 5 o g
F -] = Resumption of £Eg =3
24 2 &5 8 Uplift 3 E & g
2 S & S s
F). Wolf
0.8 1 . ’T"‘se:\‘g‘g etal,, 2000 Wolf accounted for < 1% of magma flux to western Galapagos
:snk ;012 volcanoes between 1992-2010' §
aker,
069 A (nsAR, vert) 2
Reddin, (2022) S ] -
\v4 = It then erupted twice =
0.4 1 (INSAR, Desc.) S between 2015-2022" 2 |
s H
02 fir i
24 @ 8§
° & &
001 : : v v : v v -
1992 1996 2000 2004 2008 2012 2016 2020

Dates

Figure 2.4: Summary of ground surface displacement at each Galapagos volcano, over 30
years from 1992-2022. Displacement in centimetres is given on the y-axis, while time is given
on the x-axis. Marker colour denotes the study that the displacement data is taken from, while
vertical bars illustrate periods where the volcano was the subject of an unrest-focused study.
The nature of the unrest, and the appropriate study is labelled beside each vertical bar. A).
Deformation at Alcedo, *Green (1994), "Hooper et al. (2007), “Galetto et al. (2019), “Davidge
et al. (2017). B). Deformation at Cerro Azul, “Baker (2012), / Galetto et al. (2020), YBagnardi
(2017). C). Deformation at Darwin, " Amelung et al. (2000), * This Study. D). Deformation at
Fernandina, 7 Geist et al. (2006a), *Bagnardi and Amelung (2012), ‘Bagnardi (2014), ™ Vasconez
et al. (2018). E). Deformation at Sierra Negra, "Chadwick et al. (2006), °Geist et al. (2008),
P Aiuppa et al. (2022). F). Deformation at Wolf, ?Stock et al. (2018), " IGEPN.
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Figure 2.5: Summary of geodetic source depths in the Western Galapagos, derived from InSAR
data. Depth, as stated in the corresponding study, is shown on the y-axes and general source
location (sub-caldera or flank) topographic cross-sections are shown on the x-axes. Values
and corresponding references are provided in Tables A3, A4, A5, A6, A7, A8, A9, and A10.
The marker size reflects the relative volume change for each model solution, while colours
indicates date that the inferred source was active. Where volume change is not given in the
relevant publications, we assume a volume of 1 x 107 m3, for presentation purposes — these are
differentiated by an x marker. The colour of topographic cross sections reflects system maturity
according to Harpp and Geist (2018). G). Histogram of the total distribution of depths for all
volcanoes.

in other volcanic settings. Eruptions since 1992 (with the exception of the phreatic
explosion of Alcedo in 1993 (Green, 1994)) have been fissure eruptions, either radial
or circumferential (Figure 2.2). The stress field exerted by the volcanic edifice ex-
erts a primary control on where fissures develop, and their geometry during eruptions
(Bagnardi et al., 2013; Davis et al., 2021). Fernandina alternates between radial and
circumferential fissures, while all of the recent unrest at Cerro Azul has occurred on the
southeastern flank. Similarly, each confirmed eruption at Wolf since 1948 has occurred
on the southeastern flank, alternating from circumferential, to radial. This topographic
control on eruptive behaviour is also evident at Sierra Negra; a combination of buoyant
and topographic forces caused a lateral intrusion there to bend during the 2018 eruption
(Davis et al., 2021).

At three volcanoes, there is geodetic and petrological evidence for vertically “stacked”
reservoirs (e.g., at Fernandina, Wolf, and Sierra Negra, Figure 2.5). The deeper of these
reservoirs acts as a source for shallow and lateral intrusions at Fernandina (at approx-

imately 5 km depth) (Bagnardi and Amelung, 2012), Sierra Negra (at approximately
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Figure 2.6: Temporal distribution of geodetic measurements since the the first InSAR studies
in the Western Galédpagos in the 1990s until 2023. Horizontal bars represent the time periods
over which satellite missions, and ground-based platforms are active. Vertical bars represent
eruptions, or significant unrest. Each included geodetic platform has been used to study unrest
in the Western Galapagos. The location where each ground-based system was deployed can be
found in Figure 2.1.

7.5 km depth) (Davidge et al., 2017), while a reservoir at 6 km depth acted as a source
for the 2017 off-caldera unrest at Cerro Azul (Guo et al., 2019) (Figure 2.5).

Displacements and eruptions at Sierra Negra and Alcedo are controlled by the inter-
action of a magmatic source and an intra-caldera fault. At Alcedo, this fault exerted a
structural control on asymmetric displacement patterns during the volcano’s resurgence
(Galetto et al., 2019; Bagnardi, 2014). Similarly, slip along the intra-caldera trapdoor
fault at Sierra Negra preceded both the 2005 and 2018 eruptions (Geist et al., 2008;
Bell et al., 2021b).

Magma periodically fluxes into the shallow reservoir at quiescent volcanoes. Galetto
et al. (2019) describe this as a resurgence, at Alcedo volcano. Though this flux manifests
as non-eruptive unrest at Alcedo (and Darwin (Section 2.4.3)), similar changes in magma
supply (flushing) are the driving force behind eruptions at Fernandina and Wolf (Stock
et al., 2020). Additionally, there is evidence that this magma flux from the Galapagos

plume is irregular with time, and with the volcanoes to which it partitions (Chapter 3).
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2.2 Previous Unrest and Deformation in the Western Gala-
pagos
2.2.1 Alcedo

Alcedo is located on Isabela, directly east of Fernandina Island, between Darwin and
Sierra Negra (Figure 2.2). It peaks at 1130 m above sea level, approximately 4 km
above the seafloor (Venzke, 2023; Geist et al., 1994). Like all Western Galapagos
volcanoes, it is topped by a summit caldera, varying in width between 7-8 km with
a maximum depth of 270 m (Figure 2.5) (Geist et al., 1994). Its sub-aerial volume is
approximately 200 km?3, though Geist et al. (1994) suggest the majority of the volcano
is underwater. Alcedo, alongside Sierra Negra, has a vigorous hydrothermal system,
with three fumarole fields (Geyser, Laura and Chantel, and Rhyolite Hill), all located
on the southern side of the volcano, within the caldera (Goff et al., 2000; Mayhew et
al., 2007) (Figures 2.8 and 2.7). The volcano’s gentle slopes and low levels of extrusive
activity have made Alcedo home to the highest population of Galapagos tortoises on
Earth (De Roy, 2010).

Eruptive History

Alcedo is the only Galapagos volcano known to have erupted rhyolitic lavas in its geo-
logical history (< 120 ka) (Geist et al., 1994). It has erupted twice in the 20" century,
once in 1953, and again in 1993 (Siebert et al., 2010). The 1953 eruption occurred on
volcano’s SE flank, while the 1993 eruption took place on the southern caldera wall
(Siebert et al., 2010). During the 1993 eruption, seismicity, heightened fumarolic ac-
tivity, and explosions were recorded, due to explosive phreatic activity from two vents
(Green, 1994).

Previous Observations of Displacement at Alcedo

Despite its low levels of extrusive activity, Alcedo has been constantly deforming since
1992, and accounted for approximately 11% of intrusive magma flux, as detected by
InSAR, of the Western Galapagos between 1992-2010 (Bagnardi, 2014). Amelung et al.
(2000) performed an InSAR survey of Isabela and Fernandina from 1992-1999. Alcedo
uplifted by > 90 cm over this time, with the majority (approximately 80 cm) occur-
ring between 1992-1997. Following this uplift the direction of deformation inverted to
subsidence. Using Persistent Scatterer analysis, Hooper et al. (2007) observe a defla-
tion signal of > 30 mm/yr between 1997-2001, and attribute it to the crystallisation
of a pipe-like magma body at 2.2 km depth. It is probable that the majority of uplift
observed by Amelung et al. (2000) is related to Alcedos 1993 eruption. However, the
sparse temporal spacing of the surrounding acquisitions means that the exact relation-

ship between the timing of the observed uplift and the eruption is unclear. We suggest
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that magmas intruded during this uplift crystallised, causing the subsequent subsidence
observed by Hooper et al. (2007).

Subsidence continued largely uninterrupted until 2006, with a minor uplift phase in
2004 (Galetto et al., 2019; Baker, 2012). Following this, Alcedo experienced a series
of magmatic intrusions, which may represent a component of longer term resurgence
(Galetto et al., 2019). Between 2007-20009, sill inflation caused the caldera floor to uplift
by approximately 30 cm, at a rate of approximately 8.9 cm/yr (Galetto et al., 2019).
This same area then subsided by 8 cm, until June 2010, while the western caldera rim
uplifted by 5 cm (Galetto et al., 2019), due to intra-caldera magma migration. Finally,
the eastern portion of the caldera resumed uplift between June 2010 to March 2011
(Galetto et al., 2019). In each case, the best-fit sill depth is 2-3 km beneath the caldera
floor, while the deformation patterns are asymmetrical, suggesting contribution from the
intra-caldera fault (Galetto et al., 2019). Likewise, Bagnardi (2014) suggest deformation
trends at Alcedo are due to a combination of magmatic and volcano-tectonic structures,
from a Mogi source at 3 km depth and a SSW-NNE striking reverse fault. Part of
this episode of resurgence, the period from 2009-2011, is notable for producing higher
magnitude seismicity (M, < 3.3) than Fernandina (M, < 2.5) and Sierra Negra (M, <
1.5) (Davidge et al., 2017).

2.2.2 Cerro Azul

Cerro Azul is the southernmost volcano on Isabela, located to the west of Sierra Negra
(Figure 2.1). It peaks at 1640 m elevation, with a volume of 172 km? (Naumann
and Geist, 2000), and has the smallest caldera of all Western Galapagos volcanoes
(3.1 km?). The caldera is the third deepest, at 450 m, but has the smallest area by far
(9.5 km?, less than half Fernandina (20.1 km?)) (Naumann and Geist, 2000) (Figure
2.5). A lake periodically occupies the caldera floor, and may have contributed to the
1943 hydrovolcanic eruption, causing the only known fatality from a Galapagos eruption
(Naumann and Geist, 2000).

Eruptive History

Cerro Azul is one of the more active volcanoes in the Western Galapagos, having erupted
11 times in the past 100 years — only Fernandina erupts more frequently (Venzke, 2023).
It erupts, on average, once every 6.6 years (Naumann and Geist, 2000), from its caldera,
summit, and flanks (Naumann and Geist, 2000). It has erupted twice since 1992, once in
1998, and again in 2008. During the 1998 eruption, two vents opened within the caldera
accompanied by another on on the SE flank (Naumann and Geist, 2000; Teasdale et al.,
2005). The eruption lasted 36 days, with eruption plumes, and lava flows along the
eastern flank of the caldera — the longest of which was 16 km (Mouginis-Mark et al.,
2000). The erupted magma (DRE 5.4 & 24 x10% m3, with mean effusion rate of 17 m?
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s7! (Rowland et al., 2003)) mixed with residual magma from the 1979 eruption during
the first 18 days, before changing compositionally as this remnant magma depleted
(Teasdale et al., 2005).

Like in 1998, the 2008 eruption also occurred as effusive fissures on the southeastern
flank of Cerro Azul (Baker, 2012), initiating on May 29", and lasting for 19 days
(Venzke, 2023). Lava erupted from fissures in the upper part of the cone until June 15,
before erupting from radial fissures along the base of the eastern flank on June 3" (e.g.
Figure 2.2).

Previous Observations of Displacement at Cerro Azul

The 1998 eruption marks the first significant displacement observation at Cerro Azul
(Baker, 2012; Galetto et al., 2020). This eruption was accompanied by 15 cm of subsi-
dence, from a source between 5-6.1 km depth, with a radius of 0.2 km (Amelung et al.,
2000; Baker, 2012; Bagnardi, 2014). The inter-eruptive period between this and the
2008 eruption was characterised by steady uplift, totalling >20 cm. During the 2008
eruption, the caldera summit subsided by 30 cm (Galetto et al., 2020). Again, this sub-
sidence was modelled as a source at between 5-6.4 km beneath the caldera (Baker, 2012;
Galetto et al., 2020) (Tables A4 and A5). It is likely that this is the primary magma
reservoir depth at Cerro Azul, though (Naumann et al., 2002) find evidence of tholeiitic
magma storage at a range of depths from 3-15 km. However, during this eruption, a
dike rooted to the sub-caldera source was also modelled, acting as a conduit between the
magma reservoir and the eruptive fissures (Baker, 2012; Galetto et al., 2020) (Tables A4
and Ab). Galetto et al. (2020) liken this lateral dike to those at Fernandina, where sills
derived from a sub-caldera source bend upwards as they propagate, due to the stress

field exerted by the volcano.

Uplift resumed following the 2008 eruption (Baker, 2012). Cerro Azul then under-
went a major unrest episode in March 2017, with an uptick in seismicity consistent with
an ascending magma body, leading to eruption warnings (Cerro Azul Special Report No.
1- 2017 2017; Cerro Azul Special Report No. 2 - 2017 2017). Ultimately, no eruption
occurred (Cerro Azul Special Report No. 3 - 2017 2017), though there was peak subsi-
dence of -32.9 c¢m in the caldera, and uplift of 41.8 cm on the southeastern flank (Guo
et al., 2019). Like in 1998, and 2008, this deformation was modelled using a geodetic
source approximately 5 km beneath the caldera, from which a sill propagated causing
surface uplift (Guo et al., 2019) (Tables A4 and A5).

2.2.3 Darwin

Darwin volcano is located on Isabela Island, halfway between Alcedo and Wolf (Figure

2.2). It has an elevation of 1330 m, topped by a broad, shallow caldera (Figure 2.5),
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similar to both Alcedo and Sierra Negra. It is the least studied of the six major Western

Galapagos volcanoes, due to its extended extrusive quiescence.

Eruptive History

Like Fernandina and Wolf, Darwin is monotonous, though it has infrequently erupted
more evolved magmas, such as andesite (Naumann and Krebs, 2003). The Global
Volcanism Program lists three Holocene eruptions at Darwin, in 0210+£500 C.E, 1150+
300 C.E. The most recent eruption took place in 1813, though the source volcano is
ambiguous: it was “... more likely Darwin than Wolf, Alcedo” (Venzke, 2023). Evidence
of thermal activity is similarly ambiguous, “strong thermal activity” was detected on the
eastern flank of the volcano in 1972, via satellite observations (Venzke, 2023). However,
a review of this imagery in 1973 suggested that the hotspots occurred on the caldera
floor, and could be explained by “normal daytime temperature differences” (Venzke,
2023). Two tuff cones, Tagus and Beagle are located on the coast, to the west of

Darwin, indicating some historic hydromagmatic volcanism (Banfield et al., 1956).

Previous Observations of Displacement at Darwin

The strongest evidence that Darwins magmatic system remains active comes from radar
displacement studies. There was 20 cm of line-of-sight uplift between 1992-1998, at-
tributed to a point source at between 3.1-4.25 km depth with a positive volume change
of between 5 x 105-8 x 105 m® (Amelung et al., 2000; Manconi et al., 2007; Bagnardi,
2014). Following this, the caldera uplifted by five centimetres between 1998-2005, be-
fore it began to steadily subside until 2010, by a total of 5 cm (Figure 2.4) (Baker, 2012).
During this period, there was heightened seismicity between Darwin, Fernandina, and
Alcedo (Baker, 2012). From 1992-2010, magma influx at Darwin accounted for 3 % of
the magma supplied to Galapagos volcanoes (Bagnardi, 2014).

2.2.4 Fernandina

Fernandina volcano, located on the uninhabited Isla Fernandina, is the westernmost,
and most active volcano in the Galapagos. It has the largest caldera, and experienced
the second largest global caldera collapse event of the 20" century, after Katmai 1912,
in 1968, when the volume of the caldera increased by 1-2 km?, as the caldera floor fell
by approximately 300 m (Simkin and Howard, 1970). Fernandina is the third tallest
Western Galapagos volcano, standing at 1476 m, and it erupts frequently — the entire
sub-aerial portion of the island has been resurfaced by lava flows in the last 4,300 years,
and the island is hypothesised to lie over the centre of the Galapagos hotspot (Kurz
et al., 2014).
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Eruptive History

Fernandina has erupted 22 times since the turn of the 20" century (Venzke, 2023), with
the most recent in January 2020 (at the time of writing) (Venzke, 2023). It has erupted,
on average, once every 5.5 years since 1900, with VEI typically varying between 0-2.
The largest eruption (VEI 4) occurred in June 1968, in a caldera forming event (Venzke,
2023). This eruption occurred in a series of steps, with major seismicity, ground defor-
mation, trapdoor faulting, ashfall, infrasound detections, fumarole emissions, volcanic
lightning, as well as the migration of the caldera lake from the northwestern corner to
the southeastern (Simkin and Howard, 1970; Filson et al., 1973; Rowland and Munro,
1992).

Bagnardi et al. (2013) noted that the back and forth pattern of radial-circumferential
fissure eruptions at Fernandina is due to stress field perturbations. That is, an intru-
sion from the shallow sub-volcanic sill can affect the stress field such that the least
compressive stress promotes a succeeding intrusion of the opposite geometry (i.e. a
radial eruption will be followed by a circumferential one) (Bagnardi et al., 2013). They
identify that the 2009 eruption of Fernandina occurred radially along the southwestern
flank, and correctly predicted that the next eruption, in 2017 would be circumferential,
along the southwestern caldera rim (Special Report of Fernandina Volcano No. 2 - 2017
2017). This pattern of alternating radial-circumferential eruptions continued through
the 2018 and 2020 eruptions, though the locations varied to the north and eastern flanks
(Venzke, 2023). Chestler and Grosfils (2013) suggest that reservoir geometry may also
affect which orientation the eruptive fissure takes. Eruption locations at Fernandina
have a preferred NW—-SE alignment (Rowland and Munro, 1992); during periods of low
magma supply, the location of these eruptions is controlled by the regional stress regime,
though eruptions may occur outside of this regime if magma supply increases (Rowland
and Munro, 1992). The frequent eruptions at Fernandina result in a high degree of resur-
facing of Fernandina Island (Kurz et al., 2014). We use maps of lava flow extent between
1995-2020, and suggest that, if these rates are constant through time, then the upper
slopes (1200-1300 m) of Fernandina volcano will be resurfaced every 91 years, while the

lower slopes (0-100 m) will resurface in approximately 830 years (Figure A2, Table A1).

Previous Observations of Displacement at Fernandina

Between 1992-1999, deformation at Fernandina was concentrated on the southwestern
flank of the caldera, the site of the 1995 eruption, totalling almost 1 m (Amelung et al.,
2000) of LOS uplift. Since then, displacement here has been non-linear, generally char-
acterised by steady uplift, punctuated by rapid subsidence during episodes of unrest
(Figure 2.4). This subsidence accompanied eruptions in 1995, 2005, 2008 (Baker, 2012;
Bagnardi and Amelung, 2012; Manconi and Casu, 2012), 2017, 2018 (Galetto et al.,
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2023), and 2020, as well as an earthquake in 2007 (Baker, 2012). In each case, the
resumption of uplift was immediate. The greatest observed amount of subsidence ac-
companied the 2009 eruption, when the caldera floor dropped by almost 1 m (Bagnardi
and Amelung, 2012). More lava (42.7 x 105 m3) was effused during this eruption than
during the 2005, 2017, 2018 eruptions combined (14.1 x 10° m? DRE, 9.14£4.9 x 105 m?,
5.943 x 10° m® DRE, respectively) (Vasconez et al., 2018). Volumetrically, this erup-
tion is comparable the 1995 eruption (42 x 106 m® DRE) (Vasconez et al., 2018), though
there were not enough SAR acquisitions either side of this eruption to characterise any
syn-eruptive subsidence. At Fernandina, the majority of inter-eruptive magma accumu-
lation occurs in the deeper sub-volcanic reservoir (at 5 km depth), and rapidly ascends
though the shallow reservoir (1 km) during eruptions (Bagnardi and Amelung, 2012;
Galetto et al., 2023). While petrological data also indicate that magma storage occurs

at multiple levels within Fernandina’s magmatic system (Stock et al., 2020).

2.2.5 Sierra Negra

Sierra Negra is 1124 m tall, and constitutes the entire southeastern corner of Isla Isabela
(Reynolds et al., 1995). It is the most voluminous, with the greatest sub-aerial extent,
of all Western Galapagos volcanoes (Reynolds et al., 1995). The exposed edifice and
lava flows (2.03 x 10° m?) constitute approximately 44% of the entirety of Isla Isabela
(4.6 x 10° m?). In contrast to the northern volcanoes, Sierra Negra is the best studied
volcano in the Western Galapagos, with regular InNSAR, GPS, and gravity surveys (Table
A9). This is likely due to: a). Its proximity to Puerto Villamil, the primary population
centre on Isabela and b). Its extraordinary deformation behaviour (the caldera uplifted
by 6.5 m from 2005-2018 (Bell et al., 2021b)). Sierra Negra has probably maintained this
high degree of extrusive activity for millennia — 90% of the volcano has been resurfaced
in the past 4,500 years, with an average long-term eruptive rate of 1 x 105 m? yr!
(Reynolds et al., 1995).

Inflation of a shallow sill, at 2 km depth (Table A9), is the primary cause of uplift at
Sierra Negra, with slip along the trapdoor fault (e.g. hinged on one side) contributing to
co-eruptive subsidence. Influx of magma into the sill promotes slip along the trapdoor
fault, causing asymmetric deformation across the entire caldera floor (Amelung et al.,
2000; Jonsson et al., 2005; Jonsson, 2009; Chadwick et al., 2006). Jonsson et al. (2005)
suggest that the trapdoor fault inhibits southbound sill growth, and instead promotes
eruptions on the northern flank, from a dike rooted to the sill. This hypothesis is
supported by observations, with each of the four eruptions since 1963 having taken
place in the northern sector of the volcano (Venzke, 2023), and there having been 5 large
earthquakes due to fault slip in January 1998, April 2005, October 2005, June 2018,
and July 2018 (Amelung et al., 2000; Jonsson et al., 2005; Jonsson, 2009; Chadwick
et al., 2006; Geist et al., 2008; Gregg et al., 2018; Bell et al., 2021b).
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Sierra Negra, like Alcedo, has an active hydrothermal system, on the western caldera
margin (Reynolds et al., 1995; Aiuppa et al., 2022; Goff et al., 2000). Fumaroles
here produce magma-derived gases that have exsolved from the shallow sill, and been
channeled to the surface by the trapdoor fault (Aiuppa et al., 2022). The trapdoor fault
dominates the expression of volcanism at Sierra Negra: it actively promotes fumarolic
activity in the west of the caldera (Aiuppa et al., 2022), slip along it can trigger eruptions
(Gregg et al., 2018), the location of which is controlled by the accompanying stress field
(Gregg et al., 2018), and interplay between the fault and the shallow sill produces

asymmetric deformation patterns (Amelung et al., 2000).

Eruptive History

Sierra Negra has erupted twice in the 215 century, first in 2005, and again in 2018.

oth century eruptions. There was an

Prior to this it last erupted in 1979, one of seven 2
average eruptive frequency of 13 years between 1911 and 2018 (Venzke, 2023), though
our understanding of the sub-volcanic plumbing system is derived from the 2005 and

2018 eruptions .

The 2005 eruption (October 22nd) initiated explosively, with a 13 km plume, followed
by three stages of variable lava fountaining (total erupted volume of 1.5 x108m?, from a
sill located at 2.1 km depth (Geist et al., 2008), with a source volume loss of 1.2 x 108 m?
(Manconi and Casu, 2012)). This eruption has a clear top-down seismic control, with
no eruptive precursors in cGPS data (Geist et al., 2008). The magmatic reservoir was in
a stable state of stress prior to the eruption, and had not reached a critical overpressure
threshold (Gregg et al., 2018). Instead, the eruption was “catalyzed” by a mag. 5.5
earthquake three hours prior to its onset (Gregg et al., 2018). This earthquake caused
> 1 m of dip-slip displacement on the SW portion of the intra-caldera trapdoor fault
(Geist et al., 2008), sufficiently modifying the local static stress to trigger an eruption.
As at Fernandina (e.g. Bagnardi et al. (2013)), the location of an event that modifies
the local stress field has a major control on the dynamics of the succeeding eruption —
the mag. 5.5 earthquake relieved stress along the southern portion of the caldera while
increasing tensile stress on the northern section of the caldera and magmatic system
(Gregg et al., 2018).

Perhaps the most striking features of the 2018 eruption (June 26*-August 23") are
the similarities with the 2005 eruption (Bell et al., 2021b; Bell et al., 2021a; Gregg et
al., 2022). Lavas again effused from the northern flank of the caldera, following a mag.
5.4 slip on the southwestern section of the trapdoor fault (Bell et al., 2021b). Neither
¢GPS, nor tilt data, indicated imminent unrest in the hours before eruption (Bell et al.,
2021b), though shear wave velocities indicate a pulse of shallow magma intrusion in the
preceding 17 days (Ruiz et al., 2022). The earthquake was followed by a seismic swarm

on the northwestern trapdoor fault section, eastward migrating seisimicity, and pre- and
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co-eruptive tremor (Bell et al., 2021b; Li et al., 2022). The eruption lasted 3 months,
and was comprised of 3 phases (Shreve and Delgado, 2023). The caldera floor subsided
by > 6 m during the initial eruptive phase (Shreve and Delgado, 2023), as lava effused
from both summit, and distal fissures (Figure 2.2), covering an area of 17 km? (Vasconez
et al., 2018). On July 7", a M,, 5.0 earthquake subsided the southwestern section of
the caldera by up to 71 cm (Bell et al., 2021b; Sandanbata et al., 2021). Following
this, the caldera, and lateral sill subsided by 2.5-3 m, and 0.25 m, respectively (Shreve
and Delgado, 2023). Lava extrusion during this period was concentrated on the distal

fissure, covering an area of 13 km? (Vasconez et al., 2018).

Previous Observations of Displacement at Sierra Negra

Amelung et al. (2000) observe 2.4 m of uplift between 1992-1998. Following this, it
deflated between 2000-2002, at a rate of approximately 9 em yr~! as observed by GPS
data (Geist et al., 2006a), and InSAR data (Baker, 2012). This continued until April
2003, at which point the centre of the caldera uplifted by 2.2 metres preceding its 2005
eruption (Geist et al., 2008), the cumulative uplift from 1992-2005 was approximately
5 m (Geist et al., 2008). The high-magnitude inter-eruptive uplift at Sierra Negra
is matched by similar co-eruptive subsidence — the caldera floor subsided by 5 m in
2005, and the entire volcano contracted horizontally by six metres (Geist et al., 2008).
Uplift immediately resumed after the 2005 eruption, and was sustained for 13 years
(with > 4 sub-phases of deformation) (Bell et al., 2021b; Geist et al., 2008). In total,
the caldera inflated by > 6.5 m as magma accumulated at two kilometres depth (Bell
et al., 2021b). This depth is consistent with the source of the 2005 eruption (Geist
et al., 2008), and agrees with that found by gas composition analysis, as well as magma
equilibration depths (Aiuppa et al., 2022; Bell et al., 2021b). The sills that fed the distal
fissure are spectacularly observed in the InSAR displacement maps of the eruption (e.g.
Davis et al. (2021) and Bell et al. (2021b)). It initiated in the northwestern section of
the caldera before separating into two lobes, the larger of which migrates to the west,
before deflecting northeast, and surfacing. Davis et al. (2021) show that this curvature
is caused by the interaction between the topographic stress gradient, and that of the
sill buoyancy. Co-eruptive subsidence in 2018 exceeded the pre-eruptive uplift by 2 m
(8.5 m total) (Bell et al., 2021b), with Shreve and Delgado (2023) suggesting that
caldera formation at Sierra Negra may be caused by the accumulation of metre-scale

subsidence during regular eruptions.

2.2.6 Wolf

Wolf (1710 m) is the northernmost major Western Galapagos volcano, and is the only
one found in the northern hemisphere. It is also the most remote, with no ground-

based monitoring instrumentation (Bernard, 2022). Wolf’s remote location means that
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eruptions here are not a threat to human life. However, Wolf is home to the critically
endangered pink iguana (Conolophus marthae), the only place where these iguanas are
native in the world. Following both the 2015 and 2022 eruptions, the response aimed to

ensure that these iguanas were not threatened (Bernard, 2022; Communication, 2022).

Eruptive History

Wolf was quiescent for much of the late 20"" and early 215¢ centuries. However, it has
recently erupted twice in quick succession, in 2015 and 2022 (Stock et al., 2018; Venzke,
2023). The 2015 eruption (25/05/2015-26/07/2015) was initially explosive, with a
15 km ash column, circumferential lava flows, and lava fountaining — the fountaining
was sufficiently vigorous to produce reticulite scoria (Bernard et al., 2019; Bernard,
2022). Following this the eruption transitioned to a phase of intra-caldera lava flows
(Bernard et al., 2019; Bernard, 2022) (Figure 2.2). Throughout the eruption, the FER1
station detected 465 earthquakes at Wolf (Bernard et al., 2019).

In comparison, the 2022 eruption was much less explosive during its initiation phase
(column was approximately 5.5 km high) (Bernard, 2022), though was sustained for
a much longer duration. The eruption started on January 6%, and IGEPN did not
report an end to the eruption until May 5 a period of 119 days ( Wolf Volcano Special
Report No. 1 - 2022 2022). The eruption intensity peaked during its first 5 days, with
seismic swarms, tremor, and earthquakes (detected at FER1), gas and ash plumes (up
to 3.8 km), and thermal activity from lava flows ( Wolf Volcano Special Report No. 1 -
2022 2022). By January 11" there were three radial fissures on the southeastern flank,
covering an area of 7.4 km? (Wolf Volcano Special Report No. 2 - 2022 2022). By May
5th " at least 5 fissures had opened, and lava flows covered an area of 30 km?, with
a maximum distance of 18.5 km, almost reaching the sea to the southeastern of the
volcano (Wolf Volcano Special Report No. 3 - 2022 2022). In total, 60,000 tonnes of
SO, were emitted, though none had been recorded in the 30 days prior to the eruption
end (Wolf Volcano Special Report No. 3 - 2022 2022). There were no intra-caldera lava
flows, dissimilar from the 2015, and 1982 eruptions, when the thickest lava flows were
located within the caldera (9.5-9.7 m) (Bernard et al., 2019).

These are the first eruptions at Wolf since 1982 (Geist et al., 2005) but suggest
that Wolf follows the same alternating eruptive fissure pattern as Fernandina (radial-
circumferential-radial for the 1982, 2015, and 2022 eruptions respectively (Bernard et al.,
2019; Wolf Volcano Special Report No. 1 - 2022 2022)), suggesting that, like Fernandina,
stress changes during one eruption may affect the geometry of the succeeding eruption
(Bagnardi et al., 2013). At Wolf, like Cerro Azul, the most recent eruptions have
all taken place on the southeastern flank (as have all confirmed eruptions since 1948
(Siebert et al., 2010)).
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Previous Observations of Displacement at Wolf

Wolf has perhaps the best example of variable magma supply rates to volcanoes from
the Galapagos plume. Like Fernandina, there is geodetic evidence of stacked magma
reservoirs at 1 km depth, and >5 km (Xu et al., 2016; Stock et al., 2018), though
there is evidence of even deeper reservoirs — clinopyroxenes erupted during the 2015
eruption equilibrated at 9.942.2 km, while glomerocrysts and phenocrysts equilibrated
at 11.24£2.8 km (Stock et al., 2018). Bagnardi (2014) made volume flux estimates
of magma supply to the six major Galapagos volcanoes, from 1992-2010, when Wolf
accounted for approximately 1% of total magma supply, less than both the recently
inactive Darwin (3%) and Alcedo (11%). However, there has been a recent uptick in
volcanic activity at Wolf, having erupted twice since 2010 (2015, 2022 (Venzke, 2023)).
Prior to this pair of eruptions, Wolf erupted eight times since 1900, with an average
frequency of approximately 11 years between the 1925 and 2022 eruptions — since 2015,

Wolf has been the second most active Western Galapagos volcano, after Fernandina.

2.3 Methods

2.3.1 InSAR Data and Analysis

The InSAR data used in this study was processed using the LiICSAR automatic InNSAR
processor (Lazecky et al., 2020). In this workflow, interferograms are geocoded with a
pixel spacing of approximately 100 m, with minimum temporal baseline of between 6-12
days, when Sentinel-1A, and Sentinel-1B were in constellation. We perform a quality
check of the final interferograms, to identify errors (e.g. in the unwrapping process) that
may have occurred during the automated workflow. These interferogams are removed,
and reproduced. Similarly, we also correct for errors introduced by tropospheric phase
delay, using the Generic Atmospheric Correction Online Service (GACOS) (Yu et al.,
2018). Here, estimated maps of tropospheric phase delay are constructed, using data
from the European Centre for Medium-Range Weather Forecast, and which are then
removed from the unwrapped interferogram. We use these corrected data to construct
time series of displacement, using the LICSBAS time series analysis software (Morishita
et al., 2020). This small-baseline inversion software utilises phase loop closure, to iden-
tify and remove bad interferograms before performing the time series inversion. The
final time series are filtered, spatially and temporally, using a Gaussian Kernal. Fi-
nally, deformation source modelling is conducted using the MATLAB-Based Geodetic
Bayesian Inversion Software (GBIS) (Bagnardi and Hooper, 2018). This software uses
a Bayesian approach to estimate the best-fit source geometries, for a given input, in

each case we perform 1 x 106 iterations.
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2.3.2 Volcanic Areas and Extents

The comparison of areal features was conducted in QGIS. Maps of volcanic features
that had been identified in previous studies were imported into QGIS, and georefer-
enced using the Georeferencer, in the Raster toolbox. The extents of these features
were then manually extracted from the georeferenced maps, and converted to polygon
vector files, from which variables such as area were calculated (using the EPSG:3857
Coordinate Reference System). This process was carried out for lava fields, bathymetric
data, and previously modelled intrusions, using existing maps from published studies
(cited in their corresponding sections), or from optical satellite imagery. Maps includ-
ing bathymethyric data were created using data from the GEBCO Compilation Group
(2022) (GEBCO _ 2022 Grid (doi:10.5285/e0f0bb80-ab44-2739-¢053-6¢86abc0289c.))

2.3.3 Lava Flow Modelling

We model cooling and subsidence using the PDE Toolbox in MATLAB. We emplace a
lava on top of country rock, and allow conductive cooling between these two elements,
while imposing a radiative-convective boundary condition on the top surface of the lava.
We calculate the temperature distribution in the lava for 10 years after its emplacement,
and calculate the corresponding ground displacement as follows (e.g. Chaussard (2016)):
Ah(t) = hn[(1 +v)/(1 — v)]AT(t), where h is thickness, t is time, 7 is the thermo-
elastic expansion coefficient, v is Poisson’s ratio, and T is temperature. The values
used for each variable are presented in Table A24. We use a value of 1200°C as the
starting temperature of our lava. This simple approach effectively models thermo-elastic
contraction due to conductive, convective, and radiative heat loss, though does not
account for latent heat release, pose space compaction, bubble vesiculation, convective

forcing, or insulating effects. Therefore it is better applied to longer-term deformation
(e.g. after Wolf, 2015).

2.3.4 Volatile exsolution at Sierra Negra

We use MELTS Phase equilibria software (Ghiorso and Gualda, 2015; Gualda et al.,
2012) to model the changes in phases assemblages for a sill intruded during the 2018
eruption. We assume the sill is intruded at 1 km depth (e.g. Davis et al. (2021)),
with a starting composition of 1 wt% HyO, after Aiuppa et al. (2022) — the full initial
conditions for MELTS modelling are presented in Table A25.
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Displacement at Alcedo
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Figure 2.7: Subsidence at Alcedo from 2017-2022. A). Time series in both ascending and
descending track directions. The point used in the time series is located at -0.43833° N, and
-91.114° E. This subsidence is relative to a reference area between -0.564— -0.548° N, and -
91.055—- -91.034° E. B-G). Data, model and residual for a contracting sill beneath Alcedo, in
descending and ascending track directions, respectively, where each fringe corresponds to 28 mm
of LOS displacement. Subsidence in the hydrothermal field is clearly visible in panels B and E,
and in the residual panels D and G.

2.4 New observations of Deformation in the Western Gala-
pagos
2.4.1 The Active Hydrothermal System at Alcedo

We observe steady subsidence at Alcedo from 2015-2022 (approximately 14 cm in de-
scending), with a brief period of uplift in 2020 (Figure 2.7A). Using ascending and
descending data, we perform a joint geodetic source inversion to model the cumulative
caldera subsidence (Section 2.3), over an approximately 5 year period from 26,/12/2016—
01/10/2021 in descending, and 06/01,/2017-30/09/2021 in ascending (We can not use
the descending acquisitions from 2015-2017 for a joint inversion, as ascending data
were not routinely acquired until 2017). The best-fit sill (Table A11), is approximately
3300 m long, 4700 m wide, at a depth of approximately 1900 m, striking at 207°, and
closing by -0.13 m over the modelled period (The 2.5% and 97.5% intervals for length,
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Figure 2.8: Subsidence at the fumarole field at Alcedo volcano from 2017-2022. A). Time
series in both ascending and descending track directions. The point used in the time series is
located at -0.439° N, and -91.137° E. This subsidence is relative to a reference area between -
0.564—-0.548° N, and -91.055—-91.034° E. Inset is a map showing the extent of the hydrothermal
field, the plotted point, and reference area, where each line represents 100 m of elevation change.
B). Schematic showing a conceptual model of the sub-volcanic structure of Alcedo. *The inferred
geothermal reservoir is from Goff et al. (2000).

width, depth, strike, and opening are 1466 — 3770 m, 4010 — 5185 m, 1665 — 3137 m,
199 — 220°, and -0.42 — -0.1 m, respectively). The input data, modelled source, and
residual, are shown in Figure 2.7B-G, alongside the corresponding reduced x? statistic

to indicate the goodness-of-fit between the observation and model (e.g. Li et al. (2021)).

In both Figure 2.7B and Figure 2.7E, there is local modification to the subsidence
field at Alcedo. This feature is clear in the residuals (Figure 2.7D and Figure 2.7G),
and is located in the hydrothermal field at Alcedo (e.g. Goff et al. (2000), Figure
2.8A). We plot displacements for a point in this hydrothermal zone in Figure 2.8A,
observing subsidence of approximately eight centimetres, in both track directions from
2017-2022. The consistent rate in both track directions (approximately 15 mm/yr)
suggests that this subsidence is mostly vertical, with consistent LOS change regardless
of look direction (Figure 2.8A). This contrasts with the non-vertical caldera subsidence
(Figure 2.7A), where, for a point at -0.43833° N, and -91.114° E, the subsidence rate is

almost ten times faster in descending (-19 mm/yr) than ascending (-2 mm/yr).

Though the presence of hydrothermal activity has been noted before (at depths of up
to 1000 m (Goff et al., 2000)), this is the first time that displacement here has been noted
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geodetically. As volatile-bearing magmas crystallise, the residual melt become relatively
enriched in volatiles, eventually saturating and exsolving in a process known as second
boiling (Caricchi et al., 2014). The volatiles can migrate towards the surface (e.g.
along pre-existing faults), prompting unrest in the hydrothermal zone, and fumaroles
(e.g. Fournier (1999)). Though the hydrothermal subsidence signal was not noted
during Alcedos resurgence (Galetto et al., 2019), magma supplied then may now be
undergoing second boiling as it crystallises. These observations suggest that during
uplift, deformation at Alcedo is controlled by magma-tectonic interactions between the
sill and the intra-caldera fault (Galetto et al., 2019; Bagnardi, 2014), while the fault acts
as a conduit for volatiles and the hydrothermal system during periods of subsidence.
There may also be more direct interaction between the magmatic and hydrothermal
systems — heat supply during magma intrusion can pressurise overlying hydrothermal
systems, and cause phreato-magmatic eruptions (e.g. Agung, 2017 (Bemelmans et al.,
2023)). This is viable mechanism for unrest at Alcedo, given that the most recent
eruption (in 1993) was phreatic, and caused new fumarolic vents to open (Green, 1994).
As such, displacement at the hydrothermal field at Alcedo may provide information

about future eruptions.

2.4.2 Long-Lived Sources at Cerro Azul

Regular radar acquisitions by Sentinel-1 in both track directions began in January 2017,
prior to the March unrest episode. From the IGEPN reports (with eruption warnings),
we suggest that this 2017 unrest can be classified as a failed eruption (e.g. Cerro Azul

Special Report No. 8 - 2017 (2017)). Following this, caldera-wide uplift resumed, at a

! and continued until the end of this study (Figure 2.9),

while the uplifted flank (Figure 2.9) subsided at low rates of between 7-12 mm yr—!,

rate of approximately 5 cm yr~

possibly due to crystallisation of the intruded magma (Figure Al).

Petrological, geodetic, and eruptive evidence suggest that the eruptive pathway at
Cerro Azul is has persisted from 1979-2017. The 1998 and 2008 eruptions, as well as
the 2017 unrest were located on the eastern volcanic flank (Figure 2.2 and Figure 2.9).
The magma pathway connecting the sub-caldera source to the eastern flank (the site
of fissure eruptions (Figure 2.9)) has probably existed for at least 40 years (given that
lavas erupted in 1998 had mixed with residual 1979 magma (Figure 2.9)), and possibly
up to 60 years (both the 1979 eruption, and the preceding confirmed eruption in 1959
took place on the eastern flank (Siebert et al., 2010)).

We perform a joint geodetic source inversion to model the post-unrest cumulative up-
lift (up to 25 cm) at Cerro Azul, over an approximately 5 year period from 05/07/2017—
04/01/2022 in ascending, and 06/07/2017-24/12/2021 in descending. We start in July
2017 to avoid any syn-unrest displacement. We perform the source inversion using GBIS
(See Section 2.3). The best-fit sill (Table A12), is approximately 9540 m long, 125 m
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Summary of Unrest at Cerro Azul
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Figure 2.9: Sources at Cerro Azul. A). Map of recently active sources, lavas flows, and
historical fissures at Cerro Azul. Fissures, as mapped by Chadwick and Howard (1991), are
marked in purple, while recent lava flows on the eastern flank are shown in orange. The un-
derlying interferogram spans the 2017 failed eruption of Cerro Azul in descending direction,
from 24/02/2017-01/04/2017. B-D). Data, model and residual, for the best-fit sill for cumula-
tive displacement in the descending track direction from 06/07/2017-24/12/2021. E-G). Data,
model and residual, for the best-fit sill for cumulative displacement in the ascending track di-
rection from 05/07/2017-04/01/2022. The best-fit sill is located at 6300 m depth, 9540 m by
125 m wide, and opened by approximately 24 m.
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Darwin Uplift (October 2019 — June 2021)
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Figure 2.10: Uplift at Darwin volcano from 23/10/2019-14/06/2021, for a point at -0.192°
N, and -91.29° E. This unrest is modelled using GBIS (Bagnardi and Hooper, 2018). A).
Time series of uplift in descending and ascending track directions, accompanied by the second
standard deviation across 6-month rolling windows. B-D). Data, Model and Residual in the
ascending track direction. E-G). Data, Model and Residual in the descending track direction.
Cumulative displacement across the modelled window is relative to a reference point at -91.32;-
0.2974. The best-fit source geometry is as follows: Length: 143.676 m, Width: 2273.56 m,
Depth: 3342.57 m, Opening: 4.91 m.

wide, at a depth of approximately 6300 m, striking at 229°, and opening by 24 m over
the modelled period (The 2.5% and 97.5% intervals for length, width, depth, strike, and
opening are 9350 — 9720 m, 129 — 335 m, 6228 — 6379 m, 228 — 230°, and 9 — 23 m,
respectively). The extreme aspect ratio suggests that there may be some trade-off be-
tween sill width and opening (e.g. could a wider sill, opening by less, facilitate the same
amount of surface displacement?). However, such elongate sills have been modelled at
Cerro Azul, both during the 2017 unrest (709 m by 7010 m) (Guo et al., 2019), and
the 2008 eruption (1019 m by 7569 m) (Galetto et al., 2020). The input data, modelled
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source, and residual, are shown in Figure 2.9B—G. In both track directions, there are
features on the displacement field on the upper southwestern flank of Cerro Azul (Figure
2.9B and Figure 2.9E), that remain in the residual (Figure 2.9D and Figure 2.9G). This
feature is also observed in cumulative displacement data spanning the 2008 eruption
(Galetto et al., 2020), located on the steepest flanks of Cerro Azul (<30°), an area
susceptible to mass wasting (Naumann and Geist, 2000). There is extensive landsliding
at the base of the southwestern flank, at Caleta Iguana, where the volcano meets the
Galapagos platform (Naumann and Geist, 2000) (Figure 2.9). We therefore attribute
this deformation feature to the influence of extreme topography, and mass wasting (e.g.
Arenal, Costa Rica (Ebmeier et al., 2014)).

2.4.3 Resurgence at Darwin

Using Sentinel-1 InSAR data, we see low magnitude (<3 cm) uplift and subsidence
from 2017-2022, though we measure an episode of uplift of approximately 6 cm LOS at
Darwin, from April 2020 until June 2021 (Figure 2.10).

We modelled the source of this uplift (Bagnardi and Hooper, 2018) (Section 2.3),
using both ascending and descending track directions. The best fitting sill is located
at 3.3 km depth, and opened by 4.9 metres between April 2020 — June 2021 (Figure
2.10) (The 2.5% and 97.5% intervals for depth and opening are 3220 — 3490 m and 0.93
— 5.6 m). The reduced-chi squared statistic is presented in Figure 2.10, and complete
modelling results are presented in Table A13. This depth agrees well with previous
studies, and falls within the range of estimates (2.7 — 4.25 km) presented in Table A6,
and Figure 2.5. The 2020 episode of uplift at Darwin was similar to the uplift observed
there between 1992-1997 (Amelung et al., 2000) and indicates that, despite its eruptive

quiescence, magma periodically intrudes into Darwins sub-volcanic system.

2.4.4 The 2020 Eruption at Fernandina

Deformation in the Sentinel-1 era has continued as steady inter-eruptive uplift, varying
from 7 cm yr—! between 14/11/2015-01/07/2018, to 34 cm yr—! between 01/07/2018~
04/01/2020, and 50 cm yr—! from 21/05/2020-30/03/2020, with syn-eruptive subsi-
dence. During the 2017 and 2018 eruptions, syn-eruptive deformation was short-lived
(Figure 2.4). Galetto et al. (2023) observe up to 38 cm of co-eruptive subsidence and
uplift in 2017, and < 20 cm of co-eruptive subsidence in 2018, while the caldera floor up-
lifted by < 14 cm in the inter-eruptive period. However, the 2020 eruption is strikingly
different — though the sub-aerial component of the eruption lasted only a day (Venzke,
2023), various locations around Fernandina island continued to deform for a 3 month
period from 05/01/2020-14/03/2020 (Figures 2.11 and 2.12). This was accompanied
by uplift to the west, and south of the caldera (Section 2.4.4). In November 2021,

IGEPN noted heightened fumarolic activity in the caldera, as well as seismic tremor,
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Figure 2.11: Eruptive displacement for the 2020 eruption at Fernandina, in the ascending
Track direction, relative to reference point on the east of the island (black dot). A). Unwrapped
displacement (m) at Fernandina Island, from 09/01/2020-15/01/2020, spanning the eruption.
B). Wrapped displacement (m) at Fernandina Island, from 09/01/2020-15/01/2020, spanning
the eruption. C-G). Time series of displacement from 2017-2022 for a point in Fernandinas
caldera, western flank, northeastern flank, southern flank, and on the southwestern edge of the
island, relative to a point on the SE of the island.

and suggested that they may evolve into an eruption in the medium to long term (Spe-
cial Volcanic Report - Fernandina - 2021 - No. 1 2021). Ultimately, this did not lead
to an eruption, though this unrest was accompanied by accelerated uplift, beginning in
October (Special Volcanic Report - Fernandina - 2021 - No. 2 2021).

Here, we study the 2020 eruption in greater detail. Fernandina erupted on January
12t 2020. The subaerial component of this eruption was minor — small lava flows
effused from an eastern circumferential fissure and it did not exceed VEI 0 (the first
VEI 0 eruption at Fernandina in almost 40 years (1981)) (Venzke, 2023). The USGS

Seismic Catalogue shows a magnitude 4.6 earthquake occurred on the southern flank
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Figure 2.12: Eruptive displacement for the 2020 eruption at Fernandina, in the descending
Track direction, relative to reference point on the east of the island (black dot). A). Unwrapped
displacement (m) at Fernandina Island, from 10/01/2020-16,/01/2020, spanning the eruption.
B). Wrapped displacement (m) at Fernandina Island, from 10/01/2020-16,/01,/2020, spanning
the eruption. C). Time series of displacement from 2015-2022 for a point in Fernandinas caldera,
western flank, northeastern flank, southern flank, and several points on the southwestern edge
of the island, relative to a point on the southeast of the island.

of the volcano on the day of the eruption (Figure 2.14). Sentinel-1 interferograms
spanning the eruption show that deformation was widespread; complex interferometric

fringes span the entire island, with at least 5 distinct deforming areas (Figure 2.11).

Time-series data reveal further sub-volcanic complexity. The caldera, and southern
flanks began inflating immediately following the June 2018 eruption of Fernandina, while
the northeastern and western flanks show differing displacement patterns in different
LOS directions flank (Figures 2.12 and 2.11), until December 2019. At this point, almost
all time series points show an uptick in displacement, until January 12**. During the
eruption, all time series points show significant ground deformation, though the most

notable change occurred in the southwestern sector of the island. The southwestern flank
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Figure 2.13: Results of geodetic source modelling for the 2020 eruption of Fernandina. Full
results in Tables A14— A19. A). Time Series of displacement in the caldera (e.g. Figure 2.11C.),
in both track directions, colour indicates each modelled period. B). Indicative schematic of the
sources active during each period. * denotes shallow sources that were active during the pre-
eruptive period, but that are not modelled here. C), E)-G). Data, model, and residual for
cumulative displacement at Fernandina for a joint inversion, presented using descending data.
D). Pre-eruptive uplift on the southwestern coast, modelled using only ascending data.

uplifted by 0.1-0.15 m between satellite acquisitions surrounding the eruption, while the
southwestern coast uplifted by 0.1 m in ascending, and shows complex uplift-subsidence

patterns in descending (Figures 2.11 and 2.12). In both cases, the fringes of deformation
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Figure 2.14: Volcanic context of the 2020 eruption of Fernandina. A magnitude 4.6 earthquake
occurred on the southern flank of the volcano on the day of the eruption (U.S. Geological Survey
Earthquake Catalogue 2023). Lavas effused from a circumferential fissure on the eastern caldera
rim, covering an area of approximately 3 km?®. Offshore the west coast of Fernandina Island are
located extensive rift zones (in grey), and lava fields (in red).

end abruptly at the coast of Fernandina Island, indicating an offshore component to the
eruptive unrest. Ground displacement continued for months following the eruption: the
caldera, southern flank, and parts of the southwest coast gradually subsided, until June
2020 in both track directions, while the western flank and northeastern flanks continued

to deform over this period.

Here, we model the primary features of displacement during the co-eruptive period,
and identify the main geodetic source regions (Section 2.3). Bagnardi and Amelung
(2012) find that deformation at Fernandina can be explained by a shallow sill over-

lying a deeper Mogi source. Assuming these sources to be temporally consistent, we
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model each of the following periods using either or both of these sources. We perform
joint inversions using descending and ascending cumulative displacement data lead-
ing up to the eruption, from 01/07/2019-10/11/2019, immediately following it from
16/10/2020-22,/01/2020 and from 22/01,/2020-28,/01,/2020, and for the long-term post-
eruptive deformation from 28/01/2020-01/06/2020. We find that pre-eruptive inflation,
from 01/07/2019-05/11/2019, is due to opening of the shallow sill (2.1 km, 2.5%, 97.5%
bounds of 2.1 km — 2.2 km), by 17 m (bounds of 4.2 — 20 m) (Figure 2.13). The ascending
track shows > 5 active sources in the immediate pre-eruptive period from 04/12/2019-
09/01/2020 (Figure 2.11). We cannot reliably model the multiple pre-eruptive sources
using single or joint inversions, and instead model the southwestern coast uplift, in
the ascending direction, to get indicative source parameters (Figure 2.13). This part
of Fernandina island deforms before, during, and after the eruption, and is similar to
previous lateral intrusions, sourced from the deeper reservoir at Fernandina (Bagnardi
and Amelung, 2012). We consider this a notable component of the 2020 eruption as
the spatial deformation pattern is interrupted by the coastline, indicating a potential
offshore component of the eruption. We find that, from 04/11/2019-09/01/2020, uplift
of the southwestern corner can be explained by a sill at 5 km depth (fixed to the depth
of the deeper source Bagnardi and Amelung (2012)), opening by 0.3 m (bounds of 0.1
— 0.5 m). We also do not model displacement spanning the eruption, given the > 5
active sources (Figure 2.13). Following this, we see that post-eruptive displacement,
from 16/10/2020-22/01/2020 is due to the inflation (2.8x107 m?) of a point source at
2.2 km depth, alongside the closing of a sill (-8.5 m, bounds of -8.51 — -4.4 m) at 2.5 km
depth (bounds of 2.4 — 2.6 m). The point source (3.1 km, bounds of 3.1 — 3.2 km)
continued to inflate (6.5x106 m?) from 22/01,/2020-28/01/2020. Deformation in the
post-eruptive period can again be explained by stacked reservoirs, a sill at 700 m depth
(bounds of 700 — 1200 m) (closing by -0.3 m, bounds of -1.78 — -0.32 m), as well as
a point source at 5.4 km depth (bounds of 5.2 — 6.9 km) (deflating by -1.8x10” m3,
bounds of -2.55x107 m3 — -1.72x107 m?) (Figure 2.13). However, residual deformation
in the ascending track shows an extra source on the northeastern flank, that does not
appear in descending (Figure A4), modelling this residual, in the ascending track, shows
a deflating source at 4.4 km depth (bounds of 4.2 — 4.5 km) (Figure A5, Table A20).
Over the same period, the southwestern corner continued to deflate, this time modelled
as a sill at 1.4 km depth (bounds of 1.35 — 1.7 km), closing by -0.09 m (bounds of -1.5 —
-0.07). The full data, model and residual for each of these models can be found in Fig-
ures A3 and A4, while the full description of sources can be found in Tables A14 to A19.

In total, we see that magma accumulated in the shallow sill for at least 4 months
prior to eruption. The uptick in deformation in the month prior to the eruption prob-

ably corresponds to heightened magma flux to multiple reservoirs, including one on
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the southwestern flank, at 5 km depth. The majority of deformation immediately fol-
lowing the eruption can be explained by magma accumulation between 3.1-2.2 km
depth. Both stacked sources continued to deflate from 28/01/2020-01/06/2020, while
the southwestern coast of the island inflated. This protracted deformation indicates that
the sub-volcanic system of Fernandina was active for months following the eruption, to
a much greater degree than indicated by the sub-aerial component. This agrees with
seismic data, which shows that seismicity did not return to background levels following
the eruption, but continued, with a magnitude 4.2 on January 215 (Special Volcanic
Report - Fernandina - 2020 - No. 3 2020). Some of the observed deformation can be
explained by volume changes in the known sources at Fernandina (Figure 2.13), though
there are at least 3 new active sources (Figure 2.11). The instantaneous uplift on the
volcano’s southern sector on the day of the eruption is consistent with the syn-eruptive
opening of a lateral sill, as occurred during the 2018 eruption of Sierra Negra (Davis
et al., 2021). The displacement patterns also show that a portion of the southwestern
uplift occurred offshore Fernandina, undetectable by satellite-radar. Bathymetric map-
ping by Geist et al. (2006b) showed that this region of offshore Fernandina consists of
multiple rift zones, opening into lava fields (Figure 2.14). Therefore, we speculate that
the 2020 eruption of Fernandina may have contained a submarine component, where
magma migrated laterally from the sub-volcanic reservoir (e.g. Bagnardi and Amelung

(2012)), before intruding, or erupting on offshore Fernandina.

2.4.5 Cooling Related Displacements at Sierra Negra

We observe almost 3 m of LOS uplift in descending Sentinel-1 data in the 4 years
following the 2018 eruption (Figure 2.4), with a corresponding intrusive volume of ap-
proximately 1x10% m3 (Chapter 3). The extreme uplift at Sierra Negra is not just
confined to the caldera; the coast on the southern flank of the volcano (near Puerto
Villamil) uplifted between 0.5-2 m in the late 20*" century (Reynolds et al., 1995),
while there was a lateral intrusion on the southeastern flank in June 2010, at depths of
5-11 km (Davidge et al., 2017).

There is high-magnitude deformation on Sierra Negra’s flanks, due to contraction
of effused lavas, and emplaced sills. Amelung et al. (2000) observe 20 cm of subsidence
(1992-1998) due to the contraction of lavas effused on the northern flank of the vol-
cano during the 1979 eruption. Similarly, we observe lava flow subsidence immediately
following their emplacement during the 2018 eruption. Using Sentinel-1 InSAR, we ob-
serve that lava flows at the northern, more active fissure had subsided by 20 cm (Figure
2.15). Lavas emplaced on upper flank in the 2005 eruption did not appear to subside
in the Sentinel-1 era, either because they had cooled fully, or were masked by the uplift
of the caldera. Lava flows subside as they cool, due to thermo-elastic contraction (from

radiative and convective heat transfer), bubble vesiculation, and pore space compaction
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Figure 2.15: Complex post-eruption displacement patterns at Sierra Negra. A). Wrapped
cumulative displacement at Sierra Negra from 06/01/2017-30/09/2021, indicated pre- syn-,
and post-eruptive deformation. Each fringe corresponds to 2.8 cm of range change. Annotated
are the extents of the erupted lava, and intruded sill, as well as the points plotted in individual
time series. B). Results of MELTS modelling, showing the change in density of the precipitated,
and liquid phases with melt fraction, as well as the point at which volatile exsolution begins
(1107 ° K). C). Subsidence due to the cooling and crystallisation of laterally intruded sill. D).
Time series of lava flow subsidence at flows derived from the distal fissures. E). Localised area
of uplift, towards the terminus of the sill, occurring after the eruption had ceased. This figure
shows subsidence due to both contraction of lava flows, and of the sub-volcanic sill. The lava
flow subsidence dues not exceed 20 cm, while contraction of the sill, in both time series, is
approximately 30 cm.

(Chaussard, 2016; Patrick, 2004).

The lateral sill (Davis et al., 2021) subsided by 30 c¢m, exceeding that of the lava flow
(Figure 2.15). This is most likely due to the cooling, crystallisation, and degassing of the
intruded magma. Similar to lava flow subsidence, post-instrusive subsidence is observed
as a magma cools and crystallises. The formation of denser-than-melt crystals raises

the relative density of the melt, thereby, if no more magma is intruded, decreasing the
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volume of the intrusion (e.g. Okmok, USA (Caricchi et al., 2014)). Volatile exsolution
during second boiling may alter the rates at which this contraction occurs, and in
instances of low magma permeability may actually result in inflation (e.g. Long Valley,
USA (Hildreth, 2017)). The subsidence patterns presented in Figure 2.15C is consistent
with magma crystallisation (steady long-term subsidence, with the same magnitude
in both look directions due to uniform sill contraction). However, an area toward
the terminus of the intrusion uplifted by > 5 cm at the end of 2018 (Figure 2.15E),
inconsistent with crystallisation. We suggest that this uplift may have been caused by
second boiling as exsolved bubbles concentrated at the end of the sill, before escaping in
2019, allowing subsidence to resume. Using MELTS phase equilibria software (Gualda
et al., 2012; Ghiorso and Gualda, 2015), we model the change in phase densities within
this sill, using a basaltic starting composition with 1 wt% HsO (after Aiuppa et al.
(2022)) (See Section 2.3). We find that second boiling would have occurred in this sill
(at 1 km depth) at 1107 © K, after the intrusion had cooled 35 © K from liquidus. Once
exsolved, these volatiles cause ground deformation analogous to that in a hydrothermal
system, where they accumulate in a lens and pressurise, before a critical threshold is
met and the lens breaches, causing subsidence (Fournier, 1999). At Fisher, USA, long-
term subsidence is attributed to magmatic fluid loss, though an unsealed breach in the
hydrothermal system (Lu and Dzurisin, 2014). As such, we suggest that the period of
uplift observed at the end of terminus of the lateral sill at Sierra Negra was caused by

volatile exsolution, accumulation, and breaching during second boiling.

2.4.6 Inter-Eruptive Flux at Wolf

Table 2.1: Volumes for best fitting sources at Wolf, either sill (S) or Dike (D). In the Expanded
AV column, the modelled volume has been (96% of inter-eruptive time) has been expanded to
estimate the total volume flux over the total eruptive period, assuming a constant intrusion
rate. The Volume Fraction column is a measure of how much of the erupted lava is accounted
for.

Percent. DRE
Source Length Width Opening Depth Observed Expanded of Frac
T m) m) (m) (m) AV (m3) AV (m3) Erupted ..
tion

Lava
S 170 4171 8.8 2600 6.1 x10°% 6.4 x10° 27% 36%
D 1454 7748 0.94 1482 1.1 x107 1.1x107 47% 62%
S-S 3508 2189 0.43 1545 1.1x107 1.1x10" 47% 63%

250 4432 8.3 5295

We use Sentinel-1 data to observe subsidence of lava flows erupted during the 2015
eruption of Wolf volcano (Figure 2.16). This subsidence is of the same magnitude in both
the ascending and descending track directions, consistent with the vertical contraction

of lava. We model the subsidence due to thermo-elastic lava flow contraction, using
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Figure 2.16: Subsidence at Wolf volcano due to contraction of 2015 lava flows. The track
directions are annotated in the legend. The point used in the time series is located at 0.0276°
N, and -91.279° E. This subsidence is relative to a reference area between 0.044— 0.047° N,
and -91.294- -91.292° E. The grey lines indicate subsidence due to thermo-elastic contraction
of emplaced lavas of various thicknesses.

the methodology outlined in Section 2.3.3, finding that for a lava emplaced at 1200°C,
initial thicknesses of 9-10 m is required to account for the observed subsidence rates.
These thicknesses are greater than those measured by Bernard et al. (2019), who find an
average thickness of 3.4+1.4 for the flank lavas, with thicknesses of >6.5 m for the lobes
closest to our measured point. This, along with higher rate subsidence than expected
from thermo-elastic modelling alone, suggests that the cause of subsidence is not solely
thermo-elastic, and there is likely contribution from bubble vesiculation and pore space

compaction, as well as from latent heat release (Chaussard, 2016; Patrick, 2004).

Wolf had been steadily uplifting since its 2015 eruption, between May—July 2015
(Figure 2.4). There are some Sentinel-1 acquisitions around the eruption (Xu et al.,
2016) though continuous monitoring did not begin until 14/11/2015. This monitoring
was exclusively in the descending direction until 06/01/2017, when ascending became
available. In total, there is data in the descending direction for 96% of the inter-
eruptive period. Using this data, we model the intrusive flux into Wolf for cumulative
displacement from 14,/11/2015 until 24/12/2021, just prior to the 2022 eruption. The
results of the best fitting sill, sill-sill combination, and dike, are presented in Table 2.1,
and Tables A21-A23, while their data, model and residuals are in Figure 2.17. The
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Figure 2.17: Best-fit geometries for source inflation at Wolf from 14/11/2015-24/12/2021,
just prior to its 2022 eruption. Each fringe corresponds to 2.8 cm of LOS displacement, in the
descending track direction. A-T). Data, model, and residual, for the best fitting sill, dike, and
sill-sill geometries.

sill-sill, and dike models fit the data better than single sill, with reduced y? values of
0.13, 0.13, and 0.28, respectively.

These estimates show that, depending on geometry, the inter-eruptive intrusive flux
only accounts for between a quarter to a half of the lava that was erupted during Wolf’s
2022 eruption. There are several potential explanations for this: (a) Vesiculation and
bubble nucleation resulted in lava of much higher volume than the magma reservoir
(which is assumed to be incompressible during modelling). For lavas at Fernandina and
Sierra Negra, Vasconez et al. (2018) find that DRE volumes are approximately 25%
smaller than those of the erupted magmas. When comparing magma influx to a DRE
of 25% less than the erupted lavas, we still find that between one and two thirds of
the lava is unaccounted for. (b) We assume a constant influx rate from the end of the
2015 eruption to the onset of the 2022 eruption, to account for the period until regular
InSAR monitoring began (4% of the total time). Perhaps the influx rate was much
higher during this time, and can account for the missing one-two thirds, though we
consider this implausible. (¢) The missing lava was intruded during the three months
of the eruption, rapidly flushing through the subvolcanic system before erupting, as
suggested by Stock et al. (2020).
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2.5 Discussion

Here, we use our new post-2015 observations as well as historical deformation measure-
ments to summarise the insights that InSAR provides into sub-volcanic structures at
Alcedo, Cerro Azul, Darwin, Fernandina, Sierra Negra, and Wolf. We focus on the
evidence for either change or endurance of geodetic sources over the past 30 years and
discuss the persistence of characteristics in deformation and eruption at different volca-
noes in the context of the magma flux into the Western Galapagos and connectivity at

the level of melt supply.

2.5.1 Sub-Volcanic Structure of the Western Galapagos:
Alcedo

Deformation patterns at Alcedo are complex, but have been consistently attributed to
either inflation (2007-2011) or deflation (2017-2022) of geodetic sources located between
2-3 km depth (point, sill, CDM, and pipe-like sources (e.g. Galetto et al. (2019) in Table
A3), indicative of an established reservoir at this depth. Modelling deformation at
Alcedo has generally required either contribution from an intra-caldera fault (Bagnardi,
2014; Galetto et al., 2019), or an extreme geometry (Hooper et al., 2007). Faulting
seems to dominate displacements during periods of magmatic influx, and may act as a
conduit for magma-derived fluids to reach the surface fumarole field. In Section 2.4.1,
we observe hydrothermally-driven subsidence at this fumarole field, which overprinted
the subsidence due to the cooling of a sill from 2017-2022.

Cerro Azul

Cerro Azul is underlain by a magmatic reservoir consistently located at approximately
5-6 km depth (Tables A4-A5), as detected during the 2008 eruption (Galetto et al.,
2020), 2017 unrest (Guo et al., 2019), as well as by our modelling from 2017-2021 (Figure
2.9). This reservoir acts as a source from which fissures extend during unrest /eruptions.
We propose that there is an established pathway from this sill to the east of the volcano
— each of the 1998, 2008, and 2017 unrest episodes were located in this part of the
volcano. That the 1998 eruption was initially mixed with magma from the 1979 eruption
(Teasdale et al., 2005) suggests that this pathway may have been important since at
least 1979. Eruptions have been confined to the eastern Flank for at least 60 years
since the 1959 event. However, hazards are also present on other flanks, with features
in the Sentinel-1 deformation field that may capture mass wasting on the western flank,

towards Caleta Iguana.
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Figure 2.18: Summary of lateral intrusion and magma flux in the Western Galapagos. a).
Map of major lateral intrusions, from the following studies: ® Cullen et al. (1987), ® Section
2.4.4, © Bagnardi and Amelung (2012), ¢ Nusbaum et al. (1991), © Davis et al. (2021), f Davidge
et al. (2017), & Guo et al. (2019). b). Pie chart of cumulative effused lava volumes from 1995
2025, as presented in Table A2. ¢). Pie chart of cumulative intrusive volumes from 2000-2010
(Bagnardi, 2014), and 2017-2022 (Chapter 3).

Darwin

Though Darwin is extrusively quiescent, there is clearly active magma supply to the

volcano (e.g. Bagnardi (2014)), and it undergoes periodic uplift (e.g. Amelung et al.
(2000), Figure 2.10). Both this study and the few previous deformation studies at
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Darwin find a geodetic source at around 3 km depth beneath the volcano, with lower
depth estimates of 2.7 km, and higher estimates of 4.25 km (Table A6). Why then,
despite active magma supply, does Darwin erupt so infrequently? It is possible that
the supplied volumes are either insufficient or irregular enough to cause an eruption.
However, it is also possible that due to its current quiescence, historic eruptions have
not been identified. There is some historic evidence of lateral intrusions near Darwin:

Urvina Bay “catastrophically uplifted” by 6 m in 1954, exposing 1.4 km? of coral reef

Alcedo? Cerro AzulP Darwin®
A). B). C).
11 L L
2 B Off-Axis B
| § B Reservoir B
- 3 Intra-Caldera o]
! ogi
:VE, 4 Reservoirs B L soue
= Conduit
g 5 - -
0}
@] Sub-Caldera
6 | Reservoir B
7 - L
8_ - _
9_ L -
Fernandina® Sierra Negra® Wolf'
E) Shallow Reservoir F) Shallow
1 - ) - Reservoir
_| Shallow L L
2 Reservoir
. 3_ - ~ Conduit
E 4 f f
55
Q O irusi - -
8 Deeper , ntrusions| Deepsr
©-{ Reservorr - I~ Reservoir
7 L L
Deeper
8* I Magma I~
Plumbing
9* ~ ’—j System ~

Figure 2.19: Schematic diagrams illustrating the proposed sub-volcanic structure at each
volcano. Panels A-F). refer to each of Alcedo, Cerro Azul, Darwin, Fernandina, Sierra Negra,
and Wolf, respectively. The studies from which these schematics are modified from are as
follows: ¢ Galetto et al. (2019)), ® Galetto et al. (2020), © Amelung et al. (2000), ¢ Bagnardi
and Amelung (2012), ¢ Bell et al. (2021b), f Xu et al. (2016).
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(Nusbaum et al., 1991) (Figure 2.18). The magmatic source of the this uplift is unclear;
Urvina Bay is closer to Alcedo than Darwin, but uplift there revealed Darwin-derived
basalts, though McBirney et al. (1985) hint that it may be related to a 1954 lava flow
at Alcedo.

Though there is so far no geodetic evidence of stacked reservoirs at either Darwin or
Alcedo, the 1954 uplift at Urvina Bay suggests that a deeper reservoir may be underlying
the shallow one at either volcano. At Fernandina in 2006 and 2007, and Sierra Negra
in 2010, the lateral intrusion was sourced from the deeper magmatic system, (Figure
2.18) while the 2017 intrusion at Cerro Azul was intruded from a reservoir at 56 km
below sea level (Bagnardi and Amelung, 2012; Davidge et al., 2017; Guo et al., 2019).

Fernandina

Fernandina is the most active volcano in the Galapagos, and overlies stacked reservoirs
at between 1 km and 5 km depth. These reservoirs drive the near constant ground de-
formation at Fernandina (Amelung et al., 2000; Baker, 2012; Bagnardi, 2014; Bagnardi
et al., 2013; Chadwick et al., 2011; Chandni and Kumar, 2020; Geist et al., 2006a;
Jonsson et al., 1999; Pepe et al., 2017), and are particularly evident during eruptions
(2005, 2009, 2017, and 2018 (Bagnardi and Amelung, 2012; Galetto et al., 2023)). The
shallower of these reservoirs acts as a source for fissure eruptions, while the deeper acts
as a source for lateral intrusions. These have been detected at Fernandina, in December
2006, and August 2007 (Bagnardi and Amelung, 2012); likewise, Punta Espinoza, on
the NW flank of Fernandina uplifted in 1927 (Figure 2.18), during which a fishing boat
was stranded as the ground uplifted by “several feet”, and was accompanied by “violent
bubbling” of seawater (Cullen et al., 1987). We also observe lateral magma migration
during the 2020 eruption of Fernandina. In terms of erupted volume, this was the
smallest eruption to have occurred at Fernandina between 1992-2023. However, it was
accompanied by major ground deformation, the westward migration of magma, and the
opening of a sill off the southwest coast. We speculate that these may have resulted in

an offshore eruption into the volcanoes submarine rift zones and lava fields.

Sierra Negra

Like Fernandina and Wolf, Sierra Negra has a stacked magmatic system between, 2 km
and 8 km depth (Bell et al., 2021b; Tepp et al., 2014). Extreme uplift at Sierra Ne-
gra is driven by magma accumulation in the shallow reservoir, at rates of between
1.06x107 m?® yr=! (Bagnardi, 2014) and 1.3x10” m? yr~! (Aiuppa et al., 2022). Inter-
action between this reservoir and the trapdoor fault characterise volcanism here, causing
asymmetric deformation patterns, controlling eruption location, and facilitating the vig-
orous hydrothermal system. The cooling and crystallisation of lateral intrusions (Figure

2.18), and lava flow contraction drives subsidence at the sites of recent eruption. We
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observe uplift at the terminus of the lateral intrusion that occurred during the 2018
eruption of Sierra Negra, and suggest that it was caused by second-boiling — this
mechanism accounts for the delay in uplift, as magma saturated with volatiles, and the

location of uplift as volatiles ascended upslope to the terminus of the sill.

‘Wolf

Like Fernandina, Wolf overlies stacked reservoirs at approximately 1 km depth (Stock
et al., 2018; Xu et al., 2016; De Novellis et al., 2017), and at 56 km depth (Stock
et al., 2018; Xu et al., 2016) through which magma flushes through during eruptions.
Between its 2015 and 2022 eruptions, Wolf is one of the few volcanoes where the entire
inter-eruptive cycle was observed. We find that this inter-eruptive inflation is also best-
fit by stacked sills at 1.5 and 5.2 km depths. The style of eruptive fissure alternates
between eruptions, and we suggest that like Fernandina, the preceding eruption alters
the static stress field for the next. As at Cerro Azul, all recent unrest at Wolf has been
concentrated on its southeastern flank, though it is unclear how long this pathway has
been dominant (no evidence of mixing with historic eruptions as at Cerro Azul). At
Wolf, there is little geodetic evidence that the deeper reservoir acts as a source for lateral
intrusions, as at Fernandina, though Wolf’s remote location and lack of ground-based
monitoring may mean that such intrusions have not been detected — the presence of

offshore rift zones (Geist et al., 2006b) supports lateral magma migration from Wolf.

2.5.2 Rapid Magma Flux Through Shallow Reservoirs

The flux of melt that supplies the Western Galapagos volcanoes, and to a lesser extent
the partitioning of intrusive flux to shallow reservoirs, varies through time (Chapter
3). We compare estimates of intrusive volume change detectable using InSAR, between
20002010 (Bagnardi, 2014) and 2017-2022 (Chapter 3). The primary change between
these two eras is the decreased melt supply at Alcedo which accounted for 10% of total
shallow intrusive flux from 2000-2010 (spanning its resurgence), but subsided between
2017-2022. Comparing total percentages of intrusive volume fluxes to estimates of
extruded lava from 1995-2022 (Figure 2.2), we see that the proportion of erupted to
intruded lavas is consistent, between Sierra Negra (54%:56%), Cerro Azul (16%:18%),
and Wolf (5%:2%) (Figure 2.18). Volcanoes with higher intrusive fluxes also erupted
higher volumes of lava, for example, Sierra Negra accounts for more than half of the
magma accumulated, and lava erupted, in the Western Galapagos (Figure 2.18). That
the ratios of erupted and intruded volumes are similar also agrees with the hypothesis
that long-term magma storage in the crust is uncommon, but rather magma rapidly

cycles through sub-volcanic systems.

Stock et al. (2020) demonstrated that during eruptions at both Wolf and Fernan-

dina, primitive basalts flush through the sub-volcanic system at the erupting volcano,
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overwhelming stored evolved magmas. As a result, these primitive basalts account for
the majority of erupted material (> 90 %), at either volcano. This is consistent with
the geodetic evidence that at Wolf, magma flux into the shallow reservoir is the lowest
of any of the major Western Galédpagos volcano (Bagnardi, 2014). In Section 2.4.6, we
compare these petrological observations to Sentinel-1 data — there is near complete cov-
erage of inter-eruptive inflation at Wolf from 2015-2022, allowing cumulative intruded
magma volumes to be estimated. We find that regardless of source geometry, erupted
volumes exceed intruded volumes by almost double. This “missing” intruded volume
has been observed at many other volcanoes and attributed variously to data gaps and
compressibility of the magma and reservoir (Kilbride et al., 2016). In the Galapagos,
this observation, alongside the absence of a significant pre-eruptive uptick in inflation,
adds to evidence for magma flushing consistent with the observations of Stock et al.
(2020).

2.5.3 Classifying Western Galapagos Volcanoes

The volcanoes of the Western Galapagos have previously been classified as “Juvenile”,
“Mature”, or “Dying”, based on the range of the magnesium number of erupted lavas
(monotonous or diverse), giving an estimate of magma reservoir temperature, and sub-
volcanic structure (Figure 2.20) (Geist et al., 2014; Harpp and Geist, 2018). This
classification generally reflects the age of the Western Galdpagos volcanoes, as they
move eastwards over the Galapagos plume. The youngest, Cerro Azul, is juvenile, it’s
basalts are simultaneously the most primitive and diverse in the Western Galapagos
(Harpp and Geist, 2018). The majority of magma storage occurs at around 5 km
depth, as the increasing magma supply constructs the sub-volcanic system (Geist et al.,
2014; Harpp and Geist, 2018). Once the magmatic system is established, volcanoes
become mature (Fernandina, Darwin, and Wolf), maintaining reservoir temperatures
of approximately 1150°C for thousands of years (Figure 2.20). Finally, as the older
volcanoes are carried away from the plume, magma supply wanes, and cooler more
diverse lavas erupt at dying volcanoes (Alcedo and Sierra Negra) (Figure 2.20). This
waning supply means that the system is no longer in a thermal steady-state, and erupts

cooler magmas, of less that 1050 °C.

This classification reflect an evolutionary model that Western Galdpagos volcanoes
follow across their lifetime. Fernandina is approximately 32,000 years old (Kurz et
al., 2014), and has been the subject of geodetic studies for approximately 30 years,
or < 0.1 % of its age. As such, interpreting displacements in the context of their
evolutionary classification is unhelpful, since the character of activity since geodetic
measurements began is ephemeral, compared to the lifespan of the volcano. For example,
Sierra Negra is classified as dying from lava Mg numbers, yet it was supplied the most

magma (54% of the total magma supply) of any Galapagos volcano between 1992-2010,
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Parameters of Western Galdpagos Volcanoes
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Figure 2.20: Characteristic parameters of Western Galapagos volcanoes. In each plot, a set
of key parameters are plotted against one another, from caldera volume, magnesium number,
shallow source depth, caldera depth, elevation, and the number of eruptions since the 20*" cen-
tury. The ellipses represent the confidence ellipses for the first and second standard deviations
of each dataset.

and 2017-2022. Structurally, the caldera at Darwin (“Mature”) better resembles Alcedo
and Sierra Negra (“Dying”), with their shallow calderas (Figure 2.18), than the deep
calderas of Fernandina, or Wolf (“Mature”), which are similar to Cerro Azuls (“Juvenile”)
(Figure 2.5 and Figure 2.20). While Fernandina and Wolf erupt through a similar
mechanism (Stock et al., 2020), Sierra Negra and Alcedo (both “Dying”) deform very
differently, the former with spectacular long-term uplift, and the latter with sustained
subsidence as the sub-volcanic sill crystallises. Similarly, Fernandina (“Mature”) erupted
three times between 20102022 (2017, 2018, 2020), while Darwin (also “Mature”) last
erupted in 1813 (Venzke, 2023) (Figure 2.20). Magmatic system maturity, as estimated
using Mg numbers, does not bear a clear relationship to either eruption rate or shallow

intrusive magma flux over the past three decades.

We therefore suggest the following groupings of Galapagos volcanoes may be more
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appropriate for planning monitoring campaigns and analysing current activity.

Basaltic Flushing Through Stacked Reservoirs: Fernandina—Wolf

Fernandina and Wolf are presently in an extrusively active phase, with eruptions in
2017, 2018, and 2020, as well as 2015, and 2022, respectively. These eruptions alternate
between radial and circumferential (Bagnardi et al., 2013), from stacked reservoirs at
approximately 1 km and 5 km (e.g. Bagnardi and Amelung (2012) and Xu et al. (2016)).
These volcanoes share steep slopes and deep calderas, and mechanisms of eruption, in
the flushing of primitive basalts through the sub-volcanic systems (Stock et al., 2020)
(Figure 2.18 and Figure 2.19).

Episodic Quiescence and Resurgence: Alcedo—Darwin

Both of these volcanoes maintain shallow magma reservoirs between 2-3 km depth (Fig-
ure 2.19). Significant unrest is uncommon at either volcano, though both periodically
resurge (Figure 2.10, Galetto et al. (2019)). Eruptions are also rare — Darwin last
erupted in 1813 (Venzke, 2023), and Alcedo in 1993, though the 1993 eruption was a
phreatic explosion, rather than an effusive eruption typical of Western Galapagos vol-
canoes. They also have shallow, broad calderas, distinct from Cerro Azul, Fernandina,
and Wolf.

Exceptional Magma Flux: Sierra Negra

The extreme uplift and intrusive flux at Sierra makes it unique globally. Like Fernandina
and Wolf it has stacked reservoirs, has experienced sustained long-term uplift like Wolf,
as well as sustained subsidence (between 2000-2004) like Alcedo. The shape of Sierra
Negra volcano is similar to Alcedo, and Darwin (Figure 2.19), though it is likewise

distinct from these volcanoes due to its extreme uplift.

Juvenile Magmatic System: Cerro Azul

Cerro Azul does not have stacked reservoirs, is more active than Darwin and Alcedo,
and maintains a deeper reservoir (6 km), and smaller caldera than any other Western
Galapagos volcano. Cerro Azul has a similar shape to Fernandina and Wolf, though the

differences in its eruptive style, and sub-volcanic architecture distinguish it.
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2.6 Conclusions

The Western Galédpagos islands of Fernandina and Isabela are striking in the diversity of
volcanism that exists there. By integrating new and historical observations of volcanic
unrest we show that a range of volcanic displacement patterns are controlled by the
varying magma dynamics between volcanoes. We synthesise published literature, and
present new InSAR interpretations for each volcano. Alcedo has two discrete zones
of subsidence, one magmatic and one hydrothermal; Cerro Azul has an established
pathway for eruptions an unrest on the eastern flank of the volcano that has existed for at
least 30 years; Darwin has resurged, like Alcedo, but shows no evidence of hydrothermal
emissions or subsidence; Fernandina rapidly inflates and deflates more than any other
volcano, and may have had a submarine eruption in 2020; Sierra Negra uplifts by
extreme magnitudes for sustained periods, and there is evidence of volcanic deformation
on its flanks as well as its caldera; Wolf uplifts by low magnitudes for sustained periods,
and magma rapidly flushes through there during eruption. We suggest an unrest-based
classification for these volcanoes, based on rapid magma flux through stacked reservoirs,
periodic resurgence and quiescence, juvenile magmatic systems, and exceptional magma

flux.






Chapter 3

Magmatic Connectivity among Six
(Galapagos Volcanoes Revealed by
Satellite Geodesy

Abstract

Shallow magmatic reservoirs that produce measurable volcanic surface deformation are
often considered as discrete independent systems. However, petrological analyses of
erupted products suggest that these may be the shallowest expression of extensive, het-
erogeneous magmatic systems, that we show may be interconnected. Here, we analyse
new time series of satellite-radar-measured displacements at Western Galapagos vol-
canoes, from 2017 through 2022, and revisit historical displacements since 1998. We
demonstrate that these volcanoes consistently experience correlated displacements dur-
ing periods of heightened magma supply to the shallow crust. We rule out changes
in static stress, shallow hydraulic connections, and artefacts associated with data pro-
cessing and analysis. We instead propose that episodic surges of magma into an inter-
connected trans-crustal magmatic system, affect neighbouring volcanoes simultaneously
causing correlations in both volcanic uplift and subsidence. While expected to occur
globally, such processes are uniquely observable at the dense cluster of Western Gala-
pagos volcanoes, thanks to the high rate of surface displacements and the wealth of

geodetic measurements.

3.1 Introduction

Volcanic unrest and eruption may be initiated by processes at the Earth’s surface (Al-
bino et al., 2010; Gregg et al., 2018), or by changes in deeper supplies of magma (Poland
et al., 2012; Caricchi et al., 2014). At oceanic hotspots, thin crust promotes the frequent

67
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effusive eruption of basaltic lavas, that rapidly flush through crustal magmatic systems
(Stock et al., 2020) or accumulate at shallow depths (e.g. <2 km from the surface) (Bell
et al., 2021b). This thin oceanic crust facilitates the rapid ascent of magma through
multiple trans-crustal pathways, instead of through a few established magmatic storage
zones in thicker crust (Gonzalez et al., 2013). Therefore, oceanic hotspots with multiple
sub-aerial volcanoes (Figure 3.1i) are excellent sites to identify and study rapid magma
migration through connected magmatic systems. At the Western Galapagos islands of
Isabela and Fernandina (Ecuador), there are six active volcanoes atop oceanic crust
with a maximum thickness of 18 km (Feighner and Richards, 1994). This high spatial
density of volcanoes, alongside the high-magnitude deformation and eruption rates rou-
tinely observed there, make the islands an excellent site to understand the relationship
between volcanic deformation, magma flux, and the underlying trans-crustal magmatic

systems.

The six major volcanic centres of the Western Galapagos (Alcedo, Cerro Azul, Dar-
win, Fernandina, Sierra Negra, and Wolf (Figure 3.1)) have their magma supplied by
the Galapagos plume, and are each separated from their neighbour by lateral distances
of only 30-45 km. These volcanoes are underlain by vertically extensive magmatic sys-
tems, with discrete levels of magma storage (Harpp and Geist, 2018; Geist et al., 2014).
Magma supply through each system varies according to the maturity of the volcano
(Harpp and Geist, 2018; Geist et al., 2014). The shallowest magmatic storage zones
lie in the upper 4 km of the crust (Bagnardi and Amelung, 2012; Xu et al., 2016; Bell
et al., 2021b; Stock et al., 2018), where volume changes produce displacement patterns
that are easily measured by satellite radar thanks to high phase coherence (Guo et al.,
2019; Bagnardi and Hooper, 2018). Here, we use satellite radar data to produce new
time series of volcanic displacements and show that there are correlations between de-
formation at all six volcanoes during various periods of eruption and quiescence, and

that these correlations are especially strong during episodes of elevated magma flux.

Using Interferometric Synthetic Aperture Radar (InSAR), we construct new dis-
placement time series for Isla Fernadina and Isla Isabela from January 2017, until March
2022. These time series (Methods) capture displacements associated with major unrest
episodes (e.g. Cerro Azul, 2017) as well as five eruptions (Fernandina in 2017, 2018,
and 2020, Sierra Negra, 2018, and Wolf, 2022). There are obvious associations between
displacement trends before and after eruptions (Figure 3.1 and Figure B1). For exam-
ple, Darwin began to subside as Fernandina and Sierra Negra erupted in 2018. After
these eruptions, Alcedo switched to uplift at the same time as Sierra Negra resumed
inflation. Additionally, Fernandina, Cerro Azul, and Darwin all showed simultaneous
changes in displacement direction and rate in mid-2021, approximately 3 months prior
to the Wolf 2022 eruption. Cross correlation analysis (Walter et al., 2014) showed

that time lag is close to zero (Figure B2) at the temporal resolution of our InSAR
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Figure 3.1: Ascending Sentinel-1 cumulative displacement time series for the Western Galapa-
gos, from 06/01/2017-17/03/2022. a, Time series of average displacement of the reference pixel
(annotated by the blue square in panel h). b—g, Displacement time series at each of the major
volcanoes of the Western Galapagos. Periods of significant unrest, including unrest at Cerro
Azul, and eruptions at Fernandina, Sierra Negra, and Wolf are annotated. Displacement val-
ues may differ from previous studies due to choice of point plotted. For example, Sierra Negra
subsided by a maximum of 8 m during the 2018 eruption (Bell et al., 2021b), resulting in phase-
decorrelation in our dataset. Therefore, we plot a point that may not capture this maximum
displacement in order to prevent time series gaps. h, Wrapped cumulative displacement map
of the Western Galapagos, across the entire time series (2017-2022). Each fringe corresponds
to 10 cm of displacement in the satellite line-of-sight direction. The arrow shows the satellite
heading, as well as the average incidence angle. The annotated points refer to pixels used during
correlation analysis, while the reference area is used during Independent Component Analysis
(Figure 3.2). i, Crustal thickness and number of volcanoes at oceanic hotspots. References for
crustal thicknesses are as follows: a (Klingelhofer et al., 2001), b (Spieker et al., 2018), ¢ (Mata
et al., 2017), d (Dofal et al., 2021), e (Feighner and Richards, 1994), f (Furumoto et al., 2013),
g (Fontaine et al., 2015),h (Lodge et al., 2012).

observations, implying strong vertical connectivity in magmatic systems, or that any
differences in ascent rate to reach the interconnected magmatic zones are short relative
to InSAR acquisition spacing. This is consistent with earlier observations of simultane-
ous unrest at each of Fernandina, Wolf and Alcedo (Figure B3). Fernandina and Alcedo
showed changes in surface displacement during a sequence of local earthquakes (each
< M5.0) between 2006-2007 (Baker, 2012). During the April 2009 eruption of Fernan-
dina, Alcedo switched from uplift to subsidence (Baker, 2012), while the uplift rate at
Wolf slowed. This ended 10 yrs of steady uplift at Wolf (Figure B3). The uplift rate
at Fernandina decayed during sudden deflation at Alcedo in May 2010 (Baker, 2012).
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Similarly, GPS data show that the rate of inflation at Sierra Negra slowed during the
May 2008 eruption of Cerro Azul (Baker, 2012). Some isolated petrological data also
hints at magmatic connectivity here, as isotopically similar magmas have erupted at
adjacent volcanoes (Geist et al., 1999). However, these similar samples are rare; there
is evidence that Galapagos volcanoes have been erupting magmas of distinct composi-
tions for the last 10 Ka, each sampling a distinct part of a geochemically heterogenous
plume (Kurz and Geist, 1999).

The increased temporal density of interferometric data provided by the European
Spaces Agency’s Sentinel-1 satellite relative to previous SAR sensors, allows a more
systematic approach to testing the relationships between time series. We use three in-
dependent methods to do this (Methods): identification of turning or inflection points in
time series (Figure 3.1), calculation of correlation coefficients between time series pairs
using temporal Independent Component Analysis (ICA), as a robust test of the statisti-
cal independence of signals (Figure 3.2), as well as a rolling windowed approach (Figure
3.3a). In combination, these approaches demonstrate that correlated displacements oc-
cur persistently between all pairs of volcanoes in the Western Galdpagos, and are not
only associated with eruptions (spanning days—weeks) but also episodes of inter-eruptive
unrest (weeks—months). This suggests a high degree of complex, inter-magmatic system

connectivity in the Western Galapagos.

3.1.1 Shared Displacements in InSAR Time Series

Fernandina, Wolf, Alcedo, Cerro Azul, and Sierra Negra showed correlated displacement
multiple times, during several unrest episodes between 2006-2011 (Baker, 2012). We
observe similar patterns in the Sentinel-1 time series, particularly before and during the
2018 eruptions of Fernandina and Sierra Negra, and preceding the 2022 eruption of Wolf
(Figure 3.1). Figure 3.2 shows independent temporal components, and their weighting,
derived for both of these phases of activity. Between 2017-2018, we retrieve an inde-
pendent component of deformation associated with shared uplift. This component is
strongest at Fernandina and Sierra Negra, and also present at Wolf. Similarly, correla-
tion analysis shows that this period had the highest number of strongly correlated time
series of the entire study period (57% of possible time series combinations had a corre-
lation coefficient of >| 0.9 |) (Figure 3.3a and 3.3b). When applied to time series during
the 2022 eruption of Wolf, as well as the preceding year, we retrieve a single independent
component that describes deformation at each of Wolf, Fernandina, and Sierra Negra.
Correlation analysis shows that this period had the second highest number of strongly
correlated time series, with 53% of all possible time series combinations having a corre-
lation coefficient of >| 0.9 |. In these two periods, visual inspection of the time series,
Independent Component Analysis, and correlation analysis all indicate that Galapagos

volcanoes are deforming in a correlated manner. From late 2020 to 2021, Darwin up-
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Figure 3.2: Results of Independent Component Analysis, and comparison with correlation
analysis, on Descending Data (ICA results in both track directions for all periods can be found
in Figure B4, and Figure B5). a, Results of Correlation Analysis for each pair of volcano
time series, in descending track direction. Grid color indicates if the correlation is positive
(red), or negative (blue), and >| 0.9 |. b, Spatially reconstructed unmixing values for the
corresponding independent component (panel d), for the Fernandina eruptions in 2017, 2018,
and the Sierra Negra eruption in 2018, from 11/08/2017-17/09/2018. The color indicates
the relative strength of the unmixing value. c, Spatially reconstructed unmixing values for
the corresponding independent component (panel e), prior to the 2022 eruption of Wolf, from
11/11/2020-30/03/2022. d, Independent component corresponding to the unmixing values in
panel b. Displacement is normalised on the y-axis. e, Independent component corresponding
to the unmixing values in panel c. Note that the independent component does not necessarily
mirror the shape of the original time series. For example, the contribution of the independent
component shown in e) results in rate changes at Wolf, Sierra Negra, Fernandina and Cerro
Azul (Figure B1.)

lifted, as Alcedo began to subside. Though we do not clearly retrieve an independent
component for this event (Figures B4, and B5), we find that 43% of possible time series
combinations show strongly correlated deformation, the third highest number of the

study period. These periods have the highest number of strong correlations of the en-
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tire time series, showing clear changes in displacement behaviour at multiple volcanoes,
with two of them showing shared independent components between multiple volcanoes.
Most of the correlations between pairs of displacement time series are positive (Figure
3.3a and Figure B10), indicating that volcanoes were deforming in the same direction.
We use a change point algorithm and assume a Poisson distribution for the number of
rate changes, to estimate the probability of two volcanoes with random rate changes
having correlated turning points. We identify an average of 4 change points in each
volcanic deformation time series (Figures B7, B8), and find the probability of just two
volcanoes randomly experiencing a major change in deformation rate in the same month
to be 0.21%, and even lower for correlated changes at > 2 volcanoes. Similarly, using

Ot century, we find that the probability of Fernandina

eruption rates since the early 2
and Sierra Negra erupting in the same 6 month period (as occurred in 2005, and 2018)
would be 0.3%, if eruptions were randomly spaced in time. Therefore, we conclude that

Galapagos volcanoes routinely deform, and even erupt, in a correlated manner.

While coupled volcanic unrest has been reported globally (Biggs et al., 2016; Broth-
elande et al., 2018; Hildreth, 1991; Ji et al., 2018), quantitative proof of relationships
between markers of unrest, such as displacements, are rare (Walter et al., 2014; Poland
et al., 2012; Baker, 2012) and were previously limited by scarcity of ground-based in-
frastructure, and the lower temporal resolution of satellite geodetic measurements (e.g.
ERS-1/2, Envisat, and ALOS-1 had repeat times varying from 35 to 46 days, while
Sentinel-1 has a repeat time of six days when in a two satellite constellation). Obser-
vations from the Galapagos are unique in that they demonstrate temporally consistent
correlated displacements due to changes in shallow magmatic system pressures over
multiple decades (as determined by semi-continuous space geodetic coverage between
2006-2011, and 2017-2022), including during inter-eruptive periods. We rule out the
possibility that the correlations in our time series are InSAR measurement artefacts
by systematically testing the impact of reference pixel selection (Figure 3.1a, Figure
B6). We also test the impact of island-wide atmospheric phase contributions by mak-
ing corrections from weather models, and assessing the seasonality of our time series
(Methods).

3.1.2 Interpreting Correlated Deformation

Observations of correlated deformation and eruptions at other volcanic centres have
been attributed variously to the impact of tectonic or magmatic static stress changes
(Pritchard et al., 2013; Takada and Fukushima, 2013; Przeor et al., 2022), hydraulic
magmatic connections between volcanic systems (Ji et al., 2018; Hildreth, 1991; Wal-
ter et al., 2014), or pore-pressure diffusion (Gonnermann et al., 2012). No recorded
earthquakes or magmatic intrusions that occurred during our observation period were

sufficient to cause such persistent correlations in displacement. A seismic station on
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Sierra Negra’s caldera rim (VCH1) recorded no earthquakes greater than magnitude 5.4
between 2012 and 2022, with the largest events due to slip along intra-caldera faults
preceding and during eruptions (Bell et al., 2021a; Bell et al., 2021c). Among all erup-
tions that occurred during this study, the largest was the 2018 eruption at Sierra Negra
(Figure 3.3c). The erupted volume here was 147 + 71 x 10 m® DRE (at least 14 times
more than that of the 2017 eruption of Fernandina (9.7 £4.9 x 10 m3 DRE) (Vasconez
et al., 2018)). However, even the pressure drop caused by this eruption only produced
significant dilational strain (e.g. > 4 x 107°) within 10 km of the volcano (Figure B9),
and therefore not sufficient to explain correlated deformation seen at Fernandina and
Wolf. This leaves the possibility that dynamic stress changes from a magmatic intru-
sion at a location unobservable from InSAR or the existing seismic network (Figure 3.1)
(e.g., below the seafloor between Isabela and Fernandina) could cause similar changes
in shallow reservoirs. However, the lack of a simple spatial relationship between the
locations where correlated deformation occurs (Figure 3.2), and the switching between
episodes of positive and negative correlation (Figure 3.3a and 3.3b), are inconsistent

with such a mechanism.

There is also no evidence for extensive, persistent shallow hydraulic connections
between Western Galédpagos volcanoes. Vertical magma migration in the shallow crust
occurs during both unrest and eruption (Bagnardi and Amelung, 2012), and is more
consistent with distinct stacked sub-volcanic systems than lateral magma movements.
Shallow reservoirs at < 4 km, lie above deeper storage zones at > 5 km (Geist et
al., 2014) at Fernandina (Chadwick et al., 2011; Bagnardi and Amelung, 2012; Stock
et al., 2020; Geist et al., 2014), Sierra Negra (Bell et al., 2021b) and Wolf (Stock
et al., 2020; Stock et al., 2018; Geist et al., 2014). The lateral migration of magma
through shallow sills is a common phenomenon in the Galapagos, and it produces high
magnitude deformation when it does occur (e.g. Cerro Azul, 2017 (Guo et al., 2019),
Sierra Negra, 2018 (Davis et al., 2021; Bell et al., 2021b) (Figure 3.1h), and Fernandina
2006, and 2007 (Bagnardi and Amelung, 2012)). However, the extensive episodes of
positively correlated deformation that we observe during inter-eruptive periods do not

show measurable deformation associated with shallow magma movements.

In Hawai’i, like the Western Galapagos, Mauna Loa and Kilauea show correlated
deformation, yet erupt isotopically distinct magmas (Poland et al., 2012; Gonnermann
et al., 2012; Przeor et al., 2022). An asthenospheric melt layer is proposed to facilitate
coupling between these volcanoes, across distances of 34 km (Gonnermann et al., 2012).
Pore-pressure diffusion through this layer affects magma supply rate to the shallow
reservoirs, and allows coupled deformation between the volcanoes, while maintaining
their isotopic heterogeneity (Gonnermann et al., 2012). Such a layer, the Pahala Sill
Complex, has been seismically imaged at Hawai’i, a collection of sills between 36—43 km

depth, with seismicity indicating magmatic pathways to both Mauna Loa and Kilauea
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(Wilding et al., 2023). A similar structure in the Galdpagos may reconcile our observa-
tions of correlated deformation with the isotopic evidence of distinct magmas between
each volcano (Kurz and Geist, 1999).

This structure would exist at depths beyond geodetic detection, at the base of the
crust (ranging from 12 km at Fernandina, to 18 km at Sierra Negra (Feighner and
Richards, 1994)). We consider the simplest explanation for correlations in Galapagos
displacements to be temporally variable melt supply from the plume into an astheno-
spheric melt layer, that causes neighbouring sub-volcanic reservoirs to simultaneously
pressurise via pore-pressure diffusion. A variable melt supply would explain our ob-
servations of correlations in shallow magmatic reservoir pressure that are dominantly
positive, but with some modifications due to (1) the impact of eruptions and resulting
shallow stress changes on individual sub-volcanic systems, and (2) variations in par-
titioning of melt entering the shallow crust due to differences in ascent mechanisms
(Figure 3.4).

There are multiple strands of evidence for a time-varying melt flux into the Western
Galapagos. We know that magma flux into the shallower crust there is periodic (Galetto
et al., 2020; Galetto et al., 2019), and that historical eruptions have occurred in clusters
(e.g. there were pauses between Galapagos eruptions from 1998-2005, and 2009-2015).
There have also been discrete episodes of exceptionally high rate uplift (e.g., Sierra
Negra 2005-2018 (Bell et al., 2021b; Guo et al., 2019)). Periods of elevated magma flux
may result in magmatic “flushing” (the rapid migration of primitive magmas through
the sub-volcanic system, at Fernandina and Wolf) (Stock et al., 2020), or the resurgence
(repressurisation of a formerly contracting or inactive intrusion) of quiescent systems
over months to years (Alcedo, 2007 (Figure B3); Darwin, 2020, (Figure 3.1)) (Galetto
et al., 2020; Galetto et al., 2019)). We compare correlation coefficients over windows
of 25 SAR acquisitions (approximately 5 months) with published volumetric estimates
(Guo et al., 2019; Vasconez et al., 2018) and with new estimates of intrusive volume
flux at each volcano between 2017-2022 (Methods). Our estimates of intrusive magma
flux (Figure 3.3, Figure 3.4) use inversions of InSAR-derived displacements spanning
either an eruption or inter-eruptive windows of three months (Methods). We observe
that the periods with the highest number of strong correlations between pairs of time
series occur during an eruption (e.g. Fernandina, Sierra Negra, 2018, and Wolf, 2022),
or when there is an increase of magma supply (e.g. as Darwin uplifted in 2020) (Figure
3.1). For example, Cerro Azul, Fernandina, Sierra Negra, and Wolf show only positively
correlated deformation in 2019 (Figure 3.2a, Figure B10), corresponding with the great-
est intrusive volume flux of the entire time series (1.9 x 107 m? from January—March,
2019). Similarly, a period of positive volume flux to all volcanoes in late 2020 (Figure

3.3), resulted in a high number of positive correlations (Figure 3.3a). This supply in-
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Figure 3.3: Change in the number of strong pair-wise correlation coefficients with time, as well
as volume flux into each Western Galdpagos volcano. a, Number of strong positive correlations
between each pair of time series, determined using windowed correlation analysis (Methods).
The correlation coefficient is calculated between each pair of volcanoes (Figure B10), and the
number of values that are > 0.9 are counted. The count for each window is plotted at the centre
of the window (5 months), the size of which is annotated by the horizontal black bar. b, Number
of strong negative correlations between each pair of time series, determined using windowed
correlation analysis (Methods). The correlation coefficient is calculated between each pair of
volcanoes (Figure B10), and the number of values that are < —0.9 are counted. ¢, Estimates
of volume flux for each unrest period, either from published analysis, or estimated here. d,
Volume change with time at each Western Galapagos volcano, for a sill source. The spatial
coordinates (X, Y, and Z values) of a sill are determined for each volcano, then held constant
while the variables that control volume change (length, width, and opening) are allowed to vary.
The width of each bar corresponds to the length of the period modelled, as does the horizontal
black line, while different colours represent each volcano. Periods of significant unrest (e.g.
eruptions) have been masked out (vertical grey bars) for the corresponding volcano (e.g. Sierra
Negra 2018). In the Galapagos, eruptions typically comprise multiple sources, at different levels
in the crust, that cannot be accurately modelled by a single, fixed source.
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crease was observed on the surface with the uplift of Darwin, the highest magnitude
uplift measured at the volcano throughout our time series (Figure 3.1). This observation
of correlated displacement occurring during episodes of increased magmatic flux agrees
with observations from between 2007-2011 (Baker, 2012). Then, heightened magma
flux, evidenced by Alcedo’s resurgence (Galetto et al., 2019), caused similar displace-
ments at five volcanoes. This demonstrates that the correlated unrest discussed here,
from 20062022, capture a representative rather than anomalous period of Galapagos

volcanism.

The majority positive correlations is consistent with a common response to variation
in melt supply from a deeper source. The positive correlation at Cerro Azul, Fernandina,
Sierra Negra, and Wolf in 2019 (Figure 3.2a), and at Cerro Azul, Darwin, Fernandina,
Sierra Negra, and Wolf in late 2020 (Figure 3.2a) occurred during a period of increased
melt supply to each volcano (Figure 3.3d), and as Darwin resurged (Figure 3.1). This
supply increase caused pressurisation of shallow reservoirs across the Galapagos resulting
in correlated uplift (Figure 3.1). During periods of heightened supply, magma ascends
either slowly via porous flow, or rapidly through dike propagation (Turcotte, 1987).
Episodes of positively correlated subsidence were more unusual (e.g. Fernandina—Sierra
Negra, 2018) and shorter in duration, but can similarly be attributed to simultaneous
eruptions, or a drop in magma supply allowing cooling processes such crystallisation
to dominate the shallowest parts of the magmatic system. For example, subsidence
at both Alcedo (1997-2001 (Hooper et al., 2007)), and Sierra Negra (2000-2002 (Geist
et al., 2006a)) may be due to cooling of intruded products during a period of decreased

magma supply.

Negative correlations may also be explained by pore pressure diffusion, where in-
creased magma supply to one volcano creates a pressure gradient throughout the as-
thenospheric melt layer. For example, in the six months prior to the 2022 eruption of
Wolf, the the uplift rate and time series turning points were correlated between multiple
volcanoes, while deformation trends were anti-correlated. Specifically, displacements in
the descending satellite track, at Cerro Azul (at -0.900 E, -91.356 N) increased to an
average of 0.1 m yr!, from 0.04 m yr! in the previous six months (Figure B1). This
was accompanied by subsidence at Darwin (Figure 3.1), and a decrease in the uplift

rate at Sierra Negra (Figure 3.1).

Our modelling of shallow intrusive flux into a sub-volcanic sill (Figure 3.3d) shows
that from 2021, magma supply to Cerro Azul steadily increased, while steadily decreas-
ing at Sierra Negra. This negative correlation is also seen during the 2008 eruption of
Cerro Azul, when the inflation rate at Sierra Negra slowed (Baker, 2012). The GPS
station GV02 was closest to the centre of the shallow reservoir at Sierra Negra, and
showed the greatest change in vertical displacement of all Sierra Negra stations during

the eruption of Cerro Azul, again indicating a magmatic response (Baker, 2012). An-
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other explanation for negatively correlated deformation is the transient response of a
magmatic system to eruption, when stress drop in shallow reservoirs temporarily alter
the rate of magma ascent from background values in a “top-down” process (Baker and
Amelung, 2012).

3.1.3 Conceptual Model for Common Magmatic Systems

Our conceptual model of volcanism in the Western Galapagos (Figure 3.4 and (Figure
5)) is of distinct, vertically extensive sub-volcanic magmatic zones that all respond to

dynamic magma supply from the Galapagos plume.

This dynamic supply causes dynamic pore pressure changes throughout an astheno-
spheric melt layer, similar to the Pahala Sill Complex beneath Hawai’'i (Wilding et
al., 2023), varying supply to the shallow crust. This melt layer is likely composed of
geochemically distinct sills, allowing dynamic stress transfer, while preserving isotopic
homogeneity between volcanoes (Figure 5). Melt flux from the plume varies temporally,
flushing through different sub-volcanic systems during eruptions (Stock et al., 2020),
allowing subsiding volcanoes to resurge (Galetto et al., 2019), and creating periods of el-
evated eruptive activity (e.g. 2005-2009, 2015-2022). However, magma is not supplied
equally to each Galapagos volcano, with Sierra Negra receiving >50% of the total supply
from 2000-2022 (Figure 3.4). Subsidence (indicative of limited magma supply to the
shallow crust) has been observed twice at Sierra Negra, between 2000-2002 (Geist et al.,
2006a), and 2011-2012 (Bell et al., 2021b), in both instances during a quiescent period
of decreased eruptive activity across the Galapagos. At Kilauea, local compositional
heterogeneities at the plume alter the degree of partial melting, affecting magma supply
to the shallow crust and the eruption rate (Pietruszka and Garcia, 1999). Therefore,
we speculate that variations in magma supply at Sierra Negra, caused by local plume
heterogeneities, are primarily responsible for driving dynamic stress through an inter-
connected asthenospheric sill complex. Supply variations to other Galapagos volcanoes
will also affect pore pressure stresses, though to a lesser extent than at Sierra Negra,
as will major eruptions or morphological changes at specific volcanoes cause deviations

from these general trends.

The tight grouping of active, deforming volcanoes in the Western Galapagos makes
their connectivity uniquely observable using geodetic data. However, multi-volcano
cycles of unrest and eruption driven by a common source are likely to exist globally, as

has been discussed in Hawai’i.

We speculate that the thin crust beneath the Western Galadpagos (and potentially
the Azores (Figure 3.1i)) is underlain by a melt layer comprising geochemically dis-
tinct sills, each sampling a different part of the Galapagos plume, and allowing stress

interactions at the point of supply to sub-volcanic magmatic zones (Figure 3.5). This
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Figure 3.4: Mechanism of correlated displacements in the Western Galapagos. a, Cumulative
intrusive volume in the Western Gaalapagos from 2000-2022 (modified from (Bagnardi, 2014)),
with periods of correlated displacements annotated (this study, and modified from (Baker,
2012)). Each coloured area correspond to a different volcanic system, while the coloured ver-
tical bars denote the observed evidence of related displacement (e.g. during an eruption, or
volcanic unrest) — eruptions that occurred, but did not result in observed related displacements
are faintly marked. The grey area marks periods where there was a lack of enough satellite data
to perform modelling (Methods). The embedded pie charts show the cumulative distribution of
magma at each volcano, firstly for the period from 20002010 (modified from (Bagnardi, 2014)),
and secondly for the from 2017-2022 (i.e. not including volumes from 2000-2010). Alcedo is
not included as it subsided over this period, and neither are volumes lost during an eruption
(e.g. those that were removed in Figure 3.3). b, Schematic diagram of a proposed mechanism
of correlated uplift. Neighbouring volcanic systems are supplied from the same deeper source,
periodic changes in magma supply from this source cause these volcanoes to uplift simultane-
ously. These systems may be hydraulically connected at some depth, to facilitate correlated
displacements during an eruption. c, Schematic diagram of a proposed mechanism of corre-
lated subsidence. As magma supply wanes, cooling and crystallisation dominates, decreasing
reservoir volume, and allowing neighbouring volcanic systems to deform simultaneously. d,
Schematic diagram of a proposed mechanism of negatively correlated unrest. One of these then
erupts while the other continues to inflate, causing subsidence, while the neighbour continues
to inflate. e, Negatively correlated displacement due to a change in magma supply.
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Figure 3.5: Schematic illustration of our proposed bottom-up mechanism for correlated de-
formation at Galapagos volcanoes. The recent melt flux to each volcano (Figure 3.3) is repre-
sented by the width of hatched areas, with Sierra Negra accounting for an average of 55% of
total supply since 2000 (Figure 3.4). Each volcano samples a geochemically distinct area of the
Galapagos plume, where local compositional variations control supply (Pietruszka and Garcia,
1999), though there may be occasional mingling between heterogeneous magma batches (Geist
et al., 1999). Connectivity occurs at the base of the crust through pore pressure stress transfer
between geochemically distinct sills (e.g. the Pahala Sill Complex) (Gonnermann et al., 2012;
Wilding et al., 2023). Flux of magma to the shallow crust, causing measurable deformation,
varies in magnitude and partitioning according to a combination of plume supply variations
and eruption, as illustrated in Figure 3.4.

promotes multiple ascent pathways within close proximity, and feeds six actively de-
forming Galépagos volcanoes within 100 km of one another. We anticipate that at
other ocean hotspot systems, such as Ascension, Cape Verde, Reunion, or Comoros
(Figure 3.11)), magma flux is also ultimately driven by deep melt supply, but that fewer
active volcanic centres inhibit observations of direct connections between surface dis-
placements and deeper magmatic source zones. With this study, we show that volcanic
displacement in the Western Galapagos, and beyond, should be viewed as a window

into deeper, interconnected transcrustal magmatic systems.

3.2 Methods

In both this Chapter, and in Chapter 2, I use the same time series dataset in both
ascending and descending track directions, but vary the subsequent analysis. Here, I
detail these subsequent analyses, and again describe the steps in time series processing
of InSAR data for clarity.
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3.2.1 InSAR

We use approximately 2,000 interferograms spanning January 2017 (the first date from
which regular satellite acquisitions were available in both track directions), until March
2022, towards the culmination of the 2022 eruption of Wolf Volcano (Figure 3.1). These
interferograms are automatically constructed using the LICSAR Sentinel-1 InSAR, Pro-
cessor (Lazecky et al., 2020). This is a fully automated chain for processing Sentinel-1
InSAR data (Lazecky et al., 2020). Image pairs have a minimum temporal spacing
of between 6 or 12 days when S1-A and S1-B are in constellation, and are geocoded
to pixel spacing of approximately 100 m. The network, and perpendicular baselines
are presented in Figure B11. As these interferograms are automatically produced, we
manually perform a quality check, and then re-make those interferograms containing
gaps or unwrapping errors. We use the Generic Atmospheric Correction Online Ser-
vice (GACOS) (Yu et al., 2018b) to minimise the error introduced by tropospheric
noise. This correction reduced the standard deviation of the unwrapped phase in the
descending track, from a dataset mean of 3.2 radians, to 2.7 (Figure B12). However,
standard deviation slightly increased in the ascending track, from 4.12 radians, to 4.27
(Figure B12). Here, maps of tropospheric delay are created using data from the Euro-
pean Centre for Medium-Range Weather Forecast, then subtracted from the LiCSAR
generated interferograms. Finally, we use these corrected interferograms to construct
time series of displacement using the LICSBAS time series inversion software (Morishita
et al., 2020). This is an open-source software package designed for time series analysis
of LICSAR products, using a small baseline inversion. LiCSBAS utilises a phase closure
technique to identify and remove bad interferograms, such as those with unwrapping
errors (Morishita et al., 2020). The final time series are filtered using a Gaussian kernel,
with a spatial width of 2 km, and a temporal width of 24 days (three times the average

acquisition spacing).

3.2.2 Correlation Analysis

We perform rolling correlation analysis to identify periods of correlated displacements
between representative time series for each volcano. For this analysis, and for the
later Independent Component Analysis, we use time series previously produced using
LiCSBAS. The primary criteria for the time series selected for analysis is that they must
be representative of displacements at the caldera across the time series, and that the time
series contains no data gaps (e.g. due to decorrelation during an eruption), as such gaps
may present as false positive or negative correlation. The locations of the time series
selected for presentation can be found in Figure 3.1, and Figure B1. We then discretise
time series into temporal windows, where each window is offset by one acquisition from
the previous window. To assure that each window has consistent temporal coverage, we

linearly interpolate each time series, keeping a constant separation of 6 days between
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each data point. We use windows of 150 days, or approximately five months; eruptions in
the Western Galapagos frequently last months (e.g. in 2018 Sierra Negra erupted for two
months, while in 2022, Wolf erupted for five months). With this window size, we ensure
that we can compare multiple windows across entire eruptions, as well as any immediate
pre- and post-eruptive correlation. We also ensure that we are comparing time series
where the source of deformation is magmatic, rather than shorter term processes such
as brittle failure, and slip along trapdoor faults. We test the impact of window size
and find that windows of between 90-150 days produce consistent correlations. An
example of using an 3-month window can be seen in Figure B13. We then calculate
the correlation coefficient for each window, to retrieve a rolling correlation coefficient,
pair-wise, for each set of volcanic time series. The correlation coefficient is a measure
of the strength of the linear relationship between two variables, given between a range
of -1 to 1. Correlation increases closer to either -1 or 1, while values closer to zero are
more independent. The sign indicates whether the values are positively or negatively
correlated. The correlation coefficient of two random variables, A and B (pap), be

expressed through Equation 3.1.

pap = oA B) (3.1)

Where cov is the covariance of A and B, and o is their respective standard deviation.
We identify strongly correlated displacement periods between volcanoes when absolute
windowed correlation coefficients are > 0.9. We visualise these periods in Figure 3.3,
which represents the number of these strong correlations at each date. We plot both
the sum of the absolute correlation coefficients, and the non-absolute coefficients as a

means of visualising when positive or negative correlations are active.

3.2.3 Independent Component Analysis

We select episodes of high correlation for further analysis using Independent Component
Analysis (ICA) (e.g. Ebmeier (2016)). ICA is a blind source separation technique that is
used to retrieve independent sources from a mixed signal. ICA is based on the principle
that a mixed signal, X, is composed of a linear mixture of multiple components, S
(X = AS), where A is a mixing matrix. Using the fastICA algorithm (Hyvérinen
and Oja, 1997) we iterate to find an unmixing matrix, W, the inverse of A, such that
S = WX, and the non-Gaussinity of W is maximised. An initial random value for
W is selected before iteration. Therefore, global convergence is not assured, and the
retrieved independent components may vary between each run. For each selected time
interval, we perform ICA using approximately 8000 time series across the island (a
total of 16,000 points). To ensure reasonable computation times, we downsample the

number of time series based on the radial distance to each caldera centre (Figure B14),
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on the assumption that the majority of displacement occurs within the caldera. This
step provides three levels of resolution; the caldera floor is downsampled to 0.4 of
it’s original resolution, the caldera flanks to 0.25. Once downsampled, we use a k-
means algorithm to identify independent components that appear consistently between
different iterations, ensuring we converge on all W values. For each selected time period
(as identified through correlation analysis), we run fastICA 100 times, and save the
output. We identify unique independent components by calculating the sum of the
squares of each one returned, and cluster similar time series using this value, using
k-means. We calculate the mean independent component and unmixing value for each
cluster. We visualise where these Independent components are active by plotting the
absolute of each W value with its corresponding latitude and longitude (e.g. Figure
3.2). With this approach we can accurately reconstruct known displacement patterns
(e.g. Cerro Azul 2017, and Sierra Negra 2018), and robustly identify the volcanoes
that are affected by the same independent component. In addition to Figure 3.2, more

results of this analysis can be found in supplementary material.

3.2.4 Estimation of intrusive flux

We estimate the volume flux with time into a shallow sill (Bagnardi and Amelung,
2012; Stock et al., 2018) at each volcano, from 2017 to 2022. While Descending data is
available from 14/11/2015, Ascending is only available from 06/01/2017. As we perform
a joint inversion, we use this latter date as a starting point. To do this, we perform a
Bayesian inversion for best-fit source parameters, using the MATLAB-based Geodetic
Bayesian Inversion Software (GBIS) (Bagnardi and Hooper, 2018). We first crop the
spatial extent of the displacement map, such that only one volcano is considered in each
inversion. We then pick a representative time period for each volcano, and model the
best-fit source, using a joint inversion of the Ascending and Descending tracks. This
representative period is selected such that there is no eruptions at the volcano, and that
the observed displacement is from inflation or deflation of the sub-volcanic reservoir.
We then slice our cumulative displacement time series into approximately three month
windows. However, this window size is not constant during periods of significant unrest;
windows are cropped to include all of an unrest period, such that the effect of volume
loss only occurs in a single modelled window. This results in 21 windows of cumulative
displacement for each volcano, or 126 total windows to be modelled. For each of these,
we characterise the spatial variance using a semi-variogram (Bagnardi and Hooper,
2018), and ensure that the degree of quadtree downsampling is similar in both track
directions. When slicing the cumulative displacement windows in either track direction,
the dates do not exactly overlap, as the Descending acquisition typically occurs the day
after the Ascending. Therefore, the inputs for our joint inversion are typically offset by
one day, though we assume that interim displacement is negligible compared to the three

month period studied. Once the best fit source has been constrained for each volcano,
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we hold the X, Y and Z coordinates constant, and allow the opening, length, and width
of the sill to vary for each window. The data, model, residual, and retrieved parameters
can be found in Figures B15-B20. In each case, we verify that the retrieved depth of
the sill agrees with what has been determined by previous studies, if available. We
then calculate associated volume change to determine the change in volume with time
(e.g. Figure 3.3, Figure 3.4). Though we model volume change in the best-fit source
during eruptions and unrest (Cerro Azul, 2017, Fernandina, 2017, 2018, 2020, Sierra
Negra 2018, and Wolf 2022), these volumes may not agree with previous observations.
Many sources may be active during a volcanic eruption, making volume change estimates
unreliable for our single source. To deal with this, draw on published results for eruptive
episodes, and use single sources for the inter-eruptive periods. Finally, the dilational
change during an eruption, as presented in Figure B9 was modelled with Coulomb 3.1
(Lin and Stein, 2004). We modelled this using a point source at Sierra Negra, with a

volume change of —2x10% m3 (Vasconez et al., 2018).






Chapter 4

The Contribution of Crystallisation

to Decadal Volcano Subsidence

Abstract

Persistent, low-rate (< 3 emyr~—1) subsidence has been observed at >27 volcanoes since
the advent of satellite radar deformation measurements. Understanding the origin of
this long-term subsidence is important for distinguishing between scenarios with differ-
ent implications for volcanic hazard. Here, we assess the maximum contribution that
the simplest of these potential origins — the cooling-driven crystallisation of magmatic
intrusions — could conceivably have on long-term subsidence rates. We do this using
simple numerical models, to describe the crystallisation of a sill due to conductive heat
loss. We find that crystallisation best accounts for long-term subsidence signals in cases
where magmatic sills intrude into country rock (e.g. Sierra Negra, 2018). We deter-
mine this by comparing Sentinel-1 displacement time series with modelled crystallisation
curves, calculated using phase equilibria, thermal, and displacement models. We find
that cooling and crystallisation-driven volume changes may generate measurable surface
displacements for decades, requiring intrusions varying in thickness on the order of tens
to hundreds of metres. At caldera systems with mature Trans-Crustal Magmatic Sys-
tems, crystallisation of individual intrusions cannot account for long-term subsidence,
and is instead a combination of volatile and hydrothermal activity, magmatic replenish-

ment, mush rheology, and, in cases of low magma supply, thermo-elastic contraction.

4.1 Introduction

Ground deformation data are essential in modern volcano monitoring. Deformation
patterns are frequently used to estimate the depth, geometry and, in some cases, vol-

ume of magmatic intrusions (Pritchard and Simons, 2004). In the simplest conceptual
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deformation cycle, magma accumulation in elastic crust preceding an eruption causes
instantaneous uplift, while its expulsion causes subsidence (Biggs and Pritchard, 2017).
Residual magma, or magma stalled following a non-eruptive intrusion, will contract as
it cools in the absence of a persistent hot source. However, in reality many deforma-
tion observations reflect more complex processes. Magmatic signals may be modified
by the response of the surrounding country rock (e.g. in a viscoelastic setting response
signals are time-dependent (Nooner and Chadwick, 2009)) or by the superposition of
secondary deformation from overlying hydrothermal systems, or faulting. Understand-
ing the mechanisms that drive volcanic deformation at all stages of the eruption cycle
improves our ability to interpret it, especially if we can distinguish between magma
movement and volume changes taking place within a stationary body of magma. Here,
we test the potential of cooling-driven crystallisation of a stalled body of magma to
generate measurable surface displacements (Figure 4.1), with the aim of understanding
the extent to which crystallisation can cause observed patterns of deformation. The
crystallisation of an intrusion will occur whenever a magma stalls in the shallow crust,
and is routinely proposed as a cause of long-term volcanic subsidence (e.g. Medicine
Lake, Lassen (Parker et al., 2014; Parker et al., 2016)). Our approach combines phase
equilibria models of magmatic phase changes between liquidus and solidus, numerical
thermal modelling, and analytical elastic deformation models to explore the parameter
space over which crystallisation of a cooling sill can produce measurable deformation at

the Earths surface.

4.1.1 Interferometric Synthetic Aperture Radar Measurements of Vol-

cano Subsidence

Volcano deformation that persists for multiple years to decades is commonly attributed
to processes within a stalled magma (e.g. an intrusion that is stored in the upper
crust rather than immediately erupting). Such deformation is characterised by low
displacement rates and long durations (e.g. Lu and Dzurisin (2014) observe subsidence
of 6-10 mm yr ! at Aniakchak, USA, from 1992-2010 (Figure 4.2)), and by occurrence
during post- or inter-eruptive periods (e.g. Lu and Dzurisin (2014) and Parker et al.
(2014)). Examples of such subsidence, as found in the geodetic record and detected by
Interferometric Synthetic Aperture Radar (InSAR), are presented in Figure 4.2, with
the majority (>80%) deforming at rates of <20 mm/yr, for periods of >1 yr.

There are 8 instances in Figure 4.2 where this long-term subsidence occurs immedi-
ately following magma intrusion in the shallow crust, during an eruption. For example,
eruptions at Kupreanof, Akutan, and Makushin, USA, occurred before, or during the
early stages of observed subsidence (1987, 1992, and 1995 respectively (Figure 4.2) (Lu
and Dzurisin, 2014; Venzke, 2023)). Alcedo, Galapagos, has undergone two distinct

episodes of subsidence following an eruption in 1993 (Green, 1994), and after a period
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Figure 4.1: Conceptual model of the scenario being explored in this paper. Magma has stalled
beneath a volcanic centre, where it is cooling and causing measurable deformation. K, C,, and
p are thermal conductivity, specific heat capacity, and density, respectively. Ty, is country rock
temperature, 77 is intrusion temperature, while d, W, and L are intrusion depth, width, and
thickness, respectively.
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of resurgent behaviour from 20072011 (Galetto et al., 2019). However, long-term sub-
sidence is also widely observed as an inter-eruptive process, and is sometimes the only
indication of an active volcanic system at an otherwise quiescent volcano. Medicine
Lake, USA, subsided by approximately 10 mm/yr between 1954-2011 despite no con-
firmed eruption since 1060 (Parker et al., 2014; Venzke, 2023) (Figure 4.2). Likewise
Aniakchak, Lassen, Fisher (USA), and Taupo, New Zealand, have been subsiding at
rates of >6 mm yr'!, despite not erupting since 1931, 1917, 1830, and 260, respectively.
At each of these examples, crystallisation of stalled, sub-volcanic magma has been
proposed as either the primary or secondary mechanism of deformation. For example,
deformation at Fisher Caldera, USA, has been attributed to crystallisation coupled with
volatile exsolution and migration from the magma (Lu and Dzurisin, 2014). At Askja,
Iceland, crystallisation has been discussed as a potential contributing factor, alongside
magmatic “drainback” (Sturkell et al., 2006), and at Nabro with a post-intrusion re-
laxation of a viscoelastic shell surrounding the magma chamber, or COy outgassing
(Hamlyn et al., 2018).
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Figure 4.2: Instances of deformation either attributed to a cooling magma body or with
deformation properties (long-duration, low-rate) characteristic of a cooling intrusion. Shown is
the duration of observed deformation at each volcano, grouped by type (Venzke, 2023). Red
triangles denote the most recent eruption at each centre, and colours indicate the observed
rate of deformation. Areas of grey hatching illustrate the operational periods of major satellite
geodesy missions. The references for each volcano can be found in Table C1.
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4.1.2 Volume Change in a Cooling Magma

Long-term subsidence due to crystallisation occurs due to cooling of non-erupted, sub-
volcanic magma. This magma may be remaining from a previous co-eruptive intrusion
(e.g. Kupreanof, USA (Lu and Dzurisin, 2014)), be injected during a lateral sill intru-
sion (Bell et al., 2021b), or be a constituent part of a vertically extensive, established
magmatic system (Parker et al., 2014). Following emplacement, heat is conducted into
the surrounding country rock as the magma cools, and crystals form. Progressive crys-
tallisation of the intruded magma as it changes phase between the liquidus and solidus
raises the relative density of the melt, and decreases its volume (e.g. Caricchi et al.
(2014)). This density increase is caused by the formation of denser-than-melt minerals
(e.g. Hall (1996)). This process can cause subsidence for as long as the magma is above
the solidus, and if the magnitude of volume decrease from crystallisation is greater than

any increase from other processes (e.g. volatile exsolution).

In volatile bearing melts, this subsidence may be punctuated by periods of uplift
as bubbles nucleate and expand in the magma, or as they accumulate and pressurise
in an overlying carapace (e.g. Fournier (1999)). Volatile and hydrothermal processes
(or reservoir viscoelasticity) may result in long-term deformation, either alone or in
combination. However, here we focus solely on the effect of crystallisation on volcanic
deformation. We do this because cooling and crystallisation will consistently occur
where magma has been intruded into cooler country rock, regardless of magmatic volatile
content, or country rock properties. We aim to assess whether this process of magmatic
crystallisation can reasonably contribute to the long-term displacements presented in

Figure 4.2, and evaluate the fraction of observed signal that it can account for.

4.1.3 Detecting Long-Term Deformation

Observing long-term deformation historically required established monitoring networks.
These networks were found almost exclusively at historically active, accessible, volca-
noes, in developed countries (e.g. Kilauea, USA, and Asama, Japan (Johnson et al.,
2010; Murase et al., 2007)). The advent of satellite-based monitoring techniques, such
as InSAR, allow for remote monitoring of volcanoes where in-situ ground based tech-
niques are not viable (e.g. Aleutian Arc, USA (Lu and Dzurisin, 2014)). The surge
in observations of long-term subsidence between 1992-2010 coincides with the lifetime
of the ERS and ENVISAT satellite missions (Figure 4.2), and reflects an increase in

observations, rather than an increase in deforming volcanoes.

The detectable threshold of these measured volcano subsidence rates depends on
the signal-noise ratio, with noisier data limiting the lowest measurable rate. This

noise may be spatially limiting (e.g. snow/vegetation affect the coherence (change
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in ground backscatter characteristics) of an observation (Biirgmann et al., 2000)), or
spatially /temporally correlated (e.g. atmosphere (Ebmeier et al., 2013)). At Cascade
volcanoes, Parker et al. (2015) resolve deformation rates of <1 cm/yr using atmospheric
uncertainty models (e.g GACOS (Yu et al., 2018a)). Multi-temporal approaches may
also lower the threshold of detectable deformation; Gonzéalez and Fernandez (2011) de-
tect subsidence at rates as low as 3—4 mm/yr on Lanzarote, while Purcell et al. (2022)
observe subsidence of 6 mm/yr between 1992-2020, using small baseline time series
analysis (e.g. Morishita et al. (2020)).

4.1.4 Previous Modelling of Cooling Magma

Previous studies have used both analytical and numerical modelling approaches to in-
vestigate how crystallisation may influence both magma chamber volume change and
surface deformation. Tallarico (2003) propose an analytical approach to model volume
change in a cooling spherical magma chamber where the impact of crystallisation is
represented by allowing the radius of the source to change with time. They apply this
model to Basiluzzo Island, Italy, and propose that a cooling magma chamber there has
contracted and caused deformation since emplacement 50 ka ago. Hamlyn et al. (2018)
apply this model to investigate post-eruptive deformation over a 15 month period at
Nabro, Eritrea, and suggest that displacement could not be attributed to crystallisation
alone. Similarly Townsend (2022) present an analytical model to study crystallisation,
volatile exsolution, and viscoelastic-driven deformation, from a spherical source. These

models (Tallarico, 2003; Townsend, 2022) have the advantage of being analytical.

In contrast, Parker (2015) use a combination of numerical thermal modelling and
analytical source modelling to study the impact of crystallisation on 65 years of sub-
sidence at Medicine Lake, USA. They find that this subsidence requires a sill between
150-800 m thick. Similarly, Caricchi et al. (2014) use a numerical approach to investi-
gate the effect of crystallisation and degassing during successive uplift and subsidence
events over an 11 year period at Okmok, USA. They use MELTS phase equilibria soft-
ware (Gualda et al., 2012; Ghiorso and Gualda, 2015a) to predict the volume change
associated with evolving phase assemblages for various intrusions. They then use a
thermal model to evaluate volume change as a function of time. They find that crys-
tallisation alone cannot replicate the observed volume loss, and as such, Okmok has

been excluded from Figure 4.2.

Here, we also take a numerical approach to predict volume change from crystallisa-
tion in order to understand the effect of such volume loss on ground deformation. We
use MELT'S to predict volume change with temperature and evaluate timescales using a

finite difference thermal model. We use point Compound Dislocation Models to convert
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volume change to displacement. This approach allows us to consider time-dependent

deformation in realistic intrusion geometries.

4.2 Methods

We consider crystallisation for the simple case of an anhydrous magma to estimate vol-
ume loss from liquid to solid phase transitions. We do not consider volatiles as they
have a significant impact on magma density changes and compressibilty. We select
our initial magma compositions from published literature, assuming that erupted whole
rock compositions represent those in an intruded reservoir. We also make the following
considerations: Heat flux is controlled by thermal gradient, meaning that sills emplaced
in cool country rock will cool faster than those emplaced in established magmatic sys-
tems. As such, the geothermal gradient (and corresponding ambient temperature) is
varied to approximate these different cooling scenarios. A crystallising stalled magma

loses volume in all directions, so volume change is modelled as isotropic along all axes.

We use MELTS (rhyolite-MELTS v 1.0.2, as part of the alphaMELTS2 package
(Gualda et al., 2012; Ghiorso and Gualda, 2015a)), alongside thermal and displacement
models to predict surface deformation for various melt compositions (e.g. Purcell et al.
(2022)). We first model the phase assemblages from an initial composition (Section
4.2.1), to determine volume change as a function of temperature. We then use a finite
difference thermal model to predict cooling (Section 4.2.2), and thus volume change,
time series. Finally, displacement over time is determined through numerical integra-
tion of point Compound Dislocation Models (pCDMs (Nikkhoo et al., 2017)) in Section
4.2.3. The major controls on the rate of surface deformation following intrusion of a
volume of magma are the changing density of the magma as it cools, the temperature

of the country rock, and latent heat release during crystallisation.

There are numerous examples of subsidence at volcanoes due to thermo-elastic con-
traction of erupted products (e.g. Paricutin Lava Field (Chaussard, 2016)). However,
here we only consider volume change due to crystallisation, and neglect the effects of
such thermo-elastic contraction on the following basis. We examine the temperature
change in and around a sill as it cools from liquidus to solidus, with a 1-dimensional
finite difference thermal model, using a thermal expansivity value of 2x107° (e.g. Wang
and Aoki (2019)). Figure C1 shows that contraction will be offset by expansion of the
surrounding country rock. Latent heat release from magmatic phase changes causes the
country rock temperature to increase more than the temperature decrease in the intru-
sion, with the corresponding increase in country rock volume offsetting any contraction

(Figure C1). Though thermal contraction clearly plays a role in sub-solidus subsidence
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(e.g. lava flow contraction (Patrick, 2004; Chaussard, 2016)), it should be negligible for
an intrusion between the solidus and the liquidus. Therefore, we evaluate the changing
density of the cooling magma to evaluate surface deformation, and systematically test
the effect of thermal setting and intrusion thickness. These parameters are considered

in detail as they represent a variety of volcanic settings and intrusion types (Figure 4.3).

We perform systematic parameter space testing, and real-world data comparison
using our model, and make the following assumptions. We consider a magma body that
has stalled at a level of neutral buoyancy (Lister and Kerr, 1991), and is not replenished
by a subsequent intrusion during the modelled period of cooling or tapped during an
eruption (e.g. Cashman et al. (2017)). This stalled sill has a low aspect ratio, being
much more laterally extensive than thick (Figure 4.4). Therefore, in a thermal sense,
the sill is treated as laterally infinite, and is modelled using the one-dimensional heat
equation (Equation 4.1). We consider an anhydrous melt, such that volatile exsolution is
neglected. We assume that this intrusion is relatively shallow, and that the surrounding
country rock behaves elastically (e.g. Pritchard and Simons (2004)). Finally, we also
assume that there is no overlying hydrothermal activity. These choices mean that
we determine the highest rates of deformation that could reasonably be attributed
to crystallisation; hence, our estimates express the maximum likely contribution of
crystallisation. We investigate cooling time in a range of thermal settings by intruding
the sill into a geothermal gradient between 0.02 — 0.098 °Cm~! (Reverdatto et al.,
2019).

4.2.1 Modelling Volume Change

MELTS models the evolving phase assemblages in a melt of a given composition by
minimising the appropriate thermodynamic potential (Ghiorso and Gualda, 2015b).
In this study, we assume that the magma undergoes isobaric crystallisation following
intrusion at the liquidus. We consider the case of a closed system (no magma gain/loss,
and no volatile phases present). We iterate from the initial intrusion temperature to
the solidus, calculating magma density at 1°C increments. Real magmas consist of both
solid and liquid phases, but by assuming that all of the magma is intruded at the liquidus
temperature, we calculate the maximum volume change due to crystallisation. By
assuming that the intrusions do not mix with pre-existing magma, we avoid considering
volume changes during re-melting, as well as the well as the effect of re-melting on
cooling times, due to latent heat absorption. We predict volume change as a function

of temperature and express this as a function of time using a thermal model.

4.2.2 Cooling Scenarios

We construct time series of temperature using a finite-difference approach to model

conductive heat loss in a crystallising sill. We assume that all heat loss occurs via
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conductive heat diffusion through its upper and lower surfaces. While convection will
increase magmatic heat transfer (thereby increasing cooling rate) (Annen, 2017), it
is not considered here. The governing one-dimensional heat equation is expressed in
Equation 4.1 (e.g. Annen (2017)).

2
or + pLa—X = Ka—T (4.1)
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Where p is density, C'p is specific heat capacity, 1" is temperature, ¢ is time, X is
melt fraction, K is conductivity, and x is distance. We account for latent heat (L)
release by assuming a linear relationship between temperature and melt fraction. We
assume a melt fraction of one above the liquidus, and zero below the solidus. Between
the liquidus and solidus, the relationship between X and T is expressed by Equation
4.2 (e.g. Annen (2017)). Cp is set to 1000 Jkg~°C~1, K is set to 2.5 Wm~1°C~! and
L is set to 3x10% Jkg~1°C~1 after Annen (2017).
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To estimate volume change with time, we emplace a magma into our model domain
at time 0. Following this, we iterate using the Forward Euler method to calculate
conductive heat flux until the intrusion has cooled below the solidus. Spatial steps of 1
m are used, with a dynamic timestep to ensure numerical stability. We use the results
of the thermal model, and those of the phase assemblage model, to convert volume
change as a function of temperature to volume change as a function of time (Figure
C2). The final step uses the predicted volume changes to calculate the corresponding

surface deformation using point Compound Dislocation Models. (Nikkhoo et al., 2017).

4.2.3 Calculating Displacement

The geometry of our modelled intrusion is comparable to a rectangular dislocation
(Okada, 1985), where opening along the major axis is accompanied by closing along the
minor axes (Segall, 2010). However, crystallisation contracts isotropically. We therefore
use a numerical approach, approximating the intrusion as a network of isotropically

contracting point sources.

We compared this numerical approach to an analytical horizontal rectangular dislo-
cation to evaluate the difference between isotropic and Okada-type contraction. To do
this we first created a synthetic interferogram of displacement for a 4 km wide square
sill, 25 m thick, at 4 km depth. This displacement was calculated by numerical inte-
gration of a discrete mesh of pCDMs that lost approximately 10 % of its volume. The

best fit horizontal rectangular dislocation for these interferograms was determined using
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the Geodetic Bayesian Inversion Software (GBIS (Bagnardi and Hooper, 2018)). We
fixed source depth at 4 km, and tested all other parameters to find the optimum model
after 1,000,000 iterations. These synthetic wrapped and unwrapped interferograms are
presented in Figure C3.A. The modelled interferogram, and pCDM-Okada misfit are
shown in Figure C3. The best-fit horizontal rectangular dislocation is 5980 m long,
6050 m wide, with an opening of approximately -0.44 m. This is a total volume change
of —1.6 x 1077 m3. For comparison the total volume change using the pCDM approach
is —4 x 1077 m3. The comparative volume change is on the same order, though vol-
ume change using the pCDM method is approximately 2.5 times greater than that in
the rectangular dislocation. Therefore, a rectangular dislocation is inappropriate when
considering crystallisation, as it both fails to model the isotropic process and underes-

timates the volume loss.

Displacement Model Setup

We discretise the intrusion volume into a uniform three-dimensional grid, such that
every point has equal volume. We consider our input volume change to be the cubed
intrusion thickness (e.g thickness, width and length are equal) by calculated volume loss
(from MELTS), such that each pCDM approximates an equal volume of the intrusion.
We then equally space these throughout the intrusion, such that the entire volume of
the intrusion is considered. Therefore, when referring to intrusion thickness in relation
to displacement calculations, we are referring to the equivalent cubic volumes of such
a thickness for each individual pCDM. We place a point Compound Dislocation Model
(pCDM) (Nikkhoo et al., 2017) at each of these points. The pCDM is composed of three
mutually orthogonal point tensile dislocations (Nikkhoo et al., 2017; Okada, 1985).
Here, each of these orthogonal tensile dislocations lose volume equally. Alternative
approaches to model this volume change include using a rectangular dislocation (Section
4.2.3), or alternative point sources such as Mogi (Mogi, 1958), or cuboid (Barbot et al.,

2017). See Figure C4 for a comparison of sources.

+iw
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We calculate the superposition of displacement from each pCDM in the grid via
numerical integration. The general approach is described in Equation 4.3, where Uy
is the matrix of total displacement, Upcpas is the predicted matrix of displacement for
a single pCDM, z and y are coordinates, and W is width. Limits are set to —%W and
—l—%W such that centre of the sill is at 0. For computational efficiency, we use matrix
convolution with a weighted kernel of the displacement matrix from the pCDM at the
centre of the sill. This gives the total displacement produced by our cooling intrusion.

This allows us to express the time series of volume loss in terms of displacement over
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time (Figure C2).

4.2.4 Parameter Selection and Initial Conditions

We carry out sensitivity tests for the impact of initial conditions of the cooling sill,
and our choice of physical parameters on deformation at the Earth’s surface. To test
the effect of each parameter, we define the expected ranges over which these parame-
ters are found. We use widely cited values for physical properties of magma, such as
thermal conductivity, and latent heat of crystallisation (e.g. Annen (2017)), and select
representative values for parameters such as sill thickness and area, that may vary on a

volcano-by-volcano basis.

Table 4.1: Parameters used as model inputs. Thickness and Geothermal Gradient are sys-
tematically varied while the rest are held constant.

Parameter Unit Value Reference

Thermal Conductivity W m~1° 1 2.5 Annen (2017)

Specific Heat J kg=tec1 1000 Annen (2017)

Thickness m 5-75 (Figure 4.4)

Representative Depth m 4,000 Ebmeier et al.
(2018)

Latent Heat J kg™t 3eb Annen (2017)

Geothermal Gradient °C'm~! 0.02-0.098 Reverdatto et
al. (2019)

Width m 4,000 (Figure 4.4)

Initial Melt Fraction 1

In order to determine reasonable thicknesses and areas, source inversions from the
geodetic record were reviewed for boundary conditions that bracket the likely natural
range. Values for each parameter used are presented in Table 4.1. Figure 4.4.A presents
the distribution of sill openings from rectangular dislocations, determined by inversion
of InNSAR measurements. Standard deviation of opening is approximately two metres,
significantly less than the field observations of thicknesses presented in Figure 4.4.B,
as expected. This figure shows the distribution of sill thicknesses within the Transvaal
Supergroup, as found by Button and Cawthorn (2015), one of just a few studies with
a significant number of field measurements of sill thicknesses. These sills have a mean
thickness of approximately 34 m, and standard deviation of approximately 75 m, once
extreme outliers have been removed (Button and Cawthorn, 2015). Modelled openings
(Figure 4.4.A) and exposed thickness (Figure 4.4.B) relate to different stages of sill de-
velopment. Rectangular dislocations represent change in thickness rather than absolute
thickness, such as Figure 4.4.B, and only represent a fraction of sill thickness at the time
of intrusion, since volume change is not equivalent to total volume (aside from the very

first first intrusion). Figure 4.4.C presents modelled sill areas for penny shaped cracks



96 Chapter 4: The Contribution of Crystallisation to Decadal Volcano Subsidence

and rectangular dislocations. Also included are the dips, where stated, of modelled sills.
We consider a sill with sides of 4 km, such that the area of our modelled intrusion is

the median value (16 km?) of the data presented in Figure 4.4.C.

Displacement and Time Ranges

Bl Fixed Value Units Minimum Fixed Maximum

Geo. Gradient gy Displacement Range L L Depth m 1000 4000 10000
B Time Range Thickness m B 20 75
Latent Heat + | L | Width m 100 4000 5000
Conductivity Wm-tect 1.5 2.5 35
Melt Fraction 4 [ ] SHC Tkg-1oC1 800 1000 1100
Melt Fraction 0.5 1 1
SHC 4 n 0 Latent Heat Jkg' | 300000 | 300000 | _ 400000
Geo. Gradient °Cm™ 0.02 0.059 0.098
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Figure 4.3: Results of initial parameter testing. The displacement and cooling time for pa-
rameter maximum and minimum are calculated while the other parameters are held constant at
an indicative value — these values are presented in Table 4.1. The inset table shows the maxi-
mum, minimum, and fixed values (Table 4.1) for every parameter tested. Initial compositional
data for testing is from Busa et al. (2002)

We use our simple crystallisation model to predict time series of displacement for sill
intrusions into country rock. Preliminary testing showed that intrusion depth has the
most significant effect on the magnitude of displacement, followed by thickness, with

width also having a major influence (Figure 4.3).

4.3 Time Series of Long Duration Volcano Subsidence

We use interferograms from the LiCSAR automatic interferometric processor (Lazecky
et al., 2020). LiCSAR generates interferograms with temporal resolution of up to 6 days
(when Sentinel-1A and 1B were in constellation), geocoded to approximately 100 m pixel
spacing (Lazecky et al., 2020). Each acquisition forms an interferogram with the three
preceding and succeeding acquisitions, for subsequent use in small baseline time series
analysis (Lazecky et al., 2020). These interferograms are corrected for atmospheric con-
tributions to phase using the Generic Atmospheric Correction Service (GACOS) (Yu
et al., 2018b). Here, maps of tropospheric phase delay are calculated using ECMWF
weather maps, and subtracted from the uncorrected interferogram. The average change
in standard deviation for each time series can be found in Tables C2-C8. Finally, we
construct time series of ground displacement using the small baseline subset (SBAS)
LiCSBAS time series python package (Morishita et al., 2020). Prior to performing a
time-series inversion, LiICSBAS allows for coherence-based masking, spatial cropping,

coherence and extent-based quality checks, before identifying and removing “bad” in-
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Figure 4.4: Distribution of sill opening, thickness, and area. a. Distribution of positive and
sill openings from published geodetic inversions. Openings from near horizontal rectangular
dislocations are included. b. Distribution of sill thickness within the Transvaal Supergroup,
South Africa, as measured by Button and Cawthorn (2015). c. Distribution of sill areas from
published geodetic inversions. Rectangular dislocations, penny shaped cracks, and estimates
of area are all included. Modelled sill dips are also presented, a dip of zero is assumed if not

stated.
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terferograms from the processing chain using phase loop closure checks. The final time
series have are presented in Section 4.4, while the satellite track, and processing param-
eters for each volcano presented in Section 4.4 can be found in Supplementary Tables
C2-C8. For each volcano, we plot deformation relative to multiple reference points to
test for the influence of phase bias (Section 4.3.1). As noted in Section 4.2, thermo-
elastic contraction of lava flows can cause long-term subsidence signals (Purcell et al.,
2022; Chaussard, 2016). These signals are also characterised by low-rates (mm-—cm yr!),
but typically occur off the volcanic summit, with spatial displacement patterns match-
ing the spatial extent of the lava flow (e.g. Chaussard (2016)). To ensure that we are not
observing subsidence due to lava flow contraction here, we only plot points at volcanoes
where the displacement field does not overlap with any lava fields that are observable
in optical satellite imagery, or where there was no ongoing subsidence prior to magma
intrusion (as is the case at Sierra Negra). We model crystallisation either since the first
observation of long-term subsidence (e.g. 2003 at TVZ (Hamling et al., 2015)), or since
the most recent unrest (e.g. Sierra Negra, following its 2018 eruption), such that we
model the maximum possible rate attributable to crystallisation. To compare our model
outputs we resample both the model and time series to daily frequencies, and linearly
interpolate the intervening data. We then calculate the Residual Sum of Squares (RSS)
between the data and model. For each of Figures 4.5-C9, this calculation is performed

between the model data, and the first legend entry time series.

4.3.1 Assessing the Impact of Fading Signal on Decadal Subsidence
Time series

Phase-Bias, or “Fading Signal” is an apparent signal, caused by cumulative errors in
time-series processing, resulting in apparent long term trends in deformation, that do
not reflect reality (e.g. Purcell et al. (2022) and Maghsoudi et al. (2022)). This bias is
particularly evident in time series constructed from networks of short interval, multi-
looked interferograms, as spatial filtering introduces error terms. This has a minor
contribution to the observed signal in each interferogram relative to other terms such
as ground movement and atmospheric noise, but can propagate through time series
to have a measurable influence on ground deformation. The value of the error term
introduced through multi-looking varies with ground cover type, with Maghsoudi et
al. (2022) showing a minor contribution at urban settings compared to cropland and
forests, that mimic subsidence and alternating subsidence and uplift, respectively. Here,
we are considering long-term subsidence due to crystallisation, a phenomenon that may
be mistaken with phase bias. As such, when we are considering candidate volcanoes, we
plot subsidence relative to a reference pixel at varying ground-cover types, and disregard
those where the rate of subsidence varies with reference pixel (an alternative approach

is to increase the temporal interferogram length, though this may result in coherence
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loss (Purcell et al., 2022)). For example, we observe 15 cm of apparent subsidence at
Mt. Shasta from 2015-2023, on a point on the western flank of the volcano (Figure C5,
Table C5). However, Mt. Shasta is a well monitored Cascade volcano, with no geodetic
evidence of recent unrest or deformation, making it unclear when a magma intruded
prior to crystallising. To test for potential phase bias, we varied reference pixel loca-
tion from a forested reference area SSE of Mt. Shasta (Figure C5), to a mountainous
reference area at Castle Crag dome SW of Mt. Shasta, to an urban reference area
NW of Mt. Shasta, at Yreka (Figure C5). We see a clear discrepancy in the magni-
tude of subsidence with each reference location, with the lowest magnitude occurring
relative to the urban setting (Figure C5), indicating phase bias may be present (e.g.
(Maghsoudi et al., 2022)). As such we discount the potential of a crystallising signal,

and vary reference locations at each candidate volcano before considering crystallisation.

4.4 Results

To determine the impact of crystallisation on long-term subsidence, we compare our
model to Sentinel-1 displacement time series (ranging from 2014-2022 (Section 4.4)),
from volcanoes presented in Figure 4.2. We select six of these volcanoes as case studies to
test if long-term rates are consistent with crystallisation. These volcanoes were selected
as they are from diverse global settings, have varied historical activity, and have been
either previously suggested as undergoing crystallisation or long-term subsidence. Here,
we present detailed results from Alcedo and Sierra Negra, and summarise the results of

the remaining volcanoes in Table 4.2 (detailed in Appendix C).

4.4.1 Alcedo

Alcedo is located on the Western Galépagos Island of Isabela, in the east Pacific Ocean.
It has a large summit caldera, and usually erupts basaltic lavas, though rhyolitic lavas
have been sampled here (Geist et al., 1994). Alcedo most recently erupted in 1993, from
a phreatic explosion on its southwestern flank (Green, 1994). Interferograms spanning
this eruption, from 1992-1997, showed that the volcano uplifted by almost 1 m during
this time (Amelung et al., 2000). Following this uplift, Alcedo steadily subsided (-<30
mm yr!) until 2007; Hooper et al. (2007) suggest this this subsidence was caused by the
cooling and crystallisation of magma, possibly intruded during the uplift observed by
Amelung et al. (2000). From 2007-2011 Alcedo underwent a period of unsteady uplift
(>30 cm), which Galetto et al. (2019) attribute to caldera resurgence, and a new influx
of magma into a sill geometry. Following this, from 2016-2022, Alcedo subsided by
approximately 20 cm (Figure 4.5) at a point in the centre of its caldera. Displacement
is consistent between reference areas at Cerro Azul and Sierra Negra volcanoes, as well

as at Puerto Villamil. This subsidence (initially -0.026 m yr!) was interrupted by a
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Displacement at Alcedo
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Figure 4.5: Time Series of subsidence at Alcedo from 08,/12/2015-30/03/2022. A). Subsidence
at Alcedo relative to various reference areas, and associated linear regressions. The hatched
red lines indicate crystallisation driven subsidence, and the vertical grey lines illustrate uplift
at Alcedo from 2019-2020. The subsidence rates before and after the uplift are annotated. B).
Map of cumulative displacement at Alcedo. Annotated is the plotted pixel and the reference
areas, while crosses indicate the grid of latitude and longitude.

minor uplift phase from 2019-2020 (< 5 c¢m), and resumed afterwards at a greater rate
(-0.046 m yr!). Like the subsidence observed by Hooper et al. (2007), it is probable
that this deflation is driven by the magma intruded during Alcedos resurgence (Galetto
et al., 2019).

We model maximum subsidence rates due to crystallisation at Alcedo under two
scenarios, for an intrusion at 3 km depth (Table C2), varying the intrusion thickness
and geothermal gradient, as well as the intrusion width and thickness (Table C2). We
assume that magma cooling began in 2007, the onset of resurgence here (Galetto et al.,
2019). This is the earliest evidence of recent magma influx at Alcedo, though resurgence,
and magma influx, continued until 2011, and the volcano was not geodetically monitored
from 2011-2015. Though there is evidence of magma intrusion in 2019, we do not include
this intrusion in the model. This event would have added mass to the crystallising
reservoir, and caused remelting of crystallising magma (e.g. Okmok (Caricchi et al.,
2014)), and following it there would have been at least two magmatic zones, crystallising
at different rates — scenarios not considered this model. Instead, we approximate
these sills as a single large intrusion, 50 m thickness, emplaced at either 0.05°C M1
(RSS: 1.39) or of 5000 m width (RSS: 1.45). This may reveal a model limitation, as
crystallisation of the 2019 intrusion may have increased the subsidence rate by 0.018
m/yr (from -0.028 m/yr to -0.046 m/yr (Figure 4.5)). Additionally, fumarolic activity
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at Alcedo suggests that volatiles may affect subsidence rates here (Sections 4.5.2 and
4.5.3).

4.4.2 Sierra Negra

Sierra Negra forms the southeastern portion of Isabela Island in the Western Galapagos,
and regularly experience high-volume effusive basaltic eruptions (Vasconez et al., 2018).
Sierra Negras large caldera experiences extreme uplift due to magma accumulation in a
shallow reservoir at 2 km depth, inflating by 6.5 m between its 2005 and 2018 eruption
(Bell et al., 2021b). During this eruption, distal fissures were fed by a laterally propa-
gating sill, sourced from the caldera, located to the northwest of the volcano. This sill
was located at 1,000 m below sea level (Davis et al., 2021). We construct time series
for a point on the ground above this sill from 2016-2022, and see that it deflated at a
non-linear rate by > 35 cm from its emplacement in 2018 (Figure 4.6). This intrusion
is a unique in that crystallisation is occurring in an off-volcano intrusion into country

rock, rather than within a Trans-Crustal Magmatic System.

Displacement at Sierra Negra
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Figure 4.6: Post-eruptive crystallisation at Sierra Negra. A). Time series at Sierra Negra
extending from 08/12/2015-30,/03/2022. The vertical blue lines denote the onset (June 26%)
and end of the 2018 eruption (August 23*%). Each set of coloured scatter points show defor-
mation, at the blue triangle, relative to the indicated reference areas. The hatched red lines
show estimated model predictions, while time, and displacement in metres are given on the x-
and y-axes, respectively. B). Cumulative displacement map showing the location of the plotted
points and reference areas, the crosses on the map indicate the grid of latitude and longitude.

At Sierra Negra, we find that maximum subsidence rates from a 25 m thick by 1000 m
wide sill, intruded at 1 km (Table C6), agree with subsidence observations following the

sill emplacement (RSS: 0.13), after the conclusion of the eruption. Unlike other volca-
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noes in this section, there is little ambiguity about the timing of the magmatic intrusion,
with the eruption lasting from 26,/06,/2018-23/08/2018. We model displacement from
August 24" attributing the initial 16 cm of subsidence to syn-eruptive lava effusion
from fissures at the terminus of the intrusion, over the 58 days of the eruption (Vasconez
et al., 2018).

4.4.3 Global Volcanoes

We also model crystallisation for each of Asama, Paka, Silali, and TVZ, the results
of which are outlined in Table 4.2, and Appendix C. In these examples, we find that
while we can model this subsidence as crystallisation, the required model parameters do
not agree with observations, and other mechanisms may be present (e.g. hydrothermal

activity.)

Table 4.2: Summary of modelled parameters for crystallisation at various volcanoes (detailed
results in Appendix C).

Volcano Eruption  Depth  Width  Thickness RSS Intrusion Date Fig.

Asama 2019 5 km 5000 m 50 m 0.74 2003 C6
Paka 7550 BCE 2.8km 5000 m 40 m 0.19 2008 c7
Silali 5050 BCE 39 km 4000 m 50 m 0.22 2006 C8
TVZ 260 CE 6 km 6000 m 200 m 0.6 2003 C9

4.4.4 Parameter Space

We calculate maximum displacement, cooling time and average subsidence rate in Figure
4.7. Here we vary intrusion width using values of 1000 m, 2000 m, 3000 m, 4000 m,
5000 m, 6000 m, 7000 m, 8000 m, 9000 m, and 10000 m, and thickness using values of
10 m, 20 m, 25 m, 40 m, 50 m, 100 m, 125 m, 200 m, 250 m, and 500 m. Petrological
input values are found in Table C2, and we model for an intrusion at 3 km depth
(e.g. that at Alcedo). In Figure 4.7, we plot on contours of average displacement rate
at -5 mm yr—1, -10 mm yr~t, -20 mm yr—', -50 mm yr=t, -100 mm yr—!, and -250
mm yr~!, to illustrate the subsidence rates of the volcanoes presented in Figure 4.2. We
find that each of the rates presented in Figure 4.2 fall within our parameter space, with
a clear relationship between intrusion thickness and width; for example, the subsidence
rate of -5 mm yr~! at Mt. Baker can be modelled using values of 1000 m width and

approximately 50 m thick, as well as 4000 m width and 500 m thick.
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Figure 4.7: Parameter space plots testing the effect of varying width versus thickness in
a crystallising intrusion. We use the parameters in Table C2, varying width between 1000—
10000 m, and thickness from 10-500 m. a). Contours of maximum displacement when varying
width versus thickness. b). Contours of maximum time to crystallise when varying width
versus thickness. ¢). Contours of average rate when varying width versus thickness. Average
rate is taken across the whole post-intrusion period (e.g. from the time of intrusion, until
solidus is reached). Plotted are the contours for rates of -5, -10, -20, -50, -100, and -250
mm yr—!, representing the rates plotted in Figure 4.2. These are also annotated with the
relevant volcanoes where these rates have been observed, while the grey boxes denote ranges of
common sill thicknesses, as presented in Figure 4.4.
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4.5 Discussion: Crystallisation as an Origin for Long-Term

Subsidence

As shown in Figures 4.5—4.7, crystallisation can cause long-term subsidence at volcanic
centres. However, there are several factors that alter the observed deformation profiles
such that they differ from that modelled.

Of the volcanoes tested in Section 4.4, Sierra Negra is the only instance where
the exact time of intrusion is known, and where we can be near-certain that there
was no magmatic replenishment once the eruption ended. This scenario most closely
represents that of our model; a single sill intruded in one go into an elastic medium, that
immediately begins to cool and crystallise. Under these conditions, we find that our
model performs well, with the lowest RSS value (0.13) of any volcano, and we match the
post-eruptive deformation trends with crystallisation of a 25 m thick sill (Figure 4.6).
However, during this eruption, there was almost no pre- or syn-eruptive uplift at the
intruded sill, inconsistent with the intrusion of a 25 m thick sill. This may be suggest
that is heavily overprinted by co-eruptive subsidence as magma flowed through the sill
to the eruptive fissures. Therefore, while we can well model post-intrusive subsidence
due to cooling and crystallisation, in reality, the eruption dynamics are more complex

than we capture with our model.

At Alcedo, we can estimate when magmas were intruded by it’s recent volcanic
activity. We find that our observations of subsidence can be modelled by crystallisa-
tion of a 50 m thick sill, intruded at 3 km. However, this model has the worst fit of
any case studies (RSS of 1.39), suggesting additional complexity than is considered by
our model. The crystallising magma is located within the sub-volcanic TCMS, and
the surrounding mush is unlikely to transmit stresses elastically, but rather in a time-
dependent manner (e.g. poroviscoelastically (Castelino et al., 2021)), such that we
may underestimate long-term deformation by only considering the elastic component.
There is likely to be pre-existing magma already crystallising here (e.g. Alcedo was
subsiding prior to its resurgence, attributed to magmatic crystallisation (Hooper et al.,
2007)). Therefore, while we consider instantaneous emplacement of large sills, at Al-
cedo subsidence is rather likely a combination of volume loss in a pre-existing reservoir,
that periodically get replenished, rather than of a large individual sill, intruded in one
go (e.g. Sierra Negra). Despite these complexities, our model can approximate intru-

sions at active volcanoes to give an estimate of the volume of magma crystallising there.

This approximation allows us to plot the parameter space across which rate varies
with intrusion thickness and width, as shown in Figure 4.7, where we plot rates from

Figure 4.2. There is a clear relationship between intrusion thickness and width. How-
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ever, as at Alcedo, the rates presented in Figure 4.7 and Figure 4.2 may be modified by
processes such as magma replenishment, as well as thermoelastic contraction, volatile

exsolution, and hydrothermal activity.

4.5.1 Crystallisation and Thermoelastic Contraction

None of Paka, Silali or the TVZ have erupted since at least 260 CE. While we can model
observed displacement as crystallisation (RSS values of 0.5, 0.21, and 0.6, respectively)
(Figures C7-C9), doing so requires thick sills (40-200 m) that intruded between 2003
2008. Aside from Paka (Biggs et al., 2009) (where subsidence due to crystallisation is
a poor fit with the data (Figure C7)), there is no evidence at TVZ or Silali that such
intrusions occurred. Indeed, the millenia-scale gap in extrusive volcanism suggests that
large magmatic intrusions do not routinely occur. As such, it is difficult to attribute ob-
served subsidence signals to magmatic crystallisation. These are mature volcanoes with
caldera structures, likely underlain by trans-crustal magmatic systems. We suggest that
rather than invoking intrusions that there is little evidence for, long-term subsidence
may instead be explained by thermo-elastic contraction of the sub-solidus mush that

composes the magmatic system as it cools (Figure 4.8, Table 4.4).

We estimate vertical contraction in a mush due to thermo-elastic contraction using
Equation 4.4 (e.g. Chaussard (2016)), where Ah is thickness change, 7 is the thermo-
elastic expansion coefficient of magma (2x107° (Wang and Aoki, 2019)), v is Poisson’s

Ratio (0.25), AT is temperature change, and ¢ is time.

1+v
1 —nu

Ah(t) = hn AT(t) (4.4)

To calculate the minimum expected vertical contraction, we use the TCMS at Fer-
nandina as an example. This is one of the few locations where the distance between
stacked sills has been geodetically observed, which we take as an indicative value for
minimum TCMS thickness. Here, the TCMS is at least 4 km thick, with reservoirs
detected at depths of 1 km and 5 km (Bagnardi, 2014; Geist et al., 2014). Taking this

L would result in almost 7 cm

value for h, we find that average cooling of just 0.5°C yr—
of vertical contraction of the TCMS. Such contraction allows volume loss to continue in
the absence of liquid magma, and likely contributes to the majority of examples of long

term deformation: 21 out of 27 examples in Figure 4.2 are mature, caldera volcanoes.

4.5.2 Volatile Exsolution and Long-Term Subsidence

In this study we modelled deformation from an anhydrous magma as the simplest case

for understanding the effect of crystallisation on deformation. In nature, such compo-
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sitions are uncommon — volatile bearing magmas are ubiquitous at convergent bound-
aries, and low concentrations of HoO (e.g. < 1 wt% (Sigurdsson et al., 2015)) are
routinely found in both ocean island basalts, and mid-ocean ridge basalts (Sigurdsson
et al., 2015). These magmas have the potential to produce higher magnitude volume
changes, and deformation, under certain conditions. As solid, anhydrous crystalline
phases form during cooling, the magmatic melt fraction relatively enriches in volatiles
(e.g. Caricchi et al. (2014)). This relative increase in concentration, and corresponding
vapour pressure increase, allows magma-borne volatiles to saturate, and exsolve in ho-
mogeneous second boiling (Cashman, 2004; Caricchi et al., 2014; Hildreth, 2017). These
exsolved volatiles may then generate surface displacements depending on the volatile
fraction and permeability of the melt (Table 4.4).

We performed order of magnitude tests using MELTS, as presented in section 4.2, to
illustrate the effect of volatiles on surface displacement by calculating volume changes
in a cooling basalt with incrementally increasing HoO (Table 4.3). We see that volatile
exsolution dramatically affects the magnitude of volume change in a cooling magma.
Exsolution will increase the magnitude of volume change in an open system, and coun-
teract volume change due to crystallisation in a closed system. Even 0.5 wt% H.O
causes an extra 2% volume change in an open system, and 5% less volume change in
a closed system, while 1 wt% HsO in a closed reservoir resulted in positive volume
change. Though systems that are fully open or closed to fluid escape are unlikely in
nature, these end-member values (Table 4.3) illustrate the potential effect that volatiles

may have on deformation in a crystallising magma.

In addition to changes in volume, volatile exsolution could have an affect on the
crystallisation models presented in Section 4.4. Volatiles increase magmatic compress-
ibilty, altering the relationship between volume change in the reservoir and correspond-
ing deformation (analytical source models assume incompressibility ) (Rivalta and Segall,
2008). Volatiles act as network breakers in silicate melts, lowering the solidus temper-
ature (Green, 1973), thereby increasing the thermal range across which crystallisation
can occur. In open reservoirs, volatiles may advect heat, increasing the rate of cooling,
as they ascend to shallow hydrothermal systems, causing uplift and seismicity. Though
we assume anhydrous magmas in our modelling, clearly the role of volatiles is substan-
tial, and would affect our results if considered. Of the volcanoes studied in Section
4.4, the TVZ has extensive geothermal activity, Alcedo has a vigorous caldera fumarole
field, while both Asama and Paka have evidence of hydrothermal activity. As such, the
stalled source magma must be somewhat open, and volatile exsolution must change the
observed subsidence rate, by increasing the magnitude of volume loss, and altering the
rates at which it occurs by increasing the range between liquidus and solidus, and by

thermal advection.
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Table 4.3: Modelled volume change for a basaltic composition illustrating the effect of varying
initial H>O. Volume change for each composition is modelled using MELTS, with the corre-
sponding displacement calculated using the pCDM approach outlined in Section 4.2.3. Modelled
intrusion is approximately 25 m thick, 2 km wide, at 4 km depth.

Ho0 Amount Behaviour AV
Anhydrous N/A —8.5%
Escaped  —10.6%

0.5 wt?% Trapped  —3.2%
Escaped  —12.4%

L wt% Trapped +2%
9 wi% Escaped —15%

Trapped  +11%

4.5.3 Hydrothermal Activty and Long-Duration Subsidence

An active volcanic hydrothermal system (e.g. Fisher Caldera, USA, Alcedo, Ecuador)
may generate phases of uplift when magma-derived fluids become trapped in a carapace
above an intrusion (Fournier, 1999). This carapace will increase in volume, generating
uplift until a critical pressure is met, at which point it will depressurise and deflate.
This style of deformation is distinct from that of crystallisation and volatile exsolu-
tion by periodic uplift and subsidence, seismicity, and fumarole release (Pritchard et
al., 2019). While easily distinguishable from purely crystallisation-driven deformation,
a purely meteorological hydrothermal system above the intrusion may contribute to
crystallisation-driven deformation without any obvious changes in deformation direc-
tion. Like volatiles escaping a reservoir, this occurs by the advection of heat from the
country above the intrusion, thus increasing the cooling rate within the intrusion (Table
4.4).

Hydrothermal and volatile activity are distinguishable from crystallisation through
seismicity, gas emissions, and may be detected via gravimetric techniques (Pritchard
et al., 2019). In cases where these occur alongside long-term volcanic deformation,
volatile activity plays a role in long-term deformation. However, in cases where long-
term deformation occurs without these observations (e.g. Medicine Lake, USA), then

crystallisation may be dominant in driving deformation.

4.6 Conclusions

We compare modelled time-series of crystallisation with real InNSAR observations at six
volcanoes, and evaluate the impact of crystallisation on long-term subsidence under
three scenarios.

The effect of crystallisation on surface subsidence is most evident during a magmatic sill

intrusion into country rock. Here, the timing of intrusion (and onset of crystallisation)
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Figure 4.8: Factors that can affect subsidence rates at caldera volcanic systems. A). Cooling
and contraction of a TCMS. Discrete lenses distributed vertically lose volume as they un-
dergo crystallisation and contract. As magma supply wanes, thermo-elastic contraction of the
surrounding mush may sustain long-term subsidence, even in the absence of active volcanism.
Volatiles may alter the observed deformation profiles, and interact with an overlying hydrother-
mal system. B). Crystallisation of a sill, intruded into country rock. Once magmatic influx
has stopped, crystallisation will be the dominant cause of volume loss and subsidence, as the
magma cools from liquidus to solidus.

is well constrained, the country rock responds elastically, and there is no overlying pro-
cesses (i.e. hydrothermal) that can contribute to subsidence rates. However, modelled
subsidence here should be considered carefully in the context of pre- and syn-eruptive
deformation, e.g. if a thick sill is required for crystallisation patterns, is there any evi-

dence of such an intrusion?

At active volcanoes, crystallisation of magma in the TCMS contributes to subsidence
though is altered by several factors. The rheology of the surrounding mush facilitates
time-dependent rather than instantaneous subsidence. The time at which crystallisation
starts is more ambiguous, altered by pre-existing magmas and subsequent magmatic re-
plenishment. Volatile and hydrothermal activity widely occur at active volcanoes, and
significantly affect both the magnitude and rate at which volume loss occurs. In these
settings, rather than individual intrusions, we suggest that most observations of long
term-subsidence are explicable by the combination of crystallisation-driven contraction
of multiple intrusions cooling at discrete intervals in the crust, overprinted by mush

rheology as well as volatile and hydrothermal effects .
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Long-term subsidence at historically quiescent volcanoes is unlikely to be driven
by crystallisation. This would require recent magmatic intrusions at volcanoes that
have not erupted, in some cases, for millennia. Instead, we speculate that thermo-
elastic contraction of the cooling TCMS may explain these observations, though further

research is required to investigate this hypothesis.

Table 4.4: Factors that influence deformation rate

Variable Value Cooling Time Volume
Change Change
Pressurisation - Increase
Hydrothermal  Depressurisation - Decrease
Advection Decrease -
Closed System Exsolu- - Increase
tion
Volatiles® Open System Exsolution - Decrease
Open System Advection  Increase -
Thermo-elastic Contrac- - Increase
tion
Pre-existing Magma Increase Increase
TCMS Subsequent Intrusion Increase Increase
Time dependent response - Increase
to intrusion
Time dependent response - Decrease

to crystallisation
¢ Magmatic volatiles increase compressibility and lowers the solidus







Chapter 5

Discussion and Conclusions

This PhD thesis investigated the controls on long-term magmatic processes, and the
role of InSAR in their study. I have considered these processes across multiple temporal
ranges, from months, when looking at resurgence at Darwin volcano (Chapter 2), to
years, as neighbouring Galapagos volcanoes deformed in a correlated manner (Chapter
3), to decades, as magma crystallisation driven subsidence (e.g. at the Taupo Volcanic
Zone). I have also varied the scale of our studies, from a volcano-by-volcano consider-
ation in Chapter 2, to all of the major Western Galapagos volcanoes in Chapter 3, to
studying multiple global volcanoes from diverse geological settings (from the Kenyan
Rift, to the North Island of New Zealand), in Chapter 4. Throughout this work, I have
demonstrated the utility of InSAR for the study of volcanism across varying temporal

and spatial scales, with an emphasis on understanding the underlying magma dynamics.

In the following chapter, I first (Section 5.1) summarise and discuss the outcomes
of each preceding thesis chapter. I then discuss the future of volcano monitoring in the
Western Galapagos, and on long-term volcanic subsidence, in Section 5.2. Finally, I

conclude I this thesis in Section 5.3.

5.1 Magmatic processes and Satellite InSAR

In Chapter 1, I outlined the aims of this PhD thesis, and the academic questions that I
hoped to address. Here, I explain the significance of my findings, and how they address

the aims of this project.

5.1.1 Shallow Unrest in the Western Galapagos

In Chapter 2, I presented a synthesis of recent volcanic unrest in the Western Galapagos,
in the context of volcanic ground deformation. Using Sentinel-1 InSAR data, I made

new observations at each Western Galapagos volcano, and show how they relate to
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previous geodetic, seismic, and petrological studies at each volcano.

At Alcedo, I make the first observation of subsidence at the hydrothermal zone,
in the southwestern corner of the caldera. This may be one of the best examples in
the global geodetic record of subsidence due to the cooling of a sill, overprinted by hy-
drothermal subsidence. In previous studies, and in Chapter 4, subsidence at Alcedo has
been assumed to be driven by magmatic crystallisation (Hooper et al., 2007). Clearly,
this magma is volatile-bearing (Goff et al., 2000), and actively contributes to the defor-
mation field at Alcedo (Chapter 2). All together, I show that deformation at Alcedo is
complex, with magmatic, tectonic, and hydrothermal components. Like Sierra Negra,
the intra-caldera fault at Alcedo is a major control on deformation there (Galetto et
al., 2019; Bagnardi, 2014), with magma—tectonic interactions during periods of uplift
(Figure 5.1). At both volcanoes, fumarolic activity is concentrated on the area on top
of the intra-caldera fault, which I believe raises an interesting question: Are these the
only Galapagos volcanoes with fumarole fields because they are “dying” (e.g. shallow
magma is cooling and degassing), or because they are the volcanoes with easy conduits

to the surface, along the intra-caldera fault?

The 2017 unrest at Cerro Azul there has been studied multiple times (Guo et al.,
2019; Bagnardi, 2017), though Chapter 2 is the first time it considered in the context
of previous unrest. I find that volcanism has been concentrated on the eastern flank of
Cerro Azul, going back as far as 1979, and possibly earlier (Figure 5.1). T also make new
observations of deformation on the western flank of the volcano, and suggest that mass
wasting, in the direction of the Caleta Iguana landslide scarps is responsible (Figure
5.1). While the area around Cerro Azul is uninhabited, and eruptions there occur as
effusive fissures, it is still the only Western Galdpagos volcano with a known loss of
human life during eruption (Naumann and Geist, 2000). As such, this observation may

be important for future eruption hazard mitigation.

Like all Western Galapagos volcanoes, Darwin has a summit caldera, exposed lava
flows, and experiences regular magma flux (Chapter 2). However, it is the only Galapa-
gos volcano to have not erupted in the 20" century, and, at the time of writing, has not
erupted in over 200 years. Indeed, there are only three recorded eruptions at Darwin
on the Global Volcanism Program. Why then, when I see evidence of magma intrusion
there in 2020 (Figure 5.1), and other studies do between 1992-1995 (Amelung et al.,
2000), does Darwin erupt so infrequently? Perhaps the volumes intruded are insufficient
to trigger an eruption, though further work such as seismic and petrological surveys (e.g.

melt inclusion analysis), should be carried out to better answer this question.
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Figure 5.1: Shallow magmatic processes in the Western Galapagos. A). Alcedo: Hydrothermal
and magma driven subsidence, influenced by the intra-caldera fault. B). Cerro Azul: Consistent
pathway from the magma reservoir at 6 km depth to unrest locations on the eastern flank, as well
as mass wasting on the western flank. C). Darwin: Occasional magma influx into the magma
reservoir at 3 km depth, driving uplift. D). Fernandina: The 2020 eruption had both an effusive
component at the caldera, as well as a potential offshore eruption. E). Sierra Negra: The 2018
eruption was followed by second boiling at the lateral sill, as well as lava flow contraction on
the northern flanks of the volcano. F). Wolf: Magma flushing during eruptions and consistent
eruption location, as well as subsidence of effused lava flows.

Fernandina erupts regularly, and has been well studied by multiple disciplines (Bag-
nardi and Amelung, 2012; Geist et al., 2006a). However, I show in Chapter 2 that
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eruptions there may be more nuanced than previously thought, by presenting evidence
for submarine eruptions off of the western coast of Fernandina Island (Figure 5.1). I
see evidence that the 2020 eruption had a lateral component that migrated westwards
towards offshore rifts and lava fields (Geist et al., 2006b). This style of lateral intrusion
is one of many at Fernandina, with similar intrusions occurring on the southeastern cor-
ner in 2006 and 2007, and on the northeastern corner in 1927 (Bagnardi and Amelung,
2012). These observations emphasise the complex magmatic architecture of Fernand-
ina. There are a series of stacked reservoirs there, though which primitive basalts flush
through during eruptions (Galetto et al., 2023). From these reservoirs radiate lateral
intrusions, in multiple directions, some of which may culminate in an offshore eruption.
Fully constraining the dynamics of such underwater eruptions is challenging using satel-
lite InSAR, but improved seismic monitoring would be useful to study future offshore

eruptions, while optical satellite imagery may shed further light on the 2020 eruption.

Sierra Negra is the best studied volcano in the Western Galapagos, and underwent
a major eruption in 2018 (Bell et al., 2021b). Here, I make several novel observations of
post-eruptive deformation. Lavas on both the flank and distal fissures contracted and
subsided, as did the lateral sill connecting the caldera and fissures (Chapter 4). The
sill contraction is also notable, given the period of uplift at the terminus of the lateral
intrusion in late 2018 (Figure 5.1). This is somewhat of an unintuitive observation —
what processes in a crystallising sill could cause uplift? Volatile-driven unrest during
second boiling has been observed at numerous volcanoes (e.g. Okmok (Caricchi et al.,
2014)), and I consider it as a viable mechanism here as it accounts for the delay in
uplift (e.g. magma saturation during second boiling), and the uplift at the terminus
of the sill — e.g. volatile ascent upslope through the intrusion. In Chapter 2, I show
the temperatures at which volatile exsolution would occur for a Sierra Negra magma
intruded at 1 km depth, though further work should be carried out to constrain the time

taken to reach these temperatures, and the impact of volatiles on magma compressibilty.

At Wolf, I make the first observations of subsidence due to lava flow contraction at
the volcano (Figure 5.1). This subsidence is significant in that it is the same magnitude
in both track directions. Lava flows should contract isotropically as they cool, meaning
that line-of-sight change should be the same regardless of look direction, as is seen here.
However, for every time series at a Galapagos volcano, there is significant magnitude
differences between ascending and descending tracks. The fact that lava flow contraction
is the same proves that this discrepancy is not a systemic issue, but rather a feature of
Galapagos deformation. Therefore, the presence of trapdoor faults (e.g. hinged at one
side) at Galapagos calderas may facilitate different line-of-sight changes, and shows the

importance of considering both track directions when studying deformation here.
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5.1.2 Bottom-Up Volcanism

In Chapter 3 of my thesis, I show evidence for correlated deformation at multiple Gala-
pagos volcanoes. This observation showcases the utility of InSAR when considering
volcanic unrest over extended spatial areas. Ground-based systems are effective in
monitoring the areas local to their deployment (e.g. Sierra Negra). In cases where
there are multiple active volcanoes, but limited ground-based systems (as at the West-
ern Galapagos), then such systems are insufficient to identify correlated unrest between
volcanoes. This is why, in Chapter 3, and in Baker (2012), InSAR is so effective at
detecting correlated deformation. These observations again show why unrest at groups

of volcanoes should be considered holistically, rather than as individual systems.

Magma is stored as lenses of melt that are vertically distributed throughout the crust
at discrete intervals (Cashman et al., 2017). These lenses are surrounded by a crystalline
mush, which develops as the volcano matures (Geist et al., 2014). At the Galapagos,
there is evidence that these systems are vertically extensive (e.g. Wolf (Stock et al.,
2018)), and laterally extensive (e.g. Fernandina (Bagnardi and Amelung, 2012)), and
periodically have magma flush through them during eruptions (Stock et al., 2020). Each
volcano of the Western Galédpagos is underlain by an extensive magmatic system derived
from the Galapagos plume. Volcanoes here do show individual unrest characteristics;
the neighbouring Sierra Negra and Alcedo deform in almost exactly the opposite manner
(long-term uplift vs long-term subsidence), as do Darwin and Fernandina (quiescent vs
regularly erupting) (Chapter 3). However, the surging style of eruptions, the phases of
eruptive activity and quiescence that the entire islands go though, as well the correlated
deformation patterns, shows that the degree of volcanism here is periodic, and multiple
volcanoes within the larger volcanic system, respond to temporal variations in magma
flux (Chapter 3). This phenomenon is easily observed in the Western Galapagos, due to
the utility of InSAR there, though has been suggested at Hawai’i (Poland et al., 2012),

and is likely to occur at the Azores, as well as at other global volcanoes (Figure 5.6).

In Hawai’i, Gonnermann et al. (2012) show that correlated unrest between Mauna
Loa and Kilauea can be explained by pore pressure changes in an asthenospheric melt
layer. Recently, Wilding et al. (2023) seismically image such a layer, the Pahala Sill
Complex, and depths of between 36-41 km. Given the similarities between Hawai’i and
the Western Galapagos (ocean island hotspot volcanoes, with correlated deformation),
I invoke a similar layer here in Chapter 3 to account for our observations of correlated
deformation. This layer facilitates dynamic stress transfer between volcanoes, while
allowing each to remain isotopically distinct. It may also explain the observations of
illegitimate magma by Geist et al. (1999). These magmas account for a small fraction
of all erupted in the Galapagos, and I suggest that they can likened to glomyrocrsyts
or xenoliths, e.g. a distinct composition that a magma picks up as it moves from

the plume to surface, passing through this melt layer (Figure 5.3). Additionally, I
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consider this correlated deformation in the context of the work on the lateral extent
of volcanic connectivity by Biggs et al. (2016) in Figure 5.4. Every combination of
pairs of Galdpagos volcanoes plot in the “deep source” zone, corresponding with my

hypothesised sub-crustal melt layer.
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Figure 5.3: Mechanism by which Sierra Negra affects regional volcanism in the Western Galé-
pagos. Local compositional heterogeneities in the plume affect magma supply to Sierra Negra.
Dynamic stresses during periods of heightened supply transfer through an asthenospheric melt
layer to neighbouring volcanoes.
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However, I also show in Chapter 3 that magma supply to each volcano is not equal,
with the shallow reservoir at Sierra Negra receiving more magma than all the other
volcanoes combined (Figure 5.3). As such, it should have the greatest impact on pore
pressure changes in the asthenospheric melt layer. Magma supply from an ascending
plume is driven by decompressive partial melting, and Pietruszka and Garcia (1999)
show that magma supply changes to Kilauea can be explained by local heterogeneities in
the sampled plume region causing temporally varying rates of partial melting. I suggest
that such heterogeneities in the region of the plume sampled by Sierra Negra also cause
magma supply variations there. Sierra Negra has uplifted, on the order of metres, more
or less steadily since it was first observed by InSAR in 1992. However, there are two
notable exceptions, when it subsided in 2002, and in 2012 (Geist et al., 2006a; Bell et al.,
2021Db), indicating a decrease in magma supply rate. In both instances, this subsidence
occurs during a period of eruptive quiescence, with no eruptions in the surrounding years
— simply put, since InSAR observation began here in 1992, if Sierra Negra is uplifting,
other volcanoes erupt, and when it is not, they don’t (Figure 5.2). There are hints of
this occurring historically too, the 1954 uplift of Urvina Bay occurred during the same
year as an eruption at Sierra Negra. Though each volcano samples a distinct region
of the plume, I suggest that large volumes intruded at Sierra Negra may sufficiently
pressurise its neighbours, via dynamic stress transfer, to trigger eruptions. Therefore, I
propose that local heterogeneities in the region of the plume sampled by Sierra Negra
cause temporally varying magma supply to the shallow reservoir, that ultimately exerts
a primary control on regional volcanic unrest in the Western Galédpagos. Magma supply
to other volcanoes is also controlled by plume heterogeneities, though the lower volumes
supplied to each indicates that dynamic stress changes may be more local-scale than
Sierra Negra. This may be seen during the 2009 eruption of Fernandina, when both
Alcedo and Wolf cease uplifting (Baker, 2012).

5.1.3 Long-Term Subsidence

In Chapter 4, I investigate the potential for magma crystallisation as a mechanism for
globally observed long-term volcanic subsidence. To do this, I develop a model that uses
an initial magmatic composition to predict volume change with time, for an isotropically
contracting sill. This approach allowed me to model volume change due to mineral phase
changes, as the magma cooled from the liquidus to the solidus, and did not consider
the effects of thermo-elastic contraction, renewed magma influx, or volatile exsolution.
I use this model to predict subsidence time series for multiple global volcanoes. I show
that while crystallisation can account for this displacement, it typically requires recent
intrusions and large volumes of magma, that there is little evidence of, to do so. Though
the purpose of this chapter was to specifically investigate the impact of crystallisation,

I will now discuss alternative mechanisms for long-term subsidence.
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Figure 5.4: Relationship between volume and distance for coupled volcanic activity, modified
from Biggs et al. (2016). Previous examples of coupled volcanism (from Biggs et al. (2016)) are
plotted in coloured squares, response refers to examples where activity at one volcano had an
affect on another, lateral connection refers to examples where there is evidence of a hydraulic
link between volcanoes, deep source refers to examples where volcanoes share a deep source,
and no response to examples where responses did not occur; grey circles represent values from
this study (volumes are from 2017-2022, as found in Chapter 3). The coloured zones correspond
to deformation mechanism (Biggs et al., 2016).

Volatiles have a major impact on volcanic displacement patterns. The associated vol-
ume change following second boiling can cause uplift (e.g. Long Valley (Hildreth, 2017)),
interact with a shallow hydrothermal system (Fournier, 1999), and affects magma com-
pressibility (Rivalta and Segall, 2008). Additionally, volatiles act as network breakers
in silicate melts, lowering the solidus temperature and extending the temperature range
over which crystallisation occurs (Green, 1973). As such, even if I assumed, while
modelling crystallisation, that exsolved volatiles did not cause any uplift, or shallow

hydrothermal interaction, or have any effect on magmatic compressibility, I would ex-
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Figure 5.5: Alternative mechanism of long-term subsidence. Cooling-driven thermo-elastic
contraction of the sub-caldera mush that composes the TCMZ may drive subsidence in the
absence of renewed magma influx.

pect the time taken to cool from liquidus to solidus to be longer, and for crystallisation
to occur over a longer time period. This is particularly noteworthy given the exten-
sive evidence of volatiles in the volcanoes considered here — both the Taupo Volcanic
Zone and Paka have geothermal plants, while Alcedo has an active hydrothermal system
(Chapter 2), and I suspect that second boiling occurred following the 2018 eruption of
Sierra Negra (Chapter 3).

However, even with the extended time to crystallisation provided by the presence
of volatiles, I find it unlikely that magmatic crystallisation can account for long-term
subsidence at volcanoes where there has not been a recent intrusion. Of the volcanoes
presented in Figure 4.2, 15 have little evidence of recent eruptive activity. For example,
Fisher last erupted in 1830 CE, Medicine Lake in 1060 CE, Taupo in 260 CE, Silali
in 5050 BCE, and Paka in 7550 BCE (Venzke, 2023). Each of these, alongside the
majority in Figure 4.2, are topped by a summit caldera indicating significant historical

volcanism. In Chapter 4 I do not consider the influence of thermo-elastic contraction,
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as it negligible during crystallisation due to latent heat release. However, below the
solidus, latent heat release no longer occurs, and is a viable mechanism of volume
loss. In Lanzarote, there is evidence of thermo-elastically contraction of lava flows for
hundreds of years (Purcell et al., 2022). Therefore, I suggest that long-term subsidence
at caldera systems that have not experienced recent magma intrusion may be driven
by thermo-elastic contraction of the sub-solidus mush that composes the Trans-Crustal
Magmatic System, after magma supply has decreased. This mechanism may account for
the low rates of subsidence, the lack of recent volcanism, as well of the type of volcanoes
that undergo this deformation. I did not explore this mechanism in Chapter 4 in detail,
as I did not consider thermo-elastic contraction, and sub-solidus volume loss relevant

when modelling subsidence due to crystallisation.

5.2 Future Work

5.2.1 Continued Monitoring of the Western Galapagos

In Chapter 2 I make new observations of deformation at each of the major Western Gala-
pagos volcanoes. I believe that this work would be best complemented by ground-based
investigation of the presented results. At Alcedo, fumarole sampling and continuous gas
flux analysis, as well as uplift rate, and seismic data, would be useful to study the role
of the intra-caldera fault here, how it interacts with the deformation field during peri-
ods of uplift, and whether it acts as a conduit for volatiles from the magma reservoir.
At Cerro Azul, the presence of an existing pathway from the magma reservoir to the
eastern flank could be validated by locating seismic and GPS stations there, as well as
looking for further evidence of magma mingling between eruptions (e.g. 1979 and 1998).
GPS stations would also be useful on the western flank to further constrain the mass
wasting there. At Darwin, monitoring should be continued to look for further periods
of magma influx, and a detail field study of it’s eruptive history should be carried out.
At Fernandina, a submarine component to the 2020 eruption could be confirmed by a
retrospective analysis of optical satellite data. Submarine eruptions are often accom-
panied by an increase in the organic content surrounding seawater, which is detectable
by optical satellites. Reviewing offshore southwestern Fernandina from January 2020
for such an increase may be useful to confirm an offshore component. Sierra Negra is
well monitored, both by satellites and ground-based techniques. However, I believe that
magma supply variations here may affect volcanism across the Western Galapagos, an
idea I expand upon in Section 5.1.2. Wolf is the second most active Galapagos vol-
cano since 2015. Despite this, there are no ground-based systems there — the closest
seismometers are tens of kilometres away, on Fernandina island and Alcedo. While
eruptions in the Western Galapagos rarely pose a risk to human life, there are critically

endangered animal species that exist only here (such as the Pink Iguana on Wolf), and
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enhanced seismic monitoring may help mitigate against their loss.

5.2.2 Correlated Deformation in the Western Galapagos

In Section 5.1.2; I outline a mechanism whereby volcanism in the Western Galapagos
may be affected by dynamic stresses in an asthenospheric melt layer (Gonnermann
et al., 2012), caused by temporally varying magma supply changes at Sierra Negra
(Figure 5.3). There are several steps to test this hypothesis. First, the existence of this
melt layer should be validated. Wilding et al. (2023) record 200,000 seismic events to
image the Pahala Sill Complex. As such, the installation of a dense seismic network
with the purpose of imaging the asthenosphere is required. Following this, once the
location of this melt layer has been constrained, a model should be developed (after
Gonnermann et al. (2012)) to study how such a layer would transmit dynamic pore-
pressure stresses. The volume of magma partitioned to the shallow crust at each volcano

has been determined in Chapter 3, to provide baseline values for magma supply.

Though extensive ground-based monitoring is necessary to fully complement the
satellite work done here, such research is both logistically and financially challenging.
However, the Western Galédpagos are but one of numerous global volcanic groupings
(Figure 5.6). Applying InSAR to these other systems is a resource effective way of
expanding the scope of the work carried out here, by studying the effect of bottom-up
magmatism, and shared magma dynamics, globally (Figure 5.6). There is already evi-
dence of interaction between Mauna Loa and Kilauea volcanoes in Hawai’i, an oceanic
hotspot similar to the Galédpagos, albeit with thicker crust, and fewer sub-aerial volca-
noes. In 2002, Mauna Loa switched from prolonged subsidence to uplift, as the rate of
magma supply to Kilauea increased, this was detected by both deformation and seismic
data (Poland et al., 2012; Przeor et al., 2022). Of similar volcanic systems, I suggest
that the Azores may have the best potential for further identifying correlated volcanic
behaviour, due to the thin crust and high number of sub-aerial volcanoes. Similarly, Ice-
landic volcanoes may also be suitable for detecting correlated volcanic unrest. Though
the climatic conditions are much less favourable for INSAR monitoring, the thorough
ground-based monitoring networks present there may provide alternate means of mon-

itoring.

5.2.3 Long-term Subsidence

As outlined in Section 5.1.3, I believe that thermo-elastic contraction of magmatic mush
at mature volcanic setting may play a greater role in long-term subsidence than previ-
ously thought (Figure 5.5). To investigate this, I would develop a model that accounts
for thermo-elastic contraction of a large sub-volcanic body. To do this would require
volume estimates of a TCMZ in the upper 10 km of the crust (the depth which is re-

solvable by InSAR), and estimates of the temperature gradient across such a zone. Like
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Figure 5.6: Candidate volcanoes for study of periodic magma flux and volcanic unrest.

crystallisation modelling, an isotropically contracting point source would be required, as
well as estimates of renewed magma supply rates. I hypothesise that high temperatures
throughout this zone would mean that cooling rates (and thermo-elastic contraction
rates) would be slow, though the large volumes of contracting material would allow
deformation to continue long after crystallisation has finished (Figure 5.5). Once devel-
oped, this model could be used alongside the crystallisation model presented in Chapter
4, to fully capture the subsidence due to volume loss in a TCMS, from initial magma

intrusion to late-stage mush contraction.

5.3 Concluding remarks

In this thesis, I have used satellite InNSAR data to investigate magma dynamics in the
Western Galapagos and beyond. The Western Galapagos are an excellent natural labo-
ratory for studying volcanic ground displacement, and I have shown that these volcanoes
deform in response to common bottom-up processes. I speculate that this correlated
deformation is caused by magma supply variations at Sierra Negra, and believe that
Western Galédpagos volcanism should be considered holistically, from correlated unrest,
to local plume heterogeneities, to temporally varying eruption clusters. I outline future
steps, such as the analysis of optical satellite imagery during the 2020 eruption of Fer-
nandina, and improved ground-based monitoring at Wolf, that would complement the
work presented in Chapter 2. Future seismic surveys, and pore pressure modelling that
may be use to test the hypothesis of an asthenospheric melt layer presented in Chapter
3. Though this layer has not been previously detected at the Galapagos, and should

be rigorously examined, the presence of such a zone at Hawai’i, a comparable volcanic
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setting, suggests that future research may yield compelling results. I also investigate
how crystallisation, a widely proposed mechanism, can affect long-term displacement. I
suggest that its role may be overemphasised in long-term subsidence, and that the role
of mush contraction needs more investigation. I have outlined an approach by which
further work can explore the influence of thermo-elastic mush contraction on these pat-
terns. I believe this thesis demonstrates the utility of satellite InSAR when studying
volcanoes, and shows the importance of considering observations of deformation in the

context of the historical unrest of the volcano, as well as that of its neighbours.
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Appendix A

Supporting information for Chapter
2

Contents of this file
1. Figures Al to A5
2. Tables Al to A25

Introduction Appendix A contains supporting information for Chapter 2. This in-
cludes supporting figures that are referenced in the text, as well as tables of data that

are referred to in figures, and tables of various modelling parameters.
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Fig. Al: Time series of post-intrusion subsidence subsidence on the eastern flank of Cerro
Azul following the 2017 uplift. The time series are for a point at -0.913 © N, -91.374° E, relative
to a reference area between -90.967 ° E, -90.964 ° E, and -0.957 ° N —-0.950 ° N
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Fig. A2: Extent of lava coverage at Fernandina, with each eruption since 1995. A). Total
extent of lava coverage, with each colour representing 100 m of elevation change. B). Fraction
of area, in 100 m elevation intervals, covered with lava. The histogram is presented with a
topographic profile.
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Table A1l: Estimated resurfacing times with elevation at Fernandina.

Elevation Lava Fraction Resurfacing
(m) Extent Covered Time
(km?) (Yr)
0-100 8 3 833
100200 3 3.3 758
200-300 3 4.6 543
300-400 2.3 4.7 532
400-500 2.2 6.3 397
500-600 1.9 7.4 338
600-700 1.4 7.6 329
700-800 1.2 7.9 316
800-900 1.6 14.8 169
900- 1.4 16.4 152
1000
1000- 1.9 21.4 117
1100
1100- 2.4 25.4 98
1200
1200— 3.1 27.4 91
1300
1300- 1.5 14.4 174

1400
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Fig. A3: Results of geodetic source modelling for the 2020 eruption of Fernandina. Full re-

sults in Tables A14— A19. A). Data, model, residual for cumulative displacement at Fernandina
from 1/07/2019-10/11/2019, in the ascending track direction. B). Data, model, residual for
cumulative displacement at Fernandina from 2/07/2019-05/11/2019, in the descending track di-
rection. C). Data, model, residual for cumulative displacement at Fernandina from 15/01 /2020~
21/01/2020, in the ascending track direction. D). Data, model, residual for cumulative displace-
ment at Fernandina from 16/01,/2020-22/01,/2020, in the descending track direction. E). Data,
model, residual for cumulative displacement at Fernandina from 21/01/2020-27/01,/2020, in

the ascending track direction.
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Fig. A4: Results of geodetic source modelling for the 2020 eruption of Fernandina. Full
results in Tables A14— A19. A). Data, model, residual for cumulative displacement at Fer-
nandina from 22/07,/2020-28/01/2020, in the descending track direction. B). Data, model,
residual for cumulative displacement at Fernandina from 27/01/2020-01/06,/2020, in the as-
cending track direction. C). Data, model, residual for cumulative displacement at Fernandina
from 28/01/2020-02/06,/2020, in the descending track direction. D). Data, model, residual
for cumulative displacement at Fernandina from 27/01/2020-01/06,/2020, in the ascending
track direction. E). Data, model, residual for cumulative displacement at Fernandina from
28/01,/2020-02,/06,/2020, in the descending track direction.
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Displacement Model Residual (m)
-~
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Fig. A5: Data, modelling, and residual for geodetic source modelling of the residual post-
eruption of Fernandina, in the ascending track direction. The input data is the residual pre-

sented in Figure A4D, spanning 27,/01/2020-01,/06,/2020.



157

(810%) T 30 zouodseA (8T07) 'Te 10 ZoUOOSEA  (OTZF6'0F 6T [BISIQ Pue WY {I(; ,BISON BIWIG
(8002) Te 30 18105 (8T0Z) ‘& 30 zouoOsEA QOTZGT Wy  GO0G yRISON ®LIIG
(020Z) T8 10 031918 (910 POYRUIISH L0TTL'F [erpey 800¢  ([NZY 011D
(£002) Te 30 pue[MoYy (€002) ‘Te 30 pue[moYy 017G [eIpeY 8661 N2V 011D
(0202) & ON - 0605 - PurpuvU
i3 - piodayy awuwogop (oads P19 PIYRTII)SH g0TT9  TRIUAIJWNDIL)  (g0G RUTPURTLIO]
(0202) & ON - 0605 - PurpuvU . :
Sty - paodayg owmogo) ioadg (8107) ‘e 10 zouooser  0T1ZF F G6°L [eIPeY 810G  sRUIPURUIS
(0202) & ON - 0605 - PurpuvU . .
Sty - paodayy owmogo) ioadg (8T02) Te 30 zouoosep  (OTZG'QF €]  [IUOIJWIDIL)  LT0g [ RUIPURTIO]
(€102) ‘T8 10 1pIRUSE( (8T02) 'Te 10 ZouodseA ,01TL°G [eIPeY 600G  ,RUIPURTIS
(€102) 'Te 10 pIeUdRg (8T07) ‘T 10 zZouoodsep L0T78° T [PIIUDIJUINDIL)  GO0T peUIPURTLIO
(£002) Te 1o puemoy (8102) 'Te 10 Zouoose ,0126°¢ [PIPeY  GEET  ,RUIPURLIO
(zg0z) G20e - & ON . . . .
piodoy ioadg ouvojo) flog (‘wrmod -s1ed) ezrendy ‘g ,0T2€C retpey  ¢g0g JTIOM
(9102) Te % nx (6102) Te 30 preutog o0TZL’8  [RIIUSIJUINDILY  GT(F oI IOM
9OUDIRJOY RaIY 90UDIOJOY OWIN[OA AmSv QUINOA odAT, eanssiy IedX OURIO[OA

Appendix A

(80T “'T® 30 ZOUOOSEA) WL g SeM RUIPURWIOY je SUONAIIO [RIJUSIOFUINIID GOOZ PUR LT(OZ Y)Y I0J SSOUNPIY) ofeione, ‘Mzy
0119)) J0 uorpdnIo §GET OY 10§ WL G'F JO SOSSOUNIIYH 9FRIOAR 9JRWIIYSO (£00T) T8 30 PUR[MOY "SSOUSPIY} BAR] JO SPUOWOINSLOW Snotadld pue ‘z'g oInsi] ut
pojuasard seale oY) SUISN POJRTUIISS STk SINJRISII UI PUNOJ 3¢ j0U P[NOod Jer[) sowm[oA ‘suoridniy soSederer) jusdal 10 S9JRUII)SS SWIN[OA BART :ZV O[RI,



Appendix A

Table A3: Details of previous sources models of displacement at Alcedo volcano. Complex deformation patterns generally requires either extreme or
multiple sources. Lines separate periods when there is multiple sources. Where S is a spherical source, CDM is a Compound Dislocation Model, and

158

RD is a Rectangular Dislocation. Horizontal lines distinguish events.

Reference Depth ~ Geometry Duration AV (m?) Location Instrument
Hooper et al. (2007) 2.2 km Pipe 1997-2001 —1.3 x 106 Caldera ERS-1/2
Bagnardi (2014) 3.0km S + Fault 2007-2009 Radius: 0.2 km Caldera ALOS-1

Galetto et al. (2019) 2.1 km CDM 20072010 8.7 x 10° S. Caldera  Envisat, ALOS-1
Galetto et al. (2019) 1 km Fault 2007-2010 - S. Caldera  Envisat, ALOS-1
Galetto et al. (2019) 2.1 km RD 2007-2010 7 x 10° S. Caldera  Envisat, ALOS-1
Galetto et al. (2019) 1 km Fault 2007-2010 - S. Caldera  Envisat, ALOS-1
Galetto et al. (2019) 23km  CDM  01/10-06/10 —3.9 x 106 S. Caldera  Envisat, ALOS-1
Galetto et al. (2019) 2.1 km CDM 01/10-06/10 2.8 x 10° W. Caldera Envisat, ALOS-1
Galetto et al. (2019) 2.7km  RD  01/10-06/10 —2.3 x 108 S. Caldera  Envisat, ALOS-1
Galetto et al. (2019) 3.1 km RD 01/10-06/10 2.3 x 10° W. Caldera Envisat, ALOS-1
Galetto et al. (2019) 3.4 km RD 07/10-03/11 4.1 x 10° S. Caldera  Envisat, ALOS-1
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Table A5: Details of previous sources models of displacement at Cerro Azul volcano continued. Multiple sources are inferred during almost all of the
unrest periods .Lines separate periods when there is multiple sources. Data from Guo et al. (2019) all span the co-unrest period, and are inverted from

individual interferograms.

Reference Depth ~ Geometry Duration AV (m?) Location  Instrument
Galetto et al. (2020) 3.3km  RD Dike 04/08-05/08 9.9 x 106 SE. Flank Envisat
Galetto et al. (2020) 5.2 km RD Sill ~ 04/08-05/08 —11.5x 10 Caldera Envisat
Galetto et al. (2020) 3 km RD Dike 05/08-07/08 56.7 x 106  SE. Flank Envisat
Galetto et al. (2020) 5.2 km RD Sill  05/08-07/08 —25.4 x 10 Caldera Envisat
Galetto et al. (2020) 3.3km  RD Dike 04/08-09/08 N/A SE. Flank ALOS-1°
Galetto et al. (2020) 3.5km  RD Dike 04/08-09/08 68.1 x 10° SE. Flank ALOS-1°
Galetto et al. (2020) 5.2km  RD Sill  04/08-09/08 —31.1 x 106 Caldera  ALOS-1°
Galetto et al. (2020) 3.8 km  RD Dike 04/08-09/08 23.9 x 10° SE. Flank ALOS-1°
Guo et al. (2019) 3.2 km Mogi 07/03-19/03 —3.34 x 10° Caldera Sentinel-1
Guo et al. (2019) 4.8 km Sill 07/03-19/03 6.4 x 10° SE. Flank Sentinel-1
Guo et al. (2019) 5.95 km Mogi 08/03-20/03 —3.58 x 107 Caldera Sentinel-1
Guo et al. (2019) 5.77 km Sill 08/03-20/03 3.14 x 107 SE. Flank Sentinel-1
Guo et al. (2019) 5.97 km Mogi 19/03-31/03 —4.37 x 10" Caldera Sentinel-1
Guo et al. (2019) 5.4 km Sill 19/03-31/03 5.7 x 107 SE. Flank Sentinel-1
Guo et al. (2019) 4.45 km Mogi 20/03-01/04 —1.92 x 107 Caldera Sentinel-1
Guo et al. (2019) 6.62 km Sill 20/03-01/04 3.85 x 107 SE. Flank Sentinel-1
Bagnardi (2017) 6 km Mogi 2017 N/A Caldera Sentinel-1
Bagnardi (2017) 5 km Sill 2017 2 —4x 107 SE. Flank Sentinel-1

@ Model 1: 2 dikes 2 sills
b Model 2: 3 dikes 1 sill
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Table A7: Table of known deformation sources at Fernandina. Includes shallow, deeper, and radial sources for both eruptive and non-eruptive periods.
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Reference Depth ~ Geometry Duration AV (m?) Location Instrument
Amelung et al. (2000) 3 km Mogi 1998-1999 N/A Caldera ERS-1/2
Jonsson et al. (1999) 0 km Mogi 1995 7.5 % 108 SW. Flank ERS-1/2
Bagnardi and Amelung (2012) 1.1 km RD 01/07-07/07 1.1 x 108 Caldera Envisat
Bagnardi and Amelung (2012) 4.9 km  Spheroid 09/07-04/08 N/A Caldera Envisat
Bagnardi and Amelung (2012) 4.5 km Sill 08/07-09/07 19 x 10° SE. Flank  Envisat
Chadwick et al. (2011) 0.93 km Sill 01/03-04/05 0.75 x 105  Caldera® GPS/Envisat
Chadwick et al. (2011) 6.07 km Mogi 01/03-04/05  5.07 x 106 Caldera® GPS/Envisat
Chadwick et al. (2011) 1.18 km Sill 08/05-11/06  1.36 x 106 Caldera® GPS/Envisat
Chadwick et al. (2011) 3.92 km Mogi 08/05-11/06  2.93 x 105  Caldera® GPS/Envisat
Chadwick et al. (2011) 1.55km  Mogi  01/03-04/05 1.6 x 106 Caldera®  GPS/Envisat
Chadwick et al. (2011) 10.5 km Mogi 01/03-04/05  4.84 x 105  Caldera® GPS/Envisat
Chadwick et al. (2011) 1.52 km Mogi 08/05-11/06 2.5 x 10° Caldera® GPS/Envisat
Chadwick et al. (2011) 10.1 km Mogi 08/05-11/06 1.1 x 10° Caldera® GPS/Envisat
Chadwick et al. (2011) 0 Dike 04/05/-09/05 8.9 x 106 Flank® GPS/Envisat
Chadwick et al. (2011) 1.06 Sill 04/05/-09/05 —0.61 x 105 Caldera® GPS/Envisat
Chadwick et al. (2011) 5 Mogi 04/05/-09/05 —3.02 x 105 Caldera® GPS/Envisat

¢ Model 1; © Model 3

b Model 2
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Table A9: Details of previous sources models of displacement at Sierra Negra volcano

Reference Depth Geometry Duration AV (m?) Location Instrument
Amelung et al. (2000) 2.2 km Sill 1992-1997 N/A Caldera  ERS-1/2
Amelung et al. (2000) 1.9 km Sill 1998-1999 N/A Caldera  ERS-1/2
Amelung et al. (2000)  2.3-2.9 km Sill 1997-1998 N/A Caldera  ERS-1/2
Amelung et al. (2000) 0 km Fault 1997-1998 N/A Caldera ERS-1/2

Jonsson et al. (2005) 2 km Sill 1992-1999 2-6x10% Caldera  ERS-1/2
Chadwick et al. (2006) 2.2 km Sill 02/04-02/05 1.7 x10% *yr=! Caldera  Envisat, cGPS
Chadwick et al. (2006) 0 km Fault 04/2005 N/A Caldera  Envisat, cGPS
Geist et al. (2006a) 2.3 km Mogi 2000-2002 2.6 x10% Caldera  GPS, Gravimeter
Geist et al. (2006a) 2.1 km Sill 2000-2002 4.1 x10% Caldera  GPS, Gravimeter
Yun et al. (2006) 1.9 km Sill 1998-1999 6.7 x108 Caldera  ERS

Jonsson (2009) 2.2 km Sill 02/04-01/05 N/A Caldera  Envisat, cGPS
Jonsson (2009) 0 Fault 04,/2005 N/A Caldera  Envisat, cGPS
Bagnardi (2014) 2.27 km Sill 1992-2010  N/A Caldera -

Gaddes et al. (2019) 2 km Sill 12/14-07/18 Caldera  Sentinel-1
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Appendix A

Table A11: Alcedo best-fit parameters (from 06/01/2017-30,/09,/2021)

Model Parameter Optimal Mean Median  2.5% 97.5%
Sill Length 3328.7 3097.69  3232.96  1466.51  3770.22
Sill Width 4794.14  4658.87  4676.6 4010.34  5185.77
Sill Depth 1934.25  2219.55 2152.05 1665.99  3137.51
Sill Strike 207.15 209.051 208.784  198.99 220.82
Sill X -13220.4 -13172.2 -13186.2 -13455.3 -12808.8
Sill Y -4321.31 -4272.33 -4278.05 -4648.59 -3864.57
Sill Opening -0.125 -0.173 -0.141 -0.423 -0.10
InSAR Const. 0.018 0.0184 0.018 0.0137 0.023
InSAR Const. -0.031 -0.030 -0.030 -0.0342  -0.02

Table A12: Cerro Azul best-fit parameters (from 05/07/2017-04/10/2022)

Model Parameter Optimal Mean Median  2.5% 97.5%
Sill Length 9540.71  9536.53  9536.79  9348.25  9720.94
Sill Width 124.82 254.65 264.20 129.52 335.94
Sill Depth 6308.62 6303.04 6302.51 6228.65 6379.66
Sill Strike 229.38 229.416  229.42 228.39 230.42
Sill X -4510.74  -4549 -4550.18 -4603.09 -4490.1
Sill'Y -18012.9 -17970.8 -17969.4 -18034.2 -17915.7
Sill Opening 24.012 12.481 11.26 8.93 22.99
InSAR Const. 1.44e-05 0.0001 0.0001 -0.001 0.001
InSAR Const. -0.017 -0.017 -0.017 -0.018 -0.016

Table A13: Darwin best-fit parameters (from 23/10/2019-14,/06/2021)

Model Parameter Optimal Mean Median  2.5% 97.5%
Sill Length 143.676  350.223 313.766 126.645 742.109
Sill Width 2273.56  2213.53 2231.92 1676.91 2680.65
Sill Depth 3342.57 3350.31 3348.04 3218.95 3490.9
Sill Strike 243.848  243.709 243.875 232.734 254.468
Sill X 3027.43 3034.46 3035.42 2821.63 3248.02
Silly 12796.5  12761.1 12766 12494.9 13013.4
Sill Opening 4.91355  2.52284 2.37883 0.931934 5.62199
InSAR Const. 0.018 0.0181 0.018 0.017 0.019
InSAR Const. -0.002 -0.002 -0.002 -0.003 -0.002
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Table A14: Fernandina pre-eruptive (01/07,/2019-10/11/2019) best-fit parameters

Model Parameter Optimal Mean Median  2.5% 97.5%
Sill Length 1626.04 1624.03 1625.69 1444.53 1765.66
Sill Width 57.1699 100.965 73.4386  50.0182  244.593
Sill Depth 2177.02 2173.44 2173.03 2124.87 2223.74
Sill Strike 132.06 132.588  132.59 128.215  136.987
Sill X -15029 -15040.7 -15034.8 -15091.9 -15010.2
Silly 9083.18  9067.53 9073.74 9012.79 9100.41
Sill Opening 17.82 12.96 14.11 4.22 19.87
InSAR Const. 0.041 0.0411 0.041 0.04 0.042

Table A15: Fernandina pre-eruptive (04/12/2019-09/01/2020) best-fit parameters (* Depth
lower limit at 5 km)

Model Parameter Optimal Mean Median  2.5% 97.5%
Sill Length 2109.36  2519.53 2401.91 1060.91  4495.25
Sill Width 10276.7 12367.5 11446.5 7098.01 19602.7
Sill Depth® 4987.03  4671.62 4763.54 3866.45 4991.32
Sill Strike 338.921  340.281 340.245 331.726  349.013
Sill X -17151 -17409 -17415 -18039.1 -16752.2
Sill'y -860.848 -1035.96 -1025.91 -1591.59 -510.755
Sill Opening 0.29 0.27 0.248 0.117 0.551
InSAR Const. -0.017 -0.015 -0.015 -0.018 -0.012

Table A16: Fernandina post-eruptive (15/01/2020-21/01/2020) best-fit parameters

Model Parameter Optimal Mean Median  2.5% 97.5%
Mogi X -15127.2  -15163.6  -15166.1 -15193.3 -15116.5
Mogi Y 9021.05 8964.86 8960.82 8888.83 9046.04
Mogi Depth 2262.41 2257.11 2257.62 2229.99 2282.04
Mogi DV 2.89e+07 2.81e4+07 2.81e+07 2.71e+07 2.91e+407
Sill Length 1650.08 1819.46 1806.72 1662.05 2021.46
Sill Width 1347.74 1623.39 1611.38 1352.9 1900.27
Sill Depth 2575.88 2501.54 2499.66 2415.54 2581.48
Sill Strike 84.4448 77.1589 76.4371 69.6594 90.5214
Sill X -15074 -14993.5  -14987.7  -15140.1  -14896
Sill' Y 8431.95 8263.41 8268.12 8087.62 8437.12
Sill Opening -8.595 -6.291 -6.292 -8.51 -4.474
InSAR Const. -0.055 -0.055 -0.055 -0.057 -0.053
InSAR Const. -0.013 -0.013 -0.013 -0.0142 -0.012
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Table A17: Fernandina post-eruptive (21,/01/2020-27/01/2020) best-fit parameters

Model Parameter Optimal Mean Median 2.5% 97.5%
Mogi X -14972 -14973.3  -14973. -15006.4  -14939.5
Mogi Y 8847.18 8842.16 8842.33 8801.1 8882.16
Mogi Depth 3154.19 3162.11 3162.18 3096.74 3230.07
Mogi DV 6.52e+06 6.55e+06 6.55e+06 6.27e4+06 6.86e+06
InSAR Const. 0.017 0.0164 0.0164 0.0152 0.018
InSAR Const. -0.053 -0.053 -0.053 -0.054 -0.052

Table A18: Fernandina post-eruptive ( 27/01/2020-01/06/2020) best-fit parameters

Model Parameter Optimal  Mean Median 2.5% 97.5%
Mogi X -14306.2 -14276.6  -14298.6 -14340.4 -14095.9
Mogi Y 9444.53 9481.28 9462.11 9411.1 9659.21
Mogi Depth 5438.96 5641.75 5463.43 5268.77 6953.38
Mogi DV -1.81e+07 -1.9e+07 -1.82e+07 -2.55e407 -1.72e+07
Sill Length 1392.68 1268.42 1376.84 415.581 1426.38
Sill Width 2364.29 2318.97 2358.77 2006.99 2393.16
Sill Depth 742.623 815.227 752.192 705.918 1269.05
Sill Strike 213.054 213.913 213.38 211.708 219.16
Sill X -15797.4 -15758.3  -15788.7 -15815.4 -15526.3
Sill' Y 9450.06 9442.33 9445.59 9390.97 9472.76
Sill Opening -0.33 L0487 -0.343 178 -0.32
InSAR Const. 0.035 0.036 0.035 0.034 0.041
InSAR Const. 0.009 0.01 0.009 0.008 0.015

Table A19: Fernandina post-eruptive ( 27,/01,/2020-01/06/2020) best-fit parameters for SW
coast

Model Parameter Optimal Mean Median  2.5% 97.5%

Sill Length 3480.18 3677.59 3654.58 3157.48 4287.55
Sill Width 1309.01  900.469 946.658  86.0892  1624.66
Sill Depth 147273 1573.15  1574.79  1359.85  1784.3
Sill Strike 316.608 318.525 318.44  310.984  326.592
Sill X _18465.4 -18563.5 -18552.7 -18883.7 -18308.8
Sill Y 4022.42  -4262.93 -4251.47 -4741.99 -3834.26
Sill Opening -0.09 -0.26 0131  -15 -0.07
InSAR Const. 0.019 0019  0.019 0018  0.0195

InSAR Const. 0.001 0.001 0.001 0.001 0.002
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Table A20: Fernandina post-eruptive ( 27/01/2020-01/06,/2020) best-fit parameters for resid-
ual ascending data

Model Parameter Optimal  Mean Median 2.5% 97.5%
Mogi X -9698.96 -9694.63 -9695.07 -9839.84 -9547.25
Mogi Y 11206.2 11203.4 11202.5 11103.6 11305.8
Mogi Depth 4393.45 4399.39 4399.33 4244.31 4555.39
Mogi DV -9.36e+06 -9.38e+06 -9.38e+06 -9.96e+06 -8.82e+406
InSAR Const. 0.014182  0.0141917 0.0141931 0.0133282 0.0150666

Table A21: Wolf sill ( 14/11/2015-24/12/2021) best-fit parameters

Model Parameter Optimal Mean Median 2.5% 97.5%
Sill Length 170.457 240.661 225.946 160.353 389.486
Sill Width 4171.77 4163.99 4164.42 4096.86 4230.22
Sill Depth 2608.71 2602.87 2602.9 2578.05 2627.14
Sill Strike 164.115 164.111 164.112 163.286 164.951
Sill X 14995.2 14997.8 14997.8 14971.9 15024
Sill Y -8518.5 -8516.62  -8516.56  -8544.58  -8488.18
Sill Opening 8.79095 6.59241 6.61958 3.84514 9.34561
InSAR Const. 0.0273449 0.0273784 0.0273785 0.0268931 0.027858

Table A22: Wolf dike ( 14/11/2015-24/12/2021) best-fit parameters

Model Parameter Optimal  Mean Median 2.5% 97.5%

Dike Length 1454.27 1441.36 1444.97 1312.79 1544.54
Dike Width 7748.71 7735.3 7735.44 7553.47 7913.9

Dike Depth 1482.75 1483.07 1482.59 1456.92 1510.75
Dike Dip -34.3384 -34.3373 -34.3424 -35.0192 -33.6374
Dike Strike 162.236 162.141 162.138 161.481 162.831
Dike X 14764.2 14768.8 14769 14741.8 14794.3
Dike Y -8556.14 -8558.99 -8559.24 -8585.96 -8532.27

Dike Opening 0.947789  0.957385  0.952969  0.883719  1.06198
InSAR Const. 0.0157998 0.0159474 0.0159457 0.0153844 0.0165414
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Table A23: Wolf sill-sill ( 14/11/2015-24/12/2021) best-fit parameters

Model Parameter Optimal  Mean Median 2.5% 97.5%
Sill Length 3508.4 3498.9 3498.83 3449.24 3546.94
Sill Width 2189.81 2193.31 2192.21 2144.36 2246.23
Sill Depth 1545.32 1544.16 1544.27 1509.51 1579.67
Sill Strike 284.425 284.812 284.825 283.149 286.36
Sill X 16630.6 16631.8 16631.5 16608.4 16655.4
Sill'Y -7091.35  -7093.66  -7094.34  -7129.28  -7055.5
Sill Opening 0.428466  0.428237  0.42808 0.412842  0.444602
Sill Length 250.568 477.078 446.19 203.871 1133.9
Sill Width 4432.56 4448.66 4449.94 3923.8 4941.9
Sill Depth 5295.31 5272.95 5271.06 5093.87 5468.74
Sill Strike 158.272 158.079 157.98 153.782 162.795
Sill X 17889.1 17878.1 17874.5 17618.8 18153.5
Sill'Y -7303.52  -7314.57  -7317.48  -7501.93  -7119.37
Sill Opening 8.3342 5.53913 4.56539 1.78435 9.79795
InSAR Const. 0.0146571 0.0146072 0.0146114 0.0138319 0.0153353
Table A24: Parameters used in lava subsidence modelling.
Variable Symbol Value Units Reference
Ambient Temp. T, 20 °C
Convective Heat Trans- he 75 Wm=2K~! Patrick (2004)
fer Coeft.
Density P 2500 kgm™3 Annen (2017)
Emissivity € 0.95 Patrick (2004)
Ground Temp. Tg 25 °C
Initial Lava Temp. 7 1200 °C
Poissons Ratio v 0.25 Chaussard (2016)
Specific Heat cp 1000 Jkg 1K1 Annen (2017)
Stefan-Boltzmann Con- o 5.67 x 1078 Wm 2K Patrick (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>